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Abstract

:

Sustaining value after the end-of-life to improve products’ circularity and sustainability has attracted an increasing number of industrial actors, policymakers, and researchers. Medical products are considered to have great remanufacturing potential because they are often designated as single-use products and consist of various complex materials that cannot be reused and are not significant in municipal recycling infrastructure. The remanufacturing of electrophysiology catheters is a well-established process guaranteeing equivalent quality compared to virgin-produced catheters. In order to measure if using a remanufactured product is environmentally beneficial compared to using a virgin product, life cycle assessment (LCA) is often used. However, focusing on one life cycle to inform on the environmental-beneficial use fails to guide policymakers from a system perspective. This study analyzes the environmental consequences of electrophysiology catheters considering two modeling perspectives, the implementation of LCA, including a cut-off approach and combining LCA and a circularity indicator measuring multiple life cycles. Investigating the LCA results of using a remanufactured as an alternative to a newly-manufactured catheter shows that the global warming impact is reduced by 50.4% and the abiotic resource use by 28.8%. The findings from the system perspective suggest that the environmental savings increase with increasing collection rates of catheters.
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1. Introduction


The growing resource demand of society is approaching limits concerning resource consumption and the carrying capacity of waste and harmful emissions in the environment [1]. In order to overcome this dependency between the growing resource throughput and resource depletion or rather carrying capacity, the concept of a circular economy (CE) was proposed [2]. The CE represents a theoretical concept that aims to decouple economic growth and development from the consumption of finite resources in order to preserve the raw materials, components, and products, enabling their highest value and utility at all times [3]. Implementing CE measures and business models for closing resource cycles are seen as a key strategy to support the sustainable development goals (SDG) and especially SDG 12 “sustainable consumption and production” set by the United Nations in 2015 for 2030 [4]. The importance of CE is also highlighted in the European Circular Economy Action Plan [5]. Since 2015, the European Commission developed and updated an action plan to help accelerate Europe’s transition to a CE, boost global competitiveness, promote sustainable economic growth, and create new jobs [5]. The action plan sets out measures to close the loop of product life cycles: from production and consumption to waste management and the market for secondary raw materials [5].



Whereas the potentials of CE are broadly discussed within recent literature reviewing CE [2,6,7], the possible adverse outcomes are less distinctively clarified [8,9,10]. Traditional manufacturing processes are hardly adaptable to the CE principles as they currently rely on the “take-make-dispose” paradigm [11]. An aspect of current CE definitions is sustaining value after the end-of-life (EoL) to improve products’ circularity and sustainability [12,13]. The EoL is the life cycle stage where products are discarded or disposed, for instance, due to technological obsolescence, deterioration, or changes in consumer needs. However, sustaining value after the EoL is particularly challenging for medical products and devices because they are subjected with regulatory requirements, e.g., specific hygienic requirements [14]. Original equipment manufacturers (OEM) designate them for these and other reasons as single-use only [14].



A common classification of strategies to foster the CE concept is the taxonomy of ‘R-strategies’ [13]. Potting et al. [15] defined CE strategies as measures “to reduce natural resources and materials consumption and minimize the production of waste”. The authors identified ten R-strategies [15]: Refuse, rethink, reduce, reuse, repair, refurbishment, remanufacturing, repurpose, recycle, and recover. Refuse, rethink, and reduce are strategies for designing smarter product use and manufacture [15], and are therefore out of the scope because those strategies do not take place at the end of a products’ life. Repair, reuse, refurbishment, remanufacturing, and repurpose are defined as strategies to extend the lifetime of products and their parts [15]. However, according to the British Standard Institution, of the mentioned lifetime extending measures for products and parts, remanufacturing exclusively guarantees that the quality and performance are equivalent or even better than that of a newly-manufactured product [16]. Moreover, recycling complex medical products might play an insignificant role, as recycling needs extensive material flows to make it economically and ecologically reasonable [17]. The more complex a product, the more process steps, energy, and resources are needed for recycling [18]. The recycling process of specific materials or complex products itself might be more resource-intensive than the extraction of the raw materials, meaning that recycling can only recuperate a fraction of the input [18]. Medical products might have specific requirements for their collection and disposal after use from an infection-prevention perspective. Furthermore, those products often contain special and complex materials that do not play a role in municipal waste disposal, management, and recycling infrastructure. It follows that remanufacturing might be the most promising R-strategy for medical products for sustaining value after the EoL. This statement is supported by several studies that indicate that the production of medical equipment and products have been identified as having great importance and remanufacturing potential [19,20,21].



As a CE strategy, remanufacturing could increase companies’ profitability, create new job opportunities, and reduce environmental impacts [22,23]. D’Adamo and Rosa [19] identified that remanufacturing in the medical sector has a high profitability, as public administrations’ limited budgets could lead them to prefer remanufactured products instead of virgin products. In addition to financial benefits, remanufacturing can be seen as an alternative manufacturing route that can reduce virgin production. By avoiding the use of virgin materials, remanufacturing can reduce the environmental impacts of resource consumption and emissions, such as reducing abiotic resource use and the global warming impact (GWI) [24,25]. Both impacts are adequately addressed by impact categories used in life cycle assessment (LCA). LCA is a method that has been established to compare the environmental burdens of the products’ life cycle. LCA results are used in a wide range of applications and for decision-making, such as in marketing information, product or material selection, design decisions, or strategic planning [26]. In the context of remanufacturing, LCA is used to measure whether and to what extent a remanufactured product is environmentally more beneficial than the newly-manufactured equivalent [27]. Compared to newly-manufactured products, the environmental advantages of remanufactured products have already been proven in LCA studies [24,25,27,28,29,30]. For example, the LCA results of remanufactured alternators showed that remanufacturing causes about 12% of the emissions and costs compared to producing new parts [24]. Krystofik et al. [25] found that adaptive remanufacturing is both an environmentally preferable and economically viable business strategy for office furniture production. Although medical devices are identified as a relevant sector for applying remanufacturing processes, we did not find any study conducting a comprehensive LCA to quantify the environmental impacts of remanufactured medical products. However, sustainability aspects of remanufactured medical devices have been discussed in Eze et al. [20].



To address this research gap, we conducted a comparative LCA on electrophysiology catheters as medical products concerning two scenarios; the provision through the production of a newly-manufactured catheter compared to the provision through a medical remanufacturing process (remanufactured catheter). Due to decisions made by the OEM manufactures, electrophysiology catheters are designated as single use devices [14]. They consist of various materials, mainly high-performance polymers that cannot be reused nor economically and ecologically recycled as described above. Even if the recycling of some used polymers is technically possible, we assume that collection, sorting, and recycling are not economically and environmentally reasonable, because of too small material flows. However, the remanufacturing of these catheters is a well-established process that guarantees equivalent or even better quality of the remanufactured product than the newly-manufactured catheter [31]. This study investigates the remanufacturing process carried out by the European Medical Remanufacturer Vanguard AG in Germany. However, methodological challenges exist for conducting a comparative LCA for remanufactured and newly-manufactured products because those products pass the product system multiple times due to the remanufacturing loop compared to non-remanufactured products, leading to inconsistent system boundaries [27]. CE indicators that capture multiple product cycles can enhance decision-making to improve the eco-efficiency of resource use [32]. However, these CE indicators are usually calculated separately from LCA studies and LCA results do not provide information on the circularity of products. Since remanufacturing is named a valuable R-strategy to support the CE, we combine LCA and a CE metric in Section 2.2 to gain insights from both evaluation methods. The combination of these two methodologies allows quantifying the environmental impacts for multiple product cycles of the medical remanufacturing process. Combining a CE metric and LCA for assessing environmental impacts and the contribution towards a CE of remanufactured products was not found in the literature and improves on current LCA and CE methodologies. The underlying assumptions regarding the remanufacturing process and the newly-manufactured catheter as well as the application of the LCA and CE indication method are explained in Section 2. The results of the study are presented and discussed in Section 3. A summary and outlook are given in Section 4.




2. Methodology


In the Section 2.1, the application of LCA to the newly-manufactured and the remanufactured catheter is explained. The approach for combining LCA and the CE metric is described in Section 2.2.



2.1. Life Cycle Assessment


The LCA was conducted following the ISO standards 14040 and 14044 [26,33]. ISO 14040 and 14044 [26,33] specify the methodological approach for LCA by division into four phases. In the first phase of an LCA, the goal and scope are defined, presented in Section 2.1.1. An LCA’s goal comprises the intended application, the reasons for conducting the analysis, the intended audience, and whether the study is a comparative assertion [26,33]. An LCA’s scope should contain the investigated product system, the functional unit’s definition, the system boundaries, and a description of how to handle multi-functional processes [26,33]. In Section 2.1.2, the second phase of an LCA, the inventory analysis is described, which comprises data collection and calculation approaches to quantify the product system’s inputs and outputs under study [26,33]. The impact assessment follows in Section 2.1.3 and is based on the quantified inputs and outputs of the inventory analysis and targets to evaluate the product system’s potential environmental impacts. In the last step of an LCA, the inventory analysis and impact assessment results are considered together and are interpreted in Section 3.1.



2.1.1. Goal and Scope of the Study


The study aims to compare the environmental impacts of using a virgin to using a remanufactured electrophysiology catheter. The electrophysiological diagnostic catheter is mainly used in cardiac ablations procedures, a procedure to alleviate or eliminate specific cardiac arrhythmia forms (see Figure 1).



We defined the functional unit as the provision of an electrophysiological diagnostic catheter for single-use. Further product specifications and a bill of materials of the investigated catheter are found in the Supplementary Materials of the article (see table sheet “BoM_specification_catheter”). The system boundaries are set from cradle-to-grave in this study, including all life cycle stages. For the newly-manufactured catheter, the system boundaries comprise the provision of raw materials for the catheter production, followed by the process steps of final inspection, sterile packaging, final packaging, transportation to the client, the use of the catheter, and waste treatment of the disposed catheter after single-use, which is shown in Figure 2. Consequently, the manufacturing or provision of chemicals and materials, required energy, transportation processes, water, and packaging materials to distribute a catheter are included within the scope. The catheter production location in the case of the newly-manufactured catheter is assumed to be in the United States (US), as the collected catheter for medical remanufacturing is initially produced in California. The hospitals, where the virgin catheters are used, are located in Germany. Hence, the study considers German conditions regarding the waste management system. Accordingly, the disposed catheter is treated as municipal waste since catheters are classified as hospital waste with high moisture content with no special requirements (B-waste) according to German demands for hospital waste [35].



An essential aspect of the remanufactured catheter’s system boundaries is whether the original product’s environmental burden should be considered [27]. In existing LCA standards and guidelines, limited information is found on the specific LCA approaches of a remanufactured product. In this study, the assessment of using a remanufactured catheter begins with the collection of pre-used catheters as burden-free products in order to analyze the environmental impacts of using a remanufactured catheter compared to newly-manufactured catheters that are disposed after single-use. The collected catheters are remanufactured, used again, and can then be collected for remanufacturing again. This approach investigates whether a user or client should buy a virgin catheter or a remanufactured catheter with the same functionality and quality based on environmental criteria.



The described approach is in line with the so-called “supporter perspective” for modeling comparative LCAs of remanufactured and newly-manufactured products [27]. The supporter perspective is rather reasonable for the decision-making of an environment-conscious user or client deciding whether to buy a remanufactured product for its use over a short time horizon [27]. Besides the supporter perspective, another modeling option is the so-called “neutral perspective” that focuses on long-term environmental impacts [27]. The neutral perspective needs other types of functional units, usually with extended time horizons and numerous product or solution alternatives as well as using system expansion for setting the system boundaries [27]. However, a new technology or product solution could lower the environmental impacts of the newly-manufactured or remanufactured product, subjected to uncertainties in both modeling perspectives [27]. We agree with the author that these uncertainties arising from new technologies and product solutions might be higher in the neutral perspective than in the supporter perspective [27], because the neutral perspective has a long-term focus and might be not suitable for covering rapid market and technology changes. Additionally, each newly-manufactured product can be remanufactured several times and therefore passing multiple product life cycles. Whereas the supporter perspective focuses on one product life cycle through the cut-off approach, the neutral perspective includes impacts on other product systems through system expansion, which could further increase the uncertainty of the LCA results [27]. In this study, we first decided to model the supporter perspective in order to provide information on short-term impacts. In order to analyze long-term impacts on a system perspective in the context of a CE, we introduced a new modeling approach including a circularity metric in Section 2.2.



For the medical remanufacturing route, the system boundaries comprise the collection of the catheters at hospitals in Germany, the transportation to the remanufacturing site, a prefabrication process, the medical remanufacturing, the final inspection, the sterile packaging, the final packaging, the transportation to the hospitals again and the use of a catheter (Figure 3). The prefabrication process step includes goods receipt, decontamination and identification of products. The medical remanufacturing process includes disassembly steps, assembly steps, cleaning steps, disinfection steps and test steps (e.g., 100% product tests, batch tests, functional tests). The final inspection and sterile packaging step include packing in sterilization pouches and sealing of the sterilization pouches, assignment of the sterile-packaged products to the sterilization process, as well as the sterilization process and final visual inspection. Sterilization is a method for the liberation of a medical device or other product from viable microorganisms [36]. A medical device that is free of viable microorganisms is called sterile. In order to eliminate the risk of possible infection, medical devices that are intended to penetrate the skin and thus come into contact with blood or internal tissues must be free of microbiological germs [36]. Electrophysiological diagnostic catheters for use in the heart are surgically invasively inserted through the skin into blood vessels and must therefore be sterile [31].



All rejected catheters that were sorted out due to failed identification, failed functional test after medical remanufacturing, or failed sterile packaging are included and are treated as municipal waste according to the reference process (waste treatment of discarded catheters in Figure 3). The proportion of remanufactured catheters leaving the process after final packaging per all collected catheters entering the identification process step is aggregated to 52.1% (and consequently 47.9% losses). In the final packaging step, the products are packed into the item-specific outer packaging, and the product labels are generated and applied. After the catheter is used in hospitals, a cut-off is placed as we assume that catheters from hospitals that participate in the medical remanufacturing process are collected again for remanufacturing. In line with the reference process from virgin production, all material and energy demands are modeled, starting with the provision of raw materials. Further modeling choices and assumptions regarding the life cycle inventory are discussed in Section 2.1.2.




2.1.2. Life Cycle Inventory


For the foreground system, we applied the so-called cut-off approach. The cut-off approach treats “allocatable by-products” with allocation, “recyclable materials” are cut off from the producing activity and are burden-free for other activities, and finally wastes are modeled as disposed in treatment activities and burdens caused by this treatment activity are attributed to the waste-producing activity [37]. Consequently, and in line with the cut-off approach, no credits for energy recovery and recycled materials are granted. For background data, the GaBi database service pack 40 and the GaBi software version 9.5.2.49 were used [38]. The environmental impacts that occur due to using the catheter, i.e., the electricity needed for the cardiac ablation, are not considered in this case study, as no data were available. However, the required electricity can be assumed to be the same for both catheter life cycles because the application, including its functionality and quality, are assumed to be equivalent. For primary data collection, if data ranges were given, average values were calculated. A bill of materials of the virgin manufactured catheter and a detailed description of both life cycle inventories of using a virgin and remanufactured catheter, including the providers of selected unit processes, can be found in the Supplementary Materials of this article. The input and output flows of the modelled virgin production route are given in Table 1.



As data for the newly-manufactured catheter’s production process is not available, we modeled the virgin catheter product system in accordance with the bill of materials of the catheter to be remanufactured (assembly of the catheter is neglected). Since the virgin catheter is manufactured in the US, we applied, if available, datasets with providers from the US. For instance, the US electricity mix was chosen for the production and processing of virgin plastic for the catheter components because the production site is located in California. However, if US-specific data were missing, we selected the providers according to countries or regions with similar production conditions, such as the European Union or comparable industrialized countries. Furthermore, the process steps, final inspection, sterile packaging, and final packaging were assumed to be identical to the medical remanufacturing route except for the transport distance to the customer, as no further data are available. Two transportation processes were modeled for the transport of a newly-manufactured catheter to the customer in Germany. Firstly, an average sea route from California to Germany (approximately 16,000 km) is assumed and the final transport to the customer is carried out with a small truck. The transportation distance to the customer within Germany was adapted from the remanufacturer to the customer (average value 79.1 km). Concerning the provision of materials for virgin catheter production consisting of a plug, a handle, a curvature, a loop, and a shaft, few simplifications are made. The incorporated filler of polyurethane in the curvature and loop (barium sulfate) is neglected in this study because we do not know the proper concentration of the filler in the polyurethane. The modeled curvature and loop is assumed to contain polyurethane exclusively. This simplified assumption should not influence the LCA result because the curvature and loop correspond in total to 0.7 wt.% of the catheter. The plastic of the catheter shaft (PEBAX®) is a specific block copolymer obtained by polycondensation of a polyamide (e.g., PA6, PA11, PA12) with an alcohol termination polyether (Polytetramethylene glycol or polyethylene glycol PEG) [39]. As no LCA dataset is available for the production of PEBAX®, we modeled the material by two possible preliminary products, namely polyethylene glycol (PEG) and polyamide 6 (PA6). The shaft of the catheter has a small sleeve at the top (7.5 × 10−3 g), which is made of polyether ether ketone (PEEK). The small-sized shaft sleeve is neglected in this study because it is assumed that the sleeve does not significantly affect the LCA result.



The data for the provision of a catheter through medical remanufacturing was gathered from Vanguard AG in Germany. The investigated remanufacturing process guarantees the safety and functionality of its remanufactured medical products in full compliance with the specifications of the original products and with CE-certified products also in compliance with the requirements of the Medical Device Directive 93/42/EEC [31]. A few assumptions are made to model the medical remanufacturing process. The German electricity mix was chosen to provide the electricity demand for medical remanufacturing because the company is located in Germany. The pre-used catheters are collected at hospitals in reusable polypropylene boxes. However, the reusable boxes’ production is neglected because the estimated number of reuses is higher than 250. The primary packaging at the collection point in hospitals is not considered for medical remanufacturing, as the plastic bag with the original label is attributed to the virgin production. The detergents and disinfectants for remanufacturing as well as for sterile packaging are modeled by their identifiable main components (>10.0%) according to the available safety data sheets on the internet. However, the ingredient glutaral in the disinfectant Neodischer Endo Sept GA is represented by a proxy dataset for steam cracking products, as no specific LCA dataset for the production process of glutaral is available in the GaBi database. The input and output flows of the medical remanufacturing production route catheter are given in Table 2.




2.1.3. Impact Assessment


The impact assessment is conducted following the recommendations of the environmental footprint (EF) 3.0 method published by the European Joint Research Centre (JRC) [40]. The method covers the following life cycle impact categories: Acidification (terrestrial and freshwater), cancer human health effects, climate change, ecotoxicity freshwater, eutrophication (freshwater, marine, terrestrial), ionizing radiation, land use, non-cancer human health effects, ozone depletion, photochemical ozone formation, resource use (energy carriers and minerals and metals), respiratory inorganics and water scarcity. As explained in the introduction, remanufacturing is expected to influence mainly the two impact categories concerning global warming and abiotic resource use. Hence, our analysis will focus on these two impact categories:




	
Climate change (determination of the GWI)



	
Resource use, mineral and metals (determination of the abiotic resource use)










2.2. Combining Circularity and Life Cycle Assessment


The selected LCA approach could be meaningful to environmental-conscious clients deciding whether to buy a remanufactured product or a newly-manufactured one. However, this perspective is less meaningful to others, such as decision-makers who want to know whether remanufacturing is a more stimulating strategy than linear manufacturing [27]. This audience requires a broader view over an extended time horizon on the environmental benefits of a particular remanufactured product, including, for example, multiple remanufacturing cycles [27]. Using CE indication methods could help to analyze the contribution to CE by implementing either the remanufacturing process or linear production from virgin materials. Therefore, this section aims to describe how LCA and CE indicators could be combined to compare newly-manufactured catheters for single-use and remanufactured catheters that can be used multiple times.



Applying CE indicators for assessing products and materials is increasingly recommended and currently, a wide range of CE indicators exist in the scientific literature [4,41,42]. Various review papers and two reports supported by the EU on circular indication methods are found in the literature [4,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61]. Currently, most CE indicators and assessment methods aim to measure the circularity degree of resource flows yet fail to quantify the product preserving cycles, such as reuse or remanufacturing [41]. An essential difference in CE indicators is the implementation level, which can be at the micro, meso, or macro level [4]. In this study, we consider the micro level, which focuses on the product or company level.



Four reviews are focusing on CE indications on the micro level [44,49,59,61]. Furthermore, two recent publications present comprehensive overviews of existing indicators analyzing 55 and 63 metrics or indicator sets across all implementation [4,56]. In these six reviews, we searched for quantitative indicators that indicate the remanufacturing loop and can be linked to LCA methods. Environmental impacts are broadly implemented into circularity indicators, for instance, by the metrics from [62,63,64,65]. However, none of them addresses remanufacturing because they instead focus on preserving the material as an end-of-life strategy. Indicators that focus on remanufacturing are either quantitative [66], focus on design for remanufacturing [67], or are based on economic values as a basis for measuring product circularity [68], but are not sufficiently designed for a combination with LCA, i.e., so that the metric can be used in life cycle impact assessment.



However, Figge et al. [32] proposed a circularity indicator that quantifies the number of times a resource passes a product system through different product cycles in the value chain. The authors state that this indicator could be applied in further research on the combination of circularity measures and life cycle sustainability indicators indicating life cycle benefits [32]. The proposed circularity metric is a simple indicator that calculates the number of times a resource is used on average in a product system circulating in a specific loop [32]. Although the circularity indicator calculates the contribution to the CE due to refurbishment and recycling, the idea of the indicator could be transferred to a remanufacturing loop. As mentioned above, medical products, such as catheters, cannot be reused and recycling is assumed to play an insignificant role. Therefore, the circularity indicator from Figge et al. [32] is transformed to the needs of the study, i.e., the product is recirculated within the value chain due to remanufacturing only. Thus, Equation (1) calculates the circularity of remanufactured products.


  C i r c u l a r i t y =  C  i n i t a l   +  C r  = 1 +   ∑   i = 1  n     (   x c  *  x r   )   i   



(1)







Herein, circularity is the sum of circularity provided by the initial use (Cinital) and additional circularity due to remanufacturing (Cr). Initial use means that the product is made from virgin resources and is used once. The contribution of remanufacturing to circularity (Cr) is indicated by the sum of collected products for remanufacturing (xc), and the proportion of those that are collected, which are then remanufactured and enter another product cycle i (xr). The variable i addresses the number of passed cycles. Hence, Equation (1) reflects the number of times a resource is used on average in a product system. The parameter Cr indicates how often the catheter is remanufactured on average. The circularity can vary between 1 and infinity. A circularity of 1 describes an entirely linear system; a circularity of infinity means a fully circular production system without losses. A direct proposal for linking the circularity indicator to LCA is not given in the original publication [32]. However, the circularity can be measured via “path length”, defined as the average number of product systems in which a resource is involved before products or materials leave as non-recoverable waste that cannot be retained in the value chain [69]. Building on this principle, the path length of a newly-manufactured catheter, which is then remanufactured on average Cr-times before being treated as waste, can be modeled as a circular production system. This circular production system can then be compared to a linear production system, where newly-manufactured catheters are used once and treated as waste without a remanufacturing process. The results of the circularity indicator can be used in combination with the LCA results of the supporter perspective to analyze the environmental impacts of remanufacturing catheters multiple times (circular-used catheters) in comparison to disposal of those catheters after single-use (linear-used catheters). The combination of the LCA results and the circularity metric is described in the following.



For the linear production system, 0% of the non-remanufactured and linear-used catheters are collected, which corresponds to a circularity of 1 in Equation (1). For the circular production system, we assume that 100% of the catheters to be remanufactured are collected (xc = 100%). The catheters are collected and stored separately so that no losses occur here. The collected catheters for remanufacturing are then identified, medically remanufactured, and sterilely packaged before returning to the customer. Losses occur in each of these process steps as described for the medical remanufacturing route (see Figure 3). The proportion of remanufacturable catheters of the collected catheters is 52.1%, which corresponds to xr. This corresponds to a circularity of 2.09 for the circular production system. Furthermore, this means that for infinite n, the catheters are remanufactured 1.09-times on average in the circular production system (see Figure 4).



For the combination of LCA and circularity, the average path length is used to set the system boundaries. In particular, the investigated product system is expanded from one product cycle to the average number of passed product cycles that occur due to circulating a product through remanufacturing (calculated with Equation (1)). Subsequently, the environmental impacts are calculated according to the path length of the linear and circular production system. However, after modeling the average path length, including multiple product cycles, the analyzed impact categories’ results are divided through the respective calculated circularity to receive the same functional unit as described in Section 2.1, namely the provision of one catheter. This proposed modeling approach can be used to understand the environmental consequences of applying a linear or circular production system, including multiple product cycles resulting from remanufacturing in this study.



For the linear production system, the input and output flows from Table 1 can be used because the linear production system corresponds to the production of a newly-manufactured catheter from virgin material, which is disposed after single-use (0% collection rate). For the circular production system, the different processes are summed up proportionally according to the path length until the fraction of circular-used catheters in the value chain is insignificant after n remanufacturing cycles (if (xc * xr)n ≤ 0.1%, the fraction is considered to be negligible). For this purpose, the process of a newly-manufactured catheter from virgin material is modeled once, but without waste treatment, since it is assumed that all catheters are collected for remanufacturing in the circular production system. Subsequently, the impacts of remanufacturing are added up proportionately, which corresponds to add Cr-times the process for medical remanufacturing, as described in Figure 3 and the resulting life cycle inventory in Table 2. Since the collection of all catheters represents an ideal circular production system, we performed a sensitivity analysis regarding the collection rate (xc) between 0% and 100%. The results of this section are presented and interpreted in Section 3.2.



The modeling perspective described in this section allows taking the number of passed product cycles into account and takes a broader system perspective. Table 3 gives an overview of the two used modeling perspectives in this study. First, the LCA approach for modeling comparative LCAs of using either remanufactured or virgin-produced products. Second, the calculation of multiple product cycles by using the circularity metric in LCA modeling.





3. Results and Discussion


The results presented here reflect the analyzed impact categories of the used EF 3.0 methodology. As mentioned above, the interpretation of results focuses on the GWI and abiotic resource use of the selected methodology described in Section 2.1.3. Results of other EF 3.0 impact categories were also obtained for the medical remanufacturing and virgin production route for the supporter perspective and the used cut-off approach, but are not interpreted in detail in this study. The results of the supporter perspective without considering the circularity in multiple product cycles are discussed in the following Section 3.1, whereas the LCA results taking the circularity into account are presented in Section 3.2.



3.1. Environmental Impacts of the Medical Remanufacturing and Virgin Production Routes


According to the used cut-off approach, the provision and use of a catheter from virgin manufacturing are compared to the remanufacturing route. In order to interpret the results, recommendations for interpreting the results of a comparative LCA between remanufactured and newly-manufactured products will be used as proposed by Peters and Plevin et al. [27,70]. All calculated results of the EF 3.0 impact categories are listed in Table 4.



In 13 out of 16 calculated impact categories, we identified environmental benefits (>20%) of using a remanufactured catheter compared to a virgin catheter that is being disposed after single use. Environmental drawbacks were calculated in the categories eutrophication freshwater, land use, and water scarcity for the medical remanufacturing route compared to the virgin manufacturing route. The difference between medical remanufacturing and virgin production in water scarcity can be regarded as insignificant (<5%). The medical remanufacturing route has a 15.2% higher impact on land use and a 25.1% higher impact on eutrophication freshwater compared to virgin production. The higher impacts for the medical remanufacturing route in these two categories mainly result from the use of disinfectants and cleaning agents with active organic ingredients such as citric acid. Citric acid is often industrially produced by fermenting sugar-containing raw materials such as molasses and corn [71], which might need extensive land use and can cause eutrophication in freshwater. However, it must be considered that primary data for virgin production are missing, e.g., regarding the assembly process of the virgin-manufactured catheter. Due to a lower level of detail for the virgin production route, we expect that the calculated environmental impacts of the virgin production route tend to be underestimated compared to the medical remanufacturing route. In the following, the focus is set on the GWI and the abiotic resource use because these two impacts are most relevant and discussed in the CE context.



The impact category of climate change reflects global warming. The results show that using a remanufactured medical catheter has a lower impact on global warming (0.87 kg CO2-eq./catheter) than using a catheter from the virgin production route (1.75 kg CO2-eq./catheter) (see Figure 5). The calculated impacts are itemized according to the impacts resulting from using water, sterilization gas, detergents and disinfectants, packaging materials, electricity (excluding the used electricity for plastic production and processing) as well as resulting from waste treatment, transportation, and plastic production and processing (including used electricity) per provided catheter. The results of the analyses of both routes are additionally listed in the Supplementary Materials.



As shown in Figure 5, the production and processing of the plastics (dark blue) for producing a virgin catheter is most contributing to the GWI of using a newly-manufactured catheter for single-use (59.4%). The carbon footprint of the plastic production and processing for a newly-manufactured catheter (1.04 kg CO2-eq./catheter) is greater than the GWI of the entire medical remanufacturing process (0.87 kg CO2-eq./catheter). In the medical remanufacturing route, electricity consumption contributes the most to the GWI (34.5%), followed by waste treatment (32.0%) and packaging materials (18.2%). The GWI of the waste treatment (light blue) is similar for the medical remanufacturing (0.28 kg CO2-eq./catheter) and the new production (0.30 kg CO2-eq./catheter). The reason for this is the loss rate of the collected but not-remanufactured catheters in the medical remanufacturing process (47.9%). Approximately two catheters have to be collected for each remanufactured catheter. It follows that approximately one collected but rejected catheter for each remanufactured catheter is treated as waste. For each remanufactured catheter, approximately one catheter is treated as waste resulting in similar GWIs caused by waste treatment in both routes. The savings achieved by using a catheter from medical remanufacturing compared to virgin production are 0.88 kg CO2-eq./catheter or 50.4%. The findings suggest that the environmental benefits result from avoiding virgin plastic production and processing when using a virgin catheter. The contribution to the GWI from the transport (<2%) and sterilization process (<0.5%) are negligible in both manufacturing routes. The plastic PEI causes 56.9% of the GWI (90.9 wt.% per catheter) in the virgin production route. In the case of using a catheter from virgin production, the main contributing processes (>10% to the total GWI) plastics production and processing, electricity provision (excl. plastics production and processing), packaging materials, and waste treatment account for about 98.2% of the total GWI. In the medical remanufacturing route, the main contributing processes cause 98.1% of the GWI is caused (electricity provision, waste treatment of discarded catheters, packaging materials, and the use of cleaning and disinfecting agents).



The second analyzed impact category is abiotic resource use. Figure 6 shows that using a catheter from medical remanufacturing causes lower environmental impacts concerning abiotic resources (1.97 × 10−7 kg Sb-eq./catheter) than using a virgin-produced catheter (2.78 × 10−7 kg Sb-eq./catheter).



Figure 6 compares the use of abiotic resources when selecting a remanufactured medical catheter in contrast to a virgin catheter. When using a medical-remanufacturing catheter, the provision of electricity (1.11 × 10−7 kg Sb-eq./catheter), the use of packaging materials (5.49 × 10−8 kg Sb-eq./catheter) as well as cleaning detergents and disinfectants (2.64 × 10−8 kg Sb-eq./catheter) show the greatest contribution to the use of abiotic resources. In the medical remanufacturing route, electricity consumption contributes the most to the abiotic resource use (56.1%), followed by the use of packaging materials (27.8%). In the case of using a virgin-produced catheter, the greatest proportion of abiotic resource use results from virgin plastics production and processing of the catheter (1.51 × 10−7 kg Sb-eq./catheter) as well as the use of packaging materials (8.01 × 10−8 kg Sb-eq./catheter). In the virgin production route, the plastic production and processing is the main contributor and causes 54.5% of abiotic resource use. The medical remanufacturing route shows overall lower use of abiotic resources by 28.8% compared to virgin production. As no primary data are available for the virgin production process, the results of using a virgin-produced and single-used catheter are subjected to higher uncertainties compared to the remanufacturing route, where primary data were collected. Therefore, the impacts of the virgin production route tend to be conservatively estimated. The contribution to abiotic resource use through transport, use of sterilization gas, water, and waste treatment is low in both cases (all contributions are less than 1.1% in each route). As for the GWI, the plastic PEI processing and manufacture in the virgin production process (90.9 wt.% of the catheter) account for approximately 48.6% of the total abiotic resource use. Nevertheless, the relative savings in the abiotic resource use impact category (28.8%) are lower than in the GWI category (50.4%).




3.2. Results of Linking LCA and Circularity


In this section, the environmental impacts caused by a linear production system is compared to a circular production system where the remanufacturing of catheters takes place according to the analyzed remanufacturing process. According to the described method of combing the circularity metric from Figge et al. [32] and LCA, the impact assessment results show that savings can be achieved in the circular production system, including medical remanufacturing in both analyzed impact categories compared to the linear production system. In Figure 7, the results of the linear and circular production systems considering the GWI are depicted on the left primary y-axis and the results of the abiotic resource use are shown on the right secondary y-axis.



At first, the GWI results of the modeled circular and linear production system are explained (see the left side of Figure 7). Applying a fully circular production system would emit 1.14 kg CO2-eq./catheter, if all catheters are collected and remanufactured according to the analyzed remanufacturing process. The result of the linear production system corresponds to the result of the virgin manufacturing route in Section 3.1 (1.75 kg CO2-eq./catheter). In contrast to the results of a linear production system, where catheters are produced from virgin material and finally disposed after single-use, the circular production system generates a saving of 0.61 kg CO2-eq./catheter. Regarding the abiotic resource use on the right side of Figure 7, the circular production system shows an absolute impact of 2.35 × 10−7 kg Sb-eq./catheter. The abiotic resource use of the circular production system entails a relative saving of 4.30 × 10−8 kg Sb-eq./catheter compared to the linear production system. However, the absolute and relative savings of the compared production systems in Figure 7 are lower in both observed impact categories compared to the absolute and relative savings of the results in Section 3.1 (compare with Figure 5 and Figure 6). However, this section’s findings are suitable to be interpreted from a broader CE perspective, including multiple product cycles in the circular production system. It can be concluded that applying a collection and remanufacturing system for all pre-used catheters would result in GWI saving of 34.5% per catheter and abiotic resource use savings of 15.5% per catheter in contrast to a linear production system without remanufacturing in Germany.



As described above, these results are more meaningful to decision-makers, such as policymakers, comparing two possible production systems. Due to expanding the system boundaries to multiple product cycles instead of using a cut-off approach to investigate one life cycle, this section’s results depict the environmental impacts per catheter of a production system from a long-term perspective. The circularity metric allows to reflect the average number of passed cycles and normalize the results based on one passed product cycle to compare different production systems based on the same functional unit. The findings suggest which product system can be beneficial as a whole or how many times the product can be remanufactured from a more long-term perspective. Figure 7 shows that virgin material production is now also modeled upstream for remanufactured catheters in the circular production system, which allows a more comprehensive interpretation of the environmental benefits of implementing a remanufacturing process for catheters. The results suggest that the contribution to the GWI caused by the virgin plastic production can be reduced by 0.54 kg CO2-eq./catheter when the remanufacturing of a catheter is conducted according to the assumed medical remanufacturing process. The contribution to the GWI can be reduced by more than half relating to the virgin plastic production and processing (52.1%) by collecting all pre-used catheters in hospitals and remanufacturing them according to the assumed process several times. For abiotic resource use, a reduction of virgin plastic production contributes to 7.88 × 10−8 kg Sb eq./catheter, which corresponds to 52.1%. The finding of this section suggests that although remanufacturing causes additional impacts in the circular production system in both observed impact categories, mainly due to the use of detergents and disinfectants as well as additional electricity needed; these do not exceed the impacts from the savings in the primary production of the plastics for the newly-manufactured catheter.



The two scenarios (linear and circular production system) represent two reference values that reflect the environmental impacts in the analyzed impact categories if either none (0%) or all (100%) of the catheters are collected for medical remanufacturing. In reality, however, the collection rate of catheters for remanufacturing might be below 100%. Thus, in a particular economic area, the transformation from a linear to a circular production system might lie in-between the depicted values shown in Figure 7. In order to provide information for policy and other decision-makers, we conducted a sensitivity analysis varying the collection rate (xc) of the catheters from 0% to 100% and calculated the resulting relative savings in both analyzed impact categories (Figure 8).



Figure 8 shows that with an increasing collection rate (xc), the circularity of the catheters increases more strongly. The remanufacturing rate from collected catheters (xr) remains constant. Moreover, the relative saving of both analyzed impact categories increases more strongly with increasing collection rate, although less strongly than the circularity metric and hardly visible in Figure 8. In the Supplementary Material, second and third-degree polynomials were added in the form of a trend line including the associated coefficient of determination (R2) to quantify the increasing relative savings with increasing collection rate (see table sheet “sensitivity_analysis”). Although this increase is barely significant, especially for abiotic resource use, the conclusion can be drawn that the more catheters are collected for remanufacturing, the higher the relative savings in environmental impacts. The increasing correlation is explained by the variation in the collection rate and the consequent avoided waste treatment of virgin-produced catheters collected in the circular production system. As described above, due to the high loss of collected but rejected catheters, almost one catheter needs to be treated as waste per remanufactured catheter. For a remanufactured catheter, the waste treatment contribution to GWI is 0.02 kg CO2-eq./catheter lower than for the virgin manufactured catheters (compare with Figure 5). If the ratio of remanufactured catheters from collected catheters (xc) would increase, the exponential correlation between linear and circular production systems will increase when varying the collection rate.



In order to quantify the potential of reducing the GWI by establishing a collection and medical remanufacturing system for all catheters in Germany, we calculated the total savings of the analyzed environmental impact categories per year in Germany. Approximately 750,000 electrophysiology catheter interventions are conducted per year in Germany [72]. Assuming that one electrophysiology catheter is used per intervention and the environmental impact per catheter is always the same, collecting 100% of all used catheters in Germany for remanufacturing would result in a saving of 451.96 t CO2-eq./year (35.4% relative savings) in contrast to the linear production system (0% collection rate). Moreover, if 50% of all used catheters are collected for remanufacturing, a reduction of around 186.17 t CO2-eq./year could be realized compared to zero collection for remanufacturing (relative saving of 14.2%). Assuming a target of saving 100 t CO2-eq./year by applying a collection and remanufacturing system in Germany, approximately 28.4% of catheters need to be collected. These comparisons show that the transition to a circular production system in the field of medical remanufacturing for electrophysiology catheters allows significant reductions of greenhouse gas emissions.




3.3. Limitations of the Study


As described in the methodology section, methodological challenges exist in the goal and scope phase that need to be addressed with caution when conducting an LCA of remanufactured products [27]. The authors analyzed different perspectives when setting the system boundaries and modeling perspective in LCAs for remanufactured products. The authors distinguish between a supporter perspective and neutral perspective that could be taken when comparing remanufactured to newly-manufactured products while pointing out that both perspectives have been applied across LCAs. In this study, the results in Section 3.1 illustrate the supporter perspective and indicate the beneficial use of a remanufactured catheter compared to a newly-manufactured catheter from virgin material. In Section 3.2, we combined a circularity metric and LCA to interpret the results on a broader CE perspective by modeling a circular production system including remanufacturing and a linear production system where the catheter is disposed after single-use. Even though this modeling approach allows us to compare multiple product cycles in the investigated product systems, this is not in line with the proposed neutral perspective proposed by Peters [27]. Such a perspective would need multiple functional units and multiple alternative reference flow models and alternatives. The introduced approach including the circularity metric in Section 3.2 has not yet been used in LCAs for remanufactured products or other circular used products, such as reused or recycled products. However, we argue that this new approach could be used as an extended approach for the supporter perspective in order to interpret the results of a system perspective in the context of a CE.



Another limitation of this study is that we did not conduct a comprehensive interpretation of all covered environmental impact categories according to EF 3.0 method. However, the focus on the selected two impact categories, GWI and abiotic resource use, is regarded to be representative since 13 out of 16 impact categories show environmental benefits for the medical remanufacturing route including the two selected categories (compare Table 4). Possible drawbacks were calculated for the impact categories land use, water scarcity, and eutrophication freshwater, which might result from bio-based disinfectants and cleaning agents. As mentioned above, the impact results of the virgin production route are expected to be afflicted with higher uncertainties than the remanufacturing process. The virgin catheter was modeled according to the bill of materials. Due to missing data, e.g., the proper concentration of the filler of polyurethane or the weight of the shaft sleeve, the uncertainties in terms of completeness and reliability are assumed to be higher for the virgin manufactured catheter. Furthermore, missing US-specific datasets might cause a higher uncertainty in the flied of geographic correlation for the virgin production route. We expect that the impact results of the virgin production route could tend to be higher, but the results of the medical remanufacturing route are assumed to be more certain due to primary data. Therefore, it is questionable whether the environmental advantages of the virgin production in the categories land use, water scarcity and eutrophication could be revealed. Since we did not conduct an uncertainty analysis in this study, we cannot state the savings’ significance in the respective impact categories. However, we would like to point out that the analyzed results’ differences of GWI and abiotic resource use are greater than 10% in all analyzed product systems, and therefore the conclusions drawn by us are assumed to be robust.





4. Conclusions and Outlook


This study’s main goal was to conduct a comparative LCA of remanufactured and virgin-produced electrophysiology catheters to analyze the impacts of medical remanufacturing as a relevant CE strategy for medical products. Different perspectives can be considered when conducting a comparative LCA study of remanufactured and virgin products. To give a broad picture, we decided to model two different perspectives that provide different information for various decision-makers. First, the so-called “supporter perspective” was applied to analyze the environmental impacts of using a remanufactured catheter compared to a virgin manufactured catheter focusing on a short-term perspective of a single product life cycle. Secondly, we modeled a broader system perspective representing multiple product cycles on a long-term perspective using a circularity metric combined with LCA. We modeled a linear catheter production without remanufacturing and a circular production system, including its first life cycle from virgin material and further life cycles from the medical remanufacturing process.



Besides the environmental benefits of medical remanufacturing, the main result of this study is that both modeling perspectives can provide information for decision-makers, but for different audiences. The present case study shows that remanufacturing, as a CE strategy for electrophysiology catheters, leads to environmental benefits in both impact categories, climate change and abiotic resource use, on a short-term perspective. In addition, implementing a remanufacturing system for all pre-used catheters to contribute to the CE principle on a long-term and system perspective will support lowering the GWI and use of abiotic resources. The circular production system would result in the catheter being used on average 2.09 times and remanufacturing on average 1.09 times. A sensitivity analysis of the collection rate demonstrates that the relative savings increase more strongly with the increasing share of catheters collected for medical remanufacturing. We explained that the newly presented approach allows for the assessment of environmental impacts based on collection rates from a system perspective instead of focusing on a single product life cycle.



In the future, the newly introduced modeling approach, including a circularity metric, could be transferred to the needs of other products and sectors to analyze the impacts of implementing different CE strategies from a system perspective. For instance, this approach could be used for evaluating other characteristic parameters of the CE in further case studies, such as recycling rates. So far, the case study examined considers a single CE strategy, namely remanufacturing, and does not compare different CE strategies. As described above, remanufacturing might be the most eco-efficient CE strategy for most medical products. For other sectors and products, different CE strategies could be relevant as well. Future work will further develop the methodology for combining LCA and circularity as average passed product cycles, incorporating different CE strategies into one circularity metric. This enhanced methodology should address the challenges of different CE strategies and contributions to circularity, such as reuse, refurbishment, remanufacturing, or recycling. Since the CE provokes innovation, LCA and circularity assessment can be applied and referenced to ensure that innovations lead to decreased environmental impacts. Besides circularity, the longevity of products as well as the use intensity could also be relevant metrics for analyzing the contribution to the CE. In order to quantify the influence of product’s longevity and use intensity, indicators will be developed in future research and validated in case studies. Quantifying product circularity, longevity, and use intensity are seen as useful metrics in combination with LCA metrics to ensure an environmental benefit and not just any implementation of CE strategies.
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Figure 1. Electrophysiological diagnostic catheter [34]. 
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Figure 2. System boundary of the reference process (manufacturing of a catheter from virgin material). 






Figure 2. System boundary of the reference process (manufacturing of a catheter from virgin material).



[image: Sustainability 13 00898 g002]







[image: Sustainability 13 00898 g003 550] 





Figure 3. System boundary of the remanufactured catheter. 






Figure 3. System boundary of the remanufactured catheter.



[image: Sustainability 13 00898 g003]







[image: Sustainability 13 00898 g004 550] 





Figure 4. System boundary of the circularity assessment of the linear and circular production system. 
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Figure 5. Results of the GWI for using a remanufactured medical catheter and using a catheter from virgin production disposed after single-use. 
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Figure 6. Results of abiotic resource use for using a remanufactured medical catheter and using a catheter from virgin production disposed after single-use. 
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Figure 7. Results of GWI (left) and abiotic resource use (right) for a circular production system, including a remanufacturing system and a linear production system without a remanufacturing process. 
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Figure 8. Primary y-axis: Relative savings of the GWI (orange) and abiotic resource use (blue) for a circular production system including a medical manufacturing process in contrast to the linear production system at a collection rate between 0% and 100% (xc). Secondary y-axis: Resulting circularity of the catheter (grey) at a collection rate between 0% and 100%. 
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Table 1. Input and output flows of a newly-manufactured catheter through virgin production route.
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Name

	
Value

	
Unit

	
Description






	
Input flows




	
Carbon dioxide

	
2.82 × 10−3

	
kg

	
Ingredient of sterilization gas




	
Corrugated board

	
0.14

	
kg

	
Secondary packaging




	
Ethylene oxide

	
1.80 × 10−4

	
kg

	
Ingredient of sterilization gas




	
Polyamide 6 fibres (PA 6)

	
3.20 × 10−3

	
kg

	
Pre-product for PEBAX® (shaft)




	
Polyetherimide granulate (PEI)

	
0.11

	
kg

	
Plug and handle




	
Polyethylene glycol (PEG)

	
1.25 × 10−3

	
kg

	
Pre-product for PEBAX® (shaft)




	
Polyethylene high density granulate

	
0.02

	
kg

	
Primary packaging




	
Polyethylene low density granulate

	
3.00 × 10−4

	
kg

	
Shaft stiffener




	
Polyurethane flexible foam (PU)

	
8.00 × 10−4

	
kg

	
Curvature and loop




	
Transporting capacity

	
18.34

	
kgkm

	
Small truck for final distribution in Germany




	
Transporting capacity

	
2725.16

	
kgkm

	
Sea route from California to Germany




	
Water (desalinated; deionized)

	
2.00 × 10−3

	
kg

	
Process water of manufacturing




	
Electricity; consumption mix

	
0.36

	
kWh

	
Electricity needed except for plastic production and processing




	
Output flows




	
Produced catheter

	
1.00

	
Item

	
Reference flow




	
Incineration good

	
0.12

	
kg

	
Waste treatment











[image: Table] 





Table 2. Input and output flows of the medical remanufacturing route.
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Name

	
Value

	
Unit

	
Description






	
Input flows




	
Aromatics (steam cracking products)

	
3.96 × 10−3

	
kg

	
Pre-product of gluteral (ingredient of disinfectant Neodisher endo Sept GA)




	
Carbon dioxide

	
2.82 × 10−3

	
kg

	
Ingredient of sterilization gas




	
Citric acid

	
8.80 × 10−3

	
kg

	
Ingredient of detergent Sekusept aktiv




	
Corrugated board

	
0.14

	
kg

	
Secondary packaging




	
Electricity; consumption mix

	
0.52

	
kWh

	
Electricity needed expect plastic production and processing




	
Ethylene oxide

	
1.80 × 10−4

	
kg

	
Ingredient of sterilization gas




	
Hydrogen peroxide (100%)

	
0.02

	
kg

	
Ingredient of detergent Sekusept aktiv




	
Polyethylene high density granulate

	
0.02

	
kg

	
Primary packaging




	
Soda (sodium carbonate)

	
5.77 × 10−3

	
kg

	
Ingredient of detergent Sekusept aktiv




	
Sodium cumene sulphonate (40%)

	
3.50 × 10−3

	
kg

	
Ingredient of Neodisher endo CLEAN




	
Transporting capacity

	
18.34

	
kgkm

	
Small truck for distribution




	
Water (desalinated; deionized)

	
5.00

	
kg

	
Process water




	
Tap water

	
7.00

	
kg

	
Process water




	
Output flows




	
Produced catheter

	
1.00

	
Item

	
Reference flow




	
Incineration good

	
0.11

	
kg

	
Waste treatment
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Table 3. Overview of the selected modeling perspectives in this study.
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LCA Method Described in Section 2.1

	
LCA Method Combined with the Circularity Metric Described in Section 2.2






	
Perspective of modeled comparison indicating environmental benefits of

	
Using a remanufactured or virgin catheter

	
Applying a linear or circular production system including remanufacturing




	
Functional unit

	
Identical (provision of a catheter)




	
Method for setting system boundaries is based on

	
Cut-off

	
System expansion to consider several life cycles




	
Time horizon

	
Short-term

	
Long-term




	
Observed product cycles

	
Single

	
Multiple
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Table 4. Life cycle impact assessment results for the provision of one electrophysiology catheter through a medical remanufacturing route compared to virgin production route (cut off approach).
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	Impact Category
	Virgin Production Route
	Medical Remanufacturing Route
	Savings from Medical Remanufacturing Compared to Virgin Production per Catheter





	Acidification terrestrial and freshwater [Mole of H+ eq.]
	4.73 × 10−3
	1.18 × 10−3
	75.1%



	Cancer human health effects [CTUh]
	3.30 × 10−10
	1.29 × 10−10
	60.9%



	Climate Change [kg CO2-eq.]
	1.75
	0.87
	50.4%



	Ecotoxicity freshwater [CTUe]
	11.9
	4.69
	60.6%



	Eutrophication freshwater [kg P eq.]
	6.29 × 10−6
	7.87 × 10−6
	−25.1%



	Eutrophication marine [kg N eq.]
	1.36 × 10−3
	4.12 × 10−3
	69.7%



	Eutrophication terrestrial [Mole of N eq.]
	1.44 × 10−2
	4.41 × 10−3
	69.4%



	Ionising radiation—human health [kBq U235 eq.]
	5.37 × 10−2
	4.20 × 10−2
	21.8%



	Land Use [Pt]
	9.03
	10.4
	−15.2%



	Non-cancer human health effects [CTUh]
	1.56 × 10−8
	7.39 × 10−9
	52.6%



	Ozone depletion [kg CFC-11-eq.]
	1.96 × 10−11
	2.01 × 10−12
	89.7%



	Photochemical ozone formation—human health [kg NMVOC eq.]
	3.89 × 10−3
	1.06 × 10−3
	72.8%



	Resource use, energy carriers [MJ]
	29.3
	9.02
	69.2%



	Resource use, mineral and metals [kg Sb eq.]
	2.78 × 10−7
	1.98 × 10−7
	28.8%



	Respiratory inorganics [Disease incidences]
	4.22 × 10−8
	1.40 × 10−8
	66.8%



	Water scarcity [m³ world equiv.]
	1.09 × 10−1
	1.13 × 10−1
	−3.7%
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