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Abstract

:

The global and Australian trends indicate a steady increase in the generation of small waste electrical and electronic equipment (WEEE), constituting 30% of global WEEE in 2019 with an expected 90% increase in Australia over the next 25 years. Given this fact, identifying the most suitable circular economy strategy is vital in managing this waste stream. Hence, followed by a review of the literature, a model was developed to assess the suitability of repair, reuse, and recycling of small electrical and electronic equipment (EEE) by considering the lifespan and products put on the market (PoM) as critical variables. Findings indicate that solely repairing and reusing products, without reducing PoM small EEE, minimally affects short-term waste reduction. A synergistic approach, combining high product reuse with reduced PoM small EEE, is essential to decrease small WEEE generation significantly. Regardless of lifespan changes, the study indicates a proportional relationship between small WEEE generation rates and PoM small EEE changes, emphasising the need for a holistic strategy. Considering this, within stewardship schemes, the primary focus should initially lie on repairing and repurposing small EEE, with the potential for expansion into recycling once sufficient infrastructure and achievable recovery goals are established. Original equipment manufacturers (OEMs) must shoulder substantial accountability, with a firm commitment to extended producer responsibility (EPR) even for historical products. The initial rollout could target four specific categories: toys, food preparation equipment, vacuum cleaners, and household tools, with the scope widening to encompass all categories following successful implementation.
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1. Background


The management of waste electrical and electronic equipment (WEEE) has been receiving more attention in recent years due to the global increase in devices powered by batteries and electrical supplies. Due to the wide variety of these products, concentrations of materials vary. Potential contaminants like Cd, Cu, Ni, and Pb pose a greater environmental risk even though they can be removed during waste management. Hazardous substances such as polybrominated diphenyl ethers (PBDEs), which serve as flame retardants, are commonly found in electrical and electronic equipment (EEE). When there are no chemical bonds between PBDEs, they can leach into the environment during long-term use and storage [1]. Hence, efficient waste management systems can keep the materials circular while satisfying consumer needs [2].



Global WEEE generation rates are rising, and they will grow to 74.7 Mt by 2030, around a 40% increase from 2019 [3]. Higher consumption rates and shorter lifespans are fuelling these values, and a smaller focus is on responsible consumption. Furthermore, recycling, at a lower stage of the waste management hierarchy, is also hindered due to the drawbacks of collection mechanisms and inefficient preprocessing techniques [4]. Hence, 64% of the total transboundary movements of WEEE are uncontrolled, which are usually mixed with other legal shipments, including used EEE. The flow is from high-income to middle- and low-income countries due to the commercial demand for used EEE in developing countries. In addition, the reduction in costs for domestic WEEE management and the location of original equipment manufacturers (OEMs) are two other driving factors of the exports [5]. However, up to one-third of EEE are broken upon arrival, and they usually end up in landfills due to the lack of proper WEEE management infrastructure [6,7,8]. A proactive approach is needed when managing WEEE to drive businesses towards sustainability by following a lifecycle approach focusing on the entire lifespan of electronic products, from their inception and production to their disposal and potential recycling or reuse. Manufacturers should design durable EEE so that consumers can opt for products with longer lifespans. Regulatory bodies can enact policies and regulations focusing on extended producer responsibility (EPR). End-of-life (EOL) management stakeholders can follow these standards, while environmental and advocacy groups can raise awareness and promote eco-friendly practices [9].



Given this, product circularity is essential, as global circularity has declined to 7.2% in 2022 from 9.1% in 2018 [10]. A closed loop can be created by applying circular economy (CE) principles and deviating from the traditional linear economy. CE represents a production and consumption mode that maximises repair, reuse, and recycling while leading to the lifecycle extension. The aim is to create a closed loop with an integrated system of industrial processes and natural systems. This approach extends over the usual damage reduction, harmonising the coexistence of economic growth and environmental protection [11]. The concept of CE was also contributed to by various design and economic concepts like spaceman economy, steady-state economy, industrial ecology, and cradle-to-cradle designs. Among these concepts, cradle-to-cradle design stands out as a way to address the issues of resource scarcity. However, despite the rapid technological developments, designing for repair and reuse has yet to be noticed [12]. In most developed nations, purchasing a new product is more feasible than repairing it due to high labour costs. In contrast, most developing economies tend to repair and reuse products, even sometimes neglecting safety impacts.



Repair and reuse often reduce EEE replacement rates, leading to a reduction in WEEE generation rates. Decisions on repairing and reusing a certain EEE depend on various factors, including energy efficiency [13], types of repair [14], aesthetic appearance of the repaired product [15], consumer perception of using repaired EEE [16,17], efficiency of reusing mechanisms [18], and the ease of disassembly of the original products [19]. In addition, several studies have investigated the environmental impact of repair and reuse of EEE by considering lifetime extension using lifecycle assessment [13,20,21,22]. These studies focused on products like washing machines, laptops, vacuum cleaners, and smartphones. However, articles that compared results among different categories were limited in the literature [23,24]. Even though repair and reuse delay waste generation, recycling is essential to diverting the WEEE from landfills, as it will extract raw materials required to manufacture new EEE. The quality of recycled materials, energy intensity for the treatment process, and transportation costs are the most common factors in the decision to opt for WEEE recycling [25]. In addition, the diversity of the products in terms of size and material composition has forced the recycling plants to focus on certain products, including most white goods, such as laptops, screens, and mobile phones.



Given the above facts, this study was designed to analyse the current status and feasibility of repair and reuse vs. recycling of small WEEE, a subcategory of WEEE, which accounted for more than 30% of WEEE generated globally during 2019 [3]. Furthermore, Australia was selected as the geographical location for this study as it is one of the largest WEEE generators in the world. In 2019, WEEE generation in the country was 21.7 kg per capita, three times higher than the global average of 7.3 kg per capita [3]. However, recycling and reusing are often used to lessen the guilt of this overconsumption [26], which the manufacturers usually promote to increase profits.




2. What Is Small EEE?


EEE consists of various equipment and appliances that require classification to maintain consistency in waste management mechanisms. Typically, products are sorted based on their comparable functions, material compositions, and potential end-of-life purposes. Moreover, uniform average weights and lifespans are also factors to consider. However, due to the high product diversity, analysis of various parameters during categorisation often needs to be more manageable. For example, microwave ovens can be considered a large EEE in some countries, and in other regions, they fall under small household appliances. These inconsistencies create issues when comparing WEEE data globally. Given this background, United Nations University (UNU) developed a classification known as UNU-keys linking harmonized statistical (HS) codes, which are used globally. This classification aligns with the European Union WEEE Directive 2012/19/EU, which was also amended by Directive 2018/849 [27]. Currently, there are six categories, namely,




	
Large equipment.



	
Temperature exchange equipment.



	
Small equipment.



	
Small IT and telecommunication equipment.



	
Screens, monitors, and equipment containing screens having a surface greater than 100 cm2.



	
Lamps.








However, in the Australian context, this was expanded into eight categories by the recent discussion paper published by the Department of Agriculture, Water and Environment (DAWE) (now known as the Department of Climate Change, Energy, the Environment and Water) [27]. This new categorisation was performed mainly to incorporate appliances with stewardship schemes such as the National Television and Computer Recycling Scheme (NTCRS) for Televisions and Computers and Mobilemuster for mobile phones. These categories are as follows:




	
Solar PV and battery storage.



	
TV and computing equipment.



	
Mobile phones.



	
Lighting equipment.



	
Large household appliances.



	
Temperature exchange equipment.



	
Other small equipment (considered as sWEEE in this study).



	
Other large equipment.








Even though small EEE was identified as a separate category both globally and locally, some of the UNU-keys considered were different in the above references. For instance, certain electronic products categorised as small IT equipment within the WEEE Directive were also classified as small EEE in Australian discussion papers. Luminaries, which are small EEE according to the WEEE Directive, are considered lighting equipment in Australia. Hence, the authors selected the following products as small EEE for this study to maintain a specific consistency, including 17 UNU-keys, as shown in Table 1.




3. Status of Repair and Reuse of Small WEEE


Repair and reuse are two interconnected concepts within the waste management hierarchy. Reuse is usually considered an act of using EEE to delay their disposal as waste [28]. It is associated with obsolete EEE, which can be functional or dysfunctional. Functional EEE becomes obsolete when consumers lose interest in and opt for a new product, primarily due to the advancement of technology [29]. If the other users are interested, these EEE can be reused after some refurbishment. However, dysfunctional EEE should be repaired before reuse, and some small EEEs with low economic value have higher reuse potential [30].



In the current global context, the promotion of repair and reuse of small EEE is hindered due to several barriers. Producer resistance is a significant barrier as OEMs design products to support recycling rather than reuse since recycling collection is much easier, quicker, and more profitable [31]. A recent study on vacuum cleaners has confirmed that most of them fail due to wearing carbon brushes in motors, which are not easily replaceable. However, using inverter motors instead of these traditional ones can create a longer motor lifespan even though it is rare, confirming that product designs are more recycling-intended, leading to early obsolescence of products [32]. In most European countries, around 30% of the disposed EEEs are reusable with or without a repair [33]. A study conducted in the UK showed that consumers often opt for newer microwave ovens due to the lack of manufacturer support. This study indicated that barriers to repair and reuse are associated with product design and undeveloped secondhand markets rather than the quality of discarded items or the cost of spare parts. It was also noted that the desire for new technology does not drive the WEEE generation, as most consumers were opting to buy a similar product [15]. In Sweden, around eight tons of small EEE are incinerated together with household waste annually; since most OEMs deliberately shorten the lifespan of EEE to drive profits from increased sales, consumers often prefer not to use old functioning EEE as new alternatives are readily available [34].



Consumer attitudes also play a significant role. If they were not adequately educated and supplied with repairability and reusability information, new products would be purchased without any concern about the old small EEE. Most consumers are willing to purchase secondhand EEEs because they are of good quality and usability, have minimal health and safety risks, and have appealing aesthetics. A recent study conducted in the EU indicated that around 45% of the citizens will buy EEE on a secondhand basis [35]. This was further confirmed by a study conducted in France where 85% of 1000 respondents indicated that a lifestyle change is needed due to environmental concerns, which resulted in a more significant commitment to reuse products [26]. In another study conducted in Spain, older consumers were more prone to purchase secondhand EEE [36]. Apart from willingness, the reusability of such products also drives these circular behaviours. A study conducted in the UK indicated that the reusability of stockpiled small EEE is high, which has a good economic potential in the market [37]. Hence, if the consumers are willing, plenty of reusable small EEEs are available in the market for them to use.



However, high repair costs, usually greater than the replacement costs, are often the most common barrier to promoting reuse for small EEE [38,39]. In most cases, the cost of spare parts is 40% of the total repair costs [40] and encouraging self-repair, which is more applicable for small EEE, will reduce the repair costs for the users. However, functional small EEEs are still disposed of, and it is recommended that WEEEs be transferred to testing and maintenance centres to check the possibility of secondhand use with or without repairing the product [41]. Direct transfer from collection to recycling centres would avoid this opportunity.



Similar to the global context, small EEE in Australia are often sent to recycling plants or landfills due to the lack of an established repair market [42]. Low-quality materials have reduced the life expectancy [39] of these products, encouraging consumers to dispose of them without even attempting to repair them. According to a CHOICE customer survey, 85% of Australians stated that they expect the products to be durable, and the repairability of the product has been a critical decider when selecting a product for most of these consumers [43].



Except in Queensland, other Australian states allow unlicensed individuals to repair low-voltage household EEE, which encourages consumers to self-repair products if feasible. The repairs can be performed in households, at the manufacturing plant, or an authorised repair shop. In Australia, small EEE like toasters and blenders are often replaced after their first fault, while vacuum cleaners and power tools have a higher tendency to be repaired [43]. However, for some small EEE-like watches, manufacturers refuse to supply repair equipment and spare parts, which hinders the repair process even if the consumers want it [42]. Further, the repair cost for a vacuum cleaner lies between AUD 50 and 100, and sometimes the same for a two-slice toaster [42], even though the replacement price for a vacuum cleaner is much higher than the toaster. [43]. However, a recent study indicated that even for a vacuum cleaner, repair is beneficial only for frequent users, while replacement is more suitable for occasional users [13]. In Australia, secondhand EEE in working order have some options, such as dropping them off at a charity shop, which has the capability of testing, private online sale via social media, or it even selling to companies who specialise in refurbishing and reselling [43].



Community interest in circularity initiatives like repair and reuse is also growing in the country, and the repair cafes and tool libraries support these by providing free to low-cost solutions to increase the lifespans of the products [43]. At present, the Internet of Things (IoT) is revolutionising the small EEE, which affects the buying patterns of consumers as they often want everything to be connected over the Internet [44]. However, with the planned obsolescence strategies like making software diminish product performance, repair and reuse of these products can cause a further downfall. In addition, structural weaknesses and component connectivity using glue, which makes the disassembly challenging, also hinder easy repair, especially for small EEE [42].




4. Status of Recycling Small WEEE


Recycling mechanisms strongly depend on the material composition of the waste [45]. In the case of small WEEE, metals and plastic are dominant materials in deciding the treatment techniques at the recycling plants [46]. While metals are present in most printed circuit boards, motors, and other electrical and electronic components, plastic is mostly used to house small appliances [47]. Types of plastics also vary, and, in general, small EEE has around 13 types of plastics, including flame retardants [48]. Since recycling efficiencies are usually assessed based on the mass of the recovered materials, which does not give broad attention to the quality of the material, these sub-material types are not much of a concern for plastic. It is usually the other way around for metals, where copper, silver, and gold tend to have higher recycling rates than ferrous metals [49]. However, to identify the exact material composition, strong communication between the OEMs and recycling plants needs to be improved for small WEEE. Some past studies have tried implementing radio frequency identification (RFID) mechanisms to address this issue. However, it has been ineffective due to the low reading ranges in small EEE [50].



Pretreatment and dismantling also play a significant role in achieving higher recycling rates. Following this, some Austrian pretreatment sites improved the separation processes to achieve higher recycling rates (more than 80%). However, it was noted that the costs of adding and improving better separation techniques tend to outweigh the extra revenues generated from the recycled materials. Even with these high recycling rates, the difference between the amount recycled and the actual material introduced to the market highlights that other waste reduction strategies should be prioritised alongside recycling efforts [47]. Another factor that hinders recycling efficiencies is the drawback in collection mechanisms, creating less input waste for the treatment processes of recycling plants [4]. This is common for small WEEE, and researchers have often suggested focusing more on this category in future reverse logistics [51]. Despite this, countries like Japan [52] and Canada [53] have achieved higher recycling rates (more than 90%) for small WEEE in recent years due to their efficient collection programmes. A recent study conducted in the EU indicated that information regarding the recycled material used in the product, parts which can be recycled, and recycling processes and centres should be indicated during sales as responsible consumers often look for this information [26].



In the Australian context, domestic recycling usually includes dismantling, shredding, and other pretreatment processes [54]. Due to the lower demands for recycled material and the higher expenditures that may occur due to full-scale recycling [55], most of the WEEE is exported to countries like China [56]. While large WEEE like televisions and computers have a higher recycling rate, small WEEE has a meagre rate as most end up in landfills. A study conducted in Western Australia confirmed this by indicating that only 3% of the small WEEE is currently sent to recycling plants [57]. However, due to the lower rate of the recoverable values of small WEEE, the existing recycling mechanisms are driven mainly by the base metals [54].




5. Materials and Methods


Given the above facts, this study is necessary to identify which circular economy aspect should focus more on small WEEE. According to the waste hierarchy, repair and reuse is always preferred over recycling. The impact of lifespan extension through repair and reuse on waste generation rates, which subsequently influence recycling behaviours, varies depending on the product type. However, reliable data concerning small EEE often need to be improved. As outlined in preceding sections, prevailing decision-making processes predominantly emphasize recycling, driven by behavioural and economic considerations. Nevertheless, these approaches do not offer direct insights into their effects on small WEEE generation rates. Hence, to address this issue, a small WEEE generation model was developed to identify the impact of repair and reuse on waste generation rates and recycling. The coming sections discuss in detail how this was performed, and, as far as the authors know, this is the first model developed for small WEEE in Australia. The Python programming language was used to develop the model. The Python code utilized a range of powerful libraries and methods for data analysis, visualization, and web application development. “Pandas” and “NumPy” were employed for efficient data manipulation and numerical computing, while SciPy’s gamma function aided in specialized mathematical calculations. Plotly’s graph objects facilitated the creation of interactive visualizations, and “Dash” was used to construct the web application framework. Dash’s components, including DCC for interactive elements and HTML for HTML elements, helped design the application layout. Callback functions were implemented to update the application’s content based on user interactions dynamically. Overall, the code elegantly integrated these tools to develop a user-friendly web application for exploring and analysing small WEEE generation rates with variable lifespan and PoM small EEE changes.



5.1. Modelling Technique


Estimating the future WEEE generation rates is vital to obtain information when deciding the suitable options for WEEE management. According to the referenced academic publications [58,59], only two studies were conducted for Australia, despite being one of the largest WEEE generation nations in the world [60]. In addition, the authors were able to refer to three additional models developed recently by private consultants for the Australian Government [46,57,61]. To the authors’ knowledge, no other models had been developed for the country, even though it was a widely researched area globally. Overall, material flow analysis (MFA) was the widely used method in modelling these figures, among other techniques like market supply, Stanford, Carnegie Mellon, and time step methods [59]. There are two types of MFA techniques in use: dynamic and static. The first method includes long time series data, while the second estimates a single year. Dynamic MFA provides more in-depth understanding, which is essential for policymakers. When considering WEEE generation estimation, there are two types: stock-based modelling and sales-stock-lifespan-based modelling. A stock-based model can be utilised when large-scale consumer surveys and national statistics are available. The second model utilizes actual EEE sales, which are later coupled with a lifespan distribution to predict future WEEE quantities. Hence, given the above, dynamic MFA based on the sales-stock-lifespan-based model was used in this study to estimate small WEEE generation rates for Australia [62].




5.2. Key Variables


Given the behavioural aspects, modelling WEEE generation rates is a sensitive task that depends heavily on two variables: lifespan and the number of products in the market. The lifespan of a product is considered as the period in which a particular product stays in use and the stock from the date it has been purchased until the date it has been disposed of [63]. This may include the repairing and reusing of the products as well. Usually, for large EEE like refrigerators and laptops, lifespan extension is preferred due to the high prices, even though the development of product lifespan extension strategies is still in progress. However, for a given product, lifespan varies due to consumption patterns, and reliable lifespan data are rarely available in the literature [64]. This is consistent with a study conducted in the European Union, as some consumers expect the lifespan of vacuum cleaners to be between 4 and 7 years while another group expect it to last between 7 and 10 years [26]. Hence, for most of the small EEE, this is often the case as they are disposed of as waste usually before the end of life.



When modelling WEEE generation rates, lifespan is defined in two main ways during modelling. Fixed average lifespans are utilized in most studies except MFA, which often overlooks EEE’s dynamic nature [of] obsolescence [65]. Studies utilising the Stanford, Carnegie Mellon, and time step methods have considered fixed average lifespans [1,66]. To avoid the possible confusion and inaccuracies, these methods were not considered in this study. This was also recommended by the current WEEE generation models for Australia [59]. The dynamic nature of the lifespan of small EEE can often be modelled by the Weibull distribution function, which considers the gradual failure rates based on the average lifespans. All the previous models for Australia have followed this method in their dynamic MFA models. However, these models utilised the lifespan distributions estimated by the United Nations University (UNU) for the non-European countries, which may not represent the actual discarding patterns [63]. UNU guidelines indicate that the average lifespan of a coffee machine and a microwave would be around 7.2 and 15.9 years, respectively.



In contrast, a commercial guide on the web indicates that these values are two (72% reduction) and nine years (44% reduction) for Australia [67]. However, due to the nonexistence of consumer surveys on small EEE usage patterns, the authors used the available data and the methodology published by UNU to develop lifespan profiles for small WEEE. Given the stability of the above products, it was assumed that the time-dependent lifetimes describe the actual behaviour with negligible variations for shape and scale parameters. Hence, the product lifetime function was simplified to the following equation:


  L   p     t , n   =   α     β   α       ( n − t )   α − 1     e   −   (   n − t   β   )   α      



(1)




where




	
  α  —shape parameter.



	
  β  —scale parameter.



	
  n  —evolution year.



	
  t  —historical year.



	
  L   p     t , n    —lifespan of the small EEE.








To perform these operations in the mathematical model, the maximum lifespan of the products was assumed to be 30 years and the values were prorated to obtain the cumulative failure rate as 1 (Figure S1). This method was also confirmed by the E-Stewardship model developed for Australia [46].



The following critical variable affecting the WGR of small EEE is the weight of the electronic items on the market (    P o M   t    ). The apparent consumption method was used to calculate this figure for a particular year based on the UNU guidelines following Equation (2) [63], which considers domestic productions (    D o M   t    ), imports (    I   t    ), and exports (    E   t    ).


    P o M   t   =   D o M   t   +   I   t   −   E   t    



(2)







Based on the literature, small EEEs usually require less innovation, which can be produced with low-skilled labour, which leads to lower wages [68]. Hence, Australian EEE manufacturers find it difficult to compete with their Asian competitors, which has led to a negligible domestic production of small EEE in Australia [61]. Hence, the equation was simplified to Equation (3).


    P o M   t   =   I   t   −   E   t    



(3)







The import data for the relevant HS codes were extracted by the UN Comtrade database from 1992–2022. The data were checked for inconsistencies and mismatches before using them for the model. This was mainly due to the discontinuation of some HS codes (851921, 851929) and the introduction of new ones (910299, 910519). However, only minor discrepancies were noticed, and they were corrected by considering the ratios between average monetary values and the average weights of the nearby years. This method was also followed by the recent E-Stewardship model developed for Australia [46]. In addition, to obtain the exact weight of the equipment, 38.10% was allocated for the packaging content, as recommended by the European Committee of Domestic Equipment Manufacturers [69]. Export data were also extracted following the same assumption even though they were not considered by recent academic publications [58,59]. Then, using Equation (3), PoM small EEE from 1992 to 2022 was calculated (Figure S2).



According to the UNU guideline [63], sales data (    P o M   t    ) are more sensitive than lifespan values. Hence, selecting an appropriate forecasting technique is crucial to obtain accurate estimations. According to the UNU guideline, sophisticated extrapolation methods were suggested to forecast data using PoM small EEE and purchasing power parity (PPP) ratios. Since an exact technique was not suggested, the literature was consulted to identify a suitable method. It was noted that in stock-based models, logistic regression was widely applied [70,71] to predict household EEE possession. Linear regression was applied in a sales-based study conducted in Denmark [72] and China [73], where another study predicted the future sales for Australia based on the per capita EEE possession [58]. In addition, Halt’s double exponential smoothing was also used to forecast WEEE generation rates [59], an underutilized method in the literature. Hence, none of these studies utilized the technique given by the UNU guideline.



Furthermore, these studies have yet to consider the effect of population growth on PoM small EEE. Since product sales depend on consumer behaviour, it can be assumed that they increase with population growth [59]. Hence, without directly forecasting the future PoM, authors used the existing PoM small EEE per capita to forecast the future ratios, which were then used to calculate the PoM small EEE in the coming years using the forecasted population data provided by the Australian Bureau of Statistics.



Before selecting the suitable forecasting technique, PoM’s small EEE per capita from 2010 to 2022 was checked for any linear relationship in the above 17 categories. However, none of the categories showed a linear relationship with a satisfactory R-squared value, which omitted the possibility of a linear regression model. Hence, as suggested in the literature, exponential smoothing techniques were applied to model the forecasts. Initially, time series decomposition was applied to observe the trend and seasonality patterns of the PoM small EEE. Since there was no seasonality present in any of the data, additive double exponential smoothing (DES additive) was used to forecast until 2050. This was proved to have good precision according to the literature [74], which has also been used to estimate the WGR of WEEE in the literature [59]. Following the DES additive method, PoM small EEE (    P o M f   t + 1    ) for the year   t + 1   was obtained using Equations (4)–(6), where     L   t   ,   T   t     gives the level and trend component of the data, which are associated with parameters   α ,   β  , respectively.


    P o M f   t + 1   =   L   t   +   T   t    



(4)






    L   t   =   α P o M   t   + ( 1 − α ) (   L   t − 1   +   T   t − 1   ) ;   0 < α < 1 ;   t = 2022 , 2023 , … … 2050  



(5)






    T   t   =   β ( L   t   −   L   t − 1   ) + ( 1 − β )     T   t − 1   ;   0 < β < 1 ; t = 2022 , 2023 , … … 2050  



(6)







Equation (5), which indicates the level component for the year   t  , follows simple exponential smoothing, while the trend component in Equation (6) considers the slope of the previous data point and the difference between two levels, which results in both level and slope linearly increasing data. Hence, it is expected to capture the forecast more accurately than simple linear regression. The Python code in this analysis comprised various libraries and methods for time series analysis, forecasting, evaluation, and visualization. It utilized the “ExponentialSmoothing” function from the “statsmodels.tsa.holtwinters” module to fit a Holt–Winters model to the data. This model was used to forecast future values of PoM small EEE in kilograms per capita. The “mean_absolute_error” and “mean_squared_error” functions from “sklearn.metrics” were used to calculate the mean absolute error (MAE) and mean squared error (MSE) for the fitted values, providing insights into the model’s accuracy. The “matplotlib.dates” module facilitated the customization of date-based plots, allowing for clear visualization of observed, fitted, and forecasted PoM values over time. Additionally, descriptive statistics were printed for the forecasted data, and the results of the evaluation metrics for the fitted values were displayed. The code seamlessly integrated these tools to perform time series forecasting and evaluation, providing valuable insights into PoM small EEE trends. This resulted in a dataset for PoM small EEE from 1992 till 2050. Some of the PoM small EEE forecasts are indicated in Figure S3.



Then, using the lifespan profiles and current and forecasted PoM small EEE (Figure S4), small WEEE generation rates were calculated using Equation (7).


    W G R   s m a l l   W E E   n   =   ∑  t = 1992   n      P o M   t     × L ( p ) ( t , n )  



(7)







After calculating the WGR rates of small EEE, the effect of repair and reuse on these rates was modelled by changing different parameters. According to the above equations, lifespan and PoM small EEE are the two main variables that affect the WGR. When the small EEE are being repaired and reused, their lifespan is extended, and, in this study, the average lifespan was increased by various percentages to model this effect. In addition, the average lifespan also decreased to model the early obsoletion. Since this lifespan variation cannot be applied to the model from the beginning, the year the change is applied was also changed. In addition, the authors also assumed that 100% repair and reuse is an improbable scenario, and the percentage EEE in which the lifespan changed was also varied.



In summary, the change in lifespan, the year in which the change was applied, and the percentage of small EEE affected by this change are the three primary parameters that were varied initially. Since the repair and reuse of early obsolescence should impact PoM small EEE, the percentage PoM was also varied while changing the applied year simultaneously. Hence, altogether, five parameters were varied to check the impact of repair and reuse on small EEE.



The material composition of different small EEE is also crucial in analysing the feasibility of recycling. As indicated in Figure 1, toys have a higher plastic content, while microwaves have the highest Fe content among these different products. Hence, due to the dynamic nature of small WEEE generation, effect of repair and reuse on recycling was also evaluated by using the material composition of the small EEE categories.





6. Results and Discussion


6.1. Baseline Model


Based on the estimation models, the small WEEE generation rates were projected until 2050, as shown in Figure 2 (percentage distribution is indicated in Figure S5). The current trend suggests that the rates of small WEEE generation will surge by 90% over 25 years, reaching 368 kt/yr in 2050 from 197 kt/yr in 2025. This increase is primarily attributed to the increased consumption rates of small EEE. However, the investigation of the 17 categories individually reveals a declining trend in WGR for UNU Keys 0201 (clocks, watches, irons, and fans), 0402 (portable AV), and 0404 (video players). This decline is mainly due to the anticipated reduced production of these specific types of small EEE in the future. This was further confirmed by another recent study conducted for Victoria [61]. This trend is substantiated by the observation that EEE falling under these UNU Keys, such as portable MP3 players and DVD and Blu-ray players, are already deviating from the prevailing trend and are being replaced by more advanced EEE belonging to different WEEE categories.



Conversely, toys (UNU Key 0701) consistently contribute the most significant proportion to WGR annually, accounting for over 30% annually. This matches the global data as a recent report published by UNU indicated that more than 30% of the invisible WEEE, which is a subcategory of small WEEE, comes from toys [75]. Following closely are food preparation EEE (UNU Key 0202) and household tools (UNU Key 0601), each constituting 10% of WGR. This pattern also aligns with the increasing production rates for these categories.



Furthermore, the Sankey diagram (Figure 3) for small WEEE reveals that plastics will be the primary contributor, followed by Fe, Cu, and Al, excluding other uncategorized materials. Due to the elevated waste generation rate (WGR) of toys, it emerges as the major contributor to plastic waste, while microwaves (UNU Key 0114), clocks, watches, irons, and fans (UNU Key 0201), as well as food preparation EEE (UNU Key 0202), account for the majority of Fe in small WEEE.



Valuing small WEEE based on material prices indicates that toys are expected to have the highest valuation, reaching approximately AUD 250 million by 2050, based on 2021 rates (Figure S6). The substantial plastic content primarily influences the valuation of these items. This was also confirmed in another study conducted for Australia showing that plastics are one of the significant resources which generate a higher amount of recycling content [59]. However, if we disregard the plastic content, the material prices of toys decrease to only AUD 50 million in 2050. Vacuum cleaners and food preparation EEE rank as the second and third highest contributors, with an estimated value ranging from AUD 60 to 75 million, inclusive of the price of plastics.



Directing attention toward the qualitative dimensions of repair and reuse, a prevailing notion is that small WEEE generation rates could be substantially reduced through product reuse. However, it is also anticipated to have repercussions on recycling processes, as the material input into recycling plants is expected to decrease. While in an ideal scenario, repair and reuse could prevent waste generation, potentially leading to the closure of recycling plants, this is an impractical trend unlikely to occur. Therefore, an equilibrium must be maintained between repair, reuse, and recycling to reduce the small WEEE generation rates without adversely impacting recycling economics.




6.2. Small WEEE Generation Rate Variation


As discussed in earlier sections, the behavioural complexities associated with waste generation may doubt the precision of mathematical models in predicting outcomes related to repair and reuse. However, these models can still provide valuable insights to inform policymaking decisions. In this study, the impact of repair and reuse was quantitatively modelled by changing five key variables: the percentage of products subject to repair, the lifespan of the products, the year in which repair and reuse measures were implemented, the percentage reduction in PoM, and the corresponding applied year. Through systematic adjustments to these variables, various scenarios were created, and the resulting small WEEE generation rates were compared with the baseline scenario (Scenario 1), as shown in Table 2. Given the time taken to promote repair and reuse and the introduction of stewardship schemes for small EEE, variations were applied from 2030.



Initially, only the lifespans were altered (scenarios 2–17), independently of the percentage of repaired products, without considering their impact on the PoM small EEE. The primary motivation for this approach was to assess whether it significantly influences the WGR if consumer purchasing patterns persist as projected. Furthermore, another study indicated that product lifespan is the most significant factor in predicting small WEEE generation rates [65]. During this evaluation, the increase in PoM small EEE was maintained at zero, assuming that rapid technological advancements would continually introduce smaller EEE into the market and product reuse would transpire among different owners. This scenario appears plausible in the foreseeable future, given variations in income levels and population growth patterns.



The results from scenarios 2–9 (Figure S7—SCN2, Figure S8—SCN5) reveal that an increase in lifespan disproportionately reduces short-term WGR compared to long-term outcomes. For instance, with 50% of products repaired and reused, coupled with a 20% increase in lifespan starting from 2030, the 2035 WGR decreases by 3.9%, and the 2050 rates decline by 2.25%. A similar trend is observed for a 50% increase in lifespan. The optimal scenario where all products undergo repair and reuse, resulting in a 50% lifespan increase from 2030 onwards, leads to a substantial reduction in WGR by 16.2% during 2035 and 10.6% during 2050. Consequently, it can be inferred that among the lifespan variations across the 17 small EEE categories, the short-term impact of repair and reuse without reducing PoM is more pronounced than its long-term implications.



Additionally, the premature obsolescence of small EEE was simulated by decreasing the lifespan and modifying the percentage of EEE affected by the respective scenarios (scenarios 10–17, Figure S9—SCN10, Figure S10—SCN3). A parallel trend was noted, mirroring the earlier scenario, wherein an escalation in WGR was evident by a more significant percentage than the rise observed in 2050. These increases were nearly twice as substantial as the corresponding decrease percentages, as per the analysis.



In the subsequent model adjustment, the PoM small EEE was simultaneously varied alongside the lifespan modification. In these scenarios, PoM variation was implemented in the same year as the lifespan adjustment under the assumption that repair and reuse would promptly influence products in the market. Moreover, the values for PoM increase or decrease were adjusted, ensuring that the maximum value always remained less than or equal to the percentage of small EEE affected by the change. Under these assumptions, scenarios 18–25 (Figure S11—SCN18) saw a 20% increase in lifespan starting from 2030 and 2040, respectively.



Observations revealed that with an identical PoM reduction percentage, the increase in repaired and reused devices resulted in a modest reduction in the waste generation rate (WGR), ranging around one to two percent (Scenario 18 vs. 19, 22 vs. 23). However, small WEEE generation rates reduction was significantly higher than in scenarios without PoM reduction, as shown in Figure 4. This underscores that with consideration of PoM reduction, small EEE is more responsive, and without PoM reduction, the impact on WGR based solely on lifespan increase is minimal. This trend persisted in scenarios 26–33 (Figure S12—SCN26), where lifespan increased by 50%.



In scenarios 34–49 (Figure S13—SCN34, Figure S14—SCN49), the lifespan was intentionally reduced to simulate early obsolescence while concurrently increasing the PoM small EEE. This pattern closely reflected previous scenarios, in comparison with the influence of PoM increase. In these scenarios, the only variation is a 50% increase in the PoM small EEE. Overall, it can be deduced that regardless of whether the lifespan is increased or decreased, the reduction in WGR is approximately equivalent to the reduction or increase in PoM as long as the percentage of repaired products remains below 50%.



Notably, scenarios involving 100% repair were not considered due to the improbability of such an event. This further underscores the observation that a substantial reduction in small WEEE generation rates is achievable when high product reuse is combined with a reduction in PoM in small EEE. However, attaining these higher PoM reduction rates may be challenging, given the prevailing economic trends.




6.3. Material Variation


Material quantities (Table S1) and potential revenues resulting from material recovery were also analysed across various critical scenarios to assess the impact of repair and reuse on recycling. Notably, in the absence of PoM small EEE variation, the quantities and potential revenues exhibit minimal variation. However, results reveal a significant reduction when lifespan variations are combined with PoM adjustments, as illustrated in Figure 5.



As indicated in Figure 5 and Figure 6, Scenario 21 presents an environment highly conducive to the repair and reuse of small EEE, while Scenario 45 is more favourable for recycling. On the one hand, the delay in small WEEE generation caused by repair and reuse may reduce the supply to recycling facilities, potentially impacting their revenue streams. Conversely, if there is a high supply of small WEEE due to premature product obsolescence, recycling plants might receive an increased input, potentially impeding recycling efficiencies. Therefore, although there is the potential for material revenues to triple from Scenario 21 to 45, the actual impact may be mitigated by the capacity constraints of recycling plants. Consequently, while repair and reuse are prioritized in the circular economy over recycling, decision-making scenarios should not excessively favour either of these aspects to ensure balanced outcomes.





7. Conclusions and Recommendations


In conclusion, the findings of this study indicate the dynamics of small WEEE generation rates, providing valuable insights into future trends and potential interventions. The projected surge in small WEEE generation rates by 90% over the next 25 years is a cause for concern, especially considering the environmental impact and resource depletion associated with small WEEE. The declining trend in specific categories, such as UNU Keys 0201 (clocks, watches, and irons), 0402 (portable AV), and 0404 (video players), signifies a shift in consumer preferences and technological advancements, leading to the replacement of specific types of small EEE. Notably, toys (UNU Key 0701) consistently contribute the most significant proportion to small WEEE, emphasizing the need for targeted interventions in this category for Australia. A recent study has indicated that more than 50% of the toys in domestic waste are reusable, indicating that they reach early obsolescence rather than reaching EoL [2]. Therefore, with the National Toy Recycling Program established in Australia [27], the authors propose a proactive approach to enhance its effectiveness. This involves identifying reusable toys suitable for donation to charity, thus discouraging domestic hoarding. Expanding collection points to various retail stores across all states can ensure the inclusion of this valuable waste stream in recycling plants.



Moreover, material flow diagrams highlight plastics as the primary contributor to waste, with toys, given their substantial plastic content, anticipated to hold significant economic value. Alongside toys, consideration should be extended to food preparation electrical and electronic equipment (EEE), vacuum cleaners, and household tools, as substantial revenue can be generated from the recovery of iron (Fe) and copper (Cu). Given the broad spectrum of products categorized under small EEE, the authors advocate for regulatory bodies to concentrate waste management efforts on toys, food preparation EEE, vacuum cleaners, and household tools during the initial phases of the stewardship schemes. Simultaneously, it is recommended that the capacity and the number of recycling plants be enhanced to facilitate plastic, Fe, and Cu recovery.



Furthermore, it is essential to determine which aspect of CE warrants greater emphasis, considering the varying small WEEE generation rates across different scenarios. Analysis reveals that in the short term, the impact of repair and reuse, without reducing the PoM small EEE, is more significant than its long-term consequences. This observation gains significance due to WEEE landfill bans, which necessitate diverting WEEE from landfills while developing recycling infrastructure requires time. Therefore, to avoid dumping small WEEE in municipal bins or hoarding in households, the promotion of repair and reuse becomes imperative, particularly in the initial stages of implementing a small WEEE stewardship scheme supporting circular economy principles.



The study indicates that regardless of variations in lifespan, the fluctuations in small WEEE generation rates are noteworthy. By 2050, these rates will mirror the increases or decreases in PoM small EEE observed in 2030. Consequently, focusing on long-term strategies to reduce small WEEE necessitates the reduction in PoM small EEE. Since most OEMs operate outside Australia, regulating imports while implementing eco-modulation to promote EPR offers a viable solution. This approach encourages consumers to extend the lifespan of small EEE through repair and reuse and ensures environmental accountability. However, it is crucial to acknowledge that such measures may lead to reduced input to recycling plants, potentially affecting future revenue streams, as highlighted in the analysis.



However, with the long-term trend in waste management increasingly favouring recycling, driven by both public demand and government policy [76], a similar focus should be directed towards expanding recycling infrastructure specifically for small WEEE within Australia. As regulations on WEEE exports tighten, domestic recycling is poised to become more prominent, a shift that take-back programs initiated by OEMs should support. Nevertheless, to the best of the authors’ knowledge, no specific recovery target exists for small WEEE, aside from the National Waste Policy Action Plan’s overarching goal of achieving an 80% average recovery rate for all waste streams [77]. Nonetheless, the proposed stewardship scheme for small WEEE aims to utilize this figure in formulating the scheme’s respective target [78]. Utilizing Table 2 derived from this study alongside related material flow diagrams can serve as valuable tools in determining appropriate recovery targets while concurrently promoting repair and reuse.



In light of these considerations, the authors suggest emphasising repair and reuse more during the early implementation phases of a stewardship scheme. This entails addressing the barriers and challenges associated with repair and reuse as outlined in the literature while concurrently enforcing regulations on OEMs and retailers to bolster EPR for current and future products. Such a strategy allows for gradually establishing recycling infrastructure while maintaining controlled input, which can be progressively increased based on performance metrics. This approach ensures sufficient time for the recycling infrastructure to develop effectively, thus optimizing its capacity to handle increased input in the future.




8. Limitations of the Study


This study proposes recommendations based on the literature and a mathematical model for waste generation. The substantial amounts of the “other” category in the data suggest that a more detailed breakdown could potentially reveal additional insights regarding economic impacts. Due to the slight variation of methods, data, and variables used in previous WEEE estimation models for Australia, the model cannot be compared with them for variations in results. Furthermore, the model can be validated once such data become available, given the absence of any historical data on small WEEE generation rates. Additionally, the authors propose conducting a behavioural study to identify consumer willingness and enthusiasm for repair and reuse in Australia. Such a study is essential to strengthen the recommendations presented in this research, adding valuable insights into consumer attitudes and preferences.
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Figure 1. Material composition of small EEE. 
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Figure 2. Small WEEE generation rates (2010–2050). 
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Figure 3. Material flow (ktons) of small WEEE in 2050. 
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Figure 4. Small WEEE generation rates (2025–2050): (a) 25% of small EEE from 2030 onwards with lifespan variation and without any PoM reduction; (b) 25% of small EEE from 2030 onwards with lifespan variation and with 25% PoM reduction from 2030 onwards. 
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Figure 5. Material recovery in 2050 for different scenarios: (a) material quantities; (b) potential revenues. 
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Figure 6. Material flow in 2050 for different scenarios: (a) SCN 21; (b) SCN 45. 
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Table 1. Small EEE considered in this study.
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	UNU Key
	Shortened Reference Name
	Samples of EEE in the Subcategory [27]
	Average Lifespan in Years [3]
	Average Weights in kg [3]





	0114
	Microwaves
	Microwave ovens used for domestic purposes.
	15.9
	21.5



	0201
	Clocks, watches, irons, fans
	Electric blankets, roof fans, personal weighing machines, household sewing machines, domestic appliances with electric motor, electric irons, watches, clocks.
	7.5
	1.06



	0202
	Food preparation EEE
	Domestic food grinders, mixers, juice extractors, toasters.
	9.8
	3.27



	0203
	Hot water EEE
	Electric instantaneous heaters or storage water heaters, electric coffee or tea makers.
	7.2
	1.89



	0204
	Vacuum cleaners
	Vacuum cleaners with and without self-contained motor.
	9.9
	5.67



	0205
	Personal care
	Hair removing, dressing, and drying apparatus, electric shavers, hand drying apparatus.
	7.6
	0.55



	0401
	Consumer EEE
	Microphones and stands, headphones and earphones, and combined microphone/speaker sets.
	9.1
	0.39



	0402
	Portable AV
	Radio broadcast receivers which can be operated without an external power source.
	9.0
	0.27



	0403
	Music, radio instrument
	Office machines (bank not dispensers, coin-sorting machines), stapling machines, amplifiers, sound recording apparatus, radio and broadcast receivers which require an external power source, musical instruments.
	8.9
	3.82



	0404
	Video players
	Video recorders, DVD, Blu-ray setup boxes, projectors.
	7.9
	3.51



	0405
	Speakers
	Single and multiple mounter loudspeakers.
	12.0
	2.33



	0406
	Cameras
	Television and digital cameras, video camera recorders.
	6.4
	0.45



	0601
	Household tools
	Drills, saws, high-pressure cleaners, lawnmowers, soldering machines.
	13.3
	2.52



	0701
	Toys
	Car racing sets, electric trains, music toys, biking computers, drones.
	4.1
	0.45



	0702
	Game consoles
	Video game consoles.
	4.6
	0.48



	0801
	Household medical EEE
	Thermometers, BP meters, hearing aids.
	11.9
	0.18



	0901
	Household monitoring EEE
	Alarms, heat and smoke sensors, instruments to measure flow level, pressure voltage, current resistance.
	5.3
	0.24










 





Table 2. Variation of small WEEE for different scenarios as a percentage of the baseline scenario.
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	Scenario no. (SCN)
	Lifespan Variation
	Small EEE Applied
	Applied Year
	PoM Variation
	Applied Year
	2035
	2040
	2045
	2050





	2
	20%
	50%
	2030
	0%
	N/A
	−4%
	−4%
	−3%
	−2%



	3
	20%
	100%
	2030
	0%
	N/A
	−8%
	−8%
	−6%
	−4%



	4
	50%
	50%
	2030
	0%
	N/A
	−8%
	−9%
	−7%
	−5%



	5
	50%
	100%
	2030
	0%
	N/A
	−16%
	−18%
	−14%
	−11%



	6
	20%
	50%
	2040
	0%
	N/A
	0%
	0%
	−4%
	−4%



	7
	20%
	100%
	2040
	0%
	N/A
	0%
	0%
	−8%
	−8%



	8
	50%
	50%
	2040
	0%
	N/A
	0%
	0%
	−8%
	−9%



	9
	50%
	100%
	2040
	0%
	N/A
	0%
	0%
	−16%
	−17%



	10
	−20%
	50%
	2030
	0%
	N/A
	5%
	5%
	3%
	2%



	11
	−20%
	100%
	2030
	0%
	N/A
	11%
	9%
	7%
	5%



	12
	−50%
	50%
	2030
	0%
	N/A
	17%
	13%
	8%
	6%



	13
	−50%
	100%
	2030
	0%
	N/A
	34%
	25%
	16%
	11%



	14
	−20%
	50%
	2040
	0%
	N/A
	0%
	0%
	5%
	5%



	15
	−20%
	100%
	2040
	0%
	N/A
	0%
	0%
	11%
	9%



	16
	−50%
	50%
	2040
	0%
	N/A
	0%
	0%
	17%
	12%



	17
	−50%
	100%
	2040
	0%
	N/A
	0%
	0%
	33%
	24%



	18
	20%
	25%
	2030
	−25%
	2030
	−14%
	−21%
	−24%
	−25%



	19
	20%
	50%
	2030
	−25%
	2030
	−16%
	−23%
	−25%
	−26%



	20
	20%
	25%
	2030
	−50%
	2030
	−27%
	−41%
	−47%
	−49%



	21
	20%
	50%
	2030
	−50%
	2030
	−28%
	−42%
	−47%
	−50%



	22
	20%
	25%
	2040
	−25%
	2040
	0%
	0%
	−14%
	−21%



	23
	20%
	50%
	2040
	−25%
	2040
	0%
	0%
	−16%
	−23%



	24
	20%
	25%
	2040
	−50%
	2040
	0%
	0%
	−27%
	−41%



	25
	20%
	50%
	2040
	−50%
	2040
	0%
	0%
	−28%
	−42%



	26
	50%
	25%
	2030
	−25%
	2030
	−16%
	−23%
	−26%
	−26%



	27
	50%
	50%
	2030
	−25%
	2030
	−19%
	−26%
	−28%
	−28%



	28
	50%
	25%
	2030
	−50%
	2030
	−28%
	−42%
	−48%
	−50%



	29
	50%
	50%
	2030
	−50%
	2030
	−30%
	−44%
	−49%
	−51%



	30
	50%
	25%
	2040
	−25%
	2040
	0%
	0%
	−16%
	−23%



	31
	50%
	50%
	2040
	−25%
	2040
	0%
	0%
	−19%
	−26%



	32
	50%
	25%
	2040
	−50%
	2040
	0%
	0%
	−28%
	−42%



	33
	50%
	50%
	2040
	−50%
	2040
	0%
	0%
	−30%
	−44%



	34
	−20%
	25%
	2030
	25%
	2030
	16%
	23%
	25%
	26%



	35
	−20%
	50%
	2030
	25%
	2030
	19%
	26%
	27%
	27%



	36
	−20%
	25%
	2030
	50%
	2030
	30%
	43%
	48%
	50%



	37
	−20%
	50%
	2030
	50%
	2030
	34%
	47%
	51%
	52%



	38
	−20%
	25%
	2040
	25%
	2040
	0%
	0%
	16%
	23%



	39
	−20%
	50%
	2040
	25%
	2040
	0%
	0%
	19%
	26%



	40
	−20%
	25%
	2040
	50%
	2040
	0%
	0%
	30%
	43%



	41
	−20%
	50%
	2040
	50%
	2040
	0%
	0%
	34%
	47%



	42
	−50%
	25%
	2030
	25%
	2030
	23%
	28%
	28%
	28%



	43
	−50%
	50%
	2030
	25%
	2030
	34%
	36%
	33%
	31%



	44
	−50%
	25%
	2030
	50%
	2030
	38%
	49%
	52%
	53%



	45
	−50%
	50%
	2030
	50%
	2030
	51%
	59%
	58%
	57%



	46
	−50%
	25%
	2040
	25%
	2040
	0%
	0%
	23%
	27%



	47
	−50%
	50%
	2040
	25%
	2040
	0%
	0%
	34%
	35%



	48
	−50%
	25%
	2040
	50%
	2040
	0%
	0%
	38%
	49%



	49
	−50%
	50%
	2040
	50%
	2040
	0%
	0%
	51%
	58%
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