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EoL - End-of-life (of a product)
EN - European norm (harmonised standard)
EPD - Environmental Product Declaration
ILCD - International Reference Life Cycle Data System
ISO - International Organization for Standardization
LCA - Life Cycle Assessment
LCI - Life Cycle Inventory
LCIA - Life Cycle Impact Assessment
NGO - Non-Governmental Organization
OEF - Organisation Environmental Footprint
PCR - Product Category Rules
PEF - Product Environmental Footprint
SCP - Sustainable Consumption and Production
SIP - Sustainable Industrial Policy
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Executive summary

Modelling the end of life (EoL) treatment of products and the question how to account for recyclate
obtained and energy recovered have been discussed since the beginning of Life Cycle Assessment
(LCA) work well over two decades ago, and many different approaches have been proposed. The
same situation applies to the related question on how to account for the use of secondary materials
and energy when modelling the production of a product. The way of modelling can substantially
influence the LCA results of the analysed product. Accordingly, decisions on alternative engineering
materials, on the use of secondary materials and energy, and on ecodesign efforts for better
recyclability as well as take-back schemes and similar measures are substantially influenced.
The ongoing policy effort to test an Environmental footprinting of products and organisations
(PEF/OEF) by the European Commission (European Commission 2013), hence puts special attention
to an appropriate and reproducible EoL modelling. Given the criticism of the foreseen 50/50
approach, the Commission has encouraged the PEF and OEF pilot projects to test further EoL
approaches and formulas (European Commission, 2014).
This White paper presents the “Integrated formula” that has been developed by the authors of this
White paper jointly with Fulvio Ardente, starting in 2010. The formula is based on interpreting and
advancing the text of the European Commission’s International Reference Life Cycle Data System
(ILCD) Handbook – General guide for LCA. The Integrated formula has been published in 2013 as
(Wolf et al. 2013) and has been recently presented at a workshop on “End-of-Life formulas in
context of the Environmental Footprint pilot phase”, organised by the European Commission, on 6
October 2014 in Brussels (Wolf&Laget, 2014). We recommended to test the Integrated formula in
the ongoing PEF/OEF pilots and to consider it for general use in PEF and OEF implementation, based
on the results of these tests and a systematic evaluation of alternative formulas.
The Integrated approach implements the following principles:


Model the physical reality of the analysed product system



Model the wider physical reality on the material and energy system level, i.e. how providing
secondary materials and energy from the EoL product treatment to the market for other uses
and how taking secondary materials and energy from the market is resulting in avoiding
primary material production. In particular:
o Delivering a secondary material or recovered energy to the market for other uses is
credited with the effectively avoided primary production impact
o Where a secondary material replaces a smaller amount of primary material, this credit
has to be adjusted by a correction factor (a substitution or quality-correction factor)
o Taking secondary materials from the market, is debited with the primary production
impact that nevertheless occurs (again with a substitution or quality-correction factor)
o Also capturing downcycling in LCA requires to quantify the net difference between the
quantity and quality of the primary and secondary material at the beginning of a
product’s life and the quantity and quality of the recyclate that is obtained at the
product’s end-of-life

The Integrated approach and formula has been found to be applicable and fair for any kind of
material or energy and product setting. It is moreover easy to implement in LCA software.
The Integrated formula is expected to yield similar results to the product-type specific multi-formula
system under the French BP X30-323-0. Re-arranging the Integrated formula and separating it into
modules provides a suitable formula for the construction EN 15804.
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Introduction

Life Cycle Assessment (LCA) is an accounting and evaluation method to identify potential
environmental impacts of any kind of product or other defined system. LCA is internationally
standardised in the ISO standards 14040 and 14044 (ISO 14044, 2006). It is designed to capture all
potential relevant environmental impacts over the life cycle of the analysed system, stemming from
interventions with the environment such as emissions and resource extraction or use, in a
systematic and quantitative way in order to avoid burden shifting among environmental topics
(Wolf et al., 2012, European Commission - JRC, 2010; K. Wolf, 2014; Wolf et al., 2013; M.-A. Wolf,
2014). While LCA has been recognized as the best available method to assess the potential impacts
associated with products, a few issues remain unsolved (Zamagni et al., 2008; Reap et al., 2008; Wolf
et al., 2012; Finkbeiner et al., 2014). One of the most widely disputed topics in LCA is the modelling
of the end-of-life (EoL) of products, especially open-loop recycling and downcycling (Reap et al.,
2008).
Many researchers have published papers related to this issue and since the earlier development of
LCA, such as (Ekvall and Tillman, 1997; Kim et al., 1997; Klöpffer, 1996; Yamada et al., 2006). The
suggested approaches differ considerably, leading in many cases to substantially deviating results
(European Commission - JRC, 2010; NCASI, 2012). In relation to recycling, the ISO 14044 standard
describes two technical situations: closed-loop product systems and open-loop product systems (ISO
14044, 2006; ISO/TR 14049, 2000). Currently existing guidelines, technical specifications, and
methods for environmental assessment of products – including Carbon footprinting (WRI/WBCSD,
2011) and category rules for Environmental Product Declarations (EPD) (BS EN 15804, 2012) – have
heterogeneously adopted these competing approaches. As a result, there is currently no single,
widely accepted approach to modelling EoL and related secondary material production (European
Commission - JRC, 2010; Allacker et al., 2014) and hence also not for the Environmental footprint
development of the European Commission, which is currently one of the most advanced effort to
use LCA in policy context.
This paper proposes a somewhat new take at EoL modelling in LCA and Environmental footprinting
with the “Integrated formula” that we have developed and advanced from the text of the European
Commission’s ILCD Handbook (European Commission - JRC, 2010), chapter 14.5 that does not
present a formula itself. Compared to the ILCD text, the Integrated formula generalises some
aspects, in particular the correction factor for downcycling, and moves away from the consequential
modelling aspects when determining which primary production is credited/debited. Aim of the ILCD
Handbook and of the Integrated EoL formula is to provide product and material independent
guidance, and for the formula moreover in form of a single but flexible, self-adjusting formula that
captures the whole range of settings.
Before presenting the formula and as indispensable prerequisite to its understanding, we present in
the following chapter the principles that a suitable EoL formula should respect and elements that it
should accordingly contain.
The assessment of the suitability of an EoL formula for a specific purpose – such as the PEF/OEF in
which context EoL formulas are currently much discussed – will need to follow a more
comprehensive and systematic approach, what is scope of a subsequent White paper in preparation.
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Principles and elements of a suitable EoL formula
for LCA and EF
Overview

First, we argue that a suitable EoL formula should foremost represent as closely as practically
possible the physical reality of the analysed product life cycle itself.
As to the connection of the analysed product to the preceding and following uses of secondary
materials and energy, the formula should again as closely as practically possible capture the physical
reality on the materials’ and energy carriers’ system levels. I.e. it should appropriately capture the
effects of providing recyclate for other uses (i.e. crediting of avoided primary production) and the
effect that using secondary material from the secondary material pool (i.e. debiting of nevertheless
occurring primary production).
Moreover, a suitable single EoL formula has to be able to capture both closed loop and open loop
recycling of materials.
A suitable EoL formula needs moreover be able to quantitatively take into account the qualitative
changes in the material’s quality over the life cycle of the analysed product (downcycling) and
reduced life time of a reused part.
While recycling is associated with materials, the recovery of energy (and its use as secondary energy
carrier for other product systems) and cases of reuse of parts are methodologically equivalent and
need to be modelled analogously; a suitable formula needs to make consistent prescriptions for
those cases.
Last not least and to avoid a system that distortingly separates burdens from recycling processes and
benefits due to recyclates and recovered energy etc. have to be accounted for in the same product
life cycle, when drawing the system boundaries between product systems that interchange
secondary materials and energy.
Those principles and elements that go beyond modelling the physical reality of the analysed product
system itself are explained in the following subchapters. These subchapters are essential to the
discussion of suitable EoL formulas and for the understanding of the Integrated formula.

3.2

Crediting the recyclate for avoided primary production

Giving a credit for avoided primary production to a product system who’s EoL product is recycled
into secondary material is modelling the physical reality effect that the reuse of the material causes
less primary material to be produced. Figure 1 illustrates this graphically.
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Figure 1 Generating secondary material from EoL-Product n avoids the production of an
equal quantity of primary material and the related environmental impact

If an EoL-Product is entirely or partly diverted from landfilling (here: EoL-Product n), additional
secondary material is becoming available for other uses. The product system that uses this
secondary material as recycled content (here: Product X) therefore does not need any more to
source primary material from Earth1. In short: the material recycling avoids the production of
primary material.
Delivering 1 kg secondary material to the market should hence receive the LCA credit of 1 kg avoided
primary production, i.e. „– 1 kg primary material production impact“2
A suitable EoL formula needs to consider the avoided primary production effect of recycling at 100%
of the quantity – possibly however with a correction factor for the downcycling effect – see chapters
3.4 and 3.5.

3.3

Debiting the recycled content for primary material
production

If we give a credit of avoided primary production for giving back the recycled secondary material to
the technosphere for a new use, we have to also model a debit of primary production for
withdrawing secondary material from the technosphere. While this is not directly intuitive, the
following Figure 2 and text explain this necessity:

1

EoL-Product n is not delivering the secondary material specifically to Product X, but to any other
use, i.e. the secondary material pool / market. There is no specific link between EoL-Product n and
Product X; the link in the graphic is only made explicit to improve clarity of the concept.
2
It may appear as if this would give a credit for the avoided primary production only, but not also for
the avoided landfilling of the EoL-Product n. However, this avoided landfilling is considered by
subtracting it from the previous situation (i.e. landfilling occurred) resulting in +1-1=0 landfilling for
EoL-Product n.
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Figure 2 Using secondary material instead of primary material for a product (here: Product
X), only means that another product (here: Product Y) now needs to use primary material.
There is no net difference on global level whether a product uses primary or secondary
material. On the use-side of secondary material, only a shifting of who uses the available
3
secondary material is possible .

The effect of avoided primary production is exclusively caused by the provision of secondary
material and not by using secondary material, which in contrast has no effect on primary material
production, i.e. the “avoided” primary material is produced nevertheless.
The producer that takes 1 kg secondary material from the market / secondary material pool, should
hence pay the LCA debit of 1 kg primary production, i.e. „+ 1 kg primary material production
impact“4.
That also means that primary material and secondary material of the same quality carry effectively
the same environmental impact5.

3

Product X is not taking away the secondary material specifically from Product Y, but from any other
use, i.e. from the market; there is no specific link between Product X and Product Y.
4
It is often felt that a credit of avoided primary production should be given for secondary material use,
because it “avoids that primary material has to be produced”. However, taking 1 kg of secondary
material from the market (or: secondary material pool) does not create this secondary material, but in
fact reduces its availability for other products. The avoided primary production is exclusively caused
by making additional secondary material available, i.e. by the recycling of a product that otherwise
(the zero option) is not recycled. The logic also works the other way round: any kg that is not recycled
but goes to landfill, is incinerated or is dissipated, is effectively lost, what results in the necessity for
primary production to compensate this loss.
5
Primary material and secondary material of the same quality also have the same price / economic
value if they have the same quality, i.e. this is nothing uncommon. Note that the environmental impact
over the life cycle of a product cradle-to-gate is the environmental analogue to the economic
production cost accumulated over the same life cycle.
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Quantifying the correction factor due to difference of
the quality of secondary materials

Recycling processes often produce materials that are different from the original material (i.e. with
different physical properties, e.g. lower tensile strengths, electrical conductivity, lower transparency,
etc.). Any such generally unwanted changes mean that the substitution of primary material by the
secondary material in any real product is then not 1 to 1 – see Figure 3.

Figure 3 To replace 1 kg primary material, we may need more than 1 kg secondary material,
due to lower technical performance (e.g. strength)

The credit of avoided primary production hence should be adjusted to the amount of primary
material that is actually avoided6. A correction factor (in theory: substitution factor) has to be used.
1 kg of downcycled secondary material should hence get a credit that is somewhat lower than 1 kg
primary production impact7.
The same applies for using secondary material as recycled content when producing a product: a
coherent correction factor is needed here as well,.
If we give a quality-corrected primary credit at EoL, this means de facto that we consider increased
quality to be equivalent to increased quantity of the recyclate: E.g. increasing the recycling rate from

6

The definition and determination of the correction factor lays outside the EoL formula (and relevant
for any EoL formula that uses avoided primary production credits); this topic is discussed in the
upcoming second White paper. This factor can be implemented as both a quantitative substitution
factor, as explained here, or as a qualitative correction factor (we generally name it “quality-correction
factor”, which encompasses both options). In case of the theoretically correct substitution factor, it can
moreover be argued that the correction factor should be unspecific of the specific substitution factor of
Product X, but that the average substitution effect across all applications of the secondary material
should be accounted for. Pros and cons of the implementation of the correction factor are to be
discussed
7
The correction factors for crediting and debiting scale the assigned environmental impacts only and
do not change the physical flows - they are a valuation factor only. This step is therefore not
contradicting physical reality, but it is an additional step that is set on top of the physical model.
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40% to 80% has the same crediting effect as increasing the quality of the recyclate (or the
substitution factor) from 40% to 80%.
That means – jointly with the previous points - if we give a quality-corrected primary credit at EoL,
we identically need a quality-corrected primary material debit for secondary material input, also to
ensure that the system boundaries are now overlapping and have no gaps: the credits given to the
preceding product systems that have generated the secondary material have to match the debits of
the analysed product system. I.e. a suitable EoL formula needs to use correction factors for both
debiting secondary material input and crediting recyclate output. For more about downcycling see
the following subchapter:

3.5

Capturing true downcycling over a product’s life cycle

While it may not be directly intuitive to account for secondary material input into a product by the
quality-corrected impact of the corresponding primary material, this is necessary as motivated
above and also for the following reason:
Capturing downcycling in LCA, requires to quantify the difference between the quantity and quality
of the primary and secondary material at the beginning of a product’s life and the quantity and
quality of the recyclate that is obtained at the product’s end-of-life (i.e. the net difference). All other
discussed EoL formulas under the EF assume implicitly that the secondary material input into a
product has primary material quality. They overestimate the true downcycling wherever the recycled
content of the product has lower than primary material quality. That means that they either have
overlapping system boundaries or gaps or they hence assign an unjustified higher impact to the use
of downcycled materials, i.e. especially for materials such as plastics, fibres, etc.
Whether the downcycling is considered by an EoL formula in form of a quality-factor or via a
substitution factor, in both cases it is necessary to consider the quality (or substitution-factor) also at
the beginning of the product’s life cycle, i.e. of the recycled content.
Figure 4 illustrates this:

Figure 4 Downcycling requires to explicitly consider the quality of recycled content as well:
The upper example has a true downcycling effect from „quality 0.9“ to „quality 0.4“, i.e. - 0.5,
i.e. the material quality is downcycled by 50%. The lower example has a true downcycling
effect from „quality 0.6“ to „quality 0.4“, i.e. - 0.2, a downcycling by 20%. EoL formulas, that do
not consider the material quality of the recycled content, but only of the EoL recyclate, are
unable to capture this difference, will in both cases calculate a wrong downcycling of -60% (i.e.
from 100% quality (implicitly assumed) to 0.4, i.e. 60% downcycling.

10

maki Consulting & P.P.P. Intertrader - White paper: The “Integrated formula”

12 October 2014

Note that where a product contains a mix of primary material and secondary material, the combined
and quantity-weighted average input quality is to be accounted for on input side. EoL formulas have
to do this explicitly or implicitly ensure that this is correctly considered.

3.6

Applicability to both open- and closed-loop situations

Figure 5 illustrates the concepts of closed-loop and open-loop situations. In open-loop situations, the
inherent properties of the recyclate differ from those of the primary material in a way, that it is
usable only in other product applications: because it’s technical characteristics do not allow anymore
the use in the same kind of product.

Figure 5 Illustration of the concepts of closed loop and open loop recycling (as well as the
terms reuse, EoL Product, Recyclate and Recycled content).

While somewhat different definitions are in use for closed- and open-loop recycling, this situation
always implies two things: recycling may result in a lower quality of the material and/or it may
change the very nature of the material (e.g. iron ore/scrap recycling processes generate steel slag as
a co-product which is used in cement production, or a plastic is incinerated and converted into
energy or is converted into syngas, with the latter example being an extreme form of changing the
inherent properties). Since such cases occur and are relevant in practice, a generally applicable EoL
formula needs to be able to appropriately model them as well.
This means that in order to be able to capture also open-loop situations, a suitable EoL formula
needs to be able to consider that the recyclate that is generated from an EoL product may be
inherently different from the primary and secondary material that was used to produce it and not
only of somewhat lower quality (which was illustrated in the preceding subchapter for downcycling
of a polymer).

3.7

Treating materials, energy, and parts in consistent way

Methodologically, the recycling of a material is fully equivalent to the reuse of a part or the recovery
of energy.
A suitable EoL formula hence should be able to be applied to any of these situations.
In the other currently discussed EoL formulas under the EF, secondary energy is only considered at
the output side, when crediting recovered energy from material incineration. What is lacking, is to
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consider the use of secondary energy carriers on the input side, when producing a product. Reuse of
parts has also not been addressed explicitly.

3.8

Accounting for impacts and benefits jointly in the same
life cycle

Materials that are recycled (and energy that is recovered) pass through more than one product life
cycle. It is argued that impacts and benefits from recycling should be kept together in the same life
cycle. E.g. energy consumption and emissions from recycling processes and benefits of credits for
the obtained recyclate should be covered in relation to the same product life cycle, same as impacts
from landfilling of any not recycled waste, ashes, etc.
In view of the extended producer responsibility and the producer’s possibility to influence
recyclability of the product as well as even implementing take-back schemes to increase recycling, it
is argued, that the producer of the analysed product should stay responsible for his product until the
EoL product has been either recycled to some secondary material that can be used in other product
systems, energy has been recovered from EoL product incineration, and/or the EoL product or any
non-product fractions from recycling, energy recovery (e.g. ashes, slag) have been put into landfilling
or other final deposit.
It could be argued that it would also be an achievement of the EoL product collection efforts (e.g. by
the local administration or city) and the recycling efforts (by the recyclers) that determine the
quantity and quality of recyclate, and hence burdens and benefits could be assigned to the
generator of the recycled material8 instead of to the producer of the EoL product (while NOT to the
user of the recyclate). That would however have the effect that for the producer of a product, it
would make no difference it his product can be recycled at all (or only incinerated) or even if
landfilled (as long as the landfill process causes little impacts itself). The loss of the valuable material
and resource would be a burden for society, as would be the necessary higher efforts for recycling of
a product that is not made for good recycling. This “anti-cycling-economy” approach would harm the
basis of achieving good recycling rates and quality, which is the development of products that ease
good recycling.
In any case, a suitable EoL formula is only able to finely reflect any measure by a producer to reduce
the environmental impact, if it considers both burdens (i.e. processes) and benefits in connection,
i.e. in the same product loop. This means that a suitable EoL formula needs to consider increased
recycling rates at EoL (by giving higher credits), improved quality of the recyclate at EoL (by giving
higher credits), increased use of lower quality secondary material (assigning lower debits), all in that
same product loop.

8

The sharing of burdens and benefits between the EoL product producer and actors in the recycling
chain is a special case that will be addressed separately and would allow differentiationof the
recyclers environmental performance. Practicaility and reporducibility of gthis sharing is a policy/user
decison and outside the theoretical solution. A sharing between the producer of the EoL product and
the user of the recyclate in contrast does not meet the principles that were explained in chapter 3.
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The Integrated approach and formula
Characterisation of the Integrated approach

Drawing on the wealth of previously developed approaches, the ILCD Handbook’s General guide for
LCA (European Commission - JRC, 2010) presents in chapter 14.5 an integrated “Recyclability9
substitution” approach and gives specific provisions for EoL modelling in line with the ISO 14044
hierarchy to solve cases of multi-functionality. No formula had been provided in the ILCD Handbook
for this approach, other than the formula to model allocation cases for pure attributional LCI models
(European Commission - JRC, 2010), chapter 14.4) that is however the subordinate choice in the ISO
hierarchy. The Integrated formula interprets this text, generalises some aspects (e.g. the correctionfactor) and removes some purely consequential provisions (e.g. which primary material production is
credited). Figure 6 illustrates the Integrated formula graphically.

Figure 6 Integrated formula, graphical representation, schematic. Blue: included processes
are modelled in actual amount, green: credited avoided primary production of material and
energy (modelled in actual amount plus a correction factor), red: debit for using recycled
10
content, taking the debit from the preceding products’ life cycles (also with correction

9

While it is named „recyclability“, the method is in fact accounting for the achieved recycling rate and
not only the potentially achievable recycling rate (aka “recyclability”). The approach also accounts for
the input side of recyclate, what is why we name our approach and formula „Integrated“.
10
The credit is handed over as a debit, i.e. both have to be identical for the same recyclate. This
implies to define common rules for identifying the corresponding primary material and the
quality/substitution factors, so it also works correctly, if the secondary material goes into a material
pool and where preceding life cycles are unknown.
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factor). Not shown: use of secondary energy, use and delivery of reusable parts, which are
considered analogously. Details see text.

The Integrated formula captures the physical reality of using recycled materials in a product and
accounts for the impacts due to EoL processes (e.g. recycling, landfilling) as well as the benefits on
material and energy system level (e.g. produced recyclate and recovered energy that avoid primary
production). This includes the true downcycling effects on recyclate quantity and quality - including
the changes in the inherent properties of material - and also energy recovery. The directly related
burdens and benefits are kept in the same life cycle. In short, it implements all the principles and
elements that a suitable EoL formula should possess that were explained in chapter 3. The
Integrated formula can, in fact, also capture upcycling.
In a formalised way, the environmental impacts (E) can be calculated as the sum of four components
of the Integrated formula: E = Primary material input + secondary material input + Material
recycling + Energy recovery + Disposal.
The Integrated formula – as all EoL formulas discussed in PEF/OEF context – relates to one input
material type at a time (e.g. aluminium, cotton fibres, PP, …), implicitly the one identified by EV . I.e.
for multi-material products the formula has to be applied for each different contained material
separately. Implementation into LCA Software is more straightforward; see also more below.
The Integrated formula reads as follows (for the definition of the variables and parameters see Table
1):

Formula 1

E = (1 - R1) 𝗑 EV + R1 𝗑 QSin/QPin 𝗑 E§V + R2 𝗑 (ErecyclingEoL – E*V 𝗑 QS/QP) + R3 𝗑
(EER - LHV 𝗑 XER,elec 𝗑 ESE,elec – LHV 𝗑 XER, heat 𝗑 ESE,heat) + (1 – R2 – R3 ) 𝗑 ED)

Input primary material: Is accounted for in actual amount as primary material production impact.
Input secondary material: Is accounted for in actual amount of secondary material input, and carries
the quality-corrected11 primary material debit that was given as a credit to the preceding products
§
that have generated this secondary material R1. Note that E V is not necessarily referring to the
*
same primary material as EV and E V. This differentiation is necessary to be able to account for
open-loop recycling. Note also that the correction-factor for the recycled content QSin/QPin may
differ from that of the recyclate QS/QP, of course. The definition, however, of how to measure the
correction-factor will be and have to be identical. That means that these additional terms do not add
complexity per se to the formula, but only reflect the reality that the recycled content that enters a
product can often be inherently and qualitatively different from the recyclate that is generated at
the product’s EoL.
Output recyclate: Material recycling processes at the product’s EoL are accounted for as they are
and for the actually recycled amount. Credit is given for the amount of actually generated secondary
material (as quality-corrected primary production impact). Note that in case more than one
secondary material is obtained from EoL treatment (e.g. different recyclate quality grades or

11

Sometimes the perceived violation of physical reality of crediting (and/or debiting) is criticized: The
crediting of 0.5 kg of primary material for 1 kg recyclate at QS = 0.5 does not mean there is a massinconsistency, as the credit calculation scaling is exclusively a (non-physical) correction factor of the
environmental impact to account for material quality. For the same reason is also the modelling of a
debit of 0.5 kg primary material for the actually used 1 kg secondary material of QSin = 0.5 no physical
problem, but a quality-correction of the environmental impact only.
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inherently different recyclates) the corresponding recycling processes and credits for the
corresponding avoided primary production of these materials are to be added. This is implicit to all
EoL formulas, hence is no specific situation for the Integrated formula.
Output recovered energy: Incineration processes of the material are accounted for as they are and
for the actually incinerated amount. Credit is given for the amount of actually recovered energy (as
specific primary energy impact, or otherwise as average mix of primary electricity and primary
thermal energy impacts). Note that this section of the formula is structurally taken from the EC
proposed formulas to ease comparability, but a better representation might be used among others
to also include other forms of energy recovery, e.g. methane or syngas, etc. (out of scope of this
paper). We foresee that LCA practitioners should generalize this part of the formula to other forms
of energy recovery analogously, when implementing the Integrated formula in LCA software.
Output waste: Material that is not recovered as secondary material or energy is modelled as
landfilled (or other form of waste deposit, as applies).
Important note on modelling secondary energy: Full symmetry requires that also energy-recovery
credit at EoL is balanced with debit for use of secondary energy during production, analogous to the
approach for recycled content / recyclate of materials. Instead of defining a separate formula
accordingly, when implementing the Integrated formula in LCA software, this can be achieved simply
by correcting the energy market-mix model, by modelling recovered secondary energy as mix of
primary energy forms only and using this mix for both primary and secondary energy input and for
energy credits. Setting the amount of secondary fuels to “0” when modelling the LCI data for the
energy mix (e.g. national grid mix, national heat generation mix) achieves this. This requires limited
effort and no new information or data.
On reusable products and parts: These are to be modelled analogously to the materials, with the
average number of loops (e.g. of refillable bottles) serve to identify the average rate of loss for each
loop. For reused parts, the lower lifetime of the reused part has to be considered for crediting, in
contrast to materials that have no different life-time per se.
Table 1 defines the variables and parameters of the Integrated formula. These are generally identical
to those defined for the PEF 50/50 formula, to ease comparison.
Table 1 Definitions, units, and value-range restrictions of the parameters and variables of the Integrated
formula. The definitions have been derived from those presented in (Allacker et al., 2014) and (European
Commission 2013), but modified to better clarify the meaning of the variables that are however unchanged
in their meaning. In bold font the newly introduced elements for the Integrated formula; elements that are
not required are left out.
Term

Unit,
restrictions

Definition

E

Various, per kg
material in the
analysed
product

Resources consumed and emissions for the aquisition of the
primary material (also termed virgin material) and of secondary
material used as recycled content as well as the EoL stages of
the analysed product‘s life cycle, related to 1 kg of the material
in the analysed product. (Cradle-to-cradle, exclusing
manufacturing and use)

EV

Various, per kg
primary material

Resources consumed/emissions for the acquisition of virgin
material. (Cradle-to-gate)

E§V

Various, per kg
primary material

Resources consumed/emissions for for the acquisition of the
virgin material substituted by the secondary material that is
used as recycled content for the analysed product. (Cradle-togate)
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E∗V

Various, per kg
primary material

Resources consumed/emissions for the acquisition of the virgin
material assumed to be substituted by the secondary material
(also termed recyclate) obtained from EoL treatment of the
analysed product. (Cradle-to-gate). If only closed-loop recycling
§
takes place: E∗V = E V = EV

ErecyclingEoL

Various, per kg
obtained
secondary
material

Resources consumed/emissions for the EoL treatment of the
analysed product, including collection, sorting, transportation,
recycling processes, etc. until the first type of recyclate is
obtained that can be used to replace a primary material (while
the recyclate may have lower quality and not replace the same
amount of primary material). (Gate-to-gate)

ED

Various, per kg
treated material

Resources consumed/emissions for disposal of the various
waste materials from the EoL product that are obtained due to
direct landfilling, reject, wastes generate during recycling or
energy recovery processes (e.g. ashes, unusable slags), ,
including transporting, conditioning, storage etc. of the material
or product. (Gate-to-gate)

EER

Various, per kg
treated material

Resources consumed/emissions to operate the energy recovery
process, including transporting, conditioning, storage etc. of the
material or product. (Gate-to-gate)

ESE,heat
ESE,elec

Various, per MJ
primary energy
carrier

Avoided resources consumed/emissions for the specific
substituted primary energy sources for heat and electricity,
respectively. (Cradle-to-gate)

R1

[Dimensionless],

Recycled content of the analysed product, i.e. secondary
material (that has been recycled in a previous system) used as
input for its production. Note: „1-R1„ is hence the content of
primary material in the analysed product.

(0 ≤ R1 ≤ 1)

R2

[Dimensionless],
(0 ≤ R2 ≤ 1)

R3

[Dimensionless],
(0 ≤ R3 ≤ 1)

Recyclate obtained from EoL treatment of the anylysed product,
that can be used in subsequent product systems instead of a
virgin material (of the same or different type), i.e. the proportion
of the material contained in the analysed product that will be
used as recycled content in another product system afterwards.
R2 takes into account any inefficiencies in the collection and
recycling processes
The proportion of material in the analysed product that is used
for energy recovery (e.g. incineration with energy recovery) at
EoL

LHV

MJ/kg material

Lower Heating Value of the material in the EoL product that is
processed for energy recovery

XER,heat

[Dimensionless],
(0 ≤ XER ≤ 1)

The efficiency of the energy recovery process (i.e. the ratio
between the energy content of output, i.e. of both heat and
electricity, respectively, and the energy content of the material
in the product that is used for energy recovery). X ER takes into
account the inefficiencies of the energy recovery process.

[Dimensionless],
(0 ≤ Qs/QP ≤ 1)

Crediting and debiting correction factor: Ratio for any
differences between the secondary material and the primary
material. Depending on the policy preference, this can be either
the relative substitution factor, i.e. how much primary material
the secondary material substitutes (which is the theoretically
correct factor – see Figure 3), or the relative technical quality
(e.g. tensile strenght or any other single or combined measure),

XER,elec

Qs/QP
QSin/QPin
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or any proxy, such as the relative market price of the secondary
material compared to the primary material.
The correction factor is hence either a quantiative substituion
factor, qualitative technical usability factor (technical
downcycling) or market-supply-and-demand driven factor. The
choice of the factor is outside the Integrated formula, while it
needs to be defined coherently across all materials and must be
identical for crediting (Qs/QP) and debiting (QSin/QPin) of the
same material.

4.2

Initial guidance on LCA software implementation

For implementation of the Integrated formula in LCA software, see this initial information:
-

Note that the EoL formulas always refer to a single material, i.e. for multi-material products
they have to be applied for each distinct contained material and scaled to the amount of
that material in the product. When implementing the formulas in LCA software, the
procedure is however more straightforward

-

R2, as defined in the PEF guide, relates to output of recycling process chain, i.e. recyclate,
but R3 relates to material input to the energy recovery process.

-

The waste from energy recovery (slag, ashes) is therefore not addressed, but it has to be
assumed and modelled that it is also landfilled or otherwise deposited. (This implicit logic of
the EC’s formulas has been kept also for the Integrated formula to ease comparisons.)

-

The same way as clarified for the Integrated formula, analogous modelling considerations
have to be made for primary and secondary energy carriers when implementing any of the
other EoL formulas, to ensure an indiscriminatory approach. The quality-correction factors
can be argued to be not appropriate for energy carriers and might be left out.

-

In case of closed-loop recycling (while still allowing for qualitative downcycling), the terms
EV , E§V and E*V are identical. In this case, the Integrated formula can also be understood as
inventorying – next to accounting for all processes of recycling, energy recovery and
landfilling at EoL – exactly that amount of primary material that is lost during the analysed
product’s life cycle, i.e. that is landfilled, lost dissipatedly, or incinerated (while any
secondary materials or energy recovered from these steps such as landfill methane and
recovered electricity and heat are credited).

-

LCA practitioners that are interested to see how the various EoL formulas under the PEF/OEF
including the Integrated formula are modelling in LCA Software can look into the so-called
PEF Testkit that is provided free-of-charge by PE International for GaBi Software. Generally,
an exchange of modeling experience with common elements such as EoL among
practitioners should help a sound implementation of the EoL formulas.

4.3

Applicability of the Integrated formula for different
materials and settings

When assessing an EoL formula for suitability, and without pre-emptying a more systematic
evaluation, the plausibility of the decision support it gives is often considered a valuable “reality
check”. The following briefly addresses a few key questions and describes what the Integrated
formula yields for different materials and settings of recycled content and recyclate.
The Integrated formula…:
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… is in line with general EF requirements and ISO 14044, by implementing system expansion
approach as preferred way to address EoL.



… models the physical reality of the analysed life cycle and on the system level of the material
and energy carriers and across all material loops.



… includes all relevant product stages and impacts with non-overlapping system boundaries
and without gaps of unaccounted-for impacts. As a downside, to give a debit of primary
material to the use of secondary material as recycled content was found to be not directly
intuitive to many stakeholders and some experts. The necessity for debiting has to be well
explained (see e.g. Figure 2).



… is generally applicable for all materials and settings with plausible results, as follows:
o

An increased recycling rate or quality means proportionally lower impacts, as far as
recycling has lower impacts than primary production. E.g. increasing the recycling
rate of metals or paper fibres or the recyclate quality of plastics (e.g. by better
sorting or breaking them down to monomers) will generally decrease the calculated
impacts.

o

An increased recycled content means lower overall impacts, if the quality of the used
secondary material is lower than that of the corresponding primary material. The
lower the relative quality, the lower the impacts. E.g. using low quality postconsumer plastics or secondary post-consumer textile fibres will mean little burdens,
similar to modelling them as entering burden-free into the system and model the
recycling efforts at the beginning of the life cycle as done in other formulas12.

o

Downcycling is correctly considered, i.e. as difference between quality of the
material input and the recyclate obtained from EoL recycling. It can even capture
situations of upcycling correctly, i.e. were a high processing effort for recycling may
yield higher quality recyclate from the EoL-product than the quality of the recycled
content was. An example is the breaking down of a polymer into monomers and repolymerising the material after purification of the secondary monomers, yielding
potentially primary quality.

o

In closed-loop situations it accounts for the net loss in quantity and quality of a
material - this loss is compensated by accounting the additional primary production.



Impacts and benefits are kept together in the same life cycle. E.g. recycling and benefits of
credits for recyclate, as well as impacts from landfilling. The producer of the analysed product
stays responsible for his product.



The Integrated formula is applicable and fair for any loop, incl. first and last loop situations



It is easy to model in standard LCA software and needs comparatively little data, as recycling
process data and sources of the recycled content uses are not required, but exclusively a
crediting and debiting correction-factor (that is identically defined as the one used for
crediting).



It can be re-arranged and split up into the modular logic of the construction standard EN
1580413.

12

As said more above, the definition of the correction-factor is outside the scope of the formula itself.
Depending on its definition (which is a value choice) the benefit to use low quality recycled content is
more or less pronounced.
13
As has been presented on 6 October 2014 at the already mentioned workshop on EoL formulas in
context of the EF.
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In overall conclusion, it has been found to be fair across materials and settings of recycling rates and
quality and recycled content amount and quality and hence well suitable for LCA and for PEF/OEF
purposes.

4.4

Illustrative calculations and brief discussion

While the field test in the PEF/OEF pilots will show how the Integrated formula performs across a
wide range of product systems and materials, we have performed an initial analysis for a virtual
product situation that however uses realistic scenarios and impact data (Table 2):
Table 2 Illustrative results for a virtual Polyethylene (PE) garden chair in five scenarios, with the Integrated
formula, showing the results for Climate change impact GWP100, in kg CO2-equiv. Scenarios: Base case (1),
Higher recycling rate (2), Higher recycled content (3), Higher recycled content and recycling rate (4), Higher
recycling rate and quality (5). The differentiated parameters are marked in bold font, interim results and
final results shown in green shading, at the end. To keep the comparability of the scenarios easier, the type
and quality of the secondary material input and the corresponding primary material impacts have not been
varied in this example. Note that the values are approximate only, and the results exclusively serve to
illustrative the “behaviour” of the formula for different scenarios and must not be used to derive specific
conclusions or recommendations on material, process or product level.
Component or result

Variable
in
formula

Scenarios
(1)

(2)

(3)

Quantity and Unit
(4)

(5)

Primary material

EV

1,5

1,5

1,5

1,5

1,5 Impact/kg

Primary material
substituted by recycled
content

E§V

1,5

1,5

1,5

1,5

1,5 Impact/kg

Primary material
substituted by recyclate

E*V

1,5

1,5

1,5

1,5

1,5 Impact/kg

Electricity substitution
impact

ESE,elec

0,125 0,125

0,125

0,125

Heat substitution impact

ESE,heat

0,07

0,07

0,07

0,07

Recycling process EoL

ErecyclingEoL

0,05

0,05

0,05

0,05

Waste-to-energy plant
operation impact

EER

3,2

3,2

3,2

3,2

3,2 Impact/kg treated
fraction

Landfilling impact of
material

ED

0,01

0,01

0,01

0,01

0,01 Impact/kg disposed
at EoL

Seconary material
content in product

R1

0

0

0,8

0,8

0 []

Produced recyclate from
EoL product (consid.
losses)

R2

0,05

0,2

0,05

0,2

0,4 [ ]

Share of material at EoL R3
put to energy recovery

0,8

0,5

0,8

0,5

0,3 [ ]

Lower heating value of
EoL mat put to energy

40

40

40

40

40 MJ/kg treated
fraction

LHV

0,125 Impact/MJ electricity
0,07 Impact/MJ heat
0,2 Impact/kg treated at
EoL
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Scenarios
(1)

(2)

(3)

Quantity and Unit
(4)

(5)

recovery
Efficiency of recovering
XER,elec
electricity from EoL mat's
LHV

0,2

0,2

0,2

0,2

0,2 [ ]

Efficiency of recovering
XER,heat
heat from EoL mat's LHV

0,4

0,4

0,4

0,4

0,4 [ ]

Primary material quality
corresp. to recycled
content

QPin

1,00

1,00

1,00

1,00

1,00 Relative quality or
substitution, set to 1

Primary material quality
corresp. to recyclate

QP

1,00

1,00

1,00

1,00

1,00 Relative quality or
substitution, set to 1

Used sec. material
quality

QSin

0,60

0,60

0,60

0,60

0,60 Relative quality or
substitution
compared to
primary

Gen. sec. material
quality

QS

0,60

0,60

0,40

0,40

0,80 Relative quality or
substitution
compared to
primary

19,2

12

19,2

12

0,150 0,300

0,150

0,300

Control: Electricity and
heat produced from
waste
Control: Waste landfilled

Primary mat input impact
Recycled content input
impact
Production impact (prim.
plus recycled content)
Recycled mat output
credits
Recovered energy
output credits
Total impact of wastes
disposed

7,2 MJ/kg material in
product
0,300 Share (kg/kg
material in product
at EoL)

1,5

1,5

0,3

0,3

1,5 Impact

0

0

0,72

0,72

0 Impact

1,50

1,50

1,02

1,02

1,50 Impact/ kg material
in product

-0,04

-0,17

-0,03

-0,11

-0,40 Impact/kg material
in product

0,86

0,54

0,86

0,54

0,32 Impact/kg material
in product

0,002 0,003

0,002

0,003

0,003 Impact/kg material
in product

1,86

1,45

1,43 Impact / kg material

Product's material
inventory incl. EoL

E (Final
results)

2,32

Product's material
inventory incl. EoL

E (Final
results)

100%

1,87

in product

81%

80%

63%

61% Relative to Base
case (1)
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The results of Table 2 show that the Integrated formula rewards both an increased output of
recyclate (i.e. higher recycling rate – scenarios 2, 4, 5) and more recycled content (scenarios 3, 4).
Due to the specific values set in this illustrative example for amount and quality of recycled content
and recyclate, the two scenarios 2 and 3 result in almost identical overall impacts, i.e. this is not
generally the case.
Combining higher recycled content with higher recycling rate (scenario 4) yields an again somewhat
lower impact, due to the combined effect.
The Integrated formula also rewards an increased effort for higher recycling rate and quality
(scenario 5), as long as the additional impacts from the recycling are lower than the additional
credits for the more and better recyclate.
All of these results are plausible and – in view of the decision support14 they give – sensible for the
specific material and measure taken, and moreover differentiated by the specific correction factors.
When analysing the results in greater detail it has to be kept in mind that the illustrative impact
values that were used here relate to the Global Warming Potential over 100 years (GWP100). Since
the material PE is about neutral in waste deposits, the impact from landfilling is accordingly very low.
If the material would be an easily decomposable biological organic material, the landfilling would
show up considerably stronger among the impacts. Also, when looking not at GWP100 but at
resource depletion, the loss of the PE to the landfill would be much stronger reflected in the results,
clarifying that the diversion from landfilling has overall environmental benefits.

5

Discussion of the Integrated formula

Assumptions made
Next to the basic assumption of modelling as closely as possible the physical reality of the analysed
product system and of the wider material and energy system, the following explicit and implicit
assumptions are made:


The ceteris paribus principle applies, i.e. changing one part of the system does not change the
others. E.g. the productions of the many products produced in a country or worldwide and the
decisions on EoL treatment of any EoL-products are independent from each other, i.e. a
product X is produced independently whether or not another product Y is recycled or
landfilled.



The amount of secondary material of any specific type that is circulating in the technosphere is
a pool of this type of material that is interconnected like corresponding vessels.



In order material balance is kept, any loss from circulation within the technosphere (to
landfilling, dissipative loss, incineration) has to be refilled.



Earth is the only source from which resources can be obtained to refill the loss of materials
from the technosphere.



Marginal, consequential assumed effects such as marginal stimulation of increased recycling
rate and quality are NOT considered, but the better-defined and more robust average effects
are accounted for, when crediting or debiting primary production.

14

It is reiterated that the formula itself is not designed to steer certain measures such as increasing
the recycled content, but is designed to reflect the physical reality of the analysed product and of the
material systems. The incentives or decision support it gives are exclusively an indirect effect of
depicting the reality of the product system and the wider material and energy systems.
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Materials that go into production today and are currently recycled are assumed to be sought
after also when the analysed product reaches its end-of-life. For long-living products this is
strictly spoken not known but it is argued here that even if a material in question would be
discovered to cause yet unknown environmental or health concerns, the accordingly declining
markets and niche applications will still require some of this material. As long as the material
markets are not declining faster than the recyclate becomes available from recycling those EoLproducts – what would equal the rare case of sudden and total market collapses – this
assumption holds true.



Materials and energy are methodologically equivalent and follow the same rules and hence
require a consistent end-of-life modelling

Relationship of the Integrated formula with other EoL formulas
Where is the Integrated approach is positioned among the various EoL formulas proposed for the
OEF/PEF?:

15



With the 0/100 approach, the Integrated formula shares the rewarding of crediting recyclate,
while the Integrated formula additionally takes into account quantity and quality of recycled
content, similarly as does the 100/0 (cut-off) approach, which in contrast does not reward
avoided primary production by recyclate. It is important to understand that the interest
expressed by many stakeholders to promote the use of recyclate ultimately is motivated by the
interest to in fact increase recycling: the limited uptake of low quality recyclates and their
corresponding low market price prevents that more recyclate is generated, as “keeping
materials in the loop” is the actual aim. In the “ideal world”, we aim at 100% recycling
(provided the environmental impacts from recycling are lower than primary production) and
promoting the use of low quality recyclate – e.g. by policy measures – is only a means towards
this aim.



With the “Fibre loss compensation” method15, it shares the idea of inventorying the loss of
material during the life cycle as primary production impact, since primary material is needed to
replace this loss, via a balanced crediting and debiting logic. The differences to the Fibre loss
approach are that the Integrated approach also takes into account qualitative losses (i.e.
downcycling) opposed to exclusively quantitative losses in the fibre loss compensation
approach, rewards energy recovery the same principle way as material recycling, can cover also
open-loop recycling opposed to assuming always closed-loop recycling in the Fibre loss
compensation approach, and has as point of substitution for crediting and debiting the process
where a secondary material replaces the primary material, in contrast to the Fibre loss
compensation approach that uses the delivery of the EoL product before any recycling
processes start. The results of the Integrated formula for fibre products might nevertheless be
quite similar, given the specific setting of fibre production and recycling, while the crediting of
recovered energy is to be expected to lead to some differences. This is to be evaluated by
comparing detailed results.



The Integrated formula can moreover be expected to yield quite similar results as does the rule
set of the (BP X30-323-0), with its specific combination of formulas per material group, that
reflect the quality and demand situation for secondary materials. Some differences are
however to be expected, since the Integrated approach is able to account for smaller
differences in secondary material quality, opposed to switching between the 0/100, 100/0 and
50/50 approach as the BP X30-323-0 does.

As presented e.g. at the already mentioned EoL workshop on 6 October 2014
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The use of the Integrated formula for EN 15804 and its module D has been worked out by C.
Leroy and colleagues, by re-arranging the Integrated formula and separating it into the
modular logic of EN 15804.

Conclusions and outlook

As illustrated in chapter 4.4 and discussed in chapter 5, the Integrated approach and formula that
have been presented in this paper adhere to all the principles that a suitable EoL formula should
follow and implement the elements such a formula should therefore contain.
The Integrated formula allows in a single formula to model for any kind of material the whole range
of possible EoL and other waste situations, including open- und closed-loop recycling and with any
share and quality of the recycled content and any recycling rates and quality of the generated
recyclate at the analysed product’s end-of-life. The Integrated formula is thereby correctly model
downcycling - in contrast to all other formulas that are discussed in PEF/OEF context. It gives
moreover coherent instructions for modelling the use of secondary energy, analogous for materials.
Reuse and further use are also addressable with the Integrated formula.
The Integrated formula is practical, as no information is needed on the previous uses and recycling
processes of the secondary material content (recycled content) or used secondary energy. It can also
easily be implemented in LCA software, as it is modelling the physical reality of the analysed product
system and the crediting and debiting of primary burdens is a standard component of LCA models.
The Integrated formula’s only downside is the apparently counter-intuitive debiting of primary
material for the used secondary material as recycled content. Although this step is fully analogous to
the crediting of avoided primary material for the secondary material generated from EoL recycling,
this aspect deserves special attention in communication. Graphics such as Figure 2 can help in
explaining the necessity for modelling credits and debits in balance.
The Integrated approach is recommended for use in LCA studies that refer to product-level LCA and
Ecodesign-type studies, i.e. the Situations A (micro-level decision support) and C1 (accounting) of the
ILCD Handbook and hence also of the PEF/OEF, i.e. the vast majority of cases.
Via the formula-independent definition of the correction factors (QSin/QPin and QS/QP), the
Integrated formula can be further tailored to closely capture the physical effect on material level
(when using the substitution factor secondary/primary), or to focus on technical degree of
downcycling (when using one technical material property or a combination of several properties to
express the relative quality difference secondary to primary material), or to more strongly steer the
decision support in view of the secondary market demand and supply (when using e.g. the relative
multi-year average bulk market price of secondary/primary material). In any case does the
Integrated formula reward an increased recycling rate and quality, if this is environmentally
beneficial for the specific material. It also rewards a higher recycled content of low quality secondary
materials, if this is environmentally beneficial for the specific material. The degree to which this
occurs depends on the choice of the Q factors, which is a choice decision for policy/stakeholders and
outside the scope of the formula itself.
It is recommended that the Integrated formula should be further tested for various materials and
cases for a representative range of products.
Scope of further White papers foreseen in the context of EoL modelling:
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Proposing consistent solutions to the open issues named in the agenda for the EoL workshop of
6 October 201416



Share experience from implementing the Integrated formula and other PEF/OEF EoL formulas
in LCA software, including expanding the formulas to include other forms of energy recovery
than electricity and heat (this limitation was kept so far to ease comparison with the ECproposed EoL formulas)



Present further results for other materials and possibly further differentiated scenarios



Present the outcome of a systematic analysis of the Integrated formula and possibly other EoL
formulas against a wider set of criteria that go beyond the principles and elements presented
in the present White paper and include a range of aspects grouped into the following sets:
Relevance/suitability, Practicality, Scientific soundness, and Acceptance across stakeholders.
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