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Abstract 

This report reviews 83 scientific articles assessing bio-based products, retained for their relevance 
in the framework of the STAR-ProBio project. The review presents in quantitative terms the 
environmental indicators used by this sample of literature, grouped by “clusters”, which are 
groups of similar indicators. 
 
The clusters found are compared with those suggested by the key literature sources, such as the 
PEFCR guidance or the EN 16751 norm. 
 
There is an avoerall good convergence between the clusters found in the reviewed articles and 
those that are recommended. However, the indicators belonging to the following clusters are 
considered highly relevant by the key literature and are not used in the reviewed articles as 
frequently as they should:  
- Water availability 
- Land use 
- Ecosystem quality 
 
Finally, the impacts of wastes are not really addressed by the reviewed articles neither by the key 
literature sources, mostly because of the lack of methodology for the assessment of the risk that 
the presence of plastic in the environment represents. 
 

 
Suggested citation 

 
 

Disclaimer 

The content of this report does not necessarily reflect the official opinions of the European 
Commission or other institutions of the European Union. 
 
STAR-ProBio has received funding from the European Union’s Horizon 2020 Program research 
and innovation programme under grant agreement No. 727740. Re-use of information contained 
in this document for commercial and/or non-commercial purposes is authorised and free of 
charge, on the conditions of acknowledgement by the re-user of the source of the document, not 
distortion of the original meaning or message of the document and the non-liability of the STAR-
ProBio consortium and/or partners for any consequence stemming from the re-use. The STAR-
ProBio consortium does not accept responsibility for the consequences, errors or omissions 
herein enclosed. This document is subject to updates, revisions and extensions by the STAR-
ProBio consortium. Questions and comments should be addressed to: http://www.star-
probio.eu/contact-us/ 
 
Copyright - This document has been produced and funded under the STAR-ProBio H2020 Grant 
Agreement 727740. Unless officially marked both Final and Public, this document and its 
contents remain the property of the beneficiaries of the STAR-ProBio Consortium and may not 
be distributed or reproduced without the express written approval of the project Coordinator. 

 

STAR-ProBio (2017), STAR-ProBio Deliverable D2.1, “Report summarizing the findings of the 
literature review on environmental indicators related to bio-based products”. Available from 
Internet: www.star-probio.eu. 



 

4 
D2.1: Report summarizing the findings of the literature review on environmental indicators related to bio-based products 

Table	of	Contents	 	

1	 Introduction and Background ............................................................................ 6	
2	 Relevant types of studies targeted by the review .............................................. 7	

2.1	 Introduction ................................................................................................... 7	
2.2	 Life Cycle Assessment .................................................................................... 7	
2.3	 Input-output analysis .................................................................................... 9	
2.4	 Life Cycle Costing ........................................................................................... 9	
2.5	 Social Life Cycle Assessment ........................................................................ 10	

3	 Critical aspects considered in the review ........................................................ 11	
3.1	 Elements related to LCA scope ..................................................................... 11	

3.1.1	 Attributional versus Consequential LCA ........................................................ 11	
3.1.2	 Allocation procedure ................................................................................. 11	
3.1.3	 Functional unit ......................................................................................... 11	
3.1.4	 System boundaries and cut-off criteria ........................................................ 12	
3.1.5	 Indirect and Direct Land Use Change (iLUC, dLUC) ........................................ 12	

3.2	 Elements related to Life Cycle Inventory data .............................................. 13	
3.2.1	 Primary data ............................................................................................ 13	
3.2.1	 Secondary data - Background LCI database ................................................. 13	
3.2.2	 Data quality assessment ........................................................................... 14	

3.3	 Elements related to Impact Assessment ...................................................... 14	
3.3.1	 Life Cycle Impact Assessment methods ....................................................... 14	
3.3.2	 Midpoint versus Endpoint methods .............................................................. 15	
3.3.3	 Environmental indicators ........................................................................... 16	

4	 Key documents - International standards and guidelines ................................ 17	
4.1	 ISO 14040 and ISO 14044 ........................................................................... 17	
4.2	 International Reference Life Cycle Data System (ILCD) Handbook ............... 17	
4.3	 Product Environmental Footprint (PEF) Guide and Product Environmental 
Footprint Category Rules (PEFCR) Guidance .......................................................... 17	
4.4	 EN 16751 Bio-based products – Sustainability criteria ................................. 18	
4.5	 EN 16760 Bio-based products – Life Cycle Assessment ................................ 19	

5	 Relevant literature-review case studies .......................................................... 20	
5.1	 Introduction ................................................................................................. 20	
5.2	 Raw materials .............................................................................................. 21	

5.2.1	 Oils (non-polymerized) .............................................................................. 21	
5.2.2	 Sugars and starch (non-polymerized) .......................................................... 21	
5.2.3	 Fibres ..................................................................................................... 21	

5.3	 Platforms ..................................................................................................... 22	
5.3.1	 Platforms obtained by fermentation route .................................................... 22	
5.3.2	 Platforms obtained by other routes ............................................................. 22	

5.4	 Products ....................................................................................................... 22	
5.4.1	 Plastic polymers (non-fibre) ....................................................................... 22	
5.4.2	 Fine and bulk chemicals ............................................................................ 22	
5.4.3	 Proteins .................................................................................................. 22	
5.4.4	 Others .................................................................................................... 22	

6	 Results of the review ...................................................................................... 23	
6.1	 Types of studies ........................................................................................... 23	
6.2	 Approaches .................................................................................................. 23	
6.3	 System boundaries ....................................................................................... 24	



 

5 
D2.1: Report summarizing the findings of the literature review on environmental indicators related to bio-based products 

6.4	 Land use change (LUC) ................................................................................ 25	
6.5	 LCIA methods .............................................................................................. 25	
6.6	 Reviewed environmental indicators ............................................................. 26	
6.7	 Environmental indicators found in the key international standards and 
guidelines ............................................................................................................. 28	

6.7.1	 ISO 14040 and ISO 14044 ......................................................................... 28	
6.7.2	 International Reference Life Cycle Data System (ILCD) Handbook ................... 28	
6.7.3	 Product Environmental Footprint (PEF) Guide and Product Environmental Footprint 
Category Rules (PEFCR) Guidance ........................................................................... 29	
6.7.4	 EN 16751 Bio-based products – Sustainability criteria ................................... 30	
6.7.5	 EN 16760 Bio-based products – Life Cycle Assessment .................................. 31	
6.7.6	 Recapitulation of the key international standards and guidelines ..................... 31	

7	 Interpretation and final conclusions ............................................................... 33	
7.1	 Synthesis of all indicators clusters ............................................................... 33	
7.2	 Interpretation .............................................................................................. 34	
7.3	 Conclusion ................................................................................................... 35	

8	 Reference list .................................................................................................. 36	
9	 ANNEXES ......................................................................................................... 38	

9.1	 List of reviewed articles ............................................................................... 38	
9.2	 Short bibliographic reports .......................................................................... 44	
9.3	 Synthesis of reviewed articles ...................................................................... 44	

 
 



 

6 
D2.1: Report summarizing the findings of the literature review on environmental indicators related to bio-based products 

1 Introduction	and	Background	
The	STAR-ProBio	project	aims	to	promote	a	more	efficient	and	harmonized	policy	regulation	
framework	for	the	market-pull	of	bio-based	products,	through	the	development	of	a	dedicated	
sustainability	scheme.	An	integral	part	of	STAR-ProBio	is	the	adoption	of	life-cycle	methodologies	
to	measure	environmental,	techno-economic	and	social	impacts	of	bio-based	products.	The	aim	of	
STAR-ProBio	is	to	cover	gaps	in	the	existing	framework	for	sustainability	assessment	of	bio-based	
products,	and	improve	consumer	acceptance	for	bio-based	products	by	identifying	the	critical	
sustainability	issues	in	their	value	chains.	

The	aim	of	Work	Package	(WP)	2	is	to	develop	an	LCA	approach	for	strategic	and	policy	decision	
support	that	is	compliant	with	the	ILCD	and	PEF	frameworks;	and	to	perform	upstream	LCA	for	the	
case	studies	identified	in	WP1.	This	report	is	the	deliverable	(D2.1)	of	task	2.1	which	objective	is	to	
carry	out	a	detailed	literature	review	focusing	on	available	peer-reviewed	studies	based	on	
environmental	indicators	of	bio-based	products	obtained	from	residues/wastes	and/or	renewable	
sources	and	available	LCA	software.	Although	special	attention	was	paid	to	European	case	studies,	
the	review	covers	other	studies	available	worldwide	in	order	to	obtain	a	broad	overview	of	current	
practices.		

The	most	representative	environmental	indicators	and	impact	categories	are	identified.	This	
literature	review	will	serve	as	the	basis	for	the	selection	of	impact	categories	and	indicators,	which	
will	be	carried	out	in	Task	2.3.	
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2 Relevant	types	of	studies	targeted	by	the	review	

2.1 Introduction 

This	literature	review	targets	several	types	of	studies,	which	are	described	in	the	following	
sections.	

2.2 Life Cycle Assessment 

Environmental	Life	Cycle	Assessment	(E-LCA),	normally	referred	to	as	Life	Cycle	Assessment	(LCA),	
is	a	technique	that	aims	at	addressing	the	environmental	aspects	of	a	product	and	their	potential	
environmental	impacts	throughout	that	product’s	life	cycle.	The	term	“product”	refers	to	both	
goods	and	services.	A	product’s	life	cycle	includes	all	stages	of	a	product	system,	from	raw	
material	acquisition	or	natural	resource	production	to	the	disposal	of	the	product	at	the	end	of	its	
life,	including	extracting	and	processing	of	raw	materials;	manufacturing;	distribution;	use;	re-use;	
maintenance;	recycling;	and	final	disposal	(i.e.,	cradle-to-grave).		

The	technique	now	called	E-LCA	was	originally	developed	in	the	late	1960’s	and	throughout	the	
1970’s	to	address	the	desire	of	enterprises	and	policy	makers	to	understand	the	relative	
environmental	impacts	of	alternative	packaging	options.	The	scope	of	environmental	impacts	grew	
with	time	as	more	studies	were	performed	for	more	audiences.	Initially,	the	impacts	of	interest	
were	energy	consumption	and	the	production	of	solid	wastes;	thus,	the	inventory	data	focused	on	
these	impacts	as	well.	Emissions	of	regulated	air	pollutants	were	soon	added,	as	were	releases	of	
water	pollutants.	

During	the	1970’s,	1980’s	and	early	1990’s	this	LCA	technique	was	applied	to	an	increasing	variety	
of	product	types,	and	methods	for	life	cycle	environmental	impact	assessment	began	to	be	
developed.	At	the	end	of	the	1980’s	and	the	early	1990’s,	a	series	of	workshops	were	convened	by	
the	Society	of	Environmental	Toxicology	and	Chemistry	(SETAC)	in	order	to	generate	documents,	
including	the	initial	LCA	Code	of	Practice,	published	by	SETAC	in	1993,	which	promoted	
consistency	and	awareness	of	best	practices	in	E-LCA.		

As	a	means	of	consolidating	LCA	procedures	and	methods,	standards	were	developed	as	part	of	
ISO’s	standards	on	environmental	management.	Four	ISO	standards	(ISO	14040-14043)	were	
published	in	the	years	1997-2000,	all	of	which	were	replaced	in	2006	with	two	standards,	ISO	
140401	and	ISO	140442.	These	standards	describe	the	required	and	recommended	elements	of	E-
LCAs.	

The	ISO	standards	identify	four	phases	(illustrated	in	Figure	1)	for	conducting	an	LCA:		

1. Goal	and	Scope--where	the	reasons	for	carrying	out	the	study	and	its	intended	use	are	
described	and	where	details	are	given	on	the	approach	taken	to	conduct	the	study.	Notably,	it	
is	in	this	phase	of	the	study	that	the	functional	unit	(see	4.2.4)	is	defined,	and	that	modelling	
approaches	are	specified.		

                                                
1 ISO, “ISO 14040:2006(E) Environmental Management — Life Cycle Assessment — Principles and Framework”. 
2 ISO, “ISO 14044:2006(E) Environmental Management — Life Cycle Assessment — Requirements and Guidelines”. 
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2. Life	Cycle	Inventory	(LCI)--where	the	product	system	(or	systems)	and	its	constituent	unit	
processes	are	described,	and	exchanges	between	the	product	system	and	the	environment	are	
compiled	and	evaluated.	These	exchanges,	called	elementary	flows,	include	inputs	from	nature	
(e.g.	extracted	raw	materials,	land	used)	and	outputs	to	nature	(e.g.	emissions	to	air,	water	
and	soil).	The	amounts	of	elementary	flows	exchanged	by	the	product	system	and	the	
environment	are	in	reference	to	one	functional	unit,	as	defined	in	the	Goal	and	Scope	phase.		

3. Life	Cycle	Impact	Assessment	(LCIA)--where	the	magnitude	and	significance	of	environmental	
impacts	associated	with	the	elementary	flows	compiled	during	the	previous	phase	are	
evaluated.	This	is	done	by	associating	the	life	cycle	inventory	results	with	environmental	
impact	categories	and	category	indicators.	LCI	results,	other	than	elementary	flows	(e.g.	land	
use),	are	identified	and	their	relationship	to	corresponding	category	indicators	is	determined.	
LCIA	has	a	number	of	mandatory	elements:	selection	of	impact	categories,	category	indicators,	
and	characterization	models	as	well	as	assignment	of	the	LCI	results	to	the	various	impact	
categories	(classification)	and	calculation	of	category	indicator	results	(characterization).	This	
can	then	be	followed	by	optional	elements	such	as	normalization,	grouping	and	weighting.		

4. Life	Cycle	Interpretation,	where	the	findings	of	the	previous	two	phases	are	combined	with	the	
defined	goal	and	scope	in	order	to	reach	conclusions	or	recommendations.		

It	is	important	to	note	that	E-LCA	provides	an	assessment	of	potential	impacts	on	the	basis	of	a	
chosen	functional	unit.	

	
Figure 1: Framework for LCA (from ISO 14040:20063; modified) 

	

	

                                                
3 ISO, “ISO 14040:2006(E) Environmental Management — Life Cycle Assessment — Principles and Framework”. 
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2.3 Input-output analysis 

Input-output	analysis	is	a	branch	of	econometrics	used	to	analyse	inter-industry	relationship	in	
order	to	understand	the	inter-dependencies	and	complexities	of	the	economy	and	thus	the	
conditions	for	maintaining	equilibrium	between	supply	and	demand.	

2.4 Life Cycle Costing 

Life	cycle	costing,	or	LCC,	is	a	compilation	and	assessment	of	all	costs	related	to	a	product,	over	its	
entire	life	cycle,	from	production	to	use,	maintenance	and	disposal.	It	was	first	developed	and	
used	by	the	U.S.	military	in	the	1960’s	in	order	to	assess	the	costs	of	long	living	goods	such	as	
tanks	and	tractors4.	The	motivation	is	that,	for	many	products,	the	purchase	price	reflects	only	a	
minority	of	the	costs	that	will	be	caused	by	the	product.	Since	its	early	beginnings,	LCC	is	applied	in	
many	different	industrial	sectors	and	use	cases,	especially	for	investment	goods	(transport	–	
railways,	air,	sea;	building	sector;	general	machinery,	chemical	industry).	A	number	of	industry	
guidelines	and	references	have	been	developed	but	an	ISO	standard	does	not	exist	yet.	Products	
can	range	from	complete	office	buildings,	trains	or	train	carriages	to	one	square	meter	of	carpet5.	

LCC	can	address	the	economic	impact	of	a	product	whose	environmental	performance	is	
scrutinized	in	a	E-LCA.	Since	both	LCC	and	E-LCA	build	on	a	network	of	interlinked	material	flows	
over	the	whole	life	cycle	of	the	product,	such	a	combination	is	inviting.	However,	it	bears	
particular	modelling	pitfalls	in	order	to	obtain	an	“as	best	as	possible”	and	consistent	assessment,	
without	double	counting.	

A	SETAC	guideline	is	under	preparation	at	the	moment.	Environmental	Life	Cycle	Costing	is	meant	
to	be	applied	in	parallel	to	an	E-LCA,	and	is	defined	as:		

An	assessment	of	all	costs	associated	with	the	life	cycle	of	a	product	that	are	directly	covered	by	
any	one	or	more	of	the	actors	in	the	product	life	cycle	(e.g.,	supplier,	manufacturer,	user	or	
consumer,	or	End	of	Life	actor)	with	complementary	inclusion	of	externalities	that	are	anticipated	
to	be	internalized	in	the	decision-relevant	future6.	

System	boundaries	of	the	environmental	LCC	need	to	be	equivalent	to	E-LCA.	They	will	often	not	
be	identical,	since	research	and	development,	planning	and	managerial	overhead	will	have	
decision-relevant	costs	(and	will	therefore	be	considered)	even	without	a	significant	share	of	
environmental	impacts.	

The	text	of	this	section	is	from	UNEP7.	

	

	

                                                
4 Sherif and Kolarik, “Life Cycle Costing: Concept and Practice”. 
5 Ciroth, “Cost Data Quality Considerations for Eco-Efficiency Measures”. 
6 Ciroth et al., Environmental Life Cycle Costing. Page 173. 
7 UNEP 2009, Guidelines for Social Life Cycle Assessment of Products 



 

10 
D2.1: Report summarizing the findings of the literature review on environmental indicators related to bio-based products 

2.5 Social Life Cycle Assessment 

A	social	and	socio-economic	Life	Cycle	Assessment	(S-LCA)	is	a	social	impact	(and	potential	impact)	
assessment	technique	that	aims	to	assess	the	social	and	socio-economic	aspects	of	products	and	
their	potential	positive	and	negative	impacts	along	their	life	cycle	encompassing	extraction	and	
processing	of	raw	materials;	manufacturing;	distribution;	use;	re-use;	maintenance;	recycling;	and	
final	disposal.	S-LCA	complements	E-LCA	with	social	and	socio-economic	aspects.	It	can	either	be	
applied	on	its	own	or	in	combination	with	E-LCA.		

S-LCA	assesses	social	and	socio-economic	impacts	found	along	the	life	cycle	(supply	chain,	
including	the	use	phase	and	disposal)	with	generic	and	site-specific	data.	It	differs	from	other	
social	impacts	assessment	techniques	by	its	objects:	products	and	services,	and	its	scope:	the	
entire	life	cycle.	Social	and	socioeconomic	aspects	assessed	in	S-LCA	are	those	that	may	directly	
affect	stakeholders	positively	or	negatively	during	the	life	cycle	of	a	product.	They	may	be	linked	
to	the	behaviours	of	enterprises,	to	socio-economic	processes,	or	to	impacts	on	social	capital.	
Depending	on	the	scope	of	the	study,	indirect	impacts	on	stakeholders	may	also	be	considered.		

S-LCA	does	not	have	the	goal	nor	pretends	to	provide	information	on	the	question	of	whether	a	
product	should	be	produced	or	not.	S-LCA	documents	the	product	utility	but	does	not	have	the	
ability	nor	the	function	to	inform	decision	making	at	that	level.	It	is	correct	that	information	on	the	
social	conditions	of	production,	use	and	disposal	may	provide	elements	for	thoughts	on	the	topic,	
but	will,	in	itself,	seldom	be	a	sufficient	basis	for	decision.	

S-LCA	is	a	technique	that	helps	inform	incremental	improvements	but	does	not	in	itself	provide	a	
breakthrough	solution	for	sustainable	consumption	and	sustainable	living.	Those	topics	go	well	
beyond	the	scope	of	the	tool.		

S-LCA	provides	information	on	social	and	socio-economic	aspects	for	decision	making,	instigating	
dialogue	on	the	social	and	socio-economic	aspects	of	production	and	consumption,	in	the	
prospect	to	improve	performance	of	organizations	and	ultimately	the	well-being	of	stakeholders.	

The	text	of	this	section	is	taken	from	UNEP8	and	Fontes9.	

	

                                                
8 UNEP, 2009, Guidelines for Social Life Cycle Assessment of Products 
9 Fontes, Handbook for Product Social Impact Assessment 3.0. 
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3 Critical	aspects	considered	in	the	review	

3.1 Elements related to LCA scope 

3.1.1 Attributional versus Consequential LCA  

3.1.1.1 Attributional LCA 

Attributional	LCA	involves	the	determination	of	burdens	associated	with	a	product	(including	
production	and	use),	service	or	process	at	a	specific	point	in	time.	

For	attributional	LCAs,	there	is	no	perfect	allocation	system	because	the	desire	to	attribute	
impacts	or	benefits	to	a	specific	system	is	a	purely	human	need	that	varies	case-by-case.	Thus,	the	
allocation	rules	can	be	modified	according	to	the	nature	of	the	study	to	avoid	un-realistic	results.	
3.1.1.2 Consequential LCA 

Consequential	LCAs	involve	the	identification	of	environmental	consequences	of	a	decision	or	
change	in	a	particular	system.	Both	market	and	economic	implications	may	require	consideration.		

	

3.1.2 Allocation procedure 

A	common	methodological	decision	point	in	LCA	occurs	when	the	system	being	studied	is	directly	
connected	to	a	past	or	future	system,	or	produces	co-products.	When	systems	are	linked	in	this	
manner,	the	boundaries	of	the	system	of	interest	must	be	widened	to	include	the	adjoining	
system,	or	the	impacts	of	the	linking	items	must	be	distributed—or	allocated—across	the	systems.	
While	there	is	no	clear	scientific	consensus	regarding	an	optimal	method	for	handling	this	in	all	
cases10,	many	possible	approaches	have	been	developed,	and	each	may	have	a	greater	level	of	
appropriateness	in	certain	circumstances.	

ISO	14044	prioritizes	the	methodologies	related	to	applying	allocation.	It	is	best	to	avoid	allocation	
through	system	subdivision	or	expansion.	If	that	is	not	possible,	then	one	should	perform	
allocation	using	an	underlying	physical	relationship.	If	using	a	physical	relationship	is	not	possible	
or	does	not	makes	sense,	then	one	can	use	another	relationship.	

	

3.1.3 Functional unit 

Life	cycle	assessment	relies	on	a	“functional	unit”	(FU)	for	comparison	of	alternative	products	that	
may	substitute	each	other	in	fulfilling	a	certain	function	for	the	user	or	consumer.	The	FU	
describes	this	function	in	quantitative	terms	and	serves	as	an	anchor	point	of	the	comparison	
ensuring	that	the	compared	alternatives	do	indeed	fulfil	the	same	function.	It	is	therefore	critical	
that	this	parameter	is	clearly	defined	and	measurable.		

	

                                                
10 Reap et al., “A Survey of Unresolved Problems in Life Cycle Assessment - Part 1: Goal and Scope and Inventory 
Analysis”. 
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3.1.4 System boundaries and cut-off criteria 

The	system	boundaries	identify	the	life	cycle	stages,	processes,	and	flows	considered	in	the	LCA	
and	should	include	all	activities	relevant	to	attaining	the	study	objectives.	

The	system	boundaries	identify	the	life	cycle	stages,	processes	and	flows	considered	in	the	LCA	
and	should	include	all	activities	necessary	to	provide	the	specified	function	and	therefore	relevant	
to	attaining	the	abovementioned	study	objectives,	as	illustrated	by	Figure	2.	

	

 
Figure 2: Example of system boundaries describing the main process steps in bio-HDPE (left) 
and bio-PET (right) production (source: Tsiropoulos et al11 ) 

	

Processes	may	be	excluded	if	their	contributions	to	the	total	system’s	environmental	impact	are	
less	than	1%.	All	product	components	and	production	processes	are	included	when	the	necessary	
information	is	readily	available	or	a	reasonable	estimate	can	be	made.	

	

3.1.5 Indirect and Direct Land Use Change (iLUC, dLUC) 

Land	use	change	(LUC,	or	land	transformation)	is	a	change	from	one	land	use	type	to	another	as	a	
result	of	a	human	activity.	Land	use	change	has	impacts	on	soil	properties	(e.g.	carbon	content,	
compaction,	nutrients	leaching,	N2O	emissions	among	others),	on	biodiversity,	on	biotic	

                                                
11 Tsiropoulos et al., “Life Cycle Impact Assessment of Bio-Based Plastics from Sugarcane Ethanol”. 
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production12;13	and	on	other	environmental	aspects	such	as	landscape,	albedo	and	
evapotranspiration14.	

Direct	(dLUC)	and	indirect	(iLUC)	land	use	changes	are	often	distinguished.	Direct	land	use	change	
can	be	defined	as	a	change	directly	related	to	the	history	of	the	piece	of	land	occupied.	Indirect	
land	use	change	can	be	defined	as	a	change	that	appears	in	a	different	area	than	the	direct	land	
use	as	an	indirect	consequence.	Typical	example	of	iLUC	is	the	increase	of	soybean	production	in	
Brazil	that	forces	cattle	production	to	move	to	other	regions,	where	deforestation	tends	to	
increase	as	a	consequence	of	increased	pressure	on	land15.	There	is	no	international	consensus	on	
how	to	consistently	and	systematically	address	LUC	in	life	cycle	inventory,	despite	significant	
research	in	the	LCA	community16;17;18.	

The	lack	of	consensus	is	in	no	way	a	reason	to	ignore	iLUC	in	LCA,	as	argued	by	Muñoz	et	al.19	in	
opposition	to	Finkbeiner20.	

	

3.2 Elements related to Life Cycle Inventory data 

3.2.1 Primary data 

Primary	data:	This	term	refers	to	data	from	specific	processes	within	the	supply-chain	of	the	
company	commissioning	the	LCA	study.	Such	data	may	take	the	form	of	activity	data,	or	
foreground	elementary	flows.	Primary	data	are	site-specific,	company-specific	(if	multiple	sites	for	
a	same	product)	or	supply-chain-specific.	Primary	data	may	be	obtained	through	meter	readings,	
purchase	records,	utility	bills,	engineering	models,	direct	monitoring,	material/product	balances,	
stoichiometry,	or	other	methods	for	obtaining	data	from	specific	processes	in	the	value	chain	of	
the	company.	

3.2.1 Secondary data - Background LCI database 

Secondary	data:	This	term	refers	to	data	that	is	not	directly	collected,	measured,	or	esti-mated	by	
the	company	commissioning	the	LCA	study,	but	sourced	from	a	third-party	life-cycle-inventory	
database	or	other	sources.	Secondary	data	includes	industry-average	data	(e.g.,	from	published	
production	data,	government	statistics,	and	industry	associations),	literature	studies,	engineering	
studies	and	patents,	and	can	also	be	based	on	financial	data,	and	contain	proxy	data,	and	other	
generic	data.	

Primary	data	that	go	through	a	horizontal	aggregation	step	are	considered	as	secondary	data.	

	

                                                
12 Brandão and Milà i Canals, “Global Characterisation Factors to Assess Land Use Impacts on Biotic Production”. 
13 Koellner and Geyer, “Global Land Use Impact Assessment on Biodiversity and Ecosystem Services in LCA”. 
14 Spracklen, Arnold, and Taylor, “Observations of Increased Tropical Rainfall Preceded by Air Passage over Forests”. 
15 Lapola et al., “Indirect Land-Use Changes Can Overcome Carbon Savings from Biofuels in Brazil.” 
16 Bauen et al., A Causal Descriptive Approach to Modelling the GHG Emissions Associated with the Indirect Land Use 
Impacts of Biofuels. 
17 Fritsche, Sims, and Monti, “Direct and Indirect Land-Use Competition Issues for Energy Crops and Their Sustainable 
Production - an Overview”. 
18 Schmidt, Weidema, and Brandão, “A Framework for Modelling Indirect Land Use Changes in Life Cycle Assessment”. 
19 Muñoz et al., “Rebuttal to ‘Indirect Land Use Change (iLUC) within Life Cycle Assessment (LCA) - Scientific Robustness 
and Consistency with International Standards’”. 
20 Finkbeiner, Indirect Land Use Change (iLUC) within Life Cycle Assessment (LCA) – Scientific Robustness and 
Consistency with International Standards. 
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3.2.2 Data quality assessment 

The	data	quality	assessment	is	a	process	aiming	at	identifying	the	data	elements	that	are	of	low	
quality	and	therefore	could	affect	the	results	in	terms	of	uncertainty	if	not	improved.	It	relies	on	
four	criteria:	reliability,	temporal	representativeness,	geographical	representativeness	and	
technological	representativeness	

A	data	quality	rating	(DQR)	is	calculated	as	the	average	of	the	scores	attributed	to	each	of	the	five	
criteria.	A	more	detailed	procedure	is	described	in	the	PEFCR	guidance21.		

	

3.3 Elements related to Impact Assessment 

3.3.1 Life Cycle Impact Assessment methods 

This	phase	is	described	as	follows	by	ISO	1404022:	"Phase	of	life	cycle	assessment	involving	the	
compilation	and	quantification	of	inputs	and	outputs	for	a	given	product	system	throughout	its	life	
cycle."	

The	impact	assessment	classifies	and	combines	the	flows	of	materials,	energy,	and	emissions	into	
and	out	of	each	product	system	by	the	type	of	impact	their	use	or	release	has	on	the	environment.	

Life	Cycle	Impact	Assessment	(LCIA)	is	the	phase	in	an	LCA	where	the	inputs	and	outputs	of	
elementary	flows	that	have	been	collected	and	reported	in	the	inventory	are	translated	into	
impact	indicator	results	related	to	human	health,	natural	environment,	and	resource	depletion.		

It	is	important	to	note	that	LCA	and	the	impact	assessment	is	analysing	the	potential	
environmental	impacts	that	are	caused	by	interventions	that	cross	the	border	between	
technosphere	and	ecosphere	and	act	on	the	natural	environment	and	humans,	often	only	after	
fate	and	exposure	steps.	The	results	of	LCIA	should	be	seen	as	environmentally	relevant	impact	
potential	indicators,	rather	than	predictions	of	actual	environmental	effects.	LCA	and	LCIA	are	
equally	distinct	from	risk	based,	substance	specific	instruments.		

According	to	JRC-IES23,	LCIA	is	composed	of	mandatory	and	optional	steps,	as	reflected	also	by	the	
subchapters:		

Based	on	classification	and	characterisation	of	the	individual	elementary	flows,	the	LCIA	results	are	
calculated	by	multiplying	the	individual	inventory	data	of	the	LCI	results	with	the	characterisation	
factors.	

In	a	subsequent,	optional	step,	the	LCIA	results	can	be	multiplied	with	normalisation	factors	that	
represent	the	overall	inventory	of	a	reference	(e.g.	a	whole	country	or	an	average	citizen),	
obtaining	dimensionless,	normalised	LCIA	results.		

In	a	second	optional	step	these	normalised	LCIA	results	can	be	multiplied	by	a	set	of	weighting	
factors,	that	indicate	the	different	relevance	that	the	different	impact	categories	(midpoint	level	
related	weighting)	or	areas-of-protection	(endpoint	level	related	weighting)	may	have,	obtaining	

                                                
21 European Commission, Product Environmental Footprint Category Rules Guidance - Version 6.2. 
22 ISO, “ISO 14040:2006(E) Environmental Management — Life Cycle Assessment — Principles and Framework”. 
23 JRC-IES, ILCD Handbook - General Guide for Life Cycle Assessment - Detailed Guidance. 
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normalised	and	weighted	LCIA	results	that	can	be	summed	up	to	a	single-value	overall	impact	
indicator.	Note	that	a	weighting	set	always	involves	value	choices.	

The	LCIA	phase	prepares	additional	input	for	the	interpretation	phase	of	the	LCI/LCA	study.	

	

3.3.2 Midpoint versus Endpoint methods 

The	midpoint	method	is	a	characterisation	method	that	provides	indicators	for	comparison	of	
environmental	interventions	at	a	level	of	cause-effect	chain	between	emissions/resource	
consumption	and	the	endpoint	level.	

The	category	endpoint	is	an	attribute	or	aspect	of	natural	environment,	human	health,	or	
resources,	identifying	an	environmental	issue	giving	cause	for	concern.	Hence,	endpoint	method	
(or	damage	approach)/model	is	a	characterisation	method/model	that	provides	indicators	at	the	
level	of	Areas	of	Protection	(natural	environment's	ecosystems,	human	health,	resource	
availability)	or	at	a	level	close	to	the	Areas	of	Protection	level.	

Midpoint	and	endpoint	level	impact	assessment	-	requirements		

LCIA	methods	exist	for	midpoint	and	for	endpoint	level,	and	for	both	in	integrated	LCIA	
methodologies	(see	Figure	3).	Both	levels	have	advantages	and	disadvantages.	In	general,	on	
midpoint	level	a	higher	number	of	impact	categories	is	differentiated	and	the	results	are	more	
accurate	and	precise	compared	to	the	three	Areas	of	Protection	at	endpoint	level	that	are	
commonly	used	for	endpoint	assessments.		

Common	environmental	impact	categories	(midpoint):		

Climate	change,	(Stratospheric),	Ozone	depletion,	Human	toxicity,	Respiratory	inorganics,	Ionizing	
radiation,	(Ground-level),	Photochemical	ozone	formation,	Acidification	(land	and	water),	
Eutrophication	(land	and	water),	Ecotoxicity	(land	and	water),	Land	use,	Resource	depletion	
(minerals,	fossil	and	renewable	energy	resources,	water).		

Most	commonly	used	environmental	areas	of	protection	(damage	categories,	endpoint):		

Human	health,	Natural	environment,	Natural	resources		

By	default,	all	the	above	impact	categories	should	be	covered	by	the	combination	of	selected	LCIA	
methods.	If	available	and	eligible,	it	is	recommended	to	use	them	together	with	coherent	impact	
factors	on	the	endpoint	level.	

JRC-IES24	has	published	and	in-depth	analysis	of	different	methodologies	and	indicators.	

	

                                                
24 JRC-IES, ILCD Handbook - Analysis of Existing Environmental Impact Assessment Methodologies for Use in Life Cycle 
Assessment. 
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Figure 3: example of impact assessment method including midpoint impact categories (left) and 
endpoint damage categories (right). In addition, areas of concern, frequently subject to 
footprinting, are defined and are displayed across the areas of protection. This example is 
IMPACT World+ 25 

	

	

3.3.3 Environmental indicators 

The	environmental	indicators	are	the	main	focus	of	the	present	review.	

There	is	a	large	diversity	of	midpoint	indicators,	as	outlined	in	the	previous	section.	Many	of	these	
indicators	can	carry	similar	names	while	being	calculated	differently,	by	different	LCIA	
methodologies	or	by	the	same	LCIA	methodology	but	in	several	versions,	due	to	scientific	
evolution	or	due	to	characterization	choices	(e.g.,	using	a	hierarchist	approach	or	another).	

The	number	of	published	individual	midpoint	indicators	must	range	in	the	hundreds.	For	the	sake	
of	the	analysis	required	for	this	report,	a	grouping	of	all	found	indicators	is	realised	and	presented	
in	the	results,	section	6.6.		

	

                                                
25 Bulle et al., “IMPACT World+: A Globally Regionalized Life Cycle Impact Assessment Method”. 
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4 Key	documents	-	International	standards	and	guidelines	

4.1 ISO 14040 and ISO 14044 

The	ISO	1404026	and	1404427	norms	are	the	reference	standards	for	environmental	life	cycle	
assessment	(LCA).	They	define	the	terms	agreed	internationally,	the	methodological	framework,	
key	principles	for	life	cycle	inventory	(LCI)	and	life	cycle	impact	assessment	(LCIA),	as	well	as	
interpretation	and	reporting	requirement	for	state-of-the-art	LCA.		

	

4.2 International Reference Life Cycle Data System (ILCD) 
Handbook 

The	ILCD	Handbook28;29	is	the	first	methodological	reference	for	Life	Cycle	Assessment	developed	
by	the	European	Commission.	It	provides	general	guidance	on	LCA	and	Impact	Assessment	(LCIA),	
and	standardises	nomenclature	and	data	quality	requirements	following	the	ILCD	framework.	The	
method	presented	in	the	ILCD	Handbook	is	updated	in	the	PEF	Guide	and	PEFCR	Guidance	(see	
below),	which	serve	as	new	references	for	all	LCA	studies	conducted	in	the	EU	context.	

	

4.3 Product Environmental Footprint (PEF) Guide and 
Product Environmental Footprint Category Rules (PEFCR) 
Guidance 

The	Product	Environmental	Footprint	(PEF)	Initiative	provides	a	standardised	framework	for	the	
assessment	of	the	environmental	footprint	of	products	in	the	European	Union.	The	PEF	Guide30	
defines	the	general	framework	while	the	PEFCR	Guidance31	defines	the	technical	and	
methodological	instructions	to	be	applied	when	defining	Product	Environmental	Footprint	
Category	Rules	(PEFCR).	

The	current	version	of	the	PEFCR	Guidance,	v6.2,	is	the	result	of	4	years	of	collaboration	between	
the	European	Commission	DG-Environment,	the	European	Commission	Joint	Research	Centre,	
multiple	industry	sectors	and	dozens	of	LCA	specialists.	It	builds	on	the	experience	from	the	PEF	
Pilot	Phase	where	22	sectors	tested	the	PEF	Guide	and	PEFCR	Guidance	in	drafting	PEFCR	for	a	
wide	array	of	consumer	and	intermediate	products.	

The	PEFCR	Guidance	not	only	builds	on	the	PEF	Guide,	but	also	on	several	existing	standards	such	
as:	

                                                
26 ISO, “ISO 14040:2006(E) Environmental Management — Life Cycle Assessment — Principles and Framework”. 
27 ISO, “ISO 14044:2006(E) Environmental Management — Life Cycle Assessment — Requirements and Guidelines”. 
28 JRC-IES, ILCD Handbook - General Guide for Life Cycle Assessment - Detailed Guidance. 
29 JRC-IES, ILCD Handbook - Recommendations for Life Cycle Impact Assessment in the European Context. 
30 Manfredi et al., Product Environmental Footprint (PEF) Guide.  
31 European Commission, Product Environmental Footprint Category Rules Guidance - Version 6.2. 
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l ISO	 14025:2006	 -	 Environmental	 labels	 and	 declarations	 –	 Type	 III	 environmental	
declarations	–	Principles	and	procedures	(ISO)	

l BP	X30-323-0:2011	-	Principes	généraux	pour	l'affichage	environnemental	des	produits	de	
grande	consommation	(AFNOR,	France)	

l Greenhouse	Gas	Product	Accounting	and	Reporting	Standard	(GHG	Protocol,	2011)	
l PAS	2050	-	Specification	for	the	assessment	of	the	 life	cycle	greenhouse	gas	emissions	of	

goods	and	services	(BSI,	2011)	
l ISO	14020:2000	Environmental	labels	and	declarations	–	General	principles	
l ISO	 14021:1999	 Environmental	 labels	 and	 declarations	 —	 Self-declared	 environmental	

claims	(Type	II	environmental	labelling)	
l ISO	 14040:2006	 Environmental	 management	 —	 Life	 cycle	 assessment	 —Principles	 and	

framework	
l ISO	14044:2006	Environmental	management	—	Life	cycle	assessment	—Requirements	and	

guidelines	
l ISO	14050:2006	Environmental	management	—	vocabulary	
l ISO/TS	14067:2013	Greenhouse	gases	--	Carbon	footprint	of	products	--	Requirements	and	

guidelines	for	quantification	and	communication	
l ISO	 17024:2003	 Conformity	 assessment	 –	 General	 requirements	 for	 bodies	 operating	

certification	of	persons.	
l ISO/TS	14071:2014	Environmental	management	—	Life	cycle	assessment	—	Critical	review	

processes	 and	 reviewer	 competencies:	 Additional	 requirements	 and	 guidelines	 to	 ISO	
14044:2006	

l ISO	14046:2014	Environmental	management	--	Water	footprint	--	Principles,	requirements	
and	guidelines	

l ENVIFOOD	PROTOCOL	-	Food	SCP	RT	(2013),	ENVIFOOD	Protocol,	Environmental	Assessment	
of	Food	and	Drink	Protocol,	European	Food	Sustainable	Consumption	and	Production	Round	
Table	(SCP	RT),	Working	Group	1,	Brussels,	Belgium.	

Among	the	issues	covered	by	the	PEFCR	Guidance,	the	following	are	of	particular	interest	to	STAR-
ProBio:	

l List	of	impact	categories	
l Handling	multi-functional	processes	
l Climate	change	modelling,	including	land	use	and	land	use	change	
l Agricultural	modelling	
l Electricity	modelling	
l End-of-life	modelling	
l Data	requirements	and	quality	requirements	

The	impact	categories	recommended	by	the	PEF	Guidance	are	reported	in	section	6.7.3.	

4.4 EN 16751 Bio-based products – Sustainability criteria 

Acknowledging	the	need	for	common	standards	for	bio-based	products,	the	European	Commission	
initiated	a	series	of	standards	developed	by	CEN/TC	411,	with	a	focus	on	bio-based	products	other	
than	food,	feed	and	biomass	for	energy	applications.	
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The	standard	EN	1675132	is	part	of	this	series	and	sets	horizontal	sustainability	criteria	applicable	
to	the	bio-based	part	of	all	bio-based	products,	excluding	food,	feed	and	energy,	covering	all	three	
pillars	of	sustainability;	environmental,	social	and	economic	aspects.		

This	European	Standard	can	be	used	for	two	applications;	either	to	provide	sustainability	
information	about	the	biomass	production	only	or	to	provide	sustainability	information	in	the	
supply	chain	for	the	bio-based	part	of	the	bio-based	product.	This	European	Standard	sets	a	
framework	to	provide	information	on	management	of	sustainability	aspects	and	can	be	used	for	
business-to-business	communication	or	for	developing	product	specific	standards	and	certification	
schemes.	

	

4.5 EN 16760 Bio-based products – Life Cycle Assessment 

The	standard	EN	1676033	is	also	part	of	the	series	developed	by	CEN/TC	411	(see	above).	It	
provides	specific	life	cycle	assessment	requirements	and	guidance	for	bio-based	products,	
excluding	food,	feed	and	energy,	based	on	EN	ISO	14040	and	EN	ISO	14044.		

This	European	Standard	covers	bio-based	products,	derived	wholly	or	partly	from	biomass.	It	
provides	guidance	and	requirements	to	assess	impact	over	the	life	cycle	of	bio-based	products	
with	the	focus	on	how	to	handle	the	specificities	of	the	bio-based	part	of	the	product.		

                                                
32 CEN,	“EN	16751:2016	Bio-Based	Products	-	Sustainability	Criteria”. 
33 CEN,	“EN	16760:2015	Bio-Based	Products	-	Life	Cycle	Assessment”. 
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5 Relevant	literature-review	case	studies	

5.1 Introduction  

The	literature	review	targets	a	wide	array	of	bio-based	products.	By	the	goals	definition	of	the	
STAR-ProBio	project,	biofuel,	feed	and	food	are	excluded;	however,	the	remaining	possible	bio-
based	products	are	still	very	diverse.	More	importantly,	studies	available	in	the	literature	can	be	
realised	at	several	possible	levels	of	the	chemical	value	chain,	depending	on	the	type	of	feedstock	
or	product:	for	instance,	a	final	product	such	as	ethanol	is	also	a	platform	that	can	be	used	for	
further	synthesis	to	other	types	of	products.	Figure	4	illustrates	this	for	polymers	only.	

	
Figure 4: Illustration of the diversity of bio-based products (here: polymers) and their chemical 
pathways. Source: Carus and Aeschelmann34. 

	

It	is	therefore	not	a	simple	task	to	structure	a	literature	review	comprehensively	covering	all	
products	while	avoiding	overlap.	The	way	it	was	done	for	the	present	report	is	illustrated	in	the	
Table	1:	three	realisation	levels	of	studied	subject	have	been	defined	(raw	material,	platform	and	
product)	and	each	of	them	contain	families	defined	appropriately	to	the	level.	This	way	of	doing	
                                                
34 Carus and Aeschelmann, Bio-Based Building Blocks and Polymers – Global Capacities and Trends Order 2016 - 2021. 
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has	the	advantage	of	suitably	reflecting	the	real	practice	found	in	the	variety	of	available	studies.	
The	number	of	reviewed	articles	is	shown	in	the	same	table.	

	
Table 1: Families of bio-based products as defined for the needs of this report. 

Study realised at 
the level of… 

Defined family Number of reviewed articles 

Raw material Oils (non-polymerized) 5 27 

Sugars and starch (non-polymerized) 12 

Fibres 10 

Platform Platforms obtained by fermentation 
route 

18 21 

Platforms obtained by other routes 3 

Product Plastic polymers (non-fibre) 12 35 

Fine and bulk chemicals 6 

Proteins 10 

Others 7 

Total  83 83 

	

Note	that	some	studied	subjects	could	fall	in	more	than	one	family	in	this	structuration.	This	has	a	
non-critical	influence	on	the	review	analysis.	However,	this	overlap	is	minimised	when	using	the	
realisation	level,	therefore	the	results	of	the	review	are	presented	at	the	realisation	level.	

	

5.2 Raw materials 

It	is	quite	frequent	that	LCAs	or	other	studies	focus	on	the	production	of	the	material	that	is	at	the	
start	of	the	transformation	process,	or	that	can	already	be	considered	as	a	product	at	this	level.	
Three	main	families	are	identified	at	this	level,	based	on	their	fundamental	characteristics:	

5.2.1 Oils (non-polymerized) 

Oils	are	very	often	used	for	fuel	or	food	and	therefore	often	excluded	from	this	review,	hence	the	
relatively	small	number	of	reviewed	articles.	

5.2.2 Sugars and starch (non-polymerized) 

Sugars	and	starch	can	be	used	for	the	production	of	many	polymers	or	other	products.	

5.2.3 Fibres 

Fibres	are	interesting	for	their	structural	properties	and	are	therefore	often	used	directly	as	a	
product	or	within	a	composite	material.	
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5.3 Platforms 

Some	studies	focus	at	the	intermediate	product	level,	capturing	the	first	steps	of	the	
transformation	process	up	to	the	level	at	which	chemical	“bricks”	are	obtained	and	can	be	used	in	
further	processing.	At	this	level,	the	route	is	the	key	criterion	for	the	two	defined	families:	

5.3.1 Platforms obtained by fermentation route 

Most	of	the	platforms	found	in	the	reviewed	articles	are	produced	by	the	fermentation	route.	

5.3.2 Platforms obtained by other routes 

Only	a	few	platforms	found	are	produced	by	a	different	route,	chemical	or	thermal.	The	thermal	
route	is	common	for	fuels	that	are	excluded	from	this	review.	

5.4 Products 

The	majority	of	the	studies	are	realized	at	the	level	of	a	particular	product.	At	this	level,	the	
families	are	defined	based	on	the	type	of	product,	in	a	large	sense:	

5.4.1 Plastic polymers (non-fibre) 

All	bio-based	plastic	polymers	in	general.	

5.4.2 Fine and bulk chemicals 

All	other	forms	of	“simple”	molecules,	mostly	obtained	via	bio-chemical	processes,	to	be	used	for	
any	type	of	application.	

5.4.3 Proteins 

All	forms	of	complex	molecules,	obtained	via	biological	processes	and	mostly	intended	to	medical	
applications	or	very	specific	other	applications.	

5.4.4 Others 

Intended	to	any	other	type	of	molecules,	this	family	mostly	contains	construction	materials.	
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6 Results	of	the	review	

6.1 Types of studies 

The	full	list	of	the	83	reviewed	articles	is	available	in	annex	9.1.	Their	short	reports	and	the	data	
aggregation	table	are	available	in	separate	files,	annexes	9.2	and	9.3.	

The	vast	majority	of	the	reviewed	articles	are	environmental	life-cycle	assessments	(LCAs)	(Table	
2).	Most	of	the	time,	when	another	type	of	study	is	realised,	it	is	in	addition	to	the	LCA	(combined	
studies).	

	
Table 2: Quantitative results of the review – number of articles split by type of studies and by 
level. Some articles are combining several types of studies. 

Type	of	study	 Raw	material	 Platform	 Product	 All	levels	

LCA	 25	 21	 35	 81	

Input-output	 2	 0	 2	 4	

LCC	 3	 0	 1	 4	

S-LCA	 2	 0	 1	 3	

Other	 0	 1	 0	 1	

Total	 32	 22	 39	 93	

	

6.2 Approaches 

Consequential	studies	are	relatively	scarce	in	the	reviewed	articles	(Table	3).	The	attributional	
approach	is	significantly	more	frequent,	especially	considering	that	when	the	approach	is	
unspecified	or	unclear,	it	is	most	probably	attributional.	

	
Table 3: Quantitative results of the review – number of articles split by approach and by level. 
In one case, both approaches were compared. 

Approach	 Raw	material	 Platform	 Product	 All	levels	

Attributional	 19	 6	 20	 45	

Consequential	 3	 3	 4	 10	

Unclear	 5	 13	 11	 29	

Total		 27	 22	 35	 84	
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6.3 System boundaries 

Most	of	the	reviewed	studies	are	“cradle-to-gate”	assessments,	hence	not	including	stages	beyond	
transformation	(Table	4).	Indeed,	only	13%	of	them	include	the	use	stage	(which	can	be	passive,	
explaining	this	low	value)	and	only	23%	of	the	studies	include	the	end	of	life	(EoL).	These	rates	are	
even	lower	for	studies	realised	at	platform	level.	

As	expected,	all	studies	at	platform	and	product	levels	include	the	transformation	stage.	In	a	few	
cases,	no	transformation	is	considered	at	raw	material	level,	which	is	understandable.	

The	rates	at	which	the	agricultural	activities	and	logistics	and	transportation	are	included	in	the	
boundaries	are	high	at	raw	material	and	product	levels,	while	relatively	low	(less	than	50%)	at	
platform	level.	This	suggests	the	following:	

l At	raw	material	level,	studies	tend	to	include	the	main	subject:	the	raw	material	production.	
When	it	is	not	the	case,	the	study	focuses	on	the	pre-processing	steps	and/or	uses	biomass	
residues	considered	to	bear	no	impact.	

l At	platform	level,	studies	tend	to	focus	only	to	processing.	This	is	also	shown	by	the	low	rate	
of	inclusion	of	the	EoL.	

l At	 product	 level,	 studies	 tend	 to	 be	 more	 comprehensive	 and	 have	 the	 higher	 rate	 of	
inclusion	of	the	agricultural	activities,	above	90%.	

	
Table 4: Quantitative results of the review from the perspective of the life cycle stages included 
in the system boundaries. Values are the number of occurrences that the stage is included 
relatively to the number of articles of the level. 

Life	cycle	stage	 Raw	
material	 Platform	 Product	 All	levels	

R&D	 7%	 14%	 3%	 7%	

Agricultural	activities	 70%	 48%	 94%	 75%	

Logistics	and	transportation	 85%	 43%	 80%	 72%	

Transformation	 89%	 100%	 100%	 96%	

Conditioning	 33%	 5%	 54%	 35%	

Packaging	and	distribution	 22%	 10%	 17%	 17%	

Use	 26%	 5%	 9%	 13%	

End	of	life	 33%	 5%	 26%	 23%	

Advertising	and	other	overheads	 0%	 0%	 0%	 0%	

Other	stage	 11%	 0%	 0%	 4%	
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6.4 Land use change (LUC) 

The	inclusion	rate	of	LUC	(complete	of	direct	only)	in	the	reviewed	articles	is	significantly	lower	
(Table	5)	than	the	inclusion	rate	of	the	agricultural	activities	(Table	4).	This	means	that	LUC	is	
either	considered	negligible	or	simply	ignored	by	most	of	the	reviewed	authors.	

	
Table 5: Quantitative results of the review – number of articles including LUC relatively to the 
number of articles of the level. 

Inclusion	of	LUC	 Raw	material	 Platform	 Product	 All	levels	

Yes	 22%	 10%	 14%	 16%	

Direct	LUC	only	 15%	 5%	 3%	 7%	

No	/	not	mentioned	 63%	 86%	 83%	 77%	

	

6.5 LCIA methods 

There	are	important	disparities	in	the	type	of	LCIA	methods	used,	depending	on	the	realisation	
level	of	the	studied	subject	(Table	6).	The	CML	method	is	used	in	40%	of	the	studies	referring	to	
raw	materials,	34%	for	products	but	is	never	used,	in	this	sample,	for	platforms.	

	
Table 6: Quantitative results of the review – number of articles split by LCIA methods and by 
level. In some cases, several methods have been used. 

	 Raw	material	 Platform	 Product	 All	levels	

Number	of	articles	 27	 21	 35	 83	
Studies	using	a	version	of	the	
CML	LCIA	method	 11	 0	 12	 23	

Studies	using	a	version	of	the	
ReCiPe	LCIA	method	 7	 3	 4	 14	

Studies	using	a	version	of	the	
ILCD	LCIA	method	 4	 0	 1	 5	

Studies	using	another	LCIA	
method	or	a	custom	set	of	
indicators	

7	 18	 19	 44	

Total	 29	 21	 36	 86	

	



 

26 
D2.1: Report summarizing the findings of the literature review on environmental indicators related to bio-based products 

6.6 Reviewed environmental indicators 

For	the	sake	of	the	analysis	required	for	this	review,	the	38	midpoint	indicators35	that	have	been	
identified	have	been	grouped	into	thematic	clusters,	as	shown	in	Table	7.	This	allows	analysing	the	
results	on	a	more	accessible	basis.		

Thematic	clusters	are	defined	for	this	review	as	groups	of	midpoint	indicators	sharing	similar	
effects	at	a	level	below	the	area	of	protection	(endpoint),	on	a	specific	ecological	theme.	

Table	7	also	displays	the	number	of	articles	that	use	the	indicators	and	clusters,	of	the	83	reviewed	
articles.	The	ranking	that	can	be	drawn	at	this	stage	(Table	8)	represents	the	frequency	at	which	an	
indicator	is	used	in	bio-based	products	studies,	but	does	not	necessarily	represent	the	relevance	of	
this	choice.	

	
Table 7: Grouping of all environmental indicators into thematic clusters and number of articles 
using this indicator / indicator cluster. 

Cluster	 Environmental	indicator	 Number	of	articles	using	
this	indicator 

Acidification	 Acidification	 49	 49	
Air	quality	 Particulate	matter/respiratory	inorganics	 19	 72	

Photochemical	ozone	formation	 44	
Indoor	air	quality	 2	
Total	emissions	 7	

Climate	change	 Climate	change,	GWP100	 75	 76	
Climate	regulation	potential	(CRP)	 1	
Climate	change	(endpoint)	 0	

Ecosystem	quality	
(biodiversity)	

Biodiversity	damage	potential	(BDP)	 1	 10	
Ecosystem	quality	(endpoint)	 8	
Habitat	alteration	 1	

Ecotox	 Terrestrial	ecotox	 13	 47	
Ecotoxicity	for	aquatic	fresh	water	 19	
Marine	ecotox	 9	
Ecotox	(unspecified)	 6	

Eutrophication	 Eutrophication	–	terrestrial	 12	 75	
Eutrophication	–	aquatic	and	freshwater	 19	
Eutrophication	–	aquatic-marine	 14	
Eutrophication	(unspecified)	 30	

Human	health	 Human	health	(endpoint)	 8	 45	
Human	toxicity	and	cancer	effects	 10	
Human	toxicity	-	non-cancer	effects	 8	
Human	tox	(unspecified)	 19	

Ionising	radiation	 Ionising	radiation	 7	 7	
Land	transformation	 Land	transformation	 4	 4	
Land	use	 Biotic	production	potential	(BPP)	 1	 18	

Erosion	regulation	potential	(ERP)	 1	
Agro	land	occupation	 16	

Mineral	and	fossil	
resources	

Resource	depletion	–	mineral,	fossil	 45	 71	
Abiotic	depletion	 20	

                                                
35 Several indicators actually exist in several versions. See section 3.3.3. 
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Resources	(endpoint)	 6	
Ozone	layer	 Ozone	depletion	 34	 34	
Wastes	 Wastes	 1	 1	
Water	availability	 Freshwater	regulation	potential	(FWRP)	 1	 21	

Water	purification	potential	through	
physicochemical	filtration	(WPPPCF)	

1	

Water	purification	potential	through	mechanical	
filtration	(WPP-MF)	

1	

Resource	depletion	–	water	 10	
Water	use	 8	

	

Note	that	the	clusters	reflect	the	indicators	found	in	the	literature.	Some	of	them	are	situated	at	
the	inventory	level,	such	as	wastes	or	land	transformation:	they	do	ne	reflect	an	impact	but	only	a	
quantity.		

	

Table	8	shows	that	indicators	related	to	climate	change,	eutrophication,	air	quality	and	mineral	/	
fossil	resources	are	almost	systematically	used.		

	
Table 8: Illustration of the relative frequency of the indicator clusters found in the reviewed 
articles. The absolute values can be higher than the total number of articles, as several indicators 
of the same cluster can be cumulated in one study. 

	
	

Cluster Platform Product Raw	material All	levels Frequency
Climate	change 18 31 27 76
Eutrophication 14 25 36 75
Air	quality 12 32 28 72
Mineral	and	fossil	resources 17 31 23 71
Acidification 6 25 18 49
Ecotox 4 16 27 47
Human	health 3 17 25 45
Ozone	layer 4 15 15 34
Water	availability 3 7 11 21
Land	use 4 7 7 18
Ecosystem	quality	(biodiv.) 1 5 4 10
Ionising	radiation 0 1 6 7
Land	transformation 0 1 3 4
Wastes 1 0 0 1
Total	articles 21 35 27 83

Low,	not	often	
used

Seldom	used

High,	almost	
systematically	
used

Medium,	often	
used
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6.7 Environmental indicators found in the key international 
standards and guidelines 

6.7.1 ISO 14040 and ISO 14044 

These	ISO	standards	do	not	recommend	specific	indicators	or	impact	assessment	methods,	but	
provide	general	principles	for	the	selection	of	impact	categories	which	are	relevant	to	STAR-ProBio	
such	as:	

“The	selection	of	impact	categories	shall	reflect	a	comprehensive	set	of	environmental	issues	
related	to	the	product	system	being	studied,	taking	the	goal	and	scope	into	consideration;	(…)	

The	impact	categories,	category	indicators	and	characterization	models	should	be	internationally	
accepted,	i.e.	based	on	an	international	agreement	or	approved	by	a	competent	international	
body;	(…)	

The	impact	categories,	category	indicators	and	characterization	models	should	avoid	double	
counting	unless	required	by	the	goal	and	scope	definition,	for	example	when	the	study	includes	
both	human	health	and	carcinogenicity”	(ISO	14044,	section	4.4.2.2).	

This	requirement	will	be	fulfilled	in	the	task	2.3	of	this	work	package,	using	the	present	report	as	a	
basis.	

	

6.7.2 International Reference Life Cycle Data System (ILCD) 
Handbook 

The	ILCD	Handbook36	presents	a	list	of	recommended	midpoint	fully	described	indicators	(i.e.,	
specifying	the	LCIA	methodology	to	be	used)	that	are	summarized	below:	

l Climate	change	
l Ozone	depletion	
l Human	toxicity,	cancer	effects	
l Human	toxicity,	non-	cancer	effects	
l Particulate	matter/Respiratory	inorganics	
l Ionising	radiation,	human	health	
l Ionising	radiation,	ecosystems	
l Photochemical	ozone	formation	
l Acidification	
l Eutrophication,	terrestrial	
l Eutrophication,	aquatic		
l Ecotoxicity	(freshwater,	terrestrial	and	marine)	
l Land	use	
l Resource	depletion,	water		
l Resource	depletion,	mineral	fossil	and	renewable		

Interestingly	enough,	this	document	also	provides	a	list	of	other	impact	categories	that	are	only	
occasionally	or	never	addressed:	

                                                
36 JRC-IES, ILCD Handbook - Recommendations for Life Cycle Impact Assessment in the European Context. 
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l Noise	
l Accidents	
l Desiccation	
l Erosion	
l Salination	

	

6.7.3 Product Environmental Footprint (PEF) Guide and Product 
Environmental Footprint Category Rules (PEFCR) Guidance 

The	PEFCR	Guidance37	6.2	presents	a	clear	choice	of	fully	described	indicators	(i.e.,	specifying	the	
LCIA	methodology	to	be	used)	that	are	shown	in	Table	9.	This	choice	is	based	on	the	ILCD	list	
presented	above,	with	slight	modifications.	

	
Table 9: Impact categories recommended in the PEF Guidance 

Impact category Indicator Unit  

Climate change Radiative forcing as Global Warming 
Potential (GWP100)  

kg CO2 eq 

Ozone depletion Ozone Depletion Potential (ODP) kg CFC-11eq 

Human toxicity, cancer effects Comparative Toxic Unit for humans 
(CTUh) 

CTUh 

Human toxicity, non- cancer 
effects 

Comparative Toxic Unit for humans 
(CTUh) 

CTUh 

Particulate 
matter/Respiratory inorganics 

Impact on human health  Deaths 

Ionising radiation, human 
health 

Human exposure efficiency relative to 
235U 

kBq 235U 

Photochemical ozone 
formation 

Tropospheric ozone concentration 
increase 

kg NMVOCeq  

Acidification Accumulated Exceedance (AE) mol H+ eq 

Eutrophication, terrestrial Accumulated Exceedance (AE) mol N eq 

Eutrophication, aquatic 
freshwater 

Fraction of nutrients reaching 
freshwater end compartment (P)  

fresh water: kg P 
equivalent 

Eutrophication, aquatic 
marine 

Fraction of nutrients reaching marine 
end compartment (N) 

marine water: kg 
N equivalent 

Ecotoxicity (freshwater) Comparative Toxic Unit for 
ecosystems (CTUe) 

CTUe 

                                                
37 European Commission, Product Environmental Footprint Category Rules Guidance - Version 6.2. 
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Land use 

 

- Soil quality index 

- Biotic production  
 

- Erosion resistance  

- Mechanical filtration  

- Groundwater replenishment  

- dimensionless 

- kg biotic 
production 

- kg soil 

- m3 water 

- m3 ground-
water 

Water scarcity User deprivation potential 
(deprivation-weighted water 
consumption) 

m3 world eq. 
deprived 

Resource use, mineral  Abiotic resource depletion (ADP 
ultimate reserves) 

kg Sb-eq 

Resource use, energy carriers  Abiotic resource depletion – fossil 
fuels (ADP-fossil) 

MJ 

 

The	impact	categories	recommended	in	the	PEFCR	Guidance	6.2	do	not	aim	to	represent	state-of-
the-art	impact	assessment,	e.g.	the	latest	USEtoxÒ	2.0	model38	is	not	recommended	for	toxicity	
assessment	categories.	They	are	the	result	of	a	scientific	and	political	consensus,	constituted	of	a	
set	of	indicators	taken	from	various	impact	assessment	methods	which,	in	some	cases,	are	not	
fully	consistent	with	each	other.	

The	PEFCR	Guidance	6.2	remains	a	draft	document.	However,	given	its	wide	stakeholders	
acceptance,	it	is	likely	to	become	the	new	methodological	standard	for	any	environmental	LCA	
studies	conducted	in	a	European	context	from	2018	onwards.	

	

6.7.4 EN 16751 Bio-based products – Sustainability criteria 

This	norm	presents	indicators	on	the	three	pillars	of	sustainability.	The	environmental	ones	are	the	
following:		

l GHG	emissions	and	removals	
l Air	quality	
l Water	quality	and	quantity	
l Soil	quality,	productivity	and	erosion	
l Biodiversity	within	the	area	of	operation	
l Biodiversity	protected	areas	
l Efficient	use	of	energy	and	material	resources	
l Use	of	renewable	energy	and	material	resources	
l Responsible	waste	management	

	

	

	

                                                
38 Fantke et al., 2017, USEtox® 2.0 Documentation (Version 1) 
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6.7.5 EN 16760 Bio-based products – Life Cycle Assessment 

This	norm	gives	guidelines	for	specific	impact	indicators:	
l Treatment	of	biogenic	and	non-biogenic	carbon	in	assessing	climate	change	
l Land	use	impact	on	natural	environment/ecosystem	quality	
l Land	use	impact	on	ecosystem	services/natural	resources	
l Water	use	

	

6.7.6 Recapitulation of the key international standards and 
guidelines 

The	key	international	standards	and	guidelines	and	the	reviewed	articles	are	in	their	large	majority	
aligned,	at	least	at	the	level	of	the	indicators	clusters	that	have	been	identified	as	relevant	by	
these	standards.	

Table	10	shows	that	the	EN	16751	and	16760	norms	cover	some	gaps	of	the	ILCD	/	PEFCR	
guidance:	ecosystem	quality	and	renewable	resources	are	more	directly	addressed.	Waste	
management	is	also	reintroduced.	Conversely,	noise	is	a	type	of	impact	suggested	by	ILCD	but	
never	retained	by	the	other	standards.	

This	table	also	shows	the	evaluated	relevance	of	each	cluster	for	bio-based	products,	based	on	the	
number	of	times	the	cluster	is	recommended	and	by	which	reference	it	is	recommended.		

	
Table 10: Recapitulation of the indicators clusters recommended by the key international 
standards and guidelines. Values are the number of indicators recommended by the reference. 

Cluster	 ISO	14040	
/44	

ILCD	 PEFCR	
guidance	

EN	
16751	

EN	
16760	

Evaluated	
relevance	

Acidification	 	 1	 1	 	 	 Medium	

Air	quality	 	 2	 2	 1	 	 Important	

Climate	change	 	 1	 1	 1	 1	 Important	

Ecosystem	quality	
(biodiversity)	

	 	 	 2	 1	 Important	

Ecotox	 	 1	 1	 	 	 Medium	

Eutrophication	 	 2	 3	 	 	 Important	

Human	health	 	 2	 2	 	 	 Medium	

Ionising	radiation	 	 2	 1	 	 	 Medium	

Land	use	 	 2	 3	 1	 	 Important	

Mineral	and	fossil	
resources	

	 1	 2	 1	 	 Important	

Noise	 	 1	 	 	 	 Low	
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Other	 	 1	 	 	 	 Low	

Ozone	layer	 	 1	 1	 	 	 Medium	

Renewable	resources	 	 1	 	 1	 1	 Important	

Wastes	 	 	 	 1	 	 Medium	

Water	availability	 	 3	 3	 1	 1	 Important	

Total	 	 21	 20	 9	 4	 	
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7 Interpretation	and	final	conclusions	

7.1 Synthesis of all indicators clusters  

Table	11	shows	in	parallel	the	results	of	the	literature	review	and	recommendations	of	the	key	
literature,	sorted	by	the	evaluated	relevance,	as	evaluated	in	section	6.7.6.		

	
Table 11: Illustration of the relative frequency of the indicator clusters found in the reviewed 
articles and in the key literature, in order of relevance for bio-based products. The absolute 
values can be higher than the total number of references, as several indicators of the same 
cluster can be cumulated. 

	
	

For	the	indicators	judged	as	highly	relevant,	the	following	observations	can	be	made:	
l There	 is	 a	 strong	 convergence	 between	 the	 reviewed	 articles	 and	 the	 key	 literature	 for	

climate	 change,	 eutrophication,	 air	 quality	 and	 mineral	 and	 fossil	 resources.	 These	
important	indicators	are	systematically	used	in	the	scientific	studies.	

l Water	availability	and	 land	use	are	 very	 important	 topics	 in	 the	key	 literature,	with	 the	
highest	numbers	of	 indicators	suggested,	while	 it	 is	only	used	by	a	small	fraction	(25%	or	
lower)	of	the	reviewed	articles.	

	

Cluster Occurrences	in	the	
reviewed	articles

Occurrences	in	the	
key	literature

Evaluated	
relevance

Water	availability 21 8 High
Land	use 18 6 High
Ecosystem	quality	(biodiv.) 10 #N/A High
Ionising	radiation 7 3 Medium
Wastes 1 1 Medium
Climate	change 76 4 High
Eutrophication 75 5 High
Air	quality 72 5 High
Mineral	and	fossil	resources 71 4 High
Acidification 49 2 Medium
Ecotox 47 2 Medium
Human	health 45 4 Medium
Ozone	layer 34 2 Medium
Land	transformation 4 #N/A Low
Noise 0 1 Low
Total	references 83 4
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l Ecosystem	quality	(biodiversity)	is	an	important	topic,	but	as	an	endpoint	it	is	also	included	
in	other	 indicators,	hence	does	not	appear	 in	 its	 full	 importance	 in	this	 table.	Only	a	 few	
reviewed	articles	used	endpoints.	The	direct	effects	on	biodiversity	of	land	use	and	land	use	
change	are	not	captured	by	the	indirect	indicators	such	as	the	ecotoxicity	and	heavily	rely	
on	the	LCIA	methodology	applied	to	land	use.		

For	the	indicators	judged	of	medium	relevance,	the	following	observations	can	be	made:	
l There	 is	 a	 strong	 convergence	 between	 the	 reviewed	 articles	 and	 the	 key	 literature	 for	

acidification,	ecotox,	human	health	and	ozone	layer.	These	moderately	important	(for	bio-
based	products)	indicators	are	often	used	in	the	scientific	studies.	

l Ionising	radiation	is	a	relatively	important	topic	in	the	key	literature,	but	it	is	only	used	by	a	
very	small	fraction	(less	than	10%)	of	the	reviewed	articles.	

l Wastes	are	not	strongly	recommended	by	the	key	literature,	due	to	the	lack	of	methodology	
addressing	their	impact	outside	those	that	are	captured	by	other	indicators	(such	as	toxicity).	
It	is	almost	never	used	in	the	reviewed	articles.		

Finally,	for	the	indicators	judged	of	low	relevance,	the	following	observations	can	be	made:	
l Land	transformation	as	an	inventory	flow	is	not	recommended	by	the	key	literature,	which	

focuses	on	the	impacts	related	to	land	transformation	(or	land	use	change).	These	impacts	
are	captured	by	the	other	indicators	recommended.	However,	this	indicator	is	used	by	a	few	
of	the	reviewed	articles.	

l Noise	 is	mentioned	as	a	difficult	environmental	topic	to	address	in	the	key	literature.	It	is	
not	particularly	relevant	for	bio-based	products	and	never	used	in	the	reviewed	literature.	

	

7.2 Interpretation 

Most	of	the	indicators	used	in	the	reviewed	articles	are	in	line	with	the	indicators	recommended	
by	the	key	literature.	However,	some	important	discrepancies	can	be	identified	and	described	by	
Table	12:,	notably	the	fact	that	some	indicators	are	not	used	in	the	literature	as	they	should.		

	
Table 12: Summary assessment of the indicators clusters, comparing their use in the literature 
with their use as recommended by the key literature. 

Evaluated	
relevance	

Convergence	between	practice	
and	recommendation	

Not	as	used	as	
recommended	

Not	appropriately	
addressed	

High	 Climate	change	 Water	availability	 	

Eutrophication	 Land	use	 	

Air	quality	 Ecosystem	quality	(biodiv.)	 	

Mineral	and	fossil	resources	 	 	

Medium	 Acidification	 Ionising	radiation	 Wastes	

Ecotox	 	 	

Human	health	 	 	



 

35 
D2.1: Report summarizing the findings of the literature review on environmental indicators related to bio-based products 

Ozone	layer	 	 	

Low	 Land	transformation	(inventory)	 	 	

Noise	 	 	

	

It	is	also	interesting	to	notice	that	wastes	are	not	really	addressed	outside	their	toxicity	effect	or	
the	impacts	of	their	treatment.	The	problem	of	littering	and	the	ubiquitous	presence	of	plastic	
particles	in	soil	or	in	water	bodies	is	not	addressed.	The	fact	that	a	part	of	bio-based	products	
might	be	biodegradable	and,	in	some	cases,	rapidly	biodegradable	in	marine	environment,	cannot	
be	directly	captured	with	the	recommended	indicators.	An	assessment	of	the	risk	that	the	
presence	of	plastic	in	the	environment	represents	is	something	that	could	be	of	interest	to	the	
public	opinion,	if	not	its	final	impacts	on	the	ecosystem	quality	or	on	human	health.	

	

7.3 Conclusion 

The	environmental	indicators	found	in	the	literature	covering	bio-based	products	can	be	grouped	
into	thematic	clusters	covering	similar	types	of	effects.	These	clusters	are	in	large	part	in	line	with	
those	recommended	by	the	key	literature	sources,	such	as	the	PEFCR	guidance39	or	the	EN	16751	
norm40.		

However,	the	indicators	belonging	to	the	following	clusters	are	considered	highly	relevant	by	the	
key	literature	and	are	not	used	in	the	reviewed	articles	as	frequently	as	they	should:		

l Water	availability	
l Land	use	
l Ecosystem	quality	(biodiversity)	

Ionising	radiation	is	also	a	cluster	“under-used”	compared	to	the	recommended	indicators.	This	
could	be	explained	by	the	fact	that	this	indicator	is	often	dominated	by	nuclear	electricity,	masking	
any	other	potential	impacts.	

Finally,	the	impacts	of	wastes	are	not	really	addressed	by	the	reviewed	articles	neither	by	the	key	
literature	sources,	mostly	because	of	the	lack	of	methodology	for	the	assessment	of	the	risk	that	
the	presence	of	plastic	in	the	environment	represents.	

                                                
39 European Commission, Product Environmental Footprint Category Rules Guidance - Version 6.2. 
40 CEN,	“EN	16751:2016	Bio-Based	Products	-	Sustainability	Criteria”. 
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9 ANNEXES	

9.1 List of reviewed articles 
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