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ABSTRACT

Driven by the need to reduce greenhouse gas emissions and dependence on fossil resources, the chemical and
other industries are gradually starting to develop bio-based products. For the introduction of bio-feedstocks in
existing production pathways in a cost-effective way, a simplified approach based on mass balance has been pro-
posed. This concept is known as the biomass balance (BMB) approach and the resulting products are called BMB
products. They do not necessarily contain biomass material but can contribute to sustainable sourcing and pro-
duction of bio-based products in the supply chain without any performance loss in comparison to the same prod-
ucts derived from fossil resources. The aim of the study is to show how the BMB approach can be used in life cycle
assessment (LCA) while following the requirements set out in the ISO 14040 and 14044 standards. To demon-
strate that, the proposed BMB approach has been used to estimate life cycle environmental impacts of a polymer
product, which can be produced using fossil or bio-feedstocks. For the polymer derived from bio-feedstocks, bio-
naphtha and biogas are considered as replacement to naphtha and its impacts are compared with the fossil-based
alternative. The paper demonstrates that the BMB approach provides a quick and pragmatic method for estab-
lishing the biomass content in chemical and related products while incentivising the industry to continue in-
creasing the proportion of bio-based products in their product portfolio. It also shows that the environmental
performance of BMB products is highly dependent on the particular bio-feedstock used, the way it is sourced
and on key modelling assumptions, including the assumptions on biogenic carbon uptake in the bio-feedstocks.
Crown Copyright © 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

During the past two decades, a number of initiatives have been de-
veloped to address some of the environmental and social concerns

0048-9697/Crown Copyright © 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.06.088&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.scitotenv.2019.06.088
adisa.azapagic@manchester.ac.uk
Journal logo
https://doi.org/10.1016/j.scitotenv.2019.06.088
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

H.K. Jeswani et al. / Science of the Total Environment 687 (2019) 380-391 381

associated with the agriculture- and forest-based products (Mol and
Oosterveer, 2015). This has led to a steady growth of markets for or-
ganic, Fairtrade® and ‘eco-friendly’ products (Lernoud et al., 2018).
With the increasing demand for sustainable products, the need for inde-
pendent verification of sustainability-related claims associated with
commodities and products has also increased. As a result, a number of
schemes have been developed to improve the traceability and transpar-
ency of agro-industrial and food supply chains (e.g. timber, cotton, ba-
nanas, coffee, cocoa, fish, palm oil, sugar) as well as of bioenergy
(electricity and biofuels) (UNGC, 2014). Producers of such products
are using these schemes to support sustainability claims through certi-
fication. At the same time, the information provided by such certifica-
tion and labels on otherwise invisible characteristics of products help
consumers to make more informed choices (Gassler and Spiller, 2018).

There are four models in terms of how certification schemes trace
sustainability claims: identity preservation, product segregation, mass bal-
ance, and book and claim (Mol and Oosterveer, 2015). The first two
models require that certified products are physically separated from
non-certified at each stage along the value chain. In the identity preser-
vation model, mixing of certified materials from other producers is not
permitted. This enables the traceability of products back to the originat-
ing farm, forest or production site. However, owing to the complexity of
supply chains, it is often difficult for companies to trace each and every
step in the journey of a given product.

The product segregation model reduces this complexity by allowing
mixing of products from different certified producers. This model is im-
portant to the organic produce sector, where organic and non-organic
products are strictly separated. However, for other complex supply
chains, maintaining complete segregation is not only difficult and ex-
pensive, but in many cases not essential or simply impossible due to
technological or other reasons. In such cases, the mass balance model
is often used, which allows for the controlled mixing of certified and
non-certified materials at any stage of the supply chain. However, the
exact quantities of the certified material entering the supply chain
must be controlled and equivalent quantities of the product leaving
the supply chain can be sold as certified. Both product segregation and
mass balance models are currently being used for certification of
biofuels and biomaterials, including by the European Union's Renew-
able Energy Directive (EU RED) (EU, 2018) and the organisation for In-
ternational Sustainability and Carbon Certification (ISCC, 2019).

The book and claim model, on the other hand, is very different from
all other models and does not require any physical or material link be-
tween the certified raw materials and the certified end-product. In
this model, the producers of sustainable products obtain tradable certif-
icates for their products and sell them to the interested companies via
trading platforms. This type of system is widely used in the energy mar-
ket for trading of renewable energy products and in carbon emissions

trading schemes. In both mass balance and book and claim models,
the end products do not necessarily contain certified material but
have contributed to the sourcing and production of the certified mate-
rial by ensuring that a similar quantity has been produced according
to the certification criteria.

With the drive to reduce greenhouse gas (GHG) emissions and de-
pendence on fossil resources, the chemical industry has been develop-
ing bio-based products. However, replacing fossil feedstocks with bio-
feedstocks is a challenging task for the industry. Large investments are
required in R&D and production facilities to produce bio-based
chemicals. Moreover, due to technological limitations, currently only
some products can be produced from bio-feedstocks alone. In an at-
tempt to overcome some of these difficulties and improve traceability
in their supply chain, BASF has proposed a simplified approach based
on the above-mentioned mass balance model (Kriiger et al., 2018).
This concept is known as the biomass balance (BMB) approach (Fig. 1)
and the resulting products are called BMB products. BMB products are
chemicals that are produced using both fossil and biomass feedstocks
in an integrated chemical production facility. The output is a mix of
fossil- and bio-based products which are not distinguishable on the
basis of their composition or technical characteristics. To allocate the
specific characteristics of fossil or bio-feedstocks to the final product,
the producers declare a certain share of their production to be from re-
newable resources, in proportion to the share of bio-feedstocks used as
an input.

Several studies have assessed life cycle environmental impacts of
bio-polymers; for a review, see Spierling et al. (2018) and Hottle et al.
(2013). In almost all of these studies, the segregation method is
employed, whereby all inputs and emissions in the supply chain of the
bio-products are accounted for, assuming that the bio-product supply
chain is segregated. However, in reality, many companies are co-
producing chemical products with varying proportions of bio- and fossil
feedstocks in integrated production facilities. Therefore, collection of all
the required data for life cycle assessment (LCA) for a segregated prod-
uct becomes challenging. As a result, such data are often obtained based
on simulation models instead of actual production data. In this regard,
this study aims to show how the BMB approach can be used in LCA to
simplify the data-related requirements for bio-products. A further goal
is to find out if the BMB approach can be used in compliance with the
requirements set out in the ISO standards for LCA (ISO, 2006a, 2006b).
The application of the methodology is demonstrated through a real
case study in the chemicals sector. The case study focuses on assessing
life cycle environmental impacts of a polymer product, which is pro-
duced in an integrated production facility where a small proportion of
fossil feedstocks is replaced by bio-feedstocks. The details of the case
study are provided in Section 3. This is followed by the discussion of
the results in Section 4 and the conclusions in Section 5. Prior to that,
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Fig. 1. The biomass balance (BMB) approach.
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the next section describes the BMB approach and how it can be applied
in LCA.

2. Biomass balance methodology

The main fossil feedstocks in the chemical industry are naphtha and
natural gas, which are further processed either by cracking or part-
oxidation at high temperatures. In BMB products, these feedstocks are
replaced by bio-feedstocks, i.e. bio-naphtha and biogas (bio-methane).
The amount of the fossil feedstocks and the quantities of bio-
feedstocks required to replace the fossil inputs are calculated through
a material flow analysis.

To conduct an LCA of a BMB product, an existing ISO 14040/14044
compliant LCA model for the fossil-based product is used as a starting
point. The life cycle environmental burdens for BMB products are deter-
mined in the Inventory phase according to Eq. (1):

Bams = Bossit + @1 (CVnyan % Ban—Bn) + a2 (cVnysc % Bac—Bn) 1)
+ by (cVig;sc * Bc—Bnc) + b2 (CVng/av * Ben—Bnc)

where:

Bgmp environmental burdens of biomass balanced products
Brossii €nvironmental burdens of fossil-based products
a; amount of naphtha substituted by bio-naphtha
cvnen chemical value factor for naphtha/bio-naphtha
Bgn environmental burdens of bio-naphtha
By environmental burdens of naphtha
a, amount of naphtha substituted by biogas
cvnsee chemical value factor for naphtha/biogas
Bpg environmental burdens of biogas
b; amount of natural gas substituted by biogas
cVngsc chemical value factor for natural gas/biogas
Bng environmental burdens of natural gas
b, amount of natural gas substituted by bio-naphtha
cvngen chemical value factor for natural gas/bio-naphtha.

The “chemical value factor” cv is defined by Eq. (2) and is discussed
further below:

v = LHVfossil feedstock (substituted) / LHVbiofeedstock (2)

where:

LHV lower heating value.

The sum of a; and a5 in Eq. (1) represents the total amount of fossil
naphtha substituted while the sum of b; and b, is the total amount of
natural gas substituted by bio-feedstocks.

The LCA modelling is relatively straightforward if the bio-feedstocks
have the same chemical properties as their fossil counterparts, hence
being totally interchangeable. In such cases, the life cycle environmental
burdens of naphtha or natural gas are subtracted from the total burdens
of the fossil-based product and the burdens of bio-naphtha or biogas are
added to the LCA model. However, some bio-feedstocks may have dif-
ferent carbon content, energetic value or other chemical properties
from the fossil feedstocks to be replaced. This could lead to higher or
lower requirements for bio-feedstock quantities compared to the quan-
tities of fossil feedstocks. In such situations, it is necessary to consider
the equivalent quantities of bio-feedstocks. For these purposes, it is sug-
gested to use an equivalent factor, based on the lower heating value
(LHV) of fossil and bio-feedstocks as an approximation of the chemical
properties. This ratio in the context of the BMB approach is termed as
the ‘chemical value factor’ of the feedstock (Eq. (2)). Although it is not
necessarily related to chemical parameters, it is used to denote the use
of feedstocks as chemicals rather than energy sources. The reason for
using LHV is that these feedstocks are also used as energy sources and

the LHV values are easily available and comparable across the feed-
stocks, unlike their differing chemical properties.

It is important to mention that this simplified LCA methodology for
BMB products is only applicable when there are no other differences be-
tween fossil and bio-alternatives in terms of the production processes as
well as in the use of auxiliaries and utilities. Also, the resulting fossil and
bio-products must have the same properties and be completely inter-
changeable in terms of their further use.

The next section demonstrates through a real case how the BMB ap-
proach can be applied in LCA following the requirements of the ISO
standards.

3. Application of the BMB method

The BMB approach is applied to a commercial polymer product pro-
duced by BASF from two monomers, here referred to as Monomer 1 and
Monomer 2 to preserve confidentiality. Currently, the main feedstocks
for these monomers are fossil naphtha and natural gas. To illustrate
the BMB method and reduce the complexity, the focus is on the feed-
stock changes for Monomer 1, considering only the substitution of
naphtha used for its production by bio-naphtha and biogas. In congru-
ence with the LCA methodology, the goal and scope of the study are
outlined first, followed by the inventory data and life cycle impact as-
sessment methodology.

3.1. Goal and scope

The main goals of the study are to demonstrate how the BMB
method can be used in LCA in congruence with the ISO standards and
how it can help in simplifying the data requirements for bio-products.
Through that, the study also aims to identify and discuss the environ-
mental implications of using bio- instead of fossil feedstocks. Adhering
to the ‘accounting’ perspective of the BMB approach and heeding the re-
quirements of most business users of the product considered, an attri-
butional modelling approach is applied.

The functional unit is defined as the production of 1 t of a polymer
product. Since the physical and chemical properties (hence, the func-
tions) of the polymer under study are not affected by the type of feed-
stock used, the selected functional unit is appropriate for comparing
the different production routes. In order to have a clear focus on the dif-
ferent feedstocks and production processes, the scope of the study is
from ‘cradle to gate’. Thus, the use stage and end-of-life treatment of
the product are not considered. Infrastructure-related processes, such
as production of facilities, equipment and vehicles, as well as storage
of products and production of packaging materials, are omitted from
the assessment. The system boundaries are shown in Fig. 2, including
the relevant foreground and background processes for the production
of the considered product. In addition, Figs. 3 and 4 show the simplified
production system of the two bio-feedstocks considered in the study. In
the base case, it is assumed that production of monomers and polymers
occurs on the same site. However, to represent relevant and typical sup-
ply chain alternatives, other scenarios are also considered for the pro-
duction at different locations, taking into account transport between
the production sites in a sensitivity analysis.

3.2. Inventory data

Life cycle inventory (LCI) data for the production of Monomer 1 from
the fossil feedstock have been obtained from an industry association da-
tabase (confidential), based on data from six plants in four European
countries. This relates to 100% of the European production capacity in
2012.

It is assumed that the bio-naphtha and fossil naphtha have the same
properties and are fully interchangeable. The former has been modelled
according to a mix of bio-feedstocks, 64% of which is produced from
palm oil and the rest from tallow. Crude palm oil is imported from
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Fig. 2. System boundaries for production of the polymer considered in the study [For the
BMB polymer, naphtha is assumed to be replaced by either bio-naphtha or biogas.]

Indonesia and tallow from Australia. Oceanic transport for both feed-
stocks is considered as specified in Table 1. Since supplier-specific LCI
data for these feedstocks were not available, LCI data have been

Table 1
LCI data for the production of bio-naphtha.

Inputs Amount (per kg of  Notes
bio-naphtha)
Palm oil 0.76 kg To produce 0.64 kg of
bio-naphtha (84% yield)
Tallow 0.4 kg To produce 0.36 kg of
bio-naphtha (91% yield)
Oceanic transport (bulk 10 t-km Palm oil from Indonesia and
commodity carrier; tallow from Australia.
200,000 DWT)
Barge transport
Hydrogen 0.03 kg For hydrogenation
(from natural gas)
Steam 0.07 kg
Electricity 0.01 MJ

obtained from the GaBi database (Thinkstep, 2017). In the case of tal-
low, LCI data for the production of tallow fatty acid (C16-C18 fatty
acid from tallow) are used as proxy. For crude palm oil, GHG emissions
from direct land use change (dLUC) from palm fruit plantations are also
considered. These feedstocks are further processed via a hydrogenation
process to produce bio-naphtha. The estimated quantities of steam,
electricity and hydrogen used for the hydrogenation step are shown in
Table 1.

For the polymer derived from biogas, the fossil naphtha in Monomer
1 is substituted by bio-methane, which is assumed to be produced from
food (kitchen) waste via anaerobic digestion. It should be noted that, as
kitchen waste contains both biomass and non-biomass materials, biogas
is also mass-balance rather than bio-based. This is congruent with the
definition of bio-based materials according to EN 16575 (CEN, 2014).

The differences in properties of bio-methane in comparison to naph-
tha are taken into account by introducing the chemical value factor as
explained in Section 2 (Eq. (2)). LCI data for bio-methane have been

Palm oil

Tallow

Electricity

Steam

Natural gas H Hydrogen |—>

hK

Hydrogenation

Bionaphtha

Fig. 3. System boundaries for production of bio-naphtha used as a feedstock for the BMB product.

111

Kitchen waste

Electricity

| Heat

| Organic solvent

Fermentation

Fig. 4. System boundaries for production of biogas used as a feedstock for the BMB product.
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Table 2
Lower heating values (LHVs) of different feedstocks
(Thinkstep, 2017).

Feedstock LHV (M]/kg)
Naphtha 443
Bio-naphtha 443
Biogas 49.8

sourced from the GaBi database (Thinkstep, 2017). In this model, food
waste is considered as burden-free. The LHV of the feedstocks can be
found in Table 2.

The inventory data for all upstream processes, such as the produc-
tion of Monomer 2 and auxiliaries as well as the production of polymer,
are based on primary data from BASF. The GaBi database (Thinkstep,
2017) has been used for the background data, including for the produc-
tion of naphtha, natural gas, palm oil and tallow, as well as for transpor-
tation. An overview of the data used is given in Table S1 in
Supplementary Information (SI). A data quality rating (DQR) in accor-
dance with the EU product environmental footprint (PEF) (EC-JRC,
2011a) guide has been applied (see Table S2 in the SI for details),
which shows that the considered datasets are of a good quality level.

Considering that the polymer product is manufactured in an inte-
grated industrial plant along with various other products, production-
related burdens have been allocated among the products using mass al-
location. Exergy allocation has been applied for steam and electricity,
which are co-produced in an on-site combined heat and power (CHP)
system.

3.3. LCA modelling of BMB products

The LCA modelling has been carried out in the GaBi 7.3 software
(Thinkstep, 2017), using a model for the fossil-based product as a
starting point and applying Eq. (1) to estimate the environmental bur-
dens of the BMB product. For bio-naphtha based BMB polymer, only
the material use of naphtha in the fossil-based product is substituted
as mentioned earlier. The product-specific consumption of naphtha to
be substituted for the production of BMB products (a; for bio-
naphtha-based BMB and a, for biogas-based BMB) is calculated using
the material flow analysis. Considering that the functional properties
of naphtha and bio-naphtha are the same (Table 2), the chemical
value factor cv is assumed to be 1. For the biogas-based BMB product,
the cv is estimated by Eq. (2) at 0.89 (44.3 MJ/49.8 M]) to account for
the differences in the chemical properties of naphtha and biogas. The
simplified equations for both cases, based on Eq. (1), are as below:

Bpmp—BN = Brossit +- a1 (1 x Bgn—Bn) 3)
BpmB—BG = Brossit + a2 (0.89 x Bgc—Bn) (4)
where:

Bgmp.gn  environmental burdens of the bio-naphtha-based BMB
product

Bgme.sg environmental burdens of the biogas-based BMB product.
3.4. Sensitivity analysis

To gauge the robustness of the results and the validity of key as-
sumptions described above, a sensitivity analysis has been carried out
for the following three parameters that could affect the results:

i) CO, uptake and the biogenic carbon;
ii) assumptions on the land-use change; and
iii) the production of the BMB product at different locations involv-
ing transport of Monomer 1.

3.5. Life cycle impact assessment

Various impact assessment methodologies are applicable for use in
the respective regional contexts, including CML (Guinée et al., 2002), ReC-
iPe (Huijbregts et al., 2016) and methods recommended by the ILCD (EC-
JRC, 2011b). This assessment is predominantly based on the compilation
of impact categories recommended by the EU PEF guidelines, which fol-
low the characterisation factors published in May 2016 based on EC-JRC
(2011a). These impacts, applicable to the European context, include
some widely used indicators but also others which are still under discus-
sion in the scientific community. However, since the EU PEF framework
has gained broad attention from industry and academia, due to its poten-
tial application in future EU regulations, it is deemed to contain an appro-
priate set of impacts for a study whose main audience is expected in the
EU market. Table 3 presents the impact assessment categories considered
along with the methods used for their estimation.

PEF guidelines also include some other categories, i.e. ozone depletion,
water depletion, particulate matter, ionizing radiation and the toxicity
(USEtox) related impacts, but these are not considered in the study for
the following reasons. Ozone depletion potential is not assessed as no
ozone-depleting substances are emitted in the foreground system. For
water depletion and particulate matter impacts, relevant information
for assessing these impacts according to the goal and scope of the study
is lacking in most of the datasets. lonizing radiation is not an internation-
ally accepted indicator and there are large uncertainties associated with
ecotoxicity. Finally, toxicity according to independent methods like
USEtox has not been determined because of the lack of appropriate data
for the foreground processes. Instead, the BASF human toxicity method,
developed by Landsiedel and Saling (2002), is considered in the study.

4. Results and discussion

The LCA results applying the BMB approach are detailed in Figs. 5-13,
which show the impacts for each of the nine impact categories consid-
ered, along with the contributions of different life cycle stages.
4.1. Climate change

The climate change impact has been estimated as global warming

potential (GWP) for a 100-year perspective based on characterisation
factors from the Intergovernmental Panel on Climate Change (IPCC,

Table 3

Life cycle impact assessment categories.
Impact category Unit LCIA indicator Reference
Climate change kg CO, eq. Radiative forcing IPCC (2013)
Depletion of elements kg Sb eq. Scarcity Guinée et al. (2002)
Depletion of fossil resources MJ Scarcity Guinée et al. (2002)
Acidification mol H"eq. Accumulated exceedance Seppadld et al. (2006) and Posch et al. (2008)
Eutrophication - freshwater kg P eq. EUTREND model Goedkoop et al. (2009)
Eutrophication - marine kg N eq. EUTREND model Goedkoop et al. (2009)
Human toxicity Tox points Model based on H-phrases of GHS system Landsiedel and Saling (2002)
Land use kg C deficit eq. Soil organic matter Mila et al. (2007)
Summer smog kg NMVOC eq. Tropospheric ozone concentration increase van Zelm et al. (2008)
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2013); the results are displayed in Fig. 5. It is important to emphasise
that this study has considered the storage of biogenic carbon in the
bio-feedstocks by crediting the system for the uptake of CO, from the at-
mosphere. Also, given that the production of palm oil could involve
dLUC, its effects are considered for the BMB polymer from bio-
naphtha. For dLUC-related emissions, land use changes caused by
palm oil plantation during the last 20 years are considered. The impacts
of the palm oil without dLUC as well as with indirect land use change
(iLUC) are considered in the sensitivity analysis.

The cradle-to-gate climate change impact of the fossil-based poly-
mer is estimated at 1775 kg CO-, eq./t. Production of Monomer 1 and
the use of utilities are the hotspots, with the contribution of 51% and
34%, respectively. As shown in Fig. 5, the BMB alternatives exhibit a bet-
ter performance in the climate change impact in comparison to the fos-
sil alternative. The lowest impact is found for the biogas-based option
(836 kg CO, eq./t), 53% below that of the fossil alternative. Replacing
fossil naphtha by bio-naphtha also reduces the impact substantially
(851 kg CO, eq./t). This reduction in the impact for the BMB alternatives
is mainly due to the credits for biogenic CO, uptake in the final product.
Therefore, if the BMB alternatives are considered in cradle-to-grave LCA
studies, any emissions of the corresponding biogenic CO, emissions
must be considered in the end-of-life modelling. However, if the uptake
of carbon is excluded, then the BMB products would have a higher
cradle-to-gate climate change impact than the fossil alternative (see
Fig. 5).

Bio-naphtha production has a higher climate change impact than
biogas, partly due to the dLUC emissions and partly due to the assump-
tion that biogas is derived from burden-free kitchen waste. At the same
time, the CO, uptake of biogas-based product is slightly lower than that
derived from bio-naphtha due to the lower chemical value factor for
biogas (see the explanation in Section 3.3). As a result, the difference
in the climate change impact between the two BMB alternatives is
very small.

4.2. Abiotic resources depletion (elements and fossil)

The abiotic resources depletion has been determined according to
Guinée et al. (2002). As shown in Fig. 6, the auxiliaries and Monomer
1 are the hotspots for element depletion for the fossil-based polymer,
with contributions of 53% and 47%, respectively. It can also be seen
that there is no notable difference in element depletion for biogas-
based BMB and its fossil counterpart. However, bio-naphtha-based al-
ternative has a substantially (64%) higher impact than the fossil-
derived polymer. This increase is almost entirely caused by palm oil pro-
duction, largely due to the use of fertilisers.

In the case of fossil depletion, the main hotspot for the fossil polymer
is the production of Monomer 1, which accounts for 68% of the impact
(Fig. 7). This is due to the use of naphtha as a feedstock. Therefore, as ex-
pected, the exchange of naphtha with bio-naphtha or biogas leads to a
significant decrease (48% and 57%) in the impact for the BMB polymer.
Fossil depletion for the production of biogas is double that of bio-
naphtha production due to the use of electricity in biogas production.

4.3. Acidification

For the evaluation of acidification, the accumulated exceedance
method according to Seppald et al. (2006) and Posch et al. (2008) has
been used. As shown in Fig. 8, the substitution of naphtha by bio-
naphtha leads to a factor of three increase in the impact from the BMB
product compared to the fossil-based alternative (11.5 vs. 3.3 mol H"
eq./t). Using biogas instead, increases the impact around two times
(7.6 mol H* eq./t). The impact of biogas production is lower than for
bio-naphtha due to the burden-free kitchen waste used for biogas
production.

The main influencing factors for the polymer from bio-naphtha are
ammonia emissions from the production of tallow and palm oil, along

with the nitrogen oxide emissions from palm fruit plantations. For the
biogas-based alternative, nitrogen monoxide and sulphur dioxide emis-
sions from biogas production are the most important contributors. The
former contributes 71% to the impact from biogas production, while
the latter accounts for 21%. For the fossil-based product, 70% of the im-
pact is associated with the production of Monomer 1, while the auxil-
iaries and utilities account for 15% each.

4.4. Eutrophication (freshwater and marine)

The eutrophication impacts are assessed based on the EUTREND
model (Goedkoop et al., 2009) and the results are displayed in Figs. 9
and 10. As can be seen, the fossil-based polymer performs better in com-
parison to the BMB alternative for both impacts. For freshwater eutro-
phication, the bio-naphtha-based polymer has an eight times higher
impact than the fossil-based option, while the difference between the
biogas and fossil counterparts is relatively small (~15%). The latter is
probably due to the burden-free kitchen waste. For the polymer from
bio-naphtha, 89% of the impact is caused by bio-naphtha production,
largely due to tallow production (70%).

The fossil alternative has around three times lower impact than the
bio-naphtha and biogas polymer (Fig. 10). Again, the production of
bio-naphtha and biogas are the major contributors, accounting for 75%
and 81% of the total, respectively. For bio-naphtha, 59% of the impact
comes from the production of tallow and the rest from the palm oil.
The main burdens are nitrogen emissions to freshwater (for both tallow
and palm oil) and air emissions of nitrogen oxides (for palm oil). For
biogas, 96% of the total impact is caused by nitrogen monoxide emitted
in anaerobic digestion to produce biogas. The contribution of Monomer
2, all other auxiliaries and the utilities is very small.

4.5. Human toxicity

Fig. 11 shows the human toxicity potential of the three alternatives
considered in the study, determined using the afore-mentioned BASF
method. In the case of the fossil-based polymer, the impact is estimated
at 2.3 million Tox point/t, 90% of which is associated with the produc-
tion of Monomer 1. The biogas alternative has the lowest human toxic-
ity, 42% below that of the fossil counterpart. Bio-naphtha-based BMB
also performs better than the polymer from the fossil feedstock, with
an 18% lower impact, because the production of bio-naphtha has a
78% lower human toxicity than naphtha.

4.6. Land use

Land use is considered to determine whether the agricultural activ-
ities related to bio-naphtha production have an influence on the overall
results. The soil organic matter method (SOM) from Mila et al. (2007)
has been chosen for this purpose as recommended in the ILCD hand-
book (EC-JRC, 2011b).

Exchanging fossil naphtha by bio-naphtha would increase land use
by a factor of 137 (Fig. 12). This is due to the high demand of land in ag-
ricultural production of palm oil. All other materials and processes, in-
cluding transport, have negligible contribution to land use. Although
the biogas-based alternative has a much lower land requirements
than the bio-naphtha-based product, its impact is still twice as high as
that of the fossil counterpart (Fig. 12).

4.7. Summer smog

The potential for the formation of summer smog has been estimated
using the model of van Zelm et al. (2008) related to an increase in the
tropospheric ozone concentration. As can be seen in Fig. 13, summer
smog for the fossil-based polymer is estimated at 2.6 kg NMVOC eq./t.
The majority of this (61%) is associated with the production of Mono-
mer 1, with the auxiliaries and utilities contributing around 20% each.
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The substitution of naphtha by bio-naphtha or biogas leads to a two
times higher summer smog for the BMB polymer. For the bio-naphtha,
the production of palm oil accounts for 58% of the total impact, mainly
due to nitrogen oxide emissions associated with the cultivation. Much
of the remaining impact is due to tallow production, largely due to
NMVOC emissions. For the biogas alternative, nitrogen monoxide emis-
sions from fermentation are the main contributor, accounting for 91% of
the impact from biogas production. Summer smog of biogas production
is higher than that of bio-naphtha production due to the higher emis-
sions from the fermentation process.

4.8. Sensitivity analysis

4.8.1. CO, uptake: Chemical value vs biogenic carbon content

In the base case, the CO, uptake in the biogas-based BMB product
has been calculated based on the chemical value of biogas. Here, the
CO, uptake is estimated on the basis of the biogenic carbon content of
the final product. Fig. 14 shows the climate change impact for both ap-
proaches; the other impacts considered in the study are not affected by
this assumption. The results show that there is a substantial (24%) de-
crease in the impact if the chemical value of the feedstock is not consid-
ered. This is because the use of the chemical value factor (as in the base
case) leads to lower estimates of the CO, uptake in comparison to the
carbon content of the final product. If the difference in the chemical
value is higher, the influence on the impact would be higher. Thus, it
is recommended to use the worst case approach, as considered in the
base case.

4.8.2. LUC in palm oil production

As mentioned earlier, the LCI data for palm oil have been obtained
from the GaBi database which includes GHG emissions related to
dLUC. Given that the palm oil used in the production of the BMB product
considered here is certified and does not involve dLUC, the effect on cli-
mate change of excluding it is investigated here. Without dLUC, the im-
pact of the bio-naphtha-based BMB product would decrease by 54%,
from 851 kg CO-, eq./t to 390 kg CO, eq./t (Fig. 15). This finding is con-
gruent with a recent consequential LCA study on palm oil (Schmidt
and De Rosa, 2018) which claimed that certified palm oil has 40%
lower GHG emissions than non-certified palm oil.

However, it is possible that palm oil from certified sources can still
cause iLUC. To investigate its potential effect on the climate change im-
pact, the EU RED (2009) default iLUC value of 55 g CO, eq./M] palm oil
(corresponding to 2 kg CO, eq./kg palm oil with a LHV of 36.3 MJ/kg)
is considered instead of dLUC. The results show that the impact of bio-
naphtha BMB product would increase by 36%, from 851 kg CO- eq./t to
1159 kg CO, eq./t. However, it would still have 34% lower impact than
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Fig. 15. Effect of land use change in palm oil production on the climate change impact from
bio-naphtha-based BMB polymer.

the fossil-based product. Nevertheless, it should be noted that it is un-
common to consider iLUC in an attributional LCA study.

4.8.3. Production at different sites

In the base case, it has been assumed that the production of Mono-
mer 1 and the BMB product occur on the same site. However, it is pos-
sible that substitution of naphtha in the bio-naphtha-based Monomer
1 occurs in one facility, while the BMB product is produced at another
production site. Although this does not necessary involve transport of
bio-naphtha-based Monomer 1, in this scenario, an option of
transporting to a North American production site (as a worst case) is
considered. This would involve a 500 km barge transport and a
9500 km ocean-tanker transport. Other data are assumed to be the
same as in the base case. Table 4 compares the results for this scenario
with the base case for all the considered impact categories.

The results show that the consideration of transport would lead to a
small increase (2%-4%) in climate change and fossil depletion. For sum-
mer smog, acidification and marine eutrophication, sea transport has
some effect (8%-14%), while there is no change in the values for fresh-
water eutrophication, land use, depletion of elements and human
toxicity.

4.9. Summary of the findings

The results of the study reveal that in comparison to their fossil-
based counterpart, the BMB product performs better on climate change
(considering biogenic carbon storage), fossil depletion and human tox-
icity due to the avoided production of fossil naphtha for Monomer 1. On
the other hand, the use of biogas or bio-naphtha instead of naphtha for
the production of the monomer leads to an increase in acidification, de-
pletion of elements, eutrophication, summer smog and land use. These
findings relate to the assumption that the production processes, auxil-
iaries, utilities and Monomer 1 are identical for the fossil and biomass
alternatives.

The results of the sensitivity analysis show that the assumptions on
the CO, uptake and LUC have a significant influence on the climate
change impact. Additional transport of Monomer 1 between the pro-
duction sites is less influential, increasing the impacts by 2%-14%.

One of the important limitations of the study is the use of secondary
datasets for naphtha and the feedstocks for the production of bio-
naphtha and biogas. Specifically, the background dataset for palm oil
are estimates. These results might change if country-specific primary
datasets are used for these processes. Furthermore, if the food waste
used for the biogas production is not assumed burden-free and/or not
credited for the uptake of CO, from the atmosphere during food produc-
tion, the overall impacts of the biogas-based BMB product might change
substantially.
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Table 4

Effect of transport on the impacts.
Impact category Unit (per t product) Bio-naphtha BMB polymer (base case) Production at different sites Difference
Climate change kg CO, eq. 851 883 4%
Acidification mol H-eq. 11.5 12.5 9%
Eutrophication - freshwater gPeq. 57.8 57.9 -
Eutrophication - marine kg N eq. 22 24 12%
Summer smog kg NMVOC eq. 5.0 57 15%
Abiotic resources - elements gSheq. 12.6 12.6 -
Abiotic resources - fossil GJ 19.0 194 2%
Land use t C deficit eq. 13.8 13.8 -
Human toxicity Million Tox points 1.9 1.9 -

5. Conclusions and recommendations

The biomass balance (BMB) approach is an innovative and simple
method allowing evaluation of life cycle environmental impacts of
bio-based products without the need for building up the whole value
chains separately from the fossil-based routes. Thus, it can support
rapid estimations of environmental implications of substituting fossil
with bio-feedstocks in the chemical and related industries.

Its application to a real case study demonstrates that the approach
can be used efficiently and effectively in LCA while following the re-
quirements of the ISO standards. The main characteristic of the BMB
method is the process chain, which is also a basic requirement of
these standards to build up an inventory on a unit process level. This
is also reflected in the case considered in this study.

The study highlights the influence of some key methodological and
modelling aspects related to LCA of bio-based products. Given that the
system boundary in the study is from cradle-to-gate, the system is
credited for the uptake of biogenic carbon by the bio-feedstocks. How-
ever, this will require consumers of the BMB products to account for
the release of the biogenic carbon at the end of the product life cycle.
Therefore, it is necessary to report transparently the CO, uptake so
that for subsequent cradle-to-grave studies, the carbon emissions can
be taken into account accordingly.

The analysis also highlights the methodological challenges in
treating feedstocks derived from biogenic waste. Such feedstocks are
often considered burden-free as any impacts arising up until waste
treatment/resource recovery are assigned solely to the product respon-
sible for the waste generation. Therefore, consideration of the uptake of
biogenic carbon for BMB products for burden-free waste streams needs
further deliberation.

Furthermore, based on the findings of the study, it is suggested that
the estimation of the CO, uptake in biomass-balanced products should
be adjusted on the basis of the lower heating value of the feedstocks if
there are differences in the chemical properties of fossil and bio-
feedstocks. This approach needs further refinement and should be ad-
dressed in future BMB LCA studies, possibly considering an alternative
approach. It is also suggested that future studies apply this methodology
for BMB products in other sectors, such as agro-industrial and
bioenergy. This will help in identifying any other methodological issues
that need addressing, hence enhancing the methodology.

For some bio-feedstocks, such as palm oil, GHG emissions from dLUC
and iLUC could significantly affect the overall climate change impact of
bio-based products. Therefore, it is important to consider such emis-
sions in LCA studies of BMB products. Bio-feedstocks procured from cer-
tified sources are not associated with dLUC but can still contribute to
iLUC. However, iLUC related emissions are not considered in an attribu-
tional LCA so it may be necessary to switch to consequential LCA. How-
ever, in that case, a new BMB approach may be needed which could be
considered as part of future work.

It is often difficult to obtain primary data for some bio-feedstocks
(e.g. for palm oil) because of complex supply chains. The use of second-
ary data for bio-feedstocks can be a source of major uncertainty in the
results. Thus, it is recommended to consider improved and more

detailed LCI data, especially for raw materials, in future BMB-related
studies. Also, all uncertainties in inventory data should be identified
and reported along with a detailed uncertainty analysis.

In conclusion, this study can help in improving the understanding of
the suitability of the BMB approach being used in relation to the require-
ments of existing LCA standards. However, considering the influence of
the above aspects, it is of utmost importance that the corresponding as-
sumptions and their influence on the results and conclusions be de-
scribed and communicated transparently whenever the study, or parts
thereof, are disclosed to any stakeholders to avoid possible misinterpre-
tation of the study.
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