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Abstract

Accelerating climate change poses an alarming global issue, demanding a range of prompt and effective solutions. In
response, bio-based plastics and biocomposites have emerged as extensively researched alternatives to combat the environ-
mental threats posed by a warming climate. In this context, the present paper presents a cradle-to-gate life cycle assessment
of a newly developed polyamide-starch biocomposite, with varying content of potato starch as the biofiller (ranging from
0 to 70 wt%). The primary aim was to quantitatively measure the total carbon footprint of the selected biocomposite. The
results indicated that the progressive addition of potato starch as the biofiller into the copolyamide matrix significantly
reduced the total carbon footprint of the biocomposite, achieving a maximum reduction of 42—43% with the highest starch
content of 70 wt%. Moreover, the newly developed polyamide-starch biocomposite demonstrated excellent performance
compared to reference fossil-based polyamides of polyamide 6 (PA6), polyamide 12 (PA12), and polyamide 6.6 (PA6.6), as
well as composites of PA610/80 wt% polylactic acid modified by reactive extrusion (REX-PLA) and PA40/30 wt% glass fib-
ers, with carbon footprint reductions of 29, 39, 42, 59, and 79%, respectively. Based on these findings, the polyamide-starch
biocomposite, especially with the highest content of potato starch (70 wt%), exhibits significant potential as a new material
solution to reduce the carbon footprint of several existing fossil- and bio-based polyamides together with polyamide-based
composites. In doing so, it contributes to advancing the development of a more climate-friendly future for plastics through
reductions in their carbon footprints.
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Introduction

The current world encounters several environmental
threats, such as the depletion of fossil resources, typi-
cally used as an energy source for different purposes or
as building blocks for various plastic products, a chal-
lenge of accumulated waste in nature due to inadequate
disposal practices and non-biodegradable nature of some
of the commercial plastic products, as well as, above all,
accelerating climate change with multiple innocuous
consequences on the ecosystems and human health. The
ways to slow down the development of these challenges
include the utilization of several different steps on a com-
plementary basis through, for instance, more excessive
use of bio-based feedstocks both for energy generation
and for manufacture of plastic products (Yang et al. 2021;
Zheng and Suh 2019), along with the development of new,
sustainable, bio-based plastic products with comparable
techno-economic properties with their fossil-based coun-
terparts (Bishop et al. 2021; van den Oever and Molenveld
2017). These are accompanied with the substitution of fos-
sil-based plastic products with their bio-based alternatives
(Zheng and Suh 2019) and, when applicable, increased
recycling rates of plastic products (Zheng and Suh 2019),
together with appropriate and effective legislation to guide
these suggested actions. In addition to the acts mentioned
above, quantifying, evaluating, and understanding the
environmental impacts and hotspots caused by the manu-
factured bio- and fossil-based plastic products is becom-
ing more and more widely recognized, appreciated, and
required as an aid in sustainable decision-making in mul-
tiple different arenas. In this context, for the quantification
and evaluation of the environmental impacts, LCA with
carbon footprint as the most researched impact category
is a well-established technique widely in use (Banerjee
and Ray 2022).

Against this background, from the material perspec-
tive, blending biofillers with different plastic matrices has
been realized to enable a high bio-based content (Mohanty
et al. 2018), frequently improving some of the properties
of the individual plastics, such as their tensile strength
(Shanmugam et al. 2021; Sadasivuni et al. 2020), impact
strength (Sadasivuni et al. 2020), tensile modulus (Shan-
mugam et al. 2021), and stiffness (Mohanty et al. 2018),
with simultaneous enhancements in the overall biodeg-
radability of the resulted (bio)composites per se (Shan-
mugam et al. 2021). On the other hand, from the environ-
mental point of view, bio-based plastics have been reported
to often possess a lower carbon footprint in comparison
with their fossil-based alternatives (Yang et al. 2021;
Zheng and Suh 2019; Broeren et al. 2017); (bio)compos-
ites have similarly been found to have generally decreased
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environmental footprints than fossil-based plastics (Shan-
mugam et al. 2021); and the addition of functional (bio)
fillers in plastics have also been shown to reduce the car-
bon footprint of these plastics when compared to their
plain counterparts (Civancik-Uslu et al. 2018). In addi-
tion to these findings, the inclusion of biofillers into the
bio-based plastic matrices can decrease their production
costs (Shanmugam et al. 2021), therefore making them
more cost-efficient. Hence, (bio)composites undoubtedly
possess some proven potential to improve the performance
of individual plastics in multiple different ways.

Stemming from this, recently, fabrication methods for dif-
ferent types of (bio)composites have been researched and
analyzed in the literature (Sadasivuni et al. 2020; Andrew
and Dhakal 2022; Kostag and EI Seoud 2021; Baniasadi
et al. 2021), among which polyamide-based (bio)compos-
ites have shown promising results, mostly regarding their
enhanced mechanical properties (Baniasadi et al. 2023a,
b; Oliver-Ortega et al. 2016) but also improved viscoelas-
tic performances and water vapor transmission (Baniasadi
et al. 2021), when compared to the plain polyamide matrices
(Baniasadi et al. 2021; Baniasadi et al. 2023a, b; Oliver-
Ortega et al. 2016). Despite this, according to the literature
survey conducted by the authors for the purposes of this
paper, the number of LCA studies regarding (bio)composites
with polyamides as one of the constituents seems scarce. In
this respect, only a few studies regarding the matter were
able to be found, namely the comparison of PA11/stone
ground wood biocomposite with the composite of polypro-
pylene (PP)/carbon fibers with cradle-to-grave approach
(Oliver-Ortega et al. 2019), analysis of the commercial
composites of PA610/glass fibers and PA410/glass fibers (in
more detail, RTP 2099 X 115387 B and DSM EcoPaXXTM
Q-KGS6, respectively) from cradle to gate (Petersson et al.
2013), together with the cradle-to-gate LCA of the com-
posites of REX-PLA/acrylonitrile butadiene styrene (ABS),
REX-PLA/PA610, and REX-PLA/PA1010 (Torrell Gines
2016).

In this discourse, up to date, no LCA studies specifi-
cally about polyamide-starch biocomposites were able to
be detected by the authors, while studies focusing on other
types of (bio)composites with starch as a matrix or biofiller
were more readily available. As an example, a cradle-to-
factory gate LCA about six starch plastics was conducted,
consisting of the selected bio- or fossil-based polymers of
polybutyrate adipate-co-terephthalate (PBAT), PLA, post-
industrial recyclate PLA (re-PLA), polybutylene succinate
(PBS), and polyhydroxybutyrate (PHB), virgin or reclaimed
starch and/or natural fibers as the biofillers, combined with
various additives (Broeren et al. 2017). On the other hand,
two biocomposites from cradle to gate were also studied,
and these biocomposites consisted of either PLA or PLA and
thermoplastic starch (TPS) as the matrix and wood fibers
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as the biofillers (Mahalle et al. 2014). Similarly, the envi-
ronmental impacts of boxes made of fossil-derived polysty-
rene (PS), corn-derived PLA, and PLA-cassava starch bio-
composite were researched from cradle to consumer gate
(Suwanmanee et al. 2013), while elsewhere a cradle-to-grave
LCA about wheat-polyvinyl alcohol (PVOH), potato starch-
PVOH, and maize starch-PVOH, also including minor addi-
tives, was performed (Guo and Murphy 2012). In general,
many of these reviewed studies pointed out that the increase
in the bio-based content of the (bio)composites, in the form
of a matrix or biofiller, can reduce some of the environ-
mental impacts caused by these (bio)composites, such as
carbon footprint, non-renewable energy use (NREU), and
ozone depletion potential (ODP) (Broeren et al. 2017; Oli-
ver-Ortega et al. 2019; Torrell Gines 2016; Mahalle et al.
2014; Guo and Murphy 2012), in comparison with a neat
polymer or fossil-based alternatives. Despite this, the reduc-
tion in these specific categories tends to occur with a simul-
taneous increase in the agricultural-related impacts, such as
eutrophication, land use, as well as freshwater and terrestrial
ecotoxicity (Broeren et al. 2017; Mahalle et al. 2014; Guo
and Murphy 2012). This reported reduction in the carbon
footprint, nonetheless, may require more emission-intensive
manufacture of the monomers for the polymerization of the
selected plastics when compared to the cultivation and pro-
cessing of the most often locally produced biofillers (Oli-
ver-Ortega et al. 2019; Mahalle et al. 2014), such as starch.
Additionally, in most of the reviewed studies, transportation
contributed only minorly to the environmental impacts, for
example, the carbon footprint (Oliver-Ortega et al. 2019;
Suwanmanee et al. 2013; Guo and Murphy 2012).

Against this background, there evidently is a need for
research considering the environmental impacts of poly-
amide-based biocomposites. Analysis of the environmental
impacts would also be interesting due to the composition of
these biocomposites; for example, due to the spherical
morphology of the starch particles and their plasticizing
effect, the latter one being facilitated by the applied com-
patibilization chemistry that enabled the starch content of
the biocomposite to be elevated to an impressive 70 wt%.
This would not have been feasible with alternative biofill-
ers, e.g., cellulose or lignin-based materials, owing to the
unique attributes of starch and the implementation of effec-
tive chemical compatibility measures. Furthermore, the
newly developed polyamide-starch biocomposite has been
reported to exhibit other promising characteristics, such as
exceptionally low melting point, enhanced adhesion between
the polymer and biofiller together with improved dispersion
of the biofiller within the polymer matrix, combined with
excellent rheological properties, and a commendable balance

between stiffness and toughness (Baniasadi et al. 2023b).
Yet its environmental impacts still await to be researched.
Consequently, the goal of the present paper was to quantify
the total carbon footprint and further identify the hotspots
of the cradle-to-gate manufacture of the newly developed
polyamide-starch biocomposite on the laboratory scale to
investigate any latent potential and bottlenecks for its further
development from an environmental point of view. The ulti-
mate goal was, therefore, to find out whether the sustainabil-
ity aspect of the polyamide-starch biocomposite in terms of
its carbon footprint was in line with its previously presented
promising properties.

As the reasoning, identification of the hotspots and bot-
tlenecks of a new material alternative already on the labora-
tory scale can be argued to enable a more straightforward
and affordable adjustment of the processes in comparison
with a more elevated process setup. Moreover, the selected
approach can be justified by Pini et al. (2020), who empha-
sized that the use of LCA also for the laboratory-scale
research of chemical compounds should be highly recom-
mended or, depending on the case, even mandatory. This
statement is supported by the good availability of previously
conducted laboratory-scale LCAs about the synthesis of
bio-based plastics (Pini et al. 2020; Ang et al. 2021; Nit-
kiewicz et al. 2020). Intriguingly, a framework for scaling
up the laboratory-scale chemical production processes for
LCA was found by the authors (Piccinno et al. 2016), yet it
was excluded from the study. This is because the framework
was found not to be applicable to the laboratory-scale setup
of the present paper, since it was limited to wet chemistry
(Piccinno et al. 2016), excluding solid-state chemistry, con-
sequently not representing the laboratory processes of the
present study.

Lastly, it is claimed that the carbon footprint of the newly
developed polyamide-starch biocomposite will be reduced
with the increased content of potato starch, outperforming
the neat copolyamide and, partially, the fossil-based plas-
tics and composites used as the references. In this regard,
LDPE and PP were selected for the reference fossil-based
plastics due to their reported high comparability to starch-
based plastics (Broeren et al. 2017), whereas HDPE, PA6,
and PA6.6 were added to the list due to the contemplated
advantage to compare the performance of the polyamide-
starch biocomposite to other plain, fossil-based polyamides
and plastics. In addition to this, a few polyamide-based com-
posites were used as the reference, namely PA610/80 wt%
REX-PLA and PA40/30 wt% glass fibers, to compare the
carbon footprint of the polyamide-starch biocomposite also
to some utterly commercial composites or the ones including
a commercial polyamide.
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Materials and methodology
Goal and scope definition

The aim of the present study was to quantify the carbon
footprint and identify the hotspots of the laboratory-scale
manufacture of the novel polyamide-starch biocomposite,
with the potato starch contents of 0, 10, 30, 50, and 70 wt%,
by utilizing the widely used technique of LCA according to
the guidelines set by ISO 14040 and 14044 standards (Inter-
nal Organization for Standardization (ISO) 2006a; Interna-
tional Organization for Standardization (ISO) 2006b). For
this purpose, the focus of the present study was set on a cra-
dle-to-gate approach, in which the first two life cycle stages
of the polyamide-starch biocomposite were considered for
the LCA. The system boundaries, therefore, consisted of
the raw material extraction and acquisition (cultivation and/
or preparation of the substances for the manufacture of the
biocomposite) and, further, manufacture of the polyamide-
starch biocomposite per se (see Fig. 1 for the details). The
steps of use and grave (End-of-Life (EoL) of the biocompos-
ite) were, nonetheless, excluded from the present study. The
regionalization of the study, in turn, was set to be Finland
and either Finland, Germany, or France for the manufacture
of the polyamide-starch biocomposite and the different sub-
stances, respectively, while the functional unit was selected

11-aminoundecancic acid
of C

to be 1 kg of biocomposite. The selected functional unit
can be stated to be comparable to the mass-based functional
units applied for the recent LCA studies, in which the (bio)
composites per study possessed differences in the matrix
types (Broeren et al. 2017; Kane et al. 2022), filler contents
(Broeren et al. 2017; Kane et al. 2022), technical properties
of the resulted (bio)composites (Broeren et al. 2017; Kane
et al. 2022), and/or different target applications (Broeren
et al. 2017; Kane et al. 2022). Finally, the target audience
for the present study consisted of, for instance, scholars and
industry representatives with a keen interest in bio-based
composites, particularly polyamide-based ones, and the
quantified carbon footprint they possess.

Life cycle inventory (LCI)
Manufacture of substances and their LCI

Cultivation of potatoes and production of potato starch The
step-by-step progression of the cultivation of potatoes, in
general, included the actions of liming and tillage to main-
tain the basic growth conditions, together with the plow-
ing of the field. These were followed by planting the potato
seeds, shaping the potato bed, caring for the crops through
sufficient fertilization, efficient use of fungicides, herbi-
cides, and insecticides, as well as adjusted sprinkler irriga-
tion (Aaltonen et al. 2016). In the end, the potatoes were
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Fig.1 A simplified scheme about the system boundaries of the man-
ufacture of polyamide-starch biocomposite from cradle to gate. The
gray dashed line represents the overall system and, in more detail, the
manufacture of the biocomposite, while the color-coded blocks stand
for the different unit processes, respectively. Additionally, the dashed
line, red in color, indicates substances that have been excluded from
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the study (clarified in more detail in subSect. “Manufacture of sub-
stances and their LCI”). Noteworthy, pelletizing has been included in
the processes of copolymerization and melt blending, even if it has
been excluded from the scheme, whereas transportation has not been
depicted in this scheme
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harvested, tentatively cleaned, and placed in the interme-
diate storage when required (Finnamyl and Lapuan Peruna
2017).

After the successful cultivation, potato starch was
extracted from the potatoes by utilizing either a filtration
or a decanter process, which was largely based on the same
steps, apart from the treatment of potato juice. Namely, in
the decanter process, as much potato juice as possible was
extracted after the crushing of potatoes, whereas in the fil-
tration process, only part of the potato juice was extracted,
followed by utter removal later through fine sizing. In gen-
eral, the process steps for both the filtration and the decanter
process (the exact order of the filtering of potato mush and
extracting of potato juice depending on the type of process)
included obtaining the potatoes, removing the dry soil, stor-
ing the potatoes, floating the potatoes to remove more soil,
and extracting the stones and other light substances. This
was followed by further washing the potatoes and crush-
ing them, filtering the resulting potato mush to remove the
fibers, extracting the potato juice completely or partially,
concentrating and washing the potato juice, as well as fine
sizing the mush to remove the rest of the fibers and potato
juice. The processes ended up with pre-drying, final drying,
as well as temporary storage and packing of the resulting
potato starch. (Padkkonen et al. 2004; Ahokas et al. 2012).

Consequently, the potato starch processing resulted in
the by-products of potato juice and pulp, further containing
protein and fiber, whereas the waste streams consisted of
dry soil, stones and other light substances, sludge, as well as
wastewater (Pdikkonen et al. 2004; Ahokas et al. 2012). In
more detail, wastewater included, for instance, potato juice
and sludge as a result of the washing steps (Vilimaa et al.
2017). Potato juice was mainly utilized as a fertilizer, and
potato pulp was used as a feed, whereas soil and sludge were
further able to be used, for example, for landscaping, back-
filling, and as soil on the fields, excluding potato and beet
fields. Recovery of protein from potato juice by coagulation
was also possible; nonetheless, it is not yet applicable in
Finland. Wastewater, in turn, was treated in the activated
sludge plants within the potato starch processing factories
(Padkkonen et al. 2004).

Moreover, the data of Natural Resources Institute Fin-
land’s case study for the cultivation of potatoes was solely
gathered from Finland, whereas the Ecoinvent data (obtained
from Ecoinvent v3.8, available in the PRé Sustainability’s
LCA software of SimaPro) for the processing and modifica-
tion of potato starch was collected from the US, Europe in
general, Germany, and Finland. Nonetheless, for the pur-
poses of the present study, both processes (cultivation of
potatoes and production of potato starch) were assumed to
occur in Finland. Finnish Finnamyl Oy was further selected
as the potato starch processing company for the present
study due to its highest production quantities of potato starch

(100 000-105 000 t/a) (Paakkonen et al. 2004), combined
with the shortest distance to the facilities of Aalto Univer-
sity, where the manufacture of polyamide-starch biocompos-
ite was set to be occurred.

For the potato starch processing, dry soil, stones, and
other light substances were excluded from the LCI of the
present study due to their assumed lower value as coproducts
and, therefore, fewer requirements for further processing.
Potato protein, in turn, was included as an output flow due
to the utilization of German data. Additionally, as defined in
ISO 14040 standard (International Organization for Stand-
ardization (ISO) 2006b), the allocation was not able to be
avoided due to the difficulty of dividing the multi-output
process of potato starch processing into subprocesses or
conducting a system expansion due to lack of data. There-
fore, the allocation was based on the quantitative relation-
ship between the coproducts (International Organization for
Standardization (ISO) 2006b); as the share of potato starch
was over half of the coproducts, all the burdens were allo-
cated to potato starch. Lastly, wastewater was excluded from
this allocation, while allocation was not considered for the
process of cultivation of potatoes.

Regarding the sources of input flows for the process-
ing of potato starch, integrated steam and heat production
(CHP) has been reported to be widely used in Finland with
an efficiency of 85% or even 90% (Silvonen and Mikeld
1996). Based on this fact, in Sphera’s software of LCA for
Experts (LCA FE), the process steam from natural gas for
the processing of potato starch was selected to be the Finn-
ish one with an efficiency of 85%, while the EU-28 tap
water from groundwater at the plant served as a source of
tap water. The activated sludge plant for the treatment of
wastewater of potato starch processing, in turn, was selected
to be EU-28 municipal wastewater treatment (with agricul-
tural sludge application) due to the fact that, in Finland, the
sludge resulted from the treatment of wastewater is used
as organic fertilizers in the fields (Pdidkkonen et al. 2004).
The input flow for this process was further selected to be
organic, contaminated, and untreated industrial wastewater,
treated according to Directive 91/271/EEC concerning urban
wastewater treatment.

Finally, the collected LCI from the Ecoinvent database
and case study of Natural Resources Institute of Finland is
not more detailly showcased in the present paper due to the
commercial origin and general confidentiality of the data,
respectively. However, the auxiliary processes used to model
the production of potato starch in LCA FE are presented
in Supplementary Information’s (SI) Table S1, excluding
the cultivation of potatoes as no auxiliary processes were
utilized for its modeling.

Manufacture of monomers and compatibilizer Altogether,
three monomers were considered for the present LCA study,
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namely 11-aminoundecanoic acid, 1,18-octadecanedioic
acid, and 1,12-diaminododecane. To start with, the manu-
facture of 11-aminoundecanoic acid was initiated by the
cultivation of castor beans within the castor plant (Ricinus
communis L.) in low humidity, adequately high tempera-
tures, and deep sandy loams with required fertility, acidity,
and drainage, which was followed by the extraction of castor
oil from the cultivated castor beans, for example, through
mechanical pressing and/or solvent extraction (Mubofu
2016). The cultivation of castor beans and extraction of
castor oil occurred in India, which currently dominates
both processes globally (Mubofu 2016). In the next step,
at the manufacturing plant located in Germany to which
the produced castor oil was transported, transesterifica-
tion of castor oil in the presence of methanol and a catalyst
was applied to yield methyl ricinoleate and glycerol, after
which pyrolysis in the presence of steam at the elevated tem-
peratures between 500—600 °C was further utilized to gain
methyl 10-undecenate and heptanal as the by-product. This
was followed by bromination, which converted the methyl
10-undecenate into 11-bromoundecanoic acid, and amina-
tion, resulting in the final intermediate product, 11-ami-
noundecanoic acid (Dimian et al. 2019).

The second monomer, 1,18-octadecanedioic acid was
manufactured by olefin metathesis (for example, alkenoly-
sis) of purified plant oil (such as rapeseed oil) with 1-butene,
followed by separation of the resulting olefins and esters
through distillation. Next, the subsequent transesterification
of these esters into monoesters, typically fatty acid methyl
esters (FAME), such as methyl oleate, occurred in the ester
stream. Finally, the monoesters and the resulting glycerol
were separated to obtain a range of products, including a,w-
dicarboxylic acids, such as 1,18-octadecanedioic acid (Chik-
kali and Mecking 2012).

Lastly, the manufacture of the third monomer, 1,12-diami-
nododecane (DMDA), started with the trimerization of buta-
diene, having been derived from fossil-based sources (Yang
et al. 2010), to 1,5,9-cyclododecatriene (CDT) (Gaide et al.
2016), catalyzed by nickel (Yang et al. 2010), which was
followed by either two- or three-step reaction route (Gaide
et al. 2016). The former included the hydrogenation of CDT
to cyclododecane and oxidation of cyclododecane with air
or oxygen to obtain a mixture of cyclododecanol and cyclo-
dodecanone, followed by the oxidation step with nitric acid
to eventually yield 1,12-dodecanedioic acid (Yang et al.
2010; Gaide et al. 2016). On the other hand, the latter route
consisted of the partial hydrogenation of CDT to cyclodo-
decene with the subsequent oxidative ozonolytic cleavage to
obtain 1,12-dodecanedioic acid (Gaide et al. 2016). Finally,
these reaction steps were followed by the hydrogenation
of 1,12-dodecanedioic acid, together with the subsequent
amination of 1,12-dodecanediol, in the presence of liquid
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ammonia and catalyst of Ru/triphos system to obtain the
desired 1,12-diaminododecane (Shi et al. 2017).

In addition to these monomers, the compatibilizer of
ODI was required for the manufacture of polyamide-starch
biocomposite, which consequently was also considered for
the present LCA. In this regard, the ODI was synthesized,
as most of the isocyanates, through a reaction between an
amine or its salt and phosgene (Ozaki 1972; Saunders and
Slocombe 1948), which can either be conducted in a solid-,
liquid-, or vapor-phase, the need of a catalyst depending
on the selected synthesizing method, and the reaction also
resulting in the formation of urea as the side-product (Saun-
ders and Slocombe 1948).

The required LCI data were purchased from the private
company of Sphera Solutions GmbH (in the case of mono-
mers) or collected from the MLC database (in terms of the
compatibilizer). Nonetheless, the stearic acid (octadecanoic
acid) dataset, purchased from Sphera Solutions GmbH, and
a readily available process in LCA FE about aliphatic isocy-
anates were used as a proxy for the monomer of 1,18-octa-
decanedioic acid and compatibilizer of ODI, respectively,
due to the lack of precise data for the original compatibilizer
and monomer. These actions were justified by the reported
possibility of replacing the materials, which are absent in
the LCA databases, with their closely related analogue (Pini
et al. 2020). The exact quantities of the input and output
flows as well as other assumptions of the monomers and
compatibilizer have, nonetheless, not been reported in the
present paper due to the commercial origin of the data as
well as the guidelines set by Sphera Solutions GmbH for the
datasets developed by them.

Manufacture of polyamide-starch biocomposite The
manufacture of the novel polyamide-starch biocomposite
consisted of four basic steps, namely, synthesizing of the
low-melting-point polyamide through copolymerization,
surface modification of potato starch to ease its compati-
bilization with the copolyamide matrix, and melt blending
of these two resulted constituents to obtain the polyamide-
starch biocomposite. In more detail, firstly, the monomers
of 11-aminoundecanoic acid, 1,18-octadecanedioic acid,
and 1,12-diaminododecane were copolymerized through a
polycondensation reaction for 4 h at the temperature of 200—
240 C° with the aid of a catalyst of sodium hypophosphite
monohydrate under nitrogen flow to obtain the copolymer of
PA11 and PA1218 (in short, PA11coPA1218) and water as a
by-product. In the end, the synthesized PA11coPA1218 was
cooled and pelletized, resulting in plastic granules (Banias-
adi et al. 2023b).

This was followed by the surface modification of potato
starch with the compatibilizer of ODI, consisting of thor-
ough drying of the starch at 70 °C for 48 h as well as heating
of the mixture of starch and ODI at 100 °C for 24 h to obtain
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Table 1 LCI for the
copolymerization of monomers

Input or output flow Type of constituent

Quantity of the constituent (per
1 kg of biocomposite)

to obtain PA11coPA1218
Input 11-aminoundecanoic acid 0.0705 kg
Input 1,18-octadecanedioic acid 0.11 kg
Input 1,12-diaminododecane 0.0701 kg
Input Sodium hypophosphite monohydrate 0.0002 kg
Input Electricity Confidential information (CI)
Input Nitrogen 0.0006 kg
Input Water 40 kg
Output PA11coPA1218 0.23 kg
Output Wastewater (untreated) 40 kg

Table2 LCI for the surface modification of starch to obtain ODI-g-
starch

Inputor  Type of constituent Quantity of the constituent (per
output 1 kg of biocomposite)

flow

Input ODI 0.01 kg

Input Potato starch 0.1kg

Input Electricity CI

Output ODI-g-starch 0.11 kg

Table3 LCI for the melt blending of PA11coPA1218 and ODI-g-
starch to obtain polyamide-starch biocomposite

Inputor  Type of constituent Quantity of the constituent
output (per 1 kg of polyamide-starch
flow biocomposite)

Input PA11coPA1218 granules 0.9, 0.7, 0.5, or 0.3 kg*

Input ODI-g-starch 0.1,0.3, 0.5, or 0.7 kg*

Input Electricity CI

Input Water 50 kg

Output Polyamide-starch bio- 1kg

composite granules

“Depending on the content of potato starch used as a biofiller in the
copolyamide matrix, namely, 10, 30, 50, or 70 wt%, respectively

the surface-modified starch (in short, ODI-g-starch). Finally,
the resulting PA11coPA1218 and ODI-g-starch were melt
blended at 200 °C for 1 h by using a twin-screw extruder,
followed by cooling and pelletizing to obtain the biocompos-
ite granules. After the experiments, the cooling water was
poured into the sewer (Baniasadi et al. 2023a, b).

The LCI data required for the manufacture of polyamide-
starch biocomposite was directly derived from these labora-
tory-scale experiments conducted at the facilities of Aalto
University School of Chemical Engineering, except of the
value for electricity, which was collected from the Ecoin-
vent database. All the input and output flows together with

the quantities of these unit processes of copolymerization,
surface modification, and melt blending are further listed
in Tables 1, 2, and 3, respectively. Additionally, the com-
prehensive description of all the auxiliary processes, flows,
and data required to model these unit processes in LCA FE
is provided in SI's Tables S2-S4. Noteworthy, the LCI data
for electricity is not showcased in the present paper due to
its confidentiality.

The manufacture of the catalyst of sodium hypophosphite
monohydrate for the copolymerization of PA11coPA1218
was, nonetheless, excluded from the present study since it
was used in rather small quantities (less than 1% from the
functional unit of 1 kg of biocomposite), and some polym-
erization reactions can run without a specific catalyst. On the
other hand, the manufacture of polyamide-starch biocom-
posite on the laboratory scale was assumed not to produce
considerable solid waste streams or losses of substances,
which is why these streams and losses were excluded from
the present study. The utilized cooling water served as an
exception, resulting in the wastewater being assumed to be
treated in the EU-28 municipal wastewater facilities.

Similarly, only the copolymerization of 11-aminoundeca-
noic acid, 1,18-octadecanedioic acid, and 1,12-diaminodo-
decane, resulting in PA11coPA1218, was estimated to yield
a vanishingly small amount of water as a by-product with no
explicit end-users due to its collection as part of the nitro-
gen flow, which is why also this water was excluded. Con-
sequently, due to the exclusion of solid waste streams and
by-products, the allocation was not essential to use in this
manufacturing step of polyamide-starch biocomposite. In
addition to these, due to its assumably low impacts, pelletiz-
ing was included in the unit processes of copolymerization
of PA11coPA1218 and its subsequent melt blending with
surface-modified potato starch without separate modeling
of this unit process in LCA FE. In other words, pelletizing
was excluded from the present study.

Additionally, the European electricity grid mix with the
distribution of energy sources in the European electricity
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grid was utilized as the energy source for all the unit pro-
cesses of this manufacturing stage. The source of nitrogen,
in turn, for the unit process of copolymerization of mono-
mers was selected to be EU-28 nitrogen (gaseous), which
can also be found in the Sphera Managed LCA Content
(MLC) 2023.1 database, available in LCA FE. The value
for nitrogen flow was estimated based on the experimental
setup by calculating the amount of gaseous nitrogen being
consumed during the four hours of copolymerization with
the flow rate of 2 ml/min. The calculations for the exact
amount of utilized nitrogen are thoroughly explained in SI's
Table S5.

Further, since the overall share of groundwater as a pro-
cess water to produce plastics in Finland can be assumed to
be slightly greater than that of surface water (Salminen et al.
2017), desalinated and deionized EU-28 process water from
groundwater, being available in the MLC 2023.1 database,
was exploited as a source of cooling water for the unit pro-
cesses of copolymerization of monomers and melt blending
of constituents. As in the case of nitrogen flow, the value for
cooling water was assessed based on the laboratory experi-
ments by estimating the amount of consumed water for four
hours and one hour for the unit processes of copolymeriza-
tion and melt blending, respectively.

Transportation of substances The processed potato starch
was assumed to be transported from its processor of Fin-
namyl Oy, located in Kokeméki in Finland, monomers from
their selected manufacturing plant of abcr Gute Chemie,
nestled in Bruchsal in Germany, and the compatibilizer of
ODI from its manufacturer of Vencorex in France, respec-
tively. Germany was selected as the manufacturing country
for the monomers due to its relative proximity to Finland
in comparison with some other European countries and the
fact that a multitude of fine chemical manufacturers and/or
suppliers operate in Germany. Noteworthy, for the potato
starch, monomers, and compatibilizer, the EU-28 diesel mix
at the refinery, manufactured both from crude oil and from
biocomponents, together with EU-28 heavy fuel oil at refin-
ery (1.0 wt% S) was selected as the energy sources for trans-
portation in LCA FE, while transportation was excluded
from the laboratory-scale manufacturing processes of the
polyamide-starch biocomposite due to the permanent loca-
tion of the experiments with no need for transportation.
Lastly, the LCI data for the transport of substances was
gathered from the MLC database, the places of departure
and arrival, as well as the distances, having been estimated
with a basis on the selected websites. An in-depth report
about the transport of these substances can also be found in
SI, with all the transportation details being concisely pre-
sented in SI's Table S6.
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Sequestered CO, in potato starch The CO, sequestration
into the biomass was considered by calculating the CO,
content of the processed and modified potato starch per 1 kg
of biocomposite according to Eq. (1). For these calculations,
potato starch was selected as the carbon sink instead of pota-
toes due to the better consideration of its main output flows
in the LCA model, namely, all the burdens of this produc-
tion step were allocated to potato starch. Finally, these cal-
culations of sequestered CO, in potato starch are explained
in more detail in SI's Table S7.

M(C),
< M(S’;; ) ’ m(ST)biocomposite
M(Ocon
M(CO,)

where CDR(CO,) stands for the amount of sequestered
CO, in potato starch, M(C)gr for the molecular weight of
carbon in potato starch, M(ST) for the molecular weight
of potato starch, m(ST)yiocomposite fOT the amount of potato
starch required for 1 kg of biocomposite, M(C)cq, for the
molecular weight of carbon in CO,, M(CO,) for the molec-
ular weight of CO,, and Cf(CO,) for the characterization
factor of CO,.

CDR(CO,) =

-Cf(CO,) (1)

Life cycle impact assessment (LCIA)
Software, databases, and impact category

Sphera’s LCA FE with MLC 2023.1 databases, including
the impact assessment method EF 3.1, was used to execute
the LCIA of the present paper. Further, climate impact
(expressed as kg CO, eq./kg of biocomposite) played the role
of the principal impact category for the present LCA study
to quantify the carbon footprint of the biocomposite under
analysis. In more detail, climate impact was selected for the
study since it is the most researched impact category, which
has successfully been used to quantify the carbon footprint
reductions of different types of (bio)composites (Broeren
et al. 2017; Oliver-Ortega et al. 2019; Torrell Gines 2016;
Mahalle et al. 2014; Guo and Murphy 2012; Kane et al.
2022), therefore possessing potential in aiding the develop-
ment of more climate-friendly plastics.

Sensitivity analysis

Sensitivity analysis was applied in the present paper to see
how the alteration of data and model details will affect the
LCIA results, with an aim to both tentatively simulate indus-
trial-scale production and preliminary explore the influence
of a decarbonized electricity grid mix in the future. This
was done by adding internal circulation of cooling water
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in the manufacture of biocomposite on the laboratory scale
and switching the European electricity grid mix to the
Finnish alternative to accomplish the first and second aim,
respectively. Nonetheless, the electricity grid mix used for
the datasets of monomers and compatibilizer was left intact
due to their commercial origin and, thus, non-modifiable
characteristics. Stemming from this overview, in the follow-
ing results and conclusion Sects. “Results and discussion”
and “Conclusions,” respectively, the two types of sensitivity
analyses are referred to as sensitivity analysis 1 and sensi-
tivity analysis 2 (in short, SA1 and SA2), respectively, the
former representing the case with the Finnish electricity grid
mix and internal circulation of cooling water and the latter
one with Finnish electricity grid mix and without an internal
circulation of cooling water.

Results and discussion

Carbon footprint and sensitivity analysis
of polyamide-starch biocomposite

The core aim of the conducted LCA of the present paper, as
previously defined in the introduction and subSect. “Goal
and scope definition,” was to quantify the total carbon
footprint and identify the hotspots of the manufacture of
polyamide-starch biocomposite, closely followed by explor-
ing the effect of applied sensitivity analyses of the selected
processes on the final LCIA results. Ergo, in the present
subsection, an in-depth analysis of the obtained LCIA results
has been conducted with a joint and, when required, separate
focus on each of the cases (baseline case and the two types
of sensitivity analyses SA1 and SA2, respectively), consist-
ing of the analysis of the general phenomenon, caused by the
addition of potato starch as the biofiller into the copolyam-
ide matrix, together with the identification and evaluation
of the hotspots within the defined system boundaries. The
core focus of the present paper was on a carbon footprint;
however, a primary analysis about acidification, eutrophi-
cation (terrestrial, freshwater, and marine), as well as land
use impacts of polyamide-starch biocomposite was also con-
ducted and is provided in SI’s Figures S1-S3.

Having said this, all the total carbon footprints and hot-
spots per baseline case as well as SA1 and SA2, respectively,
are presented briefly in Fig. 2. Noteworthy, the amount of
sequestered CO, in potato starch was calculated to be as low
as —0.16 kg CO, eq./kg of biocomposite with a minor effect
on the total LCIA results, which is why the sequestered CO,
is excluded from the analysis of the present subsection and
Fig. 2, subSect. “Comparison of the LCIA results to the
literature and reference plastics” and Fig. 3 being an excep-
tion. Additionally, the production processes of monomers
and compatibilizer were combined for the LCA calculations

as well as presenting the LCIA results to meet the guide-
lines set by Sphera Solutions GmbH for the purchased
datasets developed by them and the ones available in their
LCA FE software. Lastly, to enhance the reportability and
understandability of the LCIA results, the carbon footprints
caused by the unit processes of copolymerization, surface
modification, and melt blending—their values being van-
ishingly low on their own—were calculated, presented, and
analyzed under the umbrella term of manufacture of poly-
amide-starch biocomposite.

To start with, the general phenomenon that resulted in
the addition of potato starch into the copolyamide matrix
was evident and visible in terms of all the studied cases; this
addition progressively reduced the total carbon footprint of
polyamide-starch biocomposite, even up to 42-43% with the
highest potato starch content of 70 wt% in comparison with
the plain copolyamide. This occurrence can be attributed
to the production processes of potato starch per se, in more
detail, the cultivation of potatoes, as well as the processing
and modification of potato starch. Namely, as can also be
seen from Fig. 2, the carbon footprint of these two processes,
altogether, was constantly considerably lower than the one
caused by the production of monomers and compatibilizer
(the energy-intensive monomers being the major contributor
to the total carbon footprint of polyamide-starch biocompos-
ite). The contribution of these monomers and compatibi-
lizer, both requiring long-distance transportation from their
manufacturers, was replaced step by step to a greater extent
upon the addition of locally produced potato starch (Oliver-
Ortega et al. 2019; Guo and Murphy 2012). In more detail,
on one hand, the share of the production of monomers and
compatibilizer from the total carbon footprint of polyamide-
starch biocomposite was decreased by 14, 12.7, and 12.4%
for the baseline case, SA1, and SA2, respectively. On the
other hand, the share of cultivation of potatoes from the total
carbon footprint was increased by 7.4, 8, and 7.5% for the
baseline case, SA1, and SA2, respectively, and simultane-
ously, the share of processing and modification of potato
starch from the same total carbon footprint was increased
by 5.1, 3.8, and 3.6% for the baseline case, SA1, and SA2,
respectively.

Nonetheless, despite this unquestionable role of the culti-
vation of potatoes together with processing and modification
of potato starch in reducing the total carbon footprint of
polyamide-starch biocomposite, also other processes within
the system boundaries, required to manufacture the biocom-
posite, participated in this job, although to a lesser extent.
Ipso facto, upon the increased addition of potato starch into
the copolyamide matrix, the carbon footprint caused by the
transport of substances was increased by 0.32, 0.38, and
0.35%, and the manufacture of polyamide-starch biocom-
posite by 1.2, 0.54, and 0.9% for the baseline case, SA1,
and SA2, respectively. These can be stated to be caused by
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Fig.2 A set of graphs showcasing the total LCIA results of the pol-
yamide-starch biocomposite with varying content of potato starch,
combined with the contribution of each production step, per base-
line case and applied sensitivity analyses SA1 and SA2, respectively.
Further, the abbreviations BioCol, BioCo2, BioCo3, BioCo4, and
BioCo5 stand for the polyamide-starch biocomposite with the starch

the slightly increased amount of potato starch transported
to Aalto University and further used to manufacture the
polyamide-starch biocomposite at the facilities of Aalto
University.

Additionally, when having a further look at the differ-
ences between the studied cases, the total carbon footprint
with the progressively increased content of potato starch was
found to be 5.4-7.7% and 0.1-2.1% lower in terms of SA1
and SA2, respectively, when compared to the total carbon
footprint of the baseline case. In more detail, considering
the former case (SA1), this can mainly be attributed to the
simulated internal circulation of cooling water with an utter
removal of the impacts caused by the production, circulation,
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contents of 0, 10, 30, 50, and 70 wt%, respectively. A. The baseline
case (without an internal circulation of cooling water). B. SA1 (with
Finnish electricity grid mix and an internal circulation of cooling
water). C SA2 (with Finnish electricity grid mix and without an inter-
nal circulation of cooling water). Noteworthy, the sequestered CO, in
potato starch has not been considered in the present figure

and wastewater treatment of this cooling water, which
slightly decreased the total carbon footprint. This is a rea-
sonable outcome because the environmental impacts caused
by the laboratory-scale processes are often higher than their
industrial-scale counterparts (Piccinno et al. 2016).

On the other hand, in terms of the latter case (SA2),
the occurrence can be reasoned by the different sources
used for the European and Finnish electricity generation,
the European one mainly relying on coal, gas, and other
fossil fuels with a share of 39% of the total electricity
generation, followed by nuclear as well as combined wind
and solar (both having a share of 22%), while Finland
primarily utilizes nuclear (close to 40%) with a higher
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Fig.3 A set of graphs comparing the performance of polyamide-
starch biocomposite of the baseline case with the lowest and highest
content of potato starch (namely, O and 70 wt%, respectively) to the
selected fossil-based plastics and polyamide-based composites. Fur-
ther, the abbreviations of BioCol, BioCo5, Col, and Co2 stand for
the plain copolyamide, polyamide-starch biocomposite with a starch
content of 70 wt%, PA610/80 wt% REX-PLA, and PA40/30 wt%

share of hydro- and bioenergy (both close to 20%) (Jones
et al. 2023). As the reasoning, the burning of fossil fuels
has been reported to emit higher CO, emissions than, for
example, the use of nuclear and hydro as the sources for
electricity generation (Yadav et al. 2021), which conse-
quently decreases the impact caused by the processing and
modification of potato starch together with the manufac-
ture of polyamide-starch biocomposite of the present study
upon the application of Finnish electricity.

After evaluating the bigger picture, it is time to cap off
this subsection by having a detailed look at the hotspots.
Regarding the matter, Fig. 2 clearly showcases that the pro-
duction step of monomers and compatibilizer (and primar-
ily the monomers) evidently was the major hotspot for all
the cases, and its share ranged between 79-93, 86-99, and
81-93% of the total carbon footprint for the baseline case,
SA1, and SA2, respectively. Apart from this, the otherwise
slight variation in the order of hotspots was found to be
dependent both on the content of potato starch and on dif-
ferent cases, namely, in terms of the baseline case and SA2,
excluding the highest content of potato starch, while the sec-
ond most contributing production step was the manufacture
of polyamide-starch biocomposite with the share of total
carbon footprint ranging between 5.6-6.8% and 5.5-6.4%
for the baseline case and SA2, respectively. Yet, SA1 served
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glass fibers, respectively. A, Polyamide-starch biocomposite vs. the
selected fossil-based plastics. B, Polyamide-starch biocomposite vs.
the selected polyamide-based composites. Noteworthy, in the figure,
the sequestered CO, is included in the carbon footprint of polyam-
ide-starch biocomposite and the plain copolyamide. Additionally, the
sequestered CO, has been assumed to be considered in the carbon
footprint of all the reference polyamide-based composites

as the exception in this observation, with the biocompos-
ite’s manufacturing step having been the minor contributor
throughout the varying content of potato starch with a share
of 0.2-0.7% of the total carbon footprint.

In the case of the rest of the production steps, transpor-
tation contributed, most of the time, the least to the total
carbon footprint in the baseline case as well as SA2 and the
second/third least in SA1 with the share of 1.24-1.69% of
the total carbon footprint. Finally, the contribution of the
production steps of potatoes and potato starch progressively
increased upon the increased addition of potato starch, with
these two steps ultimately having been the fourth and sec-
ond/third most contributing steps with the share of 7.4-8 and
3.6-5.1%, respectively, in the case of the highest content of
potato starch in all the cases under analysis.

Comparison of the LCIA results to the literature
and reference plastics

As previously stated, the available LCA studies about the
polyamide-based or starch-including (bio)composites indi-
cated that the increase in the bio-based content of the (bio)
composites could reduce their environmental impacts in
certain impact categories (such as in terms of their carbon
footprint) (Oliver-Ortega et al. 2019; Torrell Gines 2016;
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Mabhalle et al. 2014), making them outperform some of
the fossil-based plastics in these categories (Broeren et al.
2017; Mahalle et al. 2014; Guo and Murphy 2012). Despite
the reductions in the carbon footprint, upon the increased
bio-based content, the agricultural-related impacts of these
(bio)composites are simultaneously worsened (Broeren et al.
2017; Mahalle et al. 2014; Guo and Murphy 2012).

Regarding the hotspots, the process with the highest car-
bon footprint, irrespective of the polymer matrix or biofiller,
seems to be, in some cases, the manufacture of monomers
for the plastic matrix, whereas transportation is the least
polluting one (Oliver-Ortega et al. 2019; Suwanmanee et al.
2013; Guo and Murphy 2012), followed by the manufacture
of biofiller and (bio)composite (Correa et al. 2019; Oliver-
Ortega et al. 2019). Stemming from this, the cultivation and
processing of the biofiller can be stated to act as a minor
contributor to the total carbon footprint, for example, in the
case of virgin potato starch (Broeren et al. 2017), for which
the carbon footprint per se is rather low (e.g., 0.88 CO, eq./
kg of dry native starch produced from wheat, maize, or pota-
toes (An et al. 2012)). Despite these outcomes, it is good to
bear in mind that the results in the form of their absolute val-
ues cannot directly be compared with each other due to the
methodological differences of various LCA studies (Walker
and Rothman 2020); ergo, the direct comparison of these
literature findings with the LCIA results acquired from the
present study was excluded from the discussion. However, it
can be concluded that the general phenomenon in the outline
is similar between the LCA studies of the analyzed literature
and the present paper.

Additionally, Fig. 3 showcases the performance of the
polyamide-starch biocomposite vs. the selected reference
fossil-based plastics and composites, from which the data
for PP, HDPE, LDPE, and PA6.6 were collected from the
reports of PlasticsEurope (PlasticsEurope 2014a, 2014b,
2014c), while the data for PA12, PA6, PA40/30 wt% glass
fibers, and PA610/80 wt% REX-PLA were found from the
literature (Petersson et al. 2013; Torrell Gines 2016; Lon-
don 2020; Brehmer 2014). Noteworthy, the carbon footprints
of these reference plastics and composites have not been
quantified along with the ones of polyamide-starch biocom-
posite but extracted from the reports or literature, which is
a viable approach previously used by Broeren et al. (2017).
Regarding the matter, the total carbon footprint caused by
the baseline case’s polyamide-starch biocomposite with
the highest content of potato starch (70 wt%) was 64, 49,
and 43% higher in comparison with the fossil-based plas-
tics of PP, HDPE, and LDPE, respectively, and this specific
biocomposite simultaneously had 29, 39, and 42% lower
carbon footprint than the ones of fossil-based polyamides,
PA6, PA12, and PA6.6, respectively. In a similar manner,
the carbon footprint of the baseline case’s polyamide-starch
biocomposite was decreased by 59 and 79% in comparison
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with the ones of the composites, PA610/80 wt% REX-PLA
and PA40/30 wt% glass fibers, respectively.

Noteworthy, despite the fact that the functional units and
system boundaries of these reference plastics and compos-
ites are in outline comparable to the one of the present paper,
their LCIA results can be slightly affected by the applied
LCIA impact assessment methods other than EF 3.1 (differ-
ence 1) (Torrell Gines 2016; PlasticsEurope 2014a, 2014b,
2014c), the separate inclusion of the electricity-requiring
pelletizer in the LCA (difference 2) (Torrell Gines 2016;
PlasticsEurope 2014a, 2014b, 2014c), together with the
addition of product manufacturing step (difference 3), for
example, through injection molding (Petersson et al. 2013).
These differences might either slightly underestimate or
overestimate the final LCIA results in the case of difference
1 and 2/3, respectively, in comparison with the present study
with, although assumably, no remarkable effect on the final
conclusions presented in this subsection.

Based on this analysis, the specific polyamide-starch
biocomposite of the present study with previously reported
excellent properties can be envisaged to possess a bet-
ter environmental performance from the global warming
potential point of view in comparison with the commercial,
energy-intensive fossil-based polyamides and, partially,
some of the polyamide-based composites, consequently
advancing the more climate-friendly manufacture of plas-
tics through blatant reductions in their total carbon footprint.
Despite this outcome, advancements in the manufacture of
monomers, combined with the minimization of the amount
of compatibilizer (Broeren et al. 2017), are required to
ensure the polyamide-starch biocomposite’s ability to bet-
ter compete with the fossil-based plastics of PP, HDPE, and
LDPE with a relatively low climate impact, for instance
through decarbonization of energy by increasing the share
of utterly biosourced electricity (Zheng and Suh 2019).
Alternatively, evaluation of other possible bio-based plastic
matrices for biocomposites with initially lower carbon foot-
print or application of agricultural wastes as biofillers are
also options worth considering in reducing the total carbon
footprint of biocomposites more remarkably. One promising
option would also be to blend biofillers with fossil-based
polyolefins to increase their bio-based content and, poten-
tially, lower their carbon footprint to some extent.

Limitations of the study

Despite the great efforts, every LCA study possesses its
own limitations as well as requirements for enhancement
and future research, and the study in question is no excep-
tion. Consequently, calculations of the amount of nitrogen
and water for the unit processes of copolymerization and
melt blending contain some uncertainties due to the diffi-
culty of estimating the exact quantity for both the initial
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nitrogen and the water flows as well as the timescale for the
exact utilization of these resources during the experimental
work. Therefore, it would have been ideal to utilize more
accurate data for these purposes, which had required, instead
of assessing the matter through calculations and/or assump-
tions afterward, the direct and precise measurement of water
and nitrogen flows already during the experimental work. In
terms of other estimations, the places of arrival and depar-
ture, as well as approximated distances of land and ocean
routes for the transportation of substances, primarily had
grounded on assumptions, which, however, can be argued
to have only a marginal effect on the acquired LCIA results.

In addition to the previous aspects, the use of stearic acid
and a mix of aliphatic isocyanates as a proxy for 1,18-octa-
decanedioic acid (the monomer) and ODI (the compatibi-
lizer), respectively, as the input flows for the unit processes
of copolymerization or melt blending has, to some extent,
influenced the LCIA results. In more detail, the application
of stearic acid has most probably underestimated the real
carbon footprint of 1,18-octadecanedioic acid since some of
its process steps are missing in the proxy, while the utiliza-
tion of aliphatic isocyanates has, most likely, overestimated
the actual carbon footprint of ODI due to the higher number
of isocyanates included in this proxy dataset. In this con-
text, the exclusion of pelletizing step may also have slightly
underestimated the carbon footprint caused by the manufac-
ture of biocomposite. Finally, the comparison of the LCIA
results of different technological scales (laboratory scale vs.
the industrial one) can also be considered as one of the limi-
tations of the present study.

Development points and suggestions for further
research

A full scaling up of the present laboratory-scale experiments
could have been worth considering because, on the indus-
trial scale, the equipment of chemical processes is more
complex with linked process steps (Piccinno et al. 2016),
which affects the final LCIA results by usually lowering the
total impacts in comparison with the ones derived from the
laboratory conditions (Piccinno et al. 2016). This scaling
up would also have improved the comparison of polyamide-
starch biocomposite, manufactured in the laboratory, with
the commercial alternatives (Piccinno et al. 2016). Despite
this, the acquired LCIA results of the present paper, as they
are, already possess societal relevance. Lastly, the inclusion
of a wider set of impact categories could have derived a
broader picture of the environmental impacts caused by the
manufacture of polyamide-starch biocomposite of the pre-
sent paper.

Opverall, in the future, a discreet enhancement of the LCI
data and the related assumptions, a full scaling up of the
laboratory-scale experiments of the present study into an

industrial scale, together with an inclusion of a broader
set of impact categories, would be beneficial in obtaining
a more relevant and comprehensive understanding of the
environmental impacts caused by the manufacture of pol-
yamide-starch biocomposite of the present paper. The pro-
posed approach could also better facilitate the development
and promotion of the newly developed polyamide-starch
biocomposite (Piccinno et al. 2016), potentially also on the
industrial scale.

Conclusions

In the present paper, a comprehensive cradle-to-gate LCA
of a newly developed polyamide-starch biocomposite was
conducted, varying the content of potato starch from O to
70 wt%, with a specific focus on its carbon footprint. The
results of the LCA are promising and provide valuable
insights about the early-stage environmental burdens of the
biocomposite with a possibility to forecast the impacts of its
industrial-scale production; nonetheless, there is still poten-
tial for further carbon footprint reductions. One approach
would, therefore, be to enhance the production of energy-
intensive monomers, while also reducing the required
amount of compatibilizer. These improvements would ena-
ble the developed biocomposite to better compete with the
commercial, fossil-based polyolefins that currently have a
relatively low carbon footprint. For future LCA studies, in
turn, it is recommended to scale up the laboratory setup to
facilitate meaningful comparisons with various commercial
plastics and (bio)composites. It would also be beneficial to
explore a broader set of applied impact categories to gain a
comprehensive understanding of the overall environmental
impacts caused by the polyamide-starch biocomposite. To
end up with, the polyamide-starch biocomposite presented
in this paper, especially with the highest content of potato
starch (70 wt%), has demonstrated considerable potential for
reducing the carbon footprint of plain polyamides.
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