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1 Summary

As established in the KBBPPS description of work, and reiterated on the project web-
site (www.bio-based.eu/kbbpps), the project aims to increase the uptake of standard test
methods and certification schemes for bio-based products. It is envisaged that the develop-
ment and application of standards for the bio-based product industry will have positive long-
term effects on the development of a European bio-based economy. Higher quality and
greater sustainability of bio-based products should increase the satisfaction of end-users at
all levels, and improve the economic viability of bio-based product utilisation. Finally, public
acceptance of bio-based products can be increased through ensuring and verifying the sus-
tainable sourcing of raw materials, the effective bio-content and clear indication of their
(comparative) functionality in relation to regular products. These positive effects will result in
faster growth of the bio-based product industry and increased share of bio-based in the total
use of final (consumer) products and intermediates up to 2020 and beyond.

The effective determination of total bio-based content of products has been a chal-
lenge for certification bodies. The ability to determine the total bio-based content of a product
is an obvious prerequisite for developing the market for bio-based products. Currently, the
state of the art in terms of bio-based content determination is restricted to biogenic carbon
content. The methodology is typically based on accelerated mass spectrometry to resolve
the relative concentrations of carbon isotopes ('*C/'?C) in a sample. Results based on the
radiocarbon methodology are expressed as the fraction of the bio-based carbon relative to
the total carbon content of the sample. The presence of other elements introduces a disparity
between bio-carbon content and total bio-based content; some products have very few het-
eroatoms, such as lubricants, while more typically bio-based products such as PLA and
starch composites have relatively high amounts of oxygen.

One ambition of the project is to establish a means of complete biomass content
evaluation, progressing from what exists at present. Sample preparation has already been
addressed in KBBPPS deliverable report D3.1 and KBBPPS deliverable report D4.3.
Subsequent output will address direct methods of bio-based content determination (KBBPPS
deliverable report D4.4 and KBBPPS deliverable report D4.6). This report covers ap-
proaches for the indirect calculation of total bio-based content. Indirect methods are useful
when the bio-based product is not manufactured in a dedicated facility, causing potential
fluctuations in the amount of biomass incorporated into the final article. The choice of poten-
tial methods is large, and how they are put into practice can vary the output dramatically.
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The example of poly(ethylene terephthalate), PET, is useful to demonstrate the differ-
ent conclusions of the indirect calculation methods. It is currently produced as a partially bio-
based material made from bio-ethanol and contains 20% bio-based carbon content (Figure

-1). Of the atoms incorporated into the product, those that were originally contained within
the bio-ethanol feedstock amount to 15% of its total mass. If assuming that atoms bonded to
bio-based carbon atoms are themselves also bio-based the calculated bio-based content
increases to over 30%. This value is more representative of the balance between fossil re-
source feedstock and biomass feedstock in the production chain, which is often skewed by
the presence of mineral and inorganic feedstocks such as water and oxygen. If mineral feed-
stocks are included in the contribution towards the calculation of total bio-based content the
value approaches 50%.
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Figure 1-1 A reaction schematic for the production of poly(ethylene terephthalate from bio-ethanol.

To decide upon the most robust and widely applicable approach, a number of case
studies were completed. During the course of this report indirect methods for the calculation
of total-bio-based content have divided into two categories: atom connectivity and mass bal-
ance, each containing four different approaches. More than thirty bio-based products have
been assessed with these methods. This report also contains a series of recommendations
regarding the implementation of indirect methods for the calculation of total bio-based con-
tent.
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2 Introduction

2.1 Aims and objectives

Analysis based on '*C radiocarbon methods is expressed as a fraction of bio-based
carbon relative to the total organic carbon (as in ASTM D6866) or alternatively as a function
of the total carbon content in the sample (as in European standard CEN/TS 16640), but in
some cases the whole biomass weight fraction can differ substantially from the bio-based
carbon weight fraction of a product. Biomass itself is generally oxidised whereas petrochemi-
cals are hydrocarbons. Thus complimentary approaches to bio-based content determination
are desirable. Direct determination of bio-based carbon content is also restricted to products
that consistently contain the same quantity of bio-based carbon content, otherwise the analy-
sis is unrepresentative.

The biomass derived content of a particular product is not a simple measurement that
only concerns the final article, as it may be that significant non-biomass (typically petroleum)
derived resources are utilised elsewhere in the supply chain. These chemicals, or at least
their by-products, may not actually end up in the final formulation.

Application of a standard test method and testing scheme for the determination of bi-
omass content that is not solely dependent on C analysis and applicable to, for example,
bio-polymers presents another possibility. There are issues around functionality bottlenecks
and as such it may be a better option to assess the biomass content based on that function-
ality rather than based on composition alone. A robust calculation based methodology based
on the functionality of a product will be developed to ensure standardisation and acceptance
of a protocol.

The aim of this report is to help with the development of a method with which to calcu-
late the bio-based content of chemical products indirectly. Approaches must be flexible to
account for fluctuating biomass feedstocks in non-dedicated production facilities and incorpo-
rate other elements in addition to carbon. Recommendations are proposed on the basis of
case study findings, examining the limitations of different approaches to atom connectivity
and mass balance methodologies.
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2.2 The concept of bio-based content

The motivation of an EU mandated drive towards a bio-based economy is the promo-
tion of a sustainable basis to chemical product manufacturing in Europe [EU M/429, EU
M/492]. This is a concern because of the inherent unsustainability of the competing petrole-
um chemical industry, which is the only other resource for the production of organic com-
pounds. It is intended that the application of standards and certification systems in the Euro-
pean bio-based product industry will have positive long-term effects on the overall develop-
ment of bio-based product markets. The KBBPPS project aims at increasing the uptake
speed of standards and certification systems for bio-based products by producing pre-
normative research.

The definition of the term bio-based, and the initiative to enhance the bio-based
economy, has established a distinction between biomass sources of chemicals and other
sources of the elements, presumed to be fossil based and undesirable. Both EU mandates
do not mention fossil feedstocks, with a statement by the EC competitiveness council, calling
for the “fostering emergence of markets with high economic and societal value”, providing the
rationale for a bio-based economy on the basis of jobs, sales, and monetary value [EU
M/429].

As for the analytical measurement of bio-based content, only for carbon is the distinc-
tion between bio-based atoms and fossil derived atoms made unambiguous. For this pur-
pose radioisotope analysis analogous to the radiocarbon dating techniques used by archae-
ologists can be used [Norton 2006, Norton 2007]. This is known as direct bio-based content
analysis. Beyond carbon, the other elements used in the synthesis of commodity chemicals
and speciality formulations alike come from a variety of sources, but most are absent from
fossil based hydrocarbon feedstocks. Nevertheless, there is an interest and a perceived de-
mand from suppliers and business consumers alike in calculating bio-based content on a
total mass basis. In order to do this a number of calculation methods are in development that
address bio-based content on a mass basis or by using attribution units. This is achieved
either by monitoring the mass flow inputs and outputs of a manufacturing process to track
biomass feedstocks as they are incorporated into end products, or through a means of as-
signing the atoms within a molecule (the product) as bio-based origin where appropriate.

To attain direct bio-based content measurements only the radioisotope ratios of car-
bon are presently used, and perhaps stable isotope ratios will also be used in the future [Eh-
leringer 1989]. These techniques are briefly summarised in this introduction because integra-
tion of direct and indirect bio-based content calculations will be addressed later. The tech-
niques and methods applied in indirect bio-based content determination are explained in
greater detail. Atom connectivity and mass balance approaches form the basis of the meth-
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ods described this report. Application of these methods in certification schemes is addressed
in the following section. The calculation of total bio-based content forms the basis of much of
this report, with greater considerations dedicated to renewability entertained in the conclud-
ing arguments.

2.2.1 Radiocarbon analysis

The determination of the bio-based carbon content of products using the radiocarbon
method has been described in detail in a new European technical specification CEN/TS
16640. Refer to this document for information on the methods and equipment used for this
analysis. This follows the standard ASTM D6866 on the same topic.

The amount of ™C in an article (expressed as a ratio relative to the more common '2C
isotope) is proportional to its bio-based carbon content. The proportion of this unstable iso-
tope found in the atmosphere is translated into biomass by photosynthetic processes. With a
half-life of 5730 years there is no *C present in fossil resources. This exact same analysis is
not applicable to any other elements, not least because none of the other elements prevalent
in biomass (O, H, N, S, etc.) possess unstable isotopes with measurable half-lives to act as
an indicator of age. There is virtually no oxygen and very little nitrogen found in fossil re-
sources which makes this type of analysis redundant for most elements anyway.

Standard test method ASTM D6866 specifies that calculations are based on organic
carbon content, with carbonates removed with an acid pre-treatment akin to archaeological
sample pre-treatments. The equivalent European documentation allows for bio-based carbon
content to be calculated on the basis of total carbon content. This way speciality products
such as graphene and carbon fibre can be considered if made (partially or completely) from
biomass. Reporting of values for bio-based carbon content is done as a percentage of total
organic carbon or total carbon. In this report total bio-based content will also be examined by
including and excluding inorganic content and comparing the difference.

To obtain a value of bio-based carbon content, complete combustion of the sample is
carried out to provide quantitative recovery of all carbon present in the form of carbon diox-
ide. Analysis of the '*C/'?C isotope ratio can be performed using one of the following tech-
niques (Figure 2-1). Also refer to KBBPPS deliverable report D3.1. Radiocarbon analysis
and its role in complimentary bio-based content calculations is covered in overview in the
following chapter.

e Liquid scintillation-counter method (LSC): Indirect determination of the 'C isotope
abundance of the sample through the emission of 3 particles (measured by their in-
teraction with scintillation molecules) (ASTM D6866).
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e Beta-ionisation (Bl): Indirect determination of the '*C isotope abundance of the sam-
ple through the emission of B particles using a Geiger-Muller detector (ISO 13833).

e Accelerator mass spectrometry (AMS): direct determination of the isotope abundance
of 'C relative to "*C [Brock 2010].

Combustion

pre-treatment

Chemical
Reduction to
graphite

(or benzene)

Analysis

Figure 2-1 A schematic of the radiocarbon method principle of bio-based carbon content determina-
tion.

2.2.2 Elemental analysis

Radiocarbon analysis can only return a value for bio-based content derived from the
carbon atoms present in the sample. This limits the value of the information obtained to just
one of the different elements that bio-based products are comprised of. The perspective that
chemicals (bio-based or otherwise) are the sum of their elemental parts is useful, because
certain attributes of elements can be analysed in ways that reveal their origin (not just radio-
dating).

Elemental analysis returns data on the mass contribution of carbon, hydrogen and ni-
trogen atoms contained within the sample (CHN analysis). Oxygen content is performed
separately, for the method of CHN analysis uses excess oxygen to combust the sample. Us-
ing less conventional apparatus, more elements can also be detected such as sulphur and
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chlorine, but usually simultaneous detection of elements (at least of carbon, hydrogen, and
nitrogen) is used [Kirsten 1983].

A small quantity of sample, usually of the order of 2 mg of material, is placed in a tin
vessel and sealed. Inside the elemental analyser, temperatures exceeding 1250 K in an oxy-
gen enriched atmosphere combusts the sample [University of York 2013]. To ensure com-
plete combustion, a tungsten oxide catalyst is present to yield carbon dioxide, water, and
nitrogen oxides deriving from the sample. A reducing oven consisting of a column packed
with copper at 893 K reduces nitrogen oxides to dinitrogen gas. So that only carbon dioxide,
water, and nitrogen proceed onto the chromatographic stage, chemical traps that remove
corrosive sulphurous oxides and HCI are required. Gas chromatography is performed on the
mixture of combustion products to obtain the corresponding amounts of carbon, hydrogen,
and nitrogen originally present in the sample. The detection of the gases can be performed
by detecting changes in thermal conductivity compared to the carrier gas (helium), and that is
proportional to the amount of the component present [Kirsten 1983]. The sensitivity of the
apparatus when assessing a sample of 2 mg is sufficient enough to result in an error of only
0.3 wit% in most cases.

For the determination of oxygen up to 5 mg of sample is required, but a silver vessel
is used and not the more routine tin capsule. A helium atmosphere replaces the more usual
oxygen atmosphere for obvious reasons. The oxygen present in the sample is converted to
carbon monoxide through a reaction with a nickel-carbon composite [Preston 1992]. Gas
chromatography is required to separate CO from nitrogen gas which may be evolved de-
pending on the composition of the sample. The separation of these two gases is important
because the consequence of not chromatographically resolving the nitrogen is the over-
estimation of the oxygen content. This is because the molecular mass of nitrogen gas and
carbon monoxide are the same (28 gmol™). Detection is once again by thermal conductivity
measurements.

A typical elemental analysis result for CHN analysis might read as 50.0% carbon,
5.6% hydrogen, and 0.0% nitrogen (all on a mass basis). This corresponds to the theoretical
elemental composition of PLA. The remaining 44.4% of material mass is made up of oxygen
atoms and could be analysed separately. Elemental analysis does not give any indication as
to the bio-based content of the sample, which in the case of PLA would be expected to be a
completely bio-based material (radiocarbon analysis should provide a consistent result of
100% bio-based carbon content). However a composite material of PLA and calcium car-
bonate sulphate would yield different results without an acid pre-treatment, as would an arti-
cle that was a mixture of PLA and calcium sulphate. Again, no indication of bio-based con-
tent would be arrived at through elemental analysis. Similarly, PET products made from the
transesterification of fossil derived methyl terephthalate and bio-based ethylene glycol have a
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theoretical elemental analysis of 62.5% carbon and 4.2% hydrogen, and a measured bio-
based carbon content of 20%. The link between this data and a value of total bio-based con-
tent can be arrived at if the mechanism of chemical synthesis for the bio-based product in
question is understood. That way the source of each atom (fossil resources, biomass, etc.)
can be traced through to the final product. Results must be consistent with the radiocarbon
analysis of bio-based carbon content while elemental analysis is used as a type of verifica-
tion. This principle has been adopted by ACDV as a certification scheme for total bio-based
content determination [ACDV 2013]. The calculation technique is known as atom connectivi-
ty, in which the association of each heteroatom to its nearest bonded carbon atom is used to
assign a total bio-based content. Knowledge of the exact manufacturing process is not re-
quired although the chemical composition of each chemical component in the article is need-
ed, as are the general rules of chemical reactivity. From the bio-based carbon content each
carbon atom must be assigned as bio-based or otherwise for the remaining elements to be
able to adopt the origin of their neighbouring carbon atoms. Sometimes an understanding of
the chemical synthesis (if relevant) helps the assignment. The elemental analysis is needed
to verify the composition. How the ACDV certification scheme for the calculation of bio-based
content is applied is fully described in the next section. A greater variety of atom connectivity
methods are also presented later on in this work.

2.2.3 Stable isotope analysis

The application of elemental analysis in the context of bio-based content determina-
tion does not afford a definitive result in the same way that the direct method of radiocarbon
analysis does. A different result is achieved depending on the consensus adopted, as is true
of all indirect methods of bio-based content calculation. Instead, a characteristic of each ele-
ment dependant on its source could be employed for a direct biomass content analysis as is
the case for carbon. Stable isotopic ratio analysis may become useful in this regard. The
ratios of naturally occurring and non-decaying isotopes that exist for many elements differ
under natural influences, making the identification of their geographical origin or source pos-
sible [Ehleringer 1989]. The relative ratio of the oxygen isotopes '°O and '®0 is dependent on
the effect of temperature on the water cycle. Ratios of the stable carbon isotopes ('2C and
'3C) in atmospheric carbon dioxide are changed during photosynthesis and can be measured
in the resulting biomass and downstream products [Suzuki 2010]. Corn and sugarcane, two
popular bio-chemical feedstocks, have evolved a different carbon fixation process to ancient
plant species that disfavours the *C isotope to a greater extent (C, metabolism instead of Cs
metabolism). The following diagram shows the distribution of stable carbon isotopes in differ-
ent carbon resources (Figure 2-2) [Meier-Augenstein 1999, Suzuki 2010]. The notation is
presented as 8'°C and expressed as a ratio relative to a standard in parts per thousand.
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Figure 2-2 Carbon isotopic composition ranges for samples of material from different feedstocks.

Even if "C isotope analysis remains the cornerstone of analytical bio-based content
determination methods, stable isotope ratios may act as at least a supplementary means of
providing further information about the other elements rather than solely relying on indirect
methods. Coupled with elemental analysis to determine the amount of each element in a bio-
based product, stable isotope analysis could allow for a total bio-based content calculation
(or at least a verification). The feasibility of this approach is limited somewhat by the broad
ranges of stable isotope ratios, rather than precise values, which define the possible origin of
that element. However the combination of different stable isotope analyses increases the
precision of this method for single component articles, e.g. distinguishing bio-ethanol (C; and
C4 plants) from synthetic ethanol made by the hydration of ethylene (Figure 2-3) [Ishida-Fujii
2005].
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Figure 2-3 The distribution of stable isotopes found in ethanol samples.

Stable isotopes are determined using a sensitive mass spectrometry technique
known as isotopic ratio mass spectrometry (IRMS) [Meier-Augenstein 1999, Schmidt 2004].
Research into the application of stable isotope analysis for the biogenic analysis bio-based
products is underway within the KBBPPS project, and is expected to be published privately
alongside this report (KBBPPS deliverable report D4.4).

2.2.4 Mass balance approach

Bio-based feedstocks and ingredients are now used to produce and formulate articles
that are wholly or partly bio-based. With the growth in volume of bio-based resource con-
sumption for chemical and fuel production, and the associated increase in feedstock diversi-
ty, chain of custody approaches risk becoming impractical. This is due to the challenges as-
sociated with the segregation of bio-based and fossil derived feedstocks, and the limitations
of this system with regard to creating an association with the properties expressed by articles
(such as bio-based content), and not just following the location of goods.
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Direct methods of determining a bio-based content for an article address the propor-
tion of bio-based material that is physically contained within the final product (i.e. radiocarbon
analysis to give a measure of bio-carbon content). Direct analysis is the optimal solution for
analysing bio-based products where possible. For articles produced in dedicated facilities
using dedicated supply chains this is feasible. This is likely to be the case for high value arti-
cles produced at small scale and sometimes for processes utilising technologies that are
incompatible with the petrochemical industry (e.g. fermentation) where the only option is to
develop new facilities. However in the emerging bio-based economy, existing capital equip-
ment for use in bulk manufacturing processes is likely to continue to be used, with biomass
gradually supplanting the conventional fossil based feedstocks. Therefore, with a mixed feed
of biomass and petroleum feedstocks, direct determination of the bio-based content in a
product is not always valid. Feedstock variability is one concern, and co-products will incor-
porate the biomass feedstock input to different extents. The relative proportions of the mixed
feedstock used in many manufacturing processes will fluctuate to match the variable price of
the feedstocks and accommodate seasonal biomass availability. The use of existing infra-
structure within production systems improves economic sustainability through savings in op-
erational and capital expenditure. By lowering the risk for any potential investment in the
emerging sector of bio-based products, and co-producing articles in existing installations
(maximising economies of scale) the basis and future prospects for the bio-based economy
are hopefully safeguarded. Standards should then encourage this growth by recognising
these products.

Mass balance is the identification of equal material input and output for a process.
Sometimes material loss during the process will mean the total mass of the product and any
by-products and waste streams will be less than the feedstock use (Figure 2-4). An overview
of mass balance approaches, in combination with allocation and ‘book-and-claim’ devices,
has been prepared (CEN/TC 411/WG 3 document N110b). Mass balance can provide in-
formation of the proportion of biomass used in the production of a bio-based product, and
provide complimentary information to analytical bio-based content methods. These methods
can be used to establish a footing for various claims (e.g. calculating the fossil feedstock
saving). Mass balance methods are especially applicable in integrated production facilities
and in complex global supply where calculating the bio-based content of chemical products
with precision is difficult. Definitions of the key terms used in this paragraph are provided
below for clarification (also see CEN/TC 411/WG 3 document N110b).

e Mass balance: The relationship between the material input and output within a sys-
tem in which the output from the system cannot exceed the input into the system.

ﬂ i B



KBBPPS

Work Package 4: Biomass content

Deliverable 4.5: Assessment study report of indirect declaration techniques to determine total
bio-based content

e Allocation: Partitioning the input flows of a process between output flows within physi-
cal limits. The use of this term has evolved with time to become distinct from attribu-
tion.

e Attribution: Partitioning the output of biomass derived material from a process be-
tween products without justification derived from the physical mass flow.

e Book-and-claim: A method to transfer, by means of certificates, a defined chemical

product claim from that product at one location to the same chemical product at a dif-
ferent location, without any material transport or other physical connection.

Process losses

Ivlloss

Process system
boundary

Resource M. M

n

- Products

Figure 2-4 A schematic of the mass balance principle.

Depending on the consensus adopted, mass balances can be performed to calculate
results with a number of possible data outputs, but should complement and enhance the use
of analytical approaches of bio-based content determination when applicable and not cause
any conflict or confusion. When analysis is not appropriate (e.g. there is variable bio-based
content) mass balance should be able to compensate for this. The different varieties of mass
balance methods are summarised here briefly, and put into practice in Chapter 5 with the use
of a series of case studies. Other possibilities regarding the framework for alternative mass
balance approaches are also considered elsewhere in this report.

e Fossil resource savings (mass balance Method A). The allocation of the average bio-
based content within a predefined time period can be used to make various claims
essentially describing the extent that material fossil resources have been replaced,
e.g. fossil resource and carbon dioxide savings. This is not applicable to energy us-
age.

e The determination of the average bio-based content and the average bio-based car-
bon content within a predefined time period (mass balance Method B). Claims of allo-
cated bio-based content are derived from a bio-based carbon mass balance supple-
mented by atom connectivity. The rules of this method are developed from those out-

ﬂ “’3 B



KBBPPS

Work Package 4: Biomass content

Deliverable 4.5: Assessment study report of indirect declaration techniques to determine total
bio-based content

lined in the ‘material balance’ working draft of WG 3 (CEN/TC 411/WG 3 document
N104).

e Fossil carbon savings (mass balance Method C). This mass balance method deter-
mines the mass of bio-based carbon and hence the mass of fossil carbon savings in
consecutive chemical reaction routes based on input/output quantities in global pro-
duction systems using stoichiometric chemical reaction pathways and proven yields.

e Qualities shared by mass balance Method B and Method C have been reimagined for
mass balance Method D. This is a material balance derived from actual mass flows,
using allocation techniques if needed but primarily relying on reaction pathways and
yields. Feedstocks are traced upstream until they can be considered wholly bio-based
or fossil derived or inorganic (the latter meaning not containing carbon). The propor-
tion of each feedstock present within the product indicates the average bio-based
content.

e In addition, the ‘book-and-claim’ methodology uses results of the mass balance
methods to assign and transfer certificates for customer communication. Certificates
can be issued based on fossil feedstock savings, calculated bio-based content, bio-
based carbon content or the fossil carbon savings of products.

It should be noted that both analytical and mass balance approaches are not applica-
ble to describe the sustainability of bio-based products within the context of this report, un-
less the applicant has performed separate sustainability assessments. ‘Book-and-claim’ for
the purpose of sustainability is already in use for the palm oil industry but is orthogonal in its
usage to the types of bio-based content mass balance described here [GreenPalm 2014].
Mass balance systems utilising ‘allocation’ and ‘book-and-claim’ are performed within a de-
fined time interval and pre-defined geographical boundaries. These claims derived from
mass balance approaches do not provide information on the actual physical properties of
products, but rather represent the biomass incorporated into the production input of an arti-
cle. Mass balance methods for calculation of the amount of biomass used in the production
of articles within a defined time interval should be standardised for quality control and com-
parability.

For the purpose of this report (in the context of the KBBPPS project) attribution and
‘book-and-claim’ tools will receive less attention and the focus is placed on the calculation of
the intrinsic bio-based content of an article. Approaches to the calculation of total bio-based
content that do not reflect the actual amount of biomass incorporated into the product are
currently under scrutiny within the relevant standardisation committee and working groups
(.e. CEN/TC 411/WG 3). Diagrams visualising ‘book-and-claim’ (Figure 2-5) and attribution
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(Figure 2-6) follow. A ‘book-and-claim’ system allows for a property to be changed from one
batch to another (equal sized) batch of the same chemical. This is currently done for sustain-
able palm oil amongst other products through the transfer of certificates [GreenPalm 2014].
Attribution is less strict in terms of the swapping of bio-based content from one product to
any other product, but they should originate from the same production facility. Attribution has
uses when the production chain is complex and the final distribution of biomass between
various product streams is unknown.
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Figure 2-5 A demonstration of ‘book-and-claim’ where certificates are traded between equal amounts
of the same product in different locations.
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Figure 2-6 A demonstration of ‘attribution’ where a quantity of biomass derived content is spread
across different products of a biorefinery and redistributed to a favoured product stream.

Another reason for focusing on the intrinsic total bio-based content is so the extension
of these methods into renewability and sustainability assessments can be investigated in
complete life cycles, as will be attempted in a future Open-Bio project deliverables (Open-
Bio deliverable report D3.5). If this proves successful than the role of ‘attribution’ and ‘book-
and-claim’ tools could be studied at a later date.
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2.3 Standardisation and certification schemes relating to bio-based content

Certification schemes and the standards they are based on establish a consensus re-
garding bio-based content claims, and facilitate market growth with improved consumer con-
fidence. The principal bio-based content standard is ASTM D6866. It contains the test meth-
od for bio-based carbon content as a percentage of organic carbon. Built around this test
method is the USA Department of Agriculture certification scheme known as ‘BioPreferred’
[BioPreferred 2014]. European certification schemes for organic products also designed pri-
marily around bio-based carbon content have been developed by Vingotte in Belgium
[Vincotte 2013], and TUV Rheinland DIN CERTCO in Germany [DIN CERTCO 2014]. The
Association Chimie du Végétal (ACDV) of France has developed a different approach that
complements radiocarbon analysis with elemental analysis and atom connectivity assign-
ments to offer an indirect calculation of bio-based content [ACDV 2013]. This latter approach
is being scrutinised by a technical group of the European standardisation committee for bio-
based products with the intention of developing it into a test method (prEN 16785).

Mass balance claims are being used by different companies with different intentions.
As far as bio-based content is concerned, the first certification scheme has been developed
by TUV SUD and implemented by BASF to calculate fossil resource savings with a mass
balance methodology [TUV SUD 2013]. This allocation approach is examined in greater de-
tail within this report as part of a pre-normative research effort to assist the development of
bio-based content standards with CEN. Although the method has been met with resistance
thus far (for it permits attribution) it is helpful here for the comparison.

2.3.1 BioPreferred

As part of a national procurement initiative in the USA, ‘BioPreferred’ designates cat-
egories of bio-based products that are required for purchase by federal agencies and their
contractors [BioPreferred 2014]. As a part of this process, the minimum bio-based content is
specified which varies according to the product class (Table 2-1). Accordingly the US Gov-
ernment and its contractors are required by law to purchase products that are bio-based
where reasonably available. Bio-based products that had a significant market share in 1972
do not qualify for Federal procurement preference or for certification and labelling. Under
future consideration are the designation of bio-based intermediates and manufacturing feed-
stocks [BioPreferred 2014].
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Table 2-1 Minimum bio-based content by class for the USDA BioPreferred programme as of June
2013.

Product category Minimum bio-based
carbon content

Construction

Carpet 7%

Insulating foam 7%

Plastic lumber 23%

Structural wall panels 94%
Food service

Disposable cutlery 48%
Groundskeeping

Fertiliser 71%

Sorbents 89%
Industrial fluids

Penetrating lubricants 68%

Slide way lubricants 74%

Penetrating liquids 79%
Janitorial

Spot remover 7%

Floor strippers 78%
Personal care

Cuts, burns, and abrasions ointment 84%

Shaving products 92%
Miscellaneous

Bedding, bed linens and towels 12%

2.3.2 OK biobased

The ‘OK biobased’ certification scheme assigns labelling according to classes of bio-
based content, with a ‘star-rating system’ employed from one star to four stars (Figure 2-7)
[Vincotte 2013]. Only one star is awarded to products containing between 20% and 40% bio-
based carbon content. Two stars indicate up to 60% bio-based carbon content. Three stars
are awarded to products in the 60-80% bio-based carbon content range. Finally bio-based
carbon content that exceeds 80% is represented with the four star label in Figure 2-7.
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Figure 2-7 An example of a Vingotte certificate of bio-based content.

In addition to a minimum bio-based carbon content of 20%, the total organic carbon
content of the article must equal or exceed 30%. Measurement of bio-based carbon content
is conducted under the rules of ASTM D6866. Fuels are not covered by this certification
scheme.

2.3.3 DIN Biobasiert

The DIN ‘Biobasiert’ (bio-based) certification scheme is essentially of the same format
as ‘OK bio-based’. The minimum bio-based carbon content is specified as 20% of total or-
ganic carbon and the amount of organic carbon should at least equal that of inorganic carbon
(i.e. 250% organic carbon) [DIN CERTCO 2014]. Classification is also used, with articles
containing 20-50% bio-based carbon content covered the lowest class, those with between
50% and 85% bio-based carbon in the intermediate class, and finally bio-based products
exceeding 85% bio-based carbon content able to carry the label shown in Figure 2-8.

SED ~
[ 850}

DIN

Figure 2-8 The DIN Biobasiert label for articles of greater than 85% bio-based carbon content.
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2.3.4 Association Chimie du Végétal (ACDV)

The approach used with carbon (based on radioisotope measurements) to determine
the bio-based carbon content of a sample does not translate to other elements, such as oxy-
gen, nitrogen and hydrogen. However the relative content of each element in a sample can
be determined by elemental analysis (without indicating the proportion of biomass included).
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Typical elemental analysis records carbon, hydrogen, and nitrogen (CHN) content but spe-
cialised equipment is also capable of determining oxygen or sulphur.

The certification scheme devised by ACDV (Association Chimie du Végétal, France)
uses the direct analysis of bio-based carbon through radioisotope analysis, and elemental
analysis to verify the composition of bio-based products [ACDV 2013]. Because elemental
analysis does not differentiate between the possible sources of each element, the combina-
tion of bio-based carbon content measurements using '*C isotope analysis and (CHNO) el-
emental analysis does not directly give the total bio-based content of a sample. Radiocarbon
analysis is preferably performed using the standard test method described in CEN/TS 16640,
although the equivalent tests in CEN/TS 16137 (specific to plastics) and ASTM D6866 are
also acceptable. An allocation of the number of hydrogen, oxygen, and nitrogen atoms origi-
nating from biomass is decided by the supplier (the declaration) using a process of calcula-
tion called atom connectivity, from which a total bio-based content by mass is calculated for
the article. This method can be applied to synthetic chemicals and formulations.

The rules of atom connectivity as proposed by ACDV require that if oxygen, hydro-
gen, or nitrogen atoms are bound to a carbon atom derived from biomass, they too are con-
sidered to be bio-based in origin (Figure 2-9). This is reiterated in a guide to bio-based prod-
uct terminology (PAS 600). When a chemical reaction has been used to make a molecule
from mixed feedstocks (biomass and fossil resources) standard organic chemistry rules of
reactivity apply for the assignment of the elements as bio-based or otherwise. For typical
industrial chemical reactions the mechanisms are known and these can be used to assign
the origins of the atoms. Because heteroatoms are considered as either bio-based or other-
wise by adopting the consensus that they assume the origin of the closest bonded carbon
atom, a knowledge of the synthesis is most important for the designation of carbon atoms as
bio-based or not. When an atom is bonded to multiple carbon atoms then it too must be as-
signed as bio-based or otherwise by employing the standard organic chemistry rules of reac-
tivity. The specifics of the production facility are not necessary to know, for often the bio-
based carbon atoms can be deduced from within a molecular structure by comparison to
known reaction pathways and the chemical nature of the feedstocks.
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This oxygen is bound to a fossil
derived carbon — therefore it too is
regarded as fossil derived

N AR
H-C-C-0-C—C-H
H H H

This oxygen is bound to both fossil and
bio-derived carbon atoms — standard
chemcial rules of reactivity used to
assign its parent carbon atom (in this
example it is bio-based)

Figure 2-9 Rules of atom connectivity.

The test example given by ACDV in their documentation is of esterification, where es-
ters derived from the condensation of an acid with an alcohol retain the oxygen atom once
belonging to the alcohol (Figure 2-10) [ACDV 2013]. Note that this is true of the most regular-
ly occurring Aac2 mechanism but not of the less common alkylation mechanisms of esterifi-
cation, which would obviously change the real bio-based content of the product. An example
of the calculation for ethyl acetate made from bio-ethanol and acetic acid is tabulated below
(Table 2-2). The elemental analysis for carbon, hydrogen and oxygen must be consistent
with the molecule in question. Then the atom connectivity assignment of bio-based content is
reported as a mass percentage of the total molecule. Results need to be reported on a dry
basis to permit consistency in verification and produce a useful value of bio-based content
not diluted by water. For the ACDV example of bio-ethanol reacting with acetic acid, a result
of 51% total bio-based content is arrived at. Conveniently the bio-based carbon content
should be 50% (two of the four carbon atoms originate in bio-ethanol) but the closeness of
the two values is not guaranteed in other bio-based products.

H H
H...C. H
\/C\ O
H H
0 oH A
H.~-Ci~-Cin-H
/ N\ O / N\
H H H H
H @ H 0
\/C\/ \O/
H H

Figure 2-10 The synthesis of ethyl acetate from bio-ethanol (red atoms are assumed to originate from
fossil sources, green atoms are assumed to be from biomass).
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Table 2-2 The assignment of bio-based content from elemental analysis and atom connectivity for a
partially bio-based ethyl acetate product.

Fraction
Fossil fraction (from acetic acid) 27.3% 3.4% 18.2% 48.9%
| Bio-based fraction (from ethanol) 27.3% 5.7% 18.2% 51.1%
| Total 54.5%  9.1% 36.4%  100.0% |

For products obtained by formulation, this method is applicable provided that each of
the constituents of the product have first been analysed according to the method above and
the statement declaring the total bio-based content of each constituent has been validated.
The bio-based content of each ingredient is scaled according to its weighting in the formula-
tion to give the total bio-based content of the formulation. Carbon radioisotope analysis is
equally applicable to mixtures as it is to pure compounds and this part of the certification pro-
cess remains.

The results obtained by the analytical methods can differ from the stated values in the
declaration for several reasons, including natural variation in biomass and analytical error.
Accordingly the results are reported according to pre-set confidence levels. The determina-
tion of the bio-based carbon content of the sample, according to the method specified in
CEN/TS 16640, can produce an error of +3%. Elemental analysis errors are typically of the
order of +0.3%. Three confidence levels have been established to deal with discrepancies
between the values given in a statement (the declaration based on theoretical values) and
values resulting from testing the bio-based carbon content, total carbon content, total hydro-
gen content, total oxygen content and total nitrogen content, as relevant. The confidence
levels for synthetic chemicals (i.e. not formulations) are rated high, medium, and low (Table
2-3). The magnitude of the discrepancy between stated valued and experimental analysis
determines the confidence level applied. If a level of high confidence is achieved, then the
calculated total bio-based content is validated as stated. When the medium confidence level
is granted, the stated bio-based content is rounded down to the next multiple of five. When
only the low confidence level can be granted, the stated value for total bio-based content is
reduced to the multiple of five after the next (e.g. 42% is corrected to 35%). To achieve one
of these confidence levels, the level of accuracy needed must apply to the bio-based carbon
content and at least two of the elemental analysis results (picked from carbon, hydrogen,
oxygen and nitrogen). If analysis falls outside these confidence limits, relative to the values
quoted in the supplier's statement, then certification is not granted (Table 2-4). Test exam-
ples should be available in KBBPPS deliverable report D4.4. Example 1 falls within the
high confidence level, example 2 is regarded with medium confidence, and example 3 is only
deserving of the low confidence level as defined in draft standard prEN 16785.
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Table 2-3 The confidence level decision process for synthetic chemicals assessed under the ACDV
certification scheme.

Bio-based Total Total Total Total

carbon carbon hydrogen oxygen nitrogen

content error content error content error content error content error
High 13.0% 10.4% +0.2% 10.4% +0.4%
Medium  +4.5% +1.0% +0.5% +1.0% +1.0%
Low 16.0% 12.0% +1.0% 12.0% +2.0%

Table 2-4 Examples of ACDV confidence levels for synthetic chemicals with values presented in
green matching the assigned confidence level (high, medium, or low).

Values Bio-based Total Total Total Bio-based
carbon carbon hydrogen oxygen content
content content content Content

Example 1 - High confidence

Statement  25.0% 50.0% 5.6% 44.4% 56%

Analysis 25.913.0%  49.840.4%  5.7+0.2% 44.5+0.4%  56% validated
Example 2 — Medium confidence

Statement  40.8% 53.0% 9.0% 24.2% 52%

Analysis 40.144.5% 52.1£1.0%  8.8+0.5% 22.5+1.0%  50% validated
Example 3 — Low confidence

Statement  47.3% 50.2% 7.2% 42.6% 67%

Analysis 42.2+6.0%  47.5£2.0%  7.9+1.0% 40.8+2.0%  60% validated

These confidence levels are relevant to direct bio-based content analysis, where total
bio-based content is validated using total atomic mass contributions (bio-based and fossil
derived atoms). For this work on indirect calculation of bio-based content (Chapter 4), only
the atom connectivity aspect of this certification scheme is relevant.

2.3.5 BASF-TUV SUD mass balance for the use of renewable feedstocks in integrated
production processes

The chemical manufacturer BASF has initiated the development of mass balance
methods for tracking biomass in their processes. In collaboration with the certification organi-
sation TUV SUD, they have developed a mass balance approach by allocation for use in
integrated production plants where biomass has replaced a fossil derived feedstock within
the existing infrastructure [TUV SUD 2013]. The development of the mass balance method
was designed in cooperation with customers, associations and other stakeholders with the
intention that existing plants and technologies along the value chain can continue to be used.
The share of biomass can be allocated to chemical products at the end of the production
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chain, but is presently used to indicate fossil savings accrued during the process. For exam-
ple, the introduction of bio-naphtha and biogas (methane) into chemical plants as feedstocks
displaces the equivalent fossil derived feedstock (for olefins and syngas production respec-
tively). The drop-in replacement of one petroleum feedstock for its bio-based analogue is
assessed using ‘attribution units’ and is not performed on the basis of mass. The choice of
attribution units (or indeed mass directly) as a means of comparison between an entirely pe-
troleum based process and one with biomass substituted into it, depends on the mass bal-
ance method. The mass balance developed by TUV SUD for BASF and reported in CEN/TC
411/WG 3 document N93 uses ‘methane equivalents’, defined as the net calorific value (al-
so known as the lower heating value) of a feedstock relative to that of methane (Table 2-5).
In this work methane and natural gas and bio-gas are assumed to all have a lower heating
value of 50.0 MJkg™. The decision to replace mass with methane equivalents as an example
of an attribution unit has been taken in order to generate credits that can be freely allocated
to a product and then attributed to different products from the process or beyond the stoichi-
ometric limits of total bio-based content that would restrict a straightforward material balance
for example.

Table 2-5 Methane equivalents for bio-based feedstocks and traditional fossil resources.

Feedstock Lower heating Methane Relative
value /MJkg™ equivalent energy content

Hydrogen 119.9 0.417 240%
Natural gas 53.8 0.929 108%
Bio-gas 53.8 0.929 108%
Methane 50.0 1 100%
Butane 45.8 1.093 92%
Naphtha 44.3 1.13 88%
Bio-naphtha 44.3 1.13 88%
Bio-diesel 43.9 1.139 88%
Crude oil 42.8 1.169 86%
Vegetable oil 40.7 1.23 81%
Benzene 40.6 1.233 81%
Butanol 33.1 1.511 66%
Ethanol 26.8 1.853 54%
Bio-ethanol 26.8 1.853 54%
Methanol 19.4 2.574 39%
Glycerine 16.9 2.957 34%

Dry wood 15.8 3.159 32%

To demonstrate the procedure, a simple example has been given. Full analysis of this
mass balance method and alternative mass balance calculations is provided at a later point.

ﬂﬁ § E
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Considering the synthesis of ethyl acetate (Figure 2-10), the use of bio-ethanol instead of
synthetic petrochemical ethanol presents a fossil resource saving and introduces some bio-
based content into the final product. These attributes can be validated on a mass basis, or in
the case of this particular mass balance approach, in terms of methane equivalents. Ethanol
has an energy content equivalent to 54% of an equal mass of methane (1.853 in methane
equivalents). Acetic acid has an approximate energy value of about 3.7 methane equivalents,
demonstrating how calorific value decreases with increased oxidation and highlighting the
difference between biomass and fossil derived hydrocarbon chemicals. The simple mass
balance is presented as Figure 2-11 with mass flows tabulated immediately afterwards
(Table 2-6). It is crucial that the input (feedstocks) have an equal mass to the outputs of the
system, including losses as well as products. Here the process is simplified to ignore losses
and assumes complete conversion of the feedstocks.

Bio-ethanol Process system Ethyl acetate
M. M
Acetic acid boundary o Water

Figure 2-11 A schematic of an esterification reaction presented as a mass balance assuming no loss-
es.

Table 2-6 Mass balance data for a hypothetical example of esterification to give ethyl acetate.

Stream Mass /kg Methane Mass-methane
equivalent equivalents

Ethanol 184 1.853 341

Acetic acid 240 3.7 889

Ethyl acetate 352

Water 72

Losses 0

Total 1230

The combined allocation of methane equivalents to the process as a whole is the sum
of each input (in the chosen attribution units) multiplied by the mass of each feedstock. This
means the total attribution units, now associated to the product ethyl acetate, is attribution
units per 352 kg. The attribution units associated to the product are derived from the feed-
stocks, and not its own inherent properties. Now suppose that a fully petrochemical process
is supplanted by an equivalent procedure using bio-ethanol. Dividing the 1230 attribution
units by the methane equivalents of ethanol indicates that 664 kg of ethanol would need to
be employed as a feedstock and incorporated into the final article to translate to a completely
bio-based ethyl acetate product as validated by this mass balance method. The maximum
input of bio-ethanol is limited by the reaction stoichiometry to 184 kg, which corresponds to
28% total bio-based content. This can be reported as a 28% fossil resource saving. Similarly
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by replacing all the fossil derived acetic acid with bio-based acetic acid, another 72% total
bio-based content is contributed to the final product.

Obviously the value obtained for bio-based content by this mass balance method is
different to that acquired from the ACDV certification scheme and from radiocarbon analysis
(Table 2-7). A mass balance on the basis of actual mass flows (such as a material balance)
would highlight that a 43% fossil resource saving in terms of the feedstock mass had been
made (i.e. the mass of bio-ethanol is 43% of the total feedstock mass of ethanol and acetic
acid combined). The result according to Mass balance Method B or Method D will be differ-
ent again, being derived instead from the bio-based content contained within the product,
Results would fluctuate throughout the year if synthetic ethanol was substituted back into the
process because of biomass price or availability issues, but this is the strength of mass bal-
ance as it is flexible in this regard. The following chapters provide greater detail into the
scope and limitations of each bio-based content method and how they can be used together
in a harmonious fashion in light of their usually contradictory conclusions.

Table 2-7 Quick screen of possible bio-based content conclusions for partially bio-based ethyl acetate.

Bio-based Total Fossil
carbon bio-based CEVS
content content
Radiocarbon method 50%
Atom connectivity 51%
Mass balance (attribution units) 28%
Bio-based feedstock (mass) 43%
Mass balance (material balance) 51%

2.3.6 ISCC-plus sustainability certification

Sustainability of bio-fuels has been introduced as a requirement within the EU
[2009/28/EC]. Certification of sustainability is provided by recognised voluntary schemes [EC
Energy 2014]. One of these certification schemes is provided by ISCC (International Sus-
tainability and Carbon Certification). This organisation also provides equivalent certification
for bio-based products, ISCC-plus [ISCC-plus 2014]. The ISCC-plus certification scheme has
a set of mandatory requirements including the sustainability of the production area and
chain-of-custody. The latter can be achieved through mass balance allocation or physical
separation of materials. In additional there are optional, voluntary sustainability criteria relat-
ing to greenhouse gas emissions and biodiversity.
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A draft standard prEN 16751 concerning sustainability criteria has been developed by
CEN/TC 411, containing many of the same requirements as the third party ISCC certification.
However, in both instances the proportion of biomass derived material in the bio-based prod-
uct is not relevant or reported. The requirements apply to the biomass production and the
production chain. All the biomass must be regarded as sustainable.

2.3.7 Supply chain book-and-claim

‘Book-and-claim’ is a method by which to offset negative characteristics of a product
(or gain a positive attribute) by purchasing certificates generated when an identical material
is produced adhering to this standard. One prominent example has been established for sus-
tainable palm oil [GreenPalm 2014]. For every tonne of sustainably produced palm oil pro-
duced, the responsible party can sell one certificate to a manufacturer using palm oil in their
products. This transfers the quality of sustainability with a ‘book-and-claim’, in a virtual sense
of course, to an equal quantity of palm oil not produced in a sustainable fashion. The use and
transfer of certificates eliminates ‘double counting’ of sustainable palm oil. Over 11 million of
these certificates have been sold [GreenPalm 2014]. The need for third party verification
means this approach of ‘book-and-claim’ is beyond the role of a standard.

The sustainability of a product cannot be analytically deduced from the article and so
the transfer of certificates does not result in a conflict of data. The money generated by this
scheme can be reinvested into sustainable oil crops. However bio-based content can be in-
ferred through appropriate analysis and so the implementation of bio-based content certifi-
cates would result in bio-based products without certification and fossil derived articles pos-
sessing certificates suggesting the product is derived from biomass. The same is true how-
ever of total bio-based content when it is allocated across batches of product. If a variable
total bio-based content because of fluctuating biomass inputs is averaged across a fixed time
period analysis will not verify the claim of bio-based content.

2.3.8 EU Ecolabel

The EU Ecolabel is an environmental label dedicated to distinguishing products of
high environmental benefit yet maintaining high performance [Ecolabel 2014]. Labelling cat-
egories span a variety of different product groups. Three of those relevant to the primary bio-
based product classes are paints (containing solvents), lubricants, and hand dishwashing
detergents (containing surfactants). There is not a product category dedicated to plastics as
such, but some plastic containing products such as televisions are covered. Some of the
requirements of these Ecolabel categories are described in Table 2-8.
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Table 2-8 Selected EU Ecolabel requirements for four different product categories.

Paints Lubricants Detergents Televisions
Manufacturing
Restricted sulphur ~ Certain chemicals ~ The amount of Certain chemicals
and chlorine waste  are not permitted in  packaging allowed  are not permitted in
streams the formulation. is limited. the construction of
the product.
Certain chemicals
are not permitted in
the formulation.
Use
Limits on the The bio-based Performance must  Energy consump-
amount of volatile content of the match or exceed tion is restricted.
aromatic formulation is that of a reference
hydrocarbons given (minimum detergent.
present. values are prod-
uct type specific).
Performance Technical The lifetime of the
requirements performance product must ex-
regarding water criteria must be met ceed two years,
resistance, (established by with replacement
adhesion and relevant parts offered up to
fungal resistance. standards). seven years after
production ceases.
Disposal (end of life)
The product must Aquatic toxicity Surfactants must The product must
not contain certain ~ must comply with be biodegradable. be easily
metals or stated limits. disassembled to
dangerous assist recycling.
substances.
Non-biodegradable
bio-accumulating
substances are
prohibited.

Although many of the EU Ecolabel criteria are not directly relevant to bio-based con-
tent, some highlight the important implications of using bio-based products. If the perfor-
mance of a bio-based product is inferior to that of a petrochemical product it has replaced,
then more material may be required, or the article will need replacing with a faster turna-
round. For bio-based products of relatively low bio-based content (implying high fossil de-
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rived content), the demand for fossil feedstocks could actually be enhanced when replacing
conventional high performance petrochemical products. It follows that the combination of a
method for establishing bio-based content and a more holistic certification scheme to ensure
the performance of bio-based products is satisfactory might be mutually beneficial. An as-
sessment into the suitability of the EU Ecolabel criteria for bio-based products is being ex-
plored as part of the EU funded Open-Bio project (www.open-bio.eu), a sequel of sorts to
KBBPPS in terms of pre-standardisation research.

2.3.9 Traceability and chain of custody claims

In many sectors the origin of the components in their products is important. Producers
of paper will often have sustainability commitments and so need to use correctly certified
wood (PEFC ST 1003). To minimise environmental footprint certain plastics are recycled,
and their use in new products can be certified based on standards for the traceability of recy-
cled material (EN 15343). These existing standards begin to demonstrate the demand for
means of establishing the origin of articles. Thus a type of total bio-based content assess-
ment would be a welcome addition to compliment traceability standards and related practic-
es. In return traceability standards help marshal total bio-based content calculations, espe-
cially if expanded out beyond a single contained production facility.

»
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3 Direct measurement of bio-based content and its role alongside
indirect bio-based content calculations

3.1 Calculation of bio-based carbon content

Bio-based content analysis is presently achieved through the measurement of carbon
isotopes and is not based on the article as a whole. A strong knowledge base in 'C determi-
nation analytical techniques, the choice of reference samples, and sample preparation is
available from the field of archaeological radiodating, described in KBBPPS deliverable re-
port D4.3. Three methods have been developed to measure '*C/'C ratios and are described
in this report using the following titles: Proportional scintillation-counter method (LSC), beta-
ionisation (Bl), and accelerator mass spectrometry (AMS) (Table 3-1). These techniques cor-
respond to Method A, Method B, and Method C respectively, in accordance with the nomen-
clature established in CEN/TS 16640 on which this section of this report is based. Note that
the naming of these methods is different to that in ASTM D6866 although the same three are
covered (in recent versions beta-ionisation method has been removed from ASTM D6866
because of its reported poor accuracy and technical complexity). Throughout this report radi-
ocarbon analysis can generally be taken to imply AMS analysis, as although the apparatus is
large, expensive, and complex to operate, it is available in specialist institutes and prices for
analysis are dropping as increased demand is satisfied with the opening of new facilities [Ac-
cium 2012]. The greater accuracy of AMS compared to other methods is helpful for reproduc-
ibility, especially if complex mixtures are being analysed. The high throughput of AMS analy-
sis is also helpful.

Table 3-1 Available methods of radiocarbon isotope ratio analysis.

Method Technical Additional requests Duration Relative Instru-
level of meas- standard stru-
urement  deviation ment
costs
LSC Simple Normal laboratory 4-12 hr 2-10% Low
Bl Complex Low background laboratory 8-24 hr 0.2-5% Low
and a gas purification device
AMS Very Large installation and graph- 10-30 min  0.2-2% High
complex ite conversion device
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3.1.1 Sample preparation

Complete combustion of the sample is carried out in such a way to provide the quanti-
tative recovery of all the carbon present in the sample as carbon dioxide gas order to yield
valid results. Because only the carbon atoms are part of the bio-based content analysis, de-
struction of the sample through combustion has no impact on the analysis of bio-based car-
bon content. The different apparatuses in which a sample can be combusted include bomb
calorimeters and tube furnaces. After combustion the resulting gases are collected in a gas
bag. When LSC is used for analysis, the carbon dioxide is captured as a carbamate solution
with the addition of a suitable scintillation liquid. When Bl or AMS techniques are used, the
carbon dioxide shall be reacted with a basic sodium hydroxide solution or on a suitable solid
absorption material. Alternatively the carbon dioxide can be trapped by means of a cryogenic
trap. This latter technique is frequently used in test laboratories. New methods of analysis
such as thermal gravimetry are also being investigated as possible pre-treatment methods of
combustion as in KBBPPS deliverable report D4.1.

If combustion in a bomb calorimeter or sealed quartz combustion tube is chosen, only
the carbon dioxide can be collected and this analysis must be conducted separately to any
other bio-based content analysis. With combustion apparatus, such as an elemental analyser
(EA) as used in elemental analysis, it is possible to separate the combustion gases and po-
tentially use them each individually for either elemental analysis, stable isotope analysis
(IRMS) or radiocarbon analysis in a concerted, hyphenated analytical procedure. The isotop-
ic analysis pre-treatments performed at the Oxford Radiocarbon Accelerator Unit are based
on EA-IRMS, in which a 50:1 split of combusted material is established to retain a large por-
tion of the carbon dioxide sample for graphitisation prior to AMS [Brock 2010]. Carbon and
nitrogen stable isotope ratios are analysed from the minor combustion gas stream. There is
an obvious match between this type of procedure and the need for more complete but syner-
getic bio-based content analyses.

3.1.2 Liquid scintillation-counter method

Liquid scintillation counter (LSC) method determines the isotope abundance of *C
indirectly, through its emission of B particles due to the radioactive decay of the '*C isotope.
The B particles are observed through their interaction with scintillation molecules (KBBPPS
deliverable report D3.1). The carbon dioxide formed by the combustion of a bio-based
product is trapped in a carbamate solution. This solution is mixed with an organic solution
containing the scintillation molecules and the 'C activity of this mixture is measured in a lig-
uid scintillation counter. The background count rate is subtracted to give a net count rate.
The 'C activity is obtained by normalising the net count rate to the count rate of the refer-
ence standard (NIST oxalic acid SRM).
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3.1.3 Beta-ionisation

The beta ionisation (Bl) method determines the isotope abundance of '*C indirectly.
Like LSC, this method uses the emission of B particles by 'C due to the radioactive decay of
the '*C isotope (KBBPPS deliverable report D3.1). It detects B particles by means of dis-
charge current pulses between high-voltage electrodes in a proportional gas counter. Those
pulses are initiated by the emission of beta particles. To use this method, the sample has to
be in the form of carbon dioxide or converted to carbon dioxide. The carbonate as obtained
from the combustion of a bio-based product is converted to carbon dioxide by acidifying the
solution with acid. The sample is counted for several days in a low-level counting system to
reach the number of counts desired for statistical precision. As stated previously, the com-
plexity of the experiment and the fact it is prone to error means other techniques are pre-
ferred.

3.1.4 Accelerator Mass Spectrometry

The accelerator mass spectrometry (AMS) method determines the presence of *C di-
rectly and not evidence of it through radioactivity measurements. The carbon atoms in the
graphitised sample are converted into a beam of ions. The formed ions are accelerated in an
electric field, deflected in a magnetic field and detected in ion detectors resulting in the de-
termination of the relative isotope abundances of these ions [Hellborg 2008]. AMS is a form
of mass spectrometry that uses a high potential electrostatic field, specifically forming only
C™ions (n =1 to 4) and excluding all other ionic species. This greatly enhances sensitivity
without compromising selectivity. With AMS the bio-based fraction of carbon is determined
from the "C/'?C ratio. The isotopic ratios are determined relative to the appropriate primary
reference material. The total carbon content is not determined with this technique and is de-
termined separately.
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3.2 Calculation of bio-based content with stable isotope analysis

Suitable substrates for isotopic ratio mass spectrometry (IRMS) are typically obtained
as they are for elemental analysis: by combusting a sample to give, for example, carbon di-
oxide for carbon isotope analysis. The combustion can be performed in elemental analysis
apparatus. Although water is the chemical basis of hydrogen elemental analysis, hydrogen
gas is required for IRMS. Reduction of water to hydrogen gas can be done with uranium or
zinc [Preston 1992]. The different gases are separated by gas chromatography and analysed
sequentially in a continuous flow system. For oxygen stable isotope ratio analysis, carbon
monoxide is produced separately for testing as it is in traditional elemental analysis. The use
of gas chromatography coupled with IRMS to give compound specific IRMS could be applied
to certain bio-based product types [Brenna 1997, Meier-Augenstein 1999, Schmidt 2004].
This is a powerful tool in the analysis of mixtures, which otherwise could not be studied with
stable isotope analysis due to an averaging effect rendering the observed isotope ratios as
meaningless. There are limitations to compound specific IRMS. Firstly the components need
to be volatile to be separated by the GC stage. Therefore the analysis of plastics, the largest
bio-based product market, is not possible with this technique.

Stable isotope analysis is proven to be able to distinguish between some varieties of
bio-plastics and competing petroleum products [Suzuki 2010], and between bio-ethanol and
non-renewable synthetic ethanol [Ishida-Fujii 2005]. The most prevalent use of stable isotope
analysis is in food origin tracking to protect premium products in the market and establish
proof of their authenticity [Rossmann 2007]. The difference between organic and conven-
tionally farmed products [Laursen 2013], drinks made from fruit concentrates and those not
diluted from concentrates [Koziet 1995], synthetic vanillin and natural vanillin [Greule 2010],
and olive oil squalane and shark liver squalene [Jame 2010], are just some examples. The
location in which foodstuffs were grown is also traceable by stable isotope analysis [Santato
2012, Zhao 2014].

There is obvious potential here for the application of stable isotope ratios towards bio-
based product analysis. However the isotopic ratios observed fall within variable data ranges
and are not discrete values as is the case for radiocarbon analysis. As a demonstration of
this, a blend of fossil derived polyethylene, and bio-polyethylene (of an equal mass contribu-
tion) can be considered. The experimental *C isotopic analysis of this hypothetical blended
article could provide a carbon isotopic composition of anything between -23.8%. and -17.7%o
if sugar cane was the biomass feedstock (Figure 3-1). The lower end of this range overlaps
with the domain covered by crude oil, and so with this analysis it could be concluded that the
article is 0% bio-based. Conversely if the best possible -17.7%. °C isotopic composition was
observed then this could represent anything up to 85% bio-carbon content. Obviously this
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extremely large range of possible answers is far from satisfactory. Therefore stable isotope
analysis is generally limited to individual chemicals of a single origin and not mixtures.
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Figure 3-1 A hypothetical sugarcane-petroleum derived composite characterised by 3c:'2c isotopic
analysis. The region of overlap between the possible results of a fossil based material (red) and a
supposedly 50% sugarcane derived material (dark green) is indicated by the dashed lines.

Specialised method development can however make stable isotopes a viable and an-
alytically precise method by which to assess bio-based content. This is achieved with the
loss of broad applicability, each product requiring its own specific analysis. Coca-Cola Corpo-
ration’s plant bottle PET product for instance is successfully analysed for bio-based carbon
content by stable carbon isotope analysis [Picarro 2014a, SpecialChem 2011]. Details are
limited, with the process patent pending [SpecialChem 2011]. Poly(ethylene terephthalate) is
returned to in the following section.
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3.3 Examples of bio-based content measurement applied to molecules

Organic chemicals that are found to be 100% bio-based from a radiocarbon analysis
are likely to be largely independent of fossil resources in terms of all the other elements as
well (energy use in manufacturing is not within the scope of this report). Realistically the only
common exception is created by hydrogenation of biomass or a bio-based platform molecule.
However the mass contribution of hydrogen is small enough that total bio-based content is
not majorly impacted. Even hydrogenation of the smallest olefinic molecule, ethylene, only
results in a 7% increase in mass in making ethane. Stable isotope analysis would not be ef-
fective in resolving the quantity of fossil derived hydrogen in a bio-based product because
the mixture of bio-based and fossil derived hydrogen would usually render the analysis in-
conclusive (refer to the example demonstrated in Figure 3-1 for carbon stable isotope analy-
sis).

The determination of bio-based content from radiocarbon and stable isotope analysis
is addressed in this section. After atom connectivity and mass balance methods have been
explained and applied to selected case