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This study presents a comprehensive techno-economic assessment of three glycerol purification
processes: Membrane Separation (MBP), Vacuum Distillation (VDP), and lon Exchange Purification (IEP).
The analysis evaluated these processes based on product purity, product recovery, raw material and
utility consumption, capital and operating costs, and economic resilience to market fluctuations. IEP
achieved the highest glycerol purity (98.75%) and recovery rate (99.00%), followed by VDP (96.91%
purity, 94.99% recovery) and MBP (93.92% purity, 86.20% recovery). However, |EP exhibited the highest
raw material consumption and liquid waste generation, while VDP demonstrated the most favourable
balance between resource utilization and waste production. Economic analysis revealed VDP as the
process with the lowest capital cost of 4.44 MUSD and the only profitable process with an annual profit
of 0.24 MUSD under the given conditions. Sensitivity analysis, considering variations in raw material
prices, utility costs, and product prices, consistently identified VDP as the most economically resilient
process. MBP and |IEP remained unprofitable across most scenarios, with IEP showing extreme sensitivity
to raw material price fluctuations. This assessment provides crucial insights for decision-making in the
growing biodiesel industry, emphasizing the need for balancing economic viability with sustainability and
adaptability in glycerol purification technologies.

Sustainability spotlight

Our work on the techno-economic assessment of biodiesel-derived crude glycerol purification processes addresses a critical aspect for defossilizing chemical
industries. As the world transitions away from fossil fuels, the biodiesel industry has emerged as a key player in providing renewable energy sources. However,
the sustainability of this industry hinges not only on its primary product but also on the efficient utilization of its by-product, particularly crude glycerol. Crude
glycerol, constituting about 10% of biodiesel production, represents a significant opportunity for the chemical industry to reduce its dependence on fossil-based
feedstocks. By developing economically viable and environmentally friendly purification processes, we can transform this by-product into a valuable, renewable
feedstock for various chemical industries, thereby closing the loop in biodiesel production and contributing to a circular economy. Our study compares three
advanced purification technologies - membrane separation, vacuum distillation, and ion exchange purification - providing crucial insights into their technical
performance, economic viability, and environmental impact. This comprehensive analysis is essential for decision-makers in the chemical industry as they seek
to replace fossil-based raw materials with renewable alternatives. By identifying the most efficient and sustainable purification method, our work contributes to
the broader goal of defossilizing chemical industries. It paves the way for increased utilization of bio-based glycerol in various applications, from pharma-
ceuticals to polymers, thus reducing the industry's carbon footprint and advancing responsible production practices aligned with UN Sustainable Development

Goals 12 and 13.

1. Introduction

Global population growth is projected to increase energy
demand, particularly for transportation fuels. Concurrently,
anthropogenic climate change, driven by greenhouse gas
emissions from fossil fuel combustion, presents a significant
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environmental challenge. This process releases carbon
sequestered in geological reservoirs into the atmosphere,
altering the global carbon cycle. Biofuels have gained promi-
nence as potential sustainable alternatives to conventional
fossil fuels, with projections indicating their increasing
importance in the coming decades.® As they are derived from
biomass, biofuels theoretically maintain a neutral carbon
balance, as the carbon dioxide released during combustion is
offset by that absorbed during plant growth. Among biofuels,
biodiesel and bioethanol are the most extensively researched.
Biodiesel, synthesized from lipid feedstocks, is categorized into
three types based on source materials. First-generation bio-
diesel is derived from edible vegetable oils such as palm and

rapeseed, which compete with food production.>* Second-
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generation biodiesel utilizes waste cooking oils and animal fats*
whereas third-generation biodiesel uses on microalgae.?

Biodiesel is primarily produced by the transesterification of
triglycerides from vegetable oils or animal fats with methanol,
usually catalysed by an alkali as shown in Fig. 1. This process
yields approximately 10% (w/w) crude glycerol as a by-product.®
Crude glycerol typically contains impurities such as water,
inorganic salts (predominantly potassium and sodium
compounds), and organic non-glycerol matter (MONG).®
Components included in MONG are free fatty acids (FFAs), fatty
acid methyl esters (FAMEs), partial glycerides (mono-, di-, and
triglycerides), residual methanol, and saponified fatty acids.
The impurity composition of crude glycerol varies significantly
depending on the feedstock and production process.” Second-
generation feedstocks, derived from waste, generally result in
higher impurity levels in the crude glycerol. The industry trend
towards these inexpensive, abundant, and sustainable feed-
stocks has led to an excess supply of highly impure crude
glycerol over the past decade. Currently, this low-value by-
product is often incinerated® or landfilled.® However, purifica-
tion processes can enhance its economic value and improve the
overall viability of biodiesel production. Furthermore, crude
glycerol serves as a potential feedstock for various value-added
chemicals, including acrolein, acrylic acid," glycerol
carbonate, solketal, esters, ethers, 1,2- and 1,3-propanediol,
epichlorohydrin, and lactic acid.'»** These valorisation strate-
gies offer promising opportunities for improving the economics
and sustainability of the biodiesel industry.

Glycerol purification to achieve technical-grade levels (>95%
w/w) typically involves a series of physicochemical treatments
followed by advanced purification techniques.® The initial
physicochemical pre-treatment steps are essential to protect
downstream purification processes from potential damage.*®
The physicochemical treatment generally comprises several
steps as shown in Fig. 2. Saponification converts residual matter
organic non-glycerol (MONG) components, such as glycerides
and fatty acids, into fatty acid salts (soaps) and glycerol. Acidi-
fication then converts the soap bulk to insoluble protonated
free fatty acids (FFAs), which form a separate layer. Phase
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Fig. 1 Alkaline-catalysed transesterification of triglycerides to biodiesel.
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separation results in the formation of two or three distinct
layers — an upper FFA layer, a middle glycerol-rich layer, and
occasionally, a bottom layer of inorganic salts. The glycerol-rich
layer undergoes solvent extraction to remove residual FFAs,
followed by neutralization to yield an enriched glycerol fraction.
Following these physicochemical processes, the glycerol purity
typically reaches 80-85% w/w. To attain technical-grade purity
(>95% w/w) for specific applications, advanced purification
technologies can be employed such as vacuum distillation, ion
exchange treatment, and membrane separation.’* These
advanced techniques allow for the removal of remaining
impurities and the production of high-purity glycerol suitable
for various industrial applications.

Distillation is typically unsuitable for thermally labile
compounds like glycerol, which are susceptible to degradation
or polymerization at elevated temperatures. At higher temper-
atures, glycerol can undergo dehydration to form acrolein or
oxidation to produce compounds such as dihydroxyacetone and
glyceraldehyde.* To mitigate these issues, vacuum distillation
is employed, reducing the operating temperature and mini-
mizing undesirable side reactions.'® Vacuum distillation is
awell-established technology applicable across various scales of
continuous operation, from small to large. This process
requires minimal pretreatment and can achieve high purity
levels in the final glycerol product.’” However, it is important to
note that the distillation of crude glycerol is an energy-intensive
process. In a study by Yong et al.,'® the purification of crude
glycerol via simple vacuum distillation at 120-126 °C yielded
approximately 141 g of glycerol per kg of glycerol residue, cor-
responding to a 14% yield. The resulting product achieved
a purity of 96.6% glycerol.

Ion-exchange resins are primarily employed for the removal
of low concentrations of salts from aqueous solutions.* In this
process, cations and anions present in the crude glycerol solu-
tion are exchanged with ionic species in the resin, resulting in
the formation of water. The ion-exchange process is character-
ized by its low energy intensity and the ability to regenerate the
resins, making it potentially cost-effective. However, the
economic viability of this method is compromised when the salt
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Fig. 2 Schematic representation of the physicochemical treatment steps in crude glycerol purification process.

content of the glycerol solution exceeds 10 wt%, due to the
increased chemical regeneration costs associated with higher
salt concentrations.’ Abdul Raman et al.>* demonstrated the
efficacy of ion-exchange as a purification method for crude
glycerol. In their study, they employed a pre-treatment step
involving acidification followed by ion-exchange resin treat-
ment. This process successfully increased the glycerol purity
from an initial 35.6 wt% to 98.20 wt%. The researchers utilized
a cation exchange H' resin (Amberlyst 15) and determined the
optimal operating conditions to be 40 g of resin, a flow rate of 15
mL min !, and 60% solvent concentration.

Membrane technology represents an emerging approach in
crude glycerol purification, offering several advantages over
conventional methods.*® These systems exhibit lower energy
requirements compared to vacuum distillation and can effec-
tively handle high salt concentrations, unlike ion exchange
processes.” The reduced energy consumption and lower capital
expenditure make membrane separation an attractive option
for small and medium-sized plants.*?® However, membrane
fouling remains a significant challenge, potentially reducing
the effective filtration area and compromising performance.*
To mitigate this issue, similar to ion exchange process, a pre-
treatment step is typically required to minimize the matter
organic non-glycerol (MONG) content in the feed stream. Chol
et al.*® investigated membrane separation as a secondary puri-
fication step following physico-chemical treatment. Their study
employed ceramic membranes composed of ZrO,-TiO, with
a TiO, support, featuring a molecular weight cut-off (MWCO).
The filtration was conducted in a crossflow, semi-continuous
mode. The researchers also performed a techno-economic
analysis of the process, reporting a unit cost for crude glycerol
purification of 50.85 USD per kg and a corresponding revenue of
80.36 USD per kg.

In a separate study, Attarbachi et al.>® employed a series of
physicochemical steps combined with activated carbon
adsorption to achieve 85% glycerol purity with up to 71%
recovery. Their techno-economic analysis indicated a produc-
tion cost of €19.2 per tonne for the purified glycerol. Arora

© 2025 The Author(s). Published by the Royal Society of Chemistry

et al*® conducted a techno-economic study on membrane
purification, concluding that the processes were economically
viable when the selling price of purified glycerol was $1.98 per
kg or higher. Despite significant research on crude glycerol
purification, there remains a gap in comparative techno-
economic assessments of different purification technologies.
The present work aims to address this gap by evaluating and
comparing three distinct routes for crude glycerol purification.
This study encompasses comprehensive process simulation,
including mass and energy flow analyses, equipment sizing,
capital investment estimation, operating cost analysis, and
market pricing potential. The primary objective of this research
work is to determine the economic viability of crude glycerol
purification processes.

2. Methodology

2.1. Process design

This study investigates three distinct glycerol purification
processes: (1) Membrane Purification (MBP) process, (2)
Vacuum Distillation Purification (VDP) process, and (3) Ion
Exchange Purification (IEP) process. The process simulations
were carried out using Aspen Plus V12.1. Given the polar nature
of the components involved in the glycerol purification process,
the non-random two-liquid (NRTL) model was selected in Aspen
Plus to accurately simulate the system. This thermodynamic
model was combined with the UNIFAC-LL method to estimate
the missing coefficients of the components. For certain unit
operations not readily available in Aspen Plus, such as the oil
separator, decanting centrifuge, and ion exchange column, the
SuperPro Designer software was employed. The results from
these SuperPro Designer units were then integrated into the
Aspen Plus simulation using a ‘separator2’ unit, which acted as
a black box. The integration of Aspen Plus and SuperPro
Designer enabled a comprehensive modelling approach,
leveraging the strengths of both software platforms to simulate
the glycerol purification processes accurately and effectively.
The three purification processes were simulated assuming

RSC Sustainability, 2025, 3, 2605-2618 | 2607
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continuous operation of 7920 hours per year, with the target
purification capacity of the plant to be approximately 1000 kg
h™". The composition of crude glycerol used in this study is as
follows: glycerol (40 wt%), methanol (30 wt%), methyl oleate
(10 wt%), oleic acid (13.3 wt%), water (5 wt%) and KOH
(1.8 wt%).

2.2. Assumptions

The main assumptions made to compute the mass and energy
balances are outlined here. Component data and properties
were obtained from databases of the mentioned tools, with
appropriate substitutions or estimations made for unavailable
data. Equipment sizing was performed using established engi-
neering principles and correlations, with complex units esti-
mated based on flow rate ratios and available data. Initial
equipment costs were adapted to the current size and updated
using the chemical engineering cost index for accurate
economic analysis.

2.2.1. Raw materials. To represent the key components in
the crude glycerol, the following substitutions were made: (1)
oleic acid was used to represent the free fatty acid (FFA)
component, as it has comparable physical and chemical prop-
erties and (2) n-pentane was used to represent petroleum ether,
also due to their similar characteristics. The soap component
formed during the saponification process, potassium oleate,
was not available in the Aspen Plus database. Therefore, it was
defined as a user-specified component, and its missing data was
estimated using the Aspen property estimation system. Simi-
larly, in the SuperPro Designer v13 library, the potassium oleate
soap component was not available. In this case, it was registered
as a new component, and its main properties were manually
added to the software.

2.2.2. Heat exchangers and pumps. The heat exchangers
were modelled as shell-and-tube units and were assumed to
have no pressure drop. The pumps were assumed to have an
efficiency of 75%, and the cost of explosion-proof motors
driving each of the pumps was also considered in the economic
analysis.

2.2.3. Separation columns. The mass and energy balance
calculations for the distillation columns were performed using
the RadFrac method in Aspen Plus. For the liquid-liquid
extractor, the extract unit within Aspen Plus was used. However,
as this tool cannot perform the sizing of a liquid-liquid
extractor due to the complexity of the equipment, the size of the
extractor was estimated using the ratios of total inlet flow rates.

2.3. Economic analysis

The total capital expenditure (CAPEX) was calculated using the
factorial method. The capital and operating costs, along with
their calculation methods, are provided in the Tables S1 and S2
of the ESI.T Equipment and installation costs are based on 2010
prices, adjusted for inflation using the Chemical Engineering
Plant Cost Index (CEPCI) and a location factor of 1.21 for the
United Kingdom. Details on equipment sizing are given in
Tables S5-S7 of the ESI.{ Based on the UK market, the prices of
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raw materials, utilities, and the product (purified glycerol) are
given Table 1.

2.4. Key performance indicators

The key performance indicators (KPIs) used to compare the
glycerol purification processes include the purity of the final
product, energy consumption (electricity and heat), and envi-
ronmental impact. These factors enable a comprehensive
technical and environmental assessment across the examined
processes, facilitating a fair comparative evaluation of their
performance.

Parameter Unit Equation
Glycerol recovery (GR) % GR = S 100
Mmcg
Raw material consumption (RM) kg kg™ RM = TRM
Mcg
Water requirement (WR) tonne/kg WR = TWR
mcag
Solvent requirement (SR) kg kg ! SR — R
mcg
Electricity requirement (ER) Wh/kg ER — ER
Mmcg
Heat requirement (HR) kwh kg HR = FHR
mgG
Overall energy consumption (OER) kwh kg OER — JOER
mgoG
CO, emissions (CE) kg kg CE = McE
mcag
Liquid wastes generated (LW) kg kg™ Lw = TLw
Mmcg
Final glycerol purity (GP) % GR = mfpg X 100

3. Process description

3.1. Membrane purification (MBP) process

3.1.1. Unit one: saponification and acidification. The MBP
process closely followed the experiment-based simulation
proposed by Chol et al.*®* with minor modifications to improve
the process efficiency and to decrease the raw material
consumption. The key differences in the current simulation

Table 1 Raw materials and utilities prices used in this study

Value References

Raw material

Crude glycerol —165 USD per tonne 25
Methanol 380 USD per tonne 27
Pentane 1630 USD per tonne 28
HCI 138 USD per tonne 29
KOH 1220 USD per tonne 30
Activated carbon 500 USD per tonne 31
Purified glycerol 900 USD per tonne 32
Utilities

Power electricity 0.2 USD per kW h 33
Cooling water 0.1 USD per tonne 33
LP steam 6 USD per tonne 33
MP steam 8 USD per tonne 33
HP steam 10 USD per tonne 33

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compared to the literature included changes in raw material
quantities, flash temperatures, and feed composition, which
affected the overall process efficiency and performance. Fig. 3
shows the unit step operations for crude glycerol purification
combined in a process flow diagram. The process started by
mixing crude glycerol was mixed with methanol in the MIXER-1
unit to improve the flow behaviour by reducing the liquid
viscosity. Saponification and acidification steps for crude glyc-
erol were carried out in reactors SAPONIFICATION-REACTOR
and ACIDIFICATION-REACTOR. In the saponification step,
the FAMEs impurity present in the crude glycerol, was converted
into soap-like compounds (saponified) and methanol through
a base-catalysed reaction using KOH as base. The acidification
unit then used HCI to protonate the saponified impurities,
forming three distinct phases: the free fatty acid (FFA) layer, the
glycerol-rich phase, and the bottom layer of inorganic salts.
However, in the current case, the organic salt formed (KCI)
remained soluble in the liquids, and the third bottom-most
inorganic salt phase did not form.

3.1.2. Unit two: oil separation and liquid-liquid extraction.
An oil separator which was separately modelled in Super Pro
Designer was used to isolate the glycerol rich phase from the
FFA layer and a solvent extraction unit was used to remove
inorganic salts. Solvents such as ethanol, propanol, pentane
(used in the current study), and petroleum ether can be used to
extract glycerol from the glycerol rich layer, leaving behind the
inorganic salts contained within the ashes.** The EXTRACT
stream from the liquid-liquid extractor was sent to a flash drum
(FLASH-1) which was used to separate the extracted glycerol-rich
solution from the solvent, enabling solvent recovery and recy-
cling. The extracted glycerol-rich solution was neutralized using
a potassium hydroxide (KOH) base. This step converted any
remaining free fatty acids into soap-like compounds, increasing
the matter other than glycerol (MONG) content of the glycerol
layer. The neutralized glycerol-rich layer was then forwarded to
the membrane separation unit for further purification, as the
physico-chemical treatments alone were not sufficient to ach-
ieve the desired level of purity.

3.1.3. Unit three: membrane separation. Stage three of the
purification process consists of the pump (PUMP-1), membrane

REC-MEOH
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separation unit (MEMBRANE), flash separator (FLASH-2 and
FLASH-3), heat exchangers (COOLER-3 and COOLER-4) and
activated treatment column (AC-TREATMENT). Traces of water
and methanol solvent present in the permeate from the
membrane unit were removed in the flash separator (FLASH-2).
The top methanol rich stream was then recycled back to the
MIXER-1 along with make-up methanol. As excess methanol
was used during the transesterification process to force the
reaction to completion and subsequently obtain higher yields of
biodiesel, substantial amounts of methanol are distributed
between the FAMEs and crude glycerol phase. Methanol is the
most preferred alcohol in the biodiesel production as it is less
expensive, it has higher reactivity, and easier separation is
possible with methanol as it does not form an azeotrope with
either water or biodiesel. Moreover, methanol and other
impurities have more tendencies to accumulate in the glycerol
phase as compared to biodiesel phase.* Finally, the activated
carbon treatment unit (AC-TREAT) was used to remove any
remaining discolouration. The activated carbon treatment used
was 1 kg of charcoal per 10 kg of incoming feed, aligning with
the 1: 10 ratio from the literature for removing the brown colour
and the final impurities in the treated glycerol.*®

3.2. Vacuum distillation purification (VDP) process

3.2.1. Unit one: vacuum flash separation. VDP glycerol
purification process loosely followed the simulation processes
as proposed by Oliveira et al> and Arora et al*® with slight
modifications. Fig. 4 shows the unit step operations for crude
glycerol purification combined in a process flow diagram. The
process started by mixing the crude glycerol with hydrochloric
acid (HCl) in the MIXER-1 unit. This step was crucial for
neutralizing the base (KOH) present in the crude glycerol. The
neutralized crude glycerol was then heated to a temperature of
130 °C using the HEATER-1 heat exchanger before being fed
into the vacuum flash (VACFLASH) unit. The vacuum flash unit
operated under reduced pressure, allowing the more volatile
components, such as methanol, to vaporize and separate from
the less volatile fractions, which predominantly consist of
glycerol and fatty acids. The top vapor phase from the

RECOV-PE

Fig. 3 Process flow diagram for membrane purification (MBP) process.
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Fig. 4 Process flow diagram for vacuum distillation (VDP) process.

VACFLASH unit, containing the methanol-rich stream, was sent
to a distillation column (DISTILCO) for methanol recovery.
3.2.2. Unit two: vacuum distillation. The liquid stream
from the VACFLASH unit, comprising mostly glycerol and fatty
acids, was then fed into the vacuum distillation column (VAC-
DIST). The vacuum distillation process takes advantage of the
differences in the volatilities of the components to achieve
a higher purity of the glycerol product. Under the reduced
pressure conditions, the glycerol, being less volatile, was sepa-
rated as the distillate, while the heavier fatty acids and other
impurities remained in the bottoms stream. It is important to
note that the vacuum-based purification approach employed in
this process aimed to leverage the differences in the volatilities
of the various components present in the crude glycerol (after
salt removal), allowing for a more selective separation and
concentration of the glycerol fraction compared to the
membrane-based purification (MP) process described earlier.

3.3. Ion exchange purification (IEP) process

3.3.1. Unit one: saponification and neutralization. The IEP
glycerol purification process loosely followed the simulation
processes as proposed by Isahak et al.*® with minor modifica-
tions. Fig. 5 shows the unit step operations for crude glycerol
purification combined in a systematic flow sheet. The feed (i.e.,
the crude glycerol) was first heated to 60 °C using a heat
exchanger (HEATER-1) before saponifying it with KOH in the
saponification reactor (SAPONIFICATION REACTOR). Saponi-
fied crude glycerol was then neutralized using HCI in the

CENTRIFUGE

CRUDEGLY

S5 D

S5

FLASH-2

SALT

HCL-2

DISTILLATION
COLUMN-1

LIQWAST1

ST gm PURE-GLY
Ty

COOLER-1

@ S6 iz
<
<

PUMP-1

DISTILLATION
COLUMN-2

E & LIQWAST2 >

neutralization reactor (NEUTRALIZATION REACTOR). The
neutralized crude glycerol stream was then pumped (PUMP-1)
into a centrifuge (CENTRIFUGE), which separated the oils and
fats from the glycerol-rich fraction. The CENTRIFUGE unit was
modelled as a SEPARATOR?2 in Aspen Plus, but the output data
for the OILS and S5 streams was obtained from the centrifuge
unit as modelled in the SuperPro Designer software. The S6
stream, containing mostly salts, methanol, water, and glycerol,
was cooled to room temperature before being fed into the ION-
EXCHANGE unit.

3.3.2. Unit two: ion exchange treatment. The ion exchange
column (ION-EXCHANGE) was again modelled as a separator2
in Aspen Plus, but data was obtained from the adsorption ion-
exchange unit for demineralization in Super Pro Designer.
The regeneration of the cation exchange resin (K') requires
a strong acid regenerant, such as HCI or H,SO,. In the current
case, a 5% HCI solution (approximately 1.4 M) was used to avoid
the precipitation of calcium sulphate, which can occur when
using sulfuric acid. Similarly, the regeneration of the anion
exchange resin (OH ) requires a strong base regenerant, such as
potassium hydroxide (KOH) or sodium hydroxide (NaOH). In
this case, a 6% KOH solution (approximately 1.12 M) is
employed. The physicochemical pre-treatment steps, such as
saponification and centrifugation, are necessary to eliminate
other harmful impurities that can potentially damage the
anionic and cationic beads in the ion exchange column,
significantly reducing the column's longevity. If the concentra-
tion of contaminant ions is too high, it can also shorten the
lifespan of the ion exchange beads and increase the quantity of
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REACTOR-2
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Fig. 5 Process flow diagram for ion exchange (IEP) process.
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regenerants required, making the process uneconomical.***°
The stream (S7) leaving the ION-EXCHANGE unit is then heated
to 130 °C before being fed into the DISTILLATION COLUMN-1,
where methanol is recovered in the distillate (REC-METH). The
bottom product stream (S9), containing the purified glycerol, is
then sent to COOLER-1 to reduce the temperature of the final
glycerol product (PURE-GLY).

4. Results and discussions

4.1. Technical comparison

Table 2 shows the comparison of the final glycerol purity ach-
ieved by each process which reveals significant differences in
their purification efficacy. The ion exchange purification
process demonstrated superior performance, achieving a final
glycerol purity of 98.7%. This high purity level was attributable
to the selective nature of ion exchange resins, which can effec-
tively remove ionic impurities from the crude glycerol as well as
the usage of centrifuge in the process. The industrial standard
vacuum distillation process followed with a purity of 96.91%,
leveraging the differences in boiling points between glycerol
and its impurities to achieve separation. The membrane sepa-
ration process (MBP) yielded the lowest purity among the three
at 93.9%, which, while still substantial, indicates limitations in
the membrane's selectivity. Analysing the glycerol recovery rates
provides insight into the process efficiency and potential
economic viability. IEP again shows a greater performance with
99.0% recovery rate, suggesting least glycerol loss during puri-
fication. VDP with a 94.99% recovery rate, shows a slight
reduction in recovery compared to IEP which was be due to
glycerol entrainment in the top stream of FLASH-1 and bottom
product of the DISTILLATION COLUMN-2. MBP showed the
lowest recovery at 86.20% and most of this loss was caused by
unit operations performed by LIQUID-LIQUID EXTRACTOR
and FLASH-2.

The disparity in both purity and recovery rates among these
processes highlights the importance of considering both the
factors while choosing a process. IEP's superior performance in
both metrics suggests it may be the most promising for indus-
trial applications where high purity and minimal product loss
are crucial. However, this technical assessment should be
balanced against other factors using KPIs. Fig. 6 shows signif-
icant differences in the resource consumption and waste
generation of the three crude glycerol purification processes.
IEP showed substantially higher raw material consumption (RM
= 81.74) compared to MBP (RM = 0.49) and VDP (RM = 0.12).
This stark difference suggested that IEP required significant
amounts of chemicals needed for regeneration of cationic and
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anionic resins (5% HCI solution and 6% KOH solution), which
could impact its economic viability and sustainability. Due to
the least amount of pretreatment required in the VDP process, it
had the lowest raw material needs followed by MBP. Only MBP
process required solvent because the liquid-liquid extraction
unit operation, while VDP and IEP showed no solvent needs.
This unique requirement for MBP introduced additional costs
as solvent recovery and associated potential emissions. When
comparing liquid waste generated by the processes, IEP
produces significantly more liquid waste (LW = 82.42)
compared to MBP (LW = 2.42) and VDP (LW = 1.77). This
substantial difference in waste generation for IEP was attributed
to the waste generated after regeneration and washing of ion
exchange resins, which required large volumes of regenerant
solutions due to high amount of salt in the feed. The lower
waste generation from MBP and VDP suggests they may be more
environmentally favourable in terms of waste management.

Fig. 7 shows the hot and cold utility requirement of the three
glycerol purification processes and exhibit distinct patterns
across various energy forms. MBP had the highest total steam
consumption (MP steam: 534.24 kW and LP steam: 61.74 kW),
and most of this substantial steam requirement was coming
from HEATER-2 which was used to heat the saponified and
acidified crude glycerol mixture before flowing it to the oil
separator. VDP relied heavily on HP steam (368.73 kW) and LP
steam (92.36 kW), totaling 461.09 kW which were mainly
needed by the reboilers and flash drums. IEP shows the lowest
total steam consumption (190.78 kW) as most of the operations
were operating at lower temperatures compared to vacuum
distillation or membrane processes. MBP exhibits the highest
cooling demand (881.36 kW), and this substantial cooling
requirement was because of the COOLER-1 which reduced the
temperature of the stream coming from the oil separator before
flowing to the liquid-liquid extractor. VDP also shows
substantial cooling requirement (417.90 kW), which were
required by condensers operating in the distillation columns.
IEP demonstrates the lowest cooling requirement (284.57 kW)
requirements, mainly for temperature reduction of pretreated
crude glycerol before flowing it to the ion exchange column and
condenser of the DISTILLATION COLUMN-1 used to separate
methanol and glycerol. Electricity usage, which is mainly done
by pumps, was relatively low across all processes, with MBP
consuming the most (0.206 kW), followed closely by IEP (0.197
kw), and VDP using significantly less (0.012 kW). This analysis
reveals that MBP is the most energy-intensive process,
consuming approximately 1.68 times more energy than VDP
and 3.11 times more than IEP.

Table 2 Glycerol purity and glycerol recovery for the three purification processes

Crude glycerol

Purified glycerol

Final glycerol Glycerol recovery

Process flow rate (kg h™") flow rate (kg h™") purity (%) (%)

MBP 1000.00 367.12 93.92 86.20
VDP 1000.00 392.08 96.91 94.99
IEP 1000.00 401.03 98.75 99.00
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Fig. 7 Hot and cold utility requirements for the three crude glycerol
purification processes in the form of HP steam, MP steam, LP steam,
refrigerant and cooling water.

When comparing CO, emissions corresponding to heaters
and reboilers, MBP shows the highest CO, emissions (0.11),
followed by VDP (0.08) and IEP (0.03). Greater energy demands
MBP and VDP reflect on their higher CO, emissions. In
conclusion, VDP appeared to be the most efficient in terms of
raw material and solvent usage, with moderate water require-
ments and CO, emissions. MBP showed low water needs but
required solvents and had the highest CO, emissions. IEP,
while having the lowest CO, emissions, was characterized by
extremely high raw material consumption and liquid waste
generation.
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4.2. Economic assessment

Fig. 8 shows the capital expenditure (CAPEX) analysis for the
three glycerol purification processes (MBP, VDP and IEP). IEP
showed the highest equipment cost (0.75 MUSD), closely fol-
lowed by MBP (0.74 MUSD), while VDP had the lowest (0.56
MUSD). The similarity between IEP and MBP costs came from
the similar equipment needed for the pretreatment of crude
glycerol. Moreover, VDP's lower equipment cost was expected as
there is little pretreatment requirement and hence, equipment
is not needed. The total fixed capital (TFC), which represented
the sum of installed costs, battery limits investment, and offsite
costs, shows IEP as the most capital-intensive (6.04 MUSD),

Capital costs (in millions USD)

Total

Total
Installed
Cost

Total
Capital Cost

Battery  Total Offsite Total Fix
Limits Cost Capital
Investment

Equipment
Cost

Fig. 8 Capital costs associated with the three crude glycerol purifi-
cation processes.
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closely followed by MBP (6.00 MUSD), with VDP significantly
lower (4.44 MUSD). VDP stood out as significantly less capital-
intensive across all categories, requiring approximately 26%
less total capital investment compared to the other two
processes. These capital cost considerations must be balanced
against operational expenses to determine the most economi-
cally viable process for glycerol purification.

Fig. 9 shows the unit-wise capital cost analysis for the three
glycerol purification processes where distinct cost distributions
for each technology can be seen. MBP demonstrated a relatively
balanced allocation of capital across its three units. The
saponification and acidification unit required the highest
investment at 2.47 MUSD, which was due to the need for reactor
vessels for the pretreatment of FAMEs and soaps. The oil
separation and liquid-liquid extraction unit followed closely at
2.35 MUSD, indicating substantial investment for this separa-
tion equipment. Interestingly, the membrane separation unit
itself, despite being the core technology, had the lowest capital
cost at 1.18 MUSD. VDP showed a clear emphasis on the
vacuum distillation unit, which accounted for 2.75 MUSD, or
about 62% of the total capital expenditure which aligned with
the complexity and energy-intensive nature of vacuum distilla-
tion processes. The vacuum flash separation unit, while still
substantial at 1.69 MUSD, required less capital, was serving as
an initial separation step. IEP demonstrated the highest single-
unit capital cost among all processes, with the saponification,
neutralization and centrifuge unit requiring 4.00 MUSD. The
ion exchange treatment unit, while less capital-intensive at 2.04
MUSD, still represented a significant investment, due to the cost
of ion exchange column systems.

Fig. 10 shows the production costs analysis associated with
the three glycerol purification processes. Raw materials costs
showed a striking disparity among the three processes. IEP
demonstrated an extraordinarily high raw material cost at
3094.96 USD per tonne compared to MDP and VDP, which was
mainly due to huge amount of regeneration chemicals required
for ion exchange resins. Argent Energy spends around 165 GBP
per tonne to dispose the waste crude glycerol feedstock, hence,
the cost of this raw material was considered negative while
performing calculations.* Utilities costs were the highest for
MBP (476.26 USD per tonne), followed by VDP (294.01 USD per
tonne), and lowest for IEP (125.89 USD per tonne). This aligned
with the earlier energy consumption data, where MBP showed
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Unit three: membrane separation
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{19.7%)
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{41.2%)
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Fig. 10 Production costs associated with the three crude glycerol
purification processes.

higher energy requirements, particularly in refrigeration and
steam usage. Profits calculations showed that only VDP is
profitable with the profit value of 78.38 USD per tonne. Both
MBP and IEP show significant losses, with IEP demonstrating
the largest loss (—3594.75 USD per tonne), followed by MBP
(—936.01 USD per tonne). Producing the highest-purity product
and having the highest recovery process, IEP's extremely high
raw material and production costs rendered it economically
unfeasible under these conditions. MBP, while less loss-making
than IEP, still fails to achieve profitability.

Fig. 11 shows the unit-wise operating expenditure analysis
for the three glycerol purification processes and provides crucial
insights into the operational costs associated with each unit of
these processes. For the MBP process, unit one, involving
saponification and acidification, had the lowest operating
expenditure at 187.84 USD per tonne suggesting that the initial
steps of physicochemical treatment of crude glycerol was rela-
tively cost-effective. Unit two, which included oil separation and
liquid-liquid extraction, showed the highest operational cost at
1002.34 USD per tonne which was due to usage of solvents and
energy requirements by HEATER-1 and COOLER-1. In the VDP
process, out of the two units, the vacuum distillation unit (unit
two) showed a significantly higher operating cost (650.80 USD
per tonne) as expected which was due to the energy-intensive

I Unit one: saponification and neutralization
Unit two: ion exchange treatment

$2 million

(33.7%)

$1.7 million
(38.1%)

$4 million
(66.3%)

vOP IEP

Fig. 9 Unit-wise distribution of capital costs for the three glycerol purification processes.
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Fig. 11 Unit-wise distribution of production costs for the three glycerol purification processes.

nature of vacuum distillation, including steam generation,
cooling water circulation, and maintaining vacuum conditions.
The two units in the IEP process demonstrated the most
striking cost disparity. The saponification and neutralization
unit (unit one) operated at a relatively moderate cost of 380.09
USD per tonne, comparable to some units in the other
processes. However, the ion exchange treatment unit (unit two)
exhibited an exceptionally high operating cost of 4137.19 USD
per tonne. This enormous expense was attributed to the
regeneration chemicals required for the ion exchange process.
Overall, the unit wise operating expenditures across the
processes can show valuable information to provide direction to
put efforts for the cost reduction strategies. For instance, efforts
to reduce costs in IEP should primarily focus on the ion
exchange unit, possibly by exploring more cost-effective resins
or optimizing regeneration cycles. In MBP, improving the effi-
ciency of the oil separation and liquid-liquid extraction step
could yield significant cost savings.

Fig. 12 shows the economic viability of the three glycerol
purification processes by analysing their annual profits and
payback periods. VDP is the only process showing positive
annual profits and a positive payback period of 18.23 years.
MBP is operating at a loss of 2.72 MUSD annually whereas IEP
shows the worst economic performance with an annual loss of
11.42 MUSD. However, the long payback period of VDP suggests
that it may still not be an attractive investment unless there are
prospects for improving profitability or reducing initial costs.
These findings showed the importance of cost reduction strat-
egies, and potentially exploring hybrid technologies (combina-
tion of the three) to glycerol purification to improve the
economic outlook of these processes.

4.3. Sensitivity analysis

The techno-economic assessment of glycerol purification
processes required a comprehensive understanding of how
various economic factors influence their viability. To achieve
this, a sensitivity analysis was conducted by changing the three
key parameters: raw material prices (—75% to 75%), utility costs
(—75% to 75%), and product (purified glycerol) prices (—75% to
75%). These parameters were selected due to their significant
impact on operational costs and thereby affecting the profit-
ability. By examining how changes in these parameters affect

2614 | RSC Sustainability, 2025, 3, 2605-2618

the annual profits and payback periods of three processes,
valuable insights into their economic resilience and opportu-
nities for optimization can be obtained. Fig. 13 illustrates the
impact of changes in utilities prices on the annual profits and
payback periods for three glycerol purification processes.

Annual profits remained negative across all raw material
price changes for the MBP and IEP process. As raw material
prices increase, annual losses grew, reaching 3.57 MUSD for
MBP and staggering 20.31 MUSD loss for IEP at a 75% price
increase. Even with a 75% decrease in raw material prices, MBP
and IEP still had a considerable loss. VDP demonstrated the
most stable profitability among the three processes, remaining
profitable across all raw material price fluctuations which was
expected as this process used the lowest amount of raw mate-
rials. Profits range from 0.29 MUSD at a 75% decrease in raw
material prices to 0.20 MUSD at a 75% increase. The payback
period for VDP increases as raw material prices rise, spanning
from 15.56 years at the lowest price point to 22.03 years at the
highest (see Fig. 13(a) and (b))

Similar to the change in raw material prices scenarios, the
annual profits remained negative across all utility price
scenarios. As utility prices increase, the losses increased for
MBP, which indicated that MBP is significantly sensitive to
utility costs, yet even substantial reductions in these costs are
insufficient to bring the process into profitability. IEP exhibited
the least sensitivity to utility price changes among the three
processes due to less usage of utilities in this process. VDP
demonstrated the most favourable response to utility price
changes as relatively higher amount of utilities were used in the
process. At lower utility prices, VDP showed positive annual
profits, peaking at 0.97 MUSD when prices decrease by 75%.
The process remains profitable up to a 25% increase in utility
prices, breaking even at this point. The payback period for VDP
is notably sensitive to utility prices, ranging from 4.56 years at
a 75% price decrease to 18.24 years at baseline prices. Overall,
for VDP, efforts to reduce utility consumption or negotiate lower
utility rates could significantly improve its economic viability
(see Fig. 13(c) and (d)).

In the case of increase in product (purified glycerol) prices,
there's a clear trend of improving financial performance for all
the three processes but the MBP and IEP still remain at loss
even after a 75% increase in product price. VDP demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the most favourable response to product price changes. At
a 75% decrease in product price, VDP shows a loss of 2.54
MUSD, but it becomes profitable at the baseline price (0.24
MUSD profit). As product prices increase, VDP's profitability
improves significantly, reaching 3.02 MUSD at a 75% price
increase. The payback period for VDP is only provided for price
increases, starting at 18.24 years for the baseline price and
improving to 1.47 years at a 75% price increase (see Fig. 13(e)
and (f)) The analysis done here suggested across all scenarios

examined, VDP consistently emerges as the most economically
viable option, demonstrating profitability
conditions.

in favourable

5. Future perspectives
5.1. Process intensification and optimization opportunities

Process intensification and optimization can be used for
improving the efficiency and economic viability of crude
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glycerol purification processes. For membrane purification,
advanced membrane configurations, such as cascade arrange-
ments, could enhance separation efficiency while reducing
energy consumption. The implementation of novel membrane
materials with enhanced fouling resistance could significantly
extend operational lifetime and reduce maintenance require-
ments.** Additionally, closed-loop solvent recovery systems
could significantly reduce fresh solvent requirements which
was implemented in MBP for methanol solvent in the current
work. These combined improvements could potentially reduce
the current energy requirement and operating costs of the MBP
process.

In VDP, process intensification would mostly include the
heat integration of the process that could minimize heating and
cooling utility requirements typically through pinch analysis
and heat exchanger networks. Moreover, the integration of
renewable energy sources, particularly for heating require-
ments, could further reduce both operating costs and environ-
mental impact. For instance, solar thermal systems could
provide low-temperature heating,*> while biomass-derived
steam could support distillation operations.** After consider-
ation of these enhancements the already favourable economics
of the VDP process would improve. For ion exchange purifica-
tion, process intensification could focus on developing
advanced ion exchange materials with higher capacity and
selectivity. Such improvements would reduce the frequency of
regeneration cycles and decrease chemical consumption,
addressing the main economic challenge of the IEP process.
The development of continuous ion exchange systems could
eliminate the current batch-wise regeneration requirements,
leading to more efficient operation.** Furthermore, optimized
regeneration strategies based on real-time monitoring of resin
capacity and feed composition could reduce chemical
consumption and waste generation. These combined process
intensification and optimization strategies could significantly
impact the technical and economic performance metrics pre-
sented in this study.

5.2. Extended operations and maintenance requirements

For accurate economic assessment of crude glycerol purifica-
tion processes, understanding long-term operational behaviour
and maintenance requirements of each process is important.
Starting with membrane purification, extended operations lead
to progressive membrane fouling, necessitating regular clean-
ing cycles every 2-3 months. Each cleaning cycle requires
approximately 24-48 hours of downtime and incurs costs
related to cleaning chemicals and labour. Complete membrane
replacement is typically required every 2-20 years depending on
the materials, representing approximately 15-20% of the initial
membrane capital cost.** Vacuum distillation systems are
generally more robust and have long-term performance but
require periodic maintenance to maintain vacuum integrity and
heat exchanger efficiency. Major maintenance operations are
typically scheduled every 5 years, with annual maintenance
costs representing approximately 4-5% of capital cost. Change-
over operations for cleaning and maintenance require 36-48
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hours of downtime, during which the entire system must be
cooled, cleaned, and restarted.*® This downtime can be factored
into annual production planning and economic calculations for
an accurate economic assessment. Ion exchange systems face
the most frequent operational interruptions due to the need for
regular resin regeneration. The regeneration frequency depends
on feed impurity levels and desired product purity, but typically
occurs every 12-24 hours. While individual regeneration cycles
are relatively short, the cumulative downtime significantly
impacts annual production capacity. Resin replacement is
necessary every 3—-4 years, with replacement costs approximately
25-30% of the initial resin cost.** These operational consider-
ations particularly affect the IEP process economics.

6. Conclusions

This study carried out the techno-economic assessment of three
glycerol purification processes - membrane separation (MBP),
vacuum distillation (VDP), and ion exchange purification (IEP).
In terms of product purity and process efficiency, IEP demon-
strated the highest glycerol purity (98.75%) and recovery rate
(99.00%), followed by VDP (96.91% purity, 94.99% recovery) and
MBP (93.92% purity, 86.20% recovery). These results high-
lighted IEP's superior performance in producing high-quality
glycerol, albeit at a higher economic cost. The analysis of
resource utilization and waste generation showed marked
differences among the processes. IEP exhibited the highest raw
material consumption (RM: 81.74) and liquid waste generation
(82.42), significantly exceeding MBP (LW: 0.49 and 2.42
respectively) and VDP (LW: 0.12 and 1.77 respectively). However,
VDP showed the highest water requirement compared to IEP
and MBP. MBP was the only process requiring solvent (SR: 0.21
units), adding to its operating cost. In terms of CO, emissions
related to heat requirements, MBP had the highest emissions
(CE: 0.11), followed by VDP (CE: 0.08) and IEP (CE: 0.03).

Regarding economic aspects, VDP had the lowest fixed
capital cost (4.44 MUSD), compared to MBP (6.00 MUSD) and
IEP (6.04 MUSD). The operating costs analysis revealed VDP as
the only profitable process (0.24 MUSD per year) under current
conditions with, while both MBP and IEP operated at a loss. IEP
showed exceptionally high operating costs, primarily due to its
substantial raw material requirements needed by ion exchange
column.

The sensitivity analysis, examining the impact of changes in
raw material prices, utility costs, and product prices, consis-
tently identified VDP as the most economically resilient process.
It demonstrated the ability to maintain profitability under
various market conditions and showed the most favourable
response to positive price changes. MBP and IEP remained
unprofitable across most scenarios, with IEP showing extreme
sensitivity to raw material price fluctuations.

Despite these findings, several technological gaps and areas
requiring further research were identified. For MBP, developing
more durable membranes not requiring initial physicochemical
treatment to improve separation efficiency and reduce fouling
can make the process profitable as then it would require the
extra raw materials, utilities or equipment. Across all processes,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exploring hybrid systems that combine the strengths of
multiple purification methods could lead to more robust and
versatile solutions. Future advancements should focus on
improving energy efficiency, reducing operational -costs,
enhancing product quality, and minimizing environmental
impact. As the biodiesel industry evolves, the ideal glycerol
purification process will need to balance economic viability with
sustainability, scalability, and adaptability to changing market
conditions. This study provides a foundation for future research
and development efforts in glycerol purification, contributing to
the ongoing advancement of the biorefinery concept and the
broader goal of sustainable industrial processes.

Abbreviations

MBP Membrane purification process

VDP Vacuum distillation purification process

IEP Ion exchange purification process

FAME Fatty acid methyl ester

FFA Free fatty acid

HCI Hydrochloric acid

H,SO, Sulfuric acid

KOH Potassium hydroxide

KcCl Potassium chloride

RF Reflux ratio

NaOH Sodium hydroxide

HP, MP, and High pressure, medium pressure, and low

LP pressure

AC Activated carbon

ASPEN Advanced system for process engineering

NRTL Non-random two-liquid

UNIFAC-LL Universal quasi-chemical functional group
activity coefficients for liquid-liquid equilibrium

GR Glycerol recovery

RM Raw material consumption

WR Water requirement

SR Solvent requirement

ER Electricity requirement

HR Heat requirement

OER Overall energy consumption

CE CO, emissions

LW Liquid wastes generated

GP Final glycerol purity

Symbols

mecg  Mass flow rate of crude glycerol (kg h™")

mps  Mass flow rate of purified glycerol (kg h™)

mpm Mass flowrate of raw materials (kg h™)

mwr Mass flowrate of water required (kg h™")

mse  Mass flowrate of solvent (kg h™%)

exr  Electricity consumption in the process (kW)

eur  Energy consumption in the form of heat (kW)
eogr  Overall energy consumption in the process (kW)
mcg  Mass flowrate of CO, generated from utilities (kg h™*)
myw  Mass flowrate of liquid wastes generated (kg h™")
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mfpg; Mass fraction of glycerol in purified glycerol stream
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