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Analyzing present and future availability of critical high-tech minerals in
waste cellphones: A case study of India

Pengwei HeGuangji Hy Chang WangKasun Hewag, Rehan SadigHaibo Feng

Abstract: Critical hightech minerals (CHTMs) are raw materi#tigtare essential foa future
clearrenergy transition anthe manufactue of high-end products. Cellphones, one of the fastest
growing electronic products, contain various CHTMs. Since 2019, India has surpassed the
United States to become the second largest smartphone market in the world. An increasing and
alarming number of excswe waste cellphones will be generated in India in the near future. In
this study, the dynamic material flow analysis approach and the Weibull distribution are adopted
to analyze the volumes atcumulatedvaste cellphones and the contained CHTMs basdteon
differentiation between smartphones and feature phones in India. Moreover, a market supply
modelis adopted to predict the future trends of CHTMs in waste cellphones. The results show a
general upward tendency of waste cellphone volume in Ivdmch indicatesthat various
CHTMs contained in cellphone waste can be properly reused or recicitenle implications

based on the anadisresults are provided for efficienellphone management in India.

Keywords: Material flow analysisCiritical high-techminerals Waste Electrical and Electronic

Equipment Printed Circuit Boards
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1 Introduction

Critical high-tech mineralsGHTMs)are 3 PL QR U~ éhhvAiddr@odern technology is
cumulativey reliantto perform specialized functions!§ssaet al, 2015. The stockof CHTMs
on earthare limited and acquiring them from natural virgin ored#ficult due to technical and
economic limitationsHe et al, 2019. The availability of thes€HTMs is, thus relianton not
only the specific mining production of their host imerals) but also whether the companion
minerak areproperlyrecovered rather than discarded without having been proc@ssedaret
al., 2019. Furthermore demandsfor materials and metalwill increase withtechnologcal
development becausethe World Bank reported WKDW 3SWKH FOHDQ HQHUJ\
VLIQLILFDQWO\ PLQHEEBGI LQIWWQIN BXH 201% Urban mining isa
potential alternativdor addresmg the challengeselated tothe continuedstrong demandor
CHTMs and fragile supply o€HTMs. Urban mininghas been efficientlytilized for resource
extractionof electrical and electronic producasd industrial waste {u et al., 2020He et al,
2020;Cossuet al, 2015.

The rapid advancement of technological innovahian led to a substantiacrease in the
demand for CHTMgNassaret al, 2020 Randiveet al, 2019. The Indian economyas been
growing rapidly at an annual rate o¥.1% in the past decade which positiors India as an
emerging worldeconomy(Poonam., 2013 In the Indian economythe electronic industry,
including production, internal consumption and expast one of thefastestgrowing sectors
(Dwivedy et al, 2010; Dimitrakakiset al, 2006. India recentlysurpassed the United Sta&s
the secondargest smartphonmarket behindChina, when itreacted 158 million shipments in
2019 (nshik, 2020. Cellphones, one of the fasteggrowing electronic productsontain various

CHTMs. Two types of ellphones exist namely feature phongand smartphorse Specifically,

wu
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the majorCHTMSs, such ascobalt and palladiumare containedin waste feature phonewhile
antimony, beryllium,praseodymiumneodymium,and platinum are alsoontainedin waste
smartphoneg¢Cucchiella et al., 20)5Despite being relativelyrich countryin terms ofmineral
resources,, QGLD TV GHSHQ G HRikerhlsis(igh,PreRddiyvied @l (Randiveet al,
2019. Therefore wastecellphonesrepresenta potential cruciakreservoirof CHTMs for urban
miningin futuredecades.

In the global contextpreviousresearch omwaste cellphones hgwimarily focusedon
waste generatioandvarious minerals contained maste Ongondo et al. (2011) estimated that
approximately 3.7 million cellphoneasre stockpiled by university students time UK, while
approximately 28.Imillion cellphonesand 29.3 million cellphoneare stockpiledin the USA
and Europerespectively Polak et al (2012) estimated thathe Czech Republiproduced45
thousand waste mobile phorfesm 1990200Q this numberincreasedo 6.5 millionfrom 20006
2010 andis estimatedto increase toapproximately26.3 million phonesfrom 201062020.
Rahmaniet al (2014)indicated thaapproximatel 39 million waste mobile phones accumulated
in 2014 in Iran, but theortion that couldpossiby be reused portion as only 4.2 million.
Throughthe end of 2035, it is projected that approximately 90 million waste mobile phones will
be discardedn Iran. Li et al. (2015)utilized the sales & new method and estimated that
approximately 47.92 million waste cellphones were generated in&tfdpproximately739.98
million waste cellphonesvere generateth 2012 in China.Tan et al. (2017predictedfuture
guantities of waste metals/minerals from waste mobile phones in 2025 in. @%ithal00%
recycling,approximately9.01 bnsof Au and 14.91dnsof Ag canpotentiallybe extractedfrom
printed circuit board¢PCB9. Babayemiet al. (2017)indicated thaapproximately54,050 bns

of mobile phoneshave beentrangorted to Nigeriaduring 2001 and 2013these phones
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contained8920 bnsof copper, 270dns of nickel, 120 onsof lead, 40 onsof chromium and

1310 bnsof bromine {URP EURPLQDWHG AdyPresol & \M.D2) GAD&YAEY the

metal/mineral content of waste smartphoaed waste feature phonesSweden andiscovered

that thelead content in smartphones is lower thdmatin feature phonesvhile the conterst of

other toxic metals/minerals asmilar. He et al (2018) conducted a study on HTMs in waste

mobile phones antheasured considerable quantitgf HTMs stored in waste cellphones that

could be recycled ithe Chinese market.iu et al. (2019)concluded that neGRCB components

of waste mobile phonesccount for morghan 50% of the total economic valueterms ofthe

recovey potential.Saharet al. (2019)estimated that the economic value of nearly Inillon

USD and 37.6 million USD could be generated from recycling basic metals and precious metals

in PCBs.Li et al. (2020)utilized the minimum distance maximum receiving (MDMR) algorithm

and reportedhatmore thard00 million units of waste mobile phones could be recycled in China.
In the Indian context,Rathore et al (2011) determined that India generated

approximately 1700onsof waste mobile phoneand thenumber ofmobile phonesliscardedn

2020 will be 18 times higher thdhatin 2007.Sharma et a(2013)revealedhat the number of

wireless connectionsendersindia the seconthrgest telecommunication network in the world

following China.Vats et al. (2015edimatedthatthe recoverable metallic fractisiof gold and

silverin thePCBs of mobile phones in Indigin the range of 0.009.017% and 0.28.79% by

weight respectively.Borthakur et al. (2019conducted a survey iBangalore,India and

discoveredhat mobile phones in Bangalore are phased out within the product lifetime. Moreover,

WKH QXPEHU RI PRELOH SKRQHXVHHILV SARMPAKRQRZKDWVEBDRB LI

SXQXVHG” PRELOH SKRQHMa Q% DeQnbiz@dddtbat pproximately 4100

tons of electronicwaste which comprise 3400 bnsof hazardous substances (i.e., heavy metals
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and plastics) is generated annually in Chandigarh, Indioreover, he National Mineral
Exploration Policy (NMEP) was announced in iendn 2016 to recognize the importance of
critical minerals for industrywhich is a stepn the right directionto achieve the security of
important mineral commoditigssupta et al., 2016; Randive et al., 2n1A summaryabundant
studiesregardingwastecellphone generatioand thevarious minerals contained such waste
have appeared in the global contéttwever,such comprehensive studigesindia are scarce,
especially from a national perspective.

Although previous researchasfocused ormobile phonesndvarious mineralstorel in
mobile phones, from a wide variety of countresd regions contex research on thpresent
and future statu®f CHTMs stored in wastecellphones, which aressentialfor future clean
energy transition andnanufactue of high-end products, has bedmited. Several studies
highlight the Chinese scenario. For examgte et al. (2018) revealed the Chinese situation
related tothe present and futurstatusof HTMs storad in waste mobile phoned.o the best of
our knowledgeno previous known study has beeonductedto estimate the productioand
future trends of cellphones in Indiacluding the differentiation between smartphonasd
feature phonesAs the Indian cellphone markieas beemooming since 2009t is rational to set
20092035 asthe researchtime period. In this paper we analyzel the generation of waste
cellphones and th€HTMs stored in them inindia from 2009-2035based orthe characteristics
of different types otellphones.Theresearctsuppors CHTM recyclingfrom wastecellphones
to achieve austainablegreensupply of CHTMs and thusensure théalanceddevelopment of
the electronic industryin India. A reference could also be providéar other developing or

developectountries



117 This study aims to bridge thresearclgap byanalyzing the volume aiccumulatedvaste

118 cellphones and the volume @HTMs contained in them based on the differentiation between
119 smartphonesand feature phoneand by predicting the future trends ofCHTMs in waste
120 cellphones in IndiaMoreover, a comparison of the treymhd potential between China and India
121 is conductedThe remainderof this article is structuredas follows Section 1starts withthe

122 introduction and background of waste cellphone recyclimgection 2 relevantmethodologies
123  are presented, together withe data source andatacollection. Section 3 presents the results
124 and Section 4rovides adiscussionof the resultsWe conclude the article in Section 5 with
125 implications, limitations and future directions.

126 2 Methodology

127 2.1Conceptialization

128 Material flow analysisNIFA) is an effective tool to analyzéhe flows and stocks of any
129 materiatbased systemB(unneret al, 2016. In this study, the product life cyclencludes the
130 entire market life from initial market entry to final market ettiat is, WKH I X0O-@ JBO¥YEOH
131 procesy(Murakamiet al,2010; Oguchet al, 2010. Waste cellphonesefer to cellphones that
132  have finished theientireservice to userand donot reenter the activeise stageThe average

133  service years of cellphones asgardeds the cellphone lifespan.

134 Different countries classiffCHTMs differently. For examplejn China, CHTMs are

135 composed of a variety of metals defined by the Ministry of Natural Resources and Key
136  Laboratory of Strategic Studiescluding 17 rare earth meta(sie et al, 2020; Heet al, 2019.

137 In India, the minerals forare metals,tantalum, tungsten,barium, cobalt,lithium, niobium,

138  rubidium,cesium.tin, cadmium, mercurymolybdenum andvanadiumjn addition tonickel and

139  zirconareregardeds strategitigh-techminerals Randiveet al, 2019.



140 Mineral resource availability hagarious definitionsin this study; it is defined aghe

141  secondaryesource reserves of a particular mineral thigtht potentiallybe provided to society.

142  The mineral value can bmalculatedvia a specific economic and technical assessment system.
143  This systemconsiderssome geological, economi@and technologicalfactors associated with

144  minesor mineral deposité-e et al, 2018 Lu et al, 2009. In this studytheresource availability

145  of variousCHTMsrefers tathe social stocks d@HTMS.

146 2.2 System boundary

147 In this paper, thgeographicaboundary idimited to India. The system boundary of the

148  waste cellphoney PDWHULDO [OdR&ENSH Rd: H.Yhé Indian telecommunication

149 market includes two main categoriesof cellphones smartphonesand feature phonesThe

150 contens of CHTMs in the twocategoris differ considerablyAs shown in the system boundary,
151  CHTMs first come intothe productionprocedureof cellphones as raw materials after being
152  extractedand processe@dndremainin the cellphones during the actiuge stage. At the end of

153  the cellphone lifespanCHTMs contained in these cellphones can be recycled or reused as
154  secondary mineral resources to-@ater the manufacturingep. Thus,this processs D SFUDGOH

155 to-JUDYH"™ SURFHVYV

System boundary
Critical high-tech :

i 1
I 1
Export Import .
E minerals input P P Active-use E
i - Smartphone b " Urban |
! Domestic (l'lmlis 1c Waste | minerals in |
—— cellphope > ce PI one cellphone v waste '
: production sales cellphones i
' Feature |
' I
] h
| phone Critical high-tech |
1
I 1
1

Import Export minerals output

156
157  Fig. 1. System boundary dhe material flow process of waste cellphones in India.
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159  2.3Distribution of cellphone lifespan

160 2.3.1Estimation of wastecellphonegeneration

161 The Weibull distributionis commonlyappliedfor product lifespan modeling, and many
162  studieshaveusedthis distributionto estimate the lifespan of electronic and electnpraducts
163  (Tasakiet al., 20040guchiet al, 2008;Walk., 2009;Polaket al, 2012;Kalmykovaet al, 2015;
164 Zenget al, 2015; Heet al, 2019. In this study, the doubleparameteMVeibull distributionwas
165 adoptedto analyze theF H O O S Kd®gai Mdfributionthroughout the designated yearsing
166  Minitab 17.0(Wang et al., 2016-1e et al., 201p

167 The probability density functiori(t) and distribution functionF(t) of the double

168  parameter Weibull distribution are shown in Equations (3):

169 F@t) 1 exp t g ° 1)

—_

170  wherethe scale parametas (, the shape parametes £, ard thelocation parameteis .. In

171  this paper =0. Therefore,

172 F(t)=1 exp éG)Ei )
173 (1) (—g(i)G“exp (lf; (3)

174 t O£ O

175  where F(n) represents the cumulative rate of obsolete generation imyaadf (n) represents
176  the obsoletegenerationrate in yearn. F n representshe probability ofobsoletegeneration

177  throughout yean, which can be calcutadfrom F(n) to F(n 1):

178 F n  exp[ (n_l) ] exp[ gf] (4)
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The quantity of wasteellphonas generated in year mhich is denotedby P(n), can be
estimatedusing S(f) andF n . S(1) represents the total quantity of cellphottleat enter the

market in year t.
PQ)=S0) F 1
P(2)=S(0) F 2+S1) F 1

PB)=S(0) F 3+S1) F 2+S(2) F 1

Given theseequations, Equation (8an beransformednto the following format:

nl .
Pn 1StF nt A5 A
t o

where P n represents the cumulative generation of waste cellphones.

2.3.2 Estimation ofthe social stock oftritical high-tech minerals
The quantity of CHTMs contained in waste cellphonesdistermined usind=quation (6)

(Cucchiellaet al, 2015:

n-1
Q=P nTE=]St Fntf¢ (6)
t=0

wherthi stands foithe quantity ofCHTM i producedn year t, P(n) represers the quantity of

wastecellphones in year n, an@l is the content o€EHTM i in eachcellphone.

2.3.3 Future trendsanalysis
In this section, the prediction dfiture waste cellphone generation was conductiedthe

market supply methodsingEquation (7):
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Wherev\§/(t) represerg the future generation of wastellphones in year tS(t i)denotes the
sales ofcellphones in year i), and f (i) represents thifespan distribution function

The future volume o€HTMs contained in wasteellphones is expressé&y Equation (8):

§

Vi WOp (St ) T} B ®)

§

wher V| represergthe amount o€EHTM i contained in wasteellphones in year t, ar is the

content of CHTM i in eachcellphone.
2.4 Data source andollection

The data in this researahere obtainedrom the website of recycling companies, public
literature and industrial reportd’he number of cellphoneshipped wagmployel as a proxy for
FHOOSKRQH VDOHY EDVHG RQ WKH DVVXPSWLRQ WKDW 3DOO
HYHU\ Whidugh cellphones were first introduced limdia from 1995H996, they took a
decade to become the dominant means of commumncé&tingh, S. K.2009. The shipment
information of two types of cellphones in India wadbtained from International Data
Corporation (IDC) bulleting/DC, 20092019, and he average lifespan of cellphana India
was based on data from StevéBscvens, A., 2003 Specific content information regarditige
CHTMs contained in different cellphonesas obtainedrom previougy published literature
(Cucchiellaet al, 2015;He et al, 201§, andthe data scope of this studsas restricted tindia.

In projectingthe sales of cellphones from 2020 to 2035, diffecaiégorie of cellphones
share some similarities but also distinct trerndiswever, the total cellphone shipments in 2020

are assumed to decline by 10% due to @oeonavirus Disease 201€QVID-19) pandemic

10
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(Shilpi Jain 2020. According to aglobal cellphone shment predictiorreleased by Canalythe
annualcellphone shipmengrowth rate will be-35.5%,-17.75%,and -8.88%, respectivelyin
202Q 2021and2022 The shipment growth rate ééature phoneand smartphorsan India is
assumed tbe consistentvith theglobal scenarigCanalys, 202)) Furthermore, wassumd that
the impact ofthe pandemic willlast for at leastthree consecutiveyears in other words,the
annualcellphone shipmergrowth rate willreturnto normalafter 2022 For the feature phones,
we utilized the 1Qyear average growth ra{8.86%)and calculated the dakmsed orhistorical
figures.We believethatthis approachis a rationabpproachasMathapati et al. (201&evealed
thata large population in Indies still using feature phones due to financial and skill constraints
and will continue to use feature phonesfuture decadesWith regard to smartphonege
applieda 2-year average growth rate (10.82%) due to dramatic fluctuatierthe past 10 years.
We assumethat these growth rates are stadhelwill remainsteadyuntil 2035.

Thequantitiesof thetwo types ofcellphoneghat were shipped ashown in Fig. 2Minitab
17.0 wasselectedo model theshape @ and scale ¢ parameter®f the Weibull distribution.
The lifetime information of the cellphonesaw/obtainedfrom previous studies and reports
(Canalys, 2020stevens, A., 2003 anddetailed information about tHdetime distribution of
cellphoneis shownin Table 1 and Fig. 3.

The various CHTMs contained in feature phones and smartphones iratagi@sentedn

Table 2 Cucchiellaet al, 2015;Heet al, 2019.

11
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241  Fig. 2. Adjusted shipment number and future trends of waste feature phones and smaftpho8889 +2035.
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247

248  Table 2Critical high-tech minerals contained in feature phones and smartphones in India

BURGXFW FDWHJRUL'L

Critical hightech mineral
categories YHDWSKRHIHX Q LV 6PDUWSKRQ

&REDOW
$QWLPRQ\
%HU\OOLXP
3DOODGLXP
30DWLQXP
3UDVHRG\PLX

IHRG\PLXP

249

250 2.5 Sensitivityanalysis

251 In this study,a sensitivity analysisvas conductedo identify factors that influence the

252 estimation reults.Five scenarios wereonsideredo assessW KH V H Q V lwaskemploEdto® % -
253 represent the basic scenario. Scenarios 1 and 2 were used to examine the inflsieoterahd

254 longercellphone lifespanen the number ofgeneratedvaste cellphore Scenarie 3 and 4 were
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appliedto validate the impacts of material compositiongégucing and increasirthe baseline

value by10%.A detaileddescriptionof thesensitivity analysiss providedin the results section.

3 Results

3.1 Generation of waste cellphones

The volumes of waste cellphones in India from 2009 to 208%¢ch wereestimated

usingEquationg(1) to (5)discussed in the previogsction, areshownin Fig. 4.
3007 - Smartphone -~ - Prediction of smartphone
—e— Feature phone ~~® - Prediction of feature phone

‘@ 250{ —— Total ---4---Prediction of total
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Fig. 4. Generation and future trends of waste feature phones and smartfira?@39 +2035.

Generally, he resultsndicatethat waste cellphondevelopmenin India from 2009 to

2035 can beategorizednto two periods, namelythe historical period

andhe future period. In

the historical period, from 2009 to 2019, the quantity of waste cellphtselayed a rapid rise

from nearly1.65 million units in 2010 tapproximatelyl57 million units in 2019andthe entire

number of waste cellphonesceededs32 million. In this period,approximately134 million

units of smartphonesand 499 million units of feature phonascumulated.The results show

similar trends forwaste feature phonesd waste smartphonbst with slightly varying degrees

14
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Waste feature phonedisplayed an increasg process of steadygrowth development The
number of waste feature phonesyhich was approximately 1.6 million units in 2009,
continuouslyincreasedo approximatelyl09 million units in 2019which revealsa process of
gradualgrowth development The results show that in 2016lightly more tham6,600 waste
smartphones were producedis numberincreasedo 48 million by 2019.

In the future period, from 2D to 2035,the generatiorof waste cellphones is projected to
reach approximately181 million units in 2020 and 224 million units in 2035, while the
cumulative quantity of waste cellphones is predicte@xceed 3.34 billion unitsDuring this
period, the cumulativeumberof waste cellphones isxpected to bapproximately 1.7 billion
feature phones and approximately 1.64 billion smartphomegh accouns for 51.02%6 of the
total and48.98% of thetotal, respectively.

The future developmental paths of smartphomesl waste feature phonetiffer
considerablydepending on themservice lifespans and adjusted or assumed annual growth rates.
Generaly, waste feature phones sh@wprocess ofimoderate growtidecline”. The numberof
waste feature phones predicted tancrease steadily tapeakin 20230f 132 million units. This
guantity is expected talecrease graduallgndultimately reach77.5 million units in 2035The
annualfigure for feature phoness projected tdluctuatebetween 77.5®illion unitsand 131.95
million units. However,featurephonesare not expected to bghased outuring this period
Conversely waste smartphones exhibit a process of "moderate growth" ©hé .figure for
smartphones is expected to increase from 61.73 million units in 2020 to 146.87 million units in
2035 which indicatesthat smartphones are predicted to grow steadily and continuously

Moreover, these figures indicate thatthe use offeature phone is decreasing buthat of

15
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smartphongis increasing. Onlyn yeas near2030 are the numbersimilar, but the gaghen
continues to increase
3.2Estimation ofcritical high-tech minerals

As shown inFigs.5 and 6, the CHTMs contained in waste cellphones were estintia¢ed
results showdthat more thanl9.8 thousand tons of CHTMs were storedvemste cellphones in

India from 2009 to 2035.

Fig. 5. Social stocks of higitech minerals in waste feature phones and smartpHmmas20092035. (palladium

(Pd) and cobalt (Co)).

Specificaly, Fig. 5 illustrates the socialktocks of palladiumand cobaltstored in waste
cellphones from 2009 to 203Fhese resultsare also categorized intdawo periods, namely
historical period and future period. In the historical period, from 2009 to 2019, the cumulative
social stocks of palladium and cobedintaired in waste cellphones wespproximately6.5tons
and2738.7tons, respectivelyin general, the social stocks of palladium and cobalt contained in

both feature phones and smartphomedthe sales of cellphones in this periottreased steadily.

16
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The total quantity of palladium and cobalt preserved in waste cellphones ials@ased
substantiallydue to the steady increase in #aesof cellphonesThe cumulative social stosk
of palladiumstored in waste cellphones in India surpasséttdns in 2019which is equal to

approximately21.13% of the global palladium outp@t except Canada, Russi@puth Africa,

the United StatesandZimbabwe 2 which wasapproximately8 tonsaccording tadata released

by theUnited States Geological Surv@ySGS, 2019. In India, he quantityof cobalt contained

in waste cellphones exceedét3.9 tons in 2019yvhich accouns for 22.84% ofthe cobaltstored

in waste cellphones in China in 2016¢( et al, 2019. If the Indian government can take
effective measures foroperlyreuse or recycle thEHTMs in waste cellphonedt is likely that
thedependence on primary ore will bgnificantly reduced and the resource supply constraints
relieved in India.

In the futureperiod, with theincrease in thgroductionand consumptiorof various
electronic products, theecondaryresource effects of palladiurand cobaltstored in waste
cellphones will become increasinghpparentFrom 2009 to 2035he results show thahetotal
guantity of palladium andthe total quantity ofcobalt stored in wastecellphones will be

approximately46 4 tons andl9,5256 tons, respectively.
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Fig. 6. Social stocks of highech minerals in waste smartphoriesm 20092035 (beryllium (Be), platinum (Pt),

praseodymium (Pr), neodymium (Nd) and antimony (Sb)).

With technological advanseand cellphone functional upgraiea variety of CHTMS,
such as antimony, beryllium, neodymium, praseodymium and platwhioh are not stored in
feature phonesare currently beingised to producemartphonesThe respectivesocial stocks of
these fiveCHTMSs contained in wastemarphones from 20®to 2035 are shown in Fig. The
resultscan becategorizednto two periods, namejyhe historical period anthefuture period. In

the historical period, from 2009 to 201® total of20.2tons of theseCHTMs accumulated in

waste smartphonesdncluding 11.2 tons of|antimony 0.4 tons of beryllium, 6.7 tons of

neodymium,1.3ons ofpraseodymiurpand 0.5 tons ofplatinum In 2019, the social stocks of

beryllium, neodymium prasaodymiurr”platinum andantimonywere0.1tons,2.4 tons,0.5 tons

0.2tons and 4 tonsrespectively Efficient recycling and management of theSBITM stocks
contained in smartphones would generate positive resource effgctsicreasing amount of
various secondarCHTM resources can be acquired if @fCHTM-rich waste products are
recycled appropriately and effectively.

In the future periodfirom 2@0to 2035,more thar247.1tons of CHTMs are expectetb

be preserved in wastemarphones Specifically, more thanl375 tons of antimony4.9 tons of
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beryllium, 16 4 tons of praseodymiun81.8 tons of neodymiunand6.6 tons of platinunwill be
containedn waste smartphone$®Vith the rapid advancement of artificial intelligence dnilire
5G-relatedinfrastructure construction, it is foreseeable that increasingly diveisdMs will be
accumulated or storad future commonwaste electronic products, such as waste smartphones
ard laptops.
3.3 Sensitivity analysis

Estimation results alwaykave some level ofuncertainty Assumptions were made
regarding the proposed estimati@t the begining of the study Sensitivity analysis is
indispensable for estimation and futupeojection using mathematical modelt is highly
recommended to investigate the uncertaintythef projection results in the assumeahge of
possibleparameter values.

One important parameter that requires consideration is the cellphone lifespamtebsirib
which is a dynamic, undulating, and evolving value with the advancement of new technologies
The lifespan distribution is major factorthatinfluenaesthe projection results of the number of
waste cellphonethat aregenerategfor both smartphonesnd feature phonetn this paperthe
sensitivity of the mathematical modi parametersvas analyzedn the Weibull distribution
function with a rangeof + 1.0 yeas. The estimated resultior different cellphone lifetime
assumptions in scenario 1 (7 years) and scenario 2 (9 yaark3ted in the 8pplementary
Material The average lifespan variatiaaf £ 1.0 yeas causs a fluctuation in annual waste
feature phonef approximately-3.21% to 1.52%Assuming thathe average lifespaof feature
phonesdecreaseto 7.0 years in scenario 1 andcrease to 9.0 years in scenariq the average
lifespanvariationof £ 1.0 yeas will likely cause fluctuations dietween approximatehd.21%

and 152% in the annuahumberof waste feature phonésat aregeneratd. For smartphones, the
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average lifespan is assumed to decreageOigyears in scenario dnd increase t@.0 years in
scenario 2which producedluctuaions of-6.93% and 6.85%n the future annualnumberof
waste smartphondbat aregeneratedThe detailedestimation resultef cellphonedsn different
scenariogre shown in th&upplementary Material

Material compositioris anothercritical influencing factorComponents and metals will
show different fluctuationsaccording tathe trend in technology renewal or cellphone updates
For example,the content of CHTMs in the different categories of cellphones appears
significantly diffelent. This analysisassumedhat the average material contgmbportions are
consistenwvhenestimating the CHTMs in waste cellphon&kis assumptions likely to lead to
adeviationin the conterd of CHTM quantities in different types of wastellphonesTherefore,
scenarie 3 and 4considereddifferent weights of CHTMs contents to condwcisensitivity
analysis.Thedetailedresults of thesensitivity analysisn waste cellphoneis differentscenarios
arepresentedn the Supplementary Material
4 Discussion
4.1 Estimated quantities of waste cellphones

The ®nsitivity analysis shows th#te cellphone lifespan is a key facttiratinfluences

the number of waste cellphonédany previous studies have shown that the cellphone lifespan

varies substantiallyamong countriesind regions. For examplg;olak et al. (2012 discovered

that the average lifespan céllphonesn the Czech Republics approximately7.99 years, which
is longer thanthat in most countriesAradjo et al. (2012) found that theaverage lifespamf
cellphonesn Brazil isapproximately4.5 yearswhichexceeds thaverage according to experts

Rahmaniet al.(2014)estimated that the average lifespan of cellphones in Iran is approximately 3

years|Yin et al. (2014)revealed that the average cellphdifespanis less than three years in
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China. Guoet al.(2017)reportedthat the averagifespan of cellphones is less than two years in
China.One of he major reasa@tor these resultss the distinctive consumer behavior in different
regions and countries However, the situationin the Indian contexis intriguing. First, the
popularity of smartphones is growing at a fast pacel the majority of the Indian population
appearsto be interestedn replacingold cellphone with the most ugio-date smartphones
(Sharmaet al, 2013. However, thee-waste disposal behav®of Indian consumervaries
dramatically in different parts of the counfiiyorthakuret al, 2019. The majorityof the Indian
populationtends to use electronic produtintil they aredamaged or new technology is available
at an affordable priceAdditionally, the informal economy is sizeable and contributes
significantly to the long lifespan of mobile phane India (Stevens, A2013. Therefore, the
expectechverage lifespan of cellphasim India ismuchlonger tharthat inmostothercountries
andregionsof the world.Studies show that mobildevicesin Indiahavethe longest lifespaand
can last six to eight yea(Stevens, A2013.

To the best of our knowledgiew studies havestimate the generation and future trends
of waste cellphones in Indiavhile consideringthe differencesbetweenfeature phones and
smartphonesLimited research studiesocused on general waste electrical and electronic
equipment WEEE) productshave beenconducted forthe Indian market.According to our
estimation, during the period of 2009 to 2019, the totmhulativegeneration ofvastefeature
phones and smartphonegas approximately 49®. million units and 133.8 million units,
respectivelyWe further projectedhat from2020 to 2035, the tot@umulativewaste generation
of feature phones and smartphomelt be approximately 1.7 billion units and 1.6 billion units,
respectively.We believe that these results provide a sbhidisand exert positive effectsn

waste cellphone management in Indidowever, theestimationaccuracy would begreatly
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412  improved bydata of better qualitjwe hope that in the near fututegtter data can be obtained
413  for a thorough understanding of ladicellphoneconsumer behavido providea more reliable
414 estimation of the waste amount and a clearer interpretatiodymémic cellphone lifetime
415 information.

416 4.2 Strategic value of hightech minerals

417 With the trend of computerization telecommunicatiorand mobile phone technology
418 innovation worldwide, the Indian electronics induskgs becomeone of the fastest growing
419 industries in the countryAgrawal et al, 2019. In particular cellphoneshavebecomea near
420 necessary iterm approximatelya decadeKorthakuret al, 2019; they have becomene of the
421 fastest growing products in the electronics indus@HTMs contained in cellphonebave
422  experienced dramatic charsgguring this periodIn this study, wherexaminingthe availability
423 of CHTMs in cellphone waste, the significant changes in the cellphone industry and the
424  complexity of theCHTMs included in phonewerefully assessedndconsidered

425 CHTMs arepivotal raw materials for manglobal emerging industriesThe demand for
426  variousCHTMs is expected to continugrowingin the long terndue to the rapid advancement
427  of telecommunicatiorand battery innovationHowever, the stable and continuous supy
428 various CHTMs is likely to be affected byseveralfactors.One factoris that the supply of
429 CHTMs is greatly reliant on the particular carrier mineral. For example, the exploitation of
430 gallium largelyrelieson the capacity of its carrier mineraluminum {He et al, 2019. Another
431 important factoris unexpected world events or global emergefd-or instance, the recent
432  outbreak othe COVID-19 pandemitas substantially affecteglobal supply chais(Shin et al.,
433  2020; Kilpatrick., 2020; Goetzen., 2020n extreme circumstancesyaste cellphones have

434 become an abundant secandCHTM reservoirwith considerablestrategic valueln India, the

22



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

accumulated social stock of cobsiored in waste cellphones surpas2&@8.7tons in 2019 and
is projected to exceelb786.8tons in 2035Additionally, the grade otobalt in waste cellphones
is significantly higher than that in natural ofe’'u et al.,2010. A previous study revealed that
only approximatelyl.2 kg of cobaltmaterialcan beacquiredfrom mining one ton of natural
cobalt ore but approximately63 kg of cobalt can bdetectedn one ton of waste smartphones
(He et al, 2019. Therefore,the proper handhg and recyahg of CHTMs in wastecellphones
has significant strategic value

4.3 ComparinglIndia with China

Chinaand Indiaare currently the two largestactive Internetmarkets(Borthakuret al,
2019; they genera¢ an enormous quantitgf wasteelectronicsannually Reports showthat
China and Indiare expected to double the generation-ofaste quantities in theextfew years
(Awasthiet al, 2017). Cellphones are one of the fastest growing categofi¢¢EEE products in
boththe ChineseandIndiancontexs.

In Ching approximately2.3 billion units of waste feature phonasad 1.0 billion units of
waste smartphones were generated from 1987 to 2016manel thanl5 thousand tons of
CHTMs could be recycled frorthesewaste cellphones. In the futuriie generation omore
thanl billion units of waste cellphonés expectedn 2035,which will creat over 90 thousand
tons of CHTM preservatiofiHe et al., 2018

According to our estimatigrthe accumulated number of waste cellphomebdia has
surpasse®327 million units, including approximatel499 million units of waste feature phones
and 133.8million units of waste smartphondsom 2009 to 2019Moreover, more than 2765.4

tons of CHTMs could be recycled fronthesewaste cellphoned-orecastingndicatesthat the
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generatiorof waste cellphones grojectedto bel1812 million units in 2@0 andto reach2244
million units in 2035, withmore tharl7,073.8tons of CHTMs.

As previouslydiscussedin terms of the present and future availabilay, extraordinary
number of waste cellphonese availablen China and Indiaanda largequantityof CHTMs is
storedin cellphone waste, whiatepresentsn abundant secondafyHTM reserwir. Notably, in
future decadesthe generation of waste feature phonesxigected talecreaseapidly in China
however the situationn Indiais entirely differentin 2035,it is predicted thatore tharf9% of
waste cellphones in the Chinese mamkit be smartphonesndthe percentage of waste feature
phoneswill be less than 1%fFeature phones will stilhavean important role irthe Indian
cellphone marketOne possible reason for this situatimthat the majority of the Indian
populationis still facing constraints in upgrading their feature phones to smartplioizésapati
et al, 2019. A detailedgraphiccomparisorof India and Chinas includedin the Supplementary
Material

Future UHOHYDQW VWXGLHV FDQ EH FRQGXFWuBg h® VHG RC
methodology utilized in this study. For example, our results can be extended to other developing
countries, such as Brazil, Mexico, Vietnam, etcmdre comprehensiveomparisonof these
emerging countries couleevealuseful patterns of cellphone recycling and help to identify the
proper cellphone managerial strategiddost importantly this broader comparison would
FROQWULEXWH JUHDWO\ WR RWKHUWNRGRXQWULHVY FHOOSKRQH
5 Conclusionsand Implication s
5.1 Concluding remarks

The aim of this study was to estimate the patiimesand predict the future volumes of

waste cellphones and varioG$TMs contained in thenm India from 20092035.No previous
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study hascalculatedthe numberof cellphonesand future trends of cellphones in India this
study, material flow analysis arike Weibull distribution wereemployedto estimate the quantity
of waste cellphone generation and associated CHTM sthgk separately considering
smartphones and feature phones. Since Ipe@amethe secondargest smartphone market after
China, it isimportantto study the current status and future trenthetellphone market in India.
This article provides babee datato fill the knowledgegap andto help stakeholdersenhance
thar understandingf this field

Based on tis analysis, the following conclusions can be reacligplWaste cellphones
contain variousCHTMs, and the contestof CHTMs variesbetween smartphones and feature
phones (2) From 2009 to 2019the accumulated number of waste cellphandsidia surpassed
6327 million units, including approximately130 million units and 500 million units ofvaste
smartphones and feature phanesspectively.More than 27 thousand tons of CHTMse
available for recyclingIn the future, it is predicted thatore than180 million units of waste
cellphoneswill be generated in 2020This number will exceed220 million in 2035,which
createsmore thanl70 thousand tons of CHTM preservation in waste cellphdBg£ellphone
waste volumesn India show a general upward tendenahich indicaesthat various potential
CHTMs contained in cellphone wastaouldbe appropriatelyreused orecycled.
5.2Implications

Based onthe results, severalrecommendatiosn can bemadeto help improve waste
cellphone management in Indifl) From a governmentperspective the Indian government
should propose aomprehensivgackage plario improverelevant WEEE recycling laws and
regulations focusing especiallyon waste cellphone recyclingrirst, the cellphone recycling

industry should be formulated and regulated since the primasee recycling method in India
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503 is informal which is harmful tothe environment and human healtBecond,the Indian
504 government should recognize the strategic importance of va@blidvs contained in waste
505 cellphones, whiclcomprisean abundant potential HTM reservdirat is critical for national
506 security. Third, the Indian governmerghould implement policies regarding a circular and
507 sustainable WEEE recycling system and invest federal funsispioortonline WEEE recycling
508 activities.(2) Froma company perspectiveariouscellphonecompanies shoulthakeefforts to
509 addresghis situation. First, the product ecological design should be enhanced by manufacturing
510 companies to ensure that future waste cellphones can be dismantled orwihsedtandard
511 form. Researckbased companies shld invest sufficient funds intcesearchand development
512 (R&D) to improve dismantling or refining technologieSecond,domestic companies should
513 attract foreign investment®Vith some indepth operations among stakeholdexszouraging
514 companiedo actively collect waste cellphonesnd handle waste cellphonegpropriatelywill
515 have longterm benefits (3) From a consumer perspectivocal consumers havenormous
516 potentialfor improvement Consumes fconsciousness, awareness, recogniéind attitude will
517 directly and indirectlyaffect their behavioral habitsFirst, Indian consumers should improve
518 thdr awareness of waste mobile phorezycling and actively transition from the traditional
519 approachto an approach supportingnvironmental protection and efficiencgecond,actual
520 cellphone consumption behaviaran be transformebly changesn consciousness. Moreové,
521 the majority ofconsumersn societywere voluntaryrole models, thendof-life recycling rate
522  wouldlikely improve

523 5.3 Limitations and futuredirections

524 This studyaims toanalyze the volume aiccumulatedvaste cellphones and the volume

525 of the CHTMs contained inthese cellphonedy separatelyconsidering feature phones and
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smartphone# the Indian contextMoreover, a market supply model was adopted to predict the
future trends ofCHTMs in waste cellphonem India However, there are still some limitations

and uncertainties in this article due to limited resources, such as time and data avaHatijty.

the cellphone lifespan informatiamas obtainedrom previows publicationsand may not be valid

for India. Second our estimatiorand prediction results atbeoretich Althoughthe resultsare

based on auniversally acknowledgednathematical modglthey might still exhibit some
deviations.Moreover, the material composition mahift over time however,we usedfixed
valuesreported in the literatudeecause@ccuratelyprojecing future changeis nearly impossible

Last, more data should be provided to analyze the impact of the source and supply of strategic
metals on cellphonefrom the perspective of the upstream and downstream industries of
strategic minerals in cellphoneSonsidering thesémitations future sudies shoulcconduct a
national questionnaire surveg directly obtain firsthand cellphone lifespan information from
Indian cellphoneconsumers. Additionallyfuture studies should also consider thesigns of
nextgeneratiorcellphone, which will likely have differentCHTM compositiors.
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