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ABSTRACT: Crude glycerol, a high-volume byproduct of the
biodiesel industry, has seen a significant surplus due to the
industry’s rapid growth. It can be a promising feedstock for a range
of high-value products via chemical and biochemical routes. This
study thus elucidates the relative environmental performance of
two prominent glycerol valorization technologies, i.e., catalytic
hydrogenolysis to 1,2-propanediol and microbial fermentation
(batch and fed-batch) to 1,3-propanediol, using a cradle-to-gate life
cycle assessment (LCA). The LCA was performed using an
experimental data-driven comprehensive process model to
represent an industrial-scale biorefinery, handling 20 833 kg/h of
glycerol. The LCA results identified cooling water (18−35.5%)
and steam (15.2−33.7%) consumption in the distillation and
glycerol sourcing (33.3−68.1%) as the critical environmental hotspots, which should be focused on while designing the process. The
fed-batch fermentation process was environmentally more benign, with significantly lower environmental impacts than
hydrogenolysis (by 35.2%) and batch fermentation (by 48.2%). Integrating effective process heat recovery using pinch technology
reduced the overall environmental impacts by 4.9−11.2%. The environmental performance of the overall processes varied
substantially (2.4−62.1%) with changes in glycerol sourcing and production methods. Therefore, energy and material recycling with
sustainable water and glycerol sourcing can improve the sustainability of the overall process.
KEYWORDS: Biorefinery, Glycerol, Life Cycle Assessment, Propanediols, Sensitivity

■ INTRODUCTION
The global transition from fossil fuels to renewable alternatives
has enhanced the prominence of the biodiesel industry as a
sustainable source of biofuels. Biodiesel, fatty acid methyl/ethyl
esters, is produced through the transesterification of triglycer-
ides, such as vegetable oils, animal fats, used cooking oils,
greases, etc., with anhydrous methanol/ethanol in the presence
of base catalysts.1,2 Crude glycerol (CG) is one of the high-
volume but low-value coproducts produced during the trans-
esterification process.3 It is estimated that the production of
every 100 kg of biodiesel generates ∼10 kg of CG. The biodiesel
industry has shown tremendous growth in the last few decades,
resulting in a glut of CG. An annual average of 6.3 million tons of
CG is anticipated to be generated from the biodiesel industry by
2025 with purity levels of 60−80%.4 The applications of CG are
restricted by its impurity, and needs extensive purification steps
to remove impurities to make it suitable for its applications and
downstream conversion processes. Pure glycerol has a wide
range of applications in the cosmetic, food, and pharmaceutical
industries.5 Glycerol was thus listed as one of the top platform
chemicals by the US Department of Energy. The global market
for glycerol is projected to increase from 2.8 million tons (MT)
in 2020 to 4 MT by 2027.6 The annual growth rate of glycerol is

expected to be 10% from 2022 to 2030.7 However, with such
revolutionized growth of the biodiesel industry, the CG from the
biodiesel industry is expected to be in surplus supply more than
the current market demand.8

Sustainable valorization of biodiesel-based CG to high-value
bulk and specialty chemicals including acrolein, acrylic acid,
ethanol, glutamate, polyhydroxyalkanoates, propionic acid, 1,2-
and 1,3-propanediol (PDO), lactic acid, succinic acid, etc., via
microbial and chemocatalytic routes has been depicted by
several studies.9−11 Most of these chemicals are currently
sourced from fossil-based feedstocks with unsustainable
production processes, which have consequences on their
commercial viability and environmental sustainability. For
instance, 1,2-PDO and 1,3-PDO, which are widely used
monomers in the polymer industry and have extensive
applications across food, pharmaceuticals, cosmetics, and
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textiles industries,12,13 are typically produced from fossil fuels via
catalytic conversion pathways. 1,2-PDO is derived from
propylene via hydration of propylene oxide,14 while 1,3-PDO
is produced from ethylene oxide or propylene through
hydrogenation of an intermediate product 3-hydroxypropional-
dehyde.15 The catalytic hydrogenolysis of glycerol at high
pressure on supported metal catalysts using excess hydrogen is a
sustainable alternative pathway for 1,2-PDO production.16

Among the different monometal and bimetal catalysts studied
previously,17−19 Cu-based catalysts on acidic support demon-
strated high effectiveness in glycerol hydrogenolysis reactions,
achieving high 1,2-PDO selectivity.20−22 On the other hand, the
catalytic glycerol valorization to 1,3-PDO results are not quite
promising for commercial process development due to poor 1,3-
PDO selectivity with multiple byproducts formation.23 How-
ever, bioconversion of glycerol to 1,3-PDO with high-level
production via wild type and genetically modified microbial
strains has emerged as a promising and renewable route for 1,3-
PDO production.24−26 Table S1 summarizes some of the
selected previous studies depicting high-level 1,2-PDO and 1,3-
PDO production using pure/crude glycerol.
Though experimental results are quite promising, the

commercial friendliness of these bioprocesses should be
carefully evaluated using sustainability analysis tools to envision
their economic and environmental performance. Techno-
economic analysis is essential for determining the economic
sustainability of these technologies before commercialization. In
our previous study, the comprehensive techno-commercial
analysis of pure glycerol valorization to PDOs via hydrogenolysis
and fermentation was performed.10 The analysis was based on
the detailed process design using current state-of-the-art
experimental data in Aspen Plus software using the pinch
technology approach. Further, profitability analysis was
conducted to estimate the return on investment from PDO
production and evaluate the relative economic viability of the
processes. Environmental sustainability analysis is another
essential tool, especially in the current context, for judging the
long-term ecological consequences of these bioprocesses.
However, the relative environmental sustainability of these
bioprocesses and the critical parameters that influence the
environmental performance of these technologies have not been
studied before. Life cycle assessment (LCA) has been widely
recognized as an efficient tool for determining the environ-
mental impacts of these processes and identifying their critical
hotspots. Some previous studies have used LCA to evaluate the
environmental performance of biodiesel-derived glycerol
conversion technologies to high-value products, including 1,2-
PDO,27 dihydroxyacetone (DHA),8,28 acrolein,29 1,2-PDO,30

1,3-PDO,31 propionic acid,11 and lactic acid,32 via different
conversion methods, such as hydrogenolysis, fermentation,
catalytic oxidation, chemocatalysis, and dehydration. However,
the relative environmental consequence of glycerol hydro-
genolysis and fermentation technologies for producing PDOs
has not been reported in previous literature. The comparative
assessment of the environmental consequences of these
technologies, in conjunction with their techno-commercial
feasibilities, will be instrumental in determining the overall
sustainability of the processes and the resultant biorefinery
products.27

The current study thus sets a novel objective to evaluate the
relative environmental performance of two commercial-scale
glycerol valorization technologies to produce 1,2-PDO and 1,3-
PDO via catalytic hydrogenolysis and fermentation processes,

respectively. However, the LCA analysis results were greatly
influenced depending on the accuracy of resource (energy and
material) consumption estimates. The present study estimated
the material and energy balance data from our previous
comprehensive process design based on the most promising
experimental data reported in published literature.10 The
processes were designed with Aspen Plus software using
validated thermodynamic property methods for reliable energy
consumption estimates. A systematic pinch analysis approach
was further applied for process integration with the maximum
possible process heat energy utilization to reduce the external
heat energy supply. Thereafter, a cradle-to-gate LCA was
performed to analyze the environmental effects of these
biorefining technologies and determine the critical hotspot
processes/pathways of major concern. Based on the identified
environmental hotspots, multiple scenario analyses, including
integration of pinch technology, glycerol sourcing, and
production pathways, were performed to identify the potential
strategies for reducing the overall negative impacts of the
processes. Moreover, a sensitivity analysis of critical parameters
was carried out to determine the relative effects of variation in
these parameters on the overall categorical impacts. Further
study was conducted to analyze the significance of data
uncertainty on the variability of the associated impacts. The
novel findings of this study hold tremendous significance to
policymakers, investors, and LCA experts in informed decisions
on two promising glycerol valorization technologies.

■ PROCESS FLOWSHEETS
The current LCA was performed using our previous techno-
economic analysis results,10 which entailed the development of
industrial-scale glycerol valorization process models to manu-
facture 1,2-PDO and 1,3-PDO. The Aspen Plus simulation
software was used to develop the process models, which
included databases and property estimation methods. The
reaction conditions and process parameters, including input/
output composition, were acquired from lab-scale experimental
results reported in the literature.33−35 These parameters formed
the basis for the industrial-scale process simulations to estimate
energy, material, and elementary flows. Based on these process
data, the relative environmental performance of two glycerol
valorization processes was evaluated: (1) catalytic hydro-
genolysis to produce 1,2-PDO and (2) fermentativemanufactur-
ing of 1,3-PDO. The study further assessed the relative
environmental impact of integrating “with pinch technology”,
which involved an optimal heat exchanger network design for
maximizing the utilization of heat energy within the process,
compared to “without pinch technology”.
Glycerol Catalytic Hydrogenolysis to 1,2-Propanediol

(1,2-PDO). The hydrogenolysis reaction of glycerol for the
selective conversion to 1,2-PDO using supported Cu-based
catalyst under high-pressure conditions with excess hydrogen
was adopted for process modeling in the current study. This
process occurs in a fixed-bed reactor in a single stage, involving
two sequential reactions: (i) the dehydration of glycerol over
either acidic or basic sites to hydroxyacetone (HA) and (ii)
subsequent HA hydrogenation into 1,2-PDO on the metal
centers (Figure 1). This step also involves several unavoidable
side reactions to a lesser extent, such as C−C cleavage of glycerol
and 1,2-PDO, over Cu-based bifunctional catalysts, forming
insignificant quantities of several coproducts, including
methanol, HA, ethylene glycol (EG), and ethanol. The glycerol
hydrogenolysis process model adopted in this study was divided
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into two subsections: hydrogenolysis and downstream separa-
tion processes. In the former subsection, a 10 wt % glycerol−
water mixture at 5MPa was preheated to 220 °C and pumped to
the reactor for glycerol hydrogenolysis. Simultaneously, com-
pressed hydrogen (5 MPa of pressure) was fed to the same
reactor by using a double-stage compressor. The output stream
from the hydrogenolysis reactor was directed to a vapor−liquid
flash vessel after cooling, where excess hydrogen gas was
separated from the product liquid mixture. The hydrogen
separated from the flash vessel was pressurized to 5 MPa and
recycled back to the reactor to supplement the process hydrogen
demand. The liquid product mixture from the flash drum further
underwent a downstream separation process, which included a
series of distillation columns (DC). Methanol and ethanol,
which are the low boiling point compounds in the liquid
mixture, were distilled in the first distillation column (DC1),
along with an azeotropic quantity of water. The methanol was
separated from the methanol−ethanol−water mixture in the
second column (DC2) from the DC1 distillate, while the

bottom product of DC2 contained ethanol and water, from
which fuel-grade ethanol was obtained by extractive distillation
(DC3) using EG as the entrainer. Finally, EG was regenerated
from the EG−water mixture in another distillation column
(DC4) and recycled to DC3 after cooling. The bottom product
of DC1, which consisted of water, HA, EG, and 1,2-PDO, was
separated sequentially through three additional distillation
columns based on the volatility of the components: DC5
(water), DC6 (HA), and DC7 (EG and 1,2-PDO). The water
separated from DC5 was recycled back to the hydrogenolysis
reactor to supplement the water demand for glycerol dilution
and hydrogenolysis reaction. Detailed flowsheets showing the
modeled individual processes for the glycerol hydrogenolysis to
manufacture 1,2-PDO are depicted in our previous study.10

Microbial Glycerol Fermentation to 1,3-Propanediol
(1,3-PDO).Microbial fermentation of glycerol to 1,3-PDO was
performed under two different modes with cogeneration of 2,3-
butanediol (2,3-BDO) and ethanol: batch fermentation using
wild strain and fed-batch fermentation using genetically
engineered Klebsiella sp. HE-2 microorganisms. In Klebsiella
sp., glycerol is metabolized by oxidative and reductive
pathways.36 The oxidative pathway entails the conversion of
glycerol to several organic acids and alcohols through pyruvate
using a glycerol dehydrogenase reaction (Figure 1). Conversely,
in the reductive pathway, a two-step pathway, glycerol is
dehydrated to 3-hydroxypropionaldehyde by vitamin B12
dependent enzyme glycerol dehydratase. In the next step, 3-
hydroxypropionaldehyde is reduced to 1,3-PDO by 1,3-PDO
oxidoreductase using NADH as a cofactor.36 The process model
adopted for glycerol fermentation was divided into four
subsections: inoculum preparation, fermentation, downstream
separation process, and other auxiliary processes. Initially,

Figure 1. Pathways for catalytic hydrogenolysis and fermentation of
glycerol to produce 1,2-propanediol and 1,3-propanediol, respectively,
along with byproduct formation.

Figure 2. System boundaries for (a) 1,2-PDO and (b) 1,3-PDO production from glycerol. DC, distillation column; HA, hydroxyacetone; EG, ethylene
glycol; and 2,3-BDO, 2,3-butanediol.
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sterilized diluted glycerol (to 50 g/L) was fed into the
fermentation reactor as the feed. The reactor was inoculated
withKlebsiella sp. (5% v/v) to initiate the fermentation, andCO2
emitted as part of the fermentation process was continuously
vented out. The cell biomass generated during fermentation was
recovered by centrifugation. The cell biomass was further
directed to a boiler to produce high-pressure steam, which was
utilized to partially complement the process heating energy
requirements.
The fermentation broth obtained from the process further

underwent the downstream separation process, which included
a series of five distillation columns (DC). The cell-mass-free
fermentation broth was separated into two streams in the first
distillation column (DC1): azeotropic ethanol−water distillate
and 1,3-PDO−2,3-BDO−water bottom stream. The bottom
stream from DC1 was processed through a series of two
distillation columns to separate water (DC2) from 1,3-PDO
(DC3 bottom) and 2,3-BDO (DC3 distillate). The fuel-grade
ethanol was separated from the ethanol−water stream by
extractive distillation (DC4 and DC5) by using EG as the
entrainer. The separated EG was cooled and recycled back into
DC4. The composition and quantum of different byproducts
obtained during the batch and fed-batch fermentation processes
varied and were subject to variable culture conditions. Finally,
the water separated from DC2 was recycled to complement the

water demands of the fermentation process. Figure 1 depicts the
individual pathways for glycerol catalytic hydrogenolysis to
produce 1,2-PDO and glycerol fermentation to produce 1,3-
PDO. Detailed flowsheets depicting the modeled individual
processes for the glycerol fermentation to manufacture 1,3-PDO
are illustrated in our previous study.10

■ LCA METHODOLOGY
Goal and Scope. This study aims to determine the relative

environmental performance of two glycerol valorization routes to
produce important value-added chemicals, 1,2-PDO and 1,3-PDO,
using a cradle-to-gate LCA. Figure 2 illustrates the system boundary for
the production of 1,2-PDO and 1,3-PDO from glycerol as adopted in
the LCA modeling. Based on the techno-economic analysis from our
previous study,10 the technical and economic performance of glycerol
hydrogenolysis and fermentation processes was evaluated at simulated
plant capacities of 100, 500, 1000, and 2000 metric tons/day. The
economic analysis identified an optimal glycerol feed capacity of 500
metric tons/day (equivalent to 20 833 kg/h). Consequently, in the
current study, we have selected this economically optimum glycerol
feed rate of 20 833 kg/h as the functional unit for the LCA of both
processes. Based on our previous process design,10 the purity of 1,2-
PDO and 1,3-PDO was considered as >99.5% on a mass basis. Further,
the purity of all other coproducts was considered to be >99% on a mass
basis. It is important to note that while the production rates of main and
byproducts, such as 1,2-PDO from hydrogenolysis and 1,3-PDO and
2,3-BDO from batch/fed-batch fermentation, may vary across the

Table 1. Life Cycle Inventory Data for 1,2-PDO Production per Hour by Glycerol Hydrogenolysis with and without Pinch
Analysis

input/output per hour

unit without pinch with pinch

glycerol hydrogenolysis glycerol (input) kg 20.83 × 103 20.83 × 103

hydrogen (input) kg 459.4 459.4
hydrogen recycled (input/output) kg 1818 1818
water recycled (input) kg 18.75 × 104 18.75 × 104

cooling water (input) kg 10.15 × 106 42.15 × 105

steam (input) kg 57.93 × 103 99.72 × 102

electricity (input) kWh 19.58 × 102 19.58 × 102

capital goods (input) kg 0.538 0.538
downstream separation electricity (input) kWh 758 758

cooling water (input) kg 33.57 × 106 31.33 × 106

steam (input) kg 35.77 × 104 32.53 × 104

capital goods (input) kg 7.84 8.36
ethylene glycol recycled (input/output) kg 83.75 83.75
water for recycling (output) kg 18.75 × 104 18.75 × 104

methanol (output) kg 108.4 108.4
hydroxyacetone (output) kg 125 125
ethylene glycol (output) kg 100 100
ethanol (output) kg 124.9 124.9
1,2-propanediol (output) kg 16.79 × 103 16.79 × 103

gas 1 (output) water kg 0.062 0.062
hydrogen kg 0.19 0.19
methanol kg 0.348 0.348
ethanol kg 0.251 0.251

gas 2 (output) water kg ≈0 ≈0
hydrogen kg 1.1 × 10−3 1.1 × 10−3

methanol kg 6.8 × 10−3 6.8 × 10−3

ethanol kg ≈0 ≈0
wastewater (discharge) (output) water kg 40.47 × 102 40.47 × 102

ethylene glycol kg 1.4 × 10−3 1.4 × 10−3

hydroxyacetone kg 7.7 × 10−3 7.7 × 10−3

methanol kg ≈0 ≈0
ethanol kg 0.414 0.414
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processes, we standardized the glycerol feed rate at 20 833 kg/h as the
functional unit for comparison purposes. However, 1,2-PDO and 1,3-
PDO are chemical intermediaries with extensive postproduction
applications. Therefore, their downstream processing, including
transport, postprocessing to subsidiary products and their end use,

and end-of-life phases, were excluded from the scope of the current
study. The European Union (EU) is a leading producer and consumer
of biodiesel, with a projected compound annual growth rate (CAGR) of
5.5% from 2024 to 2029.37 This growth is primarily driven by the
Renewable Energy Directive (RED II) targets for 2030, which mandate

Table 2. Life Cycle Inventory Data for 1,3-PDO Production per Hour by Glycerol Fermentation using Batch and Fed-Batch
Processes with and without Pinch Analysis

1,3-PDO production (input/output per hour)

batch process fed-batch process

unit without pinch with pinch without pinch with pinch

inoculum cultivation (nutrients) glycerol (input) kg 11.64 × 102 11.64 × 102 24.51 × 102 24.51 × 102

K2HPO4 (input) kg 21.9 21.9 40.84 40.84
KH2PO4 (input) kg 6.33 6.33 245.1 245.1
(NH4)2SO4 (input) kg 5.10 5.10 590.77 590.77
CaCO3 (input) kg 0.464 0.464 - -
MgSO4 (input) kg 46.39 46.39 37.93 37.93
C6H5Na3O7·2H2O (input) kg - - 70.02 70.02
yeast extract (input) kg 35.02 35.02 157.54 157.54
acetic acid (input) kg 13.52 × 102 13.52 × 102 - -
CaCl2·2H2O (input) kg - - 3.9 × 10−4 3.9 × 10−4

ZnCl2 (input) kg 16.4 × 10−4 16.4 × 10−4 4.7 × 10−4 4.7 × 10−4

FeCl3·6H2O (input) kg - - 3.7 × 10−3 3.7 × 10−3

MnCl2·4H2O (input) kg 23.4 × 10−4 23.4 × 10−4 13.7 × 10−4 13.7 × 10−4

H3BO3 (input) kg 14.1 × 10−4 14.1 × 10−4 4.29 × 10−5 4.29 × 10−5

CoCl2·2H2O (input) kg 46.9 × 10−4 46.9 × 10−4 3.2 × 10−4 3.2 × 10−4

CuCl2·2H2O (input) kg 4.7 × 10−4 4.7 × 10−4 1.2 × 10−4 1.2 × 10−4

NiCl2·6H2O (input) kg 5.9 × 10−4 5.9 × 10−4 - -
Na2MoPO4·2H2O (input) kg 5.9 × 10−4 5.9 × 10−4 3 × 10−6 3 × 10−6

HCl (37%) (input) kg 0.208 0.208 - -
FeSO4·7H2O (input) kg 0.234 0.234 - -

glycerol fermentation electricity (input) kWh 265.4 265.4 72.5 72.5
glycerol (input) kg 20.83 × 103 20.83 × 103 20.83 × 103 20.83 × 103

inoculum (input) kg 13.94 × 103 13.94 × 103 19.03 × 103 19.03 × 103

water recycled (input) kg 39.6 × 104 39.6 × 104 39.6 × 104 39.6 × 104

cooling water (input) kg 90.6 × 105 18.62 × 105 26.89 × 105 92.46 × 105

steam (input) g 79.91 × 103 91.75 × 102 19.43 × 103 20.86 × 102

capital goods (input) kg 1.214 1.214 0.236 0.236
biomass (output) g 36.36 × 102 36.36 × 102 908.9 908.9
CO2 (output) kg 38.52 × 102 38.52 × 102 39.25 × 102 39.25 × 102

downstream separation electricity (input) kWh 25.22 × 102 25.22 × 102 740.9 740.9
cooling water (input) kg 53.96 × 106 54.59 × 106 13.91 × 106 13.37 × 106

steam (input) kg 58.5 × 104 58.13 × 104 13.66 × 104 13.14 × 104

capital goods (input) kg 8.24 8.73 2.92 3.05
ethylene glycol recycled (input/output) kg 18.9 × 102 18.9 × 102 472.5 472.5
water for recycling (output) kg 39.6 × 104 39.6 × 104 39.6 × 104 39.6 × 104

1,3-propanediol (output) kg 42.99 × 102 42.99 × 102 92.91 × 102 92.91 × 102

wastewater (discharge) (output) water kg 35.96 × 102 35.96 × 102 26.9 × 102 26.9 × 102

ethanol kg 0.0772 0.0772 0.064 0.064
2,3-butanediol kg 0.361 0.361 1.254 1.254

ethanol (output) kg 28.05 × 102 28.05 × 102 701.4 701.4
2,3-butanediol (output) kg 2644 2644 3315 3315

boiler biomass (input) kg 36.36 × 102 36.36 × 102 908.9 908.9
air (input) kg 32.02 × 103 32.02 × 103 78.42 × 102 78.42 × 102

electricity (input) kWh 932.5 932.5 223.8 223.8
capital goods (input) kg 1.79 1.79 0.475 0.475
heat (output) kJ 90.18 × 106 90.18 × 106 22.54 × 106 22.54 × 106

flue gas (output) H2O kg 26.99 × 102 26.99 × 102 674.8 674.8
CO2 kg 80.3 × 102 80.3 × 102 20.1 × 102 20.1 × 102

O2 kg 363.6 363.6 53.14 53.14
N2 kg 24.56 × 103 24.56 × 103 60.16 × 102 60.16 × 102

steam (output) kg 44.05 × 103 44.05 × 103 11.01 × 103 11.01 × 103
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that EU member states achieve a minimum share of 3.5% advanced
biofuels in their total energy consumption for transport.38,39

Consequently, the geographical scope of the current study was limited
to European countries.
Life Cycle Inventory (LCI). The LCI for the commercial-scale

20 833 kg/h glycerol valorization to 1,2-PDO through catalytic
hydrogenolysis and 1,3-PDO by batch and fed-batch fermentation is
presented in Tables 1 and 2, respectively. The environmental
assessment included material (raw materials, products, byproducts,
waste, etc.) and energy (electricity, heat, etc.) flows, along with the
manufacture of the general biorefinery process equipment (reactors,
distillation columns, heat exchangers, etc.). The inoculum cultivation
phase, which included nutrients supply, was adopted fromWong et al.34

for the batch process and Wang et al.25 and Wang et al.40 for fed-batch
processes. The process inventory depicting mass flow rates and
electricity consumption in various unit operations/subprocesses of the
biorefining facility was obtained from our process simulation designed
in Aspen Plus software.10 The background data on the environmental
footprint of the individual compounds and bioprocesses in LCI were
taken from the EcoInvent 3.10 database (Table S2). It is important to
note that the electricity demands of all the unit operations, such as
centrifugation, pumping, gas compression, sterilization, etc., were
depicted in their individual processes in the LCI (Figure 2). Further, the
chemicals used as nutrients for inoculum preparation were separately
depicted as the inoculum cultivation phase in LCI. The LCI data were
compiled on the basis of the following assumptions.

• As K2HPO4, KH2PO4, ZnCl2, MnCl2·4H2O, CoCl2·2H2O,
CuCl2·2H2O, NiCl2, Na2MoO4·4H2O, and C6H5Na3O7·2H2O
were not directly included in the EcoInvent 3.10 database, their
requirement was derived from their stoichiometry of corre-
sponding substitutes: (H3PO4, KCl), (H3PO4, KOH), (Zn,
HCl), (Mn, H2O, HCl), (Co(OH)2, HCl), (CuO, H2O, HCl),
(NiSO4, Cl2), (MoO3, H2O, NaOH), and (citric acid, NaOH),
respectively. Previous studies8,11,41 have utilized a similar
approach involving stoichiometric equations for the substituted
chemicals unavailable in the EcoInvent 3.10 database.

• Pure glycerol available in themarket of Europe as represented by
the data set “market for glycerine in the region of Europe
(RER)” in the EcoInvent 3.10 database was selected in the
current study. This data set represents the environmental
impacts of the activities associated with the production and
supply of glycerol from industries in the European region to the

consumer. It accurately reflects the available glycerol mix in the
European market (Table S3).

• The inoculum was considered to be prepared under neutral pH
conditions.

• All data inputs into the LCA, including chemicals, electricity
production mix, and other secondary data, were based on
European-based averages as available in the EcoInvent 3.10
database.

• The steel consumption (kg) for commissioning of the process
was estimated from the individual equipment sizing specifica-
tions, which were obtained from the Aspen Plus process
simulation model.27 The impacts corresponding to infra-
structure manufacturing were evaluated based on this data.
The hourly average infrastructural impacts were calculated
assuming 20 years as the design life of the equipment.10 The
details of simulated major process equipment including their
sizes and volumes used in developing the simulated processes
are provided in Table S8.

• The environmental impacts related to the installation of
infrastructure, its maintenance, and usage of land area were
excluded from the present analysis owing to the unavailability of
pertinent data sets in the EcoInvent 3.10 database. A similar
approach was also adopted in previous LCA studies based on
techno-economic analysis using process design in Aspen
Plus.41−43

• The recycled material streams were not included in the
calculation of the environmental impacts of individual
subprocesses for simplification of analysis. This consideration
was based on the assumption that the net impact of such
materials on the overall process is insignificant.

• The coproducts of the hydrogenolysis (methanol) and
fermentation (2,3-BDO, ethanol, and steam) technologies
were added as avoided products in the LCA, which implied
that the environmental impacts of these products were negated
from the total environmental impacts of the corresponding
processes. This approach enables determining the environ-
mental impacts associated with the production of the major
products (1,2-PDO and 1,3-PDO) from their respective
processes.

• The environmental emissions from the collection and trans-
portation of glycerol and other chemicals to the biorefinery were
presumed to be relatively similar and negligible for all the

Figure 3. Comparison of midpoint and endpoint normalization results between various glycerol valorization routes: (a) classification according to
midpoint impact categories and (b) classification according to endpoint damage categories. FE: freshwater ecotoxicity; FEu: freshwater
eutrophication; FPMF: fine particulate matter formation; FRS: fossil resource scarcity; GW: global warming; HNCT: human noncarcinogenic
toxicity; HCT: human carcinogenic toxicity; IRAD: ionizing radiation; LU: land use; ME: marine ecotoxicity; MEu: marine eutrophication; MRS:
mineral resource scarcity; OF, H: ozone formation, human health; OF, T: ozone formation, terrestrial ecosystems; SOD: stratospheric ozone
depletion; TA: terrestrial acidification; TE: terrestrial ecotoxicity; and WC: water consumption.
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scenarios and thus not included in the current study. Earlier
LCA analyses have also considered the relative environmental
impacts of the collection and transportation of feedstock and
utilities as negligible in comparative LCAs.41,44,45

Life Cycle Impact Assessment (LCIA). The LCA was modeled
with the ReCiPe 2016 (H) method, one of the most widely utilized
LCIA methodologies using SimaPro v9.6 PhD software. The
environmental impacts of the processes were carried out using this
method at both the midpoint level, which evaluated the level of
individual environmental problems, and depicted environmental
impacts at higher aggregation levels through cause-effect aggregation
principles at the endpoint level. The midpoint impact categories
adopted in this study encompass 18 different categories: freshwater
ecotoxicity (FE), freshwater eutrophication (FEu), fine particulate
matter formation (FPMF), fossil resource scarcity (FRS), global
warming (GW), human noncarcinogenic toxicity (HNCT), human
carcinogenic toxicity (HCT), ionizing radiation (IRAD), land use
(LU), marine ecotoxicity (ME), marine eutrophication (MEu), mineral
resource scarcity (MRS), ozone formation, human health (OF, H),
ozone formation, terrestrial ecosystems (OF, T), stratospheric ozone
depletion (SOD), terrestrial acidification (TA), terrestrial ecotoxicity
(TE), and water consumption (WC). The endpoint impact categories
include damages to ecosystems, human health, and resources.
Furthermore, this study adopted the “avoided burden” and “system
expansion and substitution” approaches for impact allocation following
the recommendations of ISO 14044, thereby ensuring a comprehensive
understanding of the environmental implications across the entire life
cycle of the processes.
Sensitivity and Uncertainty Analysis. Some specific input/

output subprocesses and parameters with the highest contribution to
their respective processes’ overall environmental impacts were
identified as critical hotspots. The sensitivity of these critical input/
output subprocesses and parameters can have a major influence on the
variability of the overall environmental impacts of the process. A
sensitivity analysis was therefore conducted for these parameters with
variations set at ±5% and ±10% to determine their effects of
fluctuations on the overall contribution analysis. Furthermore,
uncertainty analysis of the processes was also performed using the
Monte Carlo method through 10 000 simulations at a 95% confidence
interval. This analysis was carried out through SimaPro software using
the ReCiPe 2016 midpoint (H) method.

■ RESULTS AND DISCUSSION
Life Cycle Impact Assessment. The relative environ-

mental impacts of manufacturing 1,2-PDO by hydrogenolysis
(scenario 1) and fermentative production of 1,3-PDO through
batch (scenario 2) and fed-batch (scenario 3) from glycerol were
evaluated at the midpoint (Figure 3a) and endpoint levels
(Figure 3b). These impacts were calculated for the valorization
of 20 833 kg/h of glycerol. To facilitate effective comparison
across different impact categories and determine the cumulative
impacts, midpoint and endpoint normalized scores were used.
Further, the detailed characterization of midpoint data for all the
processes/subprocesses is depicted in the Supporting Informa-
tion (Tables S4 and S5). The relative contribution of individual
subprocesses and pathways to the total environmental impacts
were evaluated to determine the primary hotspots of interest.
Moreover, the relative significance of the impact categories was
analyzed to understand the potential areas of highest environ-
mental concern.
The midpoint environmental impacts of all of the glycerol

valorization processes depicted that water consumption (WC),
human carcinogenic toxicity (HCT), and fossil resource scarcity
(FRS) were the primary impact categories of concern. Their
respective contributions were 19.8−36.3% (WC), 19.7−25.8%
(HCT), and 8.3−11.3% (FRS) of the total midpoint environ-

mental impacts. These impact categories were especially
prominent in scenario 2, where they exhibited the highest
contributions compared to other scenarios (Table S9). Further,
the marine eutrophication (MEu) category was also identified as
an area of concern in scenario 3, which represented 9.5% of the
total midpoint impacts. The distillation process was the highest
contributor to the WC impact category (74.2−83.3%) in all
three scenarios. The hydrogenolysis process in scenario 1
(63.7%) and the fermentation process in scenarios 2 and 3
(55.5−74.2%) accounted for the highest contributions to the
HCT impact category (Table S4). For the FRS category, the
distillation process contributed to a higher proportion of
impacts in scenario 1 (59.5%) and scenario 2 (70.8%). However,
in scenario 3, the fed-batch fermentation process represented
the highest proportion of effects (63%). With respect to total
midpoint impacts of the technologies, distillation alone
contributed to 24.1−58.2%, while hydrogenolysis and fermen-
tation processes accounted for 51.6% and 41.2−66.1%,
respectively, depicting them as the major environmental
hotspots.
Further, other impact categories, including marine eutrophi-

cation (MEu) (4.5−9.5%), global warming (GW) (4−4.89%),
terrestrial ecotoxicity (TE) (4.75−5.61%), and effects of ozone
formation on terrestrial ecosystems (OF, T) (3.5−3.6%) also
contributed significant proportions to the overall midpoint
impacts of the technologies (Table S9). Distillation (40.1−
66.8%) and hydrogenolysis/fermentation (33.2−59.9%) pro-
cesses were the major subprocesses, individually contributing to
GW, TE, and (OF, T) in scenarios 1 and 2. However, in the case
of scenario 3, the distillation process (61.4−89.7%) was
identified as the major factor contributing to the effects of all
these parameters, depicting the environmental significance of
this subprocess to fed-batch fermentation. Previous studies have
also identified the associated environmental impact categories of
heating and cooling demand, including GW, TE, eutrophication,
aquatic ecotoxicity, and climate change, as hotspot categories of
concern during glycerol valorization in a biorefinery sys-
tem.8,27,30 However, it should be noted that due to the adoption
of different LCA methodologies for the evaluation of the
environmental impacts in those studies, an accurate comparison
of the impact categories is not feasible.
The environmental impacts related to the ME category

exhibited an interesting case, where the distillation process
depicted positive impacts in scenarios 2 and 3, negating 1−3% of
the impacts contributed by the fermentation subprocess. This
could be attributed to the positive contributions of the
coproducts recovered from the fermentation process (2,3-
BDO and ethanol), which were considered as avoided products
in this LCA study. The positive environmental effects of
recovering value-added coproducts in an integrated circular
bioeconomy-based biorefinery have been depicted by previous
studies.46−48 However, it should be noted that coproduct
handling methods in LCA, including mass allocation, energy
allocation, economic allocation, and substitution method (as
adopted in the current study), have a significant influence on the
environmental impacts of the overall process in a multiproduct
biorefinery.49−52

Human health was themost impacted category (90.4−91.5%)
across all the glycerol valorization processes, with the highest
contributions to the total endpoint negative impacts. Distillation
was the major process contributing up to 53.1−62.7% of the
overall impact of all the subprocesses in scenarios 1 and 2.
However, glycerol fermentation exhibited the highest contribu-

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.4c04691
ACS Sustainable Chem. Eng. 2024, 12, 14716−14731

14722

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c04691/suppl_file/sc4c04691_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c04691/suppl_file/sc4c04691_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c04691/suppl_file/sc4c04691_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c04691/suppl_file/sc4c04691_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c04691/suppl_file/sc4c04691_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c04691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tion (63.1%) to the human health impact category in scenario 3.
Further, the glycerol hydrogenolysis (44.5%) in scenario 1 and
the glycerol fermentation (31.3%) process in scenario 2 also had
significant effects on the human health damage category.
Ecosystem (6.73−8.25%) and resources (1.4−1.85%) also
depicted significant contributions to the total endpoint impacts.
Glycerol batch fermentation depicted the highest endpoint
impacts, which were 1.3−2.1 times higher than those of the
other two processes. The adoption of the fed-batch fermentation
process alone reduced the overall endpoint impacts by 1.23 fold
during the fermentation stage and 4.6 fold in the distillation
stage compared to their respective stages in the batch process.
This emphasizes the environmental relevance of fed-batch
fermentation, which could be attributed to the higher product
titer, yielding better output with a relatively lower consumption
of resources.
Comparatively, the inoculum cultivation phase in the fed-

batch process resulted in an increase of 119% of the cumulative
endpoint impacts compared to the batch process. However, the
relative positive impacts of the boiler, which were able to negate
234.5 Pt in batch fermentation, reduced to 58.7 Pt in fed-batch
fermentation. This can be due to relatively lower biomass
production in the fed-batch process compared to that in the
batch process. However, it should be noted that the propor-
tionate contribution of the boiler process to the individual
endpoint impact categories did not depict any significant
changes among the batch and fed-batch processes. Table 3
highlights the environmental hotspot subprocesses and impact
categories identified in various LCA studies on glycerol
valorization to high-value products. However, it is important
to note that variations in the reported impact categories arise
from differences in LCA methodologies employed across those
studies.27,29,31 Furthermore, direct comparison of impact
category values is not feasible due to the adoption of various
functional units,8,30 differences in the goal and scope of the
LCAs, and inconsistent coverage of impact categories across
studies.8

Detailed Contribution Analysis. The detailed contribu-
tion analysis representing the classification of respective
midpoint and endpoint impacts by individual processes is
depicted in panels a and b of Figure 4, respectively. Considering
each individual process, the distillation stage as well as
hydrogenolysis (in scenario 1) and fermentation processes (in
scenarios 2 and 3) were determined as the major environmental
hotspots with the highest environmental impacts among the
glycerol valorization techniques. The environmental impacts of
the distillation stage were primarily influenced by the cooling
water and steam consumption, which were responsible for 48.8−
62.6% and 50.2−59.3%, respectively, of the total impacts of the
distillation process. While the cooling water impacts were
majorly responsible for the high environmental impact
contribution to WC, the steam utility contributed to FRS,
HCT, and (OF, T) midpoint impact categories. Cooling water
and steam as utilities were also identified as critical hotspots in
glycerol valorization processes by previous LCA studies.8,11,27,28

In this study, cooling water and steam were considered
externally sourced and used as inputs for different processes.
The environmental impacts of these products were mostly
associated with the raw water sourcing and its processing to the
desired quality along with energy demands for their respective
heating/cooling application. Therefore, integrating closed-loop
recycling systems for steam and cooling water in the biorefinery
to substitute the raw water demand for the processes while

reducing wastewater discharge can be a sustainable practice.41,53

In particular, the integration of near-zero liquid discharge
systems to successfully enhance the sustainability of the
industrial processes through water treatment and recirculation
has been depicted by other studies.54,55 Water recycling has
already been a substantial part of this study, where the water
used in catalytic hydrogenolysis (scenario 1) and fermentation
subprocesses (scenario 2 and 3) was entirely recycled from the
distillation process. However, stringent evaluation of the techno-
economic feasibility and environmental sustainability of such
integrated wastewater treatment processes is necessary to
produce cooling water and steam of adequate quality. Further,
considering energy demands as a substantial part of the process
in a biorefinery, heat integration for energy utilization within the
systems can reduce the load on cooling/heating systems,
resulting in substantial enhancement of environmental sustain-
ability of the overall process.28,31

On the other hand, the impacts of hydrogenolysis and
fermentation processes can be majorly attributed to the glycerol
feed, which accounted for 76.2% (scenario 1), 54.2% (scenario
2), and 92.2% (scenario 3) of these respective subprocesses. The
upstream processing of glycerol was alone responsible for 33.3−
68.1% of the total midpoint impacts of the glycerol valorization
technologies. Previous studies27,29−31 have also emphasized the
environmental significance of upstream pure glycerol produc-
tion processes, including raw glycerol sourcing and purification,
making them a critical hotspot during glycerol valorization in
their LCA studies (Table 3). The glycerol consumption majorly
contributed to the ME, TE, HCT, and FRS impact categories.
Cespi et al.29 have also reported that the raw biomass cultivation
phase in glycerol production was responsible for the majority of
these midpoint environmental impacts, which further con-
tributed to the human health category in the endpoint impacts.
This emphasizes the importance of glycerol sourcing, which
influences the upstream environmental impacts of the material.
In the fermentation techniques, apart from glycerol con-
sumption as the feed, a part of it was consumed in the microbial
growth,10 which was responsible for 5.3% (batch) and 10.5%
(fed-batch) of the total impacts of the glycerol consumption.
Wong et al.34 also reported 28% of the total glycerol
consumption during the biomass (Klebsiella sp. HE-2 cells)
growth stage during fermentative production of 1,3-PDO. Its
importance was more prominent in the fed-batch fermentation
technique, where the contribution of environmental impacts
from glycerol consumption increased by 34.8% compared to the
batch fermentation technique. This could be attributed to a
relative decrease in the overall impacts of other processes in the
fed-batch fermentation process. Further, Cespi et al.29 andMinh
Loy et al.30 have also highlighted the environmental prominence
of CG purification as one of the significant phases in glycerol
production, mostly contributed by water and energy con-
sumption during the process.
The coproducts of the processes, namely methanol (hydro-

genolysis) and 2,3-BDO and ethanol (batch and fed-batch
fermentation), were able to compensate for 0.1%, 7.6%, and
23.4% of the environmental impacts of their respective
subprocesses. This translated to overall reductions of 0.1%
(hydrogenolysis), 4.5% (batch fermentation), and 19.5% (fed-
batch fermentation) in the total environmental impacts.
Similarly, the burning of biomass in the boiler process, which
was responsible for generating steam and heat energy, was
jointly able to negate 1.2−2.4% of the total impacts in the
fermentation techniques. Considering steam consumption as
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one of the major hotspots of the overall fermentation process,
the steam generated from the boiler process was able to
compensate for 6.6% (batch) and 7.1% (fed-batch) of the total
steam midpoint impacts. The relatively lower quantity of
biomass production in the fed-batch fermentation compared to
that in the batch fermentation also resulted in a proportionate
reduction (by 12%) of the environmental effects contributed by
the boiler unit. This emphasizes the need for sustainable
management of resources, which significantly reduces the
negative impacts of the processes. The environmental
significance of integrated biorefinery system with a recovery
boiler unit for the generation of high-pressure steam from waste
biomass was also demonstrated in other studies.56−58 However,
it is necessary to integrate the in situ boiler system with air
pollution control equipment to reduce the environmental
impacts from gaseous and particulate pollutants tomeet ambient
standards.59

The total contribution of capital goods was only responsible
for 0.28−0.46% of the total midpoint environmental impacts,
rendering it very insignificant. Previous studies have also
emphasized the insignificant contribution of infrastructure and
capital goods to the overall environmental impacts in large-scale
biorefinery processes with prolonged service life.41,60,61 The
nutrients in the inoculum process contributed 32.1−44.3% of
the inoculum growth stage during the fermentation; their overall
share to the total impacts of the fermentation process was 1.4%
(batch) and 3.82% (fed-batch), which was highly significant.
Further, hydrogen consumption, which was responsible for 1.4%
of the impacts of the hydrogenolysis process, contributed to
0.73% of the impacts. It should be noted that these impacts
represent only 20.2% of the total hydrogen demand of the
process. The recycling of hydrogen, which was an integral part of
the hydrogenolysis subprocess, was responsible for a substantial
reduction in hydrogen consumption and further reduced the
overall environmental impacts. Further, Minh Loy et al.30

depicted the potential of an integrated design, where the use of
in situ hydrogen can eliminate the need for hydrogen storage
and transportation and significantly improve the overall
sustainability of the process. Electricity, which was an essential
part of all the subprocesses, only represented 0.1−0.4% of the
overall environmental impacts of the processes.
Comparing the individual glycerol valorization routes,

scenario 3 exhibited the lowest environmental footprint
compared to scenario 2 (by 48.2%) and scenario 1 (by 35.2%)
processes. This can be directly related to the relatively lower
consumption of cooling water (by 2.6−3.8 times) and steam (by
2.9−4.3 times) in the fed-batch fermentation process. This
translated to reduced environmental impacts during the
fermentation and distillation subprocesses. The midpoint
environmental impacts of hydrogenolysis and batch fermenta-
tion subprocesses were comparable; the fed-batch fermentation
depicted 16.8−17% lower impacts. Additionally, there were
67.7−78.5% lower impacts exhibited by the distillation process
in scenario 3. However, higher glycerol consumption in scenario
3 translated to 5.9−11.8% higher environmental impacts
compared to the other scenarios. This led to 44.4% higher
environmental impacts compared to the inoculum cultivation
subprocesses of fed-batch and batch fermentation techniques.
Additionally, the differences in nutrient consumption (during
the inoculum growth stage), electricity, and infrastructure
contributed to minor variations in the overall environmental
impacts among the techniques.T
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Thus, the fed-batch fermentation technique was determined
to be the most environmentally efficient among the compared
glycerol valorization routes. Further, cooling water and steam
utility during the distillation subprocess as well as glycerol
consumption were identified as the critical hotspots, which
should be of significant importance while designing the systems.
Castro Oliveira et al.55 suggested simultaneous improvement of

water and energy use efficiently through the integration of water
and energy integration systems (WEIS) and water-heat nexus
(WHN) based on process integration and system retrofitting
principles. It entails implementing technologies that facilitate
water recirculation for both heat recovery and supplemental
water supply purposes. Specifically, these technologies include
recirculating waste heat streams to thermal processes,62

Figure 4. Detailed contribution analysis of individual processes: (a) classification of midpoint impacts and (b) classification of endpoint impacts.

Figure 5. Scenario analysis for conversion of glycerol to 1,2-PDO through catalytic hydrogenolysis and 1,3-PDO through batch/fed-batch
fermentation. (a) Variation in midpoint and endpoint impacts in with pinch vs without pinch technologies. Influence of glycerol feedstock sourcing on
(b) midpoint impacts and (c) endpoint impacts.
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redirecting waste heat streams to water system heaters,63

integrating waste heat streams into heat-driven wastewater
treatment units,64 and utilizing sludge generated from waste-
water treatment as an additional energy source.47 Mussatto et
al.65 suggested a combination of mass and energy integration as
the optimal approach for achieving higher environmental
performance in a biorefinery, although mass integration yielded
relatively better results than energy integration in their study.
Scenario Analyses. Integration with Heat Recovery and

Recirculation. The current study identified cooling water and
steam utility as one of the major contributors to the total load of
environmental impacts of glycerol valorization technologies. So,
the environmental sustainability of these scenarios can
substantially improve with the recycling of this heat energy
generated across different processes to supplement the energy
demands of the overall process. Pinch technology is a widely
adopted process integration technique that connects cold and
hot streams within the process through an optimal design of a
heat exchanger network. By facilitating effective trading between
recoverable internal and external heat energy demand (majorly
through steam) through in-process cooling water recirculation,
pinch technology aims to enhance the overall thermal efficiency
of industrial processes. Hence, in this section, the relative
environmental impacts of the base scenarios (without pinch) are
compared to process integration with pinch technology for
effective heat recovery and recirculation (Figure 5a).
Compared to the base scenarios, pinch technology-based

process integration improved the environmental performance of
the technologies by reducing the overall midpoint (by 4.9−
11.2%) and endpoint (by 5.5−12.2%) impacts. This variation in
the environmental impacts can be primarily accredited to the
reduction in the cooling water consumption (by 12−18.7%),
and steam demand (by 12−19.3%) in the processes facilitated
by cooling water recirculation-assisted heat exchange within the
system. A substantial reduction in the cooling water and steam
utility was observed in the hydrogenolysis subprocess (scenario
1) by 58.46% and 82.79%, respectively, which corresponded to a
14.4% reduction in the midpoint impacts of the subprocess.
Similarly, the integration of pinch technology resulted in a
decrease in cooling water (by 65.6−79.5%) and steam (by 88.5−
89.3%) utility in batch/fed-batch fermentation (scenarios 2 and
3). This resulted in a 5.7−19.2% decrease in the midpoint
impacts of the subprocess. The consequent decrease in the
environmental midpoint impacts with cooling water recycling
was also observed in the distillation subprocess (by 4.7−7.8%)
in pinch technologies of scenarios 1 and 3. However, the 1.18%
higher consumption of cooling water in the distillation stage of
scenario 3 caused a minor increase in the midpoint impacts by
0.3% (Table S9). Gonzalez-Garay et al.27 and Thanahiranya et
al.8 also depicted better environmental performance from
process integration with heat exchangers in their glycerol
valorization technologies. Overall, scenario 1 achieved the
highest reduction in total environmental impacts, decreasing by
11.2% (midpoint) and 12.2% (endpoint), thereby significantly
enhancing its relative environmental performance compared to
other scenarios. However, it should be highlighted that scenario
3, with heat exchange, demonstrated superior environmental
performance with the lowest overall environmental impacts.
Specifically, scenario 3 resulted in 30.5−46.6% lower midpoint
impacts and 33.2−51.4% lower endpoint impacts compared to
the other scenarios. Moreover, utilization of the heat energy
recovered in the boiler process generated from burning the
waste biomass produced during fermentation in scenarios 2 and

3 (input as avoided product) can further reduce the heat
required in the overall process and thus improve the
sustainability of the technologies in the current study.

Glycerol Feedstock Sourcing. Glycerol feed has been one of
the prominent input factors identified as the environmental
hotspot in all of the scenarios. The environmental impacts of
glycerol feed are mostly associated with feedstock sourcing for
CG production along with its upstream purification processes.29

The glycerol selected in the current study corresponds to the
production and supply of glycerol within the European market
as adopted from the EcoInvent 3.10 database. To understand
the influence of glycerol feedstock sourcing from different
biomass sources in various geographic locations on the overall
environmental performance of the technologies, scenario
analysis was performed (Figure 5b,c). In this context, four
different data sets of glycerol production available in the
EcoInvent 3.10 database were used as scenarios and compared
to the control scenario as adopted in the current study: case 1,
glycerol from transesterification of rape oil (Europe without
Switzerland); case 2, glycerol from the treatment of waste
cooking oil, purified by transesterification (France); case 3,
glycerol from transesterification of palm oil (rest of the world);
and case 4, glycerol from transesterification of soybean oil
(United States). These cases encompass the recovery of glycerol
from the base-catalyzed transesterification process of different
oil feedstocks, producing multiple products, including methyl
esters, crude glycerol, and other byproducts. It should be noted
that the data sets do not specify the purity of crude glycerol or
whether its processing to pure glycerol is included in the data
sets. However, the glycerol as an output of these processes was
directly incorporated into the data set “market for glycerine in
the region of Europe (RER)”, which was used for the base
scenario (control). So, the relative significance of crude glycerol
purification among the different cases in the study was assumed
to be negligible. Consequently, for the current study, it was
assumed that the purification of glycerol to standard European
market quality was also integrated with transesterification
processes in all cases, irrespective of the output crude glycerol
quality from various feedstocks. This should be considered as an
assumption in this scenario analysis.
The results revealed that glycerol produced from the

treatment of waste cooking oil, purified by transesterification
(France), yielded the best results with substantially lower
environmental impacts (91.2%) compared to the glycerol of the
control scenario. This factor led to significant improvement in
the environmental performance of the overall processes by
30.4−62.1% and 26.3−58.9% in the midpoint and endpoint
impact categories, respectively. Similarly, the other glycerol
feedstocks also yielded better results compared to the control in
the midpoint and endpoint impacts in the order of case 4 (22.2−
45.4% and 18.1−40.7%) < case 3 (19.5−39.9% and 13.1−
29.3%) < case 1 (2.4−4.9% and 3.2−7.2%). Comparing the
individual glycerol valorization technologies studied, the highest
reduction was observed in the fed-batch fermentation technique,
considering the highest contribution of glycerol to its overall
impacts. For instance, the lowest environmental impacts of
130.7 and 1961 Pt (midpoint and endpoint) were observed
compared to the control scenario 3 values of 345.2 and 4767 Pt.
Adom et al.31 also suggested the relative environmental
significance of sourcing glycerol from waste feedstocks (such
as algae and corn-stover-derived sugars) compared to first-
generation agricultural feedstocks. Moreover, with the integra-
tion of pinch technology, the environmental impacts were
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further reduced by 12.8−13.5%, which resulted in an overall
reduction of the environmental impacts in the fed-batch
fermentation technology by 67% (midpoint) and 64.4%
(endpoint). This depicts the necessity for the combined
adoption of sustainable sourcing of glycerol feedstock and
heat energy recycling to improve the overall environmental
performance of the technologies.
Sensitivity and Uncertainty Analysis. Sensitivity analysis

was carried out to determine the variability in the environmental
impacts of the overall processes with the changes in identified
environmental hotspot input parameters (cooling water, steam,
and glycerol feed) by ±5% and ±10% (Figure 6a,b). The

detailed midpoint characterization data for the sensitivity
analysis for all the scenarios are depicted in Table S6. The
sensitivity analysis indicated that a 5% and 10% change in
cooling water utilization would alter the total midpoint impacts
of the process by 0.9−1.5% and 1.8−3.6%, which corresponded
to 0.8−1.3% and 1.6−2.6% variability in the endpoint impacts,
respectively. Similarly, a 5% and 10% change in steam utility
affected the overall environmental impacts by 0.8−1.7% and
1.5−3.4% (midpoint) and 1.1−2.3% and 2.3−4.6% (endpoint),
respectively. It was observed that the variability of both these
input parameters had their highest influence on batch
fermentation technique, followed by hydrogenolysis and fed-
batch processes. In contrast, the variation in the glycerol
consumption rate was more influential in changing the impacts

of the fed-batch process by 3.4−6.8% (midpoint) and 3.2−6.3%
(endpoint). As the glycerol consumption rate for specific
products is process dependent, this variation in environmental
impacts of glycerol indirectly corresponds to the multiple
parameters influencing its source feedstock and processing
techniques, as identified by previous studies29,31 as a significant
factor. The effect of glycerol variation (by 5% and 10%) also
yielded significant variation in the environmental impacts of
scenario 1 (0.5−2% and 1−4%) and scenario 2 (0.5−1.7% and
1.1−3.3%). So, this emphasizes the importance of adopting
sustainable practices, including renewable sourcing of feedstock
and process integration with heat and product recycling, which
can have a significant positive influence on the overall
environmental impacts of the processes.
The uncertainty analysis for midpoint impacts of all of the

scenarios was conducted through Monte Carlo simulations
(Table S7). This involved 10 000 simulation runs with a 95%
confidence interval for processing 20 833 kg/h of glycerol to 1,2-
PDO and 1,3-PDO. The analysis showed a moderately lower
coefficient of variation (Cv) in hotspot midpoint impact
categories including WC (3−3.3%), HCT (2.7−2.9%), FRS
(2.8−3%), ME (3.4−3.76%), GW (2.7−2.9%), TE (2.7−2.9%),
and (OF, T) (2.7−2.9%) across all the scenarios.

■ CONCLUSIONS
This investigation examines the relative environmental perform-
ance of two promising glycerol valorization routes: catalytic
hydrogenolysis to 1,2-PDO and batch and fed-batch fermenta-
tion to 1,3-PDO. The utility (steam and cooling water)
consumption in downstream product recovery by distillation
and upstream glycerol production pathways were recognized as
the prominent environmental hotspots. Fed-batch fermentation
with a high product titter was environmentally superior to batch
fermentation and glycerol hydrogenolysis processes due to
higher byproduct yield and lower resource consumption. Heat
integration by designing an optimal heat exchanger network
using pinch technology further slashed the environmental
consequences of these technologies. Moreover, the shift to
sustainable feedstock and glycerol production pathways proved
environmentally beneficial. Therefore, simultaneous in-process
energy utilization through process integration, material
recycling, and system retrofitting can improve the overall
sustainability of these processes. Considering the global
emphasis on the sustainable valorization of low-value biodiesel
glycerol, the findings of this LCA study will enable targeted
multi-hotspot parameters optimization to enhance the environ-
mental sustainability of these technologies. Further, a techno-
economic and environmental optimization of an operational
glycerol-based biorefinery plant considering all the location-
specific data sets of upstream processes and infrastructural
elements in real time is essential for accurate assessment of the
environmental footprint.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c04691.

Summary of selected previous studies depicting high-level
1,2-PDO and 1,3-PDO production using pure/crude
glycerol, background data sets adopted from EcoInvent
for the LCA analysis, midpoint characterization data for
all the processes and subprocesses, midpoint character-

Figure 6. Sensitivity analysis for (a)midpoint impacts and (b) endpoint
impacts, with changes in the cooling water utility, steam utility, and
glycerol consumption rate.
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ization data for the sensitivity analysis, uncertainty
analysis, simulated major process equipment details, and
proportionate distribution of midpoint and endpoint
characterization results for individual impact categories
(PDF)
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