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Polyurethane plastics are essential in many consumer and commercial products such as insulation,
furniture, automotive interiors, and clothing. Pathways for producing polyurethane from microalgae offer
an opportunity to reduce greenhouse gas emissions and other environmental impacts and can
incorporate processes that avoid the use of toxic isocyanates typically used in conventional polyurethane
production processes. In this study, the greenhouse gas emissions, fossil energy, and water consumption
of biobased polyurethane and biobased non-isocyanate polyurethane were evaluated via life-cycle
analysis using the R&D Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies model.
Microalgae-based polyurethane foam was found to achieve greenhouse gas emission reductions of up
to 79% compared with conventional polyurethane foam production. The greenhouse gas reductions for
the non-isocyanate microalgae polyurethane pathway are slightly lower at 58% compared with
conventional polyurethane foam. However, it offers additional benefits by reducing toxicity potential
compared to the isocyanate polyurethane pathway. The analysis also included a biorefinery-level analysis
to evaluate the impact of incorporating polyurethane production into fuel-processing microalgae
biorefineries. The sensitivity analyses conducted in this study reveal that improved algae cultivation
strategies can lead to decreases of up to 127% and 80% in GHG emissions from the baseline process of
Bio-PU and Bio-NIPU, respectively. Likewise, implementation of renewable electricity can result in up to
128% and 74% lower GHG emissions compared to the baseline production of Bio-PU and Bio-NIPU,
respectively. Finally, the analysis evaluated different coproduct handling methods including displacement
and allocation (based on mass, energy, and market-value). The results suggest that it is important to
consider both the displacement and allocation methods as these led to significant differences in the
environmental impacts.

This study presents a life cycle analysis for two biobased polyurethane (Bio-PU) pathways that may be derived from microalgae, including a novel non-isocyanate

(Bio-NIPU) route offering a means of avoiding toxic isocyanate inputs. The analysis offers valuable insights into how the impacts of the proposed technologies
compare to conventional polyurethane and highlights the contribution of the various process stages. The findings indicate that Bio-PU and Bio-NIPU reduce
GHG emissions by 79% and 58%, respectively, compared to conventional PU. Additionally, fossil energy consumption decreases by 41% and 15%, respectively.

However, water consumption is higher compared to conventional PU. Sensitivity analyses reveal that alternative algae cultivation strategies, renewable energy,
and modifications in chemical inputs could further reduce the GHG emissions of microalgae-based PU. The analysis would particularly benefit from further

research on utilizing alternative chemicals and formulation approaches, especially for Bio-NIPU.

1 Introduction

cushioning furniture and mattresses, adhesives, car molding,
tires, shoe soles, and sportswear. This material is convention-

Polyurethane (PU) is a plastic material with a diverse product
portfolio that includes insulation of refrigerators and buildings,
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ally made from the reaction of an organic isocyanate such as
toluene diisocyanate (TDI), methylene diphenyl isocyanate
(MDI), and polymeric isocyanates (PMDI) with compounds
containing multiple hydroxyl groups or polyols."” The precur-
sors utilized directly affect the properties of the final PU product
and what applications it may be suited for.* Natural gas and
crude oil are the major sources of carbon for the building blocks
used in the production of conventional PUs. In 2023, the PU
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production in North America reached a total of 4.1 million
tonnes (MMT) that required the approximate consumption of
3.0 MMT of crude oil and natural gas.** These statistics high-
light the importance of diversifying the feedstocks for PU
production; incorporating biobased sources, such as algae,
could make an important contribution to this effort.

Biobased PU (Bio-PU) has been successfully produced from
lignocellulosic materials, vegetable oils, algae, and waste
products.®® Several conversion processes convert the biobased
feedstocks to polyols, which then react with isocyanates.
However, isocyanates are being increasingly regulated due to
their associated health hazards.*'° Therefore, alternative routes
that prevent the use of isocyanates such as the production of
non-isocyanate polyurethane (NIPU), have been under devel-
opment. These NIPU synthesis routes use cyclic carbonates that
can be obtained from epoxidized vegetable oils.'* Other oil
sources, like microalgae, are good biobased feedstocks for NIPU
production due to their high content of polyunsaturated fatty
acids and triglycerides (TAG). NIPUs produced from microalgae
oils have demonstrated similar prices to conventional PU,
which are further reduced by economies of scale."” Additionally,
microalgae as a feedstock do not compete with land use with
crops, have a high photosynthetic efficiency, and are capable of
growing in both freshwater and saline water. More importantly,
microalgae can be used to produce fuel and high-value chem-
icals through biorefinery processes designed for converting
biomass.*

Life-cycle analysis (LCA) can be used to estimate the energy
and environmental benefits and potential tradeoffs of these
microalgae biorefinery models and alternative algae-based PU
pathways. Early stage LCA studies focused mostly on estimating
the environmental impacts of algal biomass growth, which later
broadened their scope to microalgae biorefineries focused on
producing biofuels and bioenergy.**** Other LCAs looked at the
inclusion of other products like proteins, pigments, and bi-
oplastics (i.e., polylactic acid).****** Different authors'**>*° have
pointed out the variety of the methods used in these LCAs and
the need for a clear definition of the strategies to estimate the
environmental impacts of individual products, considerations
of the carbon uptake, and the effect of the recycling streams in
microalgae biorefineries. Interestingly, to date there are very few
LCA studies®?® incorporating PU foam as a coproduct in
microalgae biorefineries or that analyze the environmental
impacts of microalgae-based PU foams.

Therefore, this paper provides stakeholders with insights
into the environmental impacts of microalgae-based PU by
presenting a comprehensive comparison of the greenhouse gas
(GHG) emissions, fossil energy consumption, and water
consumption, via LCA, of two pathways: Bio-PU and biobased
NIPU (Bio-NIPU). The first pathway consists of the production of
polyols from microalgae TAG and subsequent synthesis of
flexible PU foam by a process similar to conventional produc-
tion, while the second pathway considers the transformation of
TAG into a rigid PU foam without the addition of isocyanates.
The primary goals of this study are (1) to evaluate the potential
of microalgae-based PU in reducing environmental impacts in
comparison to conventional PU and (2) to identify key drivers
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and energy and environmental hotspots from microalgae-based
PU production to inform efforts to improve its environmental
profile. Uncertainty is anticipated in the LCA comparison
because microalgae-based PU is at a lower technology readiness
level than conventional PU.”® This study also evaluates the
substitution of nutrients and chemicals and the implementa-
tion of different coproduct handling methods in the estimation
of the environmental impacts of microalgae-based PU foams. In
addition, this analysis provides an opportunity to compare the
benefits and trade-offs of a biorefinery process co-located with
an algae production facility that can focus on the production of
renewable fuels and bioproducts.

2 Methodology
2.1 LCA scope

This analysis used the R&D Greenhouse Gases, Regulated
Emissions, and Energy Use in Technologies (GREET) model,
version 2022,%” to estimate the cradle-to-gate GHG emissions (kg
CO,e), fossil-energy consumption (MJ), and water consumption
(L). For the GHG emissions, the 100-year global warming
potential (GWP) values defined in the Intergovernmental Panel
on Climate Change (IPCC)'s 6th Assessment Report (AR6) were
used: one for CO,; 29.8 for methane (CH,); and 273 for N,0.?
The R&D GREET model defines the water consumption as the
“net water use” calculated by subtracting the amount of water
returned to natural reservoirs from the gross water consump-
tion in the system boundary; this definition is consistent with
the ReCiPe 2016 [Midpoint, Hierarchist (H)] method.* Consis-
tent with previous research,® this study considers water
consumption to be associated only with fresh water. Details on
the incorporation of saline water can be found in previous
reports.>**' Fossil-energy consumption (FEC) is defined as the
net fossil-fuel energy consumed throughout the pathway, which
is consistent with the definition used in the cumulative energy
demand (CED) method.*" The study has a geographical scope of
the United States, utilizing 2022 state-of-technology data to
develop the life cycle inventory.** The data were obtained
through process simulations and direct experimental
measurements and were based on annual average processing
rates (seasonal variations were not considered in this study).

Fig. 1 shows simplified process flow diagrams of the micro-
algae biorefinery pathways analyzed in the study: (A) Bio-PU and
(B) Bio-NIPU. These pathways, based on an example high-
carbohydrate Scenedesmus composition, convert algal biomass
into four coproducts (renewable diesel, renewable naphtha,
electricity, and PU foam), three recycled products (recycled CO,
sent to the cultivation stage and recycled nitrogen and phos-
phorus to offset fresh ammonia and diammonium phosphate
[DAP] demands in the cultivation stage), and anaerobic di-
gestate. As observed in Fig. 1, the use and end-of-life stages are
excluded from the analysis, as these are assumed to be similar
among conventional PU, Bio-PU, and Bio-NIPU.

The results are presented from both product-level and
biorefinery-level analyses to better understand the system-wide
environmental effects of the biorefinery. The product-level
analysis focuses on the environmental impact of a specific

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 System boundary of the algae biorefinery for the two pathways analyzed: (A) Bio-PU and (B) Bio-NIPU. Upper diagram: system-level
approach; lower diagram: process-level approach. FFA: free fatty acids, CHP: combined heat and power, AFDW: ash-free dry weight, DAP:
diammonium phosphate, TAG: triglycerides, Bio-PU: biobased polyurethane, and Bio-NIPU: biobased non-isocyanate polyurethane.

product, while the biorefinery-level analysis examines the
environmental impacts of the entire biorefinery system,
including both the main product and coproducts. Both system-
level and process-level approaches have been employed for the
product-level analysis.

2.1.1 Product-level LCA. This analysis
microalgae-based PU foam as the primary product of the bi-
orefinery as opposed to fuel, which has been the focus of
previous assessments;*>**** therefore, a functional unit (FU) of
one kg of Bio-PU or Bio-NIPU was used depending on the
pathway analyzed. Based on the processes and product prop-
erties of the two microalgae-based PU pathways,'>** their envi-
ronmental impacts were compared to those of the
corresponding conventional PU foam. For the Bio-PU pathway,
its impacts were compared with those of flexible PU foam, while
the impacts of the NIPU pathway were compared with those of
rigid PU foam. This is because in Bio-PU, the reaction between
the isocyanate and the polyols produces a more flexible foam,
whereas in Bio-NIPU, cross-linking between carbonate groups
and hexane diamine leads to the formation of a rigid foam.*>*

focuses on

© 2026 The Author(s). Published by the Royal Society of Chemistry

The environmental impacts of the conventional flexible and
rigid PU foam were also obtained from R&D GREET.*”

The biorefinery evaluated here produces both fuel and
chemical products. This can pose a challenge when evaluating
the emission and energy impacts of either the fuel or the
chemical. Therefore, two approaches are proposed to conduct
the LCA specific to Bio-PU and Bio-NIPU, the system-level, using
displacement, and the process-level, using mass allocation at
each stage of the process; which are consistent with previous
work by Cai et al.*®

2.1.1.1 System-level approach. The displacement method
used in this approach consists of assigning the entire environ-
mental impacts of the biorefinery to the PU foam and sub-
tracting the credits from the avoided impacts of the life cycle of
conventional products displaced by the other coproducts of the
biorefinery. For instance, renewable diesel and renewable
naphtha displace the production and combustion of conven-
tional diesel and gasoline blendstock, respectively, and the
electricity from CHP replaces the generation of average U.S. grid
electricity. The environmental impacts associated with these
displaced products are shown in Table S1 of the SI.

RSC Sustainability, 2026, 4, 477-492 | 479
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2.1.1.2 Process-level approach. This approach only includes
the stages involved in the production of PU foam (dilute acid
treatment, solid/liquid separation, solvent extraction, vacuum
distillation, and Bio-PU or Bio-NIPU processing) and uses mass
allocation to distribute the environmental burdens among the
outlet streams of each stage (colored blocks in the “process level
approach” section in Fig. 1). Mass allocation was chosen as the
coproduct handling method because the analysis focused on
a chemical product (Bio-PU or Bio-NIPU). Pretreatment and
vacuum distillation were the only stages that required the
allocation of environmental impacts between the outlet
streams. In contrast, the environmental impacts of the solvent
extraction stage were only allocated to the lipid stream to avoid
“allocating away” impacts to the residual biomass waste stream.
The credits from exported electricity and the use of the digestate
as a soil amendment (dotted gray line box in the “process level
approach” section in Fig. 1) were allocated by mass to the
coproducts (liquid hydrolysate, free fatty acids [FFA], and the PU
foam). Life cycle inventory data adapted for this approach are
provided in Section S2 of the SI.

2.1.2 Biorefinery-level LCA. The biorefinery-level analysis
evaluated the GHG emissions of all biorefinery products (Bio-PU
or Bio-NIPU, renewable diesel, and renewable naphtha) and
compared them with their corresponding conventional coun-
terparts’ production. In this analysis, the FU was determined
based on the highest yields of the coproducts from the two
sugar upgrading routes. Therefore, the biorefinery-level LCA for
Bio-PU employed a FU of the production of 3.6 tonnes of PU, 97
GJ of renewable diesel, 51 GJ of renewable naphtha, and 21 GJ of
electricity. Likewise, the FU for the analysis of Bio-NIPU
considered the production of 4.5 tonnes of PU, 97 GJ of
renewable diesel, 51 GJ of renewable naphtha, and 15 GJ of
electricity. Certain routes that did not yield the quantity of
coproduct specified by the FU (i.e., yield of renewable diesel in
the 2,3-butanediol [BDO] route) compensated for the deficit by
incorporating the corresponding conventional counterpart (see
Table 1).

The total GHG emissions from the biorefinery were distrib-
uted by mass among the three major coproducts (Bio-PU or Bio-
NIPU, renewable diesel, and renewable naphtha) excluding
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electricity, whose effect was later incorporated in the compar-
ison with the conventional counterparts. Mass allocation was
used in this perspective because it directly uses the mass yields
and reduces uncertainty due to price fluctuation (if market
value were used instead). The methodology used to estimate the
GHG emissions for renewable diesel and renewable naphtha
differed from that for Bio-PU and Bio-NIPU. This disparity is
due to variations in the carbon credit accounting between fuels
and plastics. For instance, according to ISO 14067,*” carbon
sequestration credits are only included when PU is the
coproduct, as the carbon dioxide can be stored in the polymer
for a period of time. In contrast, when fuel is the coproduct, no
carbon sequestration credits are included because the carbon
dioxide, stored in microalgae, will be combusted and released
into the atmosphere upon using the fuel. To estimate the total
GHG emissions of the conventional counterparts, the GHG
emissions of the life cycle of petroleum diesel, gasoline blend-
stock, electricity, and flexible or rigid PU (Table S1 in the SI)
were multiplied by the quantity of coproducts from Table 1 and
added up.

2.2 Open pond microalgae cultivation and biorefinery
operation overview

2.2.1 Microalgae cultivation and biorefinery description.
As depicted in Fig. 1, the process begins with the growth of
microalgae biomass, which consists of open pond cultivation
and dewatering. The inventory data for cultivation (see Table S2
in the SI) were consistent with the 2022 State of Technology
report for algae biomass production from the National Renew-
able Energy Laboratory and included a microalgae productivity
of 18.5 g m™* day .>>*® The model used performance data from
cultivation tests using saline water carried out for one year in
Arizona, extrapolated to temporal conditions in Florida
primarily with respect to net water evaporation rates.”>** After
cultivation, the conversion biorefinery consists of four major
processing sections: (1) dilute acid pretreatment, solid/liquid
separation, lipid extraction, and lipid separation (“combined
stages” whose operations are necessary for the production of
both fuels and PU products), yielding intermediate feedstocks
for fuel (liquid hydrolysate and free fatty acids [FFA]) and PU

Table 1 Quantity of biorefinery coproducts and conventional counterparts used for the biorefinery-level LCA comparison®

Pathway Bio-PU Bio-NIPU
Conventional Conventional
Route CA BDO counterparts CA BDO counterparts
Diesel (G]) Renewable 97.3 89.0 — 97.3 89.0 —
Conventional — 8.3 97.3 — 8.3 97.3
Naphtha (GJ) Renewable 40.3 51.4 — 40.3 51.4 —
Conventional 111 — 51.4 11.1 — 51.4
Bio-PU (tonnes) 3.6 3.6 — — — —
Bio-NIPU (tonnes) — — — 4.5 4.5 —
Conventional PU (tonnes) Flexible — — 3.6 — —
Rigid — — — — — 4.5
Grid electricity (GJ) 2.9 — 21.0 2.9 — 15.0

“ Note. CA: carboxylic acid route and BDO: 2,3-butanediol route.
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upgrading (TAG); (2) sugar fermentation and upgrading plus
hydrotreating (“fuel-only” processing stages), (3) epoxidation of
TAG and synthesis of PU (“Bio-PU” or “Bio-NIPU” processing
pathways), and (4) supporting operations enabling the recovery
of energy and nutrients through anaerobic digestion (AD) from
residual biomass and combined heat and power (CHP) gener-
ation (“general stages”). For the fuel-only processing stages, two
fermentation routes from the liquid hydrolysate were consid-
ered: one producing carboxylic acids (CA) and another gener-
ating BDO, with either fermentation intermediate product
subsequently processed through a series of catalytic upgrading
steps to produce hydrocarbon fuels.”” The effect of these two
options on the environmental impacts of the microalgae-based
PU foams was evaluated in this study. The biorefinery was
modeled in Aspen Plus to estimate the requirement of materials
and energy sources.'»**** Tables S3 and S4 in the SI show the
material and energy requirements for a biorefinery processing
approximately 384 tonnes of ash-free dry weight (AFDW)
microalgae biomass per day under different routes of sugar
upgrading and pathways for PU foam polymerization.

2.2.2 Bio-PU and Bio-NIPU production from TAG. For the
production of Bio-PU, formic acid, hydrogen peroxide, and
other chemicals were combined with TAG to produce polyols via
epoxidation and ring opening, which were reacted with TDI and
other chemicals to produce flexible foam via commercially
mature technology.*” In the Bio-NIPU process, TAG was reacted
with acetic acid, hydrogen peroxide, and a catalyst and mixed
with toluene for epoxidation. After separation of the catalyst
and recovery of toluene, the epoxidized TAG was carbonated
with carbon dioxide (CO,) and a tetrabutylammonium bromide
catalyst to generate a carbonated oil, which was polymerized
with foaming agents (ammonium bicarbonate and citric acid)
and hexane diamine to obtain a rigid PU foam." This modeled
process for Bio-NIPU is based on an earlier proof-of-concept
technology reported by Dong et al.,”> and the authors acknowl-
edge that this technology is in continuous development. Recent
research has indicated that certain process modifications, such
as the use of alternative diamine monomers and foaming
methods, may result in more optimal reaction rates and product
properties. At the time this manuscript was submitted, an
alternative version of this process had been published using
ethylene diamine and an alternative foaming method;*
however, because this work was conducted in parallel, the
original process assumptions reported in Dong et al' are
maintained. More detailed descriptions of the microalgae
cultivation and the biorefinery stages are available in previous
literature.'»?>04

2.2.3 Nutrient recovery and energy generation. The bi-
orefinery also recovered nitrogen and phosphorus, which were
used as nutrients for microalgae cultivation, and processed the
residual biomass through AD to produce biogas and digestate
(EPA Class A biosolid). The process generated energy via CHP
using the biogas from AD, which was used internally. The
electricity generated by the CHP system fulfilled the power
requirements of the biorefinery, with a surplus amount expor-
ted to the grid, for which displacement credits were accounted.
It was assumed that the digestate was exported for a soil

© 2026 The Author(s). Published by the Royal Society of Chemistry
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amendment and the CO, generated in the biorefinery was
recycled back to the cultivation stage. The environmental
impacts of the chemicals used in the process were estimated
either by developing their life cycle inventory data from the
literature (see Section S3 in the SI) or by taking them from R&D
GREET.

2.2.4 Carbon uptake and digestate utilization. The micro-
algae cultivation used CO, supplied from a point source by
pipeline; therefore, the estimation of the GHG emissions of Bio-
PU and Bio-NIPU accounted for credits from the carbon stored
within the PU foam that otherwise would have been released to
the atmosphere. This is because this study assumed that the
carbon credit for captured CO, is given to the algae biorefinery
and not to the CO, source.*”” Because the other chemicals (i.e.,
TDI, hexane diamine, etc.) contributing to the process were
fossil-carbon sources, a carbon balance was carried out to
estimate the carbon uptake within Bio-PU and Bio-NIPU.
According to the carbon balance (see SI Section S4) the carbon
uptake content was 0.48 and 0.42 kg C per kg of Bio-PU and Bio-
NIPU, respectively. It should be noted that even though Bio-
NIPU sequesters additional carbon during the carbonation
stage, the carbon uptake is higher for Bio-PU, because, under
the modeled assumptions, microalgae TAG comprises a larger
portion of the final Bio-PU product than Bio-NIPU. The recy-
cling of some of the byproducts (ammonia and DAP from the AD
effluent, and CO,) from the biorefinery to the cultivation stage,
helped offset the need for external fertilizer and CO, inputs. In
the CA route, the recycled byproducts fulfilled 42, 72, and 71%
of the CO,, ammonia, and DAP requirements, respectively;
while in the BDO route, these requirements were met by 52, 71,
and 52% for CO,, ammonia, and DAP, respectively.

The application of digestate to soil, due to the nitrogen
content in its solids, can substitute the application of other
conventional nitrogen sources.”® This study assumed that the
AD digestate is centrifuged and used as a soil amendment by
nearby agricultural operations, thereby displacing the use of
calcium nitrate,® as reported by previous research.** The
centrifuge uses 0.101 kWh and 5 g of acrylonitrile-butadiene-
styrene polymer per dry kg of digestate.** Tables S3 and S4 in
the SI show that per kg of Bio-PU, 4 g of nitrogen in the digestate
can replace up to 31 g of calcium nitrate. Similarly for a kg of
Bio-NIPU, the digestate contains 5 g of nitrogen, displacing up
to 25 g of calcium nitrate. It was assumed that 20% of the
carbon content in the digestate was sequestered in the soil upon
application, resulting in 74 g C sequestered per dry kg of di-
gestate.** The remaining 80% of the carbon content was
primarily released as CO,; however, as these are biogenic
carbon emissions they were not included in the estimations.*
Additionally, a negligible amount of CH, (10 mg CH, per dry kg
of digestate) is emitted during digestate application, but this
was also excluded from the calculations.””**

2.3 Scenario, sensitivity, and uncertainty analyses

2.3.1 Scenario analyses. The scenario analysis provides
insights into the effect of modifications to the process condi-
tions and the LCA methodology. Each modification is evaluated

RSC Sustainability, 2026, 4, 477-492 | 481
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independently to isolate its specific effects. Four scenario
analyses were conducted in this study. The first one, algae
cultivation strategy, compared the microalgae cultivation state-
of-technology (SOT) in 2022 (baseline)** with a future scenario
for the year 2030 that involves improvements based on reduc-
tions of the energy requirements in the open pond cultivation
and CO, sourcing (2030 target projection).*® The inventory data
of the current and futuristic comparison are provided in Section
S5 of the SI. The second scenario analysis assessed the influence
of renewable energy on GHG emissions, accomplished through
the substitution of electricity from the average US grid with
wind power and the replacement of fossil-based natural gas
with renewable natural gas (RNG) from wastewater sludge. This
analysis did not account for the infrastructure impacts associ-
ated with wind power generation, and thus, it is assumed that
wind power does not generate GHG emissions. Additionally, in
the RNG scenario analysis, the biogenic CO, emissions credits
(56 g CO, per MJ) from RNG combustion were subtracted from
the CO, emissions associated with the combustion of fossil-
based natural gas.>”*® The third scenario analysis evaluated
changes in the chemicals used in the process. One of these
analyses considered shifting the nitrogen source from
ammonia to urea on a 1:1 nitrogen mass basis. In addition to
potential GHG reductions, a motivation for this scenario is that
using urea may result in higher CO, uptake efficiency under
optimal pH conditions. Under these conditions, 1.76 kg of urea
had a similar nitrogen content to one kg of ammonia. Because
urea is also a source of fossil carbon for algae growth, the
requirements of sparged CO, were reduced to maintain a fixed
carbon input in the cultivation. This scenario analysis also
considered the substitution of conventional ammonia (base-
line) with other types sourced from alternative carbon feed-
stocks (green ammonia) and captured CO, (blue ammonia)*’
and investigated recent improvements in the Bio-NIPU
production technologies by replacing the use of hexane
diamine with biobased pentane diamine. The production of
biobased pentane diamine has been successfully achieved at
large scale and reported lower GHG emissions than other fossil-
based diamines (i.e. hexane diamine and ethylene diamine).
Inventory data for the production of Bio-NIPU with biobased
pentane diamine are presented in Tables S15 and S16 of the SI.

The fourth scenario analysis evaluated the GHG emissions
results based on different coproduct handling methods
including system expansion and allocation based on their
energy content, market value (revenue), and a hybrid method
combining mass allocation with displacement of coproduced
electricity. The energy content and market values are based on
GREET and other literature studies®***' and are summarized
in Tables S17 and S18. A synthetized depiction of the four
coproduct handling methods employed in this study is pre-
sented in Table S19 of the SI. All four scenario analyses were
applied to the product-level LCA, while only the renewable
electricity and changes in chemicals scenario analyses were
evaluated for the biorefinery-level LCA.

2.3.2 Sensitivity analysis. The scenario analysis examines
variations in GHG emissions for Bio-PU and Bio-NIPU by
adjusting one input parameter at a time using a defined
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variation ratio. Based on other algae-based bioproduct anal-
yses®® this study assumed a +50% variation in energy and
material inputs associated with the production of Bio-PU and
Bio-NIPU. The resulting GHG emissions were compared to
those of the product-level LCA baseline, and the percentage of
variation was calculated and reported.

2.3.3 Uncertainty analysis. The uncertainty analysis evalu-
ates the effect of variability in process parameters on the GHG
emissions of Bio-PU and Bio-NIPU. For instance, the lipid
content of microalgae is expected to vary depending on the
cultivation conditions or the nature of the species, which affects
the requirement of microalgae biomass per kg of microalgae-
based PU foam. To account for this uncertainty, a £50%
range of variation in microalgae biomass input relative to the
baseline was assumed.?**> For Bio-NIPU, the use of different
diamines, such as hexane, pentane, or ethylene diamine, can
influence the yield. Therefore, the uncertainty analysis also
considered a +50% variation in diamine usage per kg of Bio-
NIPU compared to the baseline. To estimate the GHG emis-
sion range under uncertainty for microalgae-based PU foams,
5000 Monte Carlo simulations were performed, using a trian-
gular distribution for the microalgae biomass and diamine
inputs per kilogram of Bio-PU and Bio-NIPU. The simulation
results were analyzed to identify the 10th and 90th percentiles
which were defined as the upper and lower bounds of the GHG
emission range for microalgae-based PU.

3 Results

3.1 Product-level and biorefinery-level GHG emissions

3.1.1 Product-level LCA. Fig. 2A and B show the GHG
emissions from the production of Bio-PU and Bio-NIPU across
the different approaches and their comparison with their
conventional counterparts. The GHG emissions for Bio-PU and
Bio-NIPU are considerably lower compared to those from
conventional PU foam. The values of the GHG emissions ranged
between 0.72 and 1.43 kg CO,e per kg for Bio-PU, reflecting
a decrease of 58-79% compared to conventional flexible foam.
For Bio-NIPU the GHG emissions ranged from 1.35 and 1.90 kg
CO,e per kg, indicating a reduction of 41-58% compared to
conventional rigid foam. The highest GHG emission values
were obtained in the system-level BDO route, primarily because
of its higher requirements for natural gas (see SI Tables S3 and
S4) and chemicals, such as corn steep liquor, compared to the
CA route. In comparison with conventional PU, Bio-NIPU offers
additional advantages apart from GHG emission reduction. Its
production does not involve the use of phosgene and isocya-
nates, which reduces the toxicity and health hazards associated
with conventional PU production® and ensures compliance
with mandates restricting the use of isocyanates in the chemical
industry.>* Although evaluating these impacts is beyond the
scope of this analysis, future LCA studies could quantitatively
estimate the potential benefits of Bio-NIPU over Bio-PU and
conventional PU by analyzing impacts such as human toxicity
and ecotoxicity potential. For example, toluene diisocyanate
(TDI) has been reported to cause acute respiratory effects in
humans when inhaled at concentrations exceeding 80 ppb or
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Fig.2 GHG emissions at the product-level analysis for (A) Bio-PU and (B) Bio-NIPU and at the biorefinery-level analysis for (C) Bio-PU and (D)
Bio-NIPU. The orange and blue dashed lines in the product-oriented LCA indicate the GHG emissions of conventional flexible and rigid PU foam,
respectively. The credit from coproduct displacement comprises the avoided emissions for the production and combustion of conventional
diesel and gasoline blendstock and generation of grid electricity. The digestate processing and use includes the GHG emissions associated with
centrifugation of the digestate. The credits from carbon sequestration in soil are due to the use of the digestate from AD as soil amendment. CA:

carboxylic acid, BDO: 1,3-butanediol, and PU: polyurethane.

during prolonged exposure to lower doses (20 ppb).*® Addi-
tionally, the Integrated Risk Information System (IRIS) has
documented chronic lung-function decline at inhalation expo-
sure concentrations above 7 x 10~> mg m™>.* In contrast, no
such exposure-related health risks have been reported for
hexane diamine, indicating that these risks could be avoided
when using Bio-NIPU as an alternative.*”

An analysis of the material and energy feedstocks (see Fig. S2
in the SI) shows that microalgae biomass and natural gas are
the major contributors to GHG emissions in the process.
Depending on the case evaluated, the microalgae biomass
contributes up to 37 and 32% of the GHG emissions of Bio-PU

© 2026 The Author(s). Published by the Royal Society of Chemistry

and Bio-NIPU (displacement-CA route for both), respectively,
while natural gas contributes to up to 38 and 34% of the GHG
emissions of Bio-PU and Bio-NIPU (displacement-BDO route
for both), respectively. Besides, some chemicals showed
important contributions to the GHG emissions. For instance, in
Bio-PU production, TDI contributed up to 25% of the GHG
emissions (process-level), while in the case of Bio-NIPU, hexane
diamine contributed up to 36% of the GHG emissions (process-
level). Another important component of the GHG emission
results is the credits from carbon uptake which are estimated at
1.78 and 1.55 kg CO,e per kg of Bio-PU and Bio-NIPU,
respectively.
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These credits were included in the GHG emission
accounting based on the assumption that Bio-PU and Bio-NIPU
have high chemical stability and would degrade very slowly
under typical landfill storage conditions after disposal.
However, it is important to note that formal laboratory tests
have not yet been conducted to confirm this behavior. Biodeg-
radation of biobased polyurethane thermosets would require
specific conditions such as those found in composting, or
during enzymatic, thermal, and microbial degradation. The
evaluation of these conditions is beyond the scope of this
study.>***

The GHG emissions associated with PU production are lower
for Bio-PU compared to Bio-NIPU. However, the total material
and energy requirements (process-related GHG emissions) per
kg of PU foam (solid stacked bars in Fig. 2A and B) are higher for
Bio-PU than for Bio-NIPU. This discrepancy arises from the
lower yield of Bio-PU in biorefineries, which is approximately
21% less than that of Bio-NIPU; however, the lower yield for Bio-
PU also results in higher coproduct GHG emission credits per
unit of PU product output compared to Bio-NIPU. Furthermore,
the process-related GHG emissions for Bio-PU are lower than
those for Bio-NIPU, because the chemicals used in the Bio-PU
pathway contribute to reduced emissions compared to those
utilized in the Bio-NIPU pathway (see Section S6.1 in the SI).
This, combined with the higher coproduct GHG emission
credits ultimately leads to overall lower GHG emissions for Bio-
PU in comparison to Bio-NIPU. Substituting certain chemicals,
such as fossil-based hexane diamine with alternative biobased
diamines, could reduce the process-related GHG emissions for
Bio-NIPU production, thereby compensating for the reduced
GHG emissions coproduct credits; this is further explored in
Section 3.3.3.

Fig. 2A and B indicate that the GHG emissions associated
with the material and energy requirements of the process-level
approach are lower compared to the displacement system-level
method applied to the two routes (CA and BDO). This reduction
is attributed to the use of mass allocation factors in the analysis
of the pretreatment and vacuum distillation stages, which
allocate only about half of the impacts from these stages to the
PU product. Additionally, the process-level approach excludes
the GHG emissions from fuel-only stages. Interestingly, the
comparison of three cases in Fig. 2A and B—specifically,
system-level displacement applied to the (1) CA route and (2)
BDO route, and (3) the process-level approach—reveals that the
system-level displacement applied to the CA route achieves
lower GHG emissions than the other two cases. This is due to
the inclusion of credits from coproduct displacement, whose
magnitudes are up to 60% and 50% of the GHG emissions
associated with the material and energy requirements for Bio-
PU and Bio-NIPU, respectively. This results in comparable
GHG emission values across the three cases. It is noteworthy
that the overall comparison between system- and process-level
approaches may vary depending on the coproduct treatment
method employed in the former, as indicated by the scenario
analysis results presented in Section 3.3.

Bio-PU and Bio-NIPU generated in a biorefinery utilizing the
BDO route for fuel production exhibit higher GHG emissions
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compared to those produced via the CA route, due to the higher
natural gas requirements of the BDO route. The fermentation
and catalytic conversion steps used to generate and upgrade
BDO involve batch fermentation, yielding lower BDO titers,
requiring energy-intensive catalytic upgrading of the dilute
aqueous stream through the initial dehydration step.** In
contrast, the CA route employs continuous fermentation with in
situ acid removal, achieving higher concentrations of the acid
product ultimately sent through downstream catalysis steps
(although at the expense of complex pertractive membrane
separations and solvent recovery steps).*® Consequently, the
BDO route is more energy-intensive than the CA route. These
increased process-related GHG emissions from heating are not
fully offset by the increased power generation during CHP
operations and coproduct GHG emission credits observed in
the BDO route. Consequently, the BDO route ultimately resulted
in higher net GHG emissions compared to the CA route.

An alternative analysis, presented in Section S6.2 of the SI,
evaluates the GHG emissions using a functional unit of one MJ
of renewable fuels while viewing PU/NIPU as the coproduct
across three different coproduct handling methods (system-
level hybrid allocation, system-level market-value allocation,
and displacement). The results show a similar trend to those
obtained from the PU analysis, with slightly higher GHG
emissions observed for the Bio-NIPU pathway compared to the
Bio-PU pathway, except when using market price allocation
which incurs lower fuel GHG emissions for Bio-NIPU versus Bio-
PU coproduction, given the higher GHG allocations to the more
valuable chemical coproduct. Microalgae-based fuels exhibit
lower GHG emissions than fossil fuels (91.4 gCO,e/M]),
demonstrating reductions of up to 78% for the Bio-PU
pathway and 75% for the Bio-NIPU pathway, when the
displacement method is applied in the CA route.

3.1.2 Biorefinery-level LCA. The biorefinery-level analysis
results for the two pathways and the two sugar upgrading routes
are presented in Fig. 2C and D. For the Bio-PU pathway the total
GHG emissions associated with the defined FU (3.6 tonnes of
Bio-PU, 97 GJ of renewable diesel, 51 GJ of renewable naphtha
and 21 GJ of electricity internally-generated and exported to the
grid) are estimated at 18.8 and 21.3 tonnes CO,e for the CA and
BDO routes, respectively. The life cycle GHG emissions of
similar quantities of the conventional counterparts (PU foam,
petroleum diesel and gasoline blendstock) and grid electricity
add up to 28.7 tonnes CO,e. In the Bio-NIPU pathway, the total
emissions for the FU (4.5 tonnes of Bio-NIPU, 97 GJ of renew-
able diesel, 51 GJ of renewable naphtha and 15 GJ of electricity
internally-generated and exported to the grid) are estimated at
21.8 and 24.3 tonnes CO,e for the CA and BDO routes, respec-
tively. Using the same FU, for the conventional counterparts the
total GHG emissions are estimated at 30.2 tonnes CO,e. The
comparison with fossil-based counterparts indicates GHG
emission reductions of 26 (BDO route) and 35% (CA route), and
20 (BDO route) and 28% (CA route) for Bio-PU and Bio-NIPU,
respectively. A look at the coproduct breakdown in Fig. 2C
and D indicates that the reductions are mainly due to the
difference in the GHG emissions between microalgae-based and
conventional PU rather than the differences observed for the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fuels. The carbon uptake credits in Bio-PU and Bio-NIPU led to
lower GHG emissions compared to conventional PU foam (see
Fig. 2A and B), which resulted in important reductions for the
microalgae systems in the biorefinery-level analysis. This
suggests that incorporating the production of bioplastics into
the microalgae biorefinery reduces its overall environmental
impacts.

The biorefinery-level LCA comparison of the two microalgae-
based PU pathways indicates that a biorefinery producing Bio-
PU achieves greater GHG emission reductions compared to
conventional PU than a biorefinery producing Bio-NIPU does,
despite lower yields from microalgae for Bio-PU. This suggests
that the greater reduction in GHG emissions achieved by Bio-PU
relative to conventional PU outweighs its lower yield relative to
Bio-NIPU. Therefore, the specific GHG emissions reduction
percentage of the microalgae-based PU foam with respect to its
conventional counterpart is a crucial factor in assessing the
environmental sustainability of these biorefineries.

3.2 Product-level and biorefinery-level fossil energy and
water consumption

The results for fossil energy are shown in Fig. S3 of the SI and
indicate that the system level displacement-BDO route and the
process-level approach have the highest and lowest values,
respectively, among all the methods analyzed. The fossil energy
consumption of Bio-PU shows a reduction of up to 41%
compared to conventional flexible PU, while production of Bio-
NIPU can achieve a reduction of up to 15% (process-level for
both). Nevertheless, the system level BDO route for Bio-NIPU
production shows fossil energy consumption that is 7%
higher compared to conventional rigid PU. For both pathways
the highest contributor to the fossil energy was the PU only
stages; therefore, improvements in those stages, like shifting
from fossil to renewable natural gas could potentially reduce
both the GHG emissions and fossil energy use of microalgae-
based PU foam.

Although the Bio-NIPU pathway has lower fossil energy
consumption for natural gas, hydrogen, and ammonia, it
results in higher process-related fossil energy consumption
than Bio-PU. This is primarily due to the increased use of
chemicals specific to the Bio-NIPU production stage, such as
hexane diamine, which can account for up to 35% of the total
process-related fossil energy consumption. Additionally, Bio-
NIPU has lower coproduct credits for fossil energy consump-
tion than Bio-PU. These two factors contribute to the net higher
fossil energy consumption of Bio-NIPU compared to Bio-PU,
which in some approaches (displacement-BDO route) exceeds
that of conventional rigid foam. To mitigate this, employing
biobased alternatives for key chemicals in the PU production
process could help reduce the fossil energy consumption of the
Bio-NIPU pathway.

Fig. S4 in the SI shows the water consumption of the two
pathways under analysis. As observed, water consumption, even
after the water is recycled, is higher for the two microalgae-
based PU pathways in comparison with conventional PU
foams. The water consumption in Bio-PU is up to ten times
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higher compared to conventional flexible PU foam, while that of
Bio-NIPU is up to nine times higher compared to conventional
rigid PU foam. For both pathways, the fuel-only stages and the
combined stages were those with the highest water consump-
tion for the CA and the BDO routes, respectively. Interestingly,
the microalgae biomass feedstock did not show the highest
water consumption among all the stages. This is because saline
water is used for cultivation and the water consumption only
accounts for the use of fresh water.

The biorefineries use 18.3 and 29.0 L of make-up process
water per kg of Bio-PU and Bio-NIPU, respectively. These values
are higher than the total water consumption for conventional
flexible and rigid PU foams (5.0 L kg™ '). Additionally, certain
materials, such as corn steep liquor, have high water
consumption, which further increases the overall water
consumption of Bio-PU and Bio-NIPU. This is particularly
impactful in the CA route, where corn steep liquor contributes
to half of the water consumption in the biorefineries due to its
increased use in the sugar conversion process. The effects of
process water and corn steep liquor explain the higher water
consumption observed in microalgae-based PU foams
compared to conventional PU foams. However, in cases where
this is tied to operational choices such as the type of fermen-
tation nutrient employed, opportunities exist to further improve
these results (e.g. through the use of alternative nutrient media
components such as ammonia in place of corn steep liquor).

3.3 Product-level and biorefinery-level GHG emissions under
different scenario analyses

The results of the scenario analyses are presented in Fig. 3 and 4
for the product-level and biorefinery-level LCA, respectively.

3.3.1 Algae cultivation strategy. The comparison between
the 2022 SOT assumptions and the cultivation and CO,
sourcing improvements targeted for 2030 is shown in Fig. 3A
and B. As observed, the GHG emissions are reduced by up to
127% for Bio-PU and up to 52% for Bio-NIPU (both reductions
in the displacement-CA route) compared to the current SOT
basis. The GHG emissions reductions of the 2030 target
projection compared to conventional PU foams (dashed lines in
Fig. 3A and B) ranged between 75 (process-level) and 106%
(displacement-CA route) for Bio-PU and between 58 (process-
level) to 80% (displacement-CA route) for Bio-NIPU. There-
fore, reaching the targeted projections for year 2030 will result
in both higher cultivation productivity and lower GHG emis-
sions for the technology compared to the 2022 SOT.

3.3.2 Renewable energy. The GHG emissions of Bio-PU
using renewable electricity ranged from —0.20 to 0.69 kg CO,e
per kg, representing reductions of up to 128% for the system-
level approach (CA route) and 36% for the process-level
approach baseline (Fig. 3C). The GHG emissions for Bio-NIPU
were estimated between 0.35 to 1.11 kg CO,e per kg, indi-
cating reductions compared to the baseline of up to 74% for the
system-level approach (CA route) and 28% for the process-level
approach, respectively (Fig. 3D). Most of these reductions were
attributed to the lower GHG emissions observed in the algae
cultivation stage (see Fig. S5 in the SI). The comparison of the
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Fig. 3 GHG emissions from the scenario analyses of the product-level analysis: algae cultivation strategy for (A) Bio-PU and (B) Bio-NIPU,
renewable energy for (C) Bio-PU and (D) Bio-NIPU, changes in chemicals for (E) Bio-PU and (F) Bio-NIPU, and co-product treatment methods for
(G) Bio-PU and (H) Bio-NIPU. The markers indicate the GHG emissions obtained when conducting one sensitivity analysis at a time. The dashed
lines indicate the GHG emissions of conventional PU foam. CA: sugar upgrading in fuel production via carboxylic acid and BDO: sugar upgrading
in fuel production via 2,3-butanediol.

GHG emissions between renewable electricity-based Bio-PU and
renewable electricity conventional-based flexible PU, showed
a reduction of 75-108% in the former, whereas the GHG

emissions of renewable electricity-based Bio-NIPU were 57-86%
lower compared to renewable electricity-based conventional
rigid PU. These findings suggest that as the grid reduces its
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dashed lines indicate the GHG emissions of conventional counterparts.

emissions, microalgae-based PU will become increasingly
favorable from a GHG emissions perspective, compared with
conventional PU.

The substitution of natural gas with RNG derived from
wastewater sludge resulted in lower GHG emissions compared
to the baseline. This is because, during RNG combustion, the
majority of the CO, emitted is biogenic and therefore excluded
from GHG emission estimations. Additionally, a credit for
avoided emissions from the conventional EOL management of
wastewater sludge is subtracted from the emissions associated
with the processing of RNG.* Under this scenario, the GHG
emissions for Bio-PU ranged from —0.34 to 0.61 kg CO,e per kg,
while the GHG emissions for Bio-NIPU ranged from 0.49 to 1.14
kg CO,e per kg.

Fig. 4A and C indicate that integrating renewable electricity
into a Bio-PU biorefinery lowers the GHG emissions associated
with producing the FU (3.6 tonnes of Bio-PU, 97 GJ of renewable
diesel, 51 GJ of renewable naphtha and 21 GJ of electricity
internally-generated and exported to the grid). Specifically,
compared to conventional production using renewable elec-
tricity, the GHG emissions are reduced by 33 (BDO route) and
46% (CA route) for the FU. For the Bio-NIPU biorefinery (Fig. 4B
and D) producing the FU (4.5 tonnes of Bio-NIPU, 97 GJ of

© 2026 The Author(s). Published by the Royal Society of Chemistry

renewable diesel, 51 GJ of renewable naphtha and 15 GJ of
electricity internally-generated and exported to the grid) with
renewable electricity reduces the GHG emissions by 28 (BDO
route) and 40% (CA route) compared to renewable electricity-
based conventional production of the FU. Similar to the
product-level LCA, the biorefinery-leve]l GHG emissions were
significantly reduced with the use of RNG (see Fig. S7 in the SI).
Furthermore, when RNG was utilized, the GHG emissions of the
FU decreased by 48% (both CA and BDO routes) for Bio-PU, and
by 41% (both CA and BDO routes) for Bio-NIPU, compared to
their conventional counterparts.

3.3.3 Changes in chemicals. The results from shifting the
nitrogen source from ammonia to urea are presented in Fig. 3E
and F. The variations in GHG emissions between the baseline
(ammonia) and the use of urea are only up to 6% for Bio-PU and
3% for Bio-NIPU, across the different methods evaluated.
Except for the process-level approach, all the methods show
a slight decrease in GHG emissions. These slight variations are
due to the tradeoff between the lower emissions of one kg urea
compared to ammonia (1.3 and 2.8 kg CO,e per kg, respectively)
and the increased demand for urea to replace ammonia. Due to
the small variations observed, shifting the nitrogen source does
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not significantly change the comparison of the GHG emissions
between microalgae-based and conventional PU foams.

The shift in the Bio-NIPU formulation from hexane diamine
to biobased pentane diamine was also examined and the results
are presented in Fig. 3F (purple triangle). The GHG emissions of
Bio-NIPU with biobased pentane diamine ranged between 0.48
(displacement-CA route) and 1.05 kg CO,e per kg (displace-
ment-BDO route), which represents GHG emissions reductions
of up to 38% (process-level) compared to Bio-PU and of up to
85% (displacement-CA route) compared to conventional rigid
PU. This was influenced by the lower requirement (0.187 kg
kg~ ' Bio-NIPU, see Tables S15 and S16 in the SI) and GHG
emissions (1.36 kg CO,e per kg) of the biobased pentane
diamine® compared to hexane diamine (requirement of 0.206
kg kg™ Bio-NIPU and GHG emissions of 5.47 kg CO,e per kg).
The research on biobased diamines is expanding,® and other
diamines with low requirements, like ethylene diamine
(requirement of 0.13 kg kg™ Bio-NIPU), could also be employed
for Bio-NIPU production. This could broaden the opportunities
for new Bio-NIPU formulations with significantly improved
environmental performance compared to previous and recent
synthesis routes using fossil-derived diamines.

Fig. 3E and F also show the results for the comparison of the
different ammonia types. While green ammonia is produced
from water, air, and renewable electricity, blue ammonia is
manufactured from captured CO, from industrial processes.*”
The reduction of GHG emissions from conventional to blue
ammonia ranged from 6 (process-level approach) to 38%
(displacement-CA route) for bio-PU and from 13 (process-level
approach) to 27% (displacement-CA route) for Bio-NIPU.
However, higher emissions reductions are achieved when
green ammonia is used instead of conventional ammonia,
ranging from 12 (process-level approach) to 71% (displace-
ment-CA route) and from 24 (process-level approach) to 50%
(displacement-CA route) for Bio-PU and Bio-NIPU, respectively
due to lower energy requirements and negative process emis-
sions*” associated with producing green ammonia. In addition,
the use of green ammonia reduces the GHG emissions by 72
(displacement-BDO route) to 94% (displacement-—CA route) for
Bio-PU and by 61 (displacement-BDO route) to 79% (displace-
ment-CA route) for Bio-NIPU in comparison with their
conventional counterparts. Although these results only indicate
GHG emission reductions from evaluating one chemical change
strategy at a time, simultaneous substitution of two chemicals
can lead to further reductions. For instance, producing Bio-
NIPU with green ammonia and biobased pentane diamine
can result in GHG emissions ranging from 0.02 (displacement-
CA route) to 0.63 (displacement-BDO route) kg CO,e per kg Bio-
NIPU. These GHG emissions represent a reduction of between
66 (process-level approach) and 98% (displacement-CA route)
compared to baseline Bio-NIPU production.

In the biorefinery-level LCA, both the Bio-PU and Bio-NIPU
biorefineries showed larger GHG emission reductions when
conventional ammonia was replaced with blue and green
ammonia, compared to employing urea in the cultivation stage.
The use of green ammonia provided the greatest reductions in
GHG emissions among all the chemical sensitivity cases for the
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Bio-PU biorefinery. These GHG emissions reductions were
estimated at 32 (BDO route) and 41% (CA route) compared to
conventional production of the FU (Fig. 4A and C). For the Bio-
NIPU biorefinery the lowest GHG emission reductions were
observed when hexane diamine was substituted with biobased
pentane diamine. Under this scenario, the GHG emissions of
the FU were 33 (BDO route) and 41% (CA route) lower compared
to the conventional production of the FU. These findings
highlight the importance that feedstock substitution improve-
ments pose in reducing the emissions of microalgae-based PU.

3.3.4 Coproduct handling methods. Fig. 3G and H show
the effect of different coproduct handling methods on the GHG
emissions of Bio-PU and Bio-NIPU, respectively. In the system-
level approach, the GHG emissions estimated with the
market-value allocation have the highest value among the
methods used regardless of the pathway used to upgrade the
sugars for fuel production. This is because the price of the
microalgae-based PU was considerably higher compared to the
other coproducts; therefore most of the burdens are allocated to
Bio-PU or Bio-NIPU in this case. In contrast, the lowest GHG
emissions are observed in the energy allocation via CA for both
Bio-PU and Bio-NIPU. The reason for this result is that the
differences between the energy content of the PU foam are not
prominent compared to the other products. These findings
indicate a wide variation in results from the different coproduct
handling methods employed.

3.4 Sensitivity and uncertainty analyses of GHG emissions in
microalgae-based PU foams

3.4.1 Sensitivity analysis. The sensitivity analysis results
revealed a direct relationship between the variables. Hence, an
increase in a material or energy input led to a corresponding
increase in GHG emissions, and vice versa. The sensitivity
analysis for Bio-PU is presented in Fig. S8A, C, and E of the SI.
The results indicate that algae biomass, natural gas, and
toluene diisocyanate are the material and energy inputs with
the most significant impact on GHG emissions. A variation of
£50% in these inputs results in changes in GHG emissions of
up to 263%, 125%, and 50%, respectively, compared to the
baseline. The substantial influence of these three inputs is
consistent with Fig. S2 in the SI, which shows that they are the
major contributors to the GHG emissions of the production
process. The findings also indicate that the system-level CA
route is more sensitive to these changes compared to the
system-level BDO route and the process-level approach. This is
a direct result of the combined contributions of GHG emissions
per input and the magnitude of the overall GHG emissions of
Bio-PU. Other materials, such as ammonia, surfactant, formic
acid, and hydrogen peroxide, resulted in Bio-PU GHG emission
variations of up to 25%, 18%, 14%, and 11%, respectively. For
Bio-NIPU, the sensitivity analysis results are presented in
Fig. S9A, C, and E of the SI. Similar to Bio-PU, algae biomass and
natural gas are the major inputs influencing the GHG emissions
of Bio-NIPU, with variations of up to 111% and 62%, respec-
tively. Additionally, hexane diamine is another significant
input, with a £50% variation leading to up to a 42% change in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the GHG emissions of Bio-NIPU. Interestingly, algae biomass
has a greater impact on GHG emission variation in the system-
level CA route, while natural gas has a more pronounced effect
in the system-level BDO route. These findings highlight poten-
tial opportunities for reducing GHG emissions in microalgae-
based PU foams. For instance, increasing the lipid concentra-
tion in microalgae could reduce algae biomass requirements,
while implementing energy-saving practices, such as enhancing
heat integration, could lower natural gas consumption. Tabu-
lated data from the sensitivity analysis are available in the SI in
Tables S26 and S27, corresponding to Bio-PU and Bio-NIPU,
respectively.

3.4.2 Uncertainty analysis. The histograms generated from
the Monte Carlo simulations are presented in Fig. S8B, D, and F
for Bio-PU, and in Fig. S9B, D, and F for Bio-NIPU. The 90th
percentile GHG emissions for Bio-PU are estimated at 1.70, 2.45,
and 1.32 kg CO,e per kg, while for Bio-NIPU, they are estimated
at 2.18, 2.76, and 1.90 kg CO,e per kg, for the system level CA
route, system level BDO route and process level approach,
respectively. Notably, the highest 90th percentile GHG emis-
sions for both Bio-PU and Bio-NIPU are lower than the GHG
emissions of conventional rigid and flexible PU foams used for
comparison (3.43 and 3.21 kg CO,e per kg, respectively). This
indicates that the proposed production pathways, even when
accounting for some uncertainties in process parameters, can
achieve lower GHG emissions compared to the conventional
counterparts. The range between the 90th and 10th percentile is
indicated in all the cases using error bars in Fig. 2A and B. The
corresponding numerical values are presented in Table S28 of
the SI.

4 Discussion

This study analyzed the environmental impacts of producing
Bio-PU foam along with renewable fuels in a biorefinery pro-
cessing microalgae biomass. Two different production path-
ways were evaluated to convert TAG to Bio-PU foam: one
generating flexible foam similar to the current industrial prac-
tice (Bio-PU), and another synthesizing rigid foam without
requiring isocyanates (Bio-NIPU). The GHG emissions of
microalgae-based PU foams were lower compared to their
conventional counterparts. This outcome was very similar to
that observed for fossil energy; however, the water consumption
of all microalgae-based PU foams was considerably higher than
that of the conventional PU foams. A greater portion of the
water consumption was accounted for in the biorefinery
processes instead of the microalgae cultivation stage.

The PU synthesis was the stage with higher GHG emissions
in both pathways, followed by microalgae cultivation. This
study also showed that the transition to more energy efficient
cultivation and the substitution of conventional ammonia with
green ammonia are strategies that could most beneficially
improve the emission profile of bio-PU. Current formulations of
Bio-NIPU using biobased pentane diamine also reduced the
GHG emissions compared to earlier synthesis pathways using
hexane diamine. It was also demonstrated that the choice of
coproduct handling method has an important impact on the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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results. Finally, a biorefinery-level approach proved that incor-
porating PU foam synthesis into a biorefinery focused on fuel
production helped to reduce the overall GHG emissions of the
biorefinery products in comparison with producing them
through conventional pathways. The analysis performed in this
study provided a useful methodology to evaluate the environ-
mental impacts of biochemicals coproduced in biorefineries,
highlighted the importance of the methodology chosen for the
analysis, and gave important insights to further develop
microalgae biorefineries as a strategy to diversify feedstocks for
the chemical and fuel industries.

The GHG emissions reported in this study are lower than
those previously documented for Bio-PU and Bio-NIPU. For
instance, Manzardo et al.®* found that GHG emissions for Bio-
PU derived from vegetable oils range from 4.6 to 3.3 kg CO,e
per kg PU which are at least 74% higher than the highest GHG
emissions value reported in this study (1.9 kg CO,e per kg Bio-
NIPU). Similarly, the production of bio-based PU from residues
such as lignin derived from black liquor or crude glycerol from
the transesterification of vegetable oils also resulted in higher
GHG emissions than those reported for microalgae-based PU in
this study.®*®® Specifically, the reported GHG emissions for
lignin-based PU range from 4.1 to 5.0 kg CO,e per kg PU,* while
for crude-glycerol based PU, they range from 4.7 to 7.0 kg CO,e
per kg PU.* The higher GHG emissions in these pathways are
largely driven by the use of fossil-based methyl diisocyanate in
the case of crude glycerol, as well as the low contribution of
biobased feedstocks, relative to other inputs, in the lignin-based
PU. Liang et al.*® reported that non-isocyanate polythiourethane
(NIPTU) derived from biobased 1,4-butanediol is estimated to
generate GHG emissions of 3.0 kg CO,e per kg NIPTU,
approximately 57% higher than the highest GHG emissions
value reported in this study for Bio-NIPU. It is important to note
that the lower GHG emissions of microalgae-based PU,
compared to other biobased PUs, may be largely attributed to
the biorefinery approach, which allows PU to benefit from
credits for fuels and electricity coproduced in the specific bi-
orefinery configurations considered in this study. In contrast,
previous studies have reported a standalone PU production
facility without such a biorefinery integration approach.
Nevertheless, as discussed in this study, the inclusion of PU
reduces the environmental impacts not only of the biorefinery
but also of the PU product itself.

5 Conclusions

The findings of this study show that microalgae-based Bio-NIPU
is a promising route for reducing the toxicity potential of PU
production while also reducing GHG emissions. This tech-
nology is still under development, offering potential for further
reduction of GHG emissions. Additionally, since it relies on
electricity as primary energy input, its GHG emissions profile
will further improve as the grid lowers its emissions. From
microalgae biorefineries, the production of Bio-PU and fuels
achieves GHG emission reductions ranging from 26 to 35%
compared to conventional production routes. Similarly, the
coproduction of Bio-NIPU and fuels reduces GHG emissions by
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20-28% compared to conventional production. The GHG
emissions of microalgae-based PU are further reduced through
the substitution of chemicals. For instance, substituting
conventional ammonia with green ammonia can reduce GHG
emissions of microalgae-based PU by up to 94% compared to
conventional flexible PU, while replacing hexane diamine with
biobased pentane diamine can lower the GHG emissions of
microalgae-based NIPU by up to 85% compared to conventional
rigid PU. By using renewable electricity, the GHG emissions
from microalgae-based PU and NIPU are further reduced by up
to 108 and 86%, respectively, compared to conventional PU
foam produced with renewable electricity. Future research
could explore improvements in the lipid to PU conversion
process, by reducing the requirements of thermal energy
through heat integration and process intensification. Addi-
tionally, exploring alternative materials with lower emissions
while maintaining comparable yields could be beneficial. To
gain a deeper understanding of the implications of Bio-NIPU
beyond the impacts evaluated in this study, it is recom-
mended to assess indicators such as human health and toxicity.
This could help identify additional benefits of this production
pathway.
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