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Polyurethane (PU), one of the most consumed materials, is conventionally produced from fossil-based
polyols and polyisocyanates. In this case, increasing the PU biogenic carbon content is a strategy followed
to enhance its sustainability, e.g., by employing bio-polyols and biogenic polyisocyanates. Bio-based
pentamethylene polyisocyanate (PDI-T), with 70% biogenic carbon content, is a prepolymer commercia-
lized for bio-PU production. However, its production route has not yet been widely reported. Thus,
herein, a theoretical study was conducted to investigate the manufacturing process of a novel bio-PU gel
using castor oil and PDI-T. The biogenic production of PDI-T from molasses was designed. A comprehen-
sive assessment integrating process modelling and simulation, cost estimation, economic analysis, and life-
cycle assessment (LCA) methodologies was performed to evaluate the techno-economic and environ-
mental performance of the produced bio-PU. This process showed a molasses-to-PU yield of 0.2 tyio-py
tmolasses‘l, with the economic viability reaching a selling price of $15 000 per ton, i.e., five-times higher than
the price of a conventional PU-gel. Cradle-to-gate LCA showed a global warming potential (GWP) of
22.8 kg COye per kg bio-PU, which is four-times higher than the GWP reported in the Ecoinvent database
for conventional PU. This methodology allowed the identification of key limitations negatively impacting
GWP and production costs, primarily the complexity of bio-PDI-T synthesis, which involves high energy
consumption and cumulative emissions from multiple raw materials. This study highlights that substituting
fossil-based components with high biogenic carbon alternatives does not always result in climate benefits.
Therefore, applying this methodology is pivotal for identifying truly sustainable pathways or suggesting
modifications to existing processes, to achieve effective green chemistry transition.

1. This study challenges the assumption that maximizing the biogenic carbon content of materials inherently aligns with green chemistry. Rigorous inte-
grated technoeconomic and life-cycle assessments are essential to quantify sustainability benefits and avoid unintended trade-offs.

2. Bio-polyurethane gel with a 70% biogenic content, produced from sugarcane molasses and castor oil, requires a fivefold selling price increase for economic
viability and exhibits quadruple the global warming impact of fossil-based polyurethane when compared to benchmark LCA available data.
3. Greener pathways for bio-polyurethane production require the electrification of heating, renewable energy sourcing and microbial strain engineering to tol-

erate higher sugar concentration. The use of waste-derived feedstocks and low-carbon solvents or integrating carbon capture technology may additionally con-
tribute to offset the carbon footprint of the process. However, TEA and LCA must validate whether alternatives align with green chemistry goals.

1. Introduction

The chemical industry is one of the major contributors to
environmental degradation and climate change. This sector is
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responsible for approximately 2 billion metric tons of CO,
emissions annually, which constitutes more than 5% of global
greenhouse gas emissions." The chemical sector has been a
key focus area to endorse the development and adoption of
sustainable practices and technologies. The Environmental
Protection Agency (EPA) has defined the concept of green
chemistry in 12 main principles with the main objective of
reducing and ultimately eliminating the use and generation of
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hazardous substances.” Alternatively, policy initiatives
implemented for environmental protection such as the
European Green Deal include the chemical industry as one of
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the sectors to undergo green transition and reach net-zero
GHG emission performance.® In the EU, the chemical industry
accounts for 155.5 Mt CO, eq., reporting a similar percentage
(5%) of the total emissions in the region. This indicates that
this sector achieved a 9% reduction during the period
2012-2021 without experiencing an economic penalty, since
the gross value added (GVA) increased by 23%." However,
environmental protection goals have not been reached to date,
and thus, the chemical sector is still pushed to continue its
sustainability transition.

One of the issues hindering the capability of this sector to
reduce its carbon footprint is the production of plastic.
Plastics have become bulk materials with the highest growth
in production rate. In 2019, the global plastic production
reached 368 million metric tons, representing a 20-fold
increase in the past 50 years.” Given the strong reliance on
fossil fuels and fossil feedstocks in the manufacturing of plas-
tics, the conventional plastics sector is estimated to generate
1.8 Gt CO,e annually over its entire life cycle, excluding carbon
credits from recycling.® Polyurethanes (PUs) are one of the key
players in the plastics industry, constituting materials that
possess excellent mechanical, chemical and physical pro-
perties, providing great versatility of use within multiple
sectors, such as the automotive, construction, furniture, foot-
wear and electronics industries. In 2022, PU production was
estimated to be 25.8 million metric tons” with a market value
of above $80 billion.®

Polyurethane (PU) is conventionally synthesized via the
addition polymerization of the hydroxyl groups in a polyol and
isocyanate functional groups in a polyisocyanate.’ The type of
polyol and polyisocyanate selected will determine the pro-
perties of the polyurethane and its use as a rigid foam, flexible
foam, adhesive, coating, fiber, elastomer, thermoplastic, bio-
genic material or nanocomposite.'®> Traditionally, the most
widely used polyols (e.g. polyethylene glycol and polypropylene
glycol) and polyisocyanates (both aromatic, e.g. toluene diiso-
cyanate, and aliphatic, e.g. hexamethylene diisocyanate) are
obtained from petroleum-based resources.”> Extensive
research has been conducted with the aim of improving the
sustainability of PU materials. The predominant solution
involves increasing the content of biogenic carbon in the final
material."* The conventional polyols used in the synthesis of
PU are polyether and polyester polyols, which are mainly pro-
duced from the reaction between a ‘starter’ polyol and alkylene
oxide or dicarboxylic acid, respectively."> Success has been
achieved in substituting them for bio-based polyols obtained
from vegetable oils, lignin and carbohydrates.'®™®

However, there have been difficulties in achieving an
increase in the renewable content of isocyanates.'® The con-
ventional isocyanate production pathway involves the reaction
of phosgene and an amine compound. Phosgenation is crucial
to form the isocyanate functional group (-N=C=0) needed to
create the polyurethane linkage. However, despite its efficacy,
this route is associated with significant health, safety, and
environmental risks due to the highly toxic nature of phos-
gene. Thus, alternative phosgene-free methods for producing
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isocyanates have been explored.?® The thermal decomposition
of urea derivatives,! direct amination of carbon monoxide,*?
and electrochemical oxidation of amines with CO,?** are
examples of alternative routes for the production of isocya-
nates. However, none of them have produced isocyanates with
yield and purity values required for the production of PUs on
the industrial scale. Furthermore, non-isocyanate polyurethane
(NIPU) production methods have also been investigated. These
approaches primarily involve synthesizing cyclic carbonates,
which are subsequently reacted with amines or polyamine
compounds.”® However, the resulting PU materials exhibit low
reactivity during the polymerization stage, and thus a lower
degree of crosslinking.>® This leads to reduced mechanical
strength, elasticity, durability, inferior thermal stability, and
challenges in effectively foaming the PU matrix.>*"°

STABiO™, a compound commercialized by Mitsui
Chemicals, serves as a prepolymer for the production of bio-
polyurethane with diverse applications, including matrices for
controlled  fragrance  release,”  coatings,”® foams,*
adhesives,” biodegradable tissue material®’ and drug deliv-
ery.>” This prepolymer is a bio-based aliphatic polyisocyanate,
specifically pentamethylene polyisocyanate, designed to
achieve at least 70% of its carbon content derived from
biomass, in line with the objective of enhancing the content of
biogenic carbon in products.*® However, although this product
is already commercially available, the complete synthesis route
for its production has not yet been investigated or publicly
reported in the scientific literature.

In the present work, a theoretical study was conducted to
investigate a new process for the production of polyurethane
gel using the polyisocyanate mentioned earlier and castor oil
as a natural polyol. This approach represents a technically feas-
ible method for the synthesis of bio-polyurethane, achieving
the highest biogenic carbon content possible in the final
product and contributing to the green transition efforts in the
chemical industry. The economic performance and environ-
mental impact of this potentially sustainable route were evalu-
ated. Specifically, the production route for aliphatic penta-
methylene polyisocyanate was reconstructed based on Mitsui’s
patent and a thorough review of the current scientific litera-
ture.*® Molasses was selected as the sugar-based biomass feed-
stock. This complex process involved five reaction stages,
encompassing both chemical and biochemical processes,
which included biomass pretreatment, sugar fermentation,
whole-cell biocatalytic reaction, phosgene synthesis reaction,
amine phosgenation and isocyanate oligomerization. The final
polymerization of polyisocyanate and castor oil produced a
green polyurethane gel. Each of these stages was previously
investigated individually.*>” However, to the best of our
knowledge, this is the first work to synthesize and scale up all
these subprocesses into a single, complete process producing
a polyurethane product with the highest possible biogenic
carbon content based on the isocyanate intermediate route.
The methodology employed to evaluate this alternative bio-
chemical route combined process modelling and simulation,
techno-economic assessment (TEA), and life-cycle assessment

This journal is © The Royal Society of Chemistry 2025
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(LCA). The findings from this study using the developed meth-
odology will provide insights into the technical and economic
feasibility and the environmental implications of producing
bio-based polyurethane. The life-cycle perspective aims to
explain how producing biogenic products does not necessarily
align with reducing the impact of the chemical industry.

2. Methodology description

This study employed a cradle-to-gate approach to conduct the
technoeconomic and environmental assessment of the pro-
posed bio-PU production route directly substituting the con-
ventional PU. The production route was designed and flow-
sheeting was accomplished based on a thorough literature
review. The process modelling methodology was employed to
estimate the mass and energy balance and size of the equip-
ment involved. The outcome from the process modelling
served as reliable secondary data input for the comprehensive
life cycle assessment, as well as for the cost estimation involving
the economic evaluation. The system boundary encompassed
the extraction of raw materials and their transportation to the
conversion facility, where all processing stages, from raw
material pretreatment to final product purification, take place.
Consequently, the assessment did not consider the storage or
transportation of the intermediate products. Although the use
and disposal of plastics significantly contribute to their environ-
mental impact,®® these stages were excluded from the system
boundaries. Bio-based PU produced via amine phosgenation is
a ‘drop-in’ plastic showing similar mechanical and chemical
properties (e.g. biodegradability and lifespan) as fossil-based
PU.*° Therefore, in a direct substitution scenario, the material
use and disposal steps in the value chain can be assumed to be
identical, with no significant impact on the comparison
between bio-PU and fossil-based PU carbon footprints.

2.1. Biogenic feedstocks

Molasses is one of the most economical fermentable feedstocks
with wide availability across the globe. As a byproduct of the
sugarcane and sugar beet refining processes, molasses is pro-
duced in large quantities in major sugar-producing regions.
Owing to the high fermentable sugar content and low price of
molasses, which is recognized as the preferred feedstock for
bioethanol production,* this raw material was selected as the
biogenic carbon source for the investigated process. The average
molasses composition obtained from sugarcane in the indus-
trial manufacture of sugar is compiled in Table 1.*!

Castor oil was selected as the bio-based polyol for this
process due to its unique chemical structure, which enables
its direct use in the synthesis of polyurethane without exten-
sive preprocessing. Unlike most vegetable oils, castor oil is pre-
dominantly composed of ricinolein (87-90%), a triglyceride
rich in ricinoleic acid, which naturally contains hydroxyl
groups on the 12th carbon of its fatty acid chains. This
inherent hydroxyl functionality eliminates the need for chemi-
cal modifications such as epoxidation, hydrolysis, and alkoxy-
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Table 1 Composition of sugarcane molasses in a wet matter basis
(WMB)*

Component Average composition (% WMB)
Water 22.04
Sucrose 35.70
Glucose 3.90
Fructose 5.90
Galactose 0.02
Raffinose 0.03
Arabinose 0.01
Crude protein 4.90
Polysaccharides 1.60
Organic acids 6.20
Ionic salts 9.50
Ash 5.20
Solid residue 5.00

lation, thus simplifying the production process.** Its homo-
geneous hydroxyl group location, long-chain fatty acid struc-
ture, low acid value (2-3 mg KOH per g), and high hydroxyl
value (164-194 mg KOH per g) facilitate efficient polymeriz-
ation, leading to the rapid formation of polyurethane. These
properties contribute to the production of crosslinked poly-
urethanes with enhanced elastomeric behaviour, flexibility,
and thermal stability.*>** Due to these advantages, castor oil
is already widely used as a feedstock for the production of bio-
genic crosslinked polyurethane.*®

2.2. Process design and modelling of the bio-polyurethane
gel production route

The bio-polyurethane gel production route evaluated was divided,
as shown in Fig. 1, in seven different subprocesses, as follows: (A)
molasses pretreatment, (B) t-lysine HCI synthesis, (C) 1,5-pentane-
diamine (PDA) synthesis, (D) phosgene synthesis, (E) penta-
methylene diisocyanate (PDI) synthesis, (F) pentamethylene polyi-
socyanate (PDI-T) synthesis and (G) polyurethane gel synthesis.
The complete process was modelled using an equation-based
mathematical modelling software (GAMS® v.23.5) based on a
combination of first principles, dimensionless correlations, heur-
istic methods and experimental data. A commercial process simu-
lator (CHEMCAD v.8.1.2) was used to model the unit operations
involving pure components and complex mixtures when there
was a lack of experimental data, such as the separation stages.
Surrogate models were generated from the CHEMCAD outcomes
and integrated in the GAMS core model. The objective of process
modelling was to compute the mass and energy balances and
determine the design variables of the equipment involved in the
manufacturing process to support both the economic and
environmental assessments.*’

2.2.1. Molasses pre-treatment. Molasses is a highly viscous
liquid that requires dilution in water and heating to improve
its flow properties during processing. Sugarcane molasses is
diluted in a 3:1 g0 molasses — Iatio,*® and then heated to
60 °C to reach a viscosity reduction plateau, minimizing the
pumping energy.*® Subsequently, molasses is conditioned to
enhance the yield in the subsequent fermentation step, which
is the first reaction in the proposed conversion pathway. The

Green Chem., 2025, 27, 5507-5530 | 5509
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Fig. 1 Diagram representing the sequential set of subprocesses involved in the bio-polyurethane production route.

molasses is subjected to liquid acid hydrolysis in a continuous
stirred tank reactor (Tanki) using 6 M sulfuric acid to achieve
a pH value of 2, at 60 °C and residence time of 1 h.*® Under
these conditions, sucrose is fully hydrolyzed into fermentable
sugars (glucose and fructose).>"**> Additionally, sulfuric acid
pretreatment converts the metallic ions present in molasses,
which inhibit enzyme activity in biosynthesis mechanisms
during fermentation, into precipitated salts.>®> Sodium hydrox-
ide solution is later added to neutralize the excess acid in a
subsequent neutralization tank (Tank2). The pigments in mol-
asses have been also found to hinder the activity of microor-

Fig. 2 Flow diagram of sugarcane molasses pretreatment.

5510 | Green Chem., 2025, 27, 5507-5530

ganisms during fermentation. Thus, activated carbon in a 2%
w/v ratio is added into the neutralization stirred tank to
achieve pigment adsorption and removal without experiencing
any sucrose loss.”* All the dispersed solids are later removed in
a filter (Filter1). Finally, the fermentable molasses is sterilized
in a series of heat exchangers (represented as HXI and HX2) to
prevent the growth of undesirable microorganisms and sent to
the first conversion stage. Fig. 2 depicts the flow diagram of
the molasses pretreatment process.

2.2.2. Intermediate product 1: r-lysine HCl. Amino acids
can be produced via fermentation. The proposed biochemical

TO L-LYSINE-HCI
SYNTHESIS

This journal is © The Royal Society of Chemistry 2025
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route encompasses the synthesis of (25)-2,6-diaminohexanoic
acid, commonly known as r-lysine, as the first intermediate
product (Ec.1). The industrial production of r-lysine through
the fermentation of sugars derived from molasses is well-estab-
lished using Corynebacterium glutamicum.> Genetically modi-
fied strains of C. glutamicum have been developed to enhance
the intracellular accumulation and later excretion of
i-lysine.’®>” Optimal fermentation of glucose to maximize
t-lysine production requires aerobic conditions at a constant
temperature of 30 °C. Substrate inhibition occurs at glucose
concentrations above 120 g L™". A continuous flow of clean air
keeps the oxygen concentration constant in the fermenting
medium. Threonine is added as a supplemental substrate,
which limits bacteria growth and induces lysine accumulation
in C. glutamicum, while ammonia hydroxide is used as a nitro-
gen source. The fermenter (Fermenterl) operates in batch
mode, with the specific operating conditions detailed in
Table 2. After 48 h fermentation, the increase in t-lysine pro-
ductivity with respect to fermentation time is not significant.
The product yield achieved is estimated to be 0.17 g r-lysine
per g glucose.’® An empirical reaction equation for the glucose
aerobic fermentation was defined to perform mass and energy
balance (eqn (2)). Stoichiometric coefficients were calculated
using the atom balance and using experimental data including
product yield, Corynebacterium glutamicum average formula
and respiratory quotient, and assuming ammonium hydroxide
as the nitrogen source. The initial bacterial inoculum is pur-
chased and cultivated on-site under controlled conditions to
supply each fermentation batch. Once the process is running,
no additional bacterial input is required, aside from potential
replacements due to contamination or cell loss. Continuous
operation is achieved by operating multiple fermenters.

HO

OH

I
H,S0, ac Glucose

. on

H,0

C. glutamicum

Sucrose

HO

Fructose

CeHy,06 + 0.91NH,OH + 0.005C,HoNO;3
+2.300, — 0.90CH1,6500.5Np.125 (2)
4 0.40C4H14,N,0, + 4.77H,0 + 2.74CO,

Once the fermentation is completed, the biomass produced
is separated from the liquid medium in a rotary filter
(Solsep1). Lysine is recovered from the non-converted sugar
broth, which is recycled to the fermenter for the next batch, by
ultrafiltration.>® The target product is the hydrochloride salt

This journal is © The Royal Society of Chemistry 2025
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Table 2 Initial conditions for the fermentation of sugars to L-lysine
using Corynebacterium glutamicum®®

Parameter Value Units
Initial concentration of fermentable sugars (Vs,) 120 kg m™>
Initial threonine concentration (Vi) 0.4 kg m™®
Initial biomass concentration (Vx o) 0.1 kg m™>
Oxygen concentration in the medium (V}, o) 0.008 kg m™®
Initial product concentration (V¢) 0 kg m™>
Volume of the fermenting media (V¢) 200 m’

form of r-lysine, i.e. L-lysine-HCL. Its superior chemical stability
and solubility in water make the salt more suitable than the
raw amino acid for the following reaction step in the proposed
biogenic PU production route. Crystallization is the selected
purification process producing highly pure t-lysine-HCL®
Firstly, an evaporator (Evap1) eliminates water and supersatu-
rates the r-lysine solution above its solubility limit, i.e. a con-
centration superior to 500 kg 1-lysine-HCI per m® solution.®" A
supersaturation factor of 1.4 was targeted. With heat,
ammonium hydroxide decomposes to ammonia gas and water.
Next, the concentrated solution is cooled to ambient tempera-
ture and neutralized with excess hydrochloric acid. Then the
solution is allowed to crystallize under acidic conditions at
20 °C for 12 h in a stirred tank crystallizer (Crystallizer).”> A
particular crystal size distribution is not the aim in the present
unit, given that r-lysine-HCI is an intermediate product in the
isocyanate production process. Highly pure (>98.5%) vr-lysine-
HCI crystals are recovered via centrifugation and dried with a
continuous flow of warm air. The mother liquor is recycled
back and mixed with the feed stream of the crystallizer, i.e. the
output from fermentation, for an additional crystallization

HN Acidic condition (HCI)  HaN (1)
OH > OH
Cristallization
H—CI

NH,

L-lysine L-lysine hydrochloride

cycle. A purge stream is considered to prevent mass accumu-
lation within the process. Fig. 3 represents the flow diagram of
the proposed process to produce r-lysine HCI from the pre-
treated sugarcane molasses.

2.2.3. Intermediate product 2: 1,5-pentanediamine (PDA).
The chemo-catalytic decarboxylation of amino acids is the
selected route to produce the amine intermediate. Amino
acids lose a carboxylic group in the form of CO,, resulting in
the formation of an amine. The decarboxylation can be cata-
lysed by enzymes known as decarboxylases (eqn (3)). Owing to
advances in synthetic biology, genetically modified strains of

Green Chem., 2025, 27, 5507-5530 | 5511
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Fig. 3 Flow diagram for the biosynthesis of L-lysine HCl from treated sugarcane molasses.

Escherichia coli have been developed with highly efficient intra-
cellular accumulation of stable lysine decarboxylase, the
enzyme facilitating the decarboxylation of r-lysine into 1,5-pen-
tanediamine (PDA), which is also referred to as cadaverine.®®
The BL21 (Pcad-CadA) E. coli strain in the presence of pyri-
doxal phosphate has been proven to have high efficiency in
performing the decarboxylation of 1-lysine into PDA.**

HzN Lysine decarboxylase

OH

Pyridoxal phosphate o

H—CI NH,

L-lysine hydrochloride

An integrated whole-cell biocatalytic reaction process is
suggested here, which includes six different unit operations,
i.e. bacteria cultivation, cell permeabilization, amine biosyn-
thesis, deprotonation, amine extraction and purification. The
flow diagram is displayed in Fig. 4 and operating conditions
are compiled in Table 3. A recombinant microorganism is cul-
tivated in Luria Bertani broth that was previously sterilized.
Fermentation is performed in a stirred tank (Tank4) at 37 °C
for 12 h under controlled aeration to achieve the targeted cell
concentration.”> A small quantity of lysine during bacteria
growth is added as an inducer. The culture is recovered by cen-
trifugation. Cell permeabilization is required given that bac-
teria accumulates intracellularly the targeted enzyme. Organic
solvents are commonly used to dissolve lipids from cell mem-
branes and make intracellular antigens accessible.®® Here,
E. coli cells are suspended in a cold ethanol/water mixture in a

5512 | Green Chem., 2025, 27, 5507-5530

stirred tank (Tank5) at 4 °C under pH-controlled conditions with
the addition of phosphate buffer. The permeabilized cells are
recovered from the liquid medium in a membrane and later fed
to the amine biosynthesis reactor (Reactr2) where the r-lysine-
HCl is incorporated together with pyridoxal phosphate co-factor.
Phosphate buffer is used as the reaction medium to keep the
pH value between 5.8 and 7.4 and prevent pH titration during

HoN /\/\/\ NH, +

H—CI

O0O=C=0

1,5-Pentane Diamine hydrochloride Carbon dioxide

the decarboxylation.®” Under these conditions, PDA is obtained
in its hydrochloride salt form (PDA-HCIl). The present biopro-
duction process can achieve a 92% yield.®* The deprotonation of
PDA-HCI is achieved in an additional stirred tank (Tank6) with
an excess of sodium hydroxide to reach a pH value higher than
10.5, at a reaction temperature of 80 °C, and with continuous
agitation for 5 h. Full conversion to PDA is achieved.®*
Extraction using an organic solvent is the preferred method
for recovering PDA from fermentation broth due to its selectivity,
superior energy efficiency and economic performance.®®*
n-Butanol has been reported to have high efficiency for recovering
PDA from an aqueous medium.®”” A packed bed absorption
column (Abs_C1) is selected, which facilitates high throughput
and improved liquid-liquid contact and diffusion of PDA into the
organic phase. Subsequent distillation (Dis_C1) is considered for
solvent recovery and PDA purification. The higher boiling point

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Flow diagram for the production of 1,5-pentanediamine (cadaverine) hydrochloride via the decarboxylation of L-lysine hydrochloride.

Table 3 Operation parameters in the whole-cell biocatalytic decarboxylation of L-lysine-HCLl and purification of the PDA intermediate product

Unit operation Parameter Value Units
Bacteria cultivation® Cultivation temperature (Teyitiv) 37 °C
Cultivation time (fcuitiv) 12 h
Initial peptone concentration (Vp ) 0.456 kg m™®
Initial yeast extract concentration (Vyg o) 0.456 kg m™
L-Lysine inducer concentration (Vy) 2 kg m™3
E. coli respiration quotient (RQg cox) 0.72 mol CO,/mol O,
Volume of the fermenting media (V¢) 24 m?
Cell permeabilization® Ethanol-water volume ratio 35 % (V/v)
Permeabilization temperature (Tperm) 4 °C
Permeabilization time (¢perm) 0.5 H
Buffer mass ratio (X, perm) 0.2 m? kg™ cells
1-Lysine decarboxylation®* Decarboxylation temperature (f4ecarb) 37 °C
Decarboxylation time (¢4ecarn) 12 h
Pyridoxal phosphate mass ratio (Xpp,decarb) 0.0001 kg kg™ 1-lysine-HCI
Buffer mass ratio (xp, gecarb) 3.0 kg kg™* 1-lysine-HCl
Permeabilized cells mass ratio (Xpc decarb) 0.0082 kg kg™ 1-lysine-HCI
Decarboxylation conversion (Xgecarb) 0.916 MOl eacting/MOlgeq
Deprotonation64 Deprotonation temperature (tgeprot) 80 °C
Deprotonation time (tqeprot) 5 h
NaOH/PDA mass ratio (Xnaomn) 1.6 kg kg™! PDA-HCI
Deprotonation conversion (Xgeprot) 1.0 MOlreacting/MOlfeq
PDA extraction®” Extraction temperature (Textract) 55 °C
Volume ratio butanol/aq. solution ¢putanol 1.0 Mpytapol” Maq. sol -
PDA absorption yield (yield,s) 0.985 kgppa” "t kgppa ™!
PDA purification Reflux ratio distillation (R/D) 0.1 kg kg™
(CHEMCAD simulation) Boil up ratio (V/B) 10.4 kg kg™*
Temperature condenser (Teondenser) 93 °C
Temperature boiler (Tpoiler) 176 °C
PDA recovery yield (yieldg;s) 0.952 kgppa®"t kgppa Ut
PDA purity (%purityppa) 99.99 %
of PDA compared to both water and butanol allows a highly pure 2.2.4. Phosgene synthesis.
stream of cadaverine from the column bottoms to be obtained.
The solvent-rich head stream is first decanted to eliminate as P "
. . c—o + cl—cl ctivated carbon )]\
much water content as possible and recycled to the absorption 6 B
column. A purge is considered to prevent material accumulation, Catbioh tonoxide Chlorine Phosgene

while the n-butanol make-up stream compensates for any solvent
loss occurring during the purification process. The optimal oper-
ating conditions for PDA purification are shown in Table 3,
achieving almost 94% PDA recovery.

This journal is © The Royal Society of Chemistry 2025

(4)

Phosgene is a highly toxic and hazardous chemical subjected
to strict regulations mandating ‘just in time’ production and
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consumption to minimize the risks associated with its storage
and transportation.”® The current industrial production of
phosgene involves the gas-phase reaction of carbon monoxide
and chlorine in the presence of an activated carbon catalyst
(eqn (4)).”" This highly exothermic reaction (AH = —107.6 kJ
mol ") requires effective heat management to maintain iso-
thermal conditions and prevent hotspots in the reactor.”” The
flow diagram is shown in Fig. 5. Excess carbon monoxide is
fed into the reactor to ensure complete conversion of the cor-
rosive chlorine gas, which together with high temperatures,
can degrade the catalyst. Consequently, multi-tubular packed-
bed reactors are commonly used for the synthesis of phosgene.
This process is typically operated at 50 °C and 3 bar, with a
10% molar excess ratio of CO, and utilizes 3.5 kg of catalyst
per kg of Cl, fed to the reactor (React1).”® Despite the presence
of side reactions, the phosgene selectivity is close to 100%.”*
Cryogenic separation (represented by Valvel, HX9 and Flashi)

o
2 HN NH, + 2
NN N
’ ’ CI)LCI

1,5-Pentane diamine Phosgene

is employed to condense and recover the produced phosgene.
The excess carbon monoxide and traces of other gaseous
impurities, which have significantly lower boiling points than
phosgene, are conditioned and recycled back to the reactor.
The cryogenic separation performance was calculated using
the CHEMCAD software. A purge stream was included to
prevent material accumulation. The purge reaches an NaOH
scrubber to eliminate any hazardous phosgene content. The
phosgene generated in this process serves as the make-up

H H
In 0-DCB solv cl N N U N c 4 Hs'™N NN NH3*
T T

1,5-Pentadicarbamoyl chloride
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stream for the downstream phosgenation of amines to
produce isocyanates.

2.2.5. Intermediate product 3: pentamethylene diisocya-
nate (PDI). The reaction of free amines with phosgene is the
most efficient process for the large-scale production of isocya-
nates. Phosgenation can be carried out in the gas phase and in
the liquid phase. Gas phase phosgenation incurs reduced
solvent requirements and enables a lower energy-intensive
purification process. However, the high energy activation
barrier side reactions promoted during the evaporation of the
reactants reduce the process selectivity for isocyanate.”® Liquid
phase phosgenation is the preferred method in industry with
mature technology, high yield and easy operation. It is a two-
reaction step process using an inert solvent as the reaction
medium. Cold phosgenation is first performed at 40-60 °C to
favor amine conversion to its carbamic acid chloride and
amine salts (eqn (5)).

1,5-Pentane diamine dihydrochloride

Subsequently, hot phosgenation is conducted at higher
temperatures (120-150 °C) for the amine salts to undergo a
substitution reaction with phosgene, forming additional carba-
mic acid chloride (eqn (6)), which later dechlorinates, produ-
cing isocyanate and hydrogen chloride (eqn (7)).”® The high
volatility of phosgene requires operating under pressurized
conditions (10 bar) to favor phosgene retention in the liquid
phase. Chlorinated hydrocarbons, e.g. ortho-dichlorobenzene
(0-DCB), are the preferred solvents due to their higher polarity,

(Valvel )

("Flashl)

(_Comp2 ) (Bx8) > g
(Reactl )
(Mixerd
Comp3 )
HX10

Fig. 5 Flow diagram of the phosgene synthesis process.
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which allows the dissolution of both amine hydrochlorides, an
intermediate of the phosgenation reaction, and phosgene.
Excess phosgene is required to hinder urea formation from the
isocyanate and amine side reaction.”” Batch processing is rec-
ommended to produce aliphatic isocyanates, such as penta-
methylene diisocyanate (PDI), given that it has been reported
to have superior reaction rates and selectivity for the isocya-
nate product.”®

View Article Online

Paper

to occur. This reaction is exothermic, and thus temperature
control is required to keep the reactor close to isothermal con-
ditions and hold the temperature below the boiling point of
phosgene.”® The contents of the reactor form a slurry, which is
then heated to 150 °C to perform hot phosgenation in the
same unit. Substitution and dichlorination reactions are
endothermic, and thus heat supply is required to keep the
reaction at the required temperature. The total residence time

(¢}
H H
HN s~ + 2l mebossan O A A AP+ 4 HC
- - —_——
c o cl cl \ﬂ/ \ﬂ/ (6)
[e] o
1,5-Pentane diamine dihydrochloride Phosgene 1,5-Pentadicarbamoyl chloride Hydrogen chloride
cl H H Cl In 0-DCB solv (o) (o]
5 S
\n/ NN \n/ —_— e e PN /c// + 2 HCI
SN N (7)
(] o

1,5-Pentadicarbamoyl chloride

Fig. 6 displays the proposed process. The liquid-phase
phosgenation of PDA is performed in a two-step reaction
process using 0-DCB as an inert solvent. The liquid phosgene
obtained from the phosgene synthesis process is mixed with
0-DCB in a 55 wt% ratio in a pressurized stirred tank
(Mixer15). Similarly, a 15 wt% PDA solution in 0-DCB is pre-
pared in a second stirred tank (Mixer14). Both reactant solu-
tions are pumped to the reactor (Reactor3) at ambient tempera-
ture and the required pressure (10 bar). The jacketed stirred
tank reactor is first heated to 60 °C for the cold phosgenation

1,5-Pentamethylene diisocyanate Hydrogen chloride

in the reactor can reach 8 h for the process to achieve 96.5%
conversion.** Continuous production is maintained by using
multiple equipment units, operating in parallel.

Excess phosgene and HCI byproduct evaporate under the hot
phosgenation temperature conditions. Both gases are purged
with a nitrogen flush. A distillation column (Dis C2) with a
partial condenser operating at atmospheric pressure recovers
highly pure phosgene at the bottom stream, which is recycled
back to the phosgene/o-DCB blend preparation step.®® HCI is
recovered as distillate and mixed with water to produce hydro-

FROM PDA
SYNTHESIS

adaverine|

.S'ou—coudexﬂ

(Mixerl8 )

FROM PHOSGENE
SYNTHESIS

( Mixerl5 )

(Mix13)

. (Reactor 3)

(2 flusk

(Comp4)

NValve2 )| (HX30)

Phoceens Rel
Phosgene Ref

TO PDI-T
== SYNTHESIS

Fig. 6 Flow diagram for PDA phosgenation to produce pentamethylene diisocyanate (PDI).

This journal is © The Royal Society of Chemistry 2025
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chloric acid as the byproduct, which is suitable to be further con-
verted into chlorine to feed the phosgene synthesis process.
Nitrogen is recovered as non-condensable gases and recycled to
be compressed and reused as a flushing agent for the next reac-
tion batch.

The PDI product is separated from the liquid stream
leaving the phosgenation reactor by distillation (Dis_C3). The
0-DCB solvent, together with the unconverted PDA-HCI and
dissolved HCI, are recovered in the head stream. PDA deproto-
nation and HCI neutralization are performed using sodium
hydroxide aqueous solution in a packed bed absorption
column (Abs_C2) to favor mass transfer between the organic
and aqueous phases. Under these mild conditions, aryl halide
compounds do not experience nucleophilic substitution reac-
tions, and thus o-DCB remains stable.®" The 0-DCB organic
stream is recycled back to the PDA/o-DCB blend preparation
step, with a purge implemented to prevent accumulation,
while the aqueous phase is discarded. Table 4 presents the
parameters of the described PDI production process.

Table 4 Parameters in the PDI synthesis and purification processes

View Article Online

Green Chemistry

2.2.6. Intermediate product 4: pentamethylene polyisocya-
nate isocyanurate (PDI-T). The next step is the synthesis of the
prepolymer, ie. aliphatic polyisocyanate isocyanurate trimer
(PDI-T), which serves as a curing agent for PU-based materials, pro-
viding improved thermal stability, resistance to acid and alkali cor-
rosion, weather resistance and abrasion resistance. To produce
PDI-T, pentamethylene diisocyanate undergoes an oligomerization
reaction (eqn (8)). Fig. 7 illustrates the flow diagram of the syn-
thesis process, while Table 5 compiles the selected operating para-
meters. This process is performed at 80 °C in a jacketed batch
reactor (Reactor4) using a specific catalyst in the optional presence
of an alcohol.** Zwitterionic hydroxyalkyl quaternary ammonium
compounds, e.g. 2-hydroxypropyltrimethylisooctanoate ammonium
salt (TMR), are often used as catalysts due to their higher selectivity
for the isocyanurate trimer and their ability to thermally decom-
pose at mild temperatures (ca. 150 °C) during the purification
stage, ensuring the stability of the final product.®® Besides,
an organic phosphite promoter, such as triethylphosphite,
is commonly added to facilitate the oligomerization reaction.*

Unit operation Parameter Value Units
Phosgenation®*7”® Molar ratio phosgene : PDA (¥phosg,ppa) 4 molgaro/molppa
Mass ratio PDA : 0-DCB (Xppa,ncs) 0.15 kgppa kgpcp ™"
Mass ratio phosgene : 0-DCB (¥phosg,ncs) 0.55 kgcen,o kgpes™
Pressure (Pphosg) 10 Bar
Temperature cold phosgenation (Tcoid phosg) 60 °C
Temperature hot phosgenation (Thot phosg) 150 °C
Reaction time phosgenation (£pposg) 8 h
Phosgenation yield (yieldphosg) 1.456 kgppr kgppa !
Nitrogen flush?* Saturation concentration of HCI in DCB (x§2, g 0.06 (ref. 82) kguct kgpos
Nitrogen flush ratio (¥, gases) 10 kg, 1<gcclzo+HCl_1
Distillation for phosgene Reflux ratio distillation (R/D) 0.2 kg kg™*
recovery (CHEMCAD simulation) Boil up ratio (V/B) 0.5 kg kg™*
Temperature condenser (Tcondenser) —153 °C
Temperature boiler (Thoiter) 7 °C
Non-condensed stream composition N, 0.998 moly, /MOINc stream
Yuci 0.002 molgci/Molyc stream
YccL,o 0
Distillate composition XN, 0.038 kg, Kgdistillate
Xucl 0.956 kgnar Kgaistinlate
Xccl,0 0.006 kgcal,o Kgdistiltate
Bottoms composition XN, 0 kg, kgbottoms
XHcl 0 kgHCl kgbottoms_
Xccl,o 1 kgoer,o kgbottomsil
Phosgene recovery yield (yieldgist,phos) 0.997 kgcal,o ot kgccLo
Distillation for PDI recovery Reflux ratio distillation (R/D) 1 kg kg™
(CHEMCAD simulation) Boil up ratio (V/B) 17.2 kg kg™
Temperature condenser (Tcondenser) -87 °C
Temperature boiler (Thoier) 147 °C
Distillate composition Xucl 0.060 kgcr Kgaistittate
XPDA 0.008 kgppa Kgaistitlate
XpCB 0.932 Kgncs Keaistillate
XppI 0 kgppr Kgaistillate
Bottoms composition Xucl 0 kgct Kebottoms
XPDA 0.002 kgppa Kgbottoms
Xpen 0.005 kgnoe Kehottoms -
XpDI 0.995 kgppr kgbottoms
PDI recovery yield (yieldgis,poi) 0.996 kgppr®"t kgpp Ut
Absorption (lig-liq equilibrium) agphase 1.6 x 1077 (ref. 83) kgpos KEsolution
org phase

H,0

yield HCI in aqueous phase (yield,q nci)

5516 | Green Chem., 2025, 27, 5507-5530
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Fig. 7 Flow diagram of the polyisocyanate prepolymer synthesis and purification process, and the subsequent polymerization process to obtain the

bio-based polyurethane gel final product.

Table 5 Operation parameters in the diisocyanate oligomerization, polyisocyanate purification and polyurethane g

el synthesis processes

Unit operation Parameter Value Units
Oligomerization®® Reaction temperature (Toligom) 80 °C
Reaction time (£o1igom) 2 h
Catalyst ratio (foligom) 0.0004 Kgeat kgppr "
NCO conversion ratio (Xyco) 0.45
Product distribution
XpDI 0.25 kgI:'DI kgproduct s':ream71
XpDitrimer 0.47 kgPDI -T gproduct stream
XpDIpentamer 0.20 kgPDI P kgproduct stream
xPDIheavy 0.08 l(gPDI H kgproduct stream
Thin film distillation (CHEMCAD simulation) Distillation temperature (Trggist) 130 °C
Distillation pressure (Prpgist) 0.05 Bar
PDI content in bottom product (xpDAyDCB)86 0.03 kgppr Kgpprr
PU polymerization®*°> Pre-polymerization temperature (Tprepot) 50 °C
Pre-polymerization reaction time (¢prepol) 0.2 h
Curing reaction temperature (Tcyring) 80 °C
Curing reaction time (£cyring) 8 h
Molar ratio NCO : OH (¥nco,on) 1.5 molyco/moloy
Catalyst (TED) mass ratio (Xrgp) 0.03 kgrep K€eastor oil
Hydroxyl value of castor 0il (HN st oi1)** 164 MExkoH eastor oil
A A 7o 7
c o (-] C o o o o
\\"_(':":h\")]\"/(cm.—p{/ \\N*(C"x»\N)]\“AC"-)-\N)LN/(CNJ:—i x—(cua.\n)k"/lcu,).\nj\n/tcm iy i N,(cu,;,_,ff
. A, LA, A Al Al AL
Osc, AN P —’nmer = g ‘g S g g g (8)
N L +2 R-NCO Mo Mo N N N N
No \ / o No \ _/ ‘:\o °§° °§°
PDI-monomer PDI-trimer +2 R-I_VCO PDI-pentamer +2R-NCO PDI-heptamer

This journal is © The Royal Society of Chemistry 2025
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Together with the desired trimer, higher oligomers (e.g,
pentamers, heptamers, and nonamers) are also produced and
remain in the prepolymer product. It is crucial to terminate
the oligomerization reaction to prevent the predominance of
higher oligomers, which would significantly increase the vis-
cosity of the mix. This penalizes the flow properties and
hinders the subsequent purification step, which results in a
product with poor quality. A 2 h reaction time has been found
to achieve desirable product compositions.®® The one-step con-
version rate is low, with experimental data reporting a 45% iso-
cyanate (NCO) functional group conversion rate (i.e., 22.5%
PDI conversion). Therefore, it is necessary to recover the PDI
monomer to increase the product yield and achieve feasible
efficiencies in the process. Thin film distillation (DisTF) is an
adequate purification step due to the high viscosity of the
fluid. Highly pure PDI-T is recovered at the bottom stream
from the distillation column, while the evaporated PDI
monomer is condensed and recycled back to the reaction
stage. Only 3% free monomer content remains in the purified
PDI-T.**

2.2.7. Final product: polyurethane gel. The final step
involves the polymerization reaction, which is essentially a
urethane-forming reaction (eqn (9)).

(¢]
/R1\ + \\C

View Article Online
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product. No purification step is required, and a small fraction
of catalyst remains within the polymer matrix without having
an impact on the quality of the product.

2.3. Economic evaluation

The economic performance of the polyisocyanate prepolymer
and the polyurethane gel was estimated, following the factorial
method, as previously described in Almena and Martin
(2016).”* Capital expenditure (CAPEX), working capital, and
operating expenditure (OPEX) were computed separately. To
estimate CAPEX, the process equipment was first conceptually
sized to determine the specific variables in its design and
materials to conduct the comprising unit operations. The cost
of the equipment was obtained from Matches Cost Estimation
Tool.’* The Chemical Engineering Plant Cost Index (CEPCI)
was used to update equipment cost to 2024 values. The
detailed factorial method was selected to estimate the different
cost items comprising the CAPEX (see section S1 in the ESIT).
Once the fixed capital was estimated, the working capital was
assumed to be between 10-20% of CAPEX.”

OPEX is the sum of the variable and fixed costs of production.
The variable costs of production are proportional to the plant
output and comprised of raw materials purchase and utility

OH OH
N N

Polyol Polyisocyanate

R4 = ricinolein triglyceride chain

R, = polyisocyanurate core

Bulk polymerization following the one-shot method is
selected. The flow diagram and the operation parameters for
this process are displayed in Fig. 7 and Table 5, respectively.
The reactants, i.e., the produced polyisocyanate compound
and the selected active hydrogen compound (castor oil), are
added to a continuous stirred tank reactor (Prepol_react) oper-
ating at 50 °C with a residence time of 10 min to complete the
prepolymer reaction.>* Given that the targeted product is poly-
urethane gel, no blowing agent or surfactant is required in the
reaction medium.?” Castor oil is comprised of secondary
hydroxyl groups, making it a slow-reacting polyol.*® Thus, a
urethanizing catalyst, such as a tertiary amine, is added to
enhance polymerization.®® Triethylenediamine in a 3% mass
ratio with respect to the bio-polyol present in the reaction
medium is considered.®® Heat control with continuous
refrigeration is required due to the exothermic nature of the
curing reaction.’® Allophanate crosslinking occurs with the
degree of crosslinking depending on the NCO: OH functional
group molar ratio.”" Castor oil is added to adjust that ratio to
1.5:1.>4*>9 Once the prepolymer reaction is completed, the
curing of the polyurethane gel is conducted in the selected
mold, inside an oven (Oven) at 80 °C for 8 h to deliver the final

5518 | Green Chem., 2025, 27, 5507-5530

H H
//O Tertiaryamine(catalyst)‘ ] NGO N oL
1Y Y T
(e]

(¢] n
Polyurethane monomer (9)

supply. The results of the process modelling provided the
material and utility flow, the cost of which was levelized using
market prices for each item. The referenced delivery duty prices
(DDP) for raw materials and utilities are provided in section S1 in
the ESLf Conversely, fixed costs of production are not directly
dependent on the production rate but on the capacity of the
plant. Fixed costs involve different cost allocations such as labor,
supervision, and maintenance. Each item was estimated with the
corresponding individual factor.”>*®

The free on board (FOB) price of the polyurethane gel
depends on the market location, ranging between 1800 and
4600 $ per ton.”” Thus, an average FOB of 3000 $ per ton was
assumed. Using this value, and considering the entire pro-
duction, the sold, sales revenue, gross profit and net present
value indexes were calculated to measure the economic per-
formance of the plant. The price for the bio-PU gel produced
to make a profitable business assuming a plant lifetime of 25
years was estimated from this assessment.

2.4. Life-cycle assessment

The goal of the life-cycle assessment (LCA) was to estimate the
global warming potential of the production of the bio-based

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Life-cycle assessment inventory construction and system boundaries of the biogenic polyurethane production supply chain.

PU gel material. The LCA complied with the ISO 14040/44 stan-
dards and conducted using the SimaPro® 9.5 software. The
functional unit was defined as ‘1 kg of polyurethane gel pro-
duced by the proposed integrated process’. The carbon inten-
sity score was compared to the conventional fossil-based
counterpart to identify potential environmental benefits that
may originate from substituting the conventional production
process with the alternative proposed.

Fig. 8 shows all the stages involved in the production route
evaluated. The dashed blue line represents the system bound-
ary of the LCA performed in this work. This study focused on
an attributional LCA with a cradle-to-gate approach comprising
raw material extraction and pretreatment, amino acid intermedi-
ate production, phosgene synthesis, amine intermediate syn-
thesis, diisocyanate and polyisocyanate synthesis, and PU pro-
duction. The elementary flows crossing the system boundaries
include any input material, energy and infrastructure required to
produce the bio-PU product, and any airborne, waterborne and
solid emissions originating from the process. It was assumed that
the entire process is integrated in a single facility, and thus the
transportation and storage of intermediate products were not con-
sidered. However, the transportation of these raw material sup-
plied to the process was considered. The average environmental
burdens of input elementary flows were obtained from updated
life-cycle inventory (LCI) databases (i.e. Ecoinvent 3.9.1, Agri-foot-
print 6.3, USLCI, and Industry data 2.0), which provide compre-
hensive and well-documented industrial data. The SimaPro
module used to represent each input elementary flow is pre-
sented in section S2 in the ESL.{

No specific module representing castor oil production was
found in the SimaPro databases. Thus, to model it, a pro-
duction and refining process of 1 kg vegetable oil, more
specifically palm oil, was used as a template given that its unit
operations are similar to castor oil production. Conversely, the
castor bean production LCI is reported in the database. This
inventory substituted palm fruit bunch in the appropriate yield
(300-500 kg crude castor oil per tonne castor seed) found in
the literature.”®

This journal is © The Royal Society of Chemistry 2025

The life-cycle impact assessment (LCIA) employed was the
IPCC 2021 GWP100 (incl. CO, uptake) V1.02 methodology to
classify and characterize climate change impacts.”® This
approach estimated the net airborne emissions from the
system, separately accounting for biogenic and fossil carbon
dynamics. Given that a fraction of biogenic carbon, previously
removed from the atmosphere during biomass growth,
remains fixed in the PU material, assuming climate neutrality
for biogenic carbon emissions could not be applied here. A
time horizon of 100 years was considered for the GWP, follow-

ing the Intergovernmental Panel on Climate Change
standards.
3. Results

The results from the techno-economic and environmental
assessment are compiled in this section. The largest piece of
equipment in the process is the molasses fermenter, and thus
the plant size was set to operate a fermenter of 200 m®.
Upstream and downstream flows were computed based on the
material inflows and production output marked by the correct
operation of this equipment. The plant was assumed to
operate 7008 h per year, i.e., continuous operation during the
whole year considering a capacity factor of 80% to balance
maintenance stops and production below maximum capacity.
Continuous operation was achieved using multiple units for
batch processes.

3.1. Process modelling

The whole model is a nonlinear programming (NLP) problem
with 21111 variables and 18 668 equations. The model was
programmed in GAMS® v.23.5 and solved using the CONOPT
algorithm. The main results from the process modelling are
shown in Table 6, while the complete mass and energy bal-
ances are provided in the ESI (section S37).

Thus, 2600 kg h™" raw molasses enter the process.
Pretreated molasses is fermented to produce r-lysine, which is

Green Chem., 2025, 27, 5507-5530 | 5519


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc00423c

Open Access Article. Published on 04 April 2025. Downloaded on 6/10/2026 8:43:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 6 Compilation of process modelling results for the bio-polyurethane gel production route
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Calculation basis:

Tank size for molasses fermentation equal to 200 m?

Subprocess
A. Molasses pretreatment
Raw materials (kg h™")
Water
Molasses
Activated carbon (m.u.)
Utilities (kg h™")
Air
Water (refrigeration)
Products (kg h™")
Purified molasses

B. Lysine-HCI synthesis
Raw materials (kg h™")
Water
Threonine
Utilities (kg h™")
Air
Water (refrigeration)
Products (kg h™")
L-Lysine HCI

C. PDA synthesis
Raw materials (kg h™)
Water
Peptone
Sodium chloride
Yeast extract
Sodium hydroxide
Utilities (kg h™")
Air
Water (refrigeration)
Products (kg h™")
PDA

D. Phosgene synthesis
Raw materials (kg h™")
Carbon monoxide
Chloride
Utilities (kg h™")
Water (refrigeration)
Products (kg h™")
Phosgene

E. PDI synthesis
Raw materials (kg h™")
0-DCB (m.u.)
Nitrogen (m.u.)
Activated carbon (m.u.)
Utilities (kg h™")
Air
Water (refrigeration)
Products (kg h™")
PDI

F. PDI oligomerization and G. PU polymerization

Raw materials (kg h™")
TMR
Castor oil
Utilities (kg h™")
Air
Water (refrigeration)
Products (kg h™")
PDI-T (intermediate)

recovered as hydrochloride salt crystals, obtaining 315 kg h™"
t-lysine HCL. The biocatalytic carboxylation process converts
the amino acid into an amine intermediate product, producing

5520 | Green Chem., 2025, 27, 5507-5530

9963.9
2607.4
24.1

1268.7
50503.7

11745.0

535.4
6.4

26 639.9
8010.2

314.7

2839.2
9.9

9.9

5.0
344.7

680.0
25622.2

154.8

94.4
238.1

4792.8

333.0

116.0
499.4
24.1

1071.1
11397.8

231.4

0.1
318.2

48.3
2070.0

227.1

Sulfuric acid
Sodium hydroxide

Natural gas
Saturated steam (8 bar)

Hydrogen chloride
Ammonium hydroxide

Natural gas
Saturated steam (8 bar)

Pyridoxal phosphate
Monopotassium phosphate
Butanol (m.u.)

Ethanol (m.u.)

Natural gas
Saturated steam (8 bar)

Water
Sodium hydroxide

Sodium hydroxide (aq.)
Water

Natural gas
Saturated steam (8 bar)

HCI aq

TEDA

Natural gas
Saturated steam (8 bar)

PU gel

203.3
4.6

59.4
983.6

61.9
189.7

815.6
13514.4

3.1 %1072
9.9

282.0
334.1

31.2
517.8

0.4
0.2

176.8
858.6

50.1
830.4

998.38
9.6
2.3

23.2

554.8

155 kg h™" PDA. The process consumes 333 kg h™" phosgene,
which must be produced without storage. 94 kg h™" CO and
238 kg h™" Cl, are needed to synthesize the phosgene required.

This journal is © The Royal Society of Chemistry 2025
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The phosgenation process produces 231 kg h™" PDI, which is
further oligomerized to obtain 227 kg h™" PDI-T prepolymer
with 70% biogenic carbon content. As a result, the molasses to
PDI-T process yields 87 tpprr tmolasses -

The final polymerization step requires 318 kg h™" castor oil
to produce 555 kg h™" PU gel as the final production rate for
the whole process. The molasses-to-PU gel yield is 0.2 tpio-py
tmolasses - TO enhance the energy efficiency and minimize the
external heat input in the manufacturing process, heat inte-
gration was implemented. Whenever possible, hot process
streams were utilized to heat cold streams, achieving an 11%
reduction in energy consumption (see Table S28 in the ESIT).
Following heat integration, the process required 17.8 kW h per
kg of bio-PU produced. The power requirements, which
include equipment operation and refrigeration cycles, account
for 7.2 kW h kgpiopu -

3.2. Economic evaluation

The process equipment is comprised of a total of 100 units,
which includes 18 vessels/tanks, 34 heat exchangers, 4 evapor-
ators, 4 condensers, 8 pumps, 12 compressors, 7 columns, 11
solid separators, 1 air dryer and 1 curing oven. The cost of the
equipment increases to 8.8 M$. The detailed factorial method
based on this value estimates the CAPEX and working capital
to be 51.1 M$ and 7.7 M$, respectively. Considering a lifetime
of 25 years for the plant, the annualised capital cost assuming
an interest rate of 8.5% is 5 M$ per year.

The OPEX estimation gave a value of 44.9 M$ per year. Due
to its complexity, the process requires large amount of raw
materials, with a total cost of 26.5 M$ per year. Carbon monox-
ide (22%), molasses (21%) and castor oil (13%) purchases are
the biggest contributions. The cost of utilities is important,
costing 10.2 M$ per year with an equivalent contribution from

30 —r—r—m—"—r1—r—""—"r1r"r—"r"T""""TTrT

20} ]

0} ]

Gross Profit (M$ year!)

_40‘.........-...|...|...
0 1 2 3 4 5 6

Selling price bio-PU / Market price PU

(a)
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natural gas (50%) and electricity (49%). Consumables and
packaging costs were assumed to be negligible. Fixed operat-
ing costs were estimated to be 8.2 M$ per year. Thus, the total
annualized cost including capital and operating cost was 49.9
MS$ per year. A breakdown of both the OPEX and CAPEX cost
items can be found in section S1 in the ESL{

The bio-PU produced using the proposed process is not
competitive with the conventional PU gel. As shown in Fig. 9a,
the economic activity breaks even at a selling price of $11 550
per ton, which is nearly four times the average selling price
considered ($3000 per ton). However, achieving feasible econ-
omic performance requires an even higher selling price. The
optimal selling price for the bio-PU was estimated to be five
times ($15 000 per ton) the assumed average. In this case, the
process would generate an annual net profit of $10.3 million,
with a payback period of 6 years, meaning a positive cumulat-
ive NPV is reached in the 7th year of operation (see Fig. 9b and
detailed calculations in section S1 in the ESIf).

3.3. Life-cycle assessment

The cradle-to-gate LCA performed revealed that the global
warming potential of the bio-PU gel is 22.8 kg CO,e per kg of
material. Fig. 10a displays that most of the emissions corres-
pond to fossil fuel emissions originating from the whole value
chain. The biogenic carbon dynamics are mostly related to the
castor oil supply chain. The carbon sequestration results are
superior to the biogenic carbon released given that that part of
the carbon sequestered from the atmosphere is fixed in the PU
gel during the time horizon considered (no product deterio-
ration was assumed). An extra contribution to GWP from land
use change caused by castor oil plant cultivation was observed.
Three fourths of the carbon footprint of bio-PU are allocated
to the polyisocyanate prepolymer supply chain, while the

80 —r—r—r—r—r—-r—r-r—rrTrrrrrrr-r-rrrTrr

a0 | ]

20: -

Cumulative NPV (M$)

- Price bio-PU = 5 x Market price PU

_80-....n....l....l....l....
0 5 10 15 20 25

Operating time (Years)

(b)

Fig. 9 Economic performance of the plant: (a) annual gross profit generated with different selling price ratios for the bio-PU with respect to the
current market price for the fossil-based PU gel (ac. 3000 $ per ton); (b) cumulative net present value during the estimated lifetime for the proces-

sing plant.

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Global warming potential of bio-based polyurethane production assessed using a cradle-to-gate approach, showing (a) the contributions
of different carbon flows—fossil, biogenic, land change use, and CO, uptake—and (b) the distribution of the carbon footprint across individual reac-
tant supply chains and emissions from the synthesis process. The majority of carbon emissions are fossil-derived, with the production of the bio-

polyisocyanate prepolymer representing the largest contributor to the total

castor oil supply chain is responsible for one fourth of the
total score. The polymerization stage has a negligible impact
on this value, as shown in Fig. 10b.

The score obtained is almost five times the GWP reported
in Ecoinvent 3.9.1 for the most similar products, ie. poly-
urethane flexible and rigid foams, scoring 4.8 and 4.5 kg CO,e
per kgpy, respectively. Similarly, refined castor oil shows a
higher impact (9.9 kg CO,e per Kgcasor oit) compared to the con-
ventional alternative found in this database. Polyols produced
through the alkoxylation of fossil-based alcohols and epoxides
report a GWP of 4.0 kg CO,e per Kgfossipolyol- This suggests that
despite castor oil being a natural polyol that does not require
chemical pre-processing to serve as a crosslinker in PU manufac-
turing, its GWP is 2.5 times higher than that of the fossil-based
alternative according to existing data. The complete life-cycle
inventory is provided in the ESI (Tables S7 and S8%), detailing the
material and energy inputs, emissions to air and water, and waste
outputs. The waste generated was assumed to be treated and dis-
posed of appropriately. Table S7t presents the inventory data
from the production of ‘1 kg of polyisocyanate prepolymer’ in the
proposed integrated process, while Table S8t provides data from
the production of ‘1 kg of polyurethane resin’ using the prepoly-
mer and castor oil.

4. Discussion

The techno-economic and life-cycle assessments generated
unfavourable results with respect to the fossil-based poly-
urethane gel. This outcome is noteworthy, given that green
chemistry is generally perceived as a more expensive but envir-

5522 | Green Chem., 2025, 27, 5507-5530

score.

onmentally advantageous alternative to conventional chemical
processes. However, in this case, the complexity of the process
to produce the polyisocyanate prepolymer clearly worsens the
economic and environmental performances compared to the
traditional process using fossil-based raw materials.

PU gel can be produced using castor oil as the polyol com-
pound and an alternative polyisocyanate to that produced in
this work. Referring to the Ecoinvent 3.9.1 database, the
cradle-to-gate data for the most comparable substances that
can be used in synthesizing a similar final product are as
follows: toluene diisocyanate (5.9 kg CO,e per kg), methylene
diphenyl diisocyanate (4.3 kg CO,e per kg), isophorone diiso-
cyanate (6.3 kg CO,e per kg) and hexamethylene-1,6-diisoncya-
nate (5.5 kg CO,e per kg). The GWP of the biogenic polyisocya-
nate assessed here was found to be one order of magnitude
larger than that of the reported fossil-based alternatives. These
materials only lack the final oligomerization step to produce a
prepolymer that can be directly combined with castor oil to
produce PU gel. The bio-polyurethane production pathway was
thoroughly examined to identify and pinpoint the causes of
the significant impact reported, i.e., 41.2 kg CO,e per kgppr.r-

Similar to the bio-PU gel end product, the fossil-carbon
dynamics play a much more significant role than biogenic
carbon flow. The motivation of this route was to produce an
isocyanate with the greatest content of biogenic carbon (70%).
However, the life-cycle assessment showed that the carbon
sequestered in the material, ie., the fraction of CO, uptake
column corresponding to subprocess A in Fig. 11a, is minimal
(0.4 kg CO,e per kgpprr) in comparison to the overall GWP
score. The primary contributions are illustrated in Fig. 11b.
The emissions allocated to the natural gas supply (8% assum-

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Global warming potential of bio-based polyisocyanate prepolymer (PDIT) production assessed using a cradle-to-gate approach, showing (a)
the contribution of each subprocess to the different carbon flows—fossil, biogenic, land use change, and CO, uptake—and (b) the ten largest contri-
butors to the carbon footprint associated with the material. The majority of emissions are fossil-based, with energy supply, solvent use, the molasses
supply chain, and direct process emissions identified as the main contributors to the overall score.

ing EU market score) and its combustion to meet the process
heat requirements (28%) have the biggest impact. The electri-
city supply chain is the next significant contributor, which is
15% of the total score when the EU mix average impact was
assumed. Thus, the energy provision accounts for 50% of the
bio-prepolymer emissions.

The impact of solvent consumption to compensate for
losses in the purging streams, which were estimated to be
between 10-20 wt% of the recirculating flows to avoid satur-
ation and degradation, is significant. The supply chains for
butanol (11%), ethanol (4%), and 0-DCB (3%) contributed to
the environmental impact of PDI-T. Reducing purge streams
through experimental process optimization could decrease the
solvent consumption, and consequently the associated impact.
The direct CO, gas emissions generated throughout the
process, ie., from bacterial respiration during the fermenta-
tion stages and the decarboxylation of i-lysine, and vented to
the atmosphere, contributed 8% to the GWP. Although carbon
capture methods could be employed to mitigate these direct
emissions, they would incur an extra energy cost. The associ-
ated emissions would depend on the chosen energy vector
used for these unit operations, which could result in a greater
overall environmental impact. Thus, an additional study is
required to evaluate the trade-offs between the direct CO,
emissions avoided and the indirect CO, emissions generated
by the implementation of carbon capture technology.

Alternatively, sugarcane molasses cannot be classified as a
waste product from sugar production. It currently has various
commercial applications and a well-established market, which
supports its assighment of an environmental impact through
mass allocation in the sugar production process. The sugar-

This journal is © The Royal Society of Chemistry 2025

cane molasses supply chain accounted for 8% of the total
environmental impact of the bio-PDI-T. Substituting molasses
with underutilized sugar-based residues, such as bagasse and
sugar beet pulp, could eliminate this upstream emission con-
tribution. However, these residues require additional pretreat-
ment to release fermentable sugars, often involving the
addition of water that must later be removed. This introduces
process complexity and necessitates a detailed assessment to
evaluate its overall impact. Sodium hydroxide, which accounts
for 6% of the total impact, is a key raw material widely used
throughout the process to neutralize acidic conditions.
Identifying an alternative neutralizing agent with a lower
carbon footprint can help reduce the global warming potential
(GWP) of bio-PDI-T production. However, the alternatives
reviewed in the Ecoinvent 3.9.1 database and elsewhere, such
as potassium hydroxide (4.74 kg CO,e per kg KOH), sodium
bicarbonate (1.96 kg CO,e per kg NaHCO3), soda ash (1.69 kg
CO,e per kg Na,CO3), and magnesium hydroxide (2.70 kg
CO.e per kgwgom, (ref. 100)), were found to have higher
carbon footprints than sodium hydroxide (0.89 kg CO,e per
kgnaon)- Finally, the remaining contributions comprised of
other raw materials supply chains, infrastructure or waste
treatment, reported a combined contribution of 10% to the
total GWP associated with the bio-polyisocyanate prepolymer
material.

The impact of each subprocess comprising the complex
production route described in this work was also measured
(see Fig. 12).

According to this study, the pretreatment of molasses
already has a comparable environmental impact (4.5 kg CO,e
per kgpprr) to the diisocyanate compounds reported in the

Green Chem., 2025, 27, 5507-5530 | 5523
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Fig. 12 Contribution of each subprocess to the total carbon footprint of 1 kg of the bio-PDI-T prepolymer produced with a cradle-to-gate perspec-

tive. Values are compiled in the ESI (Tables S9-S14+).

Ecoinvent 3.9.1 database. The GWP associated with the mol-
asses supply chain, which involves the cultivation and harvest-
ing of sugarcane, sugar production, impact allocated to mol-
asses subproduct, and molasses transportation, is approxi-
mately 3.0 kg CO,e per kgppr.t- Heat requirements not supplied
by the PDI-T production process must be met through natural
gas combustion, resulting in emissions of 0.9 kg CO,e per
kgpprt- The activated carbon input to the process, assumed to
account for 10% of the total activated carbon requirement
(with the remainder being regenerated and recycled), contribu-
ted 0.4 kg CO,e per kg of PDI-T produced. This subprocess
consumes minimal electricity, with the remaining emissions
are attributed to the other materials used in the pretreatment.
The r-lysine HCI intermediate production showed the
largest impact among the subprocesses involved in the manu-
facture of the bio-prepolymer. The combination of fermenta-
tion with crystallization is a high-energy-intensive process.
Fermentation requires aqueous cultivation media, generally at
low concentrations to enable bacteria growth without substrate
or product inhibition. Conversely, crystallization requires water
removal to supersaturate the mother liquor for crystals to form
and precipitate. Water removal in an evaporator with heat

5524 | Green Chem., 2025, 27, 5507-5530

regeneration was assumed to save energy and recover steam
that is later used to meet the heat requirements whenever
possible. However, the heat demand satisfied with natural gas
combustion caused 73% (12.6 kg CO,e per kgpprr) of the
impact of this subprocess. Evaporation under vacuum con-
ditions was explored, but only 10% energy could be saved,
while the equipment cost increased to operate under these
conditions, and thus it was discarded. Integrating a series of
multi-effect evaporators can represent a potential solution to
reduce the heat demand of this unit operation.'®® The CO,
generated during fermentation was assumed to be vented to
the atmosphere, causing 3 kg CO,e per kgpprr. The
ammonium salt supply used in the fermentation as the nitro-
gen source was also remarkable, contributing 1 kg CO,e per kg
of bio-polyisocyanate produced.

The synthesis of phosgene is the subprocess with the lowest
impact, which is mainly associated with the supply of the two
gases. Carbon monoxide was assumed to be produced from
the partial combustion of heavy heating oil, while chlorine is
obtained as a byproduct from the potassium hydroxide pro-
duction process. The gas supply added 0.8 kg CO,e per kgpprt
and 0.6 kg CO,e per kgpprr, respectively. The electricity con-

This journal is © The Royal Society of Chemistry 2025
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sumed by the ammonia refrigeration cycle used to condense
the gases and recycle them back to the reactor had a small
contribution (3%) to the subprocess GWP.

The whole-cell biocatalytic reaction process to produce PDA
generated 9.7 kg CO,e per kgpprr. The butanol supply was
shown to be the highest contributor. It was assumed in the
process that 20% of the butanolrich stream recycled is
purged, given that it has multiple contaminants that can
hinder the absorption operation. This parameter set the
butanol consumption, and thus the impact of this material
scored 4.6 kg CO,e per kgpprr- Ethanol, which is assumed to
be produced from ethylene, is used for cell permeabilization
and is recycled in a 95% factor. However, the impact of
ethanol is high with a value of 1.8 kg CO,e per kgpprr-
Replacing these materials with their biogenic counterparts,
which typically have lower carbon footprints,"®> could poten-
tially reduce the impact of this stage. The sodium hydroxide
used for the deprotonation of PDA-HCI, assumed to be pro-
duced by chlor-alkali electrolysis, had the second largest con-
tribution to this subprocess impact (2.0 kg CO,e per kgppr.t)-
The emissions from natural gas combustion during heat
supply and the CO, generated during the decarboxylation of
lysine have similar impacts on the final score (0.4 kg CO,e per
kgpprr)-

Finally, the phosgenation and oligomerization subprocesses
are reported together due to the simplicity of the latter. This
stage is the most electricity-intensive process, contributing the
highest environmental impact (5.3 kg CO,e per kgpprr). The
key contributors include nitrogen compression, which is
required to flush excess phosgene from the reactor, and cryo-
genic refrigeration in the distillation columns to recover phos-
gene and 0-DCB, both of which are highly energy demanding.
Additionally, upstream emissions from the production and
supply of 0-DCB (1.1 kg CO,e per kgpprr), sodium hydroxide
(0.6 kg CO,e per kgppyr) and nitrogen (0.5 kg CO,e per kgpprr)
are significant. These subprocesses also require heat to
operate, causing an impact of 0.8 kg CO,e per kgpprr.

The energy supply constitutes 51% of the total impact in
the bio-PDI-T pathway. Renewable energy sources were chosen
for both heat (onsite biomass-fed boilers) and electricity (wind
power). Based on this assumption, the GWP of the prepolymer
was significantly reduced to 21.2 kg CO,e per kgpprr This
reduction also lowered the bio-PU gel impact by 36%, showing
a value of 14.5 kg CO,e per kgpy. However, these values remain
substantially higher than that of the fossil-based alternatives
found in the evaluated databases. Given that the energy con-
sumption showed the largest contribution to the carbon foot-
print of the bio-PDI-T prepolymer, and by extension bio-PU,
while involving high uncertainty in the energy demand and
energy mix impact estimation of the process, a sensitivity
assessment was performed to provide a confidence interval.
The process modelling included heat integration, which
resulted in an 11% reduction in heat demand for process oper-
ation. The upper bound for energy contribution corresponded
to a scenario where natural gas combustion is used for heat
supply, with no heat integration applied. Conversely, the lower

This journal is © The Royal Society of Chemistry 2025
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bound considered conditions where process optimization
reduces the total energy demand (both heat and electricity) by
25% from the benchmark calculated in the process model-
ling,"®® with 100% renewable energy sourcing. Based on these
assumptions, the carbon footprints for the bio-PDI-T prepoly-
mer and the bio-PU fall are in the range of 43.1-21.1 kg CO,e
per kgpprr and 23.5-14.4 kg CO,e per kgpy, respectively.

The last process stage producing the bio-polyurethane gel
combines the significant environmental impact estimated for
biogenic polyisocyanate and the upstream emissions from the
castor oil supply chain. Refined castor oil was found to have a
greater impact than the polyurethane materials listed in the
Ecoinvent database. Castor beans (2.4 kg COe per K€ astor bean)
have a much greater GWP than other oil-rich plants, such as
rapeseed (—0.9 kg CO,e per Kgpapescea) and palm fruit (—0.8 kg
CO,e per Kgpaim frui)y Which report net negative emissions.
Even when the carbon uptake associated with 1 kg of plant for
the three species is similar, the positive emissions generated
during castor bean production are far greater. 50% of emis-
sions is defined as direct CO, emissions generated during the
activity, which can be associated with land use and plant har-
vesting. The remainder is primarily attributed to the fertilizers
used (such as urea and unspecified inorganic nitrogen and
phosphorus fertilizers) and tillage practices.

The large impact of castor bean cultivation explains the
higher GWP of castor oil compared to other vegetable oils.
However, replacing castor oil with other vegetable oils presents
significant challenges due to its unique, almost pure ricinolein
content, which provides inherent polyol functionality.
Alternative vegetable oils would require additional chemical
modifications, such as transesterification, epoxidation and
subsequent ring-opening, or alkoxylation steps, to introduce
hydroxyl groups and make them suitable for polyurethane pro-
duction.’®* still, the functionality and distribution of -OH
groups would be heterogeneous, leading to less predictable
reaction kinetics and polyurethane properties.'®> Assessing the
environmental impact of these alternatives would require
further study, considering the added complexity and resource
use of the necessary pretreatment and purification steps.
Moreover, the net emissions associated with refined castor oil,
which include castor bean cultivation, oil extraction, refining,
and transportation, were found to be 2.5 times higher than
that of synthetic fossil-based polyols. This raises questions
about the suitability of castor oil as a preferred raw material,
despite its status as a biogenic polyol, unless the emissions
along its supply chain can be significantly reduced.

To assess the overall process in terms of conversion
efficiency, economics, and GHG emissions, while also quanti-
fying the impact of each subprocess, five key parameters were
evaluated including CAPEX, OPEX, mass loss, GWP and mass
efficiency. Fig. 13 illustrates the percentage contribution of
each subprocess, highlighting the inefficiencies, cost distri-
bution, and environmental impact across the steps involved in
maximizing the biogenic content of polyurethane.

The overall mass efficiency of the process, which quantifies
the proportion of input materials effectively converted into the

Green Chem., 2025, 27, 5507-5530 | 5525
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Fig. 13 Percentage contribution of each subprocess to the bio-PU production process across five key parameters: CAPEX, OPEX, mass loss, GWP,
and mass efficiency. The total values for each parameter are indicated in the x-axis labels.

final product, while excluding non-reactive components such
as water or solvents, is 13.5%. This indicates that a substantial
part of the input reactants is not converted into the final
product but instead lost as by-products or waste streams. The
mass loss parameter, which considers all materials entering
the process, revealed that only 3% of the total input mass is
ultimately retained in the bio-PU polymer. These low efficiency
values contribute to the high GWP, given that the large raw
material requirements and multiple conversion steps increase
the overall carbon footprint of bio-PU.

When assessing the contribution of each subprocess to the
overall efficiency, the biological conversion pathways, i.e. lysine-
HCI synthesis (subprocess B) and PDA synthesis (subprocess C),
exhibited the lowest mass efficiency values of 21% and 23%,
respectively. Molasses pretreatment (subprocess A), where fer-
mentable sugars are the intermediate product of interest, and
PDI-T synthesis (which includes both amine phosgenation and
isocyanate oligomerization steps), demonstrated a higher mass
efficiency with nearly 45% of the mass from the reactants
retained in the respective subproducts. Notably, phosgene syn-
thesis (subprocess D) and PU polymerization (subprocess F)
showed near 100% mass efficiencies, indicating that no signifi-
cant material losses occur during these steps.

The lysine-HCl synthesis section generates the highest
waste, with 72% mass loss primarily due to the removal of
large volumes of water, which includes both the water added
for the dilution of the reactants and the initial moisture
content in molasses, required for amino acid crystallization.
This is followed by PDA synthesis, with waste generation
driven by solvents purging to maintain their properties during
continuous recycling, along with the removal of the aqueous
phase after liquid-liquid extraction. In terms of economic
evaluation, lysine-HCl synthesis accounts for the highest
capital expenditure with 60% of total CAPEX. The need for
extensive fermentation before water removal results in large

5526 | Green Chem., 2025, 27, 5507-5530

equipment sizes to accommodate the high material flow. The
evaporators and crystallizers, essential for subsequent water
removal, further increase the capital costs. PDI-T synthesis
(Subprocess E) is the second most capital-intensive step, con-
tributing 28% of the total CAPEX, mainly due to its complex
separation system for solvent recovery, which includes two
cryogenic refrigeration cycles, one absorption and three distil-
lation columns, and a compress gas flushing system.
Conversely, the OPEX cost is more equally distributed across
subprocesses. Most stages contribute approximately 20% to
the total operating cost, except for subprocesses B and F,
which show a lower share of around 10%. The GWP column
illustrates the contribution of each stage to the overall emis-
sions, as discussed earlier.

5. Limitations of this study

The limitations highlighted above underscore the complexity
and inherent uncertainties involved in evaluating the econ-
omic and environmental impacts of material production.
These factors should be considered when interpreting the
results of this study.

« Process modelling assumptions: although the process was
modelled with high accuracy based on experimental data and
established scientific literature, several assumptions were
made (detailed in section S4 in the ESI{). These assumptions
may not fully align with real-world processes, potentially
affecting the reliability of the estimated environmental and
economic outcomes.

« Discrepancies in the STABIO™ process: the actual pro-
duction process for STABiO™ may differ from that described
in the patent referenced for this study. These discrepancies
can alter the environmental and economic impacts associated
with the material.

This journal is © The Royal Society of Chemistry 2025
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« Variability in raw material production processes: the pro-
cesses used for producing the different raw materials may vary
considerably, which can lead to differences in the environ-
mental scores reported in this study. These variations are not
fully captured in the current model, introducing an additional
layer of uncertainty.

« Uncertainty in energy consumption and environmental impact
of energy supply: the energy consumption estimates used in this
study are subject to significant uncertainty, particularly given that
the process can be further optimized when scaled to full oper-
ation. Process improvements or optimizations during commercial
deployment may lead to a reduced energy demand, which is not
fully captured in the current model. Additionally, the environ-
mental impact of energy supply depends heavily on the energy
mix (renewable vs. non-renewable sources) used in a specific
region or facility. Changes in energy sourcing during future oper-
ations can have a substantial impact on the overall environmental
footprint of the process.

 Data accuracy uncertainty: there is inherent uncertainty in
the accuracy of the data used for this assessment. Variations in
the precision and reliability of data sources, such as the LCI
data employed from Ecoinvent, may influence the results and
conclusions drawn from the analysis.

 Transportation emissions assumptions: transportation was
considered using the market average for the European Union
(EU). However, emissions allocated to transportation can vary
significantly depending on the specific transportation modes
and distances, which can impact the final environmental
score.

+ Economic uncertainty: discounts associated with industrial
purchases, alongside uncertainty in equipment costs and esti-
mation factors, present challenges in providing precise econ-
omic evaluations. These uncertainties typically introduce a
deviation range of 50-100% in cost estimates, which should be
considered when interpreting the financial viability of the
process.

6. Conclusions

Substituting conventional polyurethane with bio-based com-
pounds of similar formulations presents a significant chal-
lenge, particularly regarding the synthesis of isocyanate inter-
mediates. Moving away from traditional amine phosgenation
reduces the yields, complicates the industrial scalability, and
results in materials with less desirable mechanical and
physicochemical properties. Alternatively, increasing the bio-
genic content enhances the perceived sustainability of the
final product, and a comprehensive assessment of the entire
value chain revealed significant environmental impacts.
Achieving a 70% biogenic content in polyisocyanate prepoly-
mers requires multiple raw materials, and complex and
energy-intensive processes, such as crystallization and cryo-
genic distillation, which increase the carbon footprint.
Consequently, the GWP of bio-polyisocyanate was found to
exceed fossil-based polyisocyanates by an order of magnitude.

This journal is © The Royal Society of Chemistry 2025
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Addressing inefficiencies in biological conversion and
solvent-intensive steps by optimizing separations and reducing
material losses will be pivotal for improving the sustainability
without compromising the efficiency. To bridge the carbon
footprint gap, the key opportunities include electrification of
heating and renewable electricity sourcing, the development of
microorganism strains tolerant to higher sugar concentrations,
and the use of biogenic solvents with minimal degradation
and low-carbon neutralizing agents. Further studies are
needed to assess whether using sugar-based residues or incor-
porating carbon capture technology can effectively reduce the
overall environmental impact, given the additional unit oper-
ations required.

Similarly, the carbon footprint of castor oil, ie., the other
biogenic reactant in bio-PU production, is double that of con-
ventional polyols. This leads to the bio-polyurethane gel pro-
duced having a GWP score four-times higher than the value
reported in the Ecoinvent database for this material.
Consequently, the economic burden of producing bio-based
polyurethane, which requires a selling price five-times higher
than the average market price of conventional PU gel to
achieve financial viability, is not justified in terms of GWP
reduction.

This study revealed that replacing the fossil-derived carbon
content with biogenic carbon to formulate a ‘green’ product
does not necessarily reduce climate change impacts. A compre-
hensive life cycle assessment of the entire value chain remains
essential for accurately evaluating the environmental perform-
ance and identifying strategies for improvement.
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