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ABSTRACT

The transition from a linear, fossil-based polymer economy to a circular bio-economy is critical for
mitigating resource depletion and greenhouse gas emissions. This study provides a rigorous com-
parison of two biomass-to-plastic pathways: a biochemical route (PLA via enzymatic hydrolysis)
and a thermochemical route (bio-PE via gasification and MTO). Based on Aspen Plus simulations
and a "lifetime-adjusted" lifecycle assessment framework, we evaluate the environmental perfor-
mance of these routes in the transition from linear to circular systems. Unlike standard "cut-off"
methods, the lifetime-adjusted model accounts for virgin make-up and molecular retention across
multiple recycling cycles. Results indicate that at current 15% recycling rates, PLA exhibits the
lowest global warming potential due to significant biogenic carbon sequestration. However, as
recycling rates reach 75%, process efficiency becomes the dominant factor; the precise biochem-
ical recycling of PLA continues to outperform mechanical HDPE recycling, whereas the energy-
intensive thermochemical bio-PE route loses its competitive advantage. Our sensitivity analysis
reveals that LCA modeling choices significantly diverge at intermediate recycling rates, resulting
in different values for environmental impact. Ultimately, while bioplastics serve as a vital agent for
CO:2 sequestration during the transition to circularity, long-term sustainability necessitates a shift

toward "recyclable-by-design" materials.
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INTRODUCTION

Currently, polymer production is mostly based on
fossil feedstocks, leading to burdens, such as pollution,
resource depletion and green house gas emissions [1].
Nonetheless, production volumes continue to rise, espe-
cially driven by the plastic packaging sector, which made
up over 30% of the global plastic demand in 2019 [2],
where recycled plastics remain the exception, with recy-
cling rates reaching 15% at most [3]. The sector's reliance
on linear manufacturing and single-use packaging threat-
ens to intensify its environmental crisis [1], highlighting
the need for a circular plastics economy, leveraging var-
ious renewable technologies [4].

Biomass, especially agricultural residues such as
wheat straw, emerges as a promising renewable feed-
stock for CO2 sequestration, and has multiple processing
pathways: biochemical and thermochemical. Polylactic
acid (PLA) is currently leading the global bioplastic
https://doi.org/10.69997/sct.157148

production [5] as a versatile packaging material and fol-
lows a biochemical processing path, using hydrolysis and
subsequent fermentation to produce lactic acid [6].
Meanwhile bio-polyethylene (bio-PE) is a "drop-in" plas-
tic, that can be produced thermochemically via biomass
gasification [7] and methanol-to-olefins (MTO) technol-
ogy [8]. However, bioplastics alone will not solve the en-
vironmental crisis in the plastics sector and can contrib-
ute to added strain on land use [4].

A possible solution for a more sustainable polymer
economy is combining chemical recycling, with renewa-
ble feedstocks, which saves virgin resources and facili-
tates the shift away from fossil-dependence. While bio-
plastics are currently mostly landfilled, they have great
potential for chemical depolymerization, conserving their
polymer quality, as opposed to mechanical recycling. PLA
can be recycled using enzymatic hydrolysis, which is a
very precise, single step biochemical process [9]. Similar
to its production, bio-PE can be recycled
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thermochemically by polymer gasification and MTO [10,
11]. While previous studies have evaluated these path-
ways in isolation, a rigorous comparison of these tech-
nologies is missing to our best knowledge.

Furthermore, standard lifecycle assessment (LCA)
“cut-off" methods often fail to capture the long-term
value of molecular retention and do not account for the
impact of virgin make-up. This leads to comparisons of
isolated processes that neglect the synergies between
chemical recycling and the use of renewable makeup,
where the latter can bring additional benefits relative to
the standard consumption of fossil make up in circular
routes. This assumption fails to accurately quantify the
true impact of plastics based on the recycling rate, the
virgin make-up and the end-of-life treatment of the
losses. In contrast, this paper uses a "lifetime- adjusted"
framework, following the work of Nicholson et al. [12], to
evaluate the global warming potential (GWP) of these
technologies as they transition from linear to circular sys-
tems and assess the difference between the cut-off
model and lifetime-adjusted model for impact calculation.

PROCESS DESCRIPTION & SIMULATION

Biochemical Pathway

The simulations are carried out in Aspen Plus V15.
ELECNRTL is used as the property model, and missing
model parameter values are taken from NREL’s Physical
Property Database for Biofuels Components [13] or esti-
mated with the UNIFAC method. The considered sub-
stances are modeled as conventional substances, with
the exception of biomass, enzymes, PLA, and calcium
lactate, which are modeled as solids. The reactors are
modeled with RSTOIC units, except for the polymeriza-
tion of the lactide, where a batch is used. The flashes and
distillation columns are modeled using FLASH2 and RAD-
FRAC respectively. The process flowsheets and invento-
ries can be found in the Sl.

Production begins with steam explosion of wheat
straw (160°C, 0.62 MPa) [14] to hydrolyze hemicellulose
into xylose, followed by organosolv pretreatment (170°C,
65% ethanol, 0.5% H2S04) to solubilize lignin [15]. The re-
maining cellulose is enzymatically hydrolyzed (50°C) to
glucose [16].

These sugars are fermented (37°C, pH 7) into lactic
acid (LA) with 90% yield and 99.5% optical purity [17].
Neutralization with lime forms calcium lactate, which is
acidified with sulfuric acid to liberate LA and remove gyp-
sum [18, 19]. Purification utilizes reactive distillation via
esterification and hydrolysis, achieving commercial con-
centrations of 85-88% [20].

PLA polymerization follows the continuous ring-
opening polymerization (ROP) route. LA is dehydrated
(130°C, 0.5 atm) to a prepolymer, then thermally depoly-
merized (180°C, 0.1 atm) to cyclic lactide. Purified lactide
undergoes ROP in the melt using a tin octanoate catalyst
Krestnikova et al. / LAPSE:2026.0207

(180°C, 4h) with 95% conversion [21, 22]. Residual mon-
omers are devolatilized and recycled.

Enzymatic recycling employs PLA-depolymerases
to degrade the polymer back to monomers [23]. PLA is
hydrolyzed in water (70°C, 230 g/L solids) [24], followed
by neutralization and acidification as described for LA
production from biomass conversion above. Finally, re-
verse osmosis recovers LA at target purity, closing the
material loop [25].

Thermochemical Pathway

For the thermochemical benchmark, existing work
and inventories were used, as shown in the Sl. The pro-
cess is based on high-TRL biomass gasification [7] fol-
lowed by a MTO [8, 10] route to produce bio-PE. Circu-
larity is achieved via polymer gasification, returning the
waste plastic to syngas [11]. This route is characterized
by higher energy intensity and a higher number of steps
but benefits from seamless integration into existing infra-
structure.

METHODOLOGY

Lifetime-adjusted LCA

The LCA follows ISO 14040/14044 standards [26]
using Ecoinvent 3.10 [27] as the background system and
process simulation outputs as foreground data. Calcula-
tions are performed in Brightway?2 [28], utilizing the IPCC
2021 climate change method for GWP over a time horizon
of 100 years and including hydrogen and biogenic car-
bon.

Beyond the standard cut-off approach, we imple-
ment a lifetime-adjusted impact framework following Ni-
cholson et al. [12]. This approach calculates the number
of material lifetimes L based on the process yield of pol-
ymer recycling (a), the recycling rate (b), and the fraction
of recycled monomer in the new material (c), which make
up the total fraction of recyclate @, following equation (1).
The polymer recycling yield is process-specific and taken
from the respective inventories of enzymatic hydrolysis
(a = 95%) and polymer gasification (a = 81%). The recy-
cling rate describes how much plastic is collected for re-
cycling. The fraction of recycled monomer in the new ma-
terial was assumed to be one for both PLA and bio-PE, as
the chemical recycling process produces polymers of
“virgin-like” quality, such that no other virgin material is
required.

—=9 M

c

It is assumed that anything not recycled (1-®) ends
up in waste streams, that ultimately are treated by mu-
nicipal waste incineration. The number of lifetimes L is
used to scale the products environmental impact x;, en-
suring each product shares the burden of virgin produc-
tion x, and recycling x,across all cycles n in the
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Figure 1. a) Breakdown of average GWP impacts for virgin and recycled PLA, bio-PE, and fossil-PE across different
life-cycle calculation models (cut-off vs. lifetime-adjusted) at 15% recycling rate. b) Breakdown of average GWP
impacts for virgin and recycled PLA, bio-PE, and fossil-PE across different life-cycle calculation models (cut-off

production and recycling cascade as can be seen in
equations (2) and (3).

L=3 (2) ==

9
c—ab

for a <1 (2)

Xp+(L-1)x,
xy = 2 (3)

One limitation of the lifetime calculation, however, is
that the amount of monomer recovered from chemical re-
cycling (ab) must be less than the amount used to resyn-
thesize the equivalent amount of polymer product (c), as
seen in equation (2). Hence parameter c is also fixed at
one for mechanically recycled conventional PE.

While many studies compare the cut-off impacts of
a conventional material with its recycled counterpart, this
approach assumes that all plastic is recycled. With our
current recycling rates of just 15%, our study applies an
averaged impact of circular plastics accounting for a vir-
gin make-up, as shown in equation (4).

Xaverage = Dx,+(1—-D)x, (4)

The model further accounts for end-of-life treat-
ment of losses, distinguishing between material entering
the loop and virgin makeup. Equations (5) and (6) present
the contribution of the end-of-life treatment x,, to the
overall impacts in both the cut-off and lifetime adjusted
models. As Nicholson’s model only assumes the same
life-time adjusted impact over all levels in the cascade for
the material entering the loop, the fraction that is virgin
but then lost, needs to be accounted separately. For an
extended derivation, please consult the SI.

Xeut—of f = Dx,+(1—D)x, +(1—DP)xey (5)
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Xiifetime = DXp, + (1 — ®)Dxp + (1 — @) x, + (1 — P)xer (6)

By comparing both models and benchmarking
against linear impacts of fossil high-density polyethylene
(HDPE) and mechanically recycled HDPE across varying
recycling rates, we highlight how different calculation
methods can steer policy decisions. The inventories for
HDPE from naphtha cracking, henceforth called conven-
tional PE, and from mechanical recycling (recycled con-
ventional PE) were taken from Ecoinvent 3.10. While the
use phase is excluded due to lack of data, the compara-
tive results across plastic types remain robust.

RESULTS & DISCUSSION

Impacts at current state of recycling

Figure 1 a) shows the breakdown of the averaged
GWP impacts for the biochemical pathway, represented
by virgin and recycled PLA, as well as the impacts from
the thermochemical production path for virgin and recy-
cled bio-PE at current recycling rates of 15%. In the case
of both virgin polymers, waste incineration has the big-
gest contribution to the total GWP. However, PLA is able
to offset most of this impact with the production of the
sugars, which uses biomass, resulting in a negative con-
tribution. The negative contribution stems from the fact
that biomass uses CO. from the atmosphere during its
growth, such that this take-up is subtracted from the to-
tal process and end-of-life emissions and can be viewed
as a carbon credit. On the other hand, bio-PE from gasi-
fication also uses biomass and even to higher extents,
but the production of methanol involves many more steps
and much more energy, resulting in a smaller offset.
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Nonetheless, both bioplastics are outperforming conven-
tional virgin and even recycled PE at these lower recy-
cling rates in terms of lower environmental burden.

At the lower recycling rate, the contribution of virgin
material and the losses to be incinerated are quite high,
explaining the small relative improvement of the bioplas-
tics when they are recycled with respect to the virgin ma-
terial. All the same, recycling bioplastics presents an en-
vironmental benefit, as the amount of material getting in-
cinerated decreases in both cases, bio- and thermo-
chemical, of recycling.

Comparing the two impact calculation methods, one
observes that for both bioplastics applying the lifetime-
adjusted framework results in 13% and 8% lower GWP for
recycled PLA and bio-PE respectively. This stems from
accounting for the first cycle of the virgin material that
has negative carbon credits and hence decreases the im-
pact of the plastics, even when recycled. Similarly, the
averaged impacts of conventional PE in the recycling
scenario differ depending on the calculation method.
GWP of conventional PE when recycled is underesti-
mated, as the contribution of the virgin material is disre-
garded.

Impacts at higher recycling rates

Following the lifecycle analysis of bioplastics at low
recycling rates, we investigate how these impacts
change with an increased rate of collection. Figure 1 b)
shows the impact breakdown for both bioplastics, PLA
and bio-PE, in the linear and circular scenarios, when the
recycling rate increases to 75%.

As expected, when more plastic is recycled the GWP
decreases for all types of plastic in the circular scenario.
Now the contribution of the virgin material decreases and
hence the carbon credits decrease, as less biomass is
used. At the same time, much less plastic is lost and in-
cinerated, such that the burden from the end-of-life
treatment decreases as well, resulting in lower impacts.
These end-of-life impacts differ between PLA and bio-PE
as their monomer yields, and hence the fraction of recy-
clate is different. In this scenario, recycling plastics be-
comes much more beneficial, however it becomes evi-
dent, that while recycling PLA via enzymatic hydrolysis
still outperforms the mechanical recycling of conven-
tional PE, the gasification of bio-PE does not yield any
environmental benefits anymore. This is due to the lower
monomer yield and higher energy consumption from the
gasification process, so as recycling rates increase, the
more precise and less energy intensive biochemical path-
way offers better performance than the thermochemical
path.

One also observes that the difference in impacts for
the recycled material between the two recycling rates is
even more significant for conventional PE than for the bi-
oplastics, because of the big difference between virgin
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and recycled impacts.

Further, the differences in GWP of the recycled ma-
terials from the two calculation methods are not as pro-
nounced anymore. This is also explained by the decreas-
ing impact of the virgin material, suggesting that at higher
recycling rates the choice of calculation method be-
comes less relevant. At 75% recycling rate the difference
is still significant, however moving towards a circular fu-
ture this might not be the case anymore, warranting a
sensitivity analysis.

Sensitivity to recycling rates

Given the decreasing influence of the impact calcu-
lation model, a sensitivity analysis with respect to the re-
cycling rate was performed for PLA and conventional PE
using both models, as shown in Figure 2. The GWP of the
virgin plastics that are being incinerated remains un-
changed across different recycling rates as they never
enter the material loop and are hence independent of the
rate of recycling.

PLA

5 | Bio-PE
HDPE
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-&- recycled:
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lifetime
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Figure 2. Sensitivity analysis of GWP impacts of virgin
conventional PE (orange), virgin bio-PE (blue) and virgin
PLA (green), as well as impacts when recycled,
calculated with the cut-off (diamond) and the lifetime-
adjusted (square) methods, across all possible recycling
rates.

Modeling choice

Focusing on the scenarios where the plastics are re-
cycled, we notice that naturally, at 0% recycling rate all
impacts for the recycled plastic are equal to the impact
of the respective virgin plastic regardless of the model,
as no recycling means that all material is ultimately incin-
erated, corresponding to a linear economic scenario. As
the recycling rates increase, the impacts of the more cir-
cular scenarios decrease and a difference between the
impact calculation models becomes noticeable. This di-
vergence between the two models increases, as the cut-
off model follows a linear trend as per equation (5), while
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the lifetime-adjusted model traces a non-linear path, due
to the consideration of the virgin material in the lifetime-
adjusted impacts as per equations (3) and (6). The dis-
parity starts decreasing after a recycling rate of about
40%, as with a higher fraction of the recyclate the influ-
ence of the virgin material and the end-of-life treatment
decreases and the source of the carbon becomes less
relevant. At 100% collection rate there is virtually no virgin
material and no losses, except to account for the deficit
during the depolymerization process. This means that the
source of carbon is now irrelevant and the limiting factor
becomes the process efficiency and not the feedstock,
such that the impacts of both models converge at the
cradle-to-gate impact of recycling the material x,. These
observations suggest that for a certain range of recycling
rates, the usually applied cut-off method may overesti-
mate impacts for bioplastics and underestimate them for
fossil plastics within a circular economy.

Technology choice

Comparing the biopolymers and conventional PE,
the feedstock plays a major role at low recycling rates, so
that bioplastic whether virgin or recycled, has much
lower GWP than conventional PE derived from cracking
naphtha, due to the carbon credits from biomass con-
sumption. At higher recycling rates, however, the differ-
ence quickly diminishes. As the difference between virgin
and purely recycled impacts of conventional PE is so
high, the impact decreases more steeply than for PLA or
bio-PE. The trends between PLA and bio-PE are very
similar with the difference that bio-PEs impacts are
higher across all recycling rates. Nonetheless, recycling
rates of nearly 80% are needed for mechanically recycled
conventional PE to beat virgin PLA in terms of GWP, and
nearly 95% of plastic need to be collected for recycled
conventional PE to have lower environmental impacts
than the biochemically recycled PLA, as the impact of the
virgin material can be neglected and the process itself
becomes the main constraint. This suggests that ulti-
mately, in a perfectly circular economy, the source of car-
bon would be virtually irrelevant and bioplastic would of-
fer no environmental advantage over fossil plastic when
both are fully recycled, a very ideal unlikely case. How-
ever, with current recycling rates of 15% we are far away
from this goal, so as long as there is plastic loss the car-
bon credits from biomass derived plastics offer a neces-
sary buffer to mitigate long-term environmental damage.

While this work has focused on environmental im-
pacts in terms of global warming potential, there are
other indicators that are relevant in sustainability assess-
ments. Previous studies show that bioplastics such as
PLA can have higher impacts in other categories like hu-
man toxicity and eutrophication, due to the agricultural
phase and the use of fertilizers [29, 30]. This in turn high-
lights the importance of plastic recycling to mitigate the
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impacts from virgin resource extraction. Though there
are many studies, their differing methodologies result in
a big variation of insights, warranting further analysis un-
der a harmonized framework [30].

CONCLUSION

A lifecycle assessment comparing the biochemical
and thermochemical pathways for biomass valorization
to PLA and bio-PE respectively was performed. Two im-
pact calculation models (cut-off and lifetime adjusted)
were used to evaluate the average GWP impact when
considering the virgin make-up in a circular economy.
The analysis showcased the environmental advantage of
both processing pathways at current recycling rates of
15%, with PLA having the lowest impact, due to its highly-
targeted biomass conversion and energy economy. At
higher recycling rates (75%), impacts for the circular ma-
terials decrease, such that biomass and polymer gasifi-
cation to produce PE cannot compete anymore, owing to
the lower depolymerization yield and higher energy con-
sumption during methanol production. Meanwhile PLA
recycled via enzymatic hydrolysis remains superior to
mechanically recycled conventional PE in terms of GWP.

The lifetime-adjusted framework offers a more ac-
curate estimation of life cycle impacts in a circular econ-
omy, as it accounts for the first lifecycle of the virgin ma-
terial and therefore attributes the corresponding carbon
credit or penalty to the averaged impact. However, to-
wards maximum recycling rates the models converge, as
the impact of the virgin material becomes negligible and
the process impact becomes the main limitation, such
that mechanically recycled PE shows a lower GWP than
recycled PLA.

At high recycling rates the source of carbon be-
comes irrelevant, making bioplastics less appealing for
decarbonizing the plastic sector. However, we are very
far from reaching the goal of these high recycling rates
and continue to leak plastic from the closed material loop.
While this remains the case, bioplastics offer the neces-
sary carbon offset and facilitate the transition to our cir-
cular future, by mitigating damage caused by excess CO2
emissions already now.

Nonetheless this study has shown that in the long-
term depending solely on bioplastics is not enough, as
aside from the heavy burden on land use, recycling can
offer better environmental benefits. This means the re-
search community’s focus should move towards the de-
velopment of materials that are recyclable-by-design
and processes that facilitate that beyond identifying the
most suitable renewable feedstock.

DIGITAL SUPPLEMENTARY MATERIAL

Digital supplementary material is provided at
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http://PSEcommunity.org/LAPSE under the LAPSE ID
LAPSE:2026.0007, including more detailed process de-
scriptions, flowsheets and inventory data, as well as the
full explanation and derivation of the lifetime-adjusted
framework.
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