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Abstract
The	forest	sector	can	play	a	pivotal	role	in	mitigating	climate	warming	by	decreas-
ing	emissions	to	the	atmosphere	and	increasing	carbon	removals.	In	an	expand-
ing	bioeconomy,	the	pulp	and	paper	industry	provides	opportunities	for	various	
low-	carbon	wood	products	with	promising	substitution	effects.	However,	assess-
ing	climate	effects	of	wood	product	systems	is	complex	and	requires	a	holistic	ap-
proach.	The	objective	of	this	study	was	to	advance	time	dynamic	climate	impact	
assessment	of	a	bioeconomically	promising	wood	product	from	a	system	perspec-
tive.	For	 this	purpose,	a	 time	dynamic	 life	cycle	assessment	was	conducted	on	
a	pulp-	based	beverage	carton.	The	assessment	included	fossil	value	chain	emis-
sions	 from	 cradle	 to	 grave,	 effects	 from	 biogenic	 carbon	 in	 a	 eucalyptus	 plan-
tation,	and	credits	from	substitution.	A	polyethylene	terephthalate	(PET)	bottle	
was	considered	for	material	substitution	(MS)	and	differing	marginal	electricity	
and	heat	mixes	for	energy	substitution.	The	results	revealed	dominating	climate	
warming	 from	 value	 chain	 emissions	 and	 slight	 offsetting	 by	 biogenic	 carbon	
from	standing	biomass	and	soil	organic	carbon,	and	short-	term	carbon	storage	in	
the	beverage	carton.	MS	and	displacing	marginal	energy	mixes	transformed	the	
climate	warming	into	a	substantial	total	cooling	effect.	However,	substitution	ef-
fects	varied	strongly	in	terms	of	substitution	factors	and	temperature	change	with	
varying	replacement	rate	of	 the	beverage	carton	and	different	marginal	energy	
mixes.	A	climate	cooling	range	of	−0.8 · 10−15	to	−1.8 · 10−15 K	per	unit	of	bever-
age	carton	by	2050	was	found,	highlighting	potential	relevance	for	climate	policy	
making.	Thus,	production	and	use	of	wood-	based	beverage	cartons	over	PET	bot-
tles	can	have	climate	cooling	effects.	Further	assessments	on	alternative	forestry	
systems	(e.g.,	Nordic	forests)	are	needed	to	identify	the	role	of	biogenic	carbon	
in	holistic	climate	assessments,	with	dynamic	substitution	effects	included	to	in-
crease	the	validity.
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1 	 | 	 INTRODUCTION

The	urgently	needed	mitigation	of	global	greenhouse	gas	
(GHG)	emissions	 requires	efforts	 to	 reduce	emissions	 to	
the	 atmosphere	 and	 increase	 carbon	 removals	 (IPCC,	
2014).	 In	 efforts	 to	 limit	 climate	 warming	 below	 1.5°C	
(UNFCCC,	2015),	harvested	wood	products	(HWPs)	from	
the	forest	sector	can	play	a	pivotal	role	within	the	frame-
work	of	climate-	smart	forestry	(Nabuurs	et	al.,	2018).

Forests	 sequester	 carbon	 dioxide	 (CO2)	 through	 pho-
tosynthesis	 and	 store	 it	 as	 biogenic	 carbon	 in	 biomass	
and	soil	organic	carbon	(SOC).	This	biogenic	carbon	from	
biomass	 is	 retained	 in	 HWPs,	 capturing	 CO2	 from	 the	
atmosphere.	 In	 addition,	 production	 of	 HWPs	 generally	
releases	 less	 GHG	 emissions	 than	 processing	 function-
ally	 equivalent	 non-	wood	 products,	 especially	 when	 the	
wood	 is	 sourced	 from	 sustainable	 forestry	 (Geng	 et	 al.,	
2017).	Thus,	wood	products	can	have	substitution	effects	
through	avoided	GHG	emissions	by	displacing	non-	wood	
materials	(Leskinen	et	al.,	2018).

The	European	Union	(EU)	strives	for	climate	neutrality	
by	2050	(EC,	2020a)	and	acknowledges	the	climate	mitiga-
tion	role	of	the	forest	sector	and	HWPs	in	its	bioeconomy	
strategy,	 where	 abating	 climate	 change	 is	 linked	 to	 “[…]	
a	renewed	bio-	based	industrial	base	reducing	energy	de-
mand	and	lowering	emissions”	(EC,	2018).	In	this	context,	
“[one]	pioneer	in	making	the	EU	low-	carbon	bioeconomy	
an	 industrial	 reality”	 is	 stated	 to	 be	 the	 pulp	 and	 paper	
industry	(EC,	2020b).	In	addition,	the	raw	material	pulp-
wood	 can	 be	 the	 source	 of	 a	 variety	 of	 new	 HWPs	 with	
promising	market	potential	in	an	expanding	bioeconomy	
(Hurmekoski	et	al.,	2018).

However,	 European	 demand	 for	 pulp	 is	 increasingly	
being	 met	 by	 imports	 from	 South	 American	 eucalyp-
tus	 pulpwood	 production	 (FAO,	 2019;	 González-	Goméz,	
2019;	 Judl	et	al.,	 2011),	which	 supplied	72%	of	 the	EU’s	
pulp	imports	in	2011	(Indufor,	2013).	This	trend	can	bear	
the	danger	of	increased	GHG	emissions,	for	example,	due	
to	related	land	use	change	(LUC),	if	native	forest	is	con-
verted	to	eucalyptus	plantations	(Bernstad	Saraiva	et	al.,	
2017).	Consequently,	a	shift	in	emissions,	that	is,	“leakage	
effects”	could	occur,	contravening	the	EU’s	ambition	for	
reducing	energy	demand	and	GHG	emissions	in	a	bioeco-
nomy	(Harmon,	2019;	Leskinen	et	al.,	2018).	Due	to	their	
large	volumes,	pulp	products	in	form	of	packaging,	textile	
(e.g.,	viscose),	or	chemical	applications	are	considered	to	

have	a	substantial	GHG	mitigation	effect,	via	displacement	
of	emission-	intensive	materials,	such	as	plastic	packaging,	
or	synthetic	fiber	used	for	clothing	(Leskinen	et	al.,	2018).	
However,	information	about	actual	GHG	substitution	ef-
fects	is	lacking,	especially	for	packaging	products	such	as	
pulp,	because	of	the	great	variety	of	alternative	materials	
(Leskinen	et	al.,	2018).

One	 pulp	 product	 with	 large	 production	 outputs	 and	
a	 potentially	 promising	 substitution	 effect	 is	 the	 bever-
age	 carton.	 In	 a	 meta-	study	 of	 20	 life	 cycle	 assessments	
(LCAs),	Falkenstein	et	al.	(2010)	found	that	the	beverage	
carton	 was	 usually	 attributed	 the	 lowest	 climate	 impact	
among	 functionally	 equivalent	 products	 such	 as	 glass	
or	 polyethylene	 terephthalate	 (PET)	 bottles.	 This	 has	
been	confirmed	by	a	later	review	on	beverage	cartons	by	
O’Sullivan	 et	 al.	 (2016)	 and	 a	 comparative	 LCA	 on	 bev-
erage	 carton	 usage	 set	 in	 Northern	 Europe	 (Markwardt	
et	al.,	2017).

Life	cycle	assessment	(ISO,	2006a,	2006b)	is	an	estab-
lished	methodology	for	analyzing	climate	effects	of	wood	
utilization.	 As	 reviewed	 by	 Markwardt	 et	 al.	 (2017)	 and	
Falkenstein	et	al.	(2010),	various	LCAs	have	investigated	
the	climate	effects	of	the	forest	sector	(Klein	et	al.,	2015),	
wood	 utilization	 for	 energy	 (Wolf	 et	 al.,	 2016),	 material	
application	(Sahoo	et	al.,	2019)	or	Eucalyptus	cultivation	
in	form	of	a	time-	dependent	approach	(Porsö	et	al.,	2016).	
However,	these	LCAs	often	leave	a	research	gap	by	omit-
ting	 either	 system-	holistic	 or	 time	 dynamic	 climate	 im-
pact	assessment,	for	which	the	term	“system	perspective”	
is	used	in	the	following.	Filling	this	research	gap	is	essen-
tial	to	understand	the	wider	implications	of	HWP	use	in	
policy	making	on	the	climate	(Suter	et	al.,	2017).

A	system	perspective	can	integrate	five	major	aspects,	
by:	(i)	including	climate	effects	of	biogenic	carbon	which	
are	 still	 mostly	 considered	 neutral	 (Røyne	 et	 al.,	 2016),	
that	is,	carbon	sequestration	via	photosynthesis	equals	the	
eventual	carbon	emission	along	the	life	cycle	(Head	et	al.,	
2019);	(ii)	accounting	for	substitution	(energy	substitution	
[ES],	material	substitution	[MS])	effects	of	the	wood	use	
(Garcia	et	al.,	2020),	which	is	associated	with	great	uncer-
tainties,	 especially	 for	 emerging	 HWPs	 (Leskinen	 et	 al.,	
2018);	 (iii)	 cascading	 use	 of	 wood,	 which	 occurs	 when	
“wood	 is	 processed	 into	 a	 product	 and	 this	 product	 is	
used	at	least	once	more	either	for	material	or	energy	pur-
pose”	 (EC,	 2016a),	 making	 cascading	 a	 potential	 means	
to	 improve	 the	 climate	 performance	 of	 a	 HWP	 system	
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(Thonemann	 &	 Schumann,	 2018);	 (iv)	 including	 suffi-
cient	sensitivity	analysis	for	the	HWP	system	assessed,	for	
example,	in	terms	of	changing	substituted	future	marginal	
energy	mixes	(Hammar	&	Levihn,	2020);	and	(v)	applying	
climate	 metrics	 appropriate	 for	 accounting	 for	 time	 dy-
namic	effects	of	GHG	emissions	and	sequestrations	(Helin	
et	al.,	2013;	Levasseur	et	al.,	2010),	to	compensate	for	the	
shortcomings	 of	 commonly	 used	 static	 climate	 metrics	
such	as	global	warming	potential	(GWP)	in	terms	of	time-	
dependent	 accounting	 (Breton	 et	 al.,	 2018).	 Examples	
of	 such	 metrics	 are	 the	 GWPbio	 (Cherubini	 et	 al.,	 2011),	
the	 time-	dependent	 radiative	 forcing	 (RF)	 (Sathre	 &	
Gustavsson,	 2012),	 or	 the	 absolute	 global	 temperature	
change	potential	(AGTP)	(Myhre	et	al.,	2013).

The	intention	of	the	present	study	was	to	apply	a	sys-
tem	 perspective	 in	 assessment	 of	 the	 climate	 effects	 of	
wood	 material	 application,	 closing	 the	 existing	 research	
gap.	A	system	perspective	was	applied	in	a	case	study	of	
a	UHT	milk	beverage	carton	(hereafter	“beverage	carton”)	
on	the	Northern	European	market	produced	from	South	
American	 eucalyptus	 pulpwood.	 Therewith,	 the	 objec-
tive	of	the	study	was	to	conduct	a	time	dynamic	climate	
impact	assessment	of	a	bioeconomically	promising	HWP	
including	biogenic	carbon	stocks	and	 fluxes,	and	substi-
tution	effects	from	energy	and	material	displacement,	to	
advance	the	understanding	of	climate	effects	from	wood	
product	systems.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Scope

The	 system	 boundary	 of	 the	 beverage	 carton	 life	 cycle	
assessed	 in	 this	 study	 contained	 the	 following	 three	
components:

Biogenic carbon stocks and fluxes,	 including	 standing	
aboveground	 and	 belowground	 biomass,	 and	 also	 SOC	
and	carbon	storage	in	the	HWP	(pulpwood,	pulp,	beverage	
carton).	A	theoretical	landscape	perspective	was	modeled	
(Cintas	et	al.,	2016;	Eliasson	et	al.,	2013)	for	the	eucalyp-
tus	plantation	and	grassland	was	considered	as	a	land-	use	
reference	 system	 (Koponen	 et	 al.,	 2018)	 to	 account	 for	
potential	climate	impact	mitigation	from	replacing	a	non-	
plantation	benchmark	(Peñaloza	et	al.,	2019).

Fossil value chain emissions of the beverage carton,	
which	were	accounted	for	 from	cradle	to	grave	and	geo-
graphically	divided	into	two	parts:	Uruguay,	where	emis-
sions	 from	 the	 eucalyptus	 plantation	 and	 pulpwood	
processing	 were	 assumed	 to	 occur,	 and	 Sweden,	 where	
emissions	from	finishing	pulp	to	beverage	carton	and	the	
end-	of-	life	stage	(incineration)	were	set.	In	between	both	
parts,	emissions	from	shipping	were	included.

Substitution effects of material and energy displacement.	
A	full-	barrier	PET	bottle,	including	its	life	cycle	from	cra-
dle	 to	 grave	 and	 its	 potential	 ES,	 was	 considered,	 since	
plastic	 products	 have	 the	 second	 greatest	 market	 share	
among	 food	 packaging	 materials,	 after	 paper	 and	 board	
(Muncke,	 2020).	 Recycling	 of	 the	 PET	 bottle	 and	 a	 cor-
responding	replacement	rate	 (R)	was	also	accounted	 for,	
based	 on	 Hammar	 et	 al.	 (2020).	 ES	 was	 matched	 to	 the	
geographical	region	where	the	energy	was	generated,	that	
is,	 electricity	 produced	 from	 the	 Uruguayan	 pulp	 mill	
substituted	 marginal	 Uruguayan	 electricity	 mixes,	 while	
energy	produced	from	waste	incineration	in	Sweden	dis-
placed	 marginal	 Swedish	 energy	 mixes.	Thus,	 cascading	
use	was	considered	by	using	 the	materials	at	 the	end	of	
life	for	energy	recovery.	No	use	phase	was	accounted	for,	
because	it	was	assumed	that	differences	in	usage,	and	thus	
differences	in	emissions,	were	negligible.

A	 dynamic	 life	 cycle	 inventory	 including	 annual	 in-
puts	and	outputs	was	applied	for	all	flows	and	processes	
since	it	improves	accuracy	of	life	cycle	impact	results	and	
thus	the	entire	LCA	outcome	(Lueddeckens	et	al.,	2020).	
Two	functional	units	and	time	horizons	were	set.	The	first	
functional	 unit	 covered	 a	 time	 horizon	 of	 100  years	 of	
beverage	carton	production	and	was	based	on	one	hectare	
of	eucalyptus	plantation,	to	enable	comparisons	with	the	
climate	 metric	 GWP100	 and	 thus	 other	 studies.	 The	 sec-
ond	functional	unit	covered	a	time	horizon	of	50 years	of	
beverage	carton	production	and	was	based	on	one	unit	of	
beverage	carton.	This	was	to	highlight	potential	relevance	
for	climate	policy	making.	Climate	impact	allocation	be-
tween	the	products	and	by-	products	was	avoided,	and	sys-
tem	expansion	including	biogenic	carbon	and	substitution	
effects	 was	 applied.	 On	 the	 plantation,	 harvest	 residues	
(leaves,	branches,	stump,	roots,	bark)	were	assumed	to	be	
left	in	the	field,	and	thus	to	act	as	input	to	SOC.	The	multi-	
output	 process	 in	 the	 pulp	 mill	 resulted	 in	 the	 product,	
pulp,	and	various	by-	products.	The	burdens	from	these	by-	
products	were	 included	 in	 form	of	ES	via	exported	elec-
tricity	replacing	marginal	mixes	in	Uruguay.

Sensitivity	analyses	were	carried	out	 to	 test	 the	effect	
of	assumptions	regarding	the	substitution	effects,	one	on	
differing	 material	 replacement	 rates	 and	 one	 on	 chang-
ing	the	displaced	marginal	energy	mixes	considering	the	
functional	unit	of	one	beverage	carton.

2.2	 |	 Biogenic carbon

Biogenic	 carbon	 stocks	 and	 fluxes	 occurred	 along	 the	
entire	 life	 cycle	 (Figure	 1).	 The	 biogenic	 carbon	 from	
standing	 biomass	 and	 SOC	 was	 calculated	 from	 a	 theo-
retical	landscape	perspective	(Cintas	et	al.,	2016;	Eliasson	
et	al.,	2013).	In	the	plantations,	all	standing	aboveground	
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biomass	except	for	the	harvested	stems	was	assumed	to	be	
left	on	the	ground	to	decompose	and	to	function	as	input	
to	SOC.	The	resulting	annual	SOC	fluxes	were	calculated	
using	the	dynamic	soil	carbon	model	Yasso	15	(Hammar	
et	 al.,	 2020;	 Järvenpää	 et	 al.,	 2018).	 An	 SOC	 value	 of	
44.7  Mg	 C  ha−1	 for	 the	 former	 land	 use	 category	 grass-
land	was	applied,	based	on	FAO	and	CMCC	(2017),	and	
acted	 as	 the	 reference	 case.	 The	 rotation	 period	 of	 each	
plantation	was	set	to	9 years	and	average	harvest	yield	to	
76.8 Mg	pulpwood ha−1,	with	a	biogenic	carbon	content	
of	38.4 Mg ha−1	and	assuming	a	moisture	content	of	50%	
(Giraldo	 &	 Hyman,	 1996).	 Biogenic	 carbon	 storage	 and	
decay	within	the	HWPs	(pulp	and	beverage	carton)	were	
modeled	based	on	Rüter	et	al.	(2019),	considering	a	half-	
life	of	1.9 years.

2.3	 |	 Value chain emissions

2.3.1	 |	 Eucalyptus	plantation

Value	chain	emissions	 included	operations	on	 the	euca-
lyptus	plantation	(Figure	1),	and	were	modeled	according	
to	 Gabrielle	 et	 al.	 (2013),	 with	 modifications,	 and	 based	

on	site-	specific	data	for	a	Uruguayan	cultivation	system.	
Field	operations	occurred	at	two	different	points	in	time	
in	the	rotation.	In	the	first	year,	they	included	soil	prep-
aration	 in	 the	 form	 of	 plowing,	 mechanical	 planting	 of	
seedlings,	fertilizer	production,	and	fertilizer	application.	
In	the	last	year	of	the	rotation	cycle,	harvesting	was	per-
formed	with	a	one-	grip	harvester,	followed	by	ditch	clean-
ing	and,	finally,	field	transport	of	the	pulpwood	logs	to	the	
road.	All	processes	were	assumed	to	be	fueled	by	diesel,	
with	emissions	from	diesel	production	and	consumption	
based	on	Giuntoli	et	al.	(2015).	Fertilizer	application	was	
set	to	110 kg	N ha−1,	33 kg	P ha−1,	and	96 kg	K ha−1	per	
rotation	 period,	 adapted	 from	 Timander	 (2011).	 For	 all	
fertilizers	and	forms	of	biomass	litter,	direct	and	indirect	
N2O	emissions	due	to,	for	example,	nitrate	leaching	were	
included,	based	on	IPCC	(2019).

Subsequent	lorry	transportation	(and	associated	emis-
sions)	was	assumed	to	be	with	a	EURO	5	truck.	Average	
transportation	distance	was	set	at	180 km	from	the	plan-
tation	to	the	pulp	mill,	based	on	site-	specific	location	in-
formation.	 Capacity	 of	 the	 truck	 (45  Mg)	 was	 based	 on	
Simons	 (2019)	 and	 tare	 weight	 (20.5  Mg)	 was	 based	 on	
Trzciński	et	al.	(2018).	Emissions	from	diesel	use	were	cal-
culated	based	on	Giuntoli	et	al.	(2015).

F I G U R E  1  System	boundary	of	beverage	carton	sourced	from	South	American	eucalyptus	pulp,	encompassing	biogenic	carbon	stocks	
and	fluxes,	value	chain	emissions,	and	substitution	effects.	LPB,	liquid	packaging	board;	PET,	polyethylene	terephthalate;	SOC,	soil	organic	
carbon
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2.3.2	 |	 Pulp	mill

Eucalyptus	pulpwood	was	assumed	to	be	processed	 into	
chemical	pulp	within	modern	pulp	mill	facilities	(Figure	
1).	Like	the	majority	of	pulp	making	today,	chemical	pulp-
ing	via	the	sulfate	(or	Kraft)	process	is	the	dominant	prac-
tice	 in	 Uruguay	 (Kuparinen	 et	 al.,	 2019).	 All	 processes	
occurring	 in	 the	 pulp	 mill	 were	 divided	 into	 two	 parts:	
the	 digestion	 (pulp	 making)	 process	 and	 the	 by-	product	
recovery	process	 including	production	of	surplus	energy	
(Kuparinen	 et	 al.,	 2019).	 Both	 processes	 were	 modeled	
based	on	Corcelli	et	al.	(2018)	and	primary	data	from	the	
mill	operator,	while	background	data	on	auxiliary	mate-
rials	 and	 energy-	related	 emissions	 were	 taken	 from	 the	
ecoinvent	database	(Wernet	et	al.,	2016).	All	by-	products	
from	 pulp	 making	 (components	 of	 “black	 liquor”)	 were	
assumed	to	be	used	for	energy	recovery	applying	a	LHV	of	
12 MJ kg−1	(ECN,	2021)	as	it	is	common	practice	in	mod-
ern	pulp	mills	in	Uruguay	(Kuparinen	et	al.,	2019;	Montes	
del	Plata	SA,	2021).	This	surplus	energy	was	redirected	to	
the	national	grid	in	form	of	electricity	where	it	was	consid-
ered	to	cause	substitution	of	marginal	mixes,	whose	mod-
eling	was	based	on	Hagberg	et	al.	(2017)	and	MIEM	(2019;	
Supporting	Information	S1).	For	the	recovery	boiler,	an	ef-
ficiency	of	67%	was	assumed,	based	on	Zhao	et	al.	(2019).

The	 pulp	 produced	 was	 assumed	 to	 be	 shipped	 to	
Sweden	for	finishing	into	liquid	packaging	board,	which	
was	 used	 in	 the	 final	 product,	 the	 beverage	 carton.	
Transport	 distances	 were	 modeled	 based	 on	 data	 from	
NTMCalc	 4.0	 (NTM,	 2020),	 while	 GHG	 emissions	 were	
based	on	the	ecoinvent	database	3.6	(Wernet	et	al.,	2016),	
in	 accordance	 with	 McKinnon	 and	 Piecyk	 (2010)	 and	
NTMCalc	4.0	(NTM,	2020).	Transport	distance	amounted	
to	12,600 km	from	the	pulp	mill	in	Uruguay	to	the	port	in	
Sweden.	Transport	emissions	were	modeled	using	a	well-	
to-	wheel	approach,	that	is,	emissions	from	infrastructure	
were	 neglected	 and	 only	 those	 from	 diesel	 combustion	
were	 included.	 In	 Sweden,	 the	 pulp	 was	 transported	 by	
lorry	 from	 the	 port	 to	 the	 packaging	 board	 mill,	 located	
260 km	away.	This	transport	was	modeled	similar	to	the	
lorry	transport	within	Uruguay.

2.3.3	 |	 Paperboard	mill

At	the	packaging	board	mill,	pulp	was	processed	into	liq-
uid	packaging	board,	from	which	the	beverage	carton	was	
created.	Energy	requirements	and	auxiliary	materials	(i.e.,	
aluminum,	low-	density	polyethylene	[LDPE],	polypropyl-
ene	 [PP])	 were	 adapted	 from	 Corcelli	 et	 al.	 (2018)	 and	
based	on	first-	hand	data	from	the	mill	operator.	Finishing	
liquid	packaging	board	 for	 the	beverage	carton	 required	
adding	LDPE	and	aluminum	for	the	coating,	and	PP	for	

the	 cap.	 Emissions	 data	 on	 these	 additives	 were	 taken	
from	the	ecoinvent	database	3.6	 (Wernet	et	al.,	2016).	A	
final	transport	stage	of	100 km	to	the	end-	of-	life	stage	was	
assumed,	based	on	the	average	national	transport	distance	
for	Sweden	(Eurostat,	2020).	For	this,	similar	conditions	
as	in	previous	lorry	transportation	were	applied.

2.3.4	 |	 End	of	life

The	end-	of-	life	stage	represented	incineration	under	aver-
age	Swedish	conditions.	Processes	such	as	collecting,	sort-
ing,	and	storing	were	omitted	as	they	were	considered	to	
be	similar	for	both	beverage	carton	and	PET	bottle.	A	com-
bined	heat	and	power	plant	with	heat	efficiency	of	45%	and	
electricity	efficiency	of	30%	was	assumed	for	combusting	
the	beverage	carton	and	PET	bottle,	based	on	EC	(2011).	
The	 energy	 content	 of	 the	 products	 and	 emissions	 from	
incineration	was	calculated	based	on	the	relative	share	of	
the	component	materials.	Emissions	data	were	taken	from	
the	ecoinvent	database	3.6	(Wernet	et	al.,	2016).	The	lower	
heating	value	(LHV)	was	set	to	18.23 MJ kg−1	for	the	bev-
erage	carton	and	25.1 MJ kg−1	for	the	PET	bottle.	The	en-
ergy	content	of	the	components	in	the	products	(Swedish	
Standard	Institute,	2004)	was	set	to	12.6 MJ kg−1	for	liquid	
packaging	board,	22.0 MJ kg−1	for	PET,	44.0 MJ kg−1	PP	
for	the	caps,	43.0 MJ kg−1	LDPE	for	the	labels	or	coatings,	
and	27.0 MJ kg−1	for	carbon	black,	which	was	used	as	a	
pigment	for	the	PET	bottle.	The	LHV	for	aluminum	was	
excluded,	since	it	was	assumed	not	to	deliver	energy	from	
its	combustion.

2.4	 |	 Substitution effects

2.4.1	 |	 Energy	and	material	substitution

Material	substitution	of	the	PET	bottle	was	modeled	to	
be	representative	for	a	European	setting	and	comprised	
(Doka,	 2013;	 EFBW,	 2020;	 Fröhlich,	 2017):	 resource	
sourcing	for	PET	production,	the	PET	production	pro-
cess	and	PET	bottle	making,	recycling,	and	disposal	by	
incineration.	 Between	 each	 stage,	 similar	 lorry	 trans-
portation	 conditions	 as	 for	 the	 beverage	 carton	 were	
assumed.

Substitution	 of	 energy	 within	 the	 system	 bound-
ary	 comprised	 three	 parts:	 (i)	 surplus	 energy	 from	 the	
Uruguayan	pulp	mill,	which	replaced	marginal	electric-
ity	mixes,	whose	modeling	was	based	on	Hagberg	et	al.	
(2017)	and	MIEM	(2019);	(ii)	released	heat	and	electric-
ity	from	incineration	of	the	beverage	carton,	which	sub-
stituted	a	marginal	Nordic	heat	and	electricity	mix	with	
composition	 modeled	 based	 on	 Hagberg	 et	 al.	 (2017);	
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and	 (iii)	 forgone	 heat	 and	 electricity	 replacement	 from	
avoided	 end-	of-	life	 incineration	 of	 the	 substituted	 PET	
bottle,	also	based	on	the	marginal	Nordic	heat	and	elec-
tricity	 mix.	 In	 addition,	 a	 sensitivity	 analysis	 was	 per-
formed	 using	 different	 Uruguayan	 marginal	 electricity	
mixes	 and	 Swedish	 marginal	 heat	 and	 electricity	 mixes	
for	 the	 years	 2020,	 2030,	 and	 2040,	 modeled	 based	 on	
Hagberg	et	al.	 (2017)	and	MIEM	(2019).	Detailed	 infor-
mation	on	these	marginal	energy	mixes	can	be	found	in	
Supporting	Information	S1.

2.4.2	 |	 Substitution	factors

Substitution	 factors	 (SFs)	 for	 replacing	 the	 PET	 bottle	
with	the	beverage	carton	were	calculated	based	on	Sathre	
and	O’Connor	(2010):

where	 the	 SF	 is	 given	 in	 Mg	 Cfossil  Mg−1	 Cbiogenic;	
GHGnon-	wood	 and	 GHGwood	 denote	 the	 GHG	 emissions	
from	 production	 and	 incineration	 of	 the	 non-	wood	 and	
wood	product,	respectively,	expressed	in	mass	units	of	car-
bon	corresponding	to	the	CO2	equivalents	(CO2-	eq)	of	the	
emissions;	WUwood	and	WUnon-	wood	represent	the	amount	
of	wood	used	in	the	wood	and	non-	wood	product,	respec-
tively,	also	given	in	mass	units	of	carbon;	and	R	is	replace-
ment	rate	(R),	based	on	Hammar	et	al.	(2020).

The	 terms	 GHGnon-	wood  ·  R	 and	 WUnon-	wood  ·  R	 in	
Equation	 (1)	 account	 for	 recycling	 the	 PET	 bottle	 into	
another	 one	 that	 fulfills	 the	 same	 function	 (Figure	 1).	
As	 the	baseline	case,	 the	European	PET	bottle	 recycling	
rate	 of	 52%	 (EUNOMIA,	 2020)	 was	 applied,	 and	 thus,	
R = 0.48.	A	sensitivity	analysis	was	performed	by	applying	
the	Swedish	PET	bottle	recycling	rate	of	83%	(SCB,	2019;	
R = 0.17)	and	by	assuming	no	recycling	of	 the	PET	bot-
tle,	meaning	that	one	beverage	carton	replaced	one	PET	
bottle	(R = 1).	Overall,	recycling	and	associated	emissions	
were	only	assumed	for	the	PET	bottle	because	recycling	of	
PET	bottles	into	the	same	product	is	legitimate	and	com-
mon	practice.	Recycling	was	not	assumed	for	the	beverage	
carton,	as	virgin	pulp	fiber	is	mainly	used	in	production	
to	guarantee	inert	and	safe	food	packaging	conditions	in	
accordance	with	EC	(2016b).

To	account	for	the	entire	value	chain,	the	SF	of	the	MS	
effect	was	calculated	as:

where	 the	 total	 substitution	 factor	 SFtotal	 is	 given	 in	 Mg	
Cfossil Mg−1	Cbiogenic,	SFP	is	the	substitution	factor	from	the	

material	production	stage,	and	SFEoL	is	the	substitution	fac-
tor	comprising	emissions	from	the	end-	of-	life	stage	and	ES.	
It	follows	that	the	larger	the	SFtotal,	the	greater	the	assumed	
climate	mitigation	effect	via	replacement.

2.5	 |	 Climate impact metrics

Climate	effects	can	be	calculated	at	different	steps	along	
the	cause–	effect	chain	from	GHG	emission	to	actual	cli-
mate	change	and	its	consequences	(Myhre	et	al.,	2013).	
In	 this	 study,	 two	 different	 metrics,	 GWP	 and	 AGTP,	
were	 applied	 to	 assess	 the	 effect	 on	 the	 climate.	 GWP	
represents	 the	 cumulative	 RF	 of	 a	 GHG	 relative	 to	 the	
cumulative	RF	of	CO2	for	a	determined	time	frame	(Joos	
et	 al.,	 2013).	 The	 time	 frame	 is	 often	 set	 for	 100  years	
and	the	corresponding	GWP100	is	useful	for	comparisons	
with	other	studies.	However,	GWP	does	not	consider	the	
time	dynamics	of	GHG	emissions	or	accounts	 for	vary-
ing	points	in	time	along	the	life	cycle	when	GHG	fluxes	
occur.	 Apart	 from	 CO2,	 which	 stays	 airborne	 until	 it	 is	
partly	 taken	 up	 via	 plants	 or	 the	 oceans,	 the	 GWP100	
includes	methane	(CH4)	and	nitrous	oxide	 (N2O)	emis-
sions.	For	fossil	CH4,	the	GWP100	is	30-	fold	stronger	than	
that	of	CO2	(28-	fold	for	biogenic	carbon)	with	a	perturba-
tion	 lifetime	 of	 12.4  years,	 while	 for	 N2O,	 it	 is	 265-	fold	
stronger	with	a	perturbation	lifetime	of	121 years	(Myhre	
et	al.,	2013).	In	this	study,	no	climate-	carbon	feedbacks	
were	considered.

Absolute	 global	 temperature	 change	 potential,	 de-
fined	 by	 Myhre	 et	 al.	 (2013),	 is	 synonymous	 with	 time	
dynamic	 temperature	change	or	 temperature	change	 in	
this	 study.	 Compared	 with	 GWP,	 it	 is	 a	 climate	 metric	
one	step	further	down	the	cause–	effect	chain	from	emis-
sions	 to	 climate	 change	 and	 impacts.	 It	 therefore	 has	
greater	policy	relevance,	but	greater	uncertainties	are	as-
sociated	with	its	results.	The	AGTP	value	represents	the	
response	in	global	mean	surface	temperature	at	a	given	
point	in	time	induced	by	a	change	in	RF	due	to	a	pulse	
emission	 of	 a	 GHG	 and	 is	 expressed	 in	 degrees	 Kelvin	
(K).	 The	 differing	 radiative	 efficiencies	 of	 the	 GHGs,	
which	alter	the	balance	of	incoming,	short-	wave	solar	ra-
diation,	and	outgoing,	long-	wave	terrestrial	radiation	to	
varying	degrees,	and	the	differing	perturbation	lifetimes	
of	 the	 GHGs	 in	 the	 atmosphere	 are	 considered.	 In	 this	
study,	AGTP	was	calculated	based	on	GHG	fluxes	 from	
CO2,	CH4,	and	N2O	over	a	time	horizon	of	100 years	and	
50 years.	The	perturbation	lifetime	of	CO2	was	modeled	
based	on	the	Bern	carbon	cycle	model	(Joos	et	al.,	2001,	
2013),	 in	 which	 the	 molecule	 stays	 airborne	 until	 it	 is	
taken	up	by	oceans	or	the	biosphere.	For	CH4	and	N2O,	
average	perturbation	lifetime	was	12.4	and	121 years,	re-
spectively	(Myhre	et	al.,	2013).	Indirect	effects	of	ozone	

(1)SF =
GHGnon - wood ⋅ R −GHGwood

WUwood −WUnon - wood ⋅ R
,

(2)SFtotal = SFP + SFEoL,



   | 1837SCHULTE et al.

and	water	vapor	on	the	radiative	forcing	of	CH4	were	in-
cluded	in	the	climate	model.	The	AGTP	from	each	GHG	
considered	is	described	by:	

where	 RF	 and	 the	 climate	 response	 function	 (RT)	 form	
a	 convolution	 over	 the	 assessed	 time	 horizon	 (H)	 by	 a	
change	 in	 the	 RF	 from	 a	 pulse	 emission	 of	 a	 GHG	 x.	
Thus,	AGTP	accounts	for	the	timing	of	GHG	emissions	
and	their	perturbation	lifetimes,	enabling	assessment	of	
time-	dependent	climate	effects.

3 	 | 	 RESULTS

3.1	 |	 Biogenic carbon dynamics of the 
eucalyptus plantation

Figure	 2  shows	 the	 modeled	 time-	dependent	 carbon	
stocks	of	the	eucalyptus	plantation	from	a	stand	perspec-
tive,	divided	into	SOC,	stems	and	bark,	stumps,	branches,	
leaves,	 and	 roots	 over	 two	 rotation	 cycles.	 The	 modeled	
biogenic	carbon	stocks	of	standing	biomass	accumulated	
throughout	 each	 rotation	 period,	 by	 annually	 decreas-
ing	incremental	growth.	Stems	accounted	for	the	 largest	
share	of	biogenic	carbon	from	standing	biomass,	followed	
by	stumps,	roots,	branches,	and	leaves.	At	the	start	of	each	
rotation,	 total	 biogenic	 carbon	 from	 standing	 biomass	
amounted	to	11 Mg	C ha−1,	while	in	the	final	year	of	the	
rotation	cycle	(year	9),	it	had	increased	to	a	total	of	56 Mg	
C ha−1.	At	the	end	of	year	9,	eucalyptus	stems	(excluding	

bark)	were	harvested,	which	amounted	to	38 Mg	C ha−1,	
and	the	next	rotation	cycle	began.	Stocks	of	SOC	showed	
an	 opposing	 pattern.	 During	 harvest	 years,	 stocks	 in-
creased	 since	 fallen	 litter	 (e.g.,	 leaves	 &	 roots)	 and	 har-
vest	 residues	 (bark	 and	 stumps)	 were	 added	 to	 the	 soil.	
Thereafter,	the	SOC	stock	decreased	slightly	from	year	to	
year	until	the	rotation	cycle	reached	the	next	harvest.

3.2	 |	 Global warming potential

Figure	 3  shows	 the	 GWP100	 per	 unit	 of	 beverage	 carton	
from	a	landscape	perspective.	In	total,	one	beverage	carton	
amounted	to	66.0 g	CO2-	eq	per	package	when	excluding	
substitution	(Figure	3a).	Value	chain	emissions	and	incin-
eration	clearly	dominated	 the	climate	 impact,	with	most	
GHGs	 emitted	 by	 operations	 and	 energy	 requirements	
within	 the	 Uruguayan	 pulp	 mill	 (25%)	 and	 the	 Swedish	
packaging	board	mill	(44%),	and	by	combustion	of	LDPE	
and	PP	from	the	beverage	carton	(29%).	By	contrast,	value	
chain	 emissions	 from	 the	 plantation	 and	 transport	 were	
minor.	Moreover,	biogenic	carbon	from	standing	biomass,	
HWPs,	and	SOC	was	marginal	in	the	overall	CO2-	eq	bal-
ance	of	the	beverage	carton	and	barely	offset	the	emissions.	
In	 total,	 the	 sequestration	 effect	 from	 biogenic	 carbon	
amounted	 to	−2.0 g	CO2-	eq	per	unit	of	beverage	carton.	
When	 substitution	 effects	 were	 included	 in	 the	 GWP100	
(Figure	 3b),	 one	 beverage	 carton	 amounted	 to	 −83.7  g	
CO2-	eq.	When	 forgone	substitution	credits	 from	avoided	
PET	bottle	combustion	and	emissions	of	beverage	carton	
incineration	were	subtracted	 from	the	ES	credit,	 the	off-
set	still	showed	a	moderate	CO2-	eq	saving.	In	addition,	MS	
contributed	 substantially	 to	 offsetting	 fossil	 value	 chain	

(3)AGTPx (H) = ∫
H

0

RFx (t)RT (H − t) dt,

F I G U R E  2  Stand	perspective	of	the	
biogenic	carbon	stocks	during	the	first	two	
9-	year	rotation	periods	in	the	modeled	
eucalyptus	plantation.	Note:	Values	
represent	state	at	the	end	of	the	year.	SOC,	
soil	organic	carbon



1838 |   SCHULTE et al.

emissions.	Biogenic	carbon	effects	continued	to	make	only	
a	minor	contribution	to	total	GWP100.

3.3	 |	 Substitution factors including 
replacement rates

The	total	substitution	factors	(SFtotal)	of	the	beverage	
carton	are	presented	 in	Table	1,	where	negative	val-
ues	indicate	net	fossil	carbon	removal.	Moreover,	the	
sensitivity	of	the	SFs	to	varying	replacement	rates	(R)	
of	the	PET	bottle	is	shown.	The	baseline	case,	a	mod-
erate	replacement	rate	(R = 0.48),	resulted	in	a	total	
substitution	 factor	 of	 −2.2  g	 Cfossil  g−1	 Cbiogenic.	 This	
saving	was	almost	entirely	composed	of	SFEoL,	while	
SFP	 made	 a	 minor	 contribution.	 The	 highest	 SFtotal	
was	 found	 for	 one	 beverage	 carton	 replacing	 one	
PET	bottle	(R = 1)	and	amounted	to	−2.4 g	Cfossil g

−1	
Cbiogenic.	The	 lowest	SFtotal,	−2.1 g	Cfossil g−1	Cbiogenic,	
was	obtained	with	low	replacement	(R = 0.17).	In	this	
case,	 SFP	 was	 positive,	 0.6  g	 Cfossil  g−1	 Cbiogenic,	 but	
was	 outweighed	 by	 SFEoL	 equaling	 −2.7  g	 Cfossil  g−1	
Cbiogenic.

3.4	 |	 Time dynamic temperature change

3.4.1	 |	 Temperature	change	from	biogenic	
carbon	fluxes

Biogenic	carbon	fluxes	decreased	the	atmospheric	con-
centration	of	CO2	in	a	landscape	perspective	over	a	time	
horizon	 of	 100  years.	 This	 induced	 a	 negative	 temper-
ature	 change,	 that	 is,	 climate	 cooling	 (Figure	 4).	 The	
effect	was	the	strongest	during	the	first	30 years	and	lev-
eled	off	in	subsequent	decades.	In	total,	the	climate	cool-
ing	effect	 from	SOC	was	 five-		 to	 six-	fold	 stronger	 than	
the	 effect	 from	 biogenic	 carbon	 in	 standing	 biomass.	
Moreover,	temperature	change	caused	by	biogenic	car-
bon	fluxes	from	HWPs	initially	followed	a	similar	trend	
as	SOC,	while	later	it	had	a	moderately	weaker	cooling	
effect.

F I G U R E  3  (a)	GWP100	of	a	beverage	carton	excluding	
substitution	effects,	including	value	chain	emissions,	end-	of-	life	
emissions	from	incineration,	and	biogenic	carbon	fluxes	from	
different	sources.	(b)	GWP100	of	a	beverage	carton	including	
substitution	effects,	value	chain	emissions,	and	biogenic	
carbon	fluxes.	Substitution	effects	assume	moderate	PET	bottle	
replacement	(R = 0.48)	and	a	fossil-	intense	marginal	Uruguayan	
electricity	and	Swedish	energy	mix	displacement	(mix	in	2020),	
according	to	Hagberg	et	al.	(2017)	and	adapted	from	MIEM	(2019).	
Note:	End-	of-	life	emissions	from	beverage	carton	incineration	
are	included	in	energy	substitution,	which	also	considers	forgone	
energy	credits	from	avoided	PET	combustion.	Figures	show	
the	results	from	a	landscape	perspective.	GWP,	global	warming	
potential;	PET,	polyethylene	terephthalate

T A B L E  1 	 Substitution	factors	(SFs)	for	varying	replacement	
rate	(R)	of	a	beverage	carton	sourced	from	South	American	
eucalyptus	pulpwood	and	produced	and	disposed	of	in	Sweden.	
Total	substitution	factor	(SFtotal)	is	divided	into	the	substitution	
factors	caused	by	production	(SFP)	and	by	the	end-	of-	life	stage	
including	energy	recovery	(SFEoL).	Negative	values	indicate	fossil	
carbon	savings

Replacement rate (R)

Substitution Factor (g Cfossil g
−1 

Cbiogenic)

SFP SFEoL SFtotal

0.48 −0.1 −2.1 −2.2

1 −1.2 −1.2 −2.4

0.17 0.6 −2.7 −2.1
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3.4.2	 |	 Temperature	change	from	biogenic	
carbon	and	value	chain	emissions

Figure	5	illustrates	the	temperature	change	from	planta-
tion	 operations	 and	 biogenic	 carbon	 per	 ha	 over	 a	 time	
horizon	 of	 100  years.	 Irrespective	 of	 the	 continuous	 cli-
mate	warming	from	the	fossil	emissions	of	the	operations,	
the	sum	of	biogenic	carbon	fluxes	clearly	outweighed	this	
effect	and	transformed	the	total	into	climate	cooling.	This	

climate	 cooling	 was	 strongest	 in	 the	 first	 three	 decades	
and	was	then	steadily	offset	by	fossil	emissions,	but	with-
out	becoming	overall	climate	warming	over	the	time	ho-
rizon	assessed.

Figure	 6  shows	 the	 temperature	 change	 per	 unit	 of	
beverage	carton	over	a	time	horizon	of	50 years	including	
emissions	 from	 the	 entire	 value	 chain,	 end-	of-	life	 incin-
eration,	 and	 biogenic	 carbon.	 In	 general,	 the	 trend	 was	
similar	 to	 that	obtained	 for	GWP100	 (see	Figure	3a).	The	

F I G U R E  4  Temperature	change	
from	biogenic	carbon	fluxes	of	the	
modeled	eucalyptus	plantation's	standing	
biomass,	soil	organic	carbon,	and	
harvested	wood	products,	given	per	ha	
from	a	landscape	perspective

F I G U R E  5  Temperature	change	
from	all	forms	of	biogenic	carbon	fluxes	
and	fossil	emissions	from	operations	
on	the	plantation,	given	per	ha	from	a	
landscape	perspective
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climate	 cooling	 effect	 from	 biogenic	 carbon	 fluxes	 was	
negligible	compared	with	the	climate	warming	from	fossil	
emissions	from	the	value	chain	and	end	of	life.	However,	
in	 contrast	 to	 GWP100,	 the	 temperature	 change	 showed	
steadily	increasing	climate	warming	over	time.	In	the	very	
first	 years	 of	 the	 time	 horizon	 assessed,	 climate	 warm-
ing	was	outweighed	by	the	climate	cooling	from	biogenic	
carbon	 fluxes.	 Overall,	 end-	of-	life	 emissions	 contributed	
around	one-	third,	and	residual	value	chain	emissions	two-	
thirds,	to	the	total	temperature	change.

3.4.3	 |	 Temperature	change	from	a	system	
perspective

The	system	perspective	of	one	unit	of	beverage	carton	tem-
perature	change	(Figure	7)	included	biogenic	carbon,	fos-
sil	value	chain	emissions,	and	energy	and	MS	over	a	time	
horizon	of	50 years.	It	showed	a	similar	trend	to	GWP100	
(see	Figure	3b).	From	the	start,	climate	cooling	from	en-
ergy	and	MS	strongly	offset	climate	warming	from	value	
chain	emissions.	Simultaneously,	biogenic	carbon	fluxes	
only	slightly	influenced	the	overall	climate	effect.	In	total,	
a	climate	cooling	effect	was	induced	and	continued	to	in-
crease	over	time,	mainly	influenced	by	fossil	value	chain	
emissions	and	MS	effects.

3.4.4	 |	 Sensitivity	analysis

Figures	 8	 and	 9	 present	 the	 results	 of	 sensitivity	 analy-
ses	 for	 the	 product	 system	 of	 the	 beverage	 carton.	 Both	

consider	a	time	horizon	of	50 years	from	2020	until	2070	
and	include	the	EU’s	climate	neutrality	target	for	2050.

Figure	8 shows	temperature	changes	of	different	MS,	
that	is,	three	different	replacement	rates	(R)	of	the	bev-
erage	carton	and	its	effects	on	the	entire	product	system	
(Total),	 which	 is	 defined	 as	 in	 Figure	 7.	 Irrespective	 of	
replacement	rate	considered,	 the	climate	cooling	of	 the	
entire	 product	 system	 constantly	 increased	 over	 time.	
However,	 the	 magnitude	 of	 the	 cooling	 effect	 differed	
substantially	depending	on	the	replacement	rate.	Strong	
climate	 cooling	 was	 obtained	 with	 a	 high	 replacement	
rate	 (R  =  1),	 whereas	 low	 replacement	 rate	 (R  =  0.17)	
resulted	 in	minor	climate	cooling	over	 time.	By	2050,	a	
total	temperature	change	of	approximately	−1.8 · 10−15 K	
beverage	 carton−1	 was	 obtained	 for	 high	 replacement	
(R  =  1),	 and	 −1.3  ·  10−15  K	 beverage	 carton−1	 for	 low	
replacement	(R = 0.17).	Thus,	a	temperature	change	dif-
ference	of	approximately	0.5 · 10−15 K	was	obtained	for	
the	year	2050	by	changing	replacement	rates	per	unit	of	
beverage	carton.

Figure	 9	 presents	 the	 temperature	 change	 of	 the	 en-
tire	product	system	(Total)	for	three	different	cases	of	ES	
based	on	marginal	Uruguayan	electricity	and	Swedish	en-
ergy	mixes.	The	climate	cooling	effect	from	ES	clearly	de-
creased	from	a	fossil-	intense	mix	(marginal	mix	for	2020)	
to	a	moderately	fossil-	based	mix	(marginal	mix	for	2030).	
The	 climate	 cooling	 effect	 became	 minor	 when	 a	 low	
fossil-	based,	that	is,	renewable-	intense	ES	mix	(marginal	
mix	for	2040)	was	considered.	From	a	system	perspective,	
this	meant	that	fossil-	intense	ES	led	to	a	contribution	of	
approximately	−1.5 · 10−15 K	beverage	carton−1	to	the	EU’s	
climate	 neutrality	 target	 for	 the	 year	 2050.	 In	 contrast,	

F I G U R E  6  Temperature	change	
from	value	chain	emissions,	end-	of-	life	
incineration,	and	all	biogenic	carbon	
fluxes,	given	per	unit	of	beverage	carton	
from	a	landscape	perspective
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renewable-	intense	 ES	 induced	 a	 temperature	 change	 of	
around	−0.7 · 10−15 K	beverage	carton−1.	Thus,	differences	
in	ES,	based	on	differing	marginal	energy	mixes,	induced	
a	 temperature	 change	 difference	 of	 about	 0.8  ·  10−15  K	
beverage	carton−1	by	2050.

Overall,	 the	 temperature	 change	 range	 caused	 by	 al-
tered	replacement	rate	of	 the	beverage	carton	(Figure	8)	
was	substantially	larger	than	of	changing	substituted	mar-
ginal	energy	mix	(Figure	9).

4 	 | 	 DISCUSSION

4.1	 |	 Time dynamic climate effects 
including biogenic carbon and substitution

The	climate	assessment	in	the	present	study	expanded	on	
previous	LCAs	on	wood	products	by	including	fossil	value	
chain	emissions	with	biogenic	fluxes	(Røyne	et	al.,	2016)	

and	 substitution	 effects,	 assessed	 in	 a	 time	 dynamic	 ap-
proach	(Breton	et	al.,	2018).	The	study	also	provided	new	
information	on	substitution	factors,	since	pulp	and	paper	
or	chemicals	are	often	omitted	in	LCA	studies,	as	stated	by	
Soimakallio	et	al.	 (2016),	 and	geographical	 regions	 such	
as	South	America	are	rarely	considered,	as	mentioned	by	
Leskinen	et	al.	(2018).	The	climate	effects	found	(Figures	
3,	 6,	 and	 7)	 confirm	 findings	 in	 a	 review	 by	 O’Sullivan	
et	al.	(2016)	and	in	LCAs	by	Falkenstein	et	al.	(2010)	and	
Markwardt	 et	 al.	 (2017)	 dealing	 with	 climate	 effects	 of	
beverage	cartons.

Along	all	value	chain	emissions,	 industrial	process-
ing	 activities	 from	 the	 pulp	 and	 paperboard	 mill	 had	
the	largest	climate	warming	effect,	mainly	due	to	high-	
energy	consumption	and	use	of	chemicals.	At	 this	 life	
cycle	stage,	climate	efficiency	can	be	substantially	 im-
proved	by	carbon	capture	and	storage,	 for	example,	by	
tall	 oil	 manufacturing	 or	 lignin	 extraction	 (Kuparinen	
et	 al.,	 2019).	 The	 fossil	 emissions	 from	 plantation	 op-
erations	 were	 minor,	 with	 harvesting	 being	 the	 most	
emitting	operation.	Climate	effects	from	transportation	
were	minor	considering	all	value	chain	emissions,	con-
tradicting	 findings	 by	 Judl	 et	 al.	 (2011).	 However,	 the	
emissions	 ratio	 found	 for	 the	 value	 chain	 of	 the	 euca-
lyptus	pulp	product	was	similar	to	that	reported	by	Silva	
et	al.	(2015),	Corcelli	et	al.	(2018),	and	Sun	et	al.	(2018).	
A	1-	year	time	gap	was	assumed	between	production	and	
incineration	including	the	half-	life	of	the	beverage	car-
ton,	adapted	from	Rüter	et	al.	(2019).	This	led	to	minor	
influence	of	biogenic	carbon	storage	in	the	beverage	car-
ton	on	the	time	dynamic	climate	effects.	Alternatively,	a	
landfill	scenario	could	have	been	assumed	as	an	end-	of-	
life	alternative,	but	 landfilling	 is	not	common	practice	
in	the	geographical	area	of	the	study	(Sweden).	In	other	
geographical	 areas,	 it	 may	 be	 important	 to	 consider	 a	
landfill	 scenario.	 However,	 this	 would	 probably	 in-
crease	the	uncertainty	in	the	results,	as	carbon	dynam-
ics	are	quite	variable	(Sathre	&	O’Connor,	2010)	and	as	
ES	 is	not	possible	as	 long	as	methane	collection	 is	not	
applied.

Substitution	effects	from	material	displacement	(Figure	
8)	and	offsetting	energy	(Figure	9)	were	substantial	con-
tributors	 to	 the	overall	 climate	 impact.	 In	contrast,	 total	
biogenic	carbon	sequestration	and	retention	from	stand-
ing	biomass	and	soil	in	the	eucalyptus	plantation,	and	in	
the	HWP,	barely	offset	 the	dominating	climate	warming	
effect	from	all	fossil	value	chain	emissions,	including	the	
end-	of-	life	 incineration	(Figure	7).	This	contradicts	 find-
ings	by	Markwardt	et	al.	(2017)	that	biogenic	carbon	can	
have	 a	 “significant	 role	 in	 the	 impact	 category	 climate	
change”	 of	 a	 beverage	 carton's	 life	 cycle.	 However,	 the	
magnitude	of	temperature	cooling	by	the	modeled	euca-
lyptus	plantation	was	similarly	strong	to	that	found	in	an	

F I G U R E  7  Temperature	change	per	unit	of	beverage	carton	
from	a	system	perspective,	including	fossil	value	chain	emissions,	
biogenic	carbon	fluxes,	and	substitution.	Substitution	effects	
assume	a	moderate	PET	bottle	replacement	rate	(R = 0.48)	and	a	
fossil-	intense	marginal	Uruguayan	electricity	and	Swedish	energy	
mix	displacement	(mix	in	2020),	according	to	Hagberg	et	al.	(2017)	
and	adapted	from	MIEM	(2019).	Note:	End-	of-	life	emissions	from	
beverage	carton	incineration	are	included	in	energy	substitution,	
which	also	considers	forgone	energy	credits	from	avoided	PET	
combustion.	The	results	are	shown	from	a	landscape	perspective.	
PET,	polyethylene	terephthalate
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earlier	time	dynamic	temperature	change	study	of	a	euca-
lyptus	product	system	(Porsö	et	al.,	2016).

The	 calculated	 SFs	 accounted	 for	 production	 and	
the	 end-	of-	life	 stage.	 The	 range	 of	 values	 obtained	
was	moderately	higher	to	that	reported	by	Soimakallio	
et	 al.	 (2016)	 for	 paperboard	 products	 (mean	 value	
−1.4  g	 Cfossil  g−1	 Cbiogenic)	 and	 to	 the	 results	 from	 the	
meta-	analysis	 by	 Leskinen	 et	 al.	 (2018)	 for	 packaging	
materials	(−1.0	to	−1.5 g	Cfossil g

−1	Cbiogenic).	However,	
Holmgren	and	Kolar	(2019)	obtained	an	even	lower	SF	
of	−0.7 g	Cfossil g

−1	Cbiogenic	for	pulp	and	paper	products,	
possibly	because	they	applied	a	proxy	value.	In	contrast,	
higher	values	found	in	this	study	are	mainly	due	to	the	
large	ES	effects	both	in	Uruguay	and	Sweden.	The	dif-
ference	 to	 the	 literature	 values	 highlights	 the	 overall	
variability	in	calculation	of	SFs	and	substitution	effects,	
as	 discussed	 in	 more	 detail	 below.	 In	 addition,	 vary-
ing	 SFs	 among	 studies	 can	 emphasize	 the	 uncertainty	
connected	to	input	parameters	in	LCAs	of	forest	prod-
ucts	which	should	be	subjected	to	uncertainty	analysis,	
for	example,	via	Monte	Carlo	simulation	(Sahoo	et	al.,	
2019).	In	this	study,	however,	uncertainty	was	examined	
for	 the	 most	 climate	 influential	 part	 of	 the	 life	 cycle	
(i.e.,	 the	 substitution	 effect)	 by	 sensitivity	 analysis	 of	
changing	material	replacement	rates	and	varying	mar-
ginal	energy	mixes.

4.2	 |	 Methodological climate impact 
criteria and limitations

4.2.1	 |	 Temporal	assumptions	and	decisive	
factors	for	biogenic	carbon	effects

Time	 dynamic	 climate	 effects	 involve	 various	 assump-
tions,	among	which	 the	chosen	 time	horizon	can	be	de-
cisive	for	the	results.	In	this	study,	100 years	on	a	hectare	
basis	 was	 chosen,	 to	 facilitate	 comparisons	 with	 other	
studies	dealing	with	the	climate	effects	of	eucalyptus	plan-
tations.	In	addition,	50 years	per	unit	of	beverage	carton	
was	 included,	 to	highlight	potential	 implications	 for	 the	
EU’s	 committed	 climate	 neutrality	 target	 by	 2050	 (EC,	
2020b).	 In	 general,	 defining	 shorter	 time	 horizons	 such	
as	50 years	means	 truncating	climate	effects,	which	can	
disguise	long-	term	benefits	from	biogenic	carbon	storage	
or	a	change	where	climate	cooling	becomes	a	warming	ef-
fect.	 Thus,	 shorter	 time	 horizons	 can	 highlight	 immedi-
ate	possible	contributions	of	a	(wood)	product	system	for	
required	 action	 to	 meet	 short-		 or	 medium-	term	 climate	
policy	 targets.	 Moreover,	 shorter	 time	 horizons	 lower	
the	uncertainty	in	the	results,	due	to	decreased	potential	
for	 future	 changes	 in,	 for	 example,	 technology,	 bench-
mark	 product	 characteristics,	 production	 processes,	 or	
end-	of-	life	scenarios	(Peñaloza	et	al.,	2019).	Overall,	 it	 is	

F I G U R E  8  Temperature	change	
in	sensitivity	analysis	on	changing	
the	replacement	rate	(R),	influencing	
material	substitution	(MS).	The	entire	
climate	effect	(Total)	includes	biogenic	
carbon,	value	chain	emissions,	and	both	
energy	and	material	substitution.	The	
baseline	represents	moderate	replacement	
(R = 0.48),	while	the	other	scenarios	
represent	high	(R = 1)	and	low	(R = 0.17)	
replacement.	Note:	Energy	substitution	
includes	end-	of-	life	emissions	and	forgone	
energy	credit	from	avoided	polyethylene	
terephthalate	combustion.	The	results	are	
shown	from	a	landscape	perspective
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important	 to	 be	 aware	 of	 the	 consequences	 of	 a	 chosen	
time	 horizon	 for	 the	 climate	 effect	 results	 and	 consider	
whether	an	alternative	choice	might	yield	a	different	out-
come	(Lueddeckens	et	al.,	2020).

Timing	of	biogenic	carbon	uptake	before	or	after	har-
vest	is	another	important	aspect	for	time	dynamic	climate	
assessments.	In	this	study,	accounting	before	harvest	was	
applied,	since	it	“represents	reality	better	as	the	trees	have	
to	 grow	 before	 they	 can	 be	 harvested”	 (Peñaloza	 et	 al.,	
2019)	and	since	the	objective	was	to	advance	knowledge	of	
a	product	system's	climate	effects.	In	a	landscape	perspec-
tive	 modeling	 context,	 however,	 assumptions	 on	 former	
land	use	can	be	more	decisive	 for	 the	climate	effects.	 In	
any	case,	there	is	consensus	that	applying	a	dynamic	life	
cycle	 inventory	 and	 dynamic	 characterization	 increases	
the	accuracy	of	LCA,	regardless	of	the	timing	assumptions	
made	(Lueddeckens	et	al.,	2020).

A	sustainable	forestry	system	was	assumed,	for	which	
a	theoretical	landscape	perspective	(i.e.,	a	series	of	time-	
shifted	 stands)	 was	 applied	 (Berndes	 et	 al.,	 2016).	 This	
meant	 that	 all	 biogenic	 carbon	 from	 standing	 biomass	
was	 taken	 up	 from	 the	 atmosphere	 in	 year	 zero	 and	 no	
further	fluxes	were	assessed.	Thus,	carbon	equilibrium	in	
the	 standing	 biomass	 was	 maintained	 over	 the	 rotation	
periods,	in	accordance	with	Sathre	and	O’Connor	(2010).	

However,	including	the	built-	up	phase	of	the	plantation,	
which	 occurred	 before	 the	 start	 of	 the	 time	 horizon	 as-
sessed	 here,	 could	 have	 substantially	 influenced	 overall	
biogenic	 carbon	 effects.	 This	 is	 because	 major	 biogenic	
carbon	 fluxes	 occur	 during	 this	 period	 due	 to	 biomass	
growth	in	the	plantation,	but	were	not	assessed	to	ensure	
constant	input–	output	flow	in	the	time	dynamic	life	cycle	
inventory.	In	contrast	to	a	stand	perspective,	a	landscape	
perspective	can	account	for	the	simultaneous	occurrence	
of	silvicultural	and	subsequent	manufacturing	operations.	
It	 can	 thus	 be	 more	 realistic,	 increasing	 the	 policy	 rele-
vance	of	the	model.	However,	assumptions	about	produc-
tion	 improvements	 (e.g.,	 due	 to	 breeding,	 fertilization,	
etc.)	and	threats	from	future	climate	change	were	omitted	
here,	and	could	add	further	policy	relevance	if	included	in	
the	assessment.

Land	use	change	and	land	use	reference	substantially	
influenced	climate	effects	of	biogenic	carbon	from	stand-
ing	 biomass	 and	 the	 soil	 (Peñaloza	 et	 al.,	 2019).	 In	 this	
study,	a	LUC	from	grassland	to	eucalyptus	plantation	was	
assumed,	while	another	option	could	be	to	rely	on	natu-
ral	regeneration	(continuation	of	grassland)	(Helin	et	al.,	
2013;	 Koponen	 et	 al.,	 2018;	 Soimakallio	 et	 al.,	 2015).	 In	
any	case,	it	is	important	to	note	that	choosing	the	land	use	
reference	can	cause	a	climate	warming	effect,	for	example,	

F I G U R E  9  Temperature	change	
in	sensitivity	analysis	on	changing	the	
marginal	Uruguayan	electricity	and	
marginal	Swedish	energy	mix,	influencing	
energy	substitution	(ES).	The	entire	
climate	effect	(Total)	includes	biogenic	
carbon,	value	chain	emissions,	and	
both	energy	and	material	substitution.	
The	baseline	represents	a	fossil-		intense	
ES	(marginal	mix	for	2020),	while	the	
other	scenarios	represent	a	moderately	
fossil-	based	ES	(marginal	mix	for	2030)	
and	a	renewable-	intense	ES	(marginal	
mix	for	2040).	Note:	Energy	substitution	
includes	end-	of-	life	emissions	and	forgone	
energy	credit	from	avoided	polyethylene	
terephthalate	combustion.	The	results	are	
shown	from	a	landscape	perspective
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due	 to	LUC	from	natural	 forest	 to	plantations	 (Sathre	&	
O’Connor,	2010).	This	highlights	the	major	importance	of	
avoiding	conversion	of	natural	forest	into	managed	forest,	
as	the	former	is	considered	superior	in	removing	carbon	
from	the	atmosphere	(Lewis	et	al.,	2019).	Similar	to	LUC	
from	natural	forest	to	plantations,	conversion	of	grassland	
into	eucalyptus	plantations	directly	affects	SOC	stocks.	In	
this	study,	SOC	levels	reached	a	quasi-	long-	term	equilib-
rium,	as	also	assumed	in	other	studies	on	managed	forests	
(Ericsson	et	al.,	2013;	Sathre	&	O’Connor,	2010).	However,	
whether	SOC	levels	under	eucalyptus	plantations	remain	
constant	over	time	is	still	uncertain	(Behtrong	et	al.,	2012;	
Cavalett	 et	 al.,	 2018;	 Fialho	 &	 Zinn,	 2014;	 McMahon	
et	al.,	2019;	Sandoval	López	et	al.,	2020),	and	thus	impli-
cations	 for	 the	 climate.	 In	 addition,	 future	 biogenic	 car-
bon	dynamics	will	probably	be	increasingly	influenced	by	
ongoing	climate	change,	as	climate-	driven	risks	may	fun-
damentally	 compromise	 (managed)	 forest	 carbon	 sinks	
(Anderegg	et	al.,	2020),	especially	in	regions	such	as	South	
America	(Payn	et	al.,	2015).

From	 a	 product	 system	 perspective	 on	 the	 beverage	
carton,	 biogenic	 carbon	 played	 a	 minor	 role	 in	 the	 time	
dynamic	 climate	 effects.	 In	 another	 context	 where	 bio-
genic	 carbon	 from	 the	 plantation	 or	 forest	 could	 differ	
more	 substantially	 from	 a	 system	 perspective,	 defining	
the	land	use	reference	using	more	accurate	data	could	be	
more	important.	In	that	case,	time	dynamic	climate	effects	
from	LUC	and	biogenic	carbon	should	consider	the	impli-
cations	 of	 indirect	 LUC	 (Faraca	 et	 al.,	 2019)	 and	 albedo	
(Sieber	et	al.,	2019).	However,	calculation	of	these	is	still	
associated	 with	 great	 uncertainty	 and	 was	 thus	 omitted.	
Further	research	is	needed	on	other	forestry	systems	(e.g.,	
Nordic	 forests)	 to	 increase	 knowledge	 on	 temporal	 and	
spatial	 variations	 in	 the	 role	 of	 biogenic	 carbon	 in	 time	
dynamic	climate	effects	of	wood	product	systems.

4.2.2	 |	 The	role	of	substitution	effects

Substitution	effects	can	be	regarded	as	permanent	(Sathre	
&	O’Connor,	2010),	in	contrast	to	the	temporary	climate	
benefit	 from	 biogenic	 carbon	 storage.	 However,	 this	 ap-
proach	 requires	 decisive	 assumptions	 concerning	 both	
material	and	ES.

Material	 substitution	 effects	 may	 be	 substantially	
lowered	 if	 technologies	 of	 production	 or	 the	 properties	
of	 the	 substituted	 product	 (i.e.,	 the	 PET	 bottle)	 improve	
(Leskinen	et	al.,	2018).	These	developments	could	be	ac-
counted	 for	 in	 modeling	 by,	 for	 example,	 reducing	 the	
mass	used	for	the	PET	bottle	(Markwardt	et	al.,	2017)	or	
changing	replacement	rate	of	the	wood	product	(Hammar	
et	al.,	2020).	From	a	climate	mitigation	perspective,	 it	 is	
best	 to	 aim	 for	 replacing	 those	 nonrenewable	 materials	

which	 are	 most	 carbon	 intense	 and	 which	 are	 unlikely	
to	become	more	efficient	in	their	production	(Suter	et	al.,	
2017;	 Verkerk	 et	 al.,	 2020).	 However,	 technological	 im-
provements	in	nonrenewable	materials	could	also	stimu-
late	wood	product	manufacturers	to	improve	production	
efficiency	in	their	technology,	for	example,	by	improving	
heat	recovery	in	paper	mills	(Corcelli	et	al.,	2018).

Inherent	properties	of	the	materials,	such	as	the	LHV,	
can	also	be	decisive	for	the	climate	effects	during	end-	of-	
life	incineration.	Since	the	LHV	of	a	PET	bottle	is	higher	
than	that	of	a	beverage	carton,	avoided	PET	bottle	incin-
eration	involves	a	forgone	credit	from	ES	which	is	greater	
than	 the	 credit	 derived	 from	 incinerating	 the	 beverage	
carton.	Thus,	 the	 forgone	credit	 from	ES	can	 result	 in	a	
climate	warming	effect	when	regarded	from	a	system	per-
spective.	 In	 addition,	 climate	 cooling	 effects	 of	 ES	 from	
beverage	carton	 incineration	 in	Sweden	are	 likely	 to	de-
crease	 when	 the	 displaced	 future	 marginal	 energy	 mix	
becomes	increasingly	based	on	renewable	energy	via,	for	
example,	 wind	 and	 solar	 energy.	 Such	 a	 development	 is	
likely	 for	 the	entire	EU,	considering	 the	commitment	 to	
ambitious	renewable	energy	targets	(Faraca	et	al.,	2019).	
ES	 may	 eventually	 lead	 to	 a	 climate	 warming	 effect	
(Figure	9).	However,	the	energy	mix	substituted	is	a	nor-
mative	definition	and	can	differ	between,	for	example,	the	
current	mix,	the	marginal	mix,	or	a	changing	mix	(Knauf	
et	al.,	2016).	 In	any	case,	bioenergy	 from	combustion	of	
wood	products	can	be	important	in	balancing	future	en-
ergy	fluctuations	from	solar	and	wind	power	(Arasto	et	al.,	
2017).	By	applying	both	a	climate	mitigation	and	a	renew-
able	 energy	 supply	 perspective,	 bioenergy	 can	 thus	 be	 a	
crucial	contributor	to	achieving	aligned	policy	ambitions,	
such	as	the	EU’s	climate	neutrality	target.

However,	to	increase	the	policy	relevance	of	substitu-
tion	in	a	growing	bioeconomy,	“leakage	effects”	should	be	
considered	 in	 the	 climate	 assessment.	This	 includes	 po-
tential	emissions	shifts	induced	by	shifted	activities	from	
sustainable	 forestry	 to	 less	sustainably	managed	 forestry	
(Leskinen	et	al.,	2018)	or	cross-	sectoral	shifts	of	avoided	
climate	burdens	(Harmon,	2019).

In	general,	substitution	effects	of	wood	products	are	a	
highly	debated	issue	and	there	is	currently	no	consistent	
basis	for	assessment.	Some	highlight	the	potentially	strong	
climate	mitigation	effect	of	substitution	(Leskinen	et	al.,	
2018;	Sathre	&	O’Connor,	2010),	while	others	argue	the	op-
posite	(Harmon,	2019;	Leturcq,	2020).	In	fact,	it	is	claimed	
that	the	long-	term	climate	mitigation	benefits	from	substi-
tution	may	have	been	overestimated	by	two-		to	100-	fold,	
for	example,	through	the	frequent	assumption	of	keeping	
SFs	 constant	 over	 time	 and	 omitting	 “leakage	 effects”	
(Harmon,	2019).	In	this	context,	the	strongest	climate	mit-
igation	 effect	 for	 wood	 products	 may	 not	 be	 induced	 by	
increasing	 harvest	 levels	 (Leturcq,	 2020).	 Irrespective	 of	
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this,	effective	substitution	should	be	 focused	on	 increas-
ing	 wood	 application	 in	 the	 construction	 sector,	 but	 ac-
counting	for	substitution	credit	will	still	only	be	valid	if	an	
“increase	in	wood	product	consumption	implies	verifiably	
a	 global	 reduction	 in	 non-	wood	 productions”	 (Leturcq,	
2020).	Without	policies	ensuring	the	absence	of	“leakage	
effects,”	substitution	benefits	from	wood	products	can	be	
limited	(Harmon,	2019).

This	 study	 confirmed	 the	 great	 variability	 in	 substi-
tution	 effects	 and	 associated	 SFs.	 Sensitivity	 analysis	 on	
varying	replacement	rates	and	differing	marginal	energy	
mixes	 was	 conducted	 to	 alleviate	 the	 shortcomings	 of	
static	substitution	over	time.	However,	to	improve	the	va-
lidity	 of	 substitution	 effects	 (of	 wood	 product	 systems),	
dynamic	 substitution	 factors	 covering	 time-	dependent	
changes	(in	e.g.,	energy	mixes	or	technological	advances	
in	a	product)	should	be	used	in	future	assessments,	as	im-
plemented	by	Brunet-	Navarro	et	al.	(2021).

4.2.3	 |	 Cascading	wood	use

Directly	connected	to	substitution	effects	is	cascading	use	
of	wood	products.	Whether	cascading	leads	to	definite	in-
creased	climate	cooling	effects	is	debated	(Berndes	et	al.,	
2016;	Höglmeier	et	al.,	2014,	2015;	Leskinen	et	al.,	2018;	
Sathre	&	Gustavsson,	2006;	Suter	et	al.,	2017).	In	a	meta-	
analysis,	 Thonemann	 and	 Schumann	 (2018)	 found	 that	
around	 half	 of	 the	 studies	 reviewed	 indicated	 a	 positive	
effect	 from	 cascading	 on	 the	 climate	 and	 the	 other	 half	
a	 mixed	 effect.	 Moreover,	 perceptions	 vary	 on	 whether	
additional	 cascading	 steps	 naturally	 lead	 to	 additional	
climate	benefits.	In	this	regard,	Faraca	et	al.	 (2019)	con-
cluded	 that	 the	 largest	 climate	 benefits	 are	 obtained	 in	
the	 first	 cascade	step,	“when	 the	quality	of	 the	 resource	
is	at	its	highest	point.”	This	highlights	the	importance	of	
choosing	quality-	oriented	recycling.	In	the	present	study,	
a	pulp	product	was	investigated,	which	limited	cascading	
use.	Nevertheless,	it	was	shown	that	the	energy	recovery	
step	brought	a	substantial	potential	benefit	to	the	overall	
climate	effects	of	the	product.

Irrespective	 of	 its	 controversial	 climate	 implications,	
cascading	wood	use	can	bring	great	benefits	 in	 terms	of	
land	 use	 (Höglmeier	 et	 al.,	 2015;	 Sathre	 &	 Gustavsson,	
2006;	Suter	et	al.,	2017).	In	fact,	it	is	key	to	consider	other	
impact	categories	apart	from	climate	effects,	such	as	water	
consumption	 (Ferraz	et	al.,	2019)	or	biodiversity	aspects	
(Pozo	&	Säumel,	2018)	when	assessing	the	environmental	
sustainability	of	a	eucalyptus	wood	product	system.	Since	
only	 8%	 of	 the	 managed	 forests	 in	 South	 America	 are	
under	 PEFC	 or	 FSC	 certification	 (Sikkema	 et	 al.,	 2017),	
there	 is	 an	 urgent	 need	 for	 scrutiny	 of	 environmental	

sustainability	 in	 LCA	 of	 the	 European	 wood	 supply	
(O’Sullivan	et	al.,	2016).

4.2.4	 |	 Suitability	of	the	climate	
metric	chosen

The	 climate	 metric	 chosen	 can	 substantially	 influence	
the	 outcome	 of	 a	 time	 dynamic	 climate	 impact	 as-
sessment	 (Breton	 et	 al.,	 2018).	 Apart	 from	 the	 AGTP,	
alternative	climate	metrics	also	accounting	for	time	dy-
namics	 are,	 for	 example,	 the	 GWPbio	 (Cherubini	 et	 al.,	
2011),	 or	 time-	dependent	 radiative	 forcing	 (Sathre	 &	
Gustavsson,	 2012),	 which	 are	 further	 “up”	 the	 cause–	
effect	chain	from	GHG	emission	to	climate	change	im-
pacts	(Breton	et	al.,	2018;	Myhre	et	al.,	2013).	The	focus	
in	 this	 study	 was	 on	 AGTP,	 which	 accurately	 incorpo-
rated	 time-	dependent	 carbon	 fluxes	 of	 biomass-	based	
systems.	 Thus,	 the	 metric	 is	 reliable	 and	 flexible,	 and	
provides	 a	 better	 understanding	 of	 biogenic	 carbon	 ef-
fects	on	 the	climate	 in	a	 long-		and	short-	term	perspec-
tive,	as	also	stated	by	Peñaloza	et	al.	(2019)	and	Garcia	
et	 al.	 (2020).	 Regarding	 substitution	 effects,	 the	 AGTP	
metric	functioned	well	in	accounting	for	potential	time-	
dependent	 emission	 savings.	 In	 future	 assessments,	
AGTP	 would	 therefore	 be	 a	 suitable	 metric	 to	 include	
recommended	 dynamic	 substitution	 factors	 to	 account	
for	 future	 changes	 concerning	 substitution-	related	 as-
pects,	such	as	improved	production	efficiency.

4.3	 |	 Potential relevance for climate 
policy making

Biogenic	carbon	and	substitution	are	both	regarded	as	im-
portant	pillars	in	climate-	smart	forestry	for	policy	making	
of	bio-	based	products	in	a	growing	bioeconomy	(Nabuurs	
et	al.,	2018).	This	study	revealed	a	potential	temperature	
change	range	from	−0.8 · 10−15	to	−1.8 · 10−15 K	per	unit	
of	beverage	carton	until	the	year	2050,	based	on	all	results	
from	 the	 sensitivity	 analysis	 performed.	 Considering	 an	
average	annual	output	volume	of	a	European	liquid	pack-
aging	board	mill	of	approximately	one	million	tons	(Stora	
Enso,	2019),	a	potential	 temperature	change	range	 from	
−2.9 · 10−10 K	to	−6.2 · 10−10 K	could	thus	be	reached	for	
2050	by	producing	and	using	beverage	cartons	over	PET	
bottles.	 As	 CO2	 emissions	 intensity	 from	 the	 European	
paper	industry	has	decreased	by	approximately	25%	since	
1990	already	(Corcelli	et	al.,	2018),	the	results	of	this	study	
can	thus	highlight	the	additional	climate	benefit	of	a	rapid	
replacement	of	fossil-	based	PET	bottles	by	the	use	of	bio-	
based	beverage	cartons.
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5 	 | 	 CONCLUSIONS

The	 forest	 sector	 can	 play	 a	 pivotal	 role	 in	 mitigating	
climate	 warming,	 but	 assessing	 the	 actual	 climate	 ef-
fects	of	a	wood	product	system	is	complex	and	requires	
a	 holistic	 approach.	 This	 study	 revealed	 that	 inclusion	
of	 biogenic	 carbon	 and	 substitution	 effects	 improved	
the	holistic	and	time	dynamic	climate	effect	assessment	
of	a	bioeconomically	promising	wood	product,	a	bever-
age	carton.	The	results	showed	that	substantial	climate	
warming	 from	 value	 chain	 emissions	 was	 barely	 offset	
by	 biogenic	 carbon	 from	 the	 eucalyptus	 plantation,	 in-
cluding	standing	biomass	and	SOC,	as	well	as	short	car-
bon	 storage	 within	 the	 HWP.	 In	 contrast,	 effects	 from	
MS	 and	 displacing	 marginal	 energy	 mixes	 converted	
the	time	dynamic	temperature	change	into	considerable	
climate	 cooling.	 Sensitivity	 analysis	 involving	 varying	
replacement	 rates	 of	 the	 beverage	 carton	 and	 differing	
marginal	 energy	mixes	 showed	great	variability	of	 sub-
stitution	 effects	 for	 both	 substitution	 factors	 and	 tem-
perature	 change.	 Potential	 relevance	 for	 climate	 policy	
making	 was	 evident	 from	 a	 climate	 cooling	 effect	 of	
−0.8  · 10−15	 to	−1.8  · 10−15 K	per	unit	of	beverage	car-
ton	by	2050.	Production	and	use	of	wood-	based	beverage	
cartons	instead	of	PET	bottles	can	therefore	contribute	to	
mitigating	climate	warming	effects.	Further	holistic	time	
dynamic	climate	assessments	on	alternative	forestry	sys-
tems	(e.g.,	Nordic	forests)	are	needed	to	advance	knowl-
edge	on	the	role	of	biogenic	carbon,	including	dynamic	
assessment	of	substitution	effects.
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