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In the world of the nearest future, many chemical elements with only limited current use will 

become critical for the emerging industry. Demand for lithium, cobalt, indium, gallium, 

germanium, tellurium, rare earths and many other materials used for fabrication of electronics, 

will constantly rise.  

 “Critical materials” is the term, standing for materials which availability can limit the growth and 

effectiveness of some vital technologies. Certainly, scraps of electronic devices will in turn 

become the main sources of CMs. 

However, at the moment the issue of electronic scrap collection and effective processing remains 

unresolved even in developed countries. While big electronic appliances are mostly utilized with 

the support of extended producer responsibility legislations, small devices are still mainly disposed 

with residential waste. 

The situation could be drastically changed if private competitive small businesses were active in 

recycling of small devices. In particular, intensive involvement of SMEs is inevitably required by 

the novel “urban mining” recycling model, which is broadly discussed nowadays in relation to 

different fractions of wastes. In the “urban mining” business model, it is typically expected that 

fractions of wastes taken for recycling, can generate enough profits to support business without 

any subsidies. If these self-supporting operation modes can be achieved, it makes this model 
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particularly interesting for developing countries with their (typically) weak circular economy 

initiatives. 

This Master’s thesis is mainly devoted to unswerving the question, if private businesses, devoted 

to collection and processing of small obsolete electronic devices in Russia (and, in general, in 

developing countries), can be profitable without legislation support. Which material streams (CM, 

precious metals etc.) can generate the biggest share of profit? Which collection and transportation 

model can provide maximum efficiency? 

All these issues were analyzed on the basis of both literature data available and modelling, 

conducted in accordance with the Technical Cost Modelling approach. 

The results show that recycling of small electronic devices is sharply different from recycling of 

bulk e-wastes. High content of valuable and critical materials can potentially make this business 

extremely profitable. However, new technological and logistical approaches should be adopted in 

order to make urban mining business feasible. Especially, the issue of collection of small-scale 

electronic devices should be solved. 
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1. Introduction 

 

1.1 Background and motivation for the research 

The mankind nowadays is undergoing rapid technological development which results in the 

continuous increase of amount and diversity of resources, consumed by emerging industries. Many 

materials that had only limited use in 20-th century, become of critical significance nowadays due 

to origination and rapid evolution of breakthrough technologies. For instance, lithium batteries, 

increasingly critical for development of portable electronics, electric transportation and energy 

storage, require vast amount of lithium and cobalt. Evolving photovoltaic energy generation and 

LED lighting depends heavily on several semiconductor and doping materials, such as germanium, 

indium, gallium, tellurium, rare earths and some other components. 

A material is called critical for a certain industry if shortage of this material can limit the growth 

of the corresponding industry or encourage to change technology to a competing one, not requiring 

this critical substance. 

Luis Tercero Espinosa in [39] defines three main dimensions of material criticality: 

- The material has a significant economic importance for key industries 

- The supply of material within the EU is faced with high risks 

- There’s luck of substitutes 

There’re many materials identified as critical for different current or future industries. 

In this work, mostly materials being indispensable for electronic industry will be concerned.  

Clearly, this criticality measure is greatly affected by the model used for material consumption 

forecast and date taken for calculations. Absolute criticality levels defined by different authors 

differ distinctly.  

There’s much more consent, however, in qualitative assessment of criticality by simply listing the 

materials that already are or can soon become indispensable for a certain industry. 

Most of the materials, critical for electronic industry, and their criticality levels are provided in the 

analytical report published by Mid-Sweden University “Critical metals in high-growth 

technologies. A scenario study of equitable technology distribution in 2050” (Sofie Hjortsberg, 

[22]). 
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Table 1. Criticality levels for several materials used in EEE industry [22] 

Material Known reserves 

around 2010 (tons) 

Accumulated use 

from present until the 

scenario 2050 (ton) 

Accumulated use 

from present until the 

scenario 2050, as part 

of the known reserves 

(%) 

Dysprosium 1257990 959970 76 

Neodymium 8000000 5215020 65 

Praseodymium 2000000 1646850 82 

Terbium 300000 222490 74 

Indium 12400 384290 3100 

Tellurium 24000 1015770 4232 

Lithium 14000000 21894070 156 

 

Most of the materials called critical belong to the categories of rare and/or dissipated. Their content 

in primary ores is low and they are mined as auxiliary materials together with primary substance 

being the main value-maker which justifies mining expenses. 

Consequently, quarrying of critical materials cannot be abruptly increased to follow quick demand 

upsurge. Only holistic approach with consistent increase in extraction rates for different ores and 

sludges as well as recycling intensification can help satisfy the demand for critical materials. Thus, 

deep recycling of wastes becomes an effective way to increase overall CM extraction. 

For the purposes of this work, the list of critical materials was formed on the special basis. Not 

only criticality levels were taken into account, but also current stock prices and abundance in 

common electronic devices. The final list of materials is defined in the chapter 4.1.2. 

The emerging demand for critical materials leads to evolving of different approaches directed to 

increase the efficiency of their primary use and recycling from secondary sources (industrial 

wastes). 

The core concept related to recycling of materials from scrapped consumer devices, produced by 

mankind and accumulated mostly in and around big cities, is called “urban mining” (Krook, J. and 

Baas, L., [48]). 

The main motivation for this research was to support the development of urban mining in the light 

of critical materials recycling potential in the developing countries (mostly on the material of 

Russia). This motivation was based on clear understanding of the fact that many scraps nowadays 

are more concentrated in valuable and critical materials than primary ores. 
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Urban mining is drastically different from existing e-wastes recycling frameworks. The main 

difference is in the approach to wastes sourcing and sorting. While at the moment electronic wastes 

are typically mixed and processed as averaged bulk, urban mining concept contemplates 

separation of obsolete devices right during their collection into distinct groups of “waste ores” and 

subsequent treatment of each group in accordance with its chemical composition and value.  

Many of the critical elements could be taken out of electronic scrap. This recycling in comparably 

large scales is performed by major producers and sellers of electronic equipment. In most of the 

developed countries, producers and distributors of industrial and big household electronic devices 

are obliged to collect scrapped devices from customers providing convenient collection points. 

This policy is called extended producer responsibility (EPR) and is intended to integrate the 

environmental costs into the product price. In developed world countries, EPR policies mostly 

work quite well for improvement of obsolete industrial equipment collection and relatively 

efficient in collection of big household devices. 

Although in most developing countries EPR and other recycling-targeted legislations don’t seem 

to be effective at the moment or even don’t exist, effective expansion of such policies throughout 

the world is often considered a matter of time. All BRICS countries pay a lot of attention to making 

EPR really work. 

The situation with small-size electronic devices (SSED: mobile phones, media players, electronic 

toys, other devices up to notebook size) is much more controversial. 

Formally speaking, these devices are included in ERP policies in most developed countries along 

with other e-wastes. However, practical implementation of their proper utilization seems to be 

hardly possible. Many people ordinarily discard their small devices with residential waste and no 

practical means for revelation and prevention of this behavior exist by now except for expensive 

visual inspection by specifically assigned controllers. Although in some regions with developed 

ecological responsibility traditions (some US cities, UK, Switzerland, Germany, Sweden) in the 

nearest future these initiatives are expected to be promoted by combination of fines for placing 

electronics in the curb (New York State Disposal Ban, [16]) combined with wide educational 

campaign, for the rest of the world these measures still seem to be premature.  

The main factors complicating correct disposal of small electronics is the lack of drivers for 

utilization, combined with the complexity of utilization procedure.  If for big WEEE units in 

developed countries utilization activity is driven by big fines for incorrect disposal together with 

attractive hand-in programs, none of these factors effectively work for small gadgets.  

Thus, two general (nonalternative) strategies for improving of SSED recycling can be developed. 

First is intensification of current regulation practices with more active use of fines for incorrect 
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utilization, combined with wide elucidative campaigns.  Second is improval of WEEE (especially 

SSED) collection practices to make WEEE hand-in more convenient for public. The second 

strategy looks more realistic in developing countries with their weak legislation framework and 

low systematic influence of government on recycling issues. 

This arises one of the key issues of the current study. Can collection and recycling of SSED be 

profitable without any support from state-financed recycling programs? If yes – extraction of 

which materials will become main value-makers in private SSED recycling? 

The second question has a special significance for developing markets with their luck of effective 

regulations. Any existing processes for waste recycling are adjusted for effective extraction of 

currently most valuable components. Other components, less attractive from the financial point of 

view, often outcome the process as sludges and ashes and landfilled. At the moment, the most 

valuable components in e-wastes are precious metals and copper, while others become toxic 

chemical wastes after opening of scrap takes place. 

Thus, if private SSED recycling is promoted in a particular country, it should be a legal mechanism 

to guaranty that all critical components are recycled as well as that mayor toxic components are 

destroyed.  

Obviously, there is also an option for the government to allow for small firms only collection and 

preliminary treatment of SSED, with no final recycling, and to curry out final extraction stages in 

big state-controlled plants. However, in this case the issue of self-repayment for SSED collection 

firms becomes especially complicated because the main value-making process fall out of their 

scope. The legislation models are discussed in deep in the chapter 2.3 of the Literature review. 

Furthermore, the issues of logistics seem to be very critical. A firm dealing with these “small 

scraps” will have to establish obsolete devices collection from scratch as no effective collection 

mechanisms exist in the moment for small scrapped devices even in developed countries. 

It was therefore especially important in the course of the research to figure out if collection of 

SSED (with or without recycling included in the operational scope) can be both profitable and 

contributing to the critical materials supply. As in the real world it would compete with non-

responsible informal recycling businesses who don’t extract CMs from collected scrap, special 

attention is paid to the comparison of profitability for CM-recycling and non-recycling 

approaches. Possible state regulatory strategies for support of private small firm dealing with 

SSED are also discussed and compared.  
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1.2. Research gap, objectives and research questions 

Research gap 

Large scale electronic scrap collection for extraction of basic metals, precious metals and recycling 

of some plastics nowadays is a well-established business, operated mainly by big state-operated 

or state-supported firms. Practically no studies exist, devoted to the issue of small scale electronic 

devices and specific process patterns and business models of their recycling. Only limited number 

of publications are dedicated to studying economical expediency of critical materials extraction 

from e-wastes. 

Consequently, at the moment there is no developed business model for recycling of SSED, 

especially from the point of view of critical materials extraction. Even preliminary profitability 

assessment of of such business have not been done. Moreover, even scarce existing publications 

providing data on SSED and critical materials recycling are based on the analysis of developed 

countries practices, data and conclusions are not directly applicable to developing countries.  

 

Objectives 

The main work objective is to evaluate, if recycling of small-sized electronic devices, containing 

critical materials, can be feasible and profitable for a private business operating without relation 

to governmental recycling support programs, especially in developing countries. 

Other goals of the work include preliminary elucidation of a collection model, most effective for 

small devices acquisition for recycling, and the estimation of the level of stimulating payout which 

can be directed to stimulate the hand-in of devices. 

 

Research questions 

RQ1:  Is there any noticeable difference in composition between small-scale electronic 

devices(SSED) and general e-wastes bulk? Is this difference enough to conclude that collection 

and treatment of these devices should be managed in a special way? 

RQ2:  What is the driving power for e-wastes and, more specifically, small devices collection from 

households (legislation, financing, etc.). Are there any novel approaches to increase the collection 

rate and/or drop the costs of collection? 

RQ3:  Can collection and recycling of SSED be profitable and effective on SME level without 

producer responsibility or other forms of legislation support?  

RQ4: To which extent recycling of different materials groups (precious metals, critical materials, 

plastic, non-ferrous metals) and energy recovery from wastes can contribute to the overall 

profitability of the recycling business.  
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2. Literature review 

2.1 Review introduction 

Wastes from electric and electronic equipment (often referred to as e-wastes) is a problem of 

increasing significance as the quantity of electronic devices disposed annually is growing rapidly 

throughout the world. 

The group of wastes referred in statistical reports as e-wastes or WEEEs (waste electrical and 

electronic equipment) is very heterogeneous and can include scrapped devices ranging in size from 

big household appliances (washing machines, air conditioners, etc.) and industrial installations to 

mobile phones. For the purposes of this work the content of household medium-sized and small 

electronic devices like mobile phones, notebooks, MP3 players, etc. in the bulk e-wastes is 

critically important. However, only limited number of publications discuss proportions of different 

devices in the e-wastes (Baldé at all, [1], Florin-Constantin Mihai, [40]). Mostly the chemical 

composition is dealt with instead of operating categorical composition data. 

In the recent decades, the problem of e-wastes management has attracted increased attention. 

Vigorous discussions arisen around the issue of increasing amount of WEEEs and corresponding 

legislative, managerial and logistical changes required to cope with the problem of these wastes – 

most complex among mass-scale refuses (Baldé at all, [1]). 

Another issue, well-developed by scholars, is recycling of main valuable materials from electronic 

wastes. Processes and approaches for recovery of platinum, gold, silver, copper and other non-

ferrous metals, regeneration of monomers from plastics and reuse of ceramic fractions of wastes 

are among the most discussed (Zhang at all, [30]). 

Many publications reveal the toxicity and in-process behavior of different dangerous e-wastes 

components, with heavy metals, brominated PCB fire-retardants and polychlorinated biphenyls 

attracting the lion’s share of attention. New technological approaches for treatment of wastes 

containing these detrimental components are constantly proposed – including processes based on 

pyrolysis (R. E. Allred, L. D. Busselle, [29]) and biological leaching (Brandl, [9]). 

Surprisingly, there are very limited number of publications speculating over the topic of critical 

materials recovery from e-wastes. The issue of CMs wasted with landfilled or processed with 

residual wastes are almost shaded by the concerns regarding dissipation of precious metals and 

toxic components in the environment. 

Precisely for this reason the small number of publications found on the topic of CMs in e-wastes 

are carefully reviewed. 

This review consists of two chapters. 

https://www.intechopen.com/books/editor/e-waste-in-transition-from-pollution-to-resource
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In the first chapter, statistics regarding generation, collection and composition of e-wastes is 

provided, followed by discussion and comparison of both global and Russian legislations covering 

e-wastes issue as well as existing managerial and business approaches to e-wastes collection and 

recycling. 

The second part of the review is devoted to discussion of both traditional and novel technological 

approaches to e-wastes recycling in the context of valuable and toxic materials recovery. Special 

attention is paid to the recovery of critical materials in spite of the scarcity of publications found. 

As the region for which business potential has been studied was Russia, publications focused on 

developing countries markets and, in particular, on the situation with e-wastes in Russia and CIS, 

were preferably taken for the review. Some publications are written in Russian. 

 

2.2. E-wastes composition and generation statistics  

The report published recently by the United Nations University in cooperation with The 

International Telecommunication Union and The International Solid Wastes Association (The 

Global E-Waste Monitor 2017, [1]) provides extensive statistical data on the e-wastes quantities, 

flows and recycling rates in different countries. The amount of e-wastes generated worldwide was 

estimated as 44.7 million of tons (Mt) by 2016 with only 20% being recycled through appropriate 

channels. In the remaining 80% (35.8 Mt), 4% are thrown into residual waste and 76% are not 

documented (i.e. can be dumped, traded or recycled without any official tracking).  

Asia was the region that generated by far the largest amount of e-wastes – 18.2 Mt, followed by 

Europe (12.3 Mt), the Americas (11.3 Mt), Africa (2.2 Mt) and Oceania (0.7 Mt). 

Generation of e-wastes calculated per inhabitant shows quite a different tendency with Oceania 

being the highest generator (17.3 kg/inhabitant annually with only 6% documented to be recycled). 

Europe is the second largest per capita e-wastes producer with 16.6 kg/inhabitant but the highest 

collection rate (35%). The Americas generate 11.6 kg/inhabitant and collect 17%. Africa generates 

only 1.9 kg/inhabitant with no data available on collection rate. 

Upon the whole, it comes clear from the report that generation and collection of e-wastes in the 

global scale lacks reliable statistical tracking. To some extent it can be the explanation for low 

recycling noticed above – in fact, only 41 countries have official e-wastes statistics. Almost all the 

countries with no available data on e-wastes do not have national legislations covering the 

collection and treatment of e-wastes or have very inefficient and nonworking regulations. Thus, 

for these countries the estimation was made on the basis of different research publications and in 

most cases, it was assumed that e-wastes are treated with general waste. This assumption operates 

on the idea that collection and recycling of electronic scraps is always driven by legislations and 
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does not take into account the sector of commercial collection of e-wastes without official tracking 

which is quite popular in many developing countries.  

In the report, Russia is included in the European data. Own Russian generation of electronic wastes 

is believed to be 1.48 Mt (Zoeteman at all, [2]), although statistics is controversial and very 

incomplete. 

One of the most critical problems of e-wastes statistics is scarcity of information about e-wastes 

specific composition. It goes without saying that the content of different valuable and critical 

materials depends drastically on the composition of scraps. Typically, it is assumed that the more 

sophisticated devices are scrapped, the higher should be the content of semiconductor materials, 

refractory oxides, rare earths, cobalt, lithium and some other CMs as well as diverse engineering 

plastics and other organic components. The expected content of ferrous alloys, copper and 

aluminum, to the contrary, is lower for more “high-tech” scraps (Widmer, [5]). 

The WEEE directive 2012/19/EU defines ten categories of electrical and electronic equipment and 

they are categorized as follows (WEEE directive EU 2012, Annex I, [3]): 

1. Large household appliances 

2. Small household appliances 

3. IT and telecommunications equipment 

4. Consumer equipment and photovoltaic panels 

5. Lighting equipment 

6. Electrical and electronic tools (with the exception of large-scale stationary industrial tools) 

7. Toys, leisure and sports equipment 

8. Medical devices (with the exception of all implanted and infected products) 

9. Monitoring and control instruments 

10. Automatic dispensers 

This classification has been taken as basic for the purposes of this work.  

Certainly, as data collected in this master’s thesis are focused on the Russian e-wastes market, it 

would have been more relevant to use Russian categorization of WEEEs. However, the Russian 

waste classifier (Federal wastes classifier, FKKO 2017, [4]) is based on the industry-specific 

classification of wastes which results in the allocation of different e-wastes in utterly unrelated 

classes of wastes. It may be effective for industry-specific regulatory activities, but for this reason, 

it can hardly be used for the purposes of WEEE market analysis. 

The Russian scope list for the Producer Responsibility regulation, defined by the Federal Law, has 

similarities with EU WEEE regulation list provided above, but some categories are completely 
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different (see chapter 2.3). It neither can be directly used for the analysis, because all classification 

in the cited publications are mostly done in accordance with EU WEEE classifier.  

Most of data describing the content of each of these categories in the e-wastes bulk are outdated. 

One of the most cited references is the work by Widmer at all., 2005, [5], with data collected in 

between 1996 – 2002. According to this work, in the EU Large household appliances make up 

42,1% of the bulk WEEE, IT and telecommunications equipment constitute 33,9%, Consumer 

equipment – 13,7%, Small household appliances – 4,7%, Electrical and electronic tools and 

Lighting both have 1,4%. All other categories have negligible shares. So, it can be concluded that 

the first 6 categories contribute for more than 97% of WEEE. 

More recent publications mostly provide e-wastes categorical distribution data based on modelling 

rather than direct measurement. 

For instance, Zoeteman at all [2] provides data based on modelling, employing product sales data 

and corresponding product lifespan information as source for e-waste composition estimation. 

This approach seems to be much more fruitful than any direct measurement, taking into account 

that composition of e-waste changes drastically with time, following the development of new 

devices generations and providing very rapid measurements data outdating.  

In contrast, modelling is based on quite reliable and easily available sales statistics as well as 

relatively easily obtainable lifespan data and individual devices chemical composition 

information. Thus, the modelling approach was taken as basis for estimations made in the current 

work. 

Different Russian web sources has been used for collecting sales statistics on electronic gadgets. 

Most of information has been taken from [16], [17], [18], [19]. 

Data regarding individual devices composition appeared to be very scarce in the literature. Only 

one publication has been identified (Axel Müller, [20]) to give exact chemical composition, 

including all critical materials, for 3 mobile phones models. 

Another useful source of data was the review published by Öko e.V.  (Matthias Buchert at all, 

[21]) on recycling of critical raw materials from waste electronic equipment. This publication 

provides data for specific scrap fractions (mixed feature phones, mixed smartphones, mixed 

notebooks) covering the content of all main metals in these scraps, although only main critical 

materials are included.  

The compositional data provided in these two publications are related to phones, smartphones and 

notebooks produced between years 2008 to 2010. No systematic reviews for newer devices 

chemistry has been found. 
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It can be assumed, however, that the difference in chemical composition between different 

generations of devices is noticeable because of gradual and sometimes even disruptive changes in 

the technology of electronic devices. 

At least one technology affecting a critical material has changed totally in the recent years. The 

scenario study performed in Mid Sweden University (Sofie Hjortsberg, [22]) outlines that the 

transition has happened from older resistive screens to modern capacitive types used in notebooks, 

smartphones and literally any device with color screen has happened. Almost all capacitive screens 

use transparent conductive indium-tin oxide film. Consequently, the consumption of indium has 

increased sharply. 

The study also ascertains that indium is one of the most criticality-challenged materials due to its 

use for modern screens and provides data for indium content in modern smartphones. In case if 

not recycled, by 2050 the accumulated demand for indium will 31 times overcome the current 

known reserves. 

 

2.3. Legislation frameworks affecting recycling 

Legislations regulating the lifecycles of electronic equipment and even basic approaches to 

regulation are utterly diverse in different parts of the globe. 

In the EU, the main document regulating WEEEs-related issues is the WEEE directive 

2012/19/EU, already mentioned above in the introduction chapter. 

The need for more complex e-wastes recycling methods in the developed countries and control 

over the export of such wastes to less developed parts of the World was recognized only by the 

end of the millennium. Switzerland has been at the forefront with Basel Convention on the Control 

of Transboundary Movement of Hazardous Wastes and their Disposal held in 1989. The WEEE 

regulation adopted at this convention is in power since 2002 and was ratified by 164 countries 

(only USA, Haiti and Afghanistan did not sign the convention) (Wildmer at all, [5]). 

Nevertheless, USA signed into law the similar EWRA directive (Electronic Wastes Recycling Act) 

in 2003 (M. Ploog, [12]). Both directives provide complex approaches to the problem of electronic 

wastes, covering programs for collection of retarded electronics from customers, limiting the toxic 

components content in household electronics, increasing the use of recyclable materials, boosting 

efficiency of e-scrap processing and many other related issues (Zhang at all, [15]. 

The state of California has adopted AB2901 bill on mobile phones recycling – but it only mandates 

collection infrastructure development for obsolete cell phones and has no targets for neither 

recycling or reuse (Geyer, R., Doctori Blass, V., [32]). 
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The quotes for recycling and recovery set by all these legislations can be fulfilled only in case if 

plastic and ceramic fractions of PCB boards are included in recovery (Ching-Hwa Lee at all, [6]). 

This creates the powerful driving force for development of deep recycling technologies. 

In the absence of strong legislation, profitability is currently the main driver of recycling activities 

throughout the world (Geyer, R., Doctori Blass, V., [32]). 

In Russia the regulation of WEEE disposal and recycling is weak, although some efforts to 

improve the situation have recently been undertaken. 

Russia is not a member of the EU and therefore is not obliged to transpose the requirements of the 

EU WEEE directive or other related EU directive. 

However, Russia has implemented the WEEE legislations that are similar to some extent to the 

EU WEEE regulations. 

Currently, the main act regulating the field is the amendment to the 1998 “Federal Law on Waste 

from Production and Consumption” (Federal Law №49FZ). The amendment entered into force in 

2015 (EC4P company materials, [43]). 

The law and its amendment regulate waste management in general, no specific legislations 

affecting WEEE exist (Sadhan Kumar Ghosh, [42]). 

However, the need for having specific regulations for WEEE management is recognized. 

On the platform of the Chamber of Commerce and Industry of the Russian Federation (CCI of 

Russia) and CCI of Moscow, WEEE Recyclers Association was established with the support of 

the UNIDO (United Nations Industrial Development Organization) Centre for International 

Industrial Cooperation in the Russian Federation. 

On 1 September 2011, the Ministry of Natural Recourses created the order number 721, which 

directs, that all entities should maintain a record of WEEE, generated and transferred to the 

disposal organizations. 

The Federal Law places collection and recycling obligations on importers and producers of certain 

products. 

The list of goods regulated under this law is defined by the scope list, constituted by 36 groups, 

10 of which belong to WEEE. 

The list of groups is given below, numbers in brackets correspond to the national ОК 034-2014 

economic activity coding system. 

(No 24) Computers and peripherals 

(No 25) Communications equipment 

(No 26) Consumer electronics 

(No 27) Optical devices and photographic equipment 
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(No 30) Electric lighting equipment 

(No 31) Household electric devices 

(No 32) Non-electric household devices 

(No 33) Power-assisted hand tools 

(No 34) Industrial refrigeration and ventilation equipment 

(No 35) General purpose machinery and equipment, not included in other categories 

As it can be seen, no direct overlapping with the EU WEEE regulation scope list takes place. 

There are mandatory collection rates applicable to each of the category. These rates are defined 

by the Federal Law and set (renewed) every 3 years. 

To meet these obligations, producers and importers of EEE must follow on of the 4 ways: 

- Establish their own infrastructure for wastes management 

- Form collective organizations with the same functions 

- Contract regional operators 

- Pay the environmental fee 

As the fee is set in accordance with real average prices for collection and utilization of wastes, it 

practically doesn’t have a punishment function. Paying the environmental fee may be the most 

financially attractive option for many of the affected organization. 

All the legislations affecting the collection and recycling of WEEE affect organizations. 

No personal responsibility for incorrect disposal is set for individuals (Sadhan Kumar Ghosh, 

[42]). 

 

2.4 E-wastes collection, logistics and supply chain 

The issue of WEEE collection and logistics to the recycling plants attracts a lot of attention. 

The most comprehensive analysis of transportation costs has been performed in the work [33] 

(Moussiopoulus at all) for the Hellenic waste management system. 

The main aim of the study was to analyze the reverse logistics scheme adopted in Greece from the 

point of view of it’s ability to predict the optimal facility locations for WEEE collection. 

The structure of collection points graph has been analyzed and optimized before the collection and 

logistics scheme was created. The work discloses logics and the mathematical model used for this 

analysis.  

Among the conclusions of the study is the statement that expenses, related to collection and 

logistics of WEEE, contribute very significantly to the overall costs of recycling.  

The issue of e-waste handling system organization has been studied in the work [44] (Mr. T. 

Udhayakumar, 2017). 



20 
 

The reverse supply chain approach as well as Lean and Agile frameworks have been used in the 

work for identification of the optimal recycling system structure. 

The key outcome of the work is the conclusion that product return in the key characteristics 

defining the effectiveness of reverse logistics scheme. All the primary efforts should be directed 

to the hand-in stimulation. 

A lot of work is done in the field of mathematical modelling of reverse logistic systems. 

One of these works, Shih, L.-H. [45] describes reverse logistics system planning for the case of 

Taiwan. 

It has been determined in the work that (in the particular case which was studied) it was 

economically suitable to reduce the number of collection facilities and processing plants – i.e. to 

operate with less and bigger agents than with bigger number of smaller ones. 

One of the most sophisticated mathematical modeling framework has been developed by Anna 

Nagurney and Fuminori Toyasaki [46]. It takes into account various decision-makers associated 

with the demand markets for distinct products. Network optimization is built in the assumption of 

equilibrium in the system. Different equilibrium patterns have been identified. 

Some good reviews are available in the field – for instance, Kang, H.-Y., Schoenung, J.M.( [13]) 

compile data on the US infrastructural and technological approaches to recycling, the same 

perform Lee, J., Song, H.T. and Yoo, J.-M. [14] for South Korea. 

 

2.5. Processes used for recycling of e-wastes 

2.5.1 Current state of e-wastes handling and processing 

Electronic wastes (e-wastes) are among the most complex types of refuses in terms of recycling 

and reclaiming valuable materials. They contain many types of plastic, metals, ceramics, fiberglass 

and other refractory oxides with relatively small amounts of precious and/or critical elements 

(Baldé at all, [1]). 

As to date, the recycling process usually starts from manual disassembling of scrap devices with 

separation of cases and dismantling of electronic components with high content of precious metals. 

As for detached components, there are well developed recycling techniques with high level of 

valuable materials isolation. Mainly, chemical and electrochemical leaching is used. The recycling 

of electronic components is quite profitable with precious metals takeover generating the main 

profit (L. D. Busselle at all, [7]). 

It should be supposed, however, that the role of these manual separation approaches is continually 

decreasing due to constant diminution of electronic components sizes. Most of the literature 

sources describing manual dismantling of components as main industrial pathway were published 
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in between 1990 and 2010. It can be assumed that production date of corresponding scrapped 

devices is before 2005. 

Thus, it can be expected that with nowadays widely used Surface Mounting Technology (SMD) 

approach, the role of manual dismantling has drastically diminished but this fact was not reflected 

in the literature up to date due to lagging. The content of precious metals in the electronic 

components also tends to descend over time contributing to fading of manual dismantling 

approach. 

Accordingly, there is a reason to expect that manual dismantling of individual components will 

soon have to be replaced by processing of e-wastes in bulk. However, withdrawal of batteries, big 

capacitors and some other components that should undergo separate recycling will remain actual 

at least because it is stated by current standards (Lee at all, 2004, [6]). 

The issue of remaining bulk waste, containing mainly PCB boards and screens with parts of plastic 

and metal housings, appears to be even more complex. The content of high-margin valuable 

materials like platinum, gold and silver in these leftovers is relatively low which makes their 

recycling hardly sensible economically. 

In the same time, the environmental effect of these scraps can be detrimental due to high 

concentrations of lead and other heavy metals (from soldering allows), beryllium, brominated 

organic substances used as antipyretic impregnates (Lee at all, 2004, [6]) and other toxic 

compounds. Brominated compounds (mainly represented by tetrabromo-bisfpenol A) are not only 

toxic themselves but generate extremely dangerous polybrominated dibenzo-dioxins and dibenzo-

furans during subsequent wastes incineration). 

At the moment, the e-wastes from relatively new equipment (and with correspondingly low 

content of precious metals) or remains after manual dismantling of valuable components from 

PCB boards of older devices, typically are dealt with by processes based on incineration. 

Processing usually starts from grinding, followed by magnetic separation of iron and eddy current 

separation of non-ferrous metals. The remaining mixture of plastic and ceramics is incinerated; 

non-combustible components are landfilled. Sometimes, chemical or hydrometallurgical leaching 

for extraction of remaining non-ferrous metals is used. No processes for extraction of rare earths 

or semiconductor critical materials are used in wide scale (Bussele at all, [7]). 

 In developing countries, the situation is even worse, retarded household electronics is often 

landfilled without any processing or informal recycling with chemical leaching of precious metals 

with subsequent landfilling of remaining parts takes place (Balde at all, 2017, [1]). 

This leads not only to wasting of valuable materials, but also to the environment pollution with 

toxic products of scraps natural decomposition and occupation of large plots of land for landfills.  
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Although significant improvement has been achieved in managing the collection of end of life 

electronic appliances and making the electronic parts less environmentally dangerous, the process 

of scraps treatment did not improve much in the last decade. 

 

2.5.2 New processes currently in development and/or in piloting stage 

At the moment several approaches to development of effective recycling processes have been 

tested and some of these novel developments are already in the stage of piloting or even small-

scale industrial application. The processes believed to be better alternatives for the existing 

approach, can be divided into 3 main groups – hydrometallurgical, pyrolytic and based on 

biological leaching. 

L.D. Busselle at all. [7] describes the novel conversion process developed by Adherent 

technologies. This process starts from catalytic thermal decomposition of raw electronic scrap. As 

a result of heating in the absence of air with the addition of non-disclosed catalyzer, decomposition 

of polymers takes place. Finally, the mixture of liquid organic products is obtained. 

The mixture has complex composition. Depending on the content of different basic polymers, in 

can contain phenol, toluene, ethylbenzene, triphenilphosphate and other components. 

The complex composition of wastes seems to be quite a general problem, causing uncertainty 

about the composition of recycling products not only in the case of thermal processes.  

Brodersen at all [8] point out special attention on the fact that one of the strongest obstacles on the 

way to effective recycling of end-of-life electronics is the lack of chemical composition data in 

regards to the collected scrap. 

Most approaches to solving this problem are based on increasing selectivity of separation or 

extraction. 

Within the classical recycling framework, mechanical separation selectivity increase is often 

targeted. 

Many articles are devoted to the issue of shape recognition in separation and mechanical separation 

of grinded scrap to different fractions with the common goal to achieve fractions enriched with 

specific materials (Zhang at all, [10], [11]). 

Another intensively discussed option is the use of biological processes – selective and not 

requiring aggressive chemicals. 

For instance, Brandl at all [9] describes the process of microbiological leaching of valuable metals 

from electronic scrap. 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.L.D.%20Busselle.QT.&newsearch=true
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2.5.3. Summary of technologies used for e-wastes treatment 

As it comes obvious from the literature studied, the technologies for treatment of e-wastes can be 

clearly split into three main categories. 

The first category represents mechanical-physical separation technologies used for bulk wastes 

treatment and directed to separation of scrap and extraction of valuable components without 

chemical modification, as well as preparation of scrap for further treatment (Zhang at all, [30]). 

This group of methods includes manual, automated, magnetic separation, manual dismantling of 

valuable components, crushing, grinding, etc. and is further called mechanical-physical separation 

and abbreviated as MFS in this work. 

Some fractions obtained in the course of MFS, don’t belong to e-wastes and are further treated in 

conventional ways typical for their nature. For instance, ferrous parts like computer cases boxes, 

etc. are considered as ferrous scrap and directly sent to recasting. Dismantled magnets, powerful 

transistors and some other parts are directed to reuse, but not recycling – i.e. dismantled and 

installed in new devices in unchanged form (Zhang at all, [30]). 

 

The main MFS approaches include the following (L. D. Busselle at all, [7]): 

- Manual dismantling 

Although an extremely effective approach for the treatment of some waste fractions (for instance, 

PCB wastes), manual dismantling has very limited use for recycling of small end-of-life devices 

due to small size of components making detachment hardly possible. 

- Crushing and grinding 

Widely used as preliminary stage forestalling literally any treatment. However, cannot be used as 

separation method independently. 

- Magnetic separation of ferrous metals 

An effective technique used for magnetic detachment of parts, containing ferrous alloys and 

magnetic materials. Used after crashing or grinding. 

- Eddy-current separation of non-ferrous metals 

After ferrous metals have been removed out of the disintegrated scrap, Eddy current separation is 

used to sort out non-ferrous metals. 

To conclude, it can be stated that MFS is not effective for extraction of most high-value precious 

and critical materials from e-wastes (Zhang at all, [30]). Nowadays MFS techniques are mostly 

used as preliminary treatment followed by more sophisticated separation techniques. 



24 
 

  It is also essential that, although most of treatment sequences at the moment require the use of  

MFS, some approaches to recycling allow direct one-stage treatment of scrap to get valuable 

components without any preliminary stages (L. D. Busselle at all, [7]). 

 

The second category includes treatment approaches developed for deep chemical or thermal 

decomposition of e-wastes with unleashing of main valuable components in raw form. It will be 

further referred as opening treatment. The methods belonging to this category are generally the 

same as used for primary ores opening and include metallurgical, hydrometallurgical, chemical, 

electrochemical and currently investigated biochemical ways to open/leach the “secondary ores” 

represented by e-wastes fractions. 

 

- In case of incineration approach, pretreated e-waste is directly burned in the blast furnace. As 

ferrous materials are usually separated magnetically in the precedent MFS stage, the incineration 

residue mainly contains copper (70 – 85%) (Zhang at all, [30]). Copper can be subsequently 

refined, while all minor components following copper are usually lost during the refinery stage as 

tailings. All organic materials are usually burned off and can provide value only as energy source 

(Diaz at all, [29]). 

- In traditional hydrometallurgical processes, pretreated wastes are dissolved in some leaching 

liquid (subcritical of supercritical water, acids, cyanide solution, etc.) to provide metal salts or 

complexes solution. After leaching, basic metals are typically refined using chemical or 

electrochemical techniques (Watling at all, [31]). 

The fate of plastic fraction depends on the main technology chosen for preliminary and basic 

treatment. As the value of plastics in most fractions of e-wastes is not very noticeable in 

comparison with metals, overall technology is typically not optimized to increase plastic recovery. 

Plastics can be either discarded for landfilling, incinerated or decomposed to form monomers. 

When chemical leaching is used, plastics mostly remain in unchanged form and subsequently 

landfilled or burnt. In case of metallurgical approach or supercritical water hydrometallurgical 

treatment, plastics not separated in the preliminary stage undergo incineration (Bussele at all, [7]).  

The only treatment technology found to transform plastics into monomers to be further used is the 

Adherent technologies process (Bussele at all, [7]), although the real value of monomers mixtures 

obtained is questionable due to its complex and unstable composition. 

The variety of chemistries is used for hydrometallurgical opening, from classical cyanide leaching 

to different newly developed approaches utilizing chlorine/chloride solutions, ammonia and other 

lixiviants (Zhang at all, [30]). 
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- When electrochemical approach is used, valuable materials are extracted by leaching, the same 

way as in hydrometallurgical approaches. However, in case of electrochemical methods, the 

driving force for dissolution comes from electric power (anode potential) applied to the wastes. 

Subsequent recovery of dissolved metals in the solid form (reduction) is also often performed by 

means of electrochemical (refining) processes. 

- Biological extraction includes bioleaching and biosorption of valuable materials. Bioleaching is 

dissolution of valuable components in the liquor caused by action of bacteria. Biosorption is 

sorption of dissolved components by bacterial biomass.  

Although bio-based approaches attract a lot of attention in the recent years, no commercially 

available technologies based on these methods are available at the moment (Balde at all, 2017, 

[1]).  

The Table 2 qualitatively summarizes the main characteristics of methods used for opening on the 

basis of literature analyzed [10], [11], [30], [7], [31]. 

 

Table 2. Metal recovery potential for different opening methods. 

Method Recovery potential for different categories of valuable 

components of e-wastes 

Base metals Plastics Precious 

metals  

Critical 

materials 

Incineration High Not recovered Low Low 

Hydrometallurgy High High* High** High** 

Electrochemical 

extraction 

High High* High** High** 

Biological 

leaching and 

sorption 

High High* Average Vary*** 

 

 *  High potential for recovery of plastic because plastic parts remain unchanged after the 

treatment. However, the recovery itself requires the use of additional steps (separation, pyrolysis, 

etc.) 

** In case if treatment conditions are specifically adjusted for high recovery 

** The ability of biological methods to extract different critical materials is drastically affected by 

the conditions and biosystem used. 
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The third group represents methods used for obtaining individual materials from alloys or 

solutions, obtained in the previous (opening) stage. In the current work this group of methods is 

further called Refining, Separation and Purification (RSP) methods. 

In modern recycling schemes, many RSP methods can be used sequentially or in parallel. 

For this reason, evaluation of method effectiveness from the point of view of critical and valuable 

metals extraction cab be performed only if the whole methods sequence is taken into account.  

RSP is the most diverse and most sophisticated group of methods. The list below represents only 

the main methods belonging to the group. 

-  Metallurgical refining and reduction 

Includes different techniques based on melting of raw material (iron, copper, zinc etc.) in the 

presence of different active substances (oxygen, hydrogen, coal, fluxes, etc.) in order to obtain 

main material in the metallic form and leave impurities in sludge. 

Metallurgical refining is not an efficient method of minor metals extraction since most of minor 

valuable and critical materials remain in sludge which requires addition treatment for their 

extraction. In case if these components become alloyed with the main metal, they are practically 

lost (Watling at all, [31]). 

Thus, in effective treatment directed to deep critical materials recycling, metallurgical refinery 

should be used only for raw allows containing only one valuable metal or in case if extraction of 

minor valuable impurities from sludge is technically and economically sensible. 

- Electrochemical refining 

Widely used process for obtaining pure copper, nickel, zinc and some other non-ferrous metals. 

CM and valuable metals (especially precious) are mostly accumulated in the sludge. As sludges 

from electrochemical refinery are very reach in minor components, electrochemical refining can 

be classified as an appropriate method to be used in modern effective recycling sequences. 

 

2.6 Review summary 

It follows clearly from the literature studied that the topic of WEEE recycling attracts a lot of 

scholar’s attention and is deeply studied from both technical and business/legislational/managerial 

points of view. Many studies are devoted to the problem of complex logistics of e-wastes 

collection and sorting, known to create different bottlenecks in the value chain of WEEE recycling. 

Another well discovered topic is the effect of different legislation activities on the scale and 

effectiveness of national e-wastes recycling as well as intensity of scrap sales for recycling in 

developing countries. 
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Almost all the business and legislations studies discuss e-wastes as bulk mass. In rare cases when 

content of individual devices in the scrap is analyzed, only big devices are taken for consideration. 

WEEE sized in the range of mobile phones and even notebooks are believed by most of scholars 

to be mostly utilized with conventional wastes even in developed countries. 

From the process point of view, lot of attention is paid to materials that can be recovered from 

WEEE and possible improvements in the recycling technology aimed to minimize ecological 

consequences caused by recycling and to increase yields of certain materials. Most of these 

publications are focused on precious metals, steel, non-ferrous metals, plastics and other main 

value-makers. Critical materials are almost ignored in studies. 

This to great extent proves the research gap outlined. Study of WEEE recycling in the context of 

critical materials recuperation seems to be novel with only limited number of pre-published works. 

It is especially interesting to focus on small devices as source scrap due to small number of 

publication covering them and relatively high content of valuable components in SSED. 

It can be summarized that the literature studied gives excellent confirmation to the idea that small 

scrapped electronic devices can be an excellent source of critical materials and that business, based 

on recycling valuables from these items, is novel and can feel the existing gap in the recycling 

activities. 
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3. Methodology 

3.1 Theoretical and conceptual framework 

As the research is based on the combination of quantitative and qualitative approaches, the 

framework used includes both theories and quantitative analysis instruments (Fig. 1). 

 

 
Fig. 1 Graphical representation of the theoretical and conceptual framework used 

 

 

One of the main theories of the framework is Cost management theory (CMT). The most essential 

part of the feasibility analysis considers costs which recycling of industrial and domestic e-wastes 

could include. One of the most important questions to be answered is “Whether profits from selling 

recovered critical materials will exceed costs of their recycling and other related activities?” The 

issue of costs is especially sophisticated in case of critical materials because any considerable 

amounts of CMs provided for the global market can drastically decrease the cost of the 

corresponding CM asset. Thus, cost management model should include not just current and past 

stock price data, but also well-grounded assumptions for criticality levels, supply shortage risks 

and demand elasticity, allowing to assume future price levels for certain critical elements. 

 

Cost 

management 

theory  

 

 

Technical cost 

modelling  

 

Supply chain 

theory 

 

Critical 

materials 

concept 
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The second is Supply chain theory (SCT) related to the holistic control of all business operations 

involved in transformation from obsolete devices to the mass of collected and separated e-wastes 

and, further, to individual saleable components and funds streams from their sales (chain of value 

creation). Both complex logistics of e-waste collection from individual customers and 

sophisticated optimization of recovered critical materials sales on their extremely volatile market 

are covered by the supply chain theory. 

In addition to theories, the framework includes conceptual definitions. The key concept of our 

framework is the Concept of critical materials. 

The materials called critical are those chemical elements required for global scale engineering and 

limited in amount in the Earth's crust. Shortage in these materials can limit the growth of some 

technologies or result in switching to other technological approaches which don’t require CMs. 

Different mathematical approaches for describing non-stable dynamics with bifurcation point 

should be used for grounding of decisions in the market of critical materials. The key concept used 

to structure up the analysis and calculations logics was the Technical cost modelling approach 

(TCM). 

This approach is developed to model the costs of different technical systems on the basis of known 

data and rational assumptions about their technical parameters. Consequently, the TCM concept 

brings the link between the design and technology, proposed for collection and recycling of 

WEEE, and capital and operational costs involved.  
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3.2 General research design 

Although the scenario analysis for potential collection and recycling business revenues has been 

performed on the basis of the model, built within the scope of the present work, it was evident 

from the first steps of the research that the potential revenue is at least positive due to the fact of 

large scale profitable recycling business existence.  However, difficulties with collection and 

logistics of end-of-life devices could easily result in negative overall effectiveness of a real 

business if not mitigated correctly. 

Certainly, in the developing countries the most powerful driver for increasing the collection rate 

for SSED is financial stimulation for those who hand obsolete devices in. 

Accordingly, one of the main objectives of the research was to determine, what maximum pay-out 

could be made to the benefit of surrenders of different devices to promote collection.  

Other questions included the most effective design of the collection and logistics scheme, best 

technology selection, CM market volatility management etc. Some of these issues can be examined 

on the basis of stringent economical and logistics theories, some can be studied at the moment 

only by using non-quantitative analysis tools. 

Therefore, two main research strategies (quantitative and qualitative) are present in the work. 

Qualitative approach is used for mainly for the analysis of criticality within the critical materials 

concept – although some numerical criticality levels have been taken into account, final decision 

about inclusion of a material into the scope of the current analysis have been made on the basis of 

different factors, including recovery potential and estimation of future demand. 

Quantitative strategy is mainly represented by Technical cost modelling framework and Cost 

management theory and Net present value calculations as a part of cost management approach. 

Identifying the potential profits achievable for different e-wastes and different approaches to 

collection and recycling is quite essential – it allows to perform pre-selection of most effective 

business strategies for subsequent deep business model analysis.  

Profitability calculations were mostly based on data, obtained from the literature studied, together 

with some assumptions. The overall logics of the calculations is based on the Technical cost 

modelling approach. 

In accordance with this approach, the following sequence was used: 

- On the basis of available data and basic assumptions, the rough model has been built 

- The rough model has been tested against different input variables to understand sensitivity 

of model to them. The variables, weakly affecting the model, have been left without more precise 

definition.  
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- Variables with strong influence on the results have been specified more accurately on the 

basis of additional literature studies. If no exact data for strongly influencing variables were 

available, scenario studies approach have been used. 

The data have been collected from the following sources: 

- The estimation of profitability for small scrap collection businesses is based on several 

data sets: 

- The available statistics about the amount of e-wastes generated annually in Russia in 

different categories. 

- Data published in respect to the content of different valuable and critical components in 

various waste categories. 

- Open data on the effectiveness, recovery rates and costs for different scrap treatment 

technologies. 

- Estimation of costs incurred in collection, transportation and storage of wastes (comparison 

of different collection strategies) based on punished economic and logistical data. 

Data for the model (transportation and storage costs, salaries, etc.) were taken from open sources. 

- Stock exchange data covering the prices of different valuable components that can be 

extracted from the wastes. 

- Own observations about the service time for service machines, taken as prototype (service 

kiosks). 

 

3.3. Definition of the research scope and underlying assumptions 

The first and foremost question preceding the step of data collection was to define which groups 

of devices to consider as potential recourse ground for SSED waste collection. 

Two lists of devices (SSED list and extended list) has been built in accordance with the following 

guidelines: 

- Firstly, the sales statistics in Russia has been studied. Devices ranged in the size from 

feature phone to notebook have been included in the preliminary SSED list. 

- The primary point of use for devices has been analyzed. After the exclusion of items, rarely 

used at home, the final list of core SSED has been identified. 

It includes feature phones, smartphones, tablet PCs and notebooks. 

- Bigger devices, actively used at home, has been added to the core SSED list to for the 

extended list of electronic devices, required for case analysis. 
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- Routers, electronic toys, LED lamps and other minor devices have not been included in the 

main value makers list due to combinations of low critical and precious metals content and low 

overall mass of these devices. It is, however, taken into account that these devices will be disposed 

with main value-makers and «dilute» in respect to metals content the composed wastes. This 

dilution is taken into account by means of inclusion of mixed e-wastes data in the scenarios 

calculations. 

- Small TVs and desktop computer monitors have been included in the extended SSED list. 

These devices constitute relatively high proportion of the SSED kept at homes and this share 

cannot be considered to shrink in the nearest future. Precious and critical materials content in these 

devices is very high (comparable with one in notebooks, except for rare earths). 

On the other hand, it can be expected that these devices will be increasingly collected from homes 

if producer responsibility programs develop. This makes there future availability for private 

collectors uncertain and substantiates inclusion of this group of devices in the extended, but not 

the core list. 

 

3.4. Data collection methodology 

The answer to the question if a private business dealing with SSED recycling can be sustainably 

profitable can be decomposed into several independent data sourcing and analysis steps. 

Methodology for research includes passing these steps one by one with subsequent synthesis of 

obtained data in the financial model. 

The logics of each step is taken from different theories constituting the theoretical and conceptual 

framework. Questions answered within each step (as well as their mother theories/concepts) relate 

to utterly different knowledge areas and, taken concerted, make up the deployment of the synthetic 

“Criticality to business” metatheoretical framework described above. 

The steps for data collection have utter relation with research questions formulated. Although, in 

contrast with generalized RQs, operational questions answered in each step are directed to 

revealing exact numerical data for building the model. 

Here is the full list of data collection (pre-model) steps performed: 

1. Analysis of diversity of devices mostly accumulated in households and/or habitually 

disposed with residential wastes. Basically, the list of devices is obtained from analysis of 

household electronics market reports and determination of most popular devices. It is assumed 

that devices are discarded in the same proportion as they are purchased by households.  Selection 

of the final devices for the core SSED list is performed by means of exclusion of devices, too big 

for the hand-in box collection model or too poor in critical/precious materials content. Bigger 
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devices, containing noticeable amounts of valuable and critical materials and available as home 

scrap, are included in the extended SSED list. The exact selection criteria are given in the chapter 

3.5. 

2. Analysis of published data on chemical composition of individual devices and e-wastes in 

order to calculate the content of base metals, precious metals, critical materials, plastics and other 

valuable components in SSED for the specific fraction which is expected to be collected. 

3. Determination of available inventories of SSED in households from published reports 

covering sales of each device category in Russia.  

4. Collection of data for market prices for all valuable and critical material components from 

open stock exchange web resources. Data include current price (averaged for 2017) and price 

variations within 10 years. Variations used for model sensitivity analysis. 

5. Collection of data in regards to collection, processing and recycling costs and 

material/energy recycling rates for selected e-wastes category for different recycling technologies 

from literature resources.  

 

3.5 Approach to model build 

3.5.1 Model initial parameters   

As soon as all the 5 information collection steps have been finalized, the financial model 

describing potential recycling business was built with sequential refinement. 

The conditions are constituted by 3 parameter types: 

- Invariables 

The parameters defined during data mining steps 1 to 5 that are fixed within the scope of the model 

– i.e. scrap inventories, recycling costs for different technologies, transportation costs etc. 

- Uncontrolled variables 

Parameters that affect greatly the financial results of recycling business but cannot be predicted or 

controlled. All critical materials market prices belong to this group. It is well known that due to 

inherent nature of criticality, critical materials market price can fluctuate wildly with only limited 

potential to be predicted. 

In the model analysis, CM prices are dealt in scenario manner. Lowest and highest expected future 

price averaged for different scrap composition give “most pessimistic” and “most optimistic” 

extreme cases on the axis of CM price. It is assumed in the model that the most probable average 

price is the current one. Probabilities of different CM price scenarios are not analyzed within the 

scope of the present work. 
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- Controllable variables 

The most valuable group of parameters for scenario building. 

Controllable variables are ones which can be controlled by choosing different initial conditions in 

the business model. 

This group includes, for instance, recycling costs (can be controlled by technology choice), 

collection and transportation costs (control by choosing a logistics model) and cost of money 

(control by choosing a financing method). 

However, one of the most powerful controllable parameter is rather serendipitous. 

It was found during the model building stage that profitability is most noticeably affected by the 

collection orifice size of a hand-in box. 

This orifice serves as filter, allowing to change the variety of collected devices from smartphones 

only up to desktop cases and even TVs. Certainly, amount and chemical composition of scrap 

collected in these 2 extreme cases differs sharply and drastically affects profitability calculations. 

 

3.5.2 Scenarios  

As the main objective of the current work is to compare profitability of traditional recycling 

(without critical materials extraction) with sophisticated recycling allowing to gain all the valuable 

components, two basic recycling scenarios has been introduced. All final model scenarios are 

based on these two. 

The classical recycling basic scenario process sequence is based on the literature analysis and 

represents the most typical process chain of traditional recycling of small electronic devices: 

 

- Collection of WEEE. 

- Reverse logistics of WEEE to the points of recycling. 

- Manual or semi-automated sorting and dismantling of lithium batteries and other parts 

requiring separate recycling, outselling the dismantled parts (mostly lithium batteries) for specific 

recycling. 

- Crushing or grinding of remaining bulk of the e-wastes. 

- Electrochemical or chemical treatment for leaching of precious metals and copper. 

- Incineration or/and landfilling of the remaining wastes. In case of incineration, plastic 

fraction of wastes gives benefit as energy, in case of landfilling energy benefit is lost. 
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The basic scenario for deep recycling is based on the following steps: 

- Collection of WEEE 

- Reverse logistics of WEEE to the points of recycling 

- Manual or semi-automated sorting and dismantling of lithium batteries and other parts 

requiring separate recycling and outselling the dismantled parts (mostly lithium batteries) for 

specific recycling. This step can be skipped in some new recycling approaches. 

- Hydrometallurgical or combined thermal/hydrometallurgical opening aiming to transform 

plastic fractions into mixture of monomers or oxidize. All other valuable components are leached 

to the solution or become part of sludge/sediment  

- Sophisticated refinery and chemical separation of different valuable and critical materials. 

Electrochemical methods, membrane separation, liquid extraction and many other approaches can 

be used in order to obtain all the materials in the chemical form of market demand. 

 

For the purpose of modelling in the current study it was assumed that all the valuable and critical 

materials can be extracted with decent extraction rates (at least 80%) in the nearest future, even if 

currently existing extraction methods have substantially lower efficiency. 

The step of manual or semi-automatic sorting is not inevitable in a modern recycling process. 

There are approaches (for instance, direct dissolution is supercritical water) which are based on 

full decomposition of wastes with extraction of all the valuable materials into the solution and, if 

followed by effective separation, can deal with any bulk wastes without pre-sorting. 

 The same applies to the step of preliminary mechanical treatment (crushing, grinding, etc.) – most 

of modern recycling process sequences (including supercritical water, Adherent technologies 

process [29] and some others) don’t require any size diminution steps. 
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The process chains for traditional and deep treatment basic scenarios are visualized in the Scheme 

1. 

Scheme 1. Process chain sequences for 2 basic scenarios. 
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4. Numerical data collection and model build. 

 

4.1. Collection of data on SSED available inventories and composition 

4.1.1. Inventories 

According to the WEEE categorization, most of small-sized electronic devices are included in the 

category of IT and telecommunications equipment which according to Zoeteman [2] and Widmer 

[5] should constitute for Russia roughly 1,48Mtx33,9% = 0,5 Mt annually. 

Certainly, this amount cannot be considered as available for recycling for a private SSED 

collection business. It follows obviously that the mass share of small electronic devices purchased 

by individual customers is relatively low as there are many big-sized devices in the category and 

as most of the IT and telecommunication equipment is consumed by firms. 

The easiest way to figure this share out is to appeal to the data of annual sales of all the most 

popular devices constituting SSED waste and to estimate the share of overall sales given by 

households. As no reliable market data on the share of individual consumption is available, this 

variable is taken as uncontrolled and is introduced in the Collection rate variable in the model 

built. 

In order to translate annual sales data into actual mass of subsequently generated scrap, average 

devices weights are required. 

Data on weights have been taken from Russian national online shop aggregator – Yandex market. 

For each category, three most popular devices from different producers and with different screen 

sizes have been taken from the popularity ranking list. The popularity ranking represents devices 

released in 2016 and 2017. The list of all the “canonic’ devices, sampled for averaging, are 

represented in the Table 3. 

 

Table 3 (Yandex market aggregator data). 

Smartphones      Screen size, inch   

Apple iPhone 7 256GB     0.138 4.7  

Lenovo Vibe K5 Plus     0.142 5.0  

Samsung Galaxy A7 (2017)    0.186 5.7  

     Average 0.2   

         

         

Feature phones        

Nokia 3310 Dual Sim (2017)    0.08 2.4  

Philips Xenium E570    0.156 2.8  

LG G360      0.125 3.0  
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     Average 0.1   

     

 

 

    

         

Tablets      Weight, kg Screen size, inch  

Apple iPad 32Gb Wi-Fi    0.469 9.7  

Samsung Galaxy Tab A 10.1 SM-T585 16Gb  0.525 10.1  

Lenovo Tab 4 TB-X304L 16Gb   0.505 10.1  

     Average 0.5   

         

         

Notebooks        

Apple MacBook Pro 13 with Retina display Mid 2017  1.37 13  

Lenovo THINKPAD X1 Carbon Ultrabook (5th Gen)  1.39 14  

DELL INSPIRON 5567     2.3 15.6  

     Average 1.7   

         

         

Desktops         

Lenovo V520s-08IKL SFF 10NM004VRU   4.75   

HP 260-a162ur     4.4   

ASUS K31AM-J-RU004T 90PD01A1-M01220   8.8   

     Average 6.0   

         

       Screen size, inch/  

Monitors       Dimensions, mm  

LG 25UM58     4.0 25.0/609x383x188  

BenQ ZOWIE XL2411     5.9 24.0/670x431x222  

LG 29UM69G     5.5 29.0/703х415х167  

     Average 5.1   

         

TVs         

Samsung UE22H5600     3.6 22.0/520x324x52  

Samsung T24E310EX     3.6 24.0/561x340x52  

LG 28LH451U     4.3  28/642x396x58  

     Average 3.8   

         

         

MF and inkjets Type       

Epson L805 Inkjet    6 537x187x289  
Canon PIXMA iP2840 Inkjet    2.3 426x134x235  
Canon PIXMA MG3640 MF    5.4 449x152x304  
HP DeskJet 2130 MF    3.4 425x149x304  

     Average 4.275    

 

https://market.yandex.ru/product/13579255?nid=54539
https://market.yandex.ru/product/1723530881?nid=54539
https://market.yandex.ru/product/13444336?show-uid=179483830601873455216001&nid=54546&glfilter=4914079%3A12110465&glfilter=4981542%3A12110510&context=search
https://market.yandex.ru/product/10721544?nid=54546
https://market.yandex.ru/product/12900311?nid=54546
https://market.yandex.ru/product/12827650?nid=54546
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Although masses of three individual devices studied in [20] are given in the article as well as 

“average smartphone” and “average notebook” masses in [22], average sampled category device 

masses have been used for calculations instead of given. The reason for this change is to use 

standard average mass which is typical for modern devices instead of (random) value 

characterizing the sample. 

Table 4. Annual sales of SSED in Russia ([17], [18], [19], [24], [25], [26], [27]). 

Device 

category 

(subcategory) 

Annual 

sales in 

Russia in 

2014-

2016, 

millions 

of ton 

Average 

weight of a 

device 

unit, 

estimation 

Annual 

weight 

sold, ton 

Estimated 

percent of 

sales to 

private 

households 

Annual 

weight sold 

to 

households, 

ton 

Smartphones 19.4 0.16 3014 90% 2713 

Feature phones 6.5 0.12 782 90% 704 

Tablets 7.4 0.50 3697 80% 2958 

Notebooks 3.2 1.69 5397 60% 3238 

Inkjet printers 

and 

multifunctional 

devices (inkjet 

printer + 

scanner) 

Estimated 

as 40% 

from 0.98 

= 0.39 

4.30 1686 90% 1517 

Desktop 

computers 
9.2 5.98 55016 50% 27508 

Desktop 

computer 

monitors 

2.3 5.1 11730 50% 5865 

Small TVs 

(smaller than 

30’) 

Estimated 

as 30% 

from 5.1 

million = 

1.5 million 

3.8 5700 90% 5130 

LED lamps 123.7 0.008 990 50% 495 

 

Total sales in all listed categories is 88000 ton or 17.6% of 500000 tonn estimated to represent the 

IT and telecommunications equipment category in Russia by Zoeteman [2] and Widmer [5]. 

The first 4 categories of devices (feature phones, smartphones, tablets, notebooks) represent the 

core believed in this study to be the main targets for recycling and main profit-makers. This group 

is inevitably diluted by devices having very limited recycling value but being within the target size 

range and therefore expected to be disposed together with core categories. 
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 The remaining categories include inkjet printers and multifunctional devices, small TVs, desktop 

computer and desktop computer displays. These devices are noticeably bigger in size than core 

categories which allows to cut them off easily in case if there recycling does not increase profits. 

The content of these devices is easily regulated by the “collection box orifice width” parameter 

and thus their possible mix in is considered through scenarios approach. 

Unfortunately, all sales data are given in bulk, without differentiation between sales to private 

customers (households) and sales to firms. 

The percentages of sales to private customers are therefore assumptions. It was assumed that for 

smartphones, feature phones, inkjet printers/inkjet multifunctional devices and small TVs the 

share of sales to private people is very high (90%) as these devices are mostly designed for private 

use and rarely used by businesses (even corporative smartphones in Russia are rare). 

For tablets 80% of private use and 20% of corporative have been assumed due to the fact that 

tablets are relatively often used as interface devices (interactive menu in restaurants, etc.). 

Notebooks are often purchased by firms, only 60% in private use is assumed. 

Desktop computers nowadays are mostly by companies, but old ones often stored in households. 

50% assumed for both computers (cases) and monitors. 

The same assumption is made for LED lamps. 

Figure 2 visually represents shares of different devices in the overall sales in Russia. 

 

Fig 2. Shares of different devices in the overall Russian sales 
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4.1.2 Composition of e-wastes 

Although comprehensive statistics on the amount and composition of different e-wastes categories 

has been published, direct use of these data for the purposes of SSED recycling market analysis is 

hardly possible. As devices constituting the e-wastes are quite heterogeneous, average wastes 

composition should not be expected to represent the composition of SSED fraction of wastes. 

Accordingly, only publications providing data for chemical composition of individual devices can 

be used for valuable materials content estimation.  

A lot of data is published regarding the content of main valuable components (common metals and 

plastics) in different gadgets. 

The Table 5 below is an extraction from Oguchi at all ([28], Table 1). 

Table 5. Content of base materials in different devices [28] 

Device 

group 

Number of 

data 

Weight fraction of materials, % 

Ferrous 

material 

Aluminum 

material 

Copper 

cable and 

material 

Plastic PCB 

Mobile 

phone 

19 0.8 - 0.3 37.6 30.3 

Notebook 2 19.5 2.4 1.0 25.8 13.7 

LCD TV 5 43 3.8 0.8 31.8 11.6 

Desktop PC 6 47.2 - 0.9 2.8 9.4 

Printer 6 35.5 0.2 3.2 45.8 7.4 

 

Small TVs and desktop computer monitors are believed to have the same composition for the 

purpose of this study. It can be soundly assumed that all the precious and critical materials are 

contained in PCBs and (in case of LCD displays and TVs) in the screens (indium).  

The content of precious and critical materials in PCBs of devices is rendered from the same 

publication ([28], table 2), except for indium. Indium content is recalculated from [21], table 4 in 

the assumption of average screen size for desktop computer monitors 26’, 1867 cm2 (for small 

TVs 24.7’, 1685cm2, for notebooks 14.2’, 557 cm2). Screen dimensional ratio assumed to be 16/9 

for all gadgets. Averages were taken from Yandex market sampled devices. 
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Table 6. Content of some valuable materials in devices PCBs ([28, 21]). 

Device Number 

of data 

Content of precious and critical materials in PCBs, mg/kg 

Ag Au Pd Co Ga Ta In 

Mobile 

phone 

19 3800 1500 300 280 140 2600 - 

Notebook 2 1100 630 200 80 10 5800 39 

LCD TV 1 600 200 - - - - 118 

LCD 

monitor 

- 600 200 - - - - 131 

Desktop PC 8 570 240 150 48 11 7 - 

Printer 2 70 38 21 39 3 - - 

 

On the basis of the previous two tables, it can be easily calculated the content of named precious 

and critical materials in average individual devices. “Mobile phone” weight is taken as average 

between smartphone and feature phone, 0.14 kg. 

 Table 7. Calculated content of some valuable materials in individual devices ([28], [21]). 

Device 
Content of precious and some critical materials in devices, mg 

Ag Au Pd Co Ga Ta In 

Mobile phone 161.196 63.63 12.726 11.8776 5.9388 110.292 - 

Notebook 254.683 145.864 46.306 18.5224 2.3153 1342.874 39 

LCD TV 267.264 89.088 - - - - 118 

LCD monitor 357.048 119.016 - - - - 131 

Desktop PC 320.408 134.909 84.318 26.9818 6.18332 3.93484 - 

Printer 22.1704 12.0354 6.65112 12.3521 0.95016 - - 

 

It can be clearly seen that mobile phones, notebooks and other small gadgets with high PCB and 

screen parts content are much more concentrated in both precious and critical metals than bigger 

devices like printers. Subsequently, e-wastes in bulk should contain considerably less precious and 

critical materials than SSED fraction. 

The tables above provide enough information for rough estimation of scrap value for relatively 

big devices like TVs and desktop computers.  
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Although, as SSED are in the main focus of the present work, detailed recycling value analysis 

should be undertaken. Hence, the information in the tables above is not sufficient, data covering 

more critical materials are required. 

Unfortunately, publications containing detailed composition data for mobile phone and computer 

scrap are extremely unique. Only one publication found [20] to give detailed chemical composition 

of individual devices (two feature phones and one smartphone). As all data are provided 

individually for phones and batteries, they were summarized with consideration of weight 

proportions. Report [22] provides information on averaged compositions of a “typical” 

smartphone and notebook computer. 

Data from these two publications has been taken as basis for calculations. Some figures missing 

in these main sources (for instance, copper content in a typical notebook computer) has been taken 

from [23] (Christian Hagelüken, Matthias Buchert). No publications were found on the content of 

individual tablets or stratified tablets scrap. However, from the system design point of view, tablets 

are practically identical to smartphones, but can be expected to have proportionally less 

endowment of PCB and screen components to the total mass simply because the mass of PCB and 

screen increases with device size as square while total mass of the device goes up following the 

cubical law. On the other hand, most notebooks in contrast with tablet PCs contain hard drive – 

which means have noticeably higher content of dysprosium, praseodymium and neodymium (used 

in hard drive magnets) (Sofie Hjortsberg, [22]). 

  Therefore, tablets composition has been taken as average of a typical smartphone and typical 

notebook specific compositions except for Dy, Pr, Nd content. Content of these 3 elements was 

estimated as mass proportion from smartphones data. There’s an obvious discrepancy in the data: 

marketing information as well as weights are taken for the devices, released in 2016 – 2017. In the 

same time, chemical composition data refer to the devices put on the market in 2008 – 2010. 

However, the difference in content of valuable materials between devices generation can be 

much less substantial that it is often assumed. Rapid development of processors and memory 

doesn’t affect seriously the metal chemistry of PCB – mainly because metals such as copper, 

silver, palladium, gold, platinum, tantalum are used in connectors, soldering alloys, capacitors – 

i.e. in macro components that undergo much slower change than key elements. 

The only noticeable difference to be expected from 2010 is rapid increase in indium use due to 

wide expansion of capacitive displays utilizing indium-tin-oxide as conductive film. The data 

for indium content in the mixed SSED can be therefore understated. This apprehension is taken 

into account in the model sensitivity analysis.  



44 
 

Table 8. Summary of devices composition in each category (published and estimated data 

merged). [20], [22], [23]. 

Device/mixed 

scrap name 

and type 

Nokia 

5130, 

feature 

phone 

Sony E. 

W595, 

feature 

phone 

Nokia 5230, 

smartphone 

Tablets 

(averaged) 

Average 

LED laptop 

Year of 

release 
2008 2008 2009 - 2010 

Device 

weight, g 
88 104 115 500 1680 

Ag 40.216 83.096 171.350 437.976 440.000 

Au 9.544 22.438 35.114 91.215 100.000 

Pd 2.095* 2.476* 2.738* 11.905 40.000 

Pt 0.210* 0.248* 0.274* 1.190 4.000 

Cu 14392.400 14600.000 24699.200 128098.675 500000.000** 

Zn 200.200 97.540 2554.360 13247.803 51709.367 

Li 601.700 121.502 614.239 2474.756 7657.131 

Co 5293.640 998.832 5214.164 21007.758 65000.000 

Ni 746.680 1658.920 2983.320 12019.734 37190.200 

Dy 10.322 16.509 7.890 34.305 60.000 

Gd 6.855 8.970 3.643 8.032 0.750 

Ho 1.175 1.181 0.539 2.345 7.880 

La 0.942 1.878 2.099 9.125 30.661 

Nd 245.938 249.592 111.265 483.759 2100.000 

Pr 58.714 63.281 29.828 129.687 270.000 

Sc 0.693 0.899 1.395 6.065 20.379 

Y 0.843 2.047 1.597 3.709 1.600 

Ga 2.990 4.318 3.135 7.054 1.600 

Ge 8.939 6.116 2.632 11.443 38.449 

In 1.089 8.951 4.475 15.680 40.000 

Ta 18.801 52.876 28.058 313.973 1700.000 

Data source  [20], *[22]  [20], *[22]  [20], *[22] [22, 23] [22, 23] 
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4.2 Recycling costs and valuable materials extraction rates for different alternative 

approaches to recycling 

As it was already stated, 2 main basic scenarios of recycling exist – conventional treatment, 

targeted to extract only main valuable components and deep recycling, allowing to abstract all the 

valuable and critical materials and recuperate as much energy as possible.  

For the conventional recycling basic scenario, an extensive work had been done by researchers to 

identify costs of collection, management and recycling in different countries. As these costs refer 

to already existing collection systems and processing plants, it can be believed that data provided 

in literature are reliable. For this reason, for the conventional recycling scenario, estimations for 

each step has been taken from literature, no own estimations have been done. However, the data 

have been updated using actual content of valuable materials in modern devices and actual deflated 

currency values. 

For the basic scenario of deep recycling, only some data have been taken directly from literature. 

Others are the result of modelling, based on the framework and initial assumptions described above 

and literature raw data.  

 

4.2.1. Conventional recycling scenario 

As the existing system for recycling WEEE is mostly focused on relatively big devices such as 

desktop PCs, TV sets, monitors, etc., the structure of costs is obviously different from the cost 

structure anticipated for the case of deep recycling due to different material composition and 

logistic patterns typical for SSED and typical mixed WEEE, correspondingly. 

Overall recycling costs provided in literature sources are fluctuating wildly for different e-wastes 

sources and different countries. Moreover, there’s no agreement among researchers about the 

canonic structure of recycling-related costs which results in the fact that costs breakdown in 

different literature sources is different. In addition to these difficulties, the costs are often provided 

in local currencies and for different years. 

In order to make data comparable, cost have been recalculated into current (2017) USD values. 

Prices in local currencies were converted into USD prices using the average annual exchange rate 

from the Federal Reserve Bank of New York. 

 GDP deflator of US bureau of economic analysis has been used to recalculate historical dollar 

values into 2017 dollar. Historical currency rate and GDP deflator coefficient is indicated for each 

data set. 
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4.2.1.1 Reverse logistics 

The costs of reverse logistics are composed by three parts: return incentive, collection and 

shipping, inspection and sorting. 

Li, J. at all. [34] provide the costs of collection for personal computers and TV sets scrap (without 

any breakdown into price components) in China is indicated as 65 RMB (Chinese yuan) and 80 

RMB per unit, respectively. As it follows from the article, collection includes all costs required 

for operating reverse logistics, i.e. is equivalent to the total costs calculated in the previous 

example. 

Data seem to be actual for 2013-2014. Historical conversion rate RMB/USD was 6.1 for 2014. 

 GDP deflator coefficient between these years is 1.04. 

Results are provided in the Table 9. 

Table 9. Costs of collection ([34]). Average device weights are 5.98 and 3.84 kg, respectively. 

Collection costs China, RMB, 2014 The same costs in 

2017 USD 

2017 USD costs per 

1 kg 

Personal computers 65 11.1 1.9 

TV sets (both flat screen 

and CRT) 

80 13.6 3.5 

 

Another approach to estimation of overall collection prices is to consider disposition fees paid by 

manufacturers and importers. Figures presented by Sinha-Khetriwal at all. [35] show that expenses 

related to collection and management of e-wastes represent approximately 34% of the total amount 

paid as disposition fees in Switzerland.   

Shih, L.-H. [45] indicate these disposition fees for computers and monitors in Taiwan. 

If the same ratio remains true, in should be concluded that collection costs in Taiwan are in the 

same range to Chinese expenses directed to e-wastes collection and management. 
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Table 10. Disposition fees paid by importers and manufacturers in Taiwan and 

corresponding collection costs estimated (based on Shih, L.-H. [45] data). Average device 

weights are 5.98, 3.84 and 5.13 kg, respectively. 

Disposition fees Taiwan, TWD, 

1999 

The same fees in 

2017 USD 

2017 USD fees 

per 1 kg 

Collection 

cost per kilo 

estimated as 

34% of 

disposition 

fees 

Personal computers 370 16.4 2.7 0.9 

TVs 420 18.6 4.8 1.6 

Monitors 400 17.8 3.5 1.2 

 

Historical exchange rate for 1999 TWD/USD 32.2, GDP deflator coefficient 1999 – 2017 1.43. 

 

As it comes obviously from two datasets provided, the costs for collection of mobile phones in US 

are incomparably higher than prices typical for Asian countries.  

 

4.2.1.2. Processing plant capital investments 

Data provided by Li, J. at all.  in [34] cover capital investments needed to set up plants of different 

capacity for traditional WEEE processing in China. Investments required for building plants of the 

same capacity have been identified with the use of 2014 RMB to USD exchange rate (6.1), GDP 

deflator coefficient and Russia/China set-up price coefficient 1.8 reflecting the difference between 

average processing plant equipment and set-up costs in China and Russia. 

The set-up coefficient is estimated to be 1.8 on the following assumptions: 

- Heavy equipment is produced in China. Heavy equipment costs constitute 40% of the 

overall set up and are 40% higher in Russia than in China due to importation expenses. 

- Control systems and fine treatment equipment is produced in Europe, constitutes 10% of 

the final costs and is 200% more expensive 

- Projecting and labor costs have a 30% share in the project and are 30% more expensive 

(on the basis on average salary difference) 

- Land costs have 10% and are 70% more 

- Unpredictable costs constitute 10% of the budget with 300% difference (due to extremely 

high political risks)   
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Set-up coeff. = 1.4*0.4 + 3.0*0.1 + 1.3*0.3 + 1.7*0.1 + 4.0*0.1 = 1.8. 

 

Table 11. Investment and stuff data for Chinese WEEE treatment plants 

(data from [34], Li, J. at all). 

Plant  Investment 

2014, 

million 

RMB 

Capacity, 

units per 

year 

Share of 

TV sets, 

% 

Number of 

employees 

Projected 

investments 

for the same 

plant in 

Russia, 2017, 

USD 

Investment 

in Russia 

per 1 kg of 

annual 

capacity, 

USD 

A 60 1043118 89 150 19.4 4.9 

B 5 132875 100 80 1.6 3.2 

C 80 1011803 86.9 184 26.0 6.7 

D 146 1189045 92.1 335 47.4 10.4 

 

As the last enterprise (D) is characterized by outstandingly high capital investment requirements, 

it has been excluded from averaging. Average capital investments needed in 2017 for treatment of 

1 kg of typical WEEE (represented in [34] by TV-set) has been estimated to be (4.9 + 3.2 + 6.7) = 

4.9 USD per 1 kg of wastes. 

 

4.2.1.3. Processing costs 

As the costs of processing differ sharply depending on the nature of e-waste, it is assumed for the 

estimation of the basic model costs that e-wastes collected for traditional recycling include mainly 

big devices (desktop computers, monitors, TV sets). 

Processing costs have been rendered on the basis of publications [32,33,34]. 

Geyer, R. and Blass. D. [32] provide the costs of recycling mobile phones as 0.18 2006 USD per 

phone in USA in 2006 and 0.36 2006 USD per phone in 2003 in UK. GDP deflator coefficient 

2006-2017 is 1.2, so current costs are 0.22 and 0.43 USD, or 1.35 and 2.7 USD per 1 kilo of scrap, 

respectively. 

Data revealing the recycling costs is Asia are sharply different. 

Li, J. at all in [34] calculate the treatment for 4 treatment plants by means of financial modelling 

on the basis of known labor, energy and material costs incurred in the treatment process. 
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The treatment processes for all Chinese treatment plants described in [34] do not include critical 

materials recycling and focused on dismantling of valuable components as well as basic metals 

and precious metals recycling, I.e. ideally represents a typical recycling process.  

In [34] (Li, J. at all) costs estimations are made for TV sets, mostly processed by all the 4 plants. 

Treatment costs projected to 2017 USD are given in the table. Only 3 plants (A,B,C) are 

represented because plant D has been thrown out of analysis in the capital investments analysis 

step.  

Historical conversion rate RMB/USD was 6.1 for 2014. 

GDP deflator coefficient between these years is 1.04. 

1TV weight is assumed to be 3.84 kg (general assumption used for all calculations). 

Costs of treatment for Chinese plants described in [34] are summarized in the Table 12. 

Table 12 (data from [34], Li, J. at all). 

Plant  Cost of TV set 

treatment, RMB 2014 

Cost of TV set 

treatment, USD 2017 

Cost of treatment per 1 kilo of 

TV set scrap, USD 2017 

A 51.7 8.8 2.3 

B 118.4 20.2 5.3 

C 135.7 23.1 6.0 

 

Average cost of treatment is 4.5 2017 USD per 1 kg of TV scrap. 

4.2.1.4. Discounted cash flow modelling of a WEEE collection and treatment enterprise, 

operating in accordance with classical logistical and processing approach. 

The calculation is performed in the assumption that Russian collection and operation costs are 

between the costs typical for developed (US, GB) and developing countries (China, Tavian). 

Simple averaging has been used for calculations. 

Capital investments have been estimated on the basis of Chinese costs (Table 11) with the cost 

coefficients applied. 

Final data taken for calculations: 

- Collection costs: average between mean Taiwanese and mean US costs for collection:  

((1.9 + 3.5)/2 + (0.9 + 1.6 + 1.2)/3)/2 = 1.97 USD per 1 kg or 1970 USD per ton. 

- Treatment costs: average between USA, UK and Chinese costs, i.e. (1.35 + 2.7 + 4.5)*1000/3 = 

2850 USD per ton. 

- Capital investment in an average recycling plant: 4.9 USD per 1 kg of e-wastes or 4900 USD per 

1 ton or 15.7 million USD for an average plant. 
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- Treatment capacity of an average plant: 729265 units per year (average between A, B and С 

plants) from the Table [11] or 2800 ton per year if 1 device (TV set) weight is 3.84 kg. 

- Amount of e-wastes generated annually: 1.48 mt (Zoeteman at all). 

- Number of recycling plants required to treat this amount: 529. 

- Discount rate (r) – 8.5% have been taken for calculations with the reasoning that big state-

supported projects can usually get funding at rates, only slightly higher than the Central bank 

refinancing rate, which was 7.5% in Russia for 2017 [47]. 

It is assumed that all the funding for the project is provided by bank financing, i.e. no own capital 

discounting takes place and WACC is equal to discount rate. 

- Revenues achievable during traditional recycling have been estimated in the assumption that 

valuable components extracted during recycling include copper, aluminum, silver, gold. 

Data on average mixed scrap composition are taken from Oguchi et all [28]. Average content was 

calculated on the basis of TV sets composition because according to [33] big Chinese recycling 

factories deal with the scrap containing mostly TV sets. 

Ag – 69.5 g/ton, Au – 23.2 g/ton, Cu – 8000 g/ton, Al – 38000 g/ton. 

Market prices were 0.58 USD/g for Ag, 43.3 USD/g for Au, 0.0083 USD/g for Cu, 0.0021 USD/g 

for Al. 

Recycled costs per 1 ton of scrap have been estimated as (69.5*0.58 + 23.2*43.3 + 8000*0.0083 

+ 38000*0.0021)*0.8, where 0.8 is the recycling efficiency for each metal. 

The calculated value is 1111 USD per ton with gold contributing 90% of the value. 

For the reason that precious metals have the lion’s share in the recycled value, no significant 

changes in this value can be made by taking into account recycling of plastics, iron and other low-

value components. 

If Pd and Pd are recycled, the recycled value can be increased by approximately 10% (if relative 

content in notebooks taken for reference, no data for TV sets have been found). 

DCF projections for a typical plant operating for 10 years in accordance with the above listed 

assumptions are provided in the table 13. 

It is easy to see that the value of recycled materials is by far not enough to cover the expenses for 

the setup of the plant and its operation. 

The gap between projected expenses and revenues is very high making it impossible for the project 

to become profitable at any reasonable variations of assumed values. 

For instance, the concentration of precious metals in the wastes would have been 4 times higher 

to make project zero-costing other factors being equal. 
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Table 13. DCF projection for classic e-waste recycling approach (no deep extraction) 

Year 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 

Capital 

investment -15.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Collection 

cost -5.5 -5.5 -5.5 -5.5 -5.5 -5.5 -5.5 -5.5 -5.5 -5.5 

Processing 

cost -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 

Recycled 

value 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 

Annual 

free 

cashflow -26.1 -10.4 -10.4 -10.4 -10.4 -10.4 -10.4 -10.4 -10.4 -10.4 

Annual 

free 

cashflow 

adjusted to 

2018 value -25.3 -8.8 -8.1 -7.5 -6.9 -6.4 -5.9 -5.4 -5.0 -4.6 

 

The total cost of the project (capital investments + yearly expenses adjusted to 2018) within 10 

years of operation will reach USD 83.8 million for an average enterprise. 

The adjusted costs of treatment for all the wastes generated in Russia (1.48 million ton per 

year) within 10 years will be 44330 million USD. 

The sensitivity of this result to the variable, found to be the most fluctuating (collection 

costs) is relatively low. 

For instance, lowering the costs of collection 10 times (to 197 USD per ton) would result in 

the 10-years project expenses of USD 51.3 million  (-39%). 

Changes of all the input variables in the reasonable ranges do not allow to make the 

classical recycling profitable.  
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4.2.2. Deep recycling scenario 

From the point of view of costs structure, deep recycling is greatly different from conventional 

process literally in all the costs categories. 

Differences in logistics come from the use of another collection model. 

Capital costs of recycling plants and operational expenses both are defined by technologies used 

and are typically much higher for deep recycling than for conventional process. 

In turn, potential revenues are also much higher due to noticeable cost recovery with critical 

materials and increased efficiency of other materials recycling. 

4.2.2.1. Reverse logistics 

Deep recycling is theoretically applicable to processing of all categories of e-wastes, including 

those collected through traditional (for instance, producer responsibility driven) recycling 

initiatives. 

However, as it was mentioned several times in the current work, typical mixed e-wastes are 

characterized by relatively low content of critical and precious materials. It can be expected, 

though, that economic perspectives of deep treatment for conventional e-wastes are far from 

optimistic. 

Whatever the reason, analysis of recycling of conventional mixed e-wastes is included in the 

current work as one of the cases (Case 1) illustrating the basic scenario of deep recycling. 

For this case, the same figures for costs of collection and transportation of scrapped devices have 

been taken, as all the logistics models are believed to be conventional. 

However, the main focus of interest within the frames of the current work is on small-scaled 

devices. 

Some reference figures for mobile phones collection costs can be found in the literature. 

For instance, the costs for mobile phone recycling in the US in 2006 taken from Geyer, R. and 

Blass D. [32] and recalculated for 2017 per 1 kg of scrap are summarized in the Table 14 below. 

Table 14. US mobile phone preliminary recycling costs (data from [32]). 

Price component On the [32] data, US, 

2006, per 1 phone in 

2006 dollars 

Per 1 kg, in 2006 

dollars (average 

phone 0.16 kg) 

Per 1 kg, in 2017 

dollars. 

Return incentive 3.0 18.8 22.6 

Collection and shipping 1.9 11.9 14.3 

Inspection and sorting 2.8 17.5 21.0 

Total 7.7 48.2 57.8 
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GDP deflator coefficient 2006-2017 is 1.2. 

It can be easily mentioned that figures (even if only collection and shipping costs fraction is taken 

into account) are many times higher than conventional mixed e-wastes recycling costs given 

above. 

However, as no data have been found for developing countries and collection model used by 

Geyer, R. and Blass D. in [32] remains undisclosed, these data can only be used for rough 

estimation. 

For more precise estimation, SSED collection model should be introduced. 

 

As it was already mentioned repeatedly, the collection model for small devices is anticipated to be 

quite different from the existing producer-responsibility driven model. 

In addition to mentioned psychological and control-related factors explaining the fact that small 

devices are currently (almost) not recycled throughout the World, an additional rationale should 

be considered. 

In the current reality of Russia, state support of circular economy and recycling initiatives is mostly 

formal and ineffective. Public opinion can sometimes drive some real changes – but at the moment 

public interests are focused on basic solid wastes recycling issues, including reduction of smell 

from waste treatment plants and fighting with huge illegal scrap-heaps surrounding Russian cities. 

Consequently, the “sophisticated” issues including e-wastes recycling could be discussed and 

officially mentioned only in distant future.  

In other words, all models dealing with prediction of WEEE recycling in Russia should be based 

on the assumption of absence of any state support. Only genuinely profitable business models can 

be considered potent in these conditions. 

4.2.2.2. Optimal collection model identification 

From the point of view of customer needs satisfaction, the collection system and machines used 

for SSED should fulfill certain requirements. The list of requirements is copied from typical 

requirements asserted in marketing to selling booths in the assumption that behavior of customers 

remains the same as in purchasing small items. 

 

- Collection points should be located in the maximum proximity to the entrances to houses 

and offices, pedestrian pass ways, at public transports stops, in shops and other places with high 

attendance rate 
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- Mechanism of device hand-over process should be as simple and time saving as possible. 

If payment for devices is given, no coins should be delivered. Ideally, money should be sent to the 

mobile phone account or smart code tickets should be issued payable at shop counter. 

- Collection machine should be as robust as possible as vandalism often takes place 

- Collection machine should be equipped with a relatively powerful computer image/density 

analysis system to minimize the risk of fake devices hand in. 

 

Practically all the features mentioned above are already typical for the existing system – the 

infrastructure of payment machines (kiosks). 

Payment kiosks are located in brisk public places, are vandal-proof and equipped with note-

detection computer system in order to prevent fake notes use. In order to minimize the need for 

coins delivery, in many kiosks small change from payments is passed to the mobile phone account.  

 

It was decided to choose the capital costs of payment kiosks installation as basis for the collection 

costs calculation for the main case of deep recycling scenario. 

Electric power consumption is assumed to be equal to the consumption of a relatively powerful 

desktop computer (600 Wt). It can be considered that device scanner consumes negligible amount 

of energy because is turned on for seconds only when a device is disposed – i.e. works in total not 

more than couple hours per day. 

Energy tariff is taken for St-Petersburg, 2017 [36], for private users (because collection kiosks will 

most likely be connected to living house electric networks) - 2.62 RUB per kWt*h (0.046 kWt*h 

at 57 RUB/1 USD). 

The collection point working 24 hours a day would consume annually 5300 kWt*h, which equals 

to annual energy costs of 244 USD per year. 

This estimation can be considered as maximum consumption value, because most probably there 

will be a potential for energy consumption reduction – for instance, by means of introducing low 

power (computer sleep) modes of operation in night time. 

If 12 hours is considered to be the most active working time, 122 USD per year will be required 

for electricity supply. 

In order to estimate the service capacity of an individual collection terminal, an experimental study 

of time, spent typically by users of payment kiosks, have been undertaken. 

For three payment kiosks belonging to different payment processing systems, user service time 

vas directly measured. Service time includes all the operations required to accomplish the work 

with the machine, counting from the moment of the first physical contact with the screen. 
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It was determined by own experiments conducted in St-Petersburg in February 2018, that 

minimum practical payment time (sum of minimum operational times) in all the kiosks is within 

the range of 20 to 36 seconds.  All the service times below minimum payment time for a certain 

kiosk type have been considered as denied operations and included as capacity losses. 

The results are summarized in the table 15 below. 

 

Table 15. Service time in seconds in 3 different payment kiosks (own experimental 

observations) 

Measurement № 

 

Payment system and its minimum practical service time 

1, 36 2, 20 3, 28 

1 110 7 160 

2 18 96 115 

3 67 75 55 

4 162 85 158 

5 180 148 63 

6 13 84 70 

7 119 83 91 

8 130 109 9 

9 178 126 168 

10 113 150 168 

Average service 

time, seconds 

109 96 106 

Average service time 

without denied 

service, seconds 

132 106 116 

Denied service time 

per 10 customers, 

seconds 

31 7 9 

Maximum capacity 

per 24 hours 

636 809 739 

 

Average maximum capacity on the results of these experiment was 728 finalized operations per 

24 hours. 

Certainly, the real load of collection point will be much lower. 
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Night time use most probably can be neglected, which results in 12/24*728 = 364 operations per 

day at 100% load during the active period (utilization rate = 1, utilization is calculated for active 

time only). 

The composition and weight of collected e-wastes depends drastically on the type and size of 

devices taken for hand-in. 

Size of collected devices can easily be controlled: it is defined by inlet orifice of the collection 

machine. It can be adjusted in the range of sizes from mobile phones only to all devices collection 

ranged in size up to medium-size TVs. 

Table 16. Collection scenarios based on input orifice size variations 

Collection 

parameters 

Orifice size limitation (3 collection scenarios) 

Scenario 1: 

400x100 

Scenario 2: 

600x250 

Scenario 3: 

800x400 

Annual 

collection base, 

millions of 

WEEE 

devices** 

36.5 40.3 49.0 

Annual 

collection base, 

ton 

10100 21100 50125 

Collection 

kiosks required, 

** 

183 202 246 

Collection kiosk 

daily storage 

maximum 

capacity, kg 

151 286 559 

 

* LED lamps are not included in the devices number counting as it is expected that lamps will be 

disposed only along with other devices and no separate operational time will be required. 

** In the assumption of each machine load of 364 operations per day and 1.5 device on average 

disposed per operation. 
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4.2.2.3. Capital investments required 

The cost of a payment kiosk with installation in 2017 was about 60000 RUB, or about 1000 USD 

(Yandex advertising search results). 

As the projected collection machine should use more sophisticated and non-standard image 

scanner and should include relatively big vandal-proof collection chamber, the estimated basic 

capital costs (with installation) have been assumed to be 2000 USD for Scenario 1, 2500 USD for 

Scenario 2 and 3000 USD for the Scenario 3. 

Capital costs of utilization and collection are equal to collection kiosks capital costs with 

installation. All transportation costs are included in operational expenses as transportation tracks 

are used as external service and paid by order. 

Capital costs can be easily calculated for all assumed utilization rates. Utilization rates will affect 

capital costs greatly, because decreasing average utilization two times means 2 times more 

collection kiosks required for collection of the same weight of e-wastes. 

Every kiosk has a limited lifespan. For the capital investment calculations, the lifespan is assumed 

to be 10 years. 

The formula used for the calculation of annual capital costs per 1 ton of e-wastes: 

𝐶. 𝑐𝑜𝑠𝑡𝑠 =  
𝑁.𝑘𝑖𝑜𝑠𝑘𝑠∗𝐾𝑃

𝑌𝐼𝑂∗𝐴𝐶𝐵∗𝑈𝑅
, 

 

where N.kiosks -  minimum number of kiosks required for a certain scenario at 12 hours operation 

and 100% utilization during day time, KP – kiosk price (scenario-specific), YIO – years in 

operation for a kiosk, UR – utilization rate. 
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Table 17. Capital investments costs for different utilization rates, annual USD per ton of 

WEEE: 

Utilization rate Capital costs for 3 collection scenarios 

Scenario 1: 

400x100 

One kiosk cost is 

2000 USD 

Scenario 2: 

600x250 

One kiosk cost is 2500 

USD 

Scenario 3: 

800x400 

One kiosk cost is 3000 

USD 

0.1 36.3 19.2 9.8 

0.2 18.1 9.6 4.9 

0.3 12.1 6.4 3.3 

0.5 7.3 3.8 2.0 

0.7 5.2 2.7 1.4 

1.0 3.6 1.9 1.0 

 

4.2.2.4. Operational costs 

The most undefined variable in the calculations provided above is the utilization of collection 

machines. Although negligible utilization during night operations have already been taken into 

account, daily load can also vary depending on the installation place and other factors. It can be 

assumed, however, that non-use periods during day time will not decrease energy consumption 

because the central computer will not switch to the power saving mode in active hours. 

On the other hand, for machines working with decreased utilization, less frequent unloading 

service is required.  In the table blow, operational cost of 1 tone collection with collection kiosks 

for different daily utilization rates and in the assumption that active collection time is 12 hours 

have been calculated. 

Other assumptions introduced in the model: 

- 1.5 devices on average are disposed per one kiosk operation 

- Transportation is performed with the most typical Russian small track: Gasel. Weight of 

wastes transported per one wastes windthrown is thus limited to 2 ton. 

- All the recycling centers are located in the maximum distance of 100 km from collection 

kiosks with the average distance of 30 km. Distances of 15-20km from city center are typical for 

existing waste processing plants around St-Petersburg and Moscow. Maximum distance of 100 

km is typical for most populated satellite cities around mentioned big centers. 
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- Cost of Gasel track run of 30km in St-Petersburg is 13.4 USD [37], including the salary of 

driver who also performs waste container unloading. 

- There is a fixed annual maintenance cost for a kiosk of 100 USD. 

The formula used for cost calculation: 

 

𝑂. 𝑐𝑜𝑠𝑡𝑠 =  
𝑁.𝑘𝑖𝑜𝑠𝑘𝑠∗𝐴𝐸𝐶

𝐴𝐶𝐵∗𝑈𝑅
+  

𝑇𝐶𝑃𝑅

𝑊𝑇𝑃𝑂
+

𝑆𝐶𝑃𝐾∗𝑁.𝑘𝑖𝑜𝑠𝑘𝑠

𝐴𝐶𝐵∗𝑈𝑅
 , 

where O.costs – operational (collection and transportation) costs, N.kiosks – minimum number of 

kiosks required for a certain scenario at 12 hours operation and 100% utilization during day time, 

UR – utilization rate,  AEC – annual electricity cost per kiosk at 12 hours operation and 100% 

utilization during day time, ACB – annual collection base for a certain scenario, UR – utilization 

rate, TCPR – transportation cost per one run, WTPO – weight transported by track per once, SCPK 

– annual service cost per kiosk. 

AEC was previously calculated to be 112 USD, WTPO for Gasel track is 2 tons, SCPK was 

basically estimated to be 100 USD. 

Sensitivity of model to all the assumed values can be easily obtained from the calculations: 

- Model is moderately sensitive to electricity costs. When annual cost of electricity increases 

from 122 USD per kiosk to 224 USD (100% more), O.costs for scenario 1 at 0.1% UR (the most 

expensive sub-scenario) goes up from 47 USD in the basic scenario to 69.1 USD (+ 47%). 

- Model is moderately sensitive to fixed annual costs of kiosks service. Increasing this cost 

from 100 USD to 200 USD drives the o.costs in the Scenario 1 at 0.1% UR to 65.1 USD (+ 39%). 

- The high sensitivity of model to utilization rates is complicated by high uncertainty of UR. 

Real UR of collection kiosks for many installation places can be far below 0.5 and even as low as 

0.1.  
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Table 18. Operational costs for different utilization rates for 3 basic collection scenarios, 

annual USD per ton of e-wastes (model calculations results):  

Utilization 

rate 

Operational costs per 1 ton for different collection strategies and 

utilization rates 

1 

 

2 3 

0.1 47.0 28.0 17.6 

0.2 26.8 17.3 12.1 

0.3 20.1 13.8 10.3 

0.5 14.8 11.0 8.9 

0.7 12.5 9.7 8.3 

1.0 10.7 8.8 7.8 

 

 

4.2.2.5. Total collection and transportation costs 

The total costs value (T.costs) per 1 year of system operation per one ton of collected wastes has 

been calculated by simply summarizing annual capital and operational costs per 1 ton of WEEE. 

 

Table 19. Total annual costs per 1 ton of WEEE, USD (model calculation results). 

  

Utilization 

rate 

Total collection and transportation costs per 1 ton for different 

collection strategies and utilization rates 

1 

 

2 3 

0.1 246.4 133.4 71.5 

0.2 126.6 70.0 39.1 

0.3 86.6 48.9 28.3 

0.5 54.6 32.0 19.7 

0.7 40.9 24.8 16.0 

1.0 30.7 19.4 13.2 
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Figure 3 illustrates the dependence of C.costs on UR for all 3 scenarios. 

  

 

The main outcome of collection and transportation costs modelling is the conclusion that 

collection cost, calculated on the basis of Russian labor costs and some reasonable assumptions, 

seem to be much lower than costs calculated from the Li, J. at all. [34] data and other 

publications. 

Calculated from [34] data, price for personal computers and flat TVs collection and 

transportation to the recycling point was 1.9 and 3.5 USD per 1 kg of device weight, 

respectively. 

The highest price received from own modelling (at 0.1 UR for 1-st scenario) was 83.2 USD per 

1 ton, or 0.083 USD per 1 kg – more than 1 order lower. If the 3-rd scenario (more appropriate 

for big devices) is taken for comparison, 2 orders difference can be stated. 

Total costs sensitivity analysis provides values of estimated parameters, at which comparable 

with [34] total costs can be achieved. 

For example, at utilization rate of 0.01 and annual service cost per kiosk of 1000 USD, T.costs 

for scenarios 1,2,3 are 2404, 1274 and 655 USD per ton, respectively. 
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Although these values are in the same order of magnitude with [34], UR and SCPK assumed 

values, required for achieving these total costs, seem to be far from reasonable levels. 

The comparison becomes even more indicative, if Geyer, R. and Blass.D. [32] data for mobile 

phones recycling costs (collection and shipping costs fraction) are taken as reference. 

14.2 USD per 1 kg of WEEE scrap cannot be obtained in the provided kiosks-based collection 

model at any sensible assumptions on controlling parameters. 

Consequently, it can be concluded that the discussed collection and logistics model, based 

on automatic collection kiosks operation and logistics to the local (city-level) processing 

centers, characterized by ultra-low modeled total costs of implementation and use. 

Any reasonable changes of model controlling parameters don’t affect this conclusion. 

 

4.2.2.6. Extraction rates for valuable and critical materials in deep recycling 

Extraction rates can fluctuate wildly depending on the material and recycling technology used. 

The recycling rates for some currently used and potential technologies are summarized in the Table 

20 below (data rendered from Diaz at all and Zhang at all. [29], [30]). 

 

Table 20. Extraction rates (%) for different valuable and critical materials with different 

extraction approaches [29], [30]. 

Techno-logy Recycling rates, % 

Cu Zn Sn Ni Ag Au Pd Rare earths Ga Ge In Ta 

Hydrometallurgy 

(packed bed 

extraction with 

Fe) 

98 97 43 55 78 55 30 - - - - - 

Electrochemical 

combined process 

95 80 45 65 21 55 30 80 - - - - 

Bio leaching and 

bio sorption 

90 90  90  69  - - - - - 

 

It can be easily mentioned that for the most typically used combined electrochemical process the 

rates of recycling for most of the elements lie in the range from 21 (Ag) to 95 (Cu) %. 

Much higher values can be achieved when some novel methods are used (for instance, 

bioleaching). 
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On the other hand, relatively low recycling rates typical for processes starting from 

electrochemical opening of wastes are to greater extent related to the electrochemical process 

(Zhang, L. and Xu, Z, [30]) which leaves many components in the sludges, not extracting them 

into solution. 

If e-wastes were treated in the industrial scale by methods, typical for laboratory use (for instance, 

full dissolution in aggressive liquid with subsequent sedimentation and/or liquid extraction of all 

the valuable elements), extraction rates typical for liquid extraction would have been achieved – 

at least 90% for most valuable metals [30]. 

As the focus of this work is business model profitability analysis, no exact technology have been 

proposed for deep recycling. 

However, as it was already mentioned, the general idea of this projected technology is full 

dissolution of e-wastes with subsequent element-specific operations with the solution targeted to 

achieving maximum possible extraction. 

For this reason, the extraction rate has been assumed to be 90% for all the valuable and critical 

materials for deep recycling. 

 

4.2.2.7. Recycling costs 

Costs of recycling for deep treatment of e-wastes are considered as consisting of two parts: cost 

of basic treatment (corresponding to the cost of basic recycling) and cost of additional treatment 

(i.e. extraction) required to gain critical materials and increase the extraction level for traditional 

materials. 

Due to the fact that no exact deep treatment technology has been proposed for the current work, 

no technology-based costs estimation can be carried out. 

For this reason, scenario approach has been used. 

3 recycling costs sub-scenarios (1, 2 and 3) have been introduced, with recycling costs 33, 66 and 

100% higher than in the conventional recycling scenario. 

In absolute values, it results in 3791, 4731 and 5700 USD per 1 ton, respectively. 

4.2.2.8. Capital investments 

The same scenario approach has been applied in order to estimate the capital costs required to 

build deep recycling facilities. 

With basic recycling capital investments of USD 15.7 million to build an average plant and 33%, 

66% and 100% extra costs, the capital costs are USD 21, 26 and 31.4 million for capital costs sub-

scenarios A, B and C, respectively.  
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4.2.2.9 Deep recycling scenario added material recovery values and model calculations results 

Final data taken for calculations: 

- Collection and transportation costs: according to the estimation based on the kiosk collection 

model, with worst case characterized by 0.1 utilization for 3 collection scenarios have been taken. 

The costs for this case are 246.4, 133.4 and 71.5 USD per ton, respectively. 

- Treatment costs: average between USA, UK and Chinese traditional recycling costs + 33, 66 and 

100%, respectively, i.e.  3791, 4731 and 5700 USD per ton. 

- Capital investment in an average deep recycling plant: USD 21, 26 and 31.4 million for capital 

costs sub-scenarios A, B and C, respectively. 

- Treatment capacity of an average plant: the same like for traditional recycling, 729265 units per 

year (average between A, B and С plants) from the Table [10] or 2800 ton per year if 1 device (TV 

set) weight is 3.84 kg. 

- Amount of e-wastes treated annually: in accordance with the collection scenarios 1,2,3 – 10100, 

20100, 50125 tons.  

- Number of recycling plants required to treat this amount: 4, 8 and 18, respectively. 

- Discount rate (r) – 12% have been taken for calculations. 

The reasoning for this relatively high rate is the basic assumption – that the collection and 

recycling of SSED is operated by small private businesses. As a matter of fact, small firms in 

Russia usually don’t have access to cheap financing. Thus, the most typical interest rate for SME 

loans have been taken. 

- Potential revenues from deep recycling process have been calculated in the assumption that all 

the critical and valuable materials are recycled with 90% recycling rate. 

Value of recyclable materials for all the categories of devices is provided in the Table 21 below. 

The market stock prices have been taken from [38]. 
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Table 21. Value of recyclable materials in USD per 1 kg of average devices ([20], [21], [38]). 

Element Average 

feature phone 

Smartphone Tablet 

(interpolated) 

Average LED 

laptop 

Value of recyclable materials, USD per 1 kg of average devices weight 

Ag 0.367 0.872 0.513 0.153 

Au 7.016 13.215 7.896 2.576 

Pd 0.975 0.975 0.975 0.975 

Pt 0.083 0.083 0.083 0.083 

Cu 1.268 1.792 2.138 2.483 

Zn 0.007 0.090 0.108 0.125 

Li 0.557 0.743 0.688 0.634 

Co 3.052 3.967 3.676 3.385 

Ni 0.186 0.396 0.367 0.338 

Dy 0.036 0.018 0.018 0.009 

Gd 0.005 0.002 0.001 0.000 

Ho 1.210 0.460 0.460 0.460 

La 0.000 0.000 0.000 0.000 

Nd 0.181 0.067 0.067 0.087 

Pr 0.054 0.022 0.022 0.014 

Sc 0.124 0.182 0.182 0.182 

Y 0.001 0.000 0.000 0.000 

Ga 0.007 0.005 0.002 0.000 

Ge 0.120 0.034 0.034 0.034 

In 0.014 0.011 0.009 0.007 

Ta 0.100 0.068 0.175 0.281 

 

Elements are divided in groups. 

Groups and their abbreviations are listed in the Table 22. 

 

Table 22. Grouping of valuable and critical materials 

Group of materials Abbreviation used 

Basic metals – Cu, Zn Sbase 

Lithium battery metals – Li, Co, Ni Sbat 

Precious metals – Ag, Au, Pd, Pt Spres 

Rare earths – Dy, Gd, Ho, La, Nd, Pr, Sc, Y Sre 

 

Total sum is abbreviated as Stot. 

 

Value contained in each group of materials per 1 kg of an average device is summarized in the 

Table 23. 
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Table 23. Value of each group of materials per 1 kg of average device 

Average feature 

phone 

Smartphone Tablet (interpolated) Average LED laptop 

Sbase 

1.27 1.88 2.25 2.61 

Spres 

8.44 15.14 9.47 3.79 

Sbat 

3.79 5.11 4.73 4.36 

Sre 

1.62 0.76 0.75 0.75 

Soth 

0.23 0.113 0.218 0.322 

Stot: 

15.36 23.00 17.41 11.83 

 

 

Shares of different material groups in the overall recyclable values for different devices are shown 

on the Figures 4 to 7: 

 

Fig. 4. Distribution of value of different materials groups in feature phones  
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Fig. 5. Distribution of value of different materials groups in smartphones 

 

 

 

Fig. 6. Distribution of value of different materials groups in tablet PCs 
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Fig.7. Distribution of value of different materials groups in notebook computers 

 

 

For the reason that precious metals have the lion’s share in the recycled value, no significant 

changes in this value can be made by taking into account recycling of plastics, iron and other low-

value components. 

If Pd and Pd are recycled, the recycled value can be increased by approximately 10% (if relative 

content in notebooks taken for reference, no data for TV sets have been found). 

DCF projections for a typical plant operating for 10 years in accordance with the above listed 

assumptions are provided in the tables. 

Case-specific variables are defined for each case separately. 
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Case 1. Treatment cost – 3791 USD per ton, capital investments per plant – USD 21 million, 

collection strategy 1 (only feature phones and smartphones are collected. Recycled value is 

90% of the average between feature phones and smartphones – 17262 USD per ton. 

Business capacity is 4 plants. 

 

Table 24. DSF projections for the Case 1 of deep recycling scenario. 

Year 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 

Capital 

investment -21.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Collection 

cost -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 

Processing 

cost -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 

Recycled 

value 48.3 48.3 48.3 48.3 48.3 48.3 48.3 48.3 48.3 48.3 

Annual 

free 

cashflow 16.0 37.0 37.0 37.0 37.0 37.0 37.0 37.0 37.0 37.0 

Annual 

free 

cashflow 

adjusted to 

2018 value 12.1 29.5 26.4 23.5 21.0 18.8 16.7 15.0 13.4 11.9 

 

Overall adjusted revenue in the 10 years scope per plant: USD 188.2. 

Total business annual cashflow (with 4 plants) – USD 75.3 million. 
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Case 2. Treatment cost – 3791 USD per ton, capital investments per plant – USD 21 million, 

collection strategy 2: feature phones, smartphones, tablet PCs and notebooks are collected. 

Recycled value is 90% of the average between feature phones, smartphones, tablets and 

notebooks – 16590 USD per ton. 

Business capacity is 8 plants. 

 

Table 25. DSF projections for the Case 2 of deep recycling scenario. 

Year 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 

Capital 

investment -21.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Collection 

cost -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 

Processing 

cost -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 

Recycled 

value 46.5 46.5 46.5 46.5 46.5 46.5 46.5 46.5 46.5 46.5 

Annual 

free 

cashflow 14.1 35.1 35.1 35.1 35.1 35.1 35.1 35.1 35.1 35.1 

Annual 

free 

cashflow 

adjusted to 

2018 value 10.4 28.0 25.0 22.3 19.9 17.8 15.9 14.2 12.7 11.3 

 

Overall adjusted revenue in the 10 years scope per plant: USD 177.6 

Total business annual cashflow (with 4 plants) – USD 142.1 million. 
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Case 3. Treatment cost – 3791 USD per ton, capital investments per plant – USD 31.4 million, 

collection strategy 3 (4 devices from the core list + mixed e-wastes). Recycled value cost is 

determined in the assumption of dilution: 21100 ton per year of SSED are diluted in the 

overall 50125 ton of wastes, collected through 3-rd collection scenario. The value of diluting 

wastes is assumed to be the typical for classical e-wastes – 1111 USD per ton, value of mixed 

SSED – 16590 USD per ton. The resulting value is 7628 USD per ton. 

Business capacity is 8 plants. 

 

Table 26. DSF projections for the Case 3 of deep recycling scenario. 

Year 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 

Capital 

investment -21.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Collection 

cost -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 

Processing 

cost -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 -10.6 

Recycled 

value 21.4 21.4 21.4 21.4 21.4 21.4 21.4 21.4 21.4 21.4 

Annual 

free 

cashflow -10.9 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1 

Annual 

free 

cashflow 

adjusted to 

2018 value -12.0 8.0 7.2 6.4 5.7 5.1 4.5 4.1 3.6 3.2 

 

Overall adjusted revenue in the 10 years scope per plant: USD 35.8 million. 

Total business annual cashflow (with 4 plants) – USD 64.4 million. 

 

Accordingly, the collection and recycling business based on the collection strategy №2 (collection 

of all the devices sized up to computer monitors and small TVs) is the most profitable both in 

terms of overall revenue adjusted to 2018-year capital value and total business annual cashflow. 
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However, all the DSF calculations above were performed with very optimistic assumptions about 

treatment costs and typical plant capital investments. 

To analyze the sensitivity to these factors, additional DSF matrixes have been elaborated. 

 The calculations below are carried out with the most pessimistic assumption about plant typical 

capital cost (USD 31.4 million) and two (moderate and most pessimistic) assumptions regarding 

the costs of treatment: 4731 and 5700 USD per ton of WEEE. 

 

Case 4. Treatment cost – 4731USD per ton, capital investments per plant – USD 31.4 million, 

collection case 2 (recycled value is 90% of the average between feature phones, smartphones, 

tablets and notebooks – 16590 USD per ton). 

Business capacity is 8 plants. 

 

Table 27. DSF projections for the Case 4 of deep recycling scenario. 

Year 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 

Capital 

investment -31.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Collection 

cost -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 

Processing 

cost -13.2 -13.2 -13.2 -13.2 -13.2 -13.2 -13.2 -13.2 -13.2 -13.2 

Recycled 

value 29.8 29.8 29.8 29.8 29.8 29.8 29.8 29.8 29.8 29.8 

Annual 

free 

cashflow -15.5 15.9 15.9 15.9 15.9 15.9 15.9 15.9 15.9 15.9 

Annual 

free 

cashflow 

adjusted to 

2018 value -17.2 12.7 11.3 10.1 9.0 8.0 7.2 6.4 5.7 5.1 

 

Overall adjusted revenue in the 10 years scope per plant: USD 58.3 million. 

Total business annual cashflow (with 4 plants) – USD 64.4 million. 
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Case 5. Treatment cost – 5700 USD per ton, capital investments per plant – USD 31.4 million, 

collection case 2 (recycled value is 90% of the average between feature phones, smartphones, 

tablets and notebooks – 16590 USD per ton). 

Business capacity is 8 plants. 

 

Table 28. DSF projections for the Case 5 of deep recycling scenario. 

Year 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 

Capital 

investment 
-31.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Collection 

cost 
-0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 

Processing 

cost 
-16.0 -16.0 -16.0 -16.0 -16.0 -16.0 -16.0 -16.0 -16.0 -16.0 

Recycled 

value 
29.8 29.8 29.8 29.8 29.8 29.8 29.8 29.8 29.8 29.8 

Annual 

free 

cashflow 
-18.2 13.2 13.2 13.2 13.2 13.2 13.2 13.2 13.2 13.2 

Annual 

free 

cashflow 

adjusted to 

2018 value 
-19.6 10.5 9.4 8.4 7.5 6.7 6.0 5.3 4.7 4.2 

 

Overall adjusted revenue in the 10 years scope per plant: USD 43.0 million. 

Total business annual cashflow (with 4 plants) – USD 34.4 million. 

 

Evidently, the collection and recycling business according the DSF calculations provided remains 

profitable even if the most pessimistic assumptions are used. 

However, all the calculations above don’t include any expenses for devices hand-in stimulation. 

The maximum stimulating payouts per device can be easily calculated. The absolute maximum of 

payouts is what drives the business to break-out point. 
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The result of calculations is provided in the Table 26 below for all the previously analyzed business 

operation cases based on the collection scenario №2.  

All values provided for zero profitability (break-even point). 

 

Table 29. Break-even points payouts to surrenders for different business cases 

Business operation 

case № 

2 4 5 

Maximum payout in 

USD per 1 kg of 

wastes 

5.3 3.7 2.7 

Maximum payout in 

USD per 1 average 

mobile phone (0.14 

kg) 

0.74 0.52 0.38 

Maximum payout in 

USD per 1 average 

tablet pc (0.50 kg) 
2.7 1.9 1.4 

Maximum payout in 

USD per 1 average 

notebook (1.69 kg) 
9.0 6.2 4.6 

Maximum payout in 

USD per 1 average 

computer monitor 

(5.13 kg) 
27.2 19.0 13.9 
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5. Discussion 

The main objective of the work was to analyze profitability for businesses, dealing with recycling 

of valuable components from electronic wastes in Russia and to identify potential ways to increase 

the revenues together with making the recycling more effective and environmentally sustainable. 

As basic and precious metals recycling effectiveness is already high in the existing approaches, 

the main focus of the analysis was to determine if extraction of critical materials can significantly 

change typical revenues and thus drive the business opportunities. 

 Another emphasis of the study was on the determining the potential for small and medium 

enterprises to work effectively in the field without external support. It was important because the 

modelling have been performed for the case of Russia and data take mostly from Russian and 

Chinese sources – i.e. the study is representative mostly for the developing countries markets. 

In the developing countries sustainable recycling is rarely supported by state programs or the 

quality of this support is not sufficient. For this reason, the modelling was intended to check the 

profitability of recycling for the most difficult cases – for small firms without access to cheap 

funding or other ways of centralized support. 

 

The analysis undertaken was based on several key technical assumptions. It was critically 

important to check the quality of these assumptions within the course of data collection and 

modelling to make sure that final conclusions are correct. 

The key assumptions, laid in the base of the whole work, are suppositions that small-scale 

electronic devices (mobile phones, tablets, notebooks etc.) differ drastically from average 

electronic wastes in chemical composition and that customers’ behavior patterns in regards 

to their hand-in are sharply different from recycling of bigger devices. 

The first of these assumptions has been successfully confirmed by literature data (direct 

comparison of chemical compositions of phones and notebooks with the average e-wastes 

composition). 

The second supposition have not been directly confirmed by literature data and remained as an 

assumption. It was found that no systematic studies of differences in hand-in patterns for different 

categories of devices have been undertaken. 

However, this assumption is confirmed indirectly with the facts that legislation regarding their 

recycling are very weak even in developed countries and that small devices compose a noticeable 

fraction in conventional wastes. 

Focus of small-scale electronic devices as a unique group of wastes creates quite a novel strategy 

of recycling. 
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This innovative strategy has been modelled in this work using the technical costs modelling 

approach. The model is based on the following processes: 

- Collection of SSED with the aid of collection machines (kiosks). In the traditional process, 

contrary, the collection stage is based on trade-in via producer responsibility programs and 

conventional collection/ transportation of e-wastes. 

- Deep recycling of collected SSED with extraction of all the basic materials as well as precious 

and critical materials. Effective modelling of deep recycling is impossible without comprehensive 

analysis of processes, constituting the recycling. This analysis was beyond the framework of this 

study, so deep recycling costs have been modelled by increasing the know traditional recycling 

costs by certain percentage (+33, +66 and +100% scenarios). 

The key modelling outcomes are the following: 

- Traditional scheme of collection and recycling of electronic wastes has negative returns for all 

reasonable scenarios. 

It means that recycling of the conventional e-wastes, mostly constituted by big devices with low 

content of valuable materials, most probably will be kept the responsibility of state or state-

supported businesses. 

- Deep recycling of conventional e-wastes can make the process less unprofitable and even lead 

to positive returns. The main source of extra added value, however, will be recycled plastic and 

dismantled working details. The content of critical and precious materials in the conventional e-

wastes is too low to expect noticeable financial effect on their recycling 

  - Collection of small and medium-size devices with automatic collection machines is at least an 

order of magnitude cheaper than traditional ways of collection. For this reason, it should be 

considered one of the most effective ways of collection of SSED. 

Additional benefits of collection machines networks include low capital investments needed 

(affordable even for small and medium-scale enterprises) and easiness of control over types and 

amount of collected devices by simply variating the machine collection orifice dimensions. 

- All models of kiosk-based collection with subsequent deep recycling at any reasonable initial 

assumptions lead to the conclusion that collection and recycling of SSED is a highly profitable 

business.  

- If processing plants are centralized and owned by big companies and rates for recycling remain 

reasonable, the fraction of business including collection, transportation and pretreatment of SSED 

remains highly profitable and requires low capital investments, which makes it an interesting 

business opportunity for small firms. 
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6. Conclusions 

 

1. Obsolete small scaled electronic devices represent the unique category of wastes, very reach in 

numerous valuable and critical materials. The content of basic non-ferrous metals, precious metals 

and critical materials in SSED is many times higher than average, while share of plastics in the 

total weight is considerably lower. 

It is technically reasonable and economically profitable to deal with the collection and recycling 

of SSED in the way, substantially different from the conventional collection and recycling 

strategy. 

 

2. Although the share of SSED in the bulk of e-wastes is relatively low (from 3.2 to 12% of the e-

wastes depending on the definition of SSED), this fraction contains most of precious and critical 

materials. Any novel processes focused on deep recycling of critical and precious materials must 

regard SSED as the main target. 

 

3. Due to small size of obsolete SSED and their high specific cost, automatic collection machines 

located in public places can effectively be used. Handing obsolete devices in can be motivated not 

only by prohibition of their disposal with conventional waste, but also by stimulating payouts. 

It was estimated that payouts can be very substantial: 0.36 USD per mobile phone and 4.5 USD 

per notebook. 

In developing countries this can lead to very high recycling rate, stimulating practically full 

collection of all the available devices. 

 

4. Collection and transportation of SSED to the recycling plants could be a very profitable business 

in case if deep recycling of SSED with maximum possible extraction of valuable components was 

possible. Collection and transportation could be operated by SME without the need for state 

support. 

The recycling itself is technically complex, capital investments are substantial. 

This business can be operated by a state-owned or big private company. 

 

5. At the moment no holistic approaches to deep recycling of SSED with effective extraction of 

all the valuable components exist, although individual technologies are available for recuperation 

of each chemical group of elements. Further work is needed to identify the optimal technology for 

SSED processing. 
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