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Abstract	28 

Mismanaged	plastic	waste	is	transported	via	rivers	or	city	drains	into	the	ocean	where	it	29 

accumulates	in	coastal	sediments,	ocean	gyres	and	the	deep	ocean.	Plastic	harms	marine	30 

biota	and	may	ultimately	return	to	humans	via	the	food	chain.	Private	initiatives	proposing	31 

to	collect	plastic	from	the	sea	and	rivers	have	gained	widespread	attention,	especially	in	32 

the	media.	However,	few	of	these	methods	are	proven	concepts	and	it	remains	unclear	how	33 

effective	they	are.	Here	we	estimate	the	amount	of	plastic	in	the	global	surface	ocean	to	34 

assess	the	long-term	legacy	of	plastic	mass	production,	calculate	the	time	required	to	clean	35 

up	the	oceans	with	river	barriers	and	clean	up	devices,	and	explore	the	fate	of	collected	36 

plastic	 waste.	 We	 find	 that	 the	 projected	 impact	 of	 both	 single	 and	multiple	 clean	 up	37 

devices	is	very	modest.	A	significant	reduction	of	plastic	debris	in	the	ocean	can	be	only	38 

achieved	with	collection	at	 rivers	or	with	a	 combination	of	 river	barriers	and	clean	up	39 

devices.	We	also	show	that	the	incineration	and	production	of	plastic	has	a	significant	long-40 

term	effect	on	the	global	atmospheric	carbon	budget.	We	conclude	that	a	combination	of	41 

reduced	plastic	 emissions	and	 reinforced	 collection	 is	 the	only	way	 to	 rid	 the	ocean	of	42 

plastic	waste.	43 

	44 

Keywords	45 

Plastic	 pollution,	 Marine	 debris,	 Litter,	 Clean	 up	 devices,	 Waste	 management,	 Mathematical	46 

model,	Future	scenarios	47 

	48 

	49 

1.	Introduction	50 

Plastic	waste	has	become	globally	pervasive	(Andrady,	2011;	Cressey,	2016;	Doyle,	Watson,	&	51 

Bowlin,	2011;	Eriksen	et	al.,	2013;	Cózar	et	al,	2014;	Barnes,	Galgani,	Thompson,	&	Barlaz,	2009;	52 

Law,	2017;	Law,	2010;	van	Sebille	et	al,	2015;	Worn,	Lotze,	Jubinville,	Wilcox,	&	Jambeck,	2017).	53 

In	2015,	mismanaged	plastic	was	estimated	at	6.3	Pg,	79%	of	which	ended	up	in	landfills	or	was	54 

released	to	the	natural	environment	(Geyer,	Jambeck,	&	Law,	2017).	The	accumulation	of	plastic	55 

waste	in	the	environment	(Worm,	2015)	has	become	increasingly	hazardous	(Rochman,	2013)	56 

and	global	policy	actions	have	been	invoked	to	reduce	the	effects	of	plastic	pollution	(Xanthos	&	57 

Walker,	2017;	Löhr	et	al,	2017;	Vince	&	Hardesty,	2017;	Tessnow-von	Wysocki,	&	Le	Billon,	2019).	58 

Although	the	implications	of	plastic	waste	on	Earth	system	processes	are	not	fully	determined,	59 

the	irreversible	and	ubiquitous	nature	of	this	form	of	pollution	represents	an	additional	threat	to	60 

planetary	boundaries	(Rockström	et	al,	2009;	Steffen	et	al,	2015;	Villarrubia-Gómez,	Cornell,	&	61 

Fabres,	2018).	62 

	63 



 

 

Annually,	5	to	13	Tg	of	plastic	invade	the	oceans	from	land	(Jambeck	et	al,	2015;	Boucher	&	Friot,	64 

2017).	Marine	plastic	debris	are	found	in	coastal	areas	all	around	the	globe	(Jambeck	&	Jonson,	65 

2015),	 in	 sedimentary	 environments	 of	 fjords,	 estuaries,	 shallow	 coastal	 areas,	 continental	66 

shelves	(Harris,	2020),	and	even	in	the	deepest	part	of	the	ocean	(Chiba	et	al,	2018).	The	positively	67 

buoyant	plastic	polymers,	however,	accumulate	in	the	surface	waters	of	large	ocean	gyres	as	a	68 

result	 of	 global	 ocean	 circulation	 (van	 Sebille	 et	 al,	 2015).	 Approximately	 5.25	 trillion	 plastic	69 

particles,	 weighing	 about	 269,000	 Mg,	 float	 on	 the	 ocean	 surface	 (Eriksen	 et	 al,	 2014)	 with	70 

concentrations	 of	 up	 to	 580,000	 plastic	 fragments	 per	 square	 kilometer	 (Barnes,	 Galgani,	71 

Thompson,	&	Barlaz,	2009).	The	riverine	transport	of	plastic	debris	into	the	ocean	(Zhao,	Zhu,	&	72 

Wang,	2014;	Lebreton	et	al.,	2017)	is	directly	related	to	the	production,	rapid	disposal,	often	after	73 

single	use,	and	mismanagement	of	plastic	waste	at	a	global	scale	(Jambeck	et	al,	2015).	Given	the	74 

future	projections	of	plastic	production	and	the	lack	of	effective	disposal	strategies,	the	amount	75 

of	plastic	waste	in	the	natural	environment	is	expected	to	double	by	2050	(Geyer,	Jambeck,	&	Law,	76 

2017).	77 

	78 

Oceanic	plastic	debris	is	recognized	as	a	major	threat	for	global	marine	ecosystems	with	expected	79 

negative	 consequences	 for	 marine	 wildlife	 and	 also	 for	 human	 health	 (Barnes,	 Galgani,	80 

Thompson,	&	Barlaz,	2009;	Talsness,	Andrade,	Kuriyama,	Taylor	&	vom	Saal,	2009;	Jiang,	2018;	81 

Tavares	 et	 al.,	 2020).	 The	 impacts	 of	 marine	 plastic	 pollutants	 on	 the	 marine	 biota	 include	82 

physical	 injury	 linked	 to	 entanglement,	 as	 well	 as	 physiological,	 biochemical	 and	 behavioral	83 

impairments	due	to	the	ingestion	of	plastics	and	the	harmful	chemicals	they	contain	(Besseling,	84 

Wegner,	Foekema,	Van	Den	Heuvel-Greve,	&	Koelmans,	2013;	de	Sá,	Oliveira,	Ribeiro,	Rocha,	&	85 

Futter,	2018;	Chen	et	al.,	2018).	Small	pieces	of	plastics	have	been	found	in	the	gastrointestinal	86 

tract	of	more	than	2200	different	marine	species,	 from	zooplankton	to	apex	predators	(de	Sá,	87 

Oliveira,	 Ribeiro,	 Rocha,	&	 Futter,	 2018;	Galloway,	 Cole,	&	 Lewis,	 2017;	Wright,	 Thompson	&	88 

Galloway,	2013;	Jepsen	&	Bruyn,	2019,	Tekman	et	al.	2020).	The	impact	of	plastic	pollution	is	not	89 

limited	to	the	individual	 level,	but	also	has	wide-reaching	consequences	at	the	population	and	90 

community	levels	(Lamb	et	al.,	2018).	The	fact	that	microplastics	release	harmful	chemicals	(e.g.	91 

phthalates,	polybrominated	diphenyl	ethers	-	PBDEs,	bisphenol	A)	(Engler,	2012;	Lee,	Shim,	&	92 

Kwon,	2014;	Rochman,	Hoh,	Kurobe,	&	Teh,	2013)	exacerbates	the	problems.	93 

	94 

The	 scale	 of	 the	plastic	 problem	 calls	 for	 urgent	mitigation	 strategies.	 Common	 interventions	95 

include	national	and	subnational	legislative	measures,	such	as	bans,	taxes,	and	levies	on	single	96 

use	plastics	(Xanthos	&	Walker,	2017;	Schnurr	et	al.	2018),	and	environmental	education	to	avoid	97 

mismanagement	 and	 illegal	 disposal	 of	 plastic	material	 at	water	 bodies	 (Schnurr	 et	 al.	 2018,	98 

Goodman	et	al.	2020).	Private	initiatives	by	NGOs	and	corporations	can	also	have	a	positive	effect	99 



 

 

on	reducing	single-use	plastics	(Schnurr	et	al.	2018),	removing	plastics	from	the	environment	or	100 

preventing	them	from	reaching	the	ocean.	The	latter	two	mitigation	strategies	are	promoted	by	101 

initiatives	 such	 as	 the	 Ocean	 Cleanup	 project	 (https://theoceancleanup.com),	 which	 has	 the	102 

ambitious	 aim	 to	 clean	90%	of	 the	 ocean	plastic	 pollution	 by	 developing	methods	 to	 remove	103 

plastic	from	oceans	and	rivers.	These	methods	include	the	deployment	of	cost-effective	cleaning	104 

devices	in	the	great	pacific	garbage	patch	and	1000	autonomous	interceptors	in	rivers,	which	are	105 

responsible	for	80%	of	the	global	plastic	pollution	(https://theoceancleanup.com).	However,	it	is	106 

unclear	to	what	extent	these	cleaning	and	removal	measures	will	be	sufficient	to	abate	the	plastic	107 

problem.	108 

	109 

Here,	 we	 use	 a	 mathematical	 model	 of	 the	 global	 surface	 ocean	 in	 combination	 with	 future	110 

projections	of	global	plastic	production	and	waste	management	(Geyer,	Jambeck,	&	Law,	2017)	111 

to	simulate	plastic	discard	and	accumulation	in	the	past,	present	and	future.	Mathematical	models	112 

are	 relevant	 tools	 to	 systematically	 test	 our	 understanding	 about	 a	 system	 (Levy	 and	 Currie,	113 

2015)	 and	were	used	 to	 explore	 some	of	 the	unknowns	of	plastic	pollution	 in	 the	ocean	 (e.g.	114 

Lebreton	 et	 al.	 2019).	 We	 use	 our	 proposed	 model	 (see	 Materials	 and	 Methods)	 to	 explore	115 

different	 management	 scenarios	 to	 mitigate	 ocean	 plastic	 pollution	 and	 quantify	 the	 CO2	116 

emissions	from	burning	the	collected	plastic	waste.	From	an	Earth	System	perspective,	we	finally	117 

discuss	the	uncertainties	related	to	our	understanding	of	the	marine	plastic	problem.	118 

	119 

	120 

2.	Materials	and	Methods	121 

	122 

2.1	Model	description	123 

The	accumulation	of	buoyant	plastic	in	the	global	surface	ocean	is	calculated	using	a	set	of	two	124 

differential	equations	for	the	total	amounts	of	macroplastic	(PM)	and	microplastic	(Pm).	We	do	not	125 

calculate	the	accumulation	of	nanoplastics	(plastic	particles	of	less	than	1	micron)	because	their	126 

amount	 in	the	ocean	has	not	been	quantified	(Koelmans,	Besseling,	&	Shim,	2015).	Part	of	the	127 

uncertainty	about	nanoplastic	concentration	in	the	ocean	arises	from	the	difficulties	to	discern	128 

such	 small	 particles	 in	 the	 field	 with	 environmental	 abundances	 below	 detection	 limits	 and	129 

inconsistent	exposure	conditions	and	methodologies	(da	Costa	et	al.,	2016).		130 
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	135 

The	source	of	macroplastic	to	the	ocean	surface	is	calculated	as	the	buoyant	fraction	(focean)	of	136 

mismanaged	plastic	discard	(Pd)	that	is	washed	into	the	ocean	via	rivers	(Lebreton	et	al.,	2017;	137 

Hurley,	Woodward,	&	Rothwell,	2018).	Fragmentation	(FM)	of	macroplastic	(PM)	due	to	exposure	138 

to	 UV-light	 and	 wave	 action	 (Barnes,	 Galgani,	 Thompson,	 &	 Barlaz,	 2009)	 decreases	 the	139 

macroplastic	pool	and	increases	microplastic	(Pm).	Note	that	we	do	not	simulate	the	ingestion	of	140 

plastic	by	marine	organisms	(de	Sá,	Oliveira,	Ribeiro,	Rocha,	&	Futter,	2018;	Galloway,	Cole,	&	141 

Lewis,	2017;	Wright,	Thompson,	&	Galloway,	2013;	Jepsen,	&	Bruyn,	2019)	because	this	flux	and	142 

associated	excretion	of	plastic	are	not	known	(Bergmann,	Gutow,	&	Klages,	2015;	Frydkjær	et	al,	143 

2017;	 Ory,	 Gallardo,	 Lenz,	 &	 Thiel,	 2018).	 The	 amount	 of	 plastic	 that	 sinks	 due	 to	 biofouling	144 

(Fazey,	&	Ryan,	2016;	Kaiser,	Kowalski,	Waniek,	2017)	is	also	not	known	and	this	flux	is	therefore	145 

not	modeled	explicitly.	However,	the	quantification	of	plastic	in	ocean	surface	waters	(Eriksen	et	146 

al.,	2014)	covers	only	the	relative	fraction	of	plastics	that	remained	positively	buoyant	over	61	147 

years.	The	simulation	of	the	net	accumulation	of	surface	plastics,	therefore,	implicitly	excludes	148 

plastic	waste	that	never	reaches	the	ocean,	plastics	with	a	higher	density	that	are	immediately	149 

lost	to	the	ocean	interior,	or	plastics	that	were	removed	from	the	surface	between	1950	and	2011	150 

due	 to	 biofouling.	 All	 those	 potential	 sinks	 are	 thus	 implicitly	 accounted	 for	 as	 the	 model	151 

considers	only	the	relative	fraction	of	plastic	waste	that	contributes	to	the	net	accumulation	of	152 

surface	plastic.	153 

	154 

2.2	Forcing	data	and	initialization	155 

The	annual	plastic	discard	on	land	(Pd)	is	obtained	from	projections	of	future	plastic	emissions	156 

(Geyer,	Jambeck,	&	Law,	2017).	Since	plastic	production	started	in	the	early	1950s,	we	initialized	157 

the	model	with	zero	plastic	content	in	the	year	1950.	A	global	quantification	of	the	total	plastic	158 

content	of	the	global	surface	ocean	reported	an	amount	of	268,940	Mg	of	total	plastic	floating	in	159 

the	surface	ocean	of	which	233,400	Mg	are	macroplastic	and	35,540	Mg	represent	the	size	class	160 

termed	microplastic	(Eriksen	et	al.,	2014).	These	numbers	are	used	to	constrain	the	parameter	161 

values	of	the	model	and	provide	a	conservative	estimate	of	ocean	surface	plastic	pollution,	but	we	162 

expect	this	number	to	increase	as	new	information	becomes	available.	The	value	of	the	relative	163 

fraction	of	plastic	waste	that	reaches	the	ocean	and	accumulates	in	the	surface	ocean,	fM,	is	chosen	164 

to	match	the	accumulation	of	total	plastic	from	1950	to	2011.	The	value	of	the	fragmentation	rate	165 

of	the	bigger	macroplastic	into	the	smaller	size	class	of	microplastic,	FM,	is	then	adjusted	to	match	166 

the	relative	 fractions	of	macro-	and	microplastic	according	to	 the	observations	(Eriksen	et	al.,	167 

2014).	168 

	169 

2.3	Plastic	collection	170 



 

 

We	introduce	the	effect	of	planned	ocean	clean	up	devices	into	the	model	as	additional	sinks	for	171 

both	macro-	and	microplastic.	The	plastic	removal	depends	on	the	number	of	devices	deployed	172 

(NCUP),	the	length	of	the	devices	(LCUP),	the	flow	speed	that	brings	plastic	debris	to	the	devices	(𝜓),	173 

and	the	amount	of	macro-	and	microplastic	at	 the	ocean	surface.	We	test	various	scenarios	to	174 

mitigate	plastic	pollution	starting	in	the	year	2020	by	either	switching	on	the	collection	via	clean	175 

up	devices,	turning	off	riverine	input	of	plastic,	or	doing	both.	176 

	177 

One	ocean	cleanup	device	has	a	length	of	600	m	and	is	deployed	in	an	area	that	allows	an	average	178 

flow	speed	of	14	cm	s−1	(https://theoceancleanup.com)	leading	to	a	total	clearance	of	2,649	km2	179 

per	year	per	device.	Given	a	total	surface	area	of	the	global	ocean	(Aocean)	of	approximately	361	·	180 

106	km2,	this	yields	a	relative	fraction	of	0.07%	of	the	global	surface	ocean	that	can	be	cleared	by	181 

one	 device	 per	 year.	 Admittedly,	 the	 model	 assumes	 that	 the	 ocean	 surface	 plastic	 is	182 

homogeneously	 distributed	 across	 the	 global	 surface	 ocean.	 The	 model	 may	 therefore	183 

underestimate	the	efficiency	of	the	ocean	cleanup	devices.	However,	the	model	accounts	for	the	184 

magnitude	 of	 the	 global	 ocean	 and	 therefore	 accounts	 for	 the	 limits	 of	 a	 small	 number	 of	185 

individual	devices	to	clear	the	whole	surface	ocean.	186 

	187 

2.4	CO2	emissions	188 

The	amount	of	plastic	that	is	collected	under	the	different	cleanup	scenarios	is	converted	into	CO2	189 

emissions	using	a	conversion	factor	of	2.6	kg	CO2	per	kg	of	plastic	burned	(Harding,	Dennis,	von	190 

Blottnitz,	&	Harrison,	2007).	The	emitted	CO2	is	then	accumulated	in	an	atmospheric	box	in	order	191 

to	quantify	the	total	expected	impact	of	the	incineration	of	collected	ocean	plastic.	Additionally,	192 

the	expected	CO2	emissions	from	the	increasing	plastic	production	and	incineration	on	land	are	193 

calculated	according	to	the	scenario	of	(Geyer,	Jambeck,	&	Law,	2017)	using	a	conversion	of	0.35	194 

kg	CO2	per	kg	of	plastic	produced	and	2.6	kg	CO2	per	kg	of	plastic	burned	(Harding,	Dennis,	von	195 

Blottnitz,	&	Harrison,	2007).	196 

	197 

	198 

3.	Results	and	Discussion	199 

	200 

3.1	Accumulation	of	plastic	201 

The	discard	rate	of	plastic	waste	is	projected	to	reach	zero	in	2052	due	to	a	rise	in	the	recycling	202 

rate	 and	 the	 incineration	 of	 plastic	waste	 on	 land	 (Geyer,	 Jambeck,	 &	 Law,	 2017).	 Using	 this	203 

scenario	and	the	projection	of	historic	and	future	generation	of	plastic	waste	(Geyer,	Jambeck,	&	204 

Law,	2017),	we	estimate	annual	discard	rates	to	simulate	the	accumulation	of	plastic	waste	in	the	205 



 

 

surface	waters	of	the	open	ocean.	Our	results	suggest	that	plastic	emissions	will	peak	in	the	year	206 

2029.	207 

	208 

Since	large-scale	plastic	production	started	in	the	early	1950s,	we	initialized	our	model	with	a	209 

plastic	concentration	in	the	surface	ocean	equal	to	zero	in	the	year	1950.	In	2011,	the	total	amount	210 

of	floating	plastic	in	the	surface	ocean	was	quantified	to	be	approximately	269,000	Mg	(Eriksen	211 

et	al.,	2014).	We	used	this	estimate	to	quantify	the	relative	fraction	of	generated	plastic	waste	that	212 

reaches	the	ocean	and	remains	floating	in	the	surface	waters	(focean).	This	fraction	is	around	6.8	213 

ppm	of	the	total	plastic	discarded.	The	relative	fraction	of	mismanaged	plastic	entering	the	ocean	214 

interior	may	be	much	higher	(Jambeck	et	al.,	2015),	but	here	we	focus	on	the	amount	of	plastic	215 

that	 reaches	 the	 ocean	 surface	 water	 and	 remains	 positively	 buoyant	 during	 the	 considered	216 

accumulation	period	of	61	years.	This	simulated	net	accumulation	of	plastic	in	the	surface	ocean	217 

implicitly	includes	losses	of	plastic	particles	sinking	into	the	ocean	interior	as	a	consequence	of	218 

biofouling	 (Fazey,	 &	 Ryan,	 2016;	 Kowalski,	 Reichardt,	 &	 Waniek,	 2016;	 Kaiser,	 Kowalski,	 &	219 

Waniek,	2017).	220 

	221 

If	we	consider	that	plastic	waste	enters	the	ocean	as	macroplastic	and	that	microplastic	forms	222 

after	 fragmentation	 of	 bigger	 plastic	 particles	 (Barnes,	 Galgani,	 Thompson,	 &	 Barlaz,	 2009;	223 

Koelmans,	Kooi,	Law,	&	van	Sebille,	2017),	we	obtain	a	maximum	possible	fragmentation	rate,	FM	224 

,	of	1.14%	a−1	that	is	consistent	with	the	relative	fractions	of	macro-	and	microplastic	measured	225 

in	the	year	2011	(Eriksen	et	al.,	2014).	This	fragmentation	rate	reflects	a	theoretical	maximum	226 

because,	 in	 reality,	 a	 certain	 fraction	of	plastic	enters	 the	ocean	as	microplastic	 (Horton	et	al.	227 

2017;	Lebreton	et	al.,	2017;	Hurley,	Woodward,	&	Rothwell,	2018)	and	the	true	fragmentation	228 

rate	will,	therefore,	be	lower	than	our	estimate.	However,	the	relative	amount	of	microplastic	with	229 

respect	to	total	plastic	release	is	highly	variable	between	rivers	(Lebreton	et	al.,	2017)	and	this	230 

parameter	is,	therefore,	associated	to	large	uncertainties.	Given	also	that	the	accumulated	mass	231 

of	macroplastic	is	almost	one	order	of	magnitude	larger	than	that	of	microplastic	(Eriksen	et	al.,	232 

2014),	we	omit	the	release	of	microplastic	into	the	ocean	and	combine	its	uncertainty	with	the	233 

fragmentation	of	macroplastic	to	microplastic.		234 

	235 

With	these	two	parameters,	focean	and	FM	,	we	can	simulate	future	scenarios	of	open	ocean	surface	236 

accumulation	of	both	macro-	and	microplastic	 (Lebreton	et	al.,	2018)	using	 the	projections	of	237 

plastic	waste	generation	and	discard	(Geyer,	Jambeck,	&	Law,	2017).	Our	model	predicts	that	total	238 

plastic	waste	will	continue	to	accumulate	in	the	surface	ocean	until	2052	and	then	remain	steady	239 

at	about	860,600	Mg	(Fig.	2).	According	 to	 this	 result,	 if	no	 further	action	 is	 taken	 to	prevent	240 

plastic	pollution	(that	is,	if	we	follow	the	business	as	usual	scenario,	BAU),	then	the	amount	of	241 



 

 

plastic	 in	 the	 ocean	 will	 triple	 with	 respect	 to	 2011,	 even	 if	 plastic	 discard	 is	 completely	242 

abandoned	in	2052	and	all	plastic	waste	is	burnt	or	recycled	in	the	future	(Geyer,	Jambeck,	&	Law,	243 

2017).	The	ongoing	fragmentation	of	macroplastic	to	microplastic	by	UV	light	and	wave	action	244 

(Barnes,	 Galgani,	 Thompson,	 &	 Barlaz,	 2009)	will	 decrease	macroplastic	 concentrations	 after	245 

plastic	emissions	cease	in	2052	at	the	expense	of	increasing	microplastic	concentrations	(Fig.	2).	246 

Note,	however,	that	we	do	not	consider	further	fragmentation	of	microplastic	into	nanoplastic	247 

(Koelmans,	Kooi,	Law,	&	van	Sebille,	2017)	because	the	global	concentration	of	nanoplastic	is	not	248 

known	(Koelmans,	Besseling,	&	Shim,	2015)	and	thus	the	model	cannot	be	constrained	in	this	249 

respect.	250 

	251 

3.2	Ocean	Cleanup	and	plastic	collection	252 

The	projected	future	increase	in	ocean	plastic	emphasizes	the	need	to	actively	counterbalance	253 

this	form	of	pollution	by	removing	plastic	waste	from	the	surface	ocean.	One	initiative	to	collect	254 

surface	plastic	at	a	 large	scale	 is	 the	Ocean	Cleanup	project,	whose	aim	 is	 to	 clean	 the	Pacific	255 

garbage	patch	within	the	next	20	years.	The	method	consists	in	deploying	600	m	long	floating	256 

barriers	 in	 the	garbage	patch.	These	barriers	are	designed	 to	hold	 the	 floating	plastic	using	a	257 

vertical	 screen	 and	 are	 able	 to	 catch	 plastic	 particles	 down	 to	 the	 size	 of	 about	 1mm	258 

(https://theoceancleanup.com).	The	plastic	is	then	collected	by	a	vessel	and	transported	to	land	259 

for	incineration	or	recycling.	The	speed	with	which	ocean	currents	will	transport	plastics	to	the	260 

devices	is	estimated	at	around	14	cm	s−1,	resulting	in	about	2700	km	a−1,	or	7.3	ppm	of	the	global	261 

surface	ocean	being	cleared	by	one	device	annually.	Assuming	 that	 the	cleaning	devices	work	262 

without	failure	and	assuming	that	100%	of	the	collected	plastic	can	be	removed	from	the	ocean	263 

irrespective	of	its	size,	we	quantify	the	impact	of	one	Ocean	Cleanup	device	on	the	total	plastic	264 

accumulation	in	the	global	surface	ocean	(Fig.	2,	1CD).	We	find	that	the	amount	of	surface	plastic	265 

in	the	open	ocean	will	only	be	reduced	by	768	Mg	with	respect	to	the	business	as	usual	scenario	266 

(which	 is	a	 reduction	of	0.09%	of	 total	ocean	surface	plastic)	by	 the	year	2150.	Note	 that	 the	267 

model	assumes	a	homogeneous	distribution	of	plastic	debris	throughout	the	global	surface	ocean.	268 

	269 

Since	the	projected	impact	of	a	single	clean	up	device	is	relatively	low	with	respect	to	the	amount	270 

of	plastic	present	in	the	ocean,	we	analyze	the	potential	impact	of	deploying	200	Cleanup	devices	271 

in	the	year	2020,	running	without	downtime	until	2150.	In	this	scenario,	global	floating	plastic	272 

debris	will	be	reduced	by	44,900	Mg	of	plastic	with	816,000	Mg	of	plastic	remaining	afloat	at	the	273 

ocean	 surface	 by	 2150	 (Fig.	 2,	 200CD).	 Given	 the	 costs	 associated	 with	 the	 production	 and	274 

maintenance	of	the	proposed	Cleanup	devices,	the	relative	impact	or	catch	per	unit	effort	(CPUE)	275 

is	quite	modest.	Therefore,	we	explored	the	potential	effect	of	surface	barriers	at	river	mouths	as	276 

an	alternative	solution	to	reduce	ocean	plastic	pollution.	A	complete	halt	of	plastic	emissions	into	277 



 

 

the	ocean	by	the	year	2020	due	to	the	implementation	of	effective	barriers	(scenario	ES)	could	278 

reduce	the	amount	of	ocean	surface	plastic	by	462,000	Mg	with	respect	to	the	business	as	usual	279 

scenario	(Fig.	2,	ES).	This	would	leave	around	398,000	Mg	of	plastic	debris	floating	in	the	ocean.	280 

However,	although	river	barriers	are	quite	effective	at	preventing	plastic	from	reaching	the	ocean,	281 

they	are	of	no	help	with	the	plastic	that	already	made	its	way	into	the	ocean	(Cózar	et	al,	2014;	282 

Eriksen	et	al.,	2014;	Eriksen	et	al.,	2013;	Law	et	al.,	2010;	Lebreton	et	al.,	2018).	Our	model	shows	283 

that	only	a	 combination	of	 reduced	emissions	and	active	 removal	of	 floating	plastic	 (Scenario	284 

ES+CD)	can	effectively	mitigate	the	problem	of	plastic	pollution	(Fig.	2).	The	amount	of	plastic	285 

that	can	be	collected	in	a	given	time	period,	however,	depends	on	the	concentration	of	plastic	286 

particles	per	unit	volume	and	 the	speed	of	 the	water	current.	Therefore,	 the	efficiency	of	any	287 

Cleanup	device	will	decline	as	surface	plastic	concentrations	reduce,	thus	increasing	relative	costs	288 

over	time.	289 

	290 

3.3	The	fate	of	collected	plastic	291 

Even	if	the	ocean	plastic	can	be	successfully	collected,	questions	about	the	fate	of	this	collected	292 

waste	remain.	Currently,	most	discarded	plastics	end	up	in	landfills	where	they	take	hundreds	of	293 

years	 to	 decompose	 while	 leaching	 toxins	 into	 soil	 and	 groundwater	 during	 the	 process	294 

(Thompson,	Moore,	Saal,	&	Swan,	2009;	Teuten	et	al.,	2009).	There	are	possibly	three	options	to	295 

remediate	 the	problem:	(1)	recycling,	 (2)	 incineration,	and	(3)	permanent	burial.	Much	of	 the	296 

collected	 ocean	 plastic	 is	 very	 difficult	 to	 recycle	 (Bergmann,	 Gutow,	 &	 Klages,	 2015;	Moore,	297 

2015)	 because	 of	 different	 types	 of	 plastics	 and	 the	 contamination	 by	 ocean	 sources.	Marine	298 

plastics	 include	 many	 different	 compositions,	 qualities,	 sizes,	 shapes	 and	 colors,	 making	 the	299 

separation	 into	 pure	 streams	 for	 traditional	 recycling	 cost	 prohibitive	 (Bergmann,	 Gutow,	 &	300 

Klages,	 2015;	Moore,	 2015).	The	difficulty	 associated	with	 recycling	ocean	plastics,	 therefore,	301 

leaves	incineration	or	permanent	burial	as	the	only	cost-effective	options.		302 

	303 

Permanent	burial	belowground	could	return	the	polymers	to	their	provenance	(Tolinski,	2011).	304 

However,	it	is	unclear	how	far	toxins	could	potentially	leach	from	these	reservoirs	into	the	soil	305 

and	groundwater	(Knight,	1983;	Hahladakis	et	al,	2018)	or,	in	cases	where	burial	is	close	to	the	306 

land-sea	transition	zone,	sedimentary	transport	can	potentially	bring	this	plastic	litter	to	marine	307 

environments	 (Harris,	 2020).	 In	 addition,	 given	 the	 incomplete	 understanding	 on	 the	 fate	 of	308 

plastic	(particularly	smaller	particles	such	as	nano	and	microplastic)	in	terrestrial	and	freshwater	309 

environments	 (Horton	 et	 al.	 2017,	 Rochman	 2018)	 and	 its	 interconnected	 cycling	 between	310 

atmosphere,	marine,	freshwater,	and	terrestrial	environments	(Rochman	&	Hoellein	2020)	it	is	311 

imperative	to	look	for	more	sustainable	alternatives	and	rethink	the	way	we	produce,	consume,	312 

and	dispose	plastic	(Gallo	et	al.	2018).	313 



 

 

	314 

Turning	plastic	waste	into	energy	may	appear	to	be	an	attractive	option	as	many	types	of	plastic	315 

burn	hotter	than	wood	or	coal.	However,	the	incineration	of	plastic	for	producing	electricity	has	316 

a	25%	efficiency,	which	is	much	lower	than	the	55%	efficiency	of	new	gas-fired	power	stations	317 

(Eriksson,	2009).	Furthermore,	the	burning	of	plastic	releases	CO2	and	other	toxic	chemicals,	such	318 

as	hydrochloric	acid,	sulfur	dioxide,	dioxins,	furans	and	heavy	metals,	as	well	as	small	particulates	319 

(Verma,	 Vinoda,	 Papireddy,	 &	 Gowda,	 2016;	 Katami,	 Yashura,	 Okuda,	 &	 Shibamoto,	 2002;	320 

Thompson,	 Moore,	 Saal,	 &	 Swan,	 2009),	 to	 the	 atmosphere.	 These	 emissions	 will	 further	321 

contribute	to	air	pollution	and	the	ongoing	rise	in	global	atmospheric	CO2.	322 

	323 

To	 investigate	 the	 impact	 to	 the	 atmosphere	 we	 quantify	 the	 CO2	 emissions	 resulting	 from	324 

burning	the	collected	plastic	waste.	We	assume	that	2.6	kg	CO2	will	be	emitted	per	kilogram	of	325 

burnt	 plastic	 (Harding,	 Dennis,	 von	 Blottnitz,	 &	 Harrison,	 2007).	 Plastic	 collection	 on	 any	326 

significant	 scale	would	 be	 possible	 only	 under	 scenarios	 ES	 and	 ES+CD.	 Here,	 annual	 plastic	327 

collection	would	peak	within	the	first	20	years	of	plastic	collection	and	rapidly	drop	to	near	zero	328 

as	 the	 amount	 of	 plastic	 available	 for	 collection	 dwindles	 (Geyer,	 Jambeck,	 &	 Law,	 2017).	329 

Accordingly,	cumulative	CO2	emissions	(Fig.	4)	would	rapidly	rise	in	the	first	30	years	of	ocean	330 

plastic	collection	and	plateau	at	around	1.4	Gt	CO2,	which	will	add	to	the	atmosphere	less	than	1	331 

ppmv	of	CO2	(Fig.	4).	In	all	scenarios,	the	annual	emissions	from	burning	ocean	plastic	remain	332 

below	50,000	t	a−1	(Fig.	4),	which	is	comparatively	much	lower	than	the	10	Gt	a−1	CO2	emitted	by	333 

fossil	fuel	combustion	(Le	Quéré	et	al,	2018).	334 

	335 

Additionally,	global	plastic	production	is	expected	to	increase	over	the	next	30	years	totaling	26	336 

Gt	by	2050	(Geyer,	Jambeck,	&	Law,	2017).	Accounting	for	the	expected	CO2	emissions	from	the	337 

increasing	plastic	production	will	add	another	10	Gt	CO2	to	the	atmosphere,	corresponding	to	4.4	338 

ppmv	(Fig.	4).	If	terrestrial	plastic	waste	is	also	incinerated,	an	additional	33	Gt	CO2,	or	15.7	ppmv,	339 

will	be	added	to	the	atmosphere	by	2050	(Fig.	4C).	The	combined	emissions	from	total	plastic	340 

production	 and	 incineration	will	 add	 around	 20	 ppmv	 to	 the	 Earth's	 atmosphere.	 Therefore,	341 

although	 the	CO2	 emissions	 from	the	 incineration	of	collected	ocean	plastic	are	negligible,	 the	342 

impact	on	atmospheric	CO2	of	large-scale	production	is	significant.	343 

	344 

	345 

3.4	Alternative	solutions	to	marine	plastic	pollution	346 

Based	on	the	best	available	information	on	marine	plastic	pollution	to	date,	our	results	show	that	347 

removing	plastic	from	the	ocean	has	negligible	effects	due	to	the	sheer	size	of	the	ocean	surface	348 

and	the	magnitude	of	the	annual	plastic	emissions	into	the	natural	environment.	The	best	strategy	349 



 

 

to	 mitigate	 marine	 plastic	 pollution	 is	 therefore	 to	 avoid	 plastic	 entering	 the	 ocean,	 e.g.	 via	350 

barriers	at	river	mouths,	or	to	avoid	plastic	entering	the	natural	environment	from	landfills	by	351 

improving	 waste	 management	 (Haward,	 2018;	 Hoornweg,	 Bhada-Tata,	 &	 Kennedy,	 2013;	352 

Hoornweg,	Bhada-Tata,	&	Kennedy,	2015),	by	 implementing	extended	producer	responsibility	353 

strategies	(Prata	et	al.	2019,	Diggle	&	Walker,	2020),	and	by	burning	plastic	waste	on	land	(Geyer,	354 

Jambeck,	&	Law,	2017).	However,	since	the	combustion	of	plastic	waste	adds	to	atmospheric	CO2	355 

pollution	 (Eriksson,	 2009;	 Harding,	 Dennis,	 von	 Blottnitz,	 &	 Harrison,	 2007;	 Knorr,	 Jiang,	 &	356 

Arneth,	2016),	the	ultimate	and	most	sustainable	strategy	is	to	reduce	production	and	use	on	a	357 

global	 scale	 (Hoornweg,	Bhada-Tata,	&	Kennedy,	 2013;	 Spranz,	 Schlüter,	&	Vollan,	 2018)	 and	358 

avoid	incineration.	359 

	360 

Plastic	pollution	is	a	complex	and	global	problem	that	cannot	be	easily	solved	by	individual	states	361 

(Worm,	Lotze,	 Jubinville,	Wilcox,	&	Jambeck,	2017;	Xanthos,	&	Walker,	2017;	Löhr	et	al,	2017;	362 

Vince,	&	Hardesty,	2017;	Tessnow-von	Wysocki,	&	Le	Billon,	2019).	Despite	the	magnitude	of	the	363 

problem,	there	are	a	number	of	tools	that	can	be	applied	by	governments,	businesses,	NGOs	and	364 

other	actors	to	reduce	waste	and,	in	particular,	to	prevent	the	use	of	single-use	plastics	(Vince,	&	365 

Hardesty,	 2018;	Worm,	 Lotze,	 Jubinville,	Wilcox,	&	 Jambeck;	Rochman,	 2016;	Rochman	 et	 al.,	366 

2013;	Haward,	2018).	For	example,	through	the	implementation	of	taxes,	fees,	and/or	bans	on	367 

single-use	 plastic	 (Schnurr	 et	 al	 2018),	 several	 countries	 around	 the	 globe	 have	managed	 to	368 

reduce	their	use,	although	follow-up	measures	of	their	effectiveness	on	waste	reduction	are	still	369 

necessary	(Xanthos,	&	Walker,	2017).	In	addition,	improving	waste	management	and	recycling,	370 

and	promoting	a	 circular	economy	can	help	 to	 reduce	plastic	production	and	 thus	 reduce	 the	371 

amount	of	plastic	waste	that	enters	the	ocean	(Worm,	Lotze,	Jubinville,	Wilcox,	&	Jambeck,	2017).	372 

Businesses	can	tap	into	the	needs	of	consumer	groups	concerned	with	environmental	values	and	373 

consumption	ethics,	by	providing	ecologically	sound	products	and	sustainable	lifestyle	solutions	374 

using	materials	alternative	to	plastic	(Worm,	Lotze,	Jubinville,	Wilcox,	&	Jambeck,	2017).	NGOs	375 

and	 other	 actors	 can	 raise	 awareness	 of	 the	 plastic	 pollution	 problem,	 support	 further	376 

innovations,	and	promote	the	existing	solutions	(Xanthos,	&	Walker,	2017;	Spranz,	Schlüter,	&	377 

Vollan,	2018,	Prata	et	al.	2019).	378 

	379 

The	 private	 Ocean	 Cleanup	 project	 has	 created	 a	 lot	 of	 awareness	 around	 plastic	 pollution.	380 

However,	such	initiatives	and	the	way	they	are	presented	as	effective	solutions	may	create	the	381 

misleading	perception	among	the	public	that	the	problem	is	being	solved	and	no	further	collective	382 

action	is	needed.	Even	if	Ocean	Cleanup	could	collect	a	considerable	amount	of	plastic	from	the	383 

ocean,	many	waste	management	challenges	would	remain	(Verma,	Vinoda,	Papireddy,	&	Gowda,	384 

2016;	Katami,	Yashura,	Okuda,	&	Shibamoto,	2002;	Thompson,	Moore,	Saal,	&	Swan,	2009)	and	385 



 

 

the	majority	of	plastic	pollution	will	remain	untouched,	within	ecologically	relevant	time-scales,	386 

in	deeper	waters	and	ocean	sediments	(Goodman	et	al.	2020).	We	propose,	therefore,	that	efforts	387 

should	be	focused	on	finding	effective	measures	to	reduce	plastic	use	and	production.	388 

	389 
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Figures	603 

	604 
Figure	1:	a)	Processes	related	 to	oceanic	plastic	pollution.	Plastic	 is	produced	 from	crude	oil.	605 

After	 use,	 plastic	 is	 discarded,	 recycled,	 incinerated,	 or	 transferred	 to	 landfills.	 Transport	 via	606 

rivers	leads	to	the	accumulation	of	plastic	waste	in	the	ocean.	Plastic	debris	in	the	ocean	surface	607 

can	be	collected	with	floating	devices	whereas	the	plastic	that	makes	it	to	the	ocean	interior	is	608 

ultimately	 lost.	 Collected	 ocean	 plastic	 can	 be	 either	 recycled	 or	 incinerated,	 i.e.	 thermally	609 

recycled,	a	process	that	releases	CO2	to	the	atmosphere.	b)	We	quantified	the	amount	of	plastic	in	610 

the	 ocean	 over	 time	 according	 to	 different	 scenarios.	 The	 business	 as	 usual	 scenario	 (BAU),	611 

according	to	which	plastic	waste	enters	the	ocean	via	rivers	and	accumulates	in	the	surface	ocean.	612 

This	scenario	assumes	no	removal	of	ocean	plastic	and	no	reduction	of	plastic	emissions	into	the	613 

ocean	besides	the	predicted	enhancement	of	future	plastic	recycling	(11).	We	explore	four	plastic	614 

removal	 scenarios:	 a	 scenario	 comprising	 one	 cleanup	 device	 (1CD),	 assumed	 to	 become	615 

operational	in	the	year	2020;	a	scenario	comprising	200	cleanup	devices	(200CD),	assumed	to	616 

become	operational	simultaneously	in	2020;	a	scenario	in	which	riverine	plastic	emissions	into	617 

the	ocean	are	assumed	to	cease	in	2020	due	to	river	barriers	(RB)	that	collect	plastic	debris	before	618 

it	enters	the	ocean;	and	a	combination	of	cleanup	devices	and	river	barriers	(RB+CD)	that	also	619 

become	operational	in	2020.	620 

	621 

			



 

 

	622 
Figure	 2:	 Projected	 plastic	 accumulation	 in	 the	 surface	 ocean	 according	 to	 different	 model	623 

scenarios.	Business	as	usual	(BAU,	red),	one	clean	up	device	(1CD,	orange),	200	clean	up	devices	624 

(200CD,	 yellow),	 river	barriers	 (RB,	 green),	 river	barriers	plus	200	 clean	up	devices	 (RB+CD,	625 

blue).	The	diagrams	on	the	left	show	the	temporal	development	of	surface	concentrations	of	total	626 

plastic	(upper),	macroplastic	(middle),	and	microplastic	(lower	panel).	The	model	is	calibrated	627 

with	the	observed	amounts	of	surface	plastic	measured	by	(25)	(open	circles).	The	diagrams	on	628 

the	right	show	the	total	plastic	accumulation	according	to	each	scenario	and	over	the	considered	629 

time	period.	630 

	631 



 

 

	632 
Figure	3:	CO2	emissions	resulting	from	the	incineration	of	plastic	waste	collected	with	different	633 

methods.	BAU	(red),	no	collection	of	ocean	plastic;	1CD	(orange),	plastic	collected	by	only	one	634 

Cleanup	device;	200CD	 (yellow),	plastic	 collected	by	200	Cleanup	devices;	RB	 (green),	plastic	635 

collected	with	river	barriers;	RB+CD	(blue),	plastic	collected	with	river	barriers	plus	200	Cleanup	636 

devices.	637 

	638 



 

 

	639 
Figure	4:	CO2	emissions	 from	producing	and	burning	plastic	on	 land.	 Incineration	(grey),	CO2	640 

emissions	from	incinerating	plastic	discarded	on	land;	Production	(black),	CO2	emissions	from	641 

plastic	 production;	 RB+CD	 (blue),	 CO2	 emissions	 from	 burning	 plastic	 collected	 with	 river	642 

barriers	plus	200	Cleanup	devices	(for	comparison).	643 


