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Abstract

:

Information and communication technology (ICT)-based products have a significant effect on increasing levels of waste electrical and electronic equipment (WEEE) or electronic waste (e-waste) due to their shorter lifespan as a result of rapid technological changes. Mobile phones are the most popular ICT products, and their market share is increasing gradually. Therefore, effective management of waste mobile phones (WMP) is sought as their recovery brings enormous economic and regulatory benefits. Forecasting the quantities of WMP and their recoverable material content generates valuable data for the related stakeholders in the circular economy (CE) in the design and management of their supply chain networks. This paper presents an approach to determining the WMP quantity for Turkey considering the system from sales to end-of-life (EOL) stages and the years between 2001 and 2035. The proposed model includes two main parts: estimation and forecasting. Firstly, the generated WMP quantity is estimated based on dynamic lifespan and sales using the Distribution Delay (DD) Method considering the years from 2001 to 2020. To select the most suitable model for future projection, seven different time series methods (e.g., Simple Exponential Smoothing, Holt’s, Logistics, Gompertz, Logarithmic, Bass, and ARIMA models) are considered to estimate the generated WMP. For the given data, the Holt’s Method is determined to be the best method to forecast the WMP quantities for the years from 2021 to 2035. In addition, waste materials amount and revenue potentials are estimated for the years from 2001 to 2035. The WMP for Turkey is expected to be approximately 11.5 million units and has a 52 million US$ revenue potential in 2035. The present study contributes to the literature, as it is the first holistic forecasting study on the quantification of WMPs in Turkey. Moreover, since WMPs include remarkable recovery potential in terms of CE, the data and findings of this study may help policymakers, governments, producers, consumers, and all stakeholders to establish effective e-waste management approaches.
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1. Introduction


Electrical and Electronic Equipment (EEE) is increasingly used everywhere in various parts of daily life. EEEs initially entered houses with lighting and white goods, and have become indispensable elements of home and business life with information technology products such as computers, mobile phones, and small household appliances. In addition to traditional production systems, EEEs have been used effectively in all areas of life, such as medical, transportation, toys, energy, and etc. [1,2]. The expansion of the usage of these products and the rapid progress of technological changes brings along a rapid formation of electronic waste (e-waste) or waste electrical and electronic equipment (WEEE). Globally, 44.7 Million metric tonnes (Mt) of e-waste was generated in 2014 and 53.6 Mt in 2019, and it is forecasted that the generated e-waste quantity in 2030 will reach 74.7 Mt [3]. Forecasting the amount of generated e-waste accurately is a challenging task, especially for underdeveloped and developing countries since there are shortages of data related to the number of products in the first and secondary markets, recycling activities, etc.



Due to technological changes, mobile phones, televisions, and computers are the products that generate the fastest and highest amount of waste in WEEE items. The generated e-waste quantity was 13.1 Mt in 2019 in the large equipment category, which has one of the largest e-waste volumes among all e-waste categories, while this quantity is 4.7 Mt for the Small IT and telecommunication equipment category across the world [3]. What is striking here is that the amount of e-waste generated in the large equipment category is 2.8 times the mass of the Small IT and telecommunication equipment category. However, considering that a mobile phone weighs approximately 100 g and a washing machine weighs about 65 kg, it is evident that mobile phones contribute significantly to the amount of generated e-waste. Waste Mobile Phones (WMPs) have a high potential to contribute to the circular economy (CE). CE is an economic model for sustainability [4]. According to Stahel [5], the “4R” CE strategies deviate from the dominant economic logic: reuse, recycle, repair, and remanufacture. When creating legislation and business strategies for the transition to the CE, measuring the contribution of goods and services to the CE is essential [6]. These terms directly indicate the e-waste management issues. Therefore, the CE has immense importance for the EEE market and WEEE industry. Especially, WMPs contain valuable material contents (Au, Ag, Pd, Plastic, etc.) and harmful components such as heavy metals (Hg, Cd, Pb, etc.), chemicals (chloro-fluorocarbons-CFCs, hydrochlorofluorocarbons-HCFCs), and flame retardants. Additionally, the transportation, storage, disassembly, and recovery of WMPs are risky operations under inappropriate and uncontrolled conditions, and WMPs have an adverse effect on the entire ecosystem.



With a population of over 80 million, Turkey is a developing, and the highest e-waste generating, country in the western Asia sub-region. According to the Global E-Waste Monitor Report [3], Turkey generated 847 kt of e-waste in 2019. Among Asian countries, it is the fifth country in terms of e-waste production after China, India, Japan, and Indonesia [3]. In addition, the number of mobile phone users in households in Turkey reached 98% in 2018. This ratio indicates that Turkey is a large consumer on the electronic market and, therefore, a huge e-waste producer. However, only 3% of the e-waste generated in 2017 was processed in Turkey [7,8]. These figures show that Turkey is a significant WMP producer and a gem in terms of e-waste awaiting recycling and recovery. Therefore, forecasting WMP quantity for Turkey is vital in establishing an efficient e-waste management system and designing reverse and/or closed supply chain networks.



Regarding this need, this paper addresses the following research questions: How can we determine the amount of WMP produced in Turkey in the past and future? Can alternative methods be used to increase the accuracy of the forecasting? What is the material and revenue potential of WMPs that may contribute to the CE? These questions are addressed by considering a product’s life from birth to death and designing a general forecasting model including the WMPs quantity, material, and revenue potential. This study proposes a practical and flexible approach considering different life phases of products to quantify the WMPs in Turkey. The approach first estimates WMPs based on the sales and dynamic lifespan profile of products, and then forecasts WMPs through the best forecasting method after evaluating the various methods. Finally, the material and revenue potential of WMPs are calculated, and the effects of the changes in main inputs are analysed from a CE perspective.



The remaining parts of this paper are structured as follows. In Section 2, the literature review and research gaps are presented; as well, the contributions of the study are outlined. Section 3 introduces the materials and methods used. In Section 4, computational results, sensitivity analysis, and discussions are provided in detail. Finally, the last section is dedicated to conclusions.




2. Literature Review


E-waste estimation studies started just before the 2000s [9,10,11]. There are various methods to estimate the generation of e-waste in the literature. In this study, the literature analysis is handled in three ways: Analysing e-waste-related quantification studies based on different criteria (method, region, etc.), e-waste estimation from the CE perspective, and analysing the literature on Turkey e-waste estimation.



A two-level taxonomy is used to classify the e-waste quantification studies. First, the studies are investigated using the search phrases “WEEE or e-waste or electronic waste” and “generation or quantification or estimation or forecasting.” At the second level, eight sub-categories are determined to examine the literature in depth, i.e., estimation method, product type, country/region, product life, estimation type in unit or weight, estimation period, training data if needed according to the estimation method, and data source. The e-waste estimation literature is examined as given in Table 1 within the scope of this study.



Before the discussion on sub-categories, for the following paragraph presents some notes on the literature analysis. The most frequently encountered products in studies are given in Table 1 with their UNU-KEY codes. The UNU-KEY is the e-waste classification defined by the United Nations University, which categorizes e-waste into roughly 54 homogeneous product types [12]. The personal computers included in the studies and not specified in detail are considered desktops, TVs as Cathode Ray Tube TVs, and monitors as Cathode Ray Tube Monitors. Since the product considered in the current study is WMP, the related product UNU-KEY code 0306 is shown in boldface for studies dealing with mobile phone estimation in Table 1. Data sources have a wide variety due to the many kinds of methods used in the literature, and each method requires a different type of data. Moreover, product types and data availability may differ from country to country. Therefore, data sources are generalized as statistical data from governmental sources, managerial statistics, or reports (such as European Environmental Agency-EEA, Organisation for Economic Cooperation and Development-OECD, etc.), surveys, industrial sources, and etc.
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Table 1. E-waste quantification-related studies in literature.
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	Study
	Year
	Method *
	Product Type (UNU-KEY) **
	Region
	Product Life ***
	Unit
	Train Data
	Estimation Period
	Data Source(s)





	Tasaki, et al. [13]
	2004
	DD, LM
	0407
	Japan
	DB
	kg
	N/A
	1995–2020
	Collected TV, Organization Statistics, and Literature



	Streicher-Porte, et al. [14]
	2005
	SD
	0302
	India/Delhi
	Fixed
	units
	N/A
	2003–2010
	Organization Statistics



	Peralta and Fontanos [15]
	2006
	CM
	0104, 0108, 0111, 0403, 0407
	Philippines
	Fixed
	units
	N/A
	1995, 2000, 2005, 2010
	Organization Statistics



	Jain and Sareen [16]
	2006
	SD
	0407, 0302
	India/Delhi
	Fixed
	units
	N/A
	-2010
	Organization Statistics and Survey



	Kumar and Shrihari [17]
	2007
	SD, DD, C and U
	0104, 0108, 0302, 0306, 0407
	India/Mangalore
	Fixed/DB
	kg, tonnes
	N/A
	2007–2015, 2007
	Organization Statistics



	Oguchi, et al. [18]
	2008
	DD
	94 different types of products
	Japan
	DB
	units
	N/A
	2003
	Industrial Sources, Literature, and Surveys



	Yang and Williams [19]
	2009
	LM
	0302, 0303
	United States
	DB
	units
	1978–2008
	1980–2050
	Organization Reports, Survey Reports, and Literature



	Walk [20]
	2009
	DD
	0308, 0407
	Germany/Baden-Württemberg
	DB
	tonnes
	N/A
	200–2015
	Recycling Centers, Industrial Sources



	Robinson [21]
	2009
	C and U
	0302, 0305, 0306, 0308, 0403
	General
	Fixed
	kg
	N/A
	2009
	Organization Statistics and Literature



	Dwivedy and Mittal [22]
	2010
	CM
	0104, 0108, 0302, 0303, 0407
	India
	Fixed
	units
	N/A
	2007–2011
	Literature and Sectoral Reports



	Steubing, et al. [23]
	2010
	CM
	0302, 0303, 0308, 0309
	Chile
	Fixed
	kg
	N/A
	1996–2020
	Organization Statistics



	Dwivedy and Mittal [24]
	2010
	LM, CM
	0302, 0303
	India
	DB
	units
	1994–2007
	1994–2026
	Organization Statistics and Industrial Sources



	Chung, et al. [25]
	2011
	C and U
	0104, 0108, 0111, 0302, 303, 0407
	China/Hong Kong
	Fixed
	kg
	N/A
	2009
	Surveys



	Polak and Drapalova [26]
	2012
	DD
	0306
	Czech Republic
	DB
	units
	N/A
	1995–2020
	Organization Statistics, Recycling Centers, and Mobile Operator



	Araújo, et al. [27]
	2012
	C and U, TS
	0108, 0104, 0302, 0303, 0403
	Brazil
	Fixed
	tonnes
	N/A
	2000–2008 and 2008
	Organization Statistics and Industrial Sources



	Wang, et al. [28]
	2013
	SD, DD, CM, C and U, TS
	0104, 0303, 0407, 0408
	Finland
	Fixed/DB
	kg
	N/A
	1990–2011
	Organization Statistics, Industrial Sources, and Surveys



	Kim, et al. [29]
	2013
	LM
	0108, 0104, 0111, 0114, 0204, 0306, 0407, 0408
	South Korea
	DB
	units
	1980–2009
	2000–2020
	Organization Reports and Surveys



	Pant [30]
	2013
	Math. expression
	0308, 0104, 0111, 0114, 0302, 0303
	India/Dehradun
	Fixed
	units
	N/A
	Equation depends on the year
	Organization Statistics and Sales distributors



	Öztürk [31]
	2014
	C and U
	0108,

0102, 0104, 0109, 0111, 0302, 0305, 0306, 0404, 0407
	Turkey
	Fixed
	tonnes
	N/A
	2002–2012, 1999–2012 TV, 2005–2012 PC
	Organization Statistics and Literature



	Yazici, et al. [32]
	2014
	DD
	0108
	Turkey
	DB
	tonnes, units
	N/A
	2013
	Industrial Sources and Literature



	Li, et al. [33]
	2015
	DD, C and U, TS
	0306
	Chinese
	Fixed/DB
	units
	N/A
	1998–2012
	Organization Statistics and Surveys



	Kalmykova, et al. [34]
	2015
	DD
	0302, 0308, 0309, 0407, 0408
	Sweden
	DB
	tonnes, units
	N/A
	2014–2040
	Obsolete TV and monitors



	Alavi, et al. [35]
	2015
	
	0108, 0109, 0102, 0104, 0111, 0302, 0303, 0306, 0305, other

0407, 0308
	Iran/Ahvaz
	Fixed
	tonnes
	N/A
	2011
	Surveys and Literature



	Ikhlayel [36]
	2016
	SD, CM, C and U, SM, TS
	0108, 0407, 0104, 0302, 0303, 0306
	Jordan/Middle East-North Africa
	Fixed
	kg
	N/A
	2015
	Organization Statistics





	Petridis, et al. [37]
	2016
	LM and Time Series Models
	0302, 0303
	East-West Euro, Asia/Pacific, Japan/Aust./Y. Zealand, North and South/Central America
	DB
	units
	1985–2012
	2013–2030
	Organization Statistics and Industrial Sources



	Zhao, et al. [38]
	2016
	GM
	0108, 0407, 0104, 0111, 0302, 0303
	Chinese
	Fixed
	units
	2001–2013
	2014–2040
	Literature



	Salihoğlu and Kahraman [39]
	2016
	C and U
	0108, 0407, 0104, 0302, 0303, 0306
	Turkey/Bursa
	Fixed
	kg
	N/A
	2015
	Surveys



	Golev, et al. [40]
	2016
	SSL
	0108, 0109, 0104, 0102, 0111, 0302, 0303, 0306, 0114, 0404, 0304
	Australia
	DB
	tonnes
	N/A
	2010–2024
	Organization Statistics



	Guo and Yan [41]
	2017
	LM
	0306
	Chinese
	DB
	kg, units
	1997–2015
	1997–2025
	Organization Statistics and Surveys



	Gusukuma and Kahhat [42]
	2018
	MFA
	0407
	Peru
	-
	units
	N/A
	2005–2017, 2025
	Organization Statistics



	Tran, et al. [43]
	2018
	DD, MFA
	0407
	Vietnam
	DB
	units
	N/A
	1966–2030
	Organization Statistics and Literature



	Wang, et al. [44]
	2018
	DD, LM
	0407, 0408
	China
	DB
	units
	1992–2012
	1992–2040
	Organization Statistics, Industrial Reports, and Literature



	Kececi, et al. [45] (in Turkish)
	2018
	CM
	0104, 0108, 0204, 0308, 0309
	Turkey/Ankara, Cankaya District
	Fixed
	tonnes
	N/A
	2011–2016
	Surveys, Governmental data for Lifespan



	Thiébaud-Müller, et al. [46]
	2018
	MFA
	0407, 0408, 0302, 0309

0303, 0306, 0305, Otr.
	Swiss
	Fixed/DB
	-
	N/A
	2014
	Surveys



	Duman, et al. [47]
	2019
	GM
	0302, 0303
	USA/Washington
	-
	units
	2003–2017
	2018–2030
	Organization Statistics



	Sajid, et al. [48]
	2019
	MFA
	0302, 0308, 0303
	Pakistan
	Fixed
	units
	N/A
	2005–2020
	Field Visits And Surveys



	Ravindra and Mor [49]
	2019
	Average Household
	0104, 0111, 0302, 0308, 0309, 0303, 0306, D
	India\Chandigarh
	Fixed
	kg, units
	N/A
	2016
	Surveys



	Abbondanza and Souza [50]
	2019
	DD
	0108, 0109, 0308, 0309, 0407, 0408, 0104, 0111, 0302, 0303, 0306, 0305, 0403, Otr
	Brazil/Sao Jose dos Campos
	DB
	kg, units
	N/A
	2009–2017, 2014–2025
	Surveys



	Golev, et al. [51]
	2019
	MFA
	Printed circuit boards
	Australia
	-
	tonnes
	N/A
	2010–2024
	Literature and NTCRS co-regulator



	Gonda, et al. [52]
	2019
	C and U, MFA
	0302
	Belgium/The Brussels Capital Region, Walloon Region
	Fixed
	tonnes
	N/A
	2013
	Organization Statistics and Reports



	Islam and Huda [53]
	2019
	Holt’s
	51 types
	Australia
	DB
	tonnes
	1988–2017
	2018–2047
	Organization statistics (Uncomtrade), Global reports



	Duman, et al. [54]
	2020
	GM
	General
	USA
	-
	tonnes
	2003–2015
	2016–2023
	Organization statistics



	Kosai, et al. [55]
	2020
	Bass
	0104, 0108, 0111, 0407
	Vietnam
	DB
	units
	1977–2014
	2015–2050
	Organizational statistics, literature-based



	Li, et al. [56]
	2020
	Sales-update
	0306
	China
	-
	units
	1997–2017
	2009–2017
	Ministry of Industry and Information Technology



	Kazancoglu, et al. [57]
	2020
	GM
	General
	Turkey
	-
	tonnes
	2011–2018
	2019–2021
	Governmental collected e-waste



	Ryan-Fogarty, et al. [58]
	2021
	Analysing sites data
	General-scrap metals
	Ireland
	-
	units and kg
	
	2019
	Scrap metal processing sites and EPA reports



	Wang, et al. [59]
	2021
	GM
	General
	USA
	-
	tonnes
	2003–2015
	2016–2025
	Organization statistics



	Zeng, et al. [60]
	2021
	Bass and Kuznets curve
	33 types
	China
	DB
	units and tonnes
	1990–2019
	2010–2050
	China National Bureau of Statistics, China Customs Statistics





	Zhang, et al. [61]
	2021
	DD
	Printed circuit boards
	China
	DB
	units and tonnes
	1980–2018
	1998–2035
	National Bureau of Statistics

of China



	Koshta, et al. [62]
	2021
	DD, S-shaped Curves
	0306
	India/Delhi
	DB
	units
	2008–2019
	1995–2030
	Literature and Telecom Statistics India-2019



	Kastanaki and Giannis [63]
	2022
	LM, DD
	0306
	Greece
	DB
	units, tonnes
	1995–2010
	1995–2035
	Organization statistics



	Sakthivel, et al. [64]
	2022
	MFA, DD
	0104, 0108, 0302, 0303
	India
	DB
	units
	1990–2019
	2010–2030
	Literature, the market research firm from UN COMTRADE, the Departments of Foreign Affairs and Trade, and the Department of Fair Trading



	Li, et al. [65]
	2022
	SM
	0306
	China
	-
	units, tonnes
	-
	1998–2020
	Authoritative and continuous official data, survey



	Owusu-Sekyere, et al. [66]
	2022
	Analysing Input output materials
	General
	Ghana
	-
	tonnes
	-
	2021
	Scrapyard site data



	This study
	
	DD and time series forecasting techniques
	0306
	Turkey
	DB
	units, tonnes
	2001–2020
	2001–2035
	Statistical Data, Literature







* Method: Sales Method (SM), Simple Delay Method (SD), Distribution Delay Method (DD), Carnegie Mellon Method (CM), Time Step Method (TS), Consumption and Use Method (C and U), Material Flow Analysis (MFA), Grey Model (GM), Logistic Model (LM), and Sales-Stock-Lifespan (SSL). ** UNU-KEY and Description [12]: 0102—Dishwashers, 0104—Washing Machines, 0108—Fridges, 0109—Freezers, 0111—Air Conditioners, 0114—Microwaves, 0202—Food, 0204—Vacuum Cleaners, 0302—Desktop PCs, 0303—Laptops, 0304—Printers, 0305—Telecom, 0306—Mobile Phones, 0307—Professional IT, 0308—Cathode Ray Tube Monitors, 0309—Flat Display Panel Monitors, 0401—Small Consumer Electronics, 0403—Music Instruments, Radio, HiFi, 0404—Video, 0407—Cathode Ray Tube TVs, 0408—Flat Display Panel TVs, Otr—Other. *** Product Life: Fixed or Distribution Based (DB).











According to the WEEE direction, e-waste is divided into 10 general product groups [67]. As can be seen in Table 1, the most frequently-estimated groups in the literature are large household appliances and ICT equipment. It is worth emphasizing that the products (refrigerators, television, washing machine, mobile phones, and computers) belonging to these groups are frequently estimated since they are widely used and constitute a large part of the generated e-waste. The estimation unit is usually calculated in terms of weight or unit. While the weight defines the total weight of e-waste, it can define product weight per capita in some studies. For example, the unit of collection targets is determined as kg per capita for WEEEs in Turkey [7]. Furthermore, both weight and unit are considered in some studies [49,50]. In some cases, there can be constraints such as vehicle capacity, weight carrying upper limit, warehouse capacity, and facility processing capacity. Therefore, it is useful to plan and make estimations based on volume and weight. Although products such as mobile phones and computers are light, they have high economic values due to their valuable material contents. For such products, it may be a better choice to evaluate them in units rather than weights.



Lack of data is a significant problem in e-waste estimation. As it can be seen in Table 1, surveys are used in most of the studies. Surveys are generally applied to obtain information on the quantities and lifetimes of used, stored, and recycled EEEs. Product lifespan can be considered a fixed value or can be distribution-based. In some studies, the lifespan data are obtained from surveys and field studies, which are also adopted from the literature [31].



E-waste has become a widespread problem all over the world. It can be seen from the literature analysis in Table 1 that the studies are geographically spread worldwide. Moreover, e-waste estimation studies are frequently carried out in countries where the population is dense or e-waste management is dictated by laws and regulations. It is also noted that the studies are mainly considered as case studies since the dynamics of each country and even each region of a country are different.



The estimation methods given in Table 1 can be broadly divided into three groups: Input-output analysis (IOA)-based [68], time series-based, and hybrid estimation methods. Among the estimation methods based on IOA, the Distribution Delay (DD) and the Consumption and Use (C and U) methods are the most widely used estimation methods. Time series-based methods, known as general estimation methods, such as the Logistic model, Bass, Gompertz, ARIMA, and so forth, are also used for e-waste estimation. Moreover, hybrid estimation methods are a combination of IOA and time series-based methods. For example, in the study of Yang and Williams [19], a hybrid forecasting model was proposed in which the product ownership rates were determined with the logistic model based on the population, and then the amount of e-waste was estimated by the DD method based on Input-output analysis. It is necessary to point out here that training and estimation periods depend on the estimation method used. Training data refers to the years of the time series used for modelling. Input-output analysis can estimate only the years for which data can be observed. However, it is possible to forecast the future in the longer term with classical and hybrid forecasting methods. Observed data (in sample data, training data) are needed to forecast using these methods. Moreover, some studies focus on material flow; therefore, estimations can only be made for a single year [49,52,69].



For more clarity on the methods given in Table 1, the summary of the methodology-based literature analysis is illustrated in Figure 1. It can be seen from this figure that IOA, time series, and other methods (GM, sites data analysis, etc.) are used in 65%, 21%, and 8% of studies, respectively. Hybrid models are used in only 6% of the reviewed studies. The hybrid models are analysed deeply, and it can be seen that four of these studies used a single time series and a single IOA method. The number of studies that use multiple forecasting models in hybrid models is rare. The methodological motivation of the current study comes from this gap.



Besides the e-waste estimation, another central issue of this study is the CE. The CE literature includes almost all areas where consumption exists. Two general models are commonly used in the economy: Linear economy (LE) and CE. LE is based on consumption and does not consider the after-consumption phase [70]. In contrast to make-use-dispose systems in LE, CE focuses on resource efficiency, reduced waste, and emissions in a closed-loop supply chain [71]. CE considers the 3R principles: reduce, reuse, and recycle [72]. However, these CE principles range from 3R to 10R in the literature [73]: recover, recycle, repurpose, remanufacture, refurbish, repair, re-use, reduce, rethink, and refuse [73,74]. When the e-waste forecasting literature is evaluated from the CE perspective, estimating e-waste quantity is inevitably the focus of CE. Also, the use of critical materials and resources recovered from WEEE is essential. It can offer an interesting revenue stream for industrial companies in terms of developing a CE [75]. In the literature, there are studies on e-waste that take CE into consideration. For example, while Bressanelli et al. [76] analysed the e-waste literature based on the CE 4R-strategies (reduce, reuse, remanufacture, and recycle), Pan et al. [4] searched the CE 10R-strategies which are applied in the WEEE industry to address e-waste problems. Murthy and Ramakrishna [77] presented e-waste management practices and emphasized the necessity of achieving sustainability and CE through policy implementation, technical requirements, and social awareness. Moreover, WEEE legislation and extended producer responsibility issues are considered in some of the studies [78,79,80], and critical materials and WEEE plastics are also focused on [4,81,82,83,84]. The e-waste estimation literature has been developing since the late 1990s. In recent studies, sustainability and CE concepts have been frequently used. However, it should be noted that, although these terms were not technically included in the content of earlier e-waste estimation studies, e-waste estimation is directly or indirectly related to CE.



Another pillar of the literature analysis is the e-waste estimation and CE for Turkey. There are some legislations and applications on the governmental and sectoral sides. For example, the WEEE regulation, which was put into effect in 2012 in Turkey, was updated on 26 December 2022 based on the principles of CE and resource efficiency to protect the environment sustainably [85]. At the same time, The Restriction of the Use of Certain Hazardous Substances in Electrical and Electronic Equipment Regulations were put into effect in Turkey [86]. Annual waste declarations are reported to the Ministry of Environment, Urbanization, and Climate Change by waste producers. The waste of electrical and electronic goods that were declared in 2015–2020 are 32.03, 39.4, 37.3,37.5, 46.4, and 67.2 tonnes, respectively [87]. There is not a specific system that keeps WMP records in Turkey. However, according to the research report prepared by one of Turkey’s largest GSM operators, the problems in current practices can be listed as follows [88]: Informal activities, uncertainties regarding the determination of the product released and the quantity of e-waste produced, limited public capacity and lack of legislation, limited public awareness, substandard and inadequate processing facilities, uncertainties in life cycle applications, and inadequate collection infrastructure. In addition, in Turkey, products are currently transported for recycling without any classification. For this reason, classification-based collection centers are needed for CE and product type-based analysis [57]. Although, Turkey passed the E-waste Regulation in 2012, there are only a few e-waste estimation and forecasting-related academic studies for Turkey. The E-waste estimation studies for Turkey, as given in Table 1, show that white goods, computers, and mobile phone products are studied more than others. The methods used in these studies are different. One of the studies estimated WEEE for the whole country [31], while the other is at the city level [39]. The most comprehensive study in terms of product variety was presented by Öztürk [31]. In the first study for e-waste estimation of Turkey, e-waste amounts were estimated by using the C and U method [31].



Table 2 lists the e-waste estimation studies for Turkey. From this table, it can be concluded that the biggest shortcoming is the future projection. Kazancoglu et al. [57] forecasted the total amount of e-waste “collected” for 2019–2021. By looking at this limited literature, it can be seen that there is not a holistic study covering the estimation of e-waste amount and WMP in Turkey. Furthermore, the material and revenue potential of WMP for Turkey remains unknown. Also, most of the studies do not consider the CE.



There is a gap in estimation studies for Turkey, especially for the fastest growing ICT products, i.e., mobile phones. Therefore, it is essential to develop an approach for estimating the amount of WMP since they offer a high potential for material recovery relative to their weight and volume. Another potential contribution to the literature can be achieved through developing hybrid forecasting models. To the best of our knowledge, except for the studies of [37,62], a single model was taken into account when making future projections, regardless of the performance of the models. Input-output analysis-based methods such as SD, DD, and C and U use different inputs and data structures for estimation. For this reason, it may not be fair to prove and compare the performances of these methods. However, choosing the best forecasting method among the alternatives would be a suitable approach to obtain more accurate and reliable results.



This study is motivated by methodological open ways to improve the future literature, the need for making forecasts considering CE, and gaps in Turkey’s e-waste estimation literature and applications. This study is Turkey’s first WMP forecasting study using sales-based dynamic product lifespan. It handles and evaluates the WMPs from the CE perspective, such as sales, lifespan, material quantity, and revenue. Another contribution of the study is to provide comparable results, improvement points, and reusability for future studies. Additionally, this study contributes to the literature beyond that which is solely focused on Turkey, expanding and improving the forecasting range of studies due to considering and evaluating alternative forecasting methods. The study has the ability to increase the accuracy of predictions since it uses alternative forecasting models.




3. Materials and Methods


3.1. System Boundary


The geographical boundary of the study is Turkey. The e-waste estimation product is mobile phones, and the period is limited to 2001–2035. The data collected for the years 1994–2020 are used as sales data with the appropriate calculations (see Table A1) [89,90,91]. The amount of WMP is estimated by the Distribution Delay Method for 2001–2020. Distribution-based product lifespan profile is considered. The amount of WMP is forecasted for 2021–2035. The potential material quantity and their economic revenue are also forecasted for 2001–2035. The estimation is done until the year 2020, and forecasting started from the year of 2021. Please note that the estimation period ends in the year 2020 because of data quality concerns. All of the necessary data for calculation (such as production and electronic devices in accompanied baggage) have not been published yet, and regulations were changed for the data recording systematics due to the COVID-19 pandemic [92]. The system boundary of the proposed model for WMP generation and forecasting in Turkey can be seen in Figure 2.



In this study, the time-dependent generation of WMP is estimated with a hybrid forecasting model based on sales data and dynamic product lifespan. The DD method estimates the amount of generated WMP until a specific year. Subsequently, the amount of generated WMP is calculated by using different forecasting models. Then, future projection is done using the selected forecasting method. In the last part of the study, the potential material quantities, and economic values of WMP are obtained from the estimation and forecasting results. These materials and revenue potentials have been discussed regarding the CE. The algorithm of the proposed model in the study is as given in Table 3.




3.2. Estimation of E-Waste Generation


This section presents the mathematical formulation of the e-waste generation model. The model is based on historical data of cumulative sales (put on the market) and lifespan empirical distribution. The distribution function and corresponding parameters of mobile phone lifespan are adopted based on the work of Forti et al. [93].



The WMP quantities are estimated by the DD Method. This method considers the relative obsolescence rates in the year of assessment. The amount of e-waste for a certain year “t” is the sum of the percentage of obsolete e-waste sold in year n, starting from n0, i.e., when the product enters the market. This method requires historical sales, put-on-market (POM) data, and lifespan distribution. The total amount of generated e-waste in a year    O t    is calculated as given in Equation (1):


   O t  =   ∑   n =  n 0   t   S n   f  n , t    



(1)




where    S n    is sales/POM quantity in year n, and    f  n , t     is obsolescence probability for a product in year t, which is sold in year n. The output of this equation is the cumulative obsolete e-waste quantities for period t.



According to Forti et al. [93], if a country does not have available POM data, this data can be calculated by using imports (It), domestic production (DPt), and export (Et) data, as shown in Equation (2):


   S t  =  I t  + D  P t  −  E t   



(2)







In this study, the necessity of making a specific calculation for mobile phones has emerged. Therefore, while calculating the POM data for each year, the mobile phones brought by travellers were also considered. These devices must be registered as mobile phones (electronic devices in accompanied baggage) (ABt) brought by travellers from abroad to be used without any problems. This registration must be made via the Turkey e-Government Gateway system within 120 days (extended to 365 days due to COVID-19) from the date of entry of the passenger to Turkey. Therefore, Equation (2) is rewritten as given in Equation (3):


   S t  =  I t  + D  P t  −  E t  + A  B t   



(3)







Another assumption is that the devices brought by the travellers are newly purchased. Another input of the DD method is lifespan. Governments generally do not officially define lifespan data; however, some information can be provided from surveys, recycling centres, the literature, etc. The discarded-based lifespan profile for a product is modelled in the literature using different probability functions such as Normal, Weibull, Cauchy, Logistic, etc. [37,94,95]. The Weibull distribution function is considered the most suitable for describing discard behaviour for EEE in most studies [23,29,41,50]. The distribution of product lifespan for stable products such as mobile phones and portable computers is defined in Equation (4):


   f  n , t   =  α   β α          n − t     α − 1    e  −       n − t   / β    α     



(4)






  E = β Γ   1 + 1 / α    



(5)




where α is the shape parameter that describes the gradual aging of the product and β is the scale parameter that describes the characteristic life of the product.  E  is the mean time which describes lifespan and  Γ  is the Gamma function in Equation (5). Since there are not validated lifespan data for Turkey, we use a proxy for the Weibull lifetime distribution parameter values for UNU-Key:0306. Mobile phones in this study are set to α = 1.52 and β = 5.62, as they are defined for non-European Union countries [93], and lifespan  E  is 5.06 years. The graphs of the probability density function (PDF) and cumulative distribution function (CDF) of the Weibull distribution associated with these values are shown in Figure 3a,b, respectively.



According to the red line (or the dashed-line) shown in CDF curves in Figure 3b, at least half of the products put on the market, cumulatively, will be e-waste in more than six years. For this reason, while POM data have been available since 1994, the results have been reported for after 2000.




3.3. Forecasting of E-Waste Generation


In this study, the forecasting strategy is structured on choosing the best model among different models. Time series analysis is the most-used quantitative method for forecasting. Various time series methods (e.g., exponential smoothing, growth, and autoregressive models) are used to forecast WMP quantity in this study. Equations are adopted for the obsolete product (e-waste).



3.3.1. Exponential Smoothing Methods


Exponential smoothing methods were originally classified by Pegels [96] taxonomy, which was later extended by Gardner and Everette [97] and modified by Hyndman et al. [98] and Taylor [99,100]. Exponential smoothing methods have been used to estimate different e-waste types [37,53,62]. In this study, the popular exponential smoothing methods such as the Simple Exponential Smoothing (SES) method and the Holt’s linear method are used for the first time to forecast WMP quantity.



The SES is one of the well-known forecasting methods and has high forecasting capability, particularly for stationary time series. The SES uses a weighted moving average with exponentially decreasing weights [101]. This method uses two simple equations, given in Equations (6) and (7), for level/smoothing and forecasting, respectively:


   l t  = α  O t  +   1 − α      l  t − 1      



(6)






    O ^   t + h | t   =  l t   



(7)




where    O t    is the observed value of the time series in time  t ,    l t    represents the smoothed level,  α  is the smoothing factor,  h  is the forecast step, and     O ^   t + h | t     is the forecasted value for the period (  t + h )  .



Holt’s linear method is an extended version of the SES method in terms of the presence of a trend component. In other words, this method takes both the trend and fluctuation of time series into account. Therefore, this method uses the level, trend, and forecasting equations as given in Equations (8)–(10), respectively:


   l t  = α  O t  +   1 − α      l  t − 1   +  b  t − 1      



(8)






   b t  =  β *     l t  −  l  t − 1     +   1 −  β *     b  t − 1    



(9)






    O ^   t + h | t   =  l t  +  b t  h  



(10)




where    β *    is trend smoothing factor and    b t    presents the growth. In addition, other variables are the same as those defined in the SES.



It should be noted that the observed time series, which indicates estimated WMP quantity for each year, are given by    O 1  ,  O 2  , … ,  O n   . Moreover, a forecast of     O ^   t + h     is based on all data up to time t, denoted by     O ^   t + h | t    .




3.3.2. Growth Models


Growth models, known as trend models, are widely used for technological diffusion and e-waste estimation. In this study, besides the aforementioned exponential smoothing methods, three non-linear growth models, including Logistic, Gompertz, and Logarithmic models are used to forecast WMP quantity.



The Logistic growth model is one of the widely used growth curve models. This model attempts to obtain damped trend information for S-shaped time series. Generally, this model uses an exponential function in order to model a population. When it comes close to a specific value, the growth is realistically dampened. This model is a suitable forecasting tool for time series with constrained growth. The logistic growth model is given by Equation (11):


    O ^  t  =  a  1 + b  e  − k t     ,   k > 0  



(11)




where     O ^  t    represents the e-waste quantity in year t, a is the carrying capacity (WMPs) growth rate, and b is the difference between carrying capacity and initial WMPs.



The Gompertz model is another logistic growth model used to describe growth curves in a wide variety of disciplines such as biology, medical science, engineering, economics, and more. This model differs from the logistic model in that it is asymmetric. The Gompertz model attempts to closely match asymptotic and S-shaped data series to a sigmoid curve. This model can be expressed as in Equation (12):


    O ^  t  = m  e  − a  e  − b t      



(12)




where     O ^  t    represents the e-waste quantity in year t, m is an asymptote, and two strictly non-negative coefficients relating to the time and place that diffusion occurs are called a and b.



The Logarithmic growth model is used to model and forecast univariate time series that exhibit very rapid growth initially, followed by slower growth. This growth model governed by Equation (13), which is also utilized to forecast WMP:


    O ^  t  = a + b ln t      



(13)




where     O ^  t    represents the e-waste quantity in year t, and parameters a and b control the growth rate.




3.3.3. Autoregressive Models


Autoregressive models are frequently used for modelling time series due to their ability to describe certain time-varying processes in nature. In such models, the future output depends upon the previous output(s). In this study, the Bass and Autoregressive Integrated Moving Average (ARIMA) models are also used for WMP quantification.



The Bass model [102] broadly implies that the quantity of prior purchases influences when a consumer makes their first purchase. The model’s behavioural explanation is offered in terms of innovative and imitation behaviour. The Bass model is used to investigate whether this assumption is also valid in WMP generation. The Bass model is given as follows:


    O ^  t  =   p + q    Y t   m      m −  Y t     



(14)






   Y t  =   ∑   i = 1   t − 1     O ^  i   



(15)




where     O ^  t    and    Y t    represent the incremental WMPs and cumulative adoptions, respectively. p and q denote the coefficients of innovation and imitation, respectively, and the maximum penetration level is donated by m.



ARIMA models, known as the Box and Jenkins models, are a combination of autoregressive and moving average models [103]. Non-seasonal ARIMA models are denoted by ARIMA (p, d, q). p indicates the autoregressive model’s degree, and q is the moving average’s order with the degree of difference d. An integrated zero-degree ARMA (p, q) model can be given in Equation (16):


    O ^  t  = c +   ∑   i = 1  p   Φ i    O ^   t − 1   +  ε t  +   ∑   j = 1  q   θ j   ε  t − j    



(16)




where Φ and θ are coefficients of AR(p) and MA(q) models, respectively;    ε t    is the error term.





3.4. Forecasting Evaluation and Method Selection


There is not a standard method to assess how accurate forecasting and estimates are. Therefore, experts often have different views on which measure should be used [104]. In order to assess the accuracy of the employed models, three measures are utilized generally: Mean Absolute Percentage Error (MAPE), Root Mean Square Error (RMSE), and Sum of Square Error (SSE). MAPE measures the accuracy as a percentage, which is given in Equation (17):


  M A P E =  1 n    ∑   t = 1  n       O t  −   O ^  t     O t      × 100  



(17)




where     O ^  t    and    O t    are the forecasted value by the model and the observed value by the DD method in the estimation period, respectively.



RMSE (Equation (18)) measures the standard deviation of the forecasting errors, while SSE (Equation (19)) measures the sum of the squared differences between the observed and modelled data, respectively. SSE is also known as the residual sum of squares.


  R M S E =    1 n    ∑   t = 1  n       O t  −   O ^  t     2     



(18)






  S S E =   ∑   t = 1  n    (  O t  −   O ^  t  )  2   



(19)







The steps related to this process are depicted in the Table 4.




3.5. Material Analysis


Stahel [5] said of the CE that “It replaces production with sufficiency: reuse what you can, recycle what cannot be reused, repair what is broken, remanufacture what cannot be repaired”. Due to e-waste being the fastest-growing waste category worldwide [12], it has considerable potential to contribute to the CE. The CE allows for a second chance before e-waste is disposed in landfills. For this reason, the studies that are carried out within the scope of this study should not be left in the estimation stage but should also be examined and discussed from the CE perspective.



According to the Global E-waste Monitor report in 2017, a mobile phone with an average weight of 90 g contains precious metals and polymers worth €2 [12]. Thus, the value of the raw materials is low in comparison to the cost of new or second-hand mobile phones. A total of 435 kt of WMP were produced globally in 2016, which equates to a raw material value of 9.4 billion € [12]. The potential value may be significantly larger if all phones were to have a longer lifespan and could enter a second-hand market [12].



This study makes an additional contribution to the field by calculating the quantity of materials and the potential economic revenue to be created by the recovery of mobile phones, considering the amount of materials that they contain. The inputs of the material analysis are the results of the WMPs estimation and forecasting phases. Moreover, Table 5 provides the algorithm of the material analysis.



The number of studies on mobile phone material analysis in the literature is increasing due to the scarcity of precious metals used in mobile phone manufacturing in the world and the destructive effects of harmful metals on the environment and human health. Cucchiella et al. [105] conducted material return analysis for 14 different technological products and examined the change in this return for different scenarios. Gupta et al. [106] analysed the amount of elements contained in cellular and smartphones. The only study related to the potential revenue of WMPs for Turkey was conducted by Sahan et al. [107], in which they analysed the amount of material contained in 10 mobile phones and calculated their potential economic values based on the amount of WMPs estimated in the study by Öztürk [31] for 2012.



The average value of an ounce of gold is $1160 in 2015 and $1800 at the end of 2022 [108]. The uncertainty and instability of the markets are increasing due to many different factors, such as the COVID-19 global pandemic, the spread of CE-oriented production and service processes, the climate and energy crisis, and political approaches. As a result, the prices of materials also show a rapid change. In Table 6, as of April 2022, the potential return of each material for a mobile phone has been calculated based on the availability of the 10 materials with the highest yield in the unit mobile phone and the market prices.



Although gold constitutes 0.14% of the total mass of these 10 elements, it, alone, provides 52% of the total economic return. While copper constitutes 52% of the mass, its contribution as revenue is 3.2% among all materials. The total revenue potential of these metals per unit mobile phone is approximately 4.5 US$.





4. Computational Results and Discussions


4.1. Estimation of E-Waste Generation


By using sales data and lifespan distribution in Equation (1), the estimated amounts of WMPs by the DD method for 2001–2020 are given in Figure 4. The Excel VBA is used to obtain the results for the DD method. While there were 18.3 million mobile subscribers in 2001, 62.8 million in 2009 (the year of the transition to 3G), and 82.1 million in 2020, the generated WMP is approximately 1.5 million for 2001, exceeding 9 million in 2020. The calculations show that, while the number of mobile phone subscribers increased by 30% in 2020 compared to 2009, the amount of WMP generated increased by one and a half times. In addition, considering that the number of mobile phone subscribers is much higher than the number of devices due to dual sim mobile phones, this rate is much higher than 50%. It is known that a small amount of e-waste enters the recovery and recycling process in Turkey. Even when only the WMP product is considered, it is revealed that millions of WMP are waiting to be brought into the CE in Turkey. Despite their physical sizes, customers pay high prices for IT-based products. Therefore, customers are not willing to deliver the WMPs to the recovering and recycling systems. However, the potential of WMPs is equivalent to that of a mineral deposit discovery if some incentives and practices are implemented.




4.2. Method Selection and Forecasting


The seven forecasting models mentioned before, i.e., Simple Exponential Smoothing, Holt’s, Logistic, Gompertz, Logarithmic, Bass, and ARIMA, are used to model the WMP quantities (outputs of Section 4.1) generated in the years 2001–2020. In the modelling process, data were fitted to each model curve considering model parameter boundaries according to the Sum of Square Error (SSE) criteria. In other words, the parameter values of seven models are optimized based on SSE. The calculations have been performed on the MATLAB (R2018a) platform on a computer with an Intel(R) Core (TM) i7-8700 CPU 3.20 GHz processor, 16 GB RAM, and 64-bit Windows 10 operating system.



In order to increase the accuracy of the forecasting, the method with the best performance is chosen as the forecasting method. The MAPE, RMSE, and SSE values of seven methods for the years 2001–2020 are listed in Table 7. As per the values in this table, Holt’s method obtains the best results for all error indicators, followed by the Logistic, Gompertz, Bass, and the other methods. Therefore, Holt’s method is selected as the forecasting method for the projection.



The estimated WMP quantities obtained by DD for 2001–2020 are reused as inputs of Holt’s method. Thereafter, the forecasting process is performed by this method up until 2035. The estimated and forecasted WMPs quantities for 2001–2035 are illustrated in Figure 5. The amount of WMP tends to increase in the following years. Furthermore, it is forecasted that the generated WMP quantity will exceed 10 million in 2025 and approach 12 million in 2035.



The data structure and characteristics of each region differ from one another. For this reason, many factors, such as the rural-urban population, GDP, education level, region, product, product lifespan, and interactions between all these factors affect the amount of generated e-waste. The Holt’s method emulated the studied system in this study under current conditions within the limits considered. However, this study provides flexibility for different situations, as it evaluates alternative estimation methods. It should be noted that other methods may also provide more effective results for different products or countries.




4.3. Material Analysis


In this subsection, the total amount of precious metals (gold, silver, platinum, and palladium) and the other six materials contained in WMPs, and their potential economic values, are calculated. Figure 6 shows the total values of the estimated and forecasted waste material amounts for 2001–2035. From this figure, it can be observed that the total amount of waste material currently exceeds 250 tonnes and will reach approximately 320 tonnes in 2035. In addition, Figure 7 indicates that 372 kg of gold can be recovered from WMPs in 2022.



The revenue potential depends on the amount of WMPs. Figure 8 depicts the revenue potentials for waste materials for the years between 2001 and 2035. As seen from this figure, the potential economic value is 45 million US$ in 2022. Moreover, it can be clearly stated that the revenue potential is worth millions of dollars per year.



The precious materials constitute the most remarkable portion of the potential revenue, as shown in Figure 9a. Furthermore, it can be seen from Figure 9b that gold and palladium have a considerable economic potential. However, it should be considered that a material with a lower economic potential than others can become the most valuable material when this material cannot be supplied. On the principle that “many a mickle makes a muckle,” WMPs can significantly benefit CE with the highest possible recovery of all materials.




4.4. Sensitivity Analysis


Since e-waste generation, estimation, and management entail many uncertainties and assumptions, it is difficult to give an exact value regarding the amount of e-waste generated. For this reason, there will inevitably be uncertainty when making any calculations in, or conducting modelling for, e-waste estimation. Furthermore, the uncertainties increase exponentially due to the deviation in the observed data or the failure to take into consideration any factors and the inability to adequately define the factors taken and the relationships between them [109]. In addition, the success of many models depends on the values of the parameters and initial conditions [37]. Input-output analysis-based e-waste estimation methods that use product lifespan are also based on assumptions or findings obtained from a limited segment of the society/products. Therefore, it is not easy to estimate because the relevant behaviours, such as generating e-waste and being willing to give the product to the e-waste recycling system, depend on many factors. However, it is also necessary to make general approaches to increase the robustness of the method considered within certain limits.



Within the scope of this study, sensitivity analyses were performed for three main variables affecting outputs: (1) lifespan, (2) material quantities used in mobile phones, and (3) material prices. The rate at which technological change, innovations, and high-capability new products enter the market is increasing. From the other point of view, the introduction of the concept of sustainability into our lives, the problems that arise in the world economy, inflation and high inflation expectations, and the tendency of consumers to abandon their consumption spree behaviours due to the decrease in purchasing power or the threat of falling in purchasing, are among the uncertainties that can affect the formation of WMPs. For these reasons, for WMPs and other outputs, lifespan distribution is used as ±1 year. According to the Weibull distribution used in the Based scenario, the average product lifespan is 5.04 years, and the material quantities and prices are available in Table 6. Also, the effect of material composition and prices on the generated waste material quantity and revenue are analysed by changing the existing values by 1%.



The change in product lifespan affects the amount of WMPs, and it also affects the total amount of waste material and revenue indirectly. The expected product life, which is 5.06 years and calculated according to Equation (5), has been reduced and increased to 4.06 and 6.06, considering β = 4.50 and β= 6.72, respectively, while keeping the α parameter constant. The PDF functions were recalculated based on these parameter values, and the re-application of the DD method based on these function values to the sales data set, and the generated WMP in the years 2001–2020 is given in Figure 10. While the most distant point of the generated WMP was in 2010, the closest results were obtained in 2020. This convergence is due to the stagnation of mobile phone sales in recent years and the fact that the rate of becoming obsolete for CDF has reached 50% in the last six–seven years.



The cumulative effect of the one-year increase in lifespan in 2020 is that the amount of WMP decreased by 2.12%. Similarly, the one-year decrease in the useful life led to an increase of 0.8% in WMP (Table 8). Therefore, using the products for one more year means that 200,000 fewer WMPs will be generated for 2020, more than five tonnes of waste material will not be generated, and there will be no need to procure and use these materials. As a result, material savings of approximately 0.75 million USD will be achieved.



The effect of the change in product lifespan on the amount of generated WMP in upcoming years was also analysed. Holt’s method, determined as the forecasting method with the minimum error for the base scenario, was not used directly for other scenarios. Instead, the amounts of WMP in Figure 10 for 2001–2020 were calculated again to minimize the error with the seven estimation models given in Section 3.4. Among the methods, Holt’s method had the minimum error, and the performance values of the methods are shown in Table A2 and Table A3. The WMP amounts forecasted by Holt’s method for the years 2021–2035 are given in Figure 11. In addition, the of waste material quantities and revenues for these scenarios are shown in detail (see Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6, Figure A7 and Figure A8). An interesting conclusion can be drawn from Figure 11, that the amounts of WMP converge with each other for three scenarios in 2027. This convergence is because the mobile subscriber penetration rate reached a high saturation of 98.2% in 2020 [110]. Therefore, it is not surprising that the scenarios converge. The increase in the amount of WMP that will occur in the short and medium term will continue over the next 15 years; however, there will be no jump.



The effect of the amount of material in the unit mobile phone and the material prices on the outputs considered, the second and third variables in the sensitivity analysis, are given in Tables 10 and 11, respectively. As seen in Table 9, if there is a 1% change in the amount of gold used in a mobile phone, the effect of this on the amount of waste gold generated in 2020 will be 3.53 kg. When this change is considered for each material, when a 1% change occurs, the total effect for 2020 causes a difference of about 2.5 tonnes. Likewise, the impact of a 1% change in the price of each material exceeds 0.4 million USD only for 2020 (Table 10). There will be changes in material quantity and prices. However, the primary purpose of this analysis is to reveal what even a 1% change can cause in terms of gain and loss in production, recycling, and recovery. These amounts are calculated only for WMPs formed in Turkey in 2020 in this study, and these values can be considered a significant loss/gain. Suppose this calculation were made for all WEEE types in Turkey and around the world besides mobile phones. In that case, the total effects of a 1% change in the amount of material used/recovered would be much higher.




4.5. Discussion of the Results


This subsection introduces a summary of the computational results and a discussion of additional topics.



This study proposes a general e-waste forecasting model and focuses on a WMP application for the case of Turkey. The proposed model uses a two-stage e-waste quantification process. In the first stage, the generated WMPs are estimated for 2001–2020 by the DD method. The estimated values of WMPs have been increasing since 2001 and the generated WMP reached over 9 million in 2020. It is worth mentioning here that one of the biggest challenges is the lack of data in the e-waste estimation literature. Actual WMP data are not recorded for Turkey, as mentioned before. Therefore, similar to most of the studies in the literature, this stage is used to overcome this challenge. In other words, a methodology must be adopted to transition from sales to e-waste. In the second stage, WMPs are forecasted for 2021–2035. In order to increase the forecasting accuracy, a rigorous comparative modelling process is performed with different forecasting methods using different performance metrics, and then Holt’s method, having superior performance, is selected as the forecasting method for future projections. The forecasting results demonstrate that WMPs increase from 9 million in 2021 to 11.5 million in 2035. The population of Turkey reached 84.7 million in 2022 and the forecasted quantity of WMPs is 9.5 million units. Considering the rate of technology change, it is not surprising that 11 out of every 100 people have their phones become e-waste. It should also be noted that, although the increase in WMPs appears to be linear in Figure 5, it is non-linear, as the growth rate decreases with time. In other words, the growth rate for the forecasting period exhibits exponential decay behaviour from 1.016 to 1.013. Moreover, the mobile penetration rate and population growth rate exhibit similar behaviour for Turkey.



Furthermore, the potential WMP material quantities and revenues are calculated for 2001–2035. The results reveal that hundreds of waste materials are produced each year. It is forecasted that 261 tonnes of waste material will be generated in 2023. The economic equivalent of this amount is 43.8 million dollars with the present value of money. In terms of the environment and human health, the quantity of hazardous materials is also increasing in parallel with this trend. A sensitivity analysis is also performed for the main inputs of the problem: changes in lifespan, material price, and material quantities.



There are also additional discussion questions which were answered in the study: Is there any difference between cellular phones and smartphones when calculating the quantities of waste materials? How does the time value of money affect material revenues?



Unfortunately, there is no record in Turkey of WMPs to know how much of the waste material arises from cellular and how much of it arises from smartphones. However, it is possible to make an inference based on the number of mobile subscribers. Considering the years 2001–2020, the number of 2G and over-2G (3G and 4.5G) mobile subscribers belonging to this period can be seen in Figure 12a. In can be observed from this figure that the number of subscribers has been increasing. Generally, cellular phones are 2G-compatible, while smartphones are 3G- and 4.5G-compatible, mobile devices. 3G came into use in Turkey in the second half of 2009. In the light of this technological change, there has been a significant increase in smartphone users. Regarding this, the subscriber types have changed proportionally, as shown in Figure 12b.



Assuming that the amount of WMPs generated each year is the same as the type of mobile device used by the subscribers, it is possible to calculate how much of the waste material arises from cellular phones and how much from smartphones. This assumption has been made because mobile phone sales and the collected WMPs are not classified. However, it should be considered that the material densities of cellular phones and smartphones are different. Singh et al. [111] and Singh et al. [112] made a material analysis of 10 cellular phones and 10 smartphones in their studies. The coefficients of the average amount of material contained in these devices are calculated in Table A4. For example, the amount of Cu and Co in a cellular phone is less than a smartphone; however, the amount of Pb contained in smartphones is about 4 times the amount in cellular phones, and the amount of Ni is 2.2 times. Necessary calculations are made based on these material rates and mobile subscriber type rates for each year. The type-based results are listed in Table A5. For example, the rate of waste cellular phones in 2013 was 29.28% of the total WMPs generated. However, 28.64% of the waste material arises from cellular phones. This difference may be because of the different material densities of cellular phones and smartphones. The generated waste material amount of Zn for smartphones is three times that of cellular phones. However, a smartphone contains 1.2 times the Zn that a cellular phone does. The reason for this difference is that the number of 3G and 4.5G subscribers were 70% of the total subscribers in 2013.



It is worth mentioning that material analysis has some constraints and limitations. The material contents are generally not reported by mobile phone manufacturers. Therefore, a chemical analysis is required to determine the material concentrations. Examining and analysing the time-dependent variation in material concentrations is a challenging task since brands, models, production dates, analytical methods for chemical characterisation, and the instruments employed may lead to variations in analysing the results [107].



Figure 8 illustrates the total revenue potential for waste materials in US$ for each year, considering the constant value of money in 2022. However, another topic of discussion is how the material revenue will change over time. For this discussion, the past values of material revenue potential are calculated using the inflation values realized in dollars for 2001–2021. In addition, the future values are calculated with the time value of money approach for scenarios where the interest rate is 1% and 5%. Figure 13 provides the values of material revenue potential for 2001–2035. It can be observed that the future values of material potential from WMPs equal 59 and 98 million US$ for interest rates of 1% and 5%, respectively. It can be concluded that the revenue from WMP material can provide a benefit to Turkey’s economy.



The e-waste literature suffers from the lack of statistical data and the obtained results are not comparable due to differences in approaches such as lifespan and driven methods in the studies; this is similarly emphasised by Polak and Drapalova [26]. Table 11 depicts a general framework for WMPs for both Turkey and other countries based on the literature. The total amount of WMPs per capita for the year 2020, the last recorded data year in this study, has been compiled from the results in the literature.



Finally, we compared our results with the amount of generated WMP by Öztürk [31]. They calculated 22.57 million units in 2012 and the current study estimated 7.6 million units for the same year. As aforementioned, it is possible for results to differ due to the estimation methods and product lifespan. In Öztürk [31]‘s study, estimation is realized by the C and U method using a fixed product lifespan and the amount of products in use. The product life was assumed to be three years. If the product life was set to 5.06 years, as in this study, the amount of estimated WMPs would have been 13.46 million units instead of 22.57 million units for 2012. It can be clearly stated that there is no mechanism to evaluate the accuracy of the results. This issue points to the direction of research in the e-waste forecasting literature that needs to be designed and improved.





5. Conclusions


In this study, a generalized e-waste forecasting approach is proposed. The model estimates the generated WMP quantity for Turkey. Based on the generated dynamic lifespan profile and sales data, the DD method estimates the WMP quantity for 2001–2020. Before projecting the future, the most suitable forecasting method is determined out of seven considered models. For the case of Turkey’s WMP generation, Holt’s method gives the minimum estimation error. While forecasting the WMPs for 2021–2035, material quantity and revenue potential from WMPs are estimated for all periods from 2001 to 2035. While 1.5 million WMPs were generated in 2001, this number has reached six times that in 2020. In 2035, it is predicted that it will be approximately 12 million units. According to the present value of money, the material revenue of WMPs is expected to exceed 50 million US$ in 2035. Also, changes in critical inputs—lifespan distribution, material quantity, and material price—are also analysed for these periods. The effect of changes seems small; however, the cumulative value of the changes is notable. Extension of the lifespan for a year saves about a million dollars in material revenue due to fewer WMPs being produced yearly. Also, recovering and recycling processes have a critical contribution to saving materials.



The study is the first e-waste quantification study for Turkey, which uses sales data and dynamic lifespan in its estimation and makes future projections. The proposed method is suitable for application to various products and data structures. Based on the results of this study, we can draw the following conclusions and discussions, as well as the following challenges:



Methodologically, country cases are frequently studied, with IT-based products leading the way in e-waste estimation and forecasting. However, since it is impossible to record and follow up on e-waste formation in a systematic way today, it is impossible to assess the accuracy of the results and compare them with other countries/regions/methods, including the WMP amounts estimated in this study. The forecasting step can be improved in addition to sensitivity analysis to alleviate this disadvantage. Therefore, it is only possible to compare Turkey and other countries for generated WMP. In addition, it, for e-waste estimation, it can be said that the best of the methods used in the studies is any method. Because e-waste generation does not have a structure that can be measured and recorded by objective methods such as weather conditions and electricity consumption, to eliminate the uncertainties of the e-waste generation process, it is necessary to follow the electronic devices put on the market from their production to the recycling process and know the following information: How long was each product used? How often has it been used (second use, third use, etc.)? How many times has the product been repaired? Which parts have changed? Therefore, although we cannot model the uncertainties within the scope of this study, different forecasting methods were considered in the best modelling of the system, and sensitivity analyses were conducted for the main factors affecting the outputs. Thus, to support the e-waste management process, this study aimed to produce results for the decision-makers regarding the effect of changing certain conditions on the results. The primary motivation for discussing the necessity of using different forecasting methods is to use the best one among other methods instead of a single solid method (only logistics, only Holt’s, only ARMA, etc.) for forecasting according to changing products, markets, sales, and regional structures. Choosing the appropriate method according to the country, product, or regional situation will provide reliable and effective results by making robust estimations within certain limits on e-waste estimation due to e-waste entailing uncertainties and difficulties. Therefore, the results obtained from estimation and forecasting studies are vital to the construction of a reliable and sustainable e-waste management system for Turkey and all other countries. Also, e-waste has remarkable material and economic value; therefore these results will help in meeting the demand for materials for new productions.



The amount of WMP materials and the revenue results for Turkey also show that 10s of tonnes of waste materials are not being recycled or recovered every year. As a result, they end up in landfills, and the potential economic return of precious metals and materials worth millions of dollars cannot be utilized. Considering the potential revenue of only WMPs and other waste electronic products for Turkey, it is evident that e-waste will provide valuable economic revenue and constitute an excellent input source for the CE. At the same time, when these amounts are considered globally, the recovery of e-waste will meaningfully contribute to the world’s CE because resources are scarce and rapidly depleting, and will be a ready source of minerals for production processes. It should be noted that these calculations assume that 100% of the materials are recovered. Turkey collected only 3% of the product amount put on the market in 2017, falling far behind EU countries and national targets [115]. This situation will also produce some new needs: Recycling and recovering technologies will be needed in the coming years to achieve the highest performance with appropriate methods, including the design and production process of the products.



Another dimension of material analysis is the increased demand for electric vehicles and the jumps in material prices in recent years. It is difficult to predict the fluctuations in material prices depending on electrical devices and technological developments that we cannot foresee. Although there have been jumps in the prices of certain materials in recent years, the direction of the changes may change with developments and innovations in battery technologies. In addition, different issues such as climate crisis, energy crisis, interest rate decisions of central banks, epidemics, and tensions between countries affect the market conditions. In summary, even the dust particles of each material are valuable. Since our world cannot reproduce, it is imperative to recover these scarce resources as effectively as possible.



Moreover, the data considered and analyses carried out in this study support the CE strategies. For example, “rethinking, reduce, and refurbishment” affect the sales quantities, “re-use and repair” are directly related to lifespan, and “recover, recycle, and remanufacture” have an impact on generated e-waste materials.



The findings of this study will assist all stakeholders and practitioners, such as policymakers, electronic goods dealers, consumers, investors, entrepreneurs, and researchers from different disciplines, to improve the management of e-waste. For example, the analysed WMP quantities can be used in decision making processes related to the location selection of recovery centers and their capacities; determining collection targets; development of incentive plans; etc.



For the success of WMP and other e-waste forecasting, there is a need for further improvement in the effective monitoring of electronic devices, systematization of data records, increasing awareness of recycling and recovery of societies, and control, support, and follow-up of this process with laws and regulations.
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Table A1. Sales (put on market) data (unit).
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	Year
	Import
	Export
	Production
	Passenger
	POM





	1994
	175,000
	
	
	
	175,000



	1995
	300,000
	
	
	
	300,000



	1996
	425,000
	
	
	
	425,000



	1997
	900,000
	
	
	
	900,000



	1998
	2,200,000
	
	
	
	2,200,000



	1999
	6,300,000
	
	
	
	6,300,000



	2000
	7,631,990
	218,512
	
	
	7,413,478



	2001
	2,436,000
	518,544
	
	
	1,917,456



	2002
	4,044,800
	258,205
	
	
	3,786,595



	2003
	5,238,512
	49,847
	
	
	5,188,665



	2004
	7,547,091
	11,906
	
	
	7,535,185



	2005
	9,005,560
	34,605
	
	
	8,970,955



	2006
	13,143,061
	29,023
	
	158,128
	13,272,166



	2007
	15,811,936
	76,356
	
	670,084
	16,405,664



	2008
	14,522,515
	154,519
	
	807,365
	15,175,361



	2009
	10,990,347
	91,482
	
	566,614
	11,465,479



	2010
	12,145,459
	185,223
	453,336
	828,491
	13,242,063



	2011
	14,308,793
	130,339
	87,408
	1,098,784
	15,364,646



	2012
	10,627,991
	148,343
	192,781
	1,119,952
	11,792,381



	2013
	12,199,623
	195,195
	347,649
	1,031,136
	13,383,213



	2014
	12,546,529
	421,298
	896,608
	610,044
	13,631,883



	2015
	13,581,718
	518,544
	1,526,326
	723,532
	15,313,032



	2016
	13,464,546
	873,757
	1,281,320
	773,940
	14,646,049



	2017
	12,189,655
	579,393
	1,600,655
	842,932
	14,053,849



	2018
	9,820,192
	504,022
	1,717,902
	878,089
	11,912,161



	2019
	14,124,114
	188,000
	653,095
	323,052
	14,912,261



	2020
	9,733,229
	69,464
	795,983
	72,417
	10,532,165







Data are collected from [88,89,90].
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Table A2. Modelling errors for each method (−1 year lifespan).
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	Method/Error
	MAPE (%)
	    RMSE   ( ×   10  6  )    
	    SSE   ( ×   10   12   )    





	Simple Exponential Smoothing
	9.1412
	0.4685
	4.3906



	Holt’s Method
	2.3356
	0.1483
	0.4401



	Logistic
	4.8206
	0.1671
	0.5583



	Gompertz
	7.5383
	0.2476
	1.2261



	Logarithmic
	30.6882
	1.0197
	20.7977



	Bass
	8.3655
	0.3858
	2.9771



	ARIMA
	6.4430
	0.2334
	1.0896
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Figure A1. Waste material quantities in tonnes (−1 year lifespan). 
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Figure A2. Precious materials quantities in tonnes (−1 year lifespan). 
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Figure A3. Revenue potential for waste materials in US$ (106) (−1 year lifespan). 
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Figure A4. (a) Total revenue potential for precious and other materials (b) revenue potential for precious materials in US$ (−1 year lifespan). 
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Table A3. Modelling errors for each method (+1 year lifespan).
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	Method/Error
	MAPE (%)
	    RMSE   ( ×   10  6  )    
	    SSE   ( ×   10   12   )    





	Simple Exponential Smoothing
	7.6022
	0.5249
	5.5107



	Holt’s Method
	3.2192
	0.2475
	1.2256



	Logistic
	6.7715
	0.2976
	1.7712



	Gompertz
	9.1378
	0.4092
	3.3483



	Logarithmic
	22.9551
	0.9961
	19.8435



	Bass
	8.7778
	0.5252
	5.5167



	ARIMA
	10.9283
	0.5336
	5.6942
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Figure A5. Waste material quantities in tonnes (+1 year lifaspan). 
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Figure A6. Precious materials quantities in tonnes (+1 year lifespan). 
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Figure A7. Revenue potential for waste materials in US$ (106) (+1 year lifespan). 
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Figure A8. (a) Total revenue potential for precious and other materials (b) revenue potential for precious materials in US$ (+1 year lifespan). 
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Table A4. Average weight coefficients of each materials in unit mobile phones [111,112].
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	Elements
	Coefficient of Cell Phones
	Coefficient of Smart Phones





	Ag
	1
	1.208



	Al
	1
	1.117



	Au
	1
	1.024



	Co
	1
	0.934



	Cu
	1
	0.945



	Ni
	1
	2.158



	Pb
	1
	3.977



	Pd
	1
	1.087



	Pt
	1
	1.000



	Zn
	1
	1.199
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Table A5. Rate of subscribers and generated waste material quantities (tonnes) from cell phone (CP) and smart phone (SP).
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Year

	
Rate of 2G Subscribers

	
Rate of 3G + 4.5G Subscribers

	
Total Waste CP Rate

	
Total Waste SP Rate

	
Pt

	
Ag

	
Co

	
Pd

	
Au




	
CP

	
SP

	
CP

	
SP

	
CP

	
SP

	
CP

	
SP

	
CP

	
SP






	
2001

	
100

	
0

	
100

	
0

	
0.01

	
0.00

	
0.37

	
0.00

	
9.64

	
0.00

	
0.02

	
0.00

	
0.06

	
0.00




	
2002

	
100

	
0

	
100

	
0

	
0.01

	
0.00

	
0.41

	
0.00

	
10.57

	
0.00

	
0.03

	
0.00

	
0.06

	
0.00




	
2003

	
100

	
0

	
100

	
0

	
0.01

	
0.00

	
0.46

	
0.00

	
11.78

	
0.00

	
0.03

	
0.00

	
0.07

	
0.00




	
2004

	
100

	
0

	
100

	
0

	
0.01

	
0.00

	
0.52

	
0.00

	
13.53

	
0.00

	
0.03

	
0.00

	
0.08

	
0.00




	
2005

	
100

	
0

	
100

	
0

	
0.01

	
0.00

	
0.64

	
0.00

	
16.42

	
0.00

	
0.04

	
0.00

	
0.10

	
0.00




	
2006

	
100

	
0

	
100

	
0

	
0.01

	
0.00

	
0.77

	
0.00

	
19.98

	
0.00

	
0.05

	
0.00

	
0.12

	
0.00




	
2007

	
100

	
0

	
100

	
0

	
0.02

	
0.00

	
0.99

	
0.00

	
25.62

	
0.00

	
0.06

	
0.00

	
0.15

	
0.00




	
2008

	
100

	
0

	
100

	
0

	
0.02

	
0.00

	
1.27

	
0.00

	
32.75

	
0.00

	
0.08

	
0.00

	
0.20

	
0.00




	
2009

	
100

	
0

	
100

	
0

	
0.02

	
0.00

	
1.50

	
0.00

	
38.80

	
0.00

	
0.09

	
0.00

	
0.23

	
0.00




	
2010

	
68.57

	
31.43

	
67.32

	
32.68

	
0.02

	
0.01

	
1.05

	
0.58

	
29.42

	
12.60

	
0.07

	
0.03

	
0.17

	
0.08




	
2011

	
51.97

	
48.03

	
50.87

	
49.13

	
0.01

	
0.02

	
0.83

	
0.92

	
24.24

	
20.93

	
0.05

	
0.05

	
0.14

	
0.13




	
2012

	
38.24

	
61.76

	
37.40

	
62.60

	
0.01

	
0.02

	
0.64

	
1.25

	
19.50

	
29.42

	
0.04

	
0.07

	
0.11

	
0.18




	
2013

	
29.28

	
70.72

	
28.64

	
71.36

	
0.01

	
0.02

	
0.50

	
1.45

	
15.47

	
34.92

	
0.03

	
0.09

	
0.09

	
0.22




	
2014

	
18.86

	
81.14

	
18.46

	
81.54

	
0.01

	
0.03

	
0.33

	
1.69

	
10.37

	
41.68

	
0.02

	
0.10

	
0.06

	
0.26




	
2015

	
12.74

	
87.26

	
12.48

	
87.52

	
0.00

	
0.03

	
0.22

	
1.85

	
7.24

	
46.33

	
0.02

	
0.11

	
0.04

	
0.28




	
2016

	
5.97

	
94.03

	
5.85

	
94.15

	
0.00

	
0.03

	
0.11

	
2.05

	
3.55

	
52.20

	
0.01

	
0.13

	
0.02

	
0.32




	
2017

	
3.97

	
96.03

	
3.90

	
96.10

	
0.00

	
0.04

	
0.07

	
2.15

	
2.44

	
54.99

	
0.01

	
0.13

	
0.01

	
0.33




	
2018

	
2.66

	
97.34

	
2.60

	
97.40

	
0.00

	
0.04

	
0.05

	
2.22

	
1.66

	
56.83

	
0.00

	
0.14

	
0.01

	
0.34




	
2019

	
2.24

	
97.76

	
2.20

	
97.80

	
0.00

	
0.04

	
0.04

	
2.21

	
1.39

	
56.75

	
0.00

	
0.14

	
0.01

	
0.34




	
2020

	
2.36

	
97.64

	
2.31

	
97.69

	
0.00

	
0.04

	
0.04

	
2.24

	
1.49

	
57.60

	
0.00

	
0.14

	
0.01

	
0.35
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Figure 1. Summary of the methodology-based literature analysis. 






Figure 1. Summary of the methodology-based literature analysis.



[image: Sustainability 15 03104 g001]







[image: Sustainability 15 03104 g002 550] 





Figure 2. The system boundary of the proposed study (*sensitivity analysis applied). 
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Figure 3. Curves for α = 1.52 and β = 5.62; (a) PDF curve, (b) CDF curve. 
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Figure 4. Estimated WMPs quantity for 2001–2020 using the DD method. 
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Figure 5. Estimated and forecasted WMP quantities for 2001–2035 (unit). 
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Figure 6. Waste materials quantities in tonnes. 
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Figure 7. Precious materials quantities in tonnes. 
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Figure 8. Revenue potential for waste materials. 
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Figure 9. (a) Total revenue potential for precious and other materials; (b) revenue potential for precious materials in US$. 
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Figure 10. Generated WMP quantity in different lifespans for 2001–2020. 






Figure 10. Generated WMP quantity in different lifespans for 2001–2020.



[image: Sustainability 15 03104 g010]







[image: Sustainability 15 03104 g011 550] 





Figure 11. Generated WMP in different lifespans. 
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Figure 12. (a) Number of subscribers; (b) percentage distribution of subscribers. 
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Figure 13. Potential material revenues based on the time value of money (million US$). 
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Table 2. E-waste estimation and forecasting literature analysis for Turkey.
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	Criteria/Study
	[31]
	[32]
	[39]
	[45]
	[57]
	This Study





	Quantification
	✓
	✓
	✓
	✓
	
	✓



	Mobile Phone
	✓
	
	✓
	
	
	✓



	Lifespan Distribution
	
	✓
	
	
	
	✓



	Sales Data
	
	✓
	
	
	
	✓



	Considering CE
	
	
	
	
	✓
	✓



	Material Analysis
	
	
	
	
	
	✓



	All Turkey (not local)
	✓
	✓
	
	
	✓
	✓



	Future Projection
	
	
	
	
	✓
	✓










[image: Table] 





Table 3. Algorithm of the proposed model.
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	Step No.
	Explanation





	1:
	Input: Put on market data, lifespan profile



	2:
	Estimate e-wastet quantity/by DD method, ∀ t/



	3:
	Select a convenient forecasting method/ by minimizing error in the estimation period/



	4:
	Forecast e-wastet quantity for future/ by using selected forecasting technique, ∀ t/



	5:
	Calculate material potential/∀ t/



	6:
	Calculate revenue potential/∀ t/



	7:
	Output: Generated e-waste quantity/in units, ∀ t/,

Material and revenue potential of generated e-waste quantity/*in tonnes and million USD
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Table 4. Algorithm of the forecasting evaluation and method selection for projection.






Table 4. Algorithm of the forecasting evaluation and method selection for projection.





	Step No.
	Explanation





	1:
	Input: Estimated e-waste quantity (outputs of e-waste estimation by DD method)/in units, ∀ t/



	2:
	Modelling of estimated e-waste quantity by minimizing SSE/by using SES, Holt’s, Logistic, Gompertz, Logarithmic, Bass, ARIMA, ∀ t/



	3:
	Calculate MAPE, RMSE, and SSE values



	4:
	Select the forecasting model which gives minimum error



	5:
	Output: Selected forecasting model for future e-waste projection
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Table 5. Algorithm of the material analysis.






Table 5. Algorithm of the material analysis.





	Step No.
	Explanation





	1:
	Input: Generated e-waste quantities, the quantity of each material in a product, price of each material/∀ t/



	2:
	Calculate the total material quantity for each selected material/∀ t/



	3:
	Calculate revenue for each selected material for the unit product/∀ t/



	4:
	Calculate the total revenue for each selected material/∀ t/



	5:
	Calculate revenue potential/∀ t/
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Table 6. Amount of materials and economic values of mobile phones.






Table 6. Amount of materials and economic values of mobile phones.





	Materials
	Quantity

(g/Unit) [105]
	Price (US$/Tonne) (April 2022) [108]
	Revenue (US$/Unit)





	Gold
	0.038
	62,160,000
	2.36208



	Palladium
	0.015
	73,190,000
	1.09785



	Cobalt
	6.3
	82,000
	0.5166



	Silver
	0.24
	793,801.93
	0.19051246



	Copper
	14
	10,323.15
	0.1445241



	Platinum
	0.004
	31,680,000
	0.12672



	Nickel
	1.5
	33,217
	0.0498255



	Aluminium
	2.9
	3450
	0.010005



	Zinc
	1
	4339
	0.004339



	Lead
	0.6
	2450.09
	0.00147005
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Table 7. Modelling errors for each method.






Table 7. Modelling errors for each method.





	Method/Error
	MAPE (%)
	    RMSE   ( ×   10  6  )    
	    SSE   ( ×   10   12   )    





	SES
	8.4444
	0.4932
	4.8647



	Holt’s Method
	2.6570
	0.1869
	0.6987



	Logistic
	5.6426
	0.2159
	0.9320



	Gompertz
	8.2305
	0.3141
	1.9727



	Logarithmic
	26.5907
	1.0066
	20.2645



	Bass
	8.4823
	0.4436
	3.9352



	ARIMA
	12.2942
	0.5157
	5.3196
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Table 8. Effects of lifespan change on the outputs.






Table 8. Effects of lifespan change on the outputs.





	Outputs
	Based
	+1 Year
	−1 Year





	Generated WMPs (  ×   10  6   )
	9.286
	9.089
	9.3614



	Waste material (tonnes)
	247.02
	241.79
	249.02



	Waste precious material (tonnes)
	2.795
	2.736
	2.818



	Material revenue (US$   ×     10  6   )
	41.824
	40.938
	42.163



	Precious material revenue (US$   ×     10  6   )
	35.075
	34.332
	35.360
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Table 9. Effect of changing each material quantity in a mobile phone by 1%.






Table 9. Effect of changing each material quantity in a mobile phone by 1%.





	Change
	Unit
	Au
	Pd
	Co
	Au
	Pt
	Cu
	Ni
	Al
	Zn
	Pb
	Total





	Material Quantity
	kg
	3.53
	1.39
	585.03
	22.66
	0.37
	1300
	139.29
	269.30
	92.86
	55.72
	2470.14
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Table 10. Effect of changing each material price for a mobile phone by 1%.






Table 10. Effect of changing each material price for a mobile phone by 1%.





	Change
	Unit
	Au
	Pd
	Co
	Au
	Pt
	Cu
	Ni
	Al
	Zn
	Pb
	Total





	Revenue
	US$
	219,346
	101,948
	47,972
	17,691
	11,767
	13,421
	4627
	929
	403
	137
	418,240
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Table 11. Generated WMP for different countries for 2020.






Table 11. Generated WMP for different countries for 2020.





	Country
	Estimated WMP

(Million Units)
	Amount of WMP

(per Capita)
	Amount of WMP

15–64 Ages (per Capita)
	References





	Czech Republic
	~3.5
	0.327
	0.510
	[26]



	China
	877
	0.609
	0.884
	[41]



	Australia
	11.14
	0.434
	0.673
	[53]



	Greece
	~2.25
	0.210
	0.328
	[63]



	India
	~180
	0.130
	0.194
	[113]



	Iran
	~75
	0.893
	1.300
	[114]



	Turkey
	9.29
	0.110
	0.164
	This study
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
108

3

>

Generated WMP (unit)
>

»

—— Estimated
—+— Forecasted

B Y RO Y

Year





media/file8.jpg
USS(millions)
w
P
©
0
»

10

 Procious Metas mCxhers
@
USS$(millions)

0

o /—/—‘/’_’
s
SEES LSS

“&\ 1& 19\ 19® x@H -.{\ '»“ﬁ 1“‘\ 4.9 1§'

——Gold ——Patadiom  ——Siver | —— Platnium

)





media/file27.png
!
S
P

—*— Estimated
—&— Forecasted
|
K

l ] | | |
o o0 w <t o
—

(Jun) dINAA Pejesauan)






media/file43.png
—&— |nterest rate 1%
—@— [nterest rate 5%
0)

SV

—¥— Present value

—<— Past value

| | |
Q.

o =) o o o o

o os) © < o~ Qn/

—

(suoliw) $sSN

Year





media/file34.jpg
Year

@

l

§
8

—e— Paladium
—e— Patinum

——Gad

or
sof

Y

~ (Suoyw) ssn

Year
(b)





media/file13.png
Tonnes (precious materials)

2.5
2
15
1
0.5
[ e ———
w@% "E& "Eﬁj "Eﬁ m@q w“‘}h"ﬁ? w“h"% w"”h’?} "Fh& w‘?‘@ m':“ﬁ"'% w‘*“-‘ﬂ"ﬂj m“ﬁp w"‘*’ﬁ:} "Fq’ﬂb S ” w“’?’q} w‘*“ré}

o (G0l ——Pglladium e Silyer s Platinum





media/file31.png
—@— Platinum

1
[f) 3¢ 0 - 0"

o - o
(sjeusjew snoroaid) sauuo |

Year





media/file39.png
— 1 Year Forecasted

—0— + 1 Year Forecasted

l
o
—

l
-—
—

o

_
L
o

-—

11.51

(Hun) 4N palelsusn)

Year





media/file12.jpg
Tonnes (precious materials)

25

15

0s

——Gold e Palladium e Silver e Platinum





media/file18.jpg
Kl
10A and Time Series (6%)

N

4 studies 2 studies
only 1 type time more than |
series method. type time series

used method used






media/file9.png
60

50

40

30

20

10

0

5 B o A O N
AT A S A P

USS(millions)

30

25

20

15

10

5

0

5 & O A O N D
SN

% 9 A O N D oA O DN D S
NN RN R G IO I AR IS G R
AT AT ADT AR AR AT ADT AR DT AST ADT A0

M Precious Metals m Others
(a)
USS(millions)

H A O NN DY O AN 0N DY 9
SRS A T R A )
PR PRSP RSP P

GOold == Palladium Silver Platinium

(b)






media/file42.jpg
USS$ (millions)

100,

—+— Present value

& Pastvalue
—e— Interest rate 1%
—e— Interest rate 5%

4
R e

Year






media/file14.jpg
UsS(millions)

%
50
p
2
: ”l
B ||II|||
S DD P> D P D S o o
SELLEL LIS LS EL L PSS
m Gold m Palladium m Cobalt mSilver m Copper

®Platinium WNickel B Aluminium mZinc miead





media/file35.png
h i did

00
1

Year

(a)

ok ok sk sk ke —k sk —k—k—k—k—k—k—k—k

090090000090

Precious Metals
—a&— Palladium
ok

SIS
\) O
DS
T T
—<— Gold
—¥— Silver
—@— Platinum

2

>

™

N
0
5k

1 1 | _
o o o o %) =} =) T
< ~ - (o & R I =)

(suoy) $sN (suoiw) $sn

Year





media/file20.jpg
Domcsic prodion | H Inpot
Net prducton ks
Mot phones n secomparied |-
[ —— H g
£ [IE———
‘% T
3 PP = reeer——
i phon b D
et ting [ e ——
Vol ehod
Logisic 1
Lopmie o Slcion oforsasing
oo g o i Macrl et
AR e
[ ——
T
bl pstimation of matria oot
g .
] i phon b
i Bl S e —

Material pies®






media/file23.png
20

]
]
1
1
]
I =
]
]
]
| _IHW
1 |nUnﬂ(
| 1%
]
]
1
1 4 W
|
1
]
]
L - 1 L ] D
™~ © Lo < ™ N A o
(] o (o] o o o o
onjeA 4do
(-]
T T T 2
4w
—
®
o
1= @
>
~
g+
~
4 W
— a0 w =t o U.U
_ﬂ.__w o o o o
o o o o





media/file5.png
35
3
2.5
2
15
1
0.5
0 I —— —
w@% "E& "Eﬁj W@ m@q w“& wh"% *‘-53% "i‘*?f‘ﬂk w‘?‘@ m':“ﬁ"'h’ w‘*“-‘ﬂ"ﬂj m“ﬁp w"‘*’ﬁ:} "Fq’ﬂb > ” w“’?’q} w‘*“ré}

Tonnes (precious materials)

o (GOl e—Palladium e Silver

s Platinum





media/file36.jpg
Generated WMP (ur

oy

FEFTEF S P

Year





media/file15.png
60

50

40

30

20

1

=

0

USS(millions)

‘55 Ny N b A D Ay q? Oy
5 ol 3 "'p "'b N
wm“m“w“mﬁ"ﬁ"f?‘w“m“w“wm
m Gold m Palladium m Cobalt W Silver m Copper
® Platinium M Nickel B Aluminium B Zinc MW Lead

& P P
A





media/file19.png
IOA and Time Series (6%)

4 studies 2 studies
only | type time more than 1
series method type time series

used method used






media/file28.jpg
o A
®

| I Gold (B Cobalt [—_JPiatinum NN Nicke! [N Zinc:
| I Paliacium [ Siver [N Copper [N Aluminium [ Lead





media/file2.jpg
Tonnes

350
300

o
200
p "
.
=l
.

08 88 s
Py

PP
FEF PP

> D
s
LSS

mGold  wPalladium mCobalt  mSiver  WPlatinum

mCopper  WNickel W Aluminium mZinc mlead





media/file32.jpg
USS (millions)

o
N S R
e PP
PSS ST S S S S
] Cobalt [ Piainum MG BRI Zinc
Silver [ Copper | Aluminium

P W SN
P P B PP
L S i






nav.xhtml


  sustainability-15-03104


  
    		
      sustainability-15-03104
    


  




  





media/file11.png
350
300
250
200
150
100

5

-

0

Tonnes

"-‘*:' N Y A LS N A
AN N I S *'b 4"
é"@ é} SEPSPEENEEN PN EINGPAGIRGPRGIN
m Gold m Palladium m Cobalt m Silver | Platinum
B Copper W Nickel B Aluminium B Zinc W | ead

Oy My e, e
L > L) >





media/file6.jpg
60
s

a

3

2

1

USS$(millions)

o &SP
PSS
wGold  mPaladium

 Platinium @ Nickel

[

mCobalt  mSilver

' Aluminium mZinc

S LPLLLLLSES

m Copper

mlead





media/file24.jpg
Generated WMP (unit)

T FFFFF IS

10

2

10°

Year

& &

P

S





media/file29.png
260
ol

300

250

2001
150
100

501

12
(0]
c
c
(o]
—

N Zinc
[ Aluminium [ Lead

[ Copper

3
x
s
z
E
=

£
g
o
T
e

Q
o

[ Gold
[N Palladium I Silver





media/file41.png
N 2G
I 3G and 4.5G

%108
11UV

80
0
0
0
0

s1aquosqgns Jo JaquinN

Year

(a)

120

1
o
o
—

1
o (=] o
«© O <

(%) @

181 S18QOSqNS

I °G [ 3G and 4.5G

(b)





media/file37.png
— 1 Year
>

% 10°

| I I 2 RQ
0 w <t o QPP

(Jun) dINM pejelaus)

10

Year





media/file10.jpg
350
300
250
200
150
100

) » il

> S
uGold

= Copper

Tonnes

PP SO PP S

&

 Palladium

 Nickel

PR

mCobalt  mSilver

= Aluminium Zinc

O D P DD
.9
EELE LS

 Platinum

mlead





media/file7.png
USS(millions)

60

50

40

30

20

10 II
S L

N DS A DN DS % N A O AN 5
N e e N O e e o Pt M o Mt
@@@@@@@@@@@@@@@@@@
m Gold m Palladium m Cobalt M Silver m Copper

W Platinium M Nickel B Aluminium M Zinc W |ead





media/file40.jpg
—c
3G o 456

H

S
@
100
&
0|
S ETEE ST LSS L
Year

G G and 456

®)





media/file33.png
60— T T T T T T T T T T T T T T T T T
50 .
2 40 .
K]
E30r ]
©*
B 20} _
10 i
0 HHHHHH] L 1 1
S P F SR ‘3 > P PP '19 9
FEFL L PP P P

[cobalt [ JPlatinum [ Nickel I Zinc
I Aluminium [ L ead

I Gold
[ Palladium [ Silver [ Copper





media/file16.jpg
USS$(millions)

FEESEFFFSFEEES ST
[

(@)
UsS(millions)

0
s
0
1
. /
s
R
SEFSESTFES LSS S LSS
G —patadum —Siver —Pltiriun

()





media/file38.jpg
Generated WMP (unit)

10

o Based
—e— 1 Year Forecasted
—¢— 1 Yoear Forccasted






media/file3.png
350
300
250
200
150
100

50

Tonnes

“«y &, A D T T T T B
N » & QS A D
é}‘? é} ﬁf f‘"ﬁ AT ADT AR AR AT AR AR AR
m Gold m Palladium m Cobalt m Silver m Platinum
B Copper W Nickel B Aluminium B Zinc M| ead

D
D

b
te
A





media/file0.png





media/file22.jpg
15

10
Year

° u:ﬂw> umu °c

15 El

10
Year

(b)

(a)





media/file17.png
USS(millions)

60

50

40

30

20

10

0

N D O DA O AN D O AN O NS S A DN S S
XD XD PPDDDPD
SRS IAS S P A PP RGP I PN IR AN R PN

MW Precious Metals m Others
(a)
USS(millions)

30
25

20

0

5 & O A O DD LA 9 NS AN O N S 9
IR S S S U P S

e (GOl == Palladium Silver Platinium

(b)






media/file4.jpg
Tonnes (precious materials)
35
3
25
2
15
1

05

) ————

o A gy

P E DD DD O DD D 7
PR
FSELELFTFLI PSP S L SES

=——Gold =—mPalladium =—mSilver = Platinum





media/file30.jpg
Tonnes (precious materials)
S

SEFLELS LSS L L LSS

Year






media/file25.png
10

%) © <t o o Qan

(Hun) N pejessuss)

Year





media/file21.png
l Domestic production

Import ‘

Mublle phones in accompanied
gage with passenger

Export ‘

| Lifespan profile*

|_.|

s
g ’ Material quantities in WMP* ‘
s
£ ¥
7]
: |
mobile phone by DD
Simple Exponential Smoothing méthod Estimation of revenue potential ‘
Holt’s Method
Logistic T
mpertz
Logarithmic Selection of forecasting P
- cchmque 0 minimize Material prices
ARIMA
’ Material quantities in WMP* ‘
¥
&0 Forecasting of Estimation of material potential |
g generated waste
§ mobile phone by
5 : ‘
S
=

i

Material prices* ‘






