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a b s t r a c t
Biodiesel production calls for innovative solutions to turn into a competitive process with a reduced environmental impact. One of the process bottlenecks stands in the immiscibility of oil and alcohol as raw
materials, so mixing process largely impacts the overall process cost. This process step, if carried out
by using hydrodynamic cavitation, has the possibility to become a benchmark for large scale applications.
In this paper a process analysis of biodiesel production scheme is developed starting from two different
feedstocks, virgin oil and waste cooking oil. At the first the traditional process scheme has been simulated, in a second simulation, the reactor for the biodiesel production is interchanged with a hydrodynamic cavitation reactor. In the paper, the comparison between the traditional and innovative process
by using life cycle costing approach has been presented, thus providing indications for industrial technological implementation coming from a professional tool for process analysis. It is worth noting that the
introduction of hydrodynamic cavitation reduces of about 40% the energy consumption with respect to
the traditional process. As regards the total treatment costs, when using virgin oil as feedstock, they were
in the range 820–830 €/t (innovative and traditional process, respectively); while starting from waste
cooking oil the costs decreased of about 60%, down to 290–300 €/t (innovative and traditional process,
respectively).
! 2021 Elsevier Ltd. All rights reserved.

1. Introduction
The actual dependence on fossil fuels (more than 80% of the
actual world energy demand is covered by fossil fuels) must be
cut before 2030 (Goldemberg, 2007). The increase in the production and consumption of biofuels in the transportation sector is
considered a suitable solution to decrease fossil fuels consumption
and thus environmental pollution; nonetheless, there are several
concerns regarding intensive bioenergy crops, endangering local
biodiversity (Diaz-Chavez, 2011), food vs. fuel issue (Ajanovic,
2011; Cassman and Liska, 2007). The sustainability of biofuels
must exclude bioenergetic crops over arable lands (Dismukes
et al., 2008) and edible feedstocks but endorses the use of biological wastes and crops from non-arable lands (Gomez et al., 2008;
Jefferson, 2008) (second and third generation biofuels), remaining
economically competitive (Hill et al., 2006). In particular, the sustainability of many first-generation biofuels, which are produced
primarily from food crops such as grains, sugar cane and vegetable
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oils, has been increasingly questioned over concerns such as
reported displacement of food-crops, effects on the environment
and climate change. In general, there is growing consensus that if
significant emission reductions in the transport sector are to be
achieved, biofuel technologies must become more efficient in
terms of net lifecycle greenhouse gas (GHG) emission reductions
while at the same time be socially and environmentally sustainable. It is increasingly understood that most first-generation biofuels, with the exception of sugar cane ethanol, will likely have a
limited role in the future transport fuel mix. The increasing criticism of the sustainability of many first-generation biofuels has
raised attention to the potential second-generation biofuels produced by the waste. Depending on the feedstock choice and the
cultivation technique, second-generation biofuel production has
the potential to provide benefits such as consuming waste residues
and making use of abandoned land. In this way, the new fuels
could offer considerable potential to promote rural development
and improve economic conditions in emerging and developing
regions. However, while second-generation biofuel crops and
production technologies are more efficient, their production could
become unsustainable if they compete with food crops for
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price, energy consumption, time and scale up cost are some of
the challenges for research in this industrial sector (Chuah et al.,
2016). Hydrodynamic cavitation (HC) is a new technology, currently applied in a wide range of chemical engineering sectors as
wastewater treatment (Capocelli et al., 2013; Bagal and Gogate,
2014; Innocenzi et al., 2018; Gagol et al., 2018; Dular et al.,
2018; Innocenzi et al., 2019) and green process intensification protocols (Gude, 2018; Wu et al., 2019).
As for biodiesel production in the presence of catalyst, HC has
the advantage of achieving complete conversion in a short reaction
time. HC has proved to be an appropriate option to replace some of
the steps of the conventional BPP, with several enhancements such
as less waste streams, less energy losses and increased energy efficiency (Ladino et al., 2016; Günay et al., 2019; Asif et al., 2017).
One of the major challenges in the BPP is the immiscibility of oil
and alcohol as raw materials, which causes the formation of two
separate phases thus decreasing mass transfer rate and increasing
reaction time (typically a long reaction time –up to 12 h depending on feedstock and catalyst, requiring in any case large
reactor volumes); moreover, the contact surface is to be increased
to improve mass transfer rate, and stirred-tank reactors are usually
used in many industrial units at this scope, but with an insufficient
mixture of the reactants. HC generates tiny cavities in the reaction
mixture, thus yielding to an intensification of the process with
increasing mass transfer between insoluble phases (Chuah et al.,
2017) and decreasing reaction times (Chipurici et al., 2019). Additionally, energy consumption is reduced and the reaction temperature and pressure are lower (Chitsaz et al., 2018).
Besides HC, other technologies have been studied to intensify
BPP and namely microwaves (MW) and ultrasonic cavitation
(UC). A good review of the obtained results by using different techniques for transesterification reaction is reported in the review by
Chuah and coworkers (2017). In the last review paper, the above
mentioned techniques have been compared as for their efficiency
in mixing with mechanical stirring (MS), and the yield efficiency
(defined as yield of product per unit supplied energy to the system)
in relation to the used technique is the following:
HC > MW > UC > MS. HC is definitely the most feasible method
to assist and intensify the transesterification reaction (Chuah
et al., 2017). Nevertheless, HC is still a quite novel technique in
the biodiesel field.
Currently, the biodiesel production techniques that are based
on hydrodynamic cavitation, essentially focus on technology that
involves the use of a high speed homogenizer (based on the
rotor/stator model, also referred to as rotating generator, Crudo
et al., 2016) or involves (especially in the past five/six years) the
use of circular or slit Venturi or orifice plates (Maddikeri et al.,
2014).
As for high speed homogenizer, this technology has been studied for the intensification of the synthesis of biodiesel from different vegetable oils (virgin soybean oil, spent soybean cooking oil
and many others, virgin or waste oils). This rotating generator
has proved to be an efficient, fast and cost-effective procedure
for biodiesel preparation (Crudo et al., 2016). Process parameters
such as inlet pressure, temperature, catalyst concentration, molar
ratio, type of cavitating device have been studied.
The results obtained from this literature analysis focused on
hydrodynamic cavitation applied to biodiesel production have
been used for process simulation. In the present work, process simulations on alkali catalyzed transterification by traditional and
innovative method based on HC are presented: a professional software tool, SuperPro Designer", is used to simulate the whole process with energy and mass balances. Process performance is
expressed in terms of biodiesel yield with respect to a traditional
process scheme, to verify the method efficiency by using two different feedstocks, virgin oil and waste cooking oil. The results of

available land. Thus, their sustainability will depend on whether
producers comply with criteria like minimum lifecycle GHG reductions, including land use change, and social standards (IEA, 2010).
The identification and implementation of sustainable biofuel
production alternatives should be based on rigorous assessments
that integrate socioeconomic and environmental objectives at
local, regional, and global scales (Correa et al., 2019).
At the moment, biodiesel is the commonest and most promising
biofuel already introduced into the automotive fuels marked (in
mixture with petrodiesel) at the cost of small technological adaptation of automotive engines (Ahmed et al., 2014; Marulanda,
2012). Biodiesel consists of mixture of methyl or ethyl esters. It
is produced through an organic reaction called transesterification,
where low molecular weight alcohol -e.g. methanol or ethanolreacts with lipid or fat (triglyceride) to produce biodiesel -fatty
acid methyl ester (FAME) or fatty acid ethyl ester (FAEE) - and glycerol as a valuable by product. Transesterification can occur catalytically or without catalyst. Catalysts currently used in
transesterification process are homogeneous base or acid catalysts,
heterogeneous catalysts, acid or base and enzymes.
The biodiesel use strongly reduces the GHG (up to 78%),
unburned hydrocarbons and particulate matter (Van Gerpen,
2005) but increases nitrogen oxides (NOx) emissions (Hoekman
and Robbins, 2012).
The effects on injection timing, ignition delay, adiabatic flame
temperature, radiative heat loss, and other combustion phenomena all play some role on NOx emissions. These emissions can be
mitigated by modifying engine control settings, particularly by
retarding injection timing and increasing exhaust gas recirculation.
The absolute magnitude of the biodiesel NOx effect appears to be
reduced with modern engines, although there are cases where
the percentage change is still substantial. Chen et al. (2018) performed an overall experimental investigation on NOx emission
based on combustion characteristics of biodiesel. The results
showed that on the whole, NOx emission of biodiesel is higher than
that of diesel in most cases, except in the condition of low loads
under low and medium speeds (Chen et al., 2018).
Feedstocks, class of lands for bioenergy crops (whether or not
arable) and the production process affect the biodiesel production
sustainability (Dovì et al., 2009).
Therefore, exploring new bio-sources for biodiesel production
such as the use of microalgae as feedstocks complies with the sustainability requirements (Mata et al., 2010; Piemonte et al., 2016)
as well as the use of waste oils (Al-Sakkari et al., 2018). But to
increase energy efficiency and minimize energy losses and waste
materials, the traditional biodiesel production process (BPP) also
knows as mechanical stirring (MS) method requires some reconsiderations and modifications as well. Biodiesel is produced by
means of transesterification reactions between a lipid and an alcohol to form esters and a byproduct, glycerol. Transesterification
consists of a sequence of three consecutive reversible reactions.
The first step is the conversion of triglycerides to diglycerides, followed by the conversion of diglycerides to monoglycerides, and
finally monoglycerides into glycerol, yielding one ester molecule
from each glyceride at each step. This process proceeds well in
the presence of some homogeneous catalysts, as alkali ones. The
most common alcohols widely used are methyl alcohol and ethyl
alcohol. Among these two, methanol found frequent application
in the commercial uses because of its low cost (Verma et al., 2016).
The energy consumption due to time reaction during MS and
raw material cost are the major contributors to the total cost of
biodiesel production. The innovative technologies as hydrodynamic cavitation (HC) allow to reduce the mass transfer rate
between oil and alcohol and consequently the energy consumption. Increasing the mass transfer rate between oil and alcohol with
minimal cost for biodiesel production in terms of raw material
16
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The procedures of process simulation include defining chemical
components, selecting the operation mode, determining plant
capacity and selecting the operative conditions for the various
steps of the process. Information on most components, such as
methanol, hydrochloric acid, water is available in the SuperPro
Designer" component database. Regarding for other substances,
as catalysts (Sodium methoxide, NaOCH3), raw materials (virgin
or waste oil) and biodiesel, the data are not available in the library
of the software, hence were defined as new components.
In this study, NaOCH3 has been selected as catalyst in alternative to hydroxides (i.e. sodium hydroxide or KOH, Zhang et al.,
2003) because although it is less economical than hydroxides,
has a greater efficiency for the transesterification process
(Freedman et al., 1984; Hass et al., 2006). The process analysis
has been performed to define the mass and the energy balance
considering that the proposed plant works in continuous mode
for 7920 h per year, with a capacity of the plant of 1000 L/h. The
final products were biodiesel and glycerol. Biodiesel to be commercialised shall meet ASTM D 6571 and EN 14214 standard specification (ASTM D6751; EN 14214).
The annual production of biodiesel for the present case study
was 8.23E+06 L, smaller than medium size plants (Hass et al.,
2006).

the process analysis have been used to carry out a preliminary economic analysis to identify the cost items that have the greatest
impact on the cost-effectiveness of the biodiesel production
process.
This is an attempt to explore potential alternatives to current biodiesel production methods, thus contributing to commercialization
and more sustainable production of second-generation biofuels.
2. Materials and methods
In the following a description of the methods used to carry out
the process analysis and simulation is provided. In details, Section 2.1 reports the process simulation by using a commercial software and Section 2.2 the input data, derived from literature
analysis, used for the simulation.
2.1. Process simulation
The biodiesel production process was simulated by using the
software SuperPro Designer". The simulation refers to different
stages starting from virgin oil and waste cooking oil as reported
in Fig. 1.

Fig. 1. Block scheme of traditional biodiesel production process; A) case-study A1: feedstock = virgin oil; B) case-study B1: feedstock = waste cooking oil.
17
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2.2. Input data description

tion for the Case Study A1 and B1 (Chuah et al., 2016). The other
units of the processes remain unchanged. The experimental data
by Chuah et al. (2016) has been chosen for the simulation because
the HC research activity was conducted on a pilot scale closer to
the industrial scale. However, there are not many published papers
on plate geometry design, which is a crucial factor for large-scale
reactor design that also improves methyl ester conversion
performance.

Based on the literature analysis, several scenarios have been
considered: Case study A1, feedstock = virgin oil, traditional process; Case study B1, feedstock = waste cooking oil, traditional process; Case study A2, feedstock = virgin oil, innovative process; and
Case study B2, feedstock = waste cooking oil, innovative process
Process flowsheets are presented in Figs. S1-S7 (Supplementary
materials).
In the first studied scenario, virgin oil is sent to a series of two
reactors (P-13/R101 and P-14/R102) in which it reacts with methanol in the presence of the catalysts (catalyzed transesterification of
the oil); then the products are centrifugated (P-15/DC101 and P16DC102) to mainly separate biodiesel from glycerol. Biodiesel is sent
to purification section that includes a washing of residual catalysts
(P-18/V101, mixing vessel) in which hydrochloric acid reacts with
sodium methoxide to product methanol and sodium chloride.
Another centrifugation separates biodiesel and virgin oil from the
other substances (i.e. methanol, sodium chloride, hydrochloric
acid). Biodiesel is sent to a series of heat exchanges and after in a
flash (P-23, V104), where water is separated from the product that
can be stored and it is ready to be sold. Glycerol, instead, is refined
in another section that includes equipment sized to remove methanol, the fatty acids and most of the product. Both glycerol stream
and fatty acid contaminants exiting the reactors are pooled and
treated with acid (HCl) (P-28/V101) to convert soaps into free fatty
acids which are subsequently removed by centrifugation (P-30/DC103). The fatty acid stream is destined to disposal. The glycerol
stream is then neutralized with sodium hydroxide (P-33/V-103).
The methanol contained in the glycerol stream is recovered by distillation (P-36/C-101) and recycled back to the first reactor (R-101).
Finally, the glycerol stream is concentrated through another distillation step (P-38/C-102) that removes the water, which is recycled
back to the mixing vessel (P-18/V-101).
In the second scenario (Case study B1), waste cooking oil before
reaching the sections described above, is sent to a pre-treatment
step, in which a physical treatment, as stationary screen or as alternative a filtration through sieving, removes the solid impurities
coming from cooking operations. Waste oil contains a high concentration of free fatty acids that if are sent to a reaction section produce soaps, therefore a preliminary esterification reaction is
necessary (P-7a, R-100). This reaction converts the fatty acids in
fatty acid esters. The products are sent to another operation with
glycerol (P-10a, WSH-101) to remove traces of reagents from oil
before to be fed to the reaction section. The process unit for Reaction section is the same for the Case Study A1. Finally, the flow is
sent to a distillation column (P-12a/C101) to recover methanol that
is recycled to the esterification reactor.
As known, the mixing/heating (Case Study A1 and B1) is the
most commonly adopted process worldwide industrial application
for biodiesel production but requires a lot of energy, high catalyst,
high molar ratio (alcohol to oil) and longer time to produce biodiesel. Considering these limitations, there is strong quest to develop
an efficient, time saving, economically functional and environmentally friendly biodiesel production intensification process at industrial scale. Keeping this aspect into consideration HC is one of the
intensification process that offers a substantial promise for biodiesel production in terms of methyl ester conversion, reaction rate,
time, chemical consumption, energy consumption, scale up, clean
and safe (Qiu, 2010). For that in the last two scenarios A2 and
B2, the innovative process by using hydrodynamic cavitation is
presented. Only a few studies have been done in biodiesel production using HC approach (Chuah et al., 2017) and most of them were
just at laboratory scale.
The hydrodynamic cavitation has been simulated by generic
box (P-13/GBX101) and replaces the reactors of the transesterifica-

3. Results and discussion
3.1. Process analysis for traditional processes
3.1.1. Case study A1, feedstock = virgin oil, traditional process
3.1.1.1. Transesterification. A continuous alkali-catalyzed process
scheme by using virgin oil was developed (Fig. 1). The first section
of the process is the transesterification (Fig. S1). The reaction was
carried out with a 5:1 vol ration of methanol to oil, 0.3% wt sodium
methoxide (catalysts based on oil), 60 #C and 4 bar. Fresh methanol
(S3, 90 kg/h) and recycled methanol (S48, 75 kg/h) coming from
glycerol purification section, are mixed with catalysts (a mixture
of sodium methoxide, 25% and methanol, 75%, S10) prior to being
pumped into reactor P-13/R-101.
Virgin oil was heated in P-12/HX-101 to increase the temperature from 25 #C until 60 #C (operative temperature in R-101). The
residence time in the reactor R-101 is set to 1 h with an efficiency
of 90% as reported in scientific literature (Hass et al., 2006).
The output (S17) from reactor is a mixture of biodiesel, methanol, catalyst, soybean oil, traces of water and glycerol that is a
coproduct of transesterification. A centrifugation is employed to
separate glycerol phase (P-15/DC-101) which is sent to glycerol
purification and recovery section.
Biodiesel stream coming from centrifugation unit is sent to
another reactor (P-14/R-102) to complete the transesterification
reaction at a rate of 934 kg/h, adding methanol and sodium metoxide (around 1.6%wt of catalyst in methanol) at a rate of 17.6 kg/h.
Also in this case, the residence time is set to 1 h with an efficiency
of 90%, for an overall transesterification yield of 99%.

3.1.1.2. Biodiesel purification. Purification scheme process is
reported in Fig. S2.
Biodiesel stream (S19) coming from reaction section is sent to a
centrifugation to separate glycerol phase (see Fig. 3, P-16/DC-102)
from biodiesel. The removal efficiency for the centrifugation is set
to 99.9% for biodiesel and for the residual oil. From P-16/DC-102,
the diesel-rich stream (S24, 931.2 kg/h) has around 96% of biodiesel, 1.6% glycerol, 1.4% of methanol, 1% of soybean oil and traces of
catalysts; glycerol- rich (20.36 kg/h) having around 53% and 44.8%
of glycerol and methanol, respectively, is sent to the purification
glycerol section (see Fig. S3).
Current S24 is sent to purification unit that includes: a washing
reaction (P-18/V-101) with a solution of hydrochloric acid and
water (216.6 kg/h, 0.7%wt of HCl) with around 85% of water recycled from glycerol purification unit. The scope of the washing is to
neutralize the catalysts and covert any soaps to free fatty acids,
reducing their emulsifying capacities. The output is sent a centrifugation (P-19/DC-104) to separate mainly biodiesel from the other
substances with an efficiency of 99.9%.
The output (S28, 924.5 kg/h) rich in biodiesel (around 96.6%)
contains 2% of water, the concentration of water must be lower
to 0.05% (v/v) to meet the biodiesel standard specifications (ASTM
specifications, ASTM D6751). The content of water is reduced in a
vacuum dryer simulated by a flash operation.
18
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but in the present study, it has been considered as a residual liquid
waste.
For the other process unit (Transesterification, Biodiesel purification and glycerol purification) can be see the previous section.

3.1.1.3. Glycerol purification. Glycerol Purification scheme process
is reported in Fig. S3.
The streams coming from reaction section (S20) and from washing operation of biodiesel (S23 and S27) contain glycerol that can
be recovered and valorised. It has been considered a percentage
of 80% wt of glycerol in the final product, this product can be sold
to industrial refiners (Hass et al., 2006). The solutions and
hydrochloric acid are fed together into chemical reactor (P-28/V101) in order to neutralize the residual catalyst and convert soaps
to free acids. The products (373.4 kg/h) are sent to a centrifugation
(P-30/DC-103) to separate the substance of interest from the residual free acids (14.4 kg/h) that after should sold or be disposed of. In
the present study in rather conservative way, this current has been
considered as waste.
The glycerol is neutralized with sodium hydroxide in a reactor
(P-33/V103) to convert hydrochloric acid in sodium chloride. After
that there are two distillation columns to remove methanol and
water, respectively. Methanol recovered from the first column (P36/C-101) is recirculated into the reactor R-101, first reactor of
the transesterification section (see Fig. S1). The bottom product
(284.25 kg/h, 29% wt of glycerol and 70%wt of water and traces
of other substances) is sent to the second distillation (P-38/C102) to remove water. The distillate (around 181 kg/h, 99.99% wt
of water) is recirculated to reactor (P-18/V-101) for the purification
of biodiesel. Bottom product is glycerol-rich stream (80% in glycerol) that be storage and it is ready to be sold. C-101 has a theoretical stages equal to 4.8, operative cooling and heating temperature
is set to 64 #C and 100,5 #C, the reflux ratio is 1.166. The second distillation column has a theoretical stages equal to 9.6, operative
cooling and heating temperature is set to 100 #C and 127 #C, the
reflux ratio is 0.122. The operative pressure for both distillation
column is 1.013 bar.

3.2. Process analysis for innovative process: biodiesel production by
hydrodynamic cavitation
3.2.1. Case study A2, feedstock = virgin oil, hydrodynamic cavitation
In this third simulated process (see Fig. S5), it has been considered to use as raw material the virgin oil. In comparison to Case
Study A1, the chemical reaction section has been replaced by
hydrodynamic cavitation reactor. The reaction was carried out
with a 5:1 vol ration of methanol to oil, 1% of catalyst, 60 #C and
2 bar. Fresh methanol (around 90 kg/h) and recycled methanol
(60 kg/h) coming from glycerol purification section, are mixed with
catalyst (a mixture of sodium methoxide, 25% and methanol, 75%,
8 kg/h) prior to being pumped into reactor P-13/GBX-101 (hydrodynamic cavitation reaction).
Virgin oil was heated in P11/HX-101 to increase the temperature from 25 #C until 60 #C (operative temperature for the reaction
in P-13). The residence time in the cavitation reactor is set to
15 min with an efficiency of 97% as reported in scientific literature
(Chuah et al., 2017). The output (S12) from reactor is a mixture of
biodiesel, methanol, catalyst, soybean oil, traces of water and glycerol that is a coproduct of aclyglycerol transesterification. A centrifugation is employed to separate glycerol phase (P-14/DC-101)
which is sent to glycerol purification and recovery section.
Differently from the transesterification reaction (Case Study A1
and B1), in this simulated process one stage of reaction has been
considered given the high efficiency of the hydrodynamic cavitation. Another relevant aspect is the reaction, in this last case
15 min are enough to reach 97% of reaction yields. This efficiency
was guaranteed by the operative conditions described below and
chosen on the basis of the studies carried out by Chuah et al.
(2016 and 2017). The results of these studies showed that the
molar ratio of oil to methanol is one of the most important factors
that affect the biodiesel production process. The reaction yields
increased from 45 to 98% in 15 min for HC: it could be attributed
to the higher methanol amount that generated more cavities and
resulted in strong mass transfer between oil and methanol. A
molar ratio less than 6 resulted in an incomplete transesterification
reaction even after 1 h. The effect of catalyst concentration on biodiesel production by HC has been also studied by Chuah et al.
(2017): it has been found that as the catalyst concentration
increased, reaction yield also increased. An incomplete reaction
occurred for catalyst amount less than 1%, this value was selected
as an optimum catalysis concentration that allowed to reach
around 97% of reaction yield in 15 min. The experimental results
related to the effect of reaction temperature showed that as temperature increased, HC efficiency also increased due to the fast dispersion of methanol and viscosity reduction in waste cooking oil.
This was favourable to enhance the solubility of the oil in methanol
and improve the contact between the oil and methanol. 60 #C was
selected as optimal temperature to improve the reaction efficiency
(Chuah et al., 2016; 2017).
As regards the configuration of the HC system, the optimised
geometry of orifice plate with 21 holes of 1 mm diameter was chosen in the present work. Multiple holes plate with smaller diameter was found to be effective in generating higher cavitational
events. This is due to the fact that the smaller hole diameter in
the orifice plate generates a larger number of small bubbles, resulting in a higher number of the cavitational events and better emulsification which in turn leads to a higher mass transfer and an
increased turbulence, making the collapse of cavities more violent

3.1.2. Case study B1, feedstock = waste cooking oil, traditional process
3.1.2.1. Pre-treatment. In this second simulated process, it has been
considered to use as raw material the waste cooking oil to reduce
the operative costs. In comparison to Case Study A1, a pretreatment unit has been added to prepare the feedstock before to
feed the transesterification unit. Pre-treatment includes esterification of the free fatty acids, a washing with glycerol and methanol
recovery. This section is described below, and Fig. S4 shows the
flowsheet; whereas the remainder of the process is identical to
Case Study A1, described in Figs. S1-S3, hence it has not been rereported.
Waste cooking oil has a certain concentration of suspended
solid, in this study has been considered around 1% wt of solid in
the feed. A grid is necessary for the separation this solid from oil,
after that the solution is sent to esterification reaction (P-7a/
R100) at 70 #C and 4 bar. Methanol (around 146 kg/h) and pure sulfuric acid (10 kg/h) are fed into reactor to covert the free fatty acids
in methyl esters. After 1 h of reaction, the stream is sent to a washing operation to remove the acid and water before proceeding to
the alkali-catalyzed transesterification. By adding glycerine at
25 #C, water can be removed (Zhang et al., 2003).
Treated oil (1 m3/h) is sent to transesterification unit (as
described for Case Study A), instead the stream S15a (around
215 kg/h) is reach in methanol (49%) and (37%) of glycerol with
8.5% of water and sulfuric acid. This current is sent to column distillation (P-12a) to recover methanol with seven stages of distillation, methanol is recovered as distillate with the following
composition: 99.94%wt of methanol and 0.06% of water. This
stream (95 kg/h) is recirculated for the esterification reaction.
The bottom product is a mixture of glycerol (around 73.5%), 0.6%
of methanol, 16% of water and around sulfuric acid. This current
(S21a, about 109 kg/h) can be treated to recover mainly glycerol
19
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(Zhang et al., 2003), therefore with the same amount of oil (or treated oil) fed to transesterification reactions the same products (in
terms of flowrate and composition) were obtained.
It has been chosen to perform other two process analysis
related to the HC process. More in details, the effect of inlet pressure to HC system was studied, by varying the pressure in the
range 1–3 bar, under the same operative conditions above
described. The efficiency of the reaction was near to 83% and 90%
for 1 bar and 3 bar, respectively. The results showed that the reduction of HC efficiency caused an almost negligible reduction (about
1%) of the produced biodiesel, more important was the quality of
the final product. The percentage of biodiesel was 83.78% and
90.18% for an inlet pressure to HC system of 1 bar and 3 bar,
respectively. The purity of the biodiesel was below the standards
required for a possible marketing. An improvement of HC efficiency could be obtained for example by increasing of reaction
time. These results showed the importance of the efficiency of
the HC process, whose experimentation is still at the pilot scale
and needs to be implemented at the industrial scale to validate
the operative conditions.

and thus generating large magnitude pressure pulses (Chuah et al.,
2016; Ghayal et al., 2013).
Another parameter which expresses the efficiency of the HC
process is the cavitation number Cv (Eq. (1)) that

Cv ¼

Pf " Pv
1
2

ð1Þ

qV 2

where Pf (in Pa) is the fully recovered downstream pressure, Pv (in
Pa) is the vapour pressure of the mixture liquid, q (kg/m3) is the
density of the mixture liquid and V (m/s) is the flow velocity
through the orifice plate, which can be calculated by knowing the
upstream flow rate and diameter of the orifice. Decreasing the cavitation number causes the mixture liquid to experience the cavitational zone for a longer time, thus resulting in higher cavitational
and better conversion yield. It has been found that when the Cv
number was reduced to near 0.3, it gave the maximum benefits in
methyl ester conversion. The chosen configuration (orifice plate
with 21 holes of 1 mm diameter, inlet pressure of 2 bar) guaranteed
a Cv = 0.357 with a flowrate of 23.4 L/min a velocity of 23.636 m/s
(Chuah et al., 2016).
Biodiesel and glycerol streams coming from centrifugation unit
are sent into two separate purification units (reported in Figs.S6
and S7). The other units of the biodiesel production are the same
as those listed in section (Section 3.1) for this below only the figures are reported.

3.3. Economic analysis
3.3.1. Definition of the CAPEX and OPEX
The present section reports the results about the life cycle cost
analysis (LCC) based on the mass and energy balances obtained by
process analysis. In according to ISO 14040 (2006) (Noureddini and
Zhu, 1997), the first phase of life cycle cost analysis (LCC) is to
define the goal and scope of the study including the description
of the product or process system, the function of the operations,
the functional unit, the system boundary, data requirements,
assumptions and limitations. In this case, the boundary of the system is reported in Fig. 1. The functional unit chosen for the analysis
is 1 m3/h of feedstock.
The main item costs considered for the analysis were: (1) equipment cost, (2) raw material purchase, (3) energy cost, (4) labour
cost and (5) transport and disposal of solid waste.
LCC are those incurred over the life span of a process system,
including costs required to construct, equip and operate the system. For each treatment process, a general, annual cost estimation
was developed consisting of the recurring costs (RC), also known as
operation and maintenance costs, and the non– recurring costs
(NRC), otherwise known as capital costs, converted to an annual
cost basis (ISO 14044:2006).
The general equation used for the analysis model is (Dhillon,
2017):

3.2.2. Case study B2, feedstock = waste cooking oil, hydrodynamic
cavitation
In the Case study B2 (as for case study B1), it has been considered to use as raw material the waste cooking oil to reduce the
operative costs. In comparison to Case Study A2, a pre-treatment
unit has been added to prepare the feedstock before to feed the
transesterification unit. Pre-treatment includes esterification of
the free fatty acids, a washing with glycerol and methanol recovery. This section is the same already described for the Case Study
B1 (see Fig. S4) for that it has not reported here. The remainder
of the process is identical to Case Study A2, described in Figs. S5S7. Table 1 shows the composition of the final products for each
considered process. The final products from A1/B1 and A2/B2 had
the same composition because theoretically, once the refined oil
without free fatty acids is obtained, the downstream units are
identical to those in process A1/B1 using virgin vegetable oil

Table 1
Final products obtained from process analysis.
FINAL PRODUCT
Biodiesel
Biodiesel (%)
Glycerol (%)
Hydrochloric acid (%)
Methanol (%)
Sodium Chloride (%)
Oil (%)
Water (%)
Flow (kg/h)

Annual LCC ¼ RC þ NRC
Case Study A1/B1

Case Study A2/B2

98.27
0.156
0.002
0.060
0.005
0.920
0.587
909.24

96.50
0.184
0.003
0.056
0.005
2.672
0.588
907.43

Case Study A1/B1
0.00
80.04
0.028
0.00
3.41
0.00
16.52
–
102.97

Case Study A2/B2
0.00
80.15
–
0.056
2.68
0.00
16.65
0.520
99.96

More in details, RC include annual labour costs, operational
energy costs and maintenance (repair) cost and purchase cost for
the chemicals and disposal costs for the produced waste (OPerating
EXpense, OPEX). Non recurring costs (NRC) is the capital investment including the equipment cost, piping, engineering, that are
amortized in X years. CAPital Expenditure (CAPEX) has been estimated from the cost of purchasing the equipment (PEC – purchase
equipment cost), on the basis of which total direct and indirect
costs have been assessed (FCI-fixed Capital Investment) contributing to the determination of the TCI. Equipment costs were obtained
from vendors; if quotes were not available for the required plant
capacity, then a process cost estimating was used:

Glycerol
Biodiesel (%)
Glycerol (%)
Sodium hydroxide (%)
Methanol (%)
Sodium Chloride (%)
Oil (%)
Water (%)
Hydrochloric acid
Flow (kg/h)

ð2Þ

Cn ¼ C0

! "x
Sn
S0

ð3Þ

Cn = cost of new equipment, C0 = cost of existing equipment with
pricing available; Sn = size of new equipment, S0 = size of existing
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equipment and X is the exponent depending on type of equipment
(Peter et al., 2004). The reference year for the estimation was 2002
and the values have been discounted by using the CEPCI – Chemical
Engineering Plant Cost Index Index (Calculation Methodology for
Cost Goals). Total fixed investment is calculated adding equipment
erection, piping, instrumentation, buildings, storages, design and
engineering, contractor’s fee and contingency of 10% of PCE. Additionally, a working capital of 15% of total project capital costs was
added to the project capital costs, and then the total was amortized
to obtain annual capital costs. Straight line depreciation over
10 years is considered with an index of 7.7.
Table S1 shows the main processing units required for each
process.
Table 2 reports the capital costs for the proposed processes
including purchase, installation, electrical service, instruments,
buildings site development, ancillary buildings, design and engineering, contactors’ fee and contingency (Peter et al., 2004).
The variable operating cost (RC) refer to the materials and
energy whose usage varies depending on the process can be found
in Table 3. The corresponding RC are detailed in Table S2 with their
references. For maintenance it has been considered 3% of FCI.
Labour costs has been calculated considering three labour shifts
of 8 h, with two operators per shift. The basic cost for worker is 25
€/h. Moreover, it has been added the operating supervision estimated to be 5% of the labour cost.
Financial indicators as payback period (PBP) and Return on
Investment (ROI) have been calculated. The PBT is the time
required for a project to return the initial investiment. It is computed by calculating the cumulative return for each year and comparing it to the investiment; the time at which this sum exceeds
the investiment is the payback time.
ROI (Chen, 2020) is a performance measure used to evaluate the
efficiency of an investment or compare the efficiency of a number

of different investments. ROI tries to directly measure the amount
of return on a particular investment, relative to the investment’s
cost. To calculate ROI, the benefit (or return) of an investment is
divided by the cost of the investment. The result is expressed as
a percentage or a ratio. ‘‘Current Value of Investment” refers to
the proceeds obtained from the sale of the investment of interest.
Because ROI is measured as a percentage, it can be easily compared
with returns from other investments, allowing one to measure a
variety of types of investments against one another.
3.3.2. LCC results
The life cycle costs for each biodiesel process are summarised in
the Figs. 2 and 3,.
The total annualized cost (€/m3 of feedstock) can be divided
into Capital cost including (including also insurance and taxes of
2% of FCI), chemical for treatment, labour, maintenance and
repairs, utilities (chilled water, steam, electricity) and waste management. As seen from Fig. 2, other items have been added: Operating supplies (15% of maintenance), Laboratory charges (10% of
labour cost), Plant overhead cost (30% of the total labour cost)
and General expenses including the administrative cost (25% of
plant overhead cost) and research and development cost (1.45%
of annual net treatment cost, NPC). For Case Study A1 and A2,
the chemical purchase necessary for the biodiesel production
was determined to be the major component of the total annualized
cost due to the purchase of feedstock. The raw material cost was
about 650 €/m3 of feedstock for the Case Study A1 and A2, instead
for the Case study B1 and B2 the material cost was near to 75 €/m3
of treated oil.
Fig. 3 shows the details of the OPEX (€/m3 of feedstock) for each
proposed scenarios. It is possible to observe once again that the
raw materials had the major incidence on operating cost followed
by the labour cost and utilities for Case Study A1 and A2. The feed-

Table 2
Capital costs for the biodiesel production (k€).
Case study A1

Case study B1

Case study A2

Case study B2

Fixed Capital Investment Cost (FCI)
Working capital

2510.91
376.64

2808.19
421.23

2243.70
336.56

2540.98
381.15

Total Capital Investment Cost (TCI)

2887.55

3229.42

2580.26

2922.13

Table 3
Variable operating parameters (€/m3 of virgin oil or exhaust oil) for biodiesel production.
Case study A1

Case study B1

Case study A2

Case Study B2

603.05
33.20
13.91
0.0246
1.11
0.36
0.00
0.00
651.65

0.00
54.19
13.91
0.0246
1.11
0.36
0.70
4.00
74.29

603.05
33.20
10.11
0.0246
1.11
0.36
0.00
0.00
647.86

0.00
54.19
10.11
0.0246
1.11
0.36
0.70
4.00
70.49

Case study A1

Case study B1

Case study A2

Case Study B2

1.37
18.04
2.30
21.71

1.66
39.89
3.60
45.15

0.86
17.23
2.30
20.39

1.15
39.08
3.60
43.83

Case study A1

Case study B1

Case study A2

Case Study B2

2.19
9.07
11.26

18.39
10.14
28.53

2.19
7.84
10.03

18.39
8.91
27.3

3

Consumable and raw materials (€/m of feedstock)
Feedstock
Methanol
Catalyst
Water
Hydrochloric acid (36%)
Sodium hydroxide
Sulfuric acid (96%)
Glycerol
Total

Utilities (€/m3 of feedstock)
Electricity
Chilled water (5–10 #C)
Steam (152 #C)
Total

Other (€/m3 of feedstock)
Waste Management (Transport and Landfill)
Maintenance and repairs
Total
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Fig. 2. Total annualized cost (€/m3) for selected process schemes to biodiesel production. Annual plant capacity = 7920 m3 of feedstock, virgin oil (A1 and A2) and exhaust oil
(B1 and B2).

Fig. 3. OPEX (€/cubic meter of feedstock) for selected process to biodiesel production. Annual plant capacity = 7920 m3 of feedstock, virgin oil (A1 and A2) and exhaust oil (B1
and B2).

stock purchase (virgin oil) is around 90% of the total chemical cost
for Case Study A1 and A2 instead for Case Study B1 and B2, methanol is around 73% of the total chemical cost due the fact that in
these last scenarios methanol is used for the pre-treatment of
the exhaust oil before to transesterification reaction.
Regarding to the utilities cost (Fig. S8), Case study A1 and A2
had the lower cost, infact in these situations the consumption of
electricity, chilled water and steam was reduced because there
was not the pre-treatment of the exhaust oil. The main advantage
of the innovative process is related to electricity consumption,
actually there is a reduction of around 40% of the energy demand
for the reaction section but this impact only for 6% on the total utilities. The main voice is the chilled water, having an impact greater
than 80% on the total. The reaction section of the case study A2 and
B2 has not the transterification reactors (R101 and R102) and there
is an energy saving related to mixing system. The electric con-

Fig. 4. Total annualized cost and total revenues due to the biodiesel and glycerol
selling.
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Table 4
Financial parameters calculated for the proposed processes.

Net annualized cost (k€/y)
Revenue (€/y)
Net profit
PBP
ROI (%)

Case Study A1

Case Study B1

Case Study A2

Case Study B2

6,597
4,360
"2,237
>10 years
n.a.

2,401
4,360
1,958
2–3 years
70.88

6,497
4,350
"2,147
>10 years
n.a.

2,300
4,350
2,048
2–3 years
94.41

an initial purchase price of the exhausted oil greater than 0.2 €/kg
(Figure S10). It is possible to observe that the process B1 and B2
were much more advantageous than A1 and A2.

sumption for each transterification reactors has been estimated to
be equal to 1.4 kW/m3, for Case Study A2 and B2 this consumption
is replaced from electricity energy necessary for the pumping the
current into HC system with a pressure of 2 bar (around 0.1 kW).
Figure S9 shows the details of the electricity consumption.

4. Conclusions
3.3.3. Economic feasibility
In this section the economic feasibility of the proposed processes has been reported. For each scenario it has been evaluated
the annual treatment cost as already described above and the revenues coming from the selling of biodiesel and glycerol. For biodiesel and glycerol value, it has been considered 0.6 €/kg (Cavallo,
2017) and 0.05 €/kg (Quispe et al., 2013), respectively.
The results of this analysis are shown in Fig. 4.
It is possible to observe that the plant solutions A1 and A2 are
not economically feasibility, instead for the Case Study B1 and B2
there is a positive profit for the selling mainly of biodiesel. Glycerol
accounts for only 1% of the total revenues. It is clear that with the
considered price of selling for biodiesel, investments cannot be
made unless oil waste is considered as raw material. These results
are confirmed also in Table 4 in which net profit (€/y), payback period and ROI have been calculated for the proposed scenarios. An
acceptable economic return can only be considered for Case Study
A2 and B2. As regards the traditional and the innovative process
with hydrodynamic cavitation, the differences in economic terms
is minimal.
A sensitivity analysis has been performed in order to check the
feasibility of the process. The following parameters which had the
greatest impact on the total operative cost have been changed:
feedstock and methanol price as chemicals and chilled water cost
as utilities. The other voices have not been considered as they
did not affect the final operative costs. For the analysis, it has been
assumed a maximum variability of the unit costs for the chemicals
(methanol and virgin oil) and utilities (chilled water) of ±20%. The
cost for waste cooking oil has been varied between 0.1 and 0.67 €/
kg. Scientific literature reports that the purchase cost for waste
cooking oil was near 0.17 €/kg (Gholami et al., 2018; West et al.,
2008).
The analysis showed that for Case Study A1 and A2 the methanol and chilled water costs were not found to affect the feasibility
of the process which was always not economically feasible. Instead
the initial price of the feedstock (virgin oil) had a relevant influence: if the price of feedstock was 0.3 €/kg, the net profit was about
400,000 € and 492,670 € for the Case Study A1 and A2, respectively.
For the Case Study B1, the net profit varies between 2,039,534 €
and 1,867,379 € for a methanol unit price between 0.30 and 0.45 €/
kg, respectively. Net profit varies between 2,019,016 € and
1,892,654 € for a chilled water unit price between 0.26 and 0.40
€/kg, respectively. The process was not economically feasible if it
was considered an initial purchase price of the exhausted oil
greater than 0.2 €/kg. The same results were obtained for the Case
Study B2: the net profit varies between 2,129,697 € and 1,957,542
€ for a methanol unit price between 0.30 and 0.45 €/kg, respectively. Net profit varies between 2,106,729 € and 1,982,928 € for
a chilled water unit price between 0.26 and 0.40 €/kg, respectively.
The process B2 was not economically feasible if it was considered

In this work, a comparison between the traditional and an innovative process for biodiesel production has been performed
through a process analysis by using SuperPro Designer" software.
Traditional treatment includes three main sections: transesterification reaction of oil with methanol in the presence of catalysts,
purification of biodiesel and purification of glycerol. In the innovative process, as demonstrate by scientific literature, transesterification reactors have been replaced with hydrodynamic cavitation
equipment. Several scenarios have been proposed: traditional
treatment with soybean oil (Case Study A1) and waste cooking
oil (Case Study B1), and innovative process with soybean oil (Case
Study A2) and waste cooking oil (Case Study B2). In the two scenarios that used oil waste a pre-treatment unit is introduced before
the transesterification reaction, necessary to remove the suspended solid and prepare the raw material for the subsequent
operation of biodiesel production.
Economic feasibility of the treatments has been investigated by
LCC analysis considering the mass and energy balances obtained
from process analysis. This methodology confirmed to be an excellent tool to identify the most sustainable option for the biodiesel
production from an economic point of view. LCC showed that the
raw materials, mainly due to the purchase of soybean oil, had
the major incidence on operating cost followed by the utilities cost.
The chemical cost was reduced by 90% in the Case Study B1 and B2
in which waste cooking oil was used as feedstock. Regarding to the
utilities cost, Case Study A1 and A2 had the lower cost, in fact in
these the pretreatment section was missing. Hydrodynamic cavitation reduces of about 40% the energy consumption with respect to
the traditional process. The total treatment costs were: 833 €/t of
oil and 820 €/t of treated oil for Case Study A1 and A2, these values
were reduced of the 60% for the Case Study B1 and B2. Life cycle
cost analysis allows for an economic assessment of different
options, therefore enabling decision-makers to make the best overall decision. In the specific case, any effort to increase the use of
waste cooking oil as an alternative to soybean oil is seen as a good
opportunity to reduce the process cost for biodiesel production.
Hydrodynamic cavitation reduces the energy consumption and
further development and improvements can be obtained if pretreatment unit could be not necessary by using hydrodynamic cavitation. This aspect needs further experimental researches that will
be the scope of the future scientific activity, in order to investigate
the possibility to reduce the process unit cost and to check the
quality of biodiesel according to International Standards.
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Supplementary materials

Figures

Figure S1: Transesterification reaction section (*methanol from glycerol purification section)

Figure S2: Biodiesel purification section (water* from glycerol purification section, glycerol ** and
glycerol *** sent to glycerol purification section, see Fig. S3)

Figure S3: Glycerol purification section (glycerol ** and glycerol *** from biodiesel purification section,
see Fig. S2; water to recycle* sent to biodiesel purification section, see Fig. S2; methanol to recycle* sent to
transesterification reaction section, see Fig. S1)

Figure S4: Pre-treatment section for waste cooking oil

Figure S5: Transesterification reaction section by hydrodynamic cavitation (*methanol from glycerol
purification section, see Fig. S7)

Figure S6: Biodiesel purification section (water* from glycerol purification section, glycerol ** is sent to
glycerol purification section)

Figure S7: Glycerol purification section (glycerol ** from biodiesel purification section, see Fig.S6; water
to recycle* sent to biodiesel purification section, see Fig. S6; methanol to recycle* sent to transesterification
reaction section, see Fig.S5)

Figure S8: Annualized costs for utilities (€/cubic meter of feedstock) selected process to biodiesel
production. Annual plant capacity = 7920 m3 of feedstock, virgin oil (A1 and B1) and exhaust oil (A2 and
B2)

Figure S9: Electricity consumption (€/cubic meter of feedstock) for selected process to biodiesel production.
Annual plant capacity = 7920 m3 of feedstock, virgin oil (A1 and A2) and exhaust oil (B1 and B2)

Figure S10: Annual net profit (€) as a function of the initial price of feedstock (€/kg). Virgin oil for A1 and
B1; Exhausted oil for A2 and B2.

Tables
Pre-treatment section for Case Study B1 and B2
Size (D x H), m
T, °C
P, bar
€
Unit
0.44 x 1.33
25°C
1.013 2800
P-1a/V-101
0.77 x 2.31
25°C
1.013 1000
P-2a/V-104
25°C
1.013 1000
P-4a/SCR-10
0.87
x
2.173
70°C
1.013 13000
P-7a/R-100
68°C
2.026 10000
P-10a/WSH -101
P-12a/C-101
P-15a/V-103

0.77 x 2.80
Stages = 7
0.347 x 1.040

64.75°C

0.2

30000

40.02 °C

1.2

700

Transesterification reaction for Case Study A1 and B1
Size (D x H, m; A, m2) T, °C P, bar
€
Unit
1.286 x 3.858
42.77 1.013 17300
P-4/V-101
0.946 x 2.839
25.07 1.013 10000
P-5/V -102
2.569
x
7.706
25.00 1.013 60200
P-6/ V-103
0.11
60.00 4.460 3500
P-12/HX-101
0.934 x 2.334
64.74 4.460 15300
P-13/R101
64.74
4.460 45000
P-15/ DC-101
0.903 x 2.257
62.82 4.013 14400
P-14/R -102

Transesterification reaction for Case Study A2 and B2
Size (D x H, m; A, m2) T, °C P, bar
€
Unit
1.246 x 3.738
42.77 1.013 17300
P-4/V-101
0.851 x 2.552
25.07 1.013 10000
P-5/V -102
2.569 x 7.706
25.00 1.013 60200
P-6/ V-103
0.11
60.00
2.00
3500
P-11/HX-101
60.00 2.00 20000
P-13/GBX-101
60.00 2.00 45000
P-14/ DC-101

Biodiesel purification for Case Study A1 and B1
Size (D x H, m; A, m2) T, °C P, bar
Unit
62.82 4.013
P-16/ DC-102
1.404 x 0.562
36.00 1.013
P-18/V-101
36.00
1.013
P-19/DC - 104
0.269
95.42 1.013
P-20/HX-101
0.206
101.67 1.013
P-21/HX-102
0.803 x 3.212
41.24
0.2
P- 23/V-104
2.380
x
7.141
25
0.2
P-25/TNK-104

€
44000
6200
45000
6200
5200
20000
20900

Biodiesel purification for Case Study A2 and B2
Size (D x H, m; A, m2) T, °C P, bar
€
Unit
1.404 x 0.562
36.00 1.013 6200
P-16/V-101
36.00 1.013 45000
P-17/DC - 104
0.269
95.42
1.013 6200
P-18/HX-101
0.206
101.67 1.013 5200
P-19/HX-102
0.803 x 3.212
41.24
0.2
20000
P- 21/V-104
2.380 x 7.141
25
0.2
20900
P-23/TNK-104

Glycerol purification for Case Study A1 and B1
Size (D x H, m; A, m2) T, °C P, bar
Unit
0.457 x 1.143
33.3
1.013
P-28/V-101
33.3
4.46
P-30/DC-103
0.452 x 1.131
34.43 1.013
P-33/V-103
0.30
80.56
4.46
P-36/HX-101
0.60 x 4.800
80.56
0.20
P-36/C-101
0.60
x
4.800
100.50
1.013
P-38/C-102
0.08
P-39/HX-102
0.42
25
4.46
P-41/HX-103
1.818 x 5.455
25
1.013
P-42/TNK-106

€
8500
34000
8500
6600
52500
52500
3400
8200
24300

Glycerol purification for Case Study A2 and B2
Size (D x H, m; A, m2) T, °C
P, bar
Unit
0.45 x 1.124
33.3
1.013
P-26/V-101
33.3
4.46
P-28/DC-103
0.44x 1.109
34.43 1.013
P-31/V-103
0.26
80.56
4.46
P-34/HX-101
0.60 x 4.800
80.56
0.20
P-35/C-101
0.60
x
4.800
100.50
1.013
P-37/C-102
0.08
P-38/HX-102
0.42
25
4.46
P-40/HX-103
1.803
x
5.410
25
1.013
P-41/TNK-106

€
8500
34000
8500
6100
52500
52500
3400
8200
24300

Table S1: List and quotation of the main equipment

Price (€/kg) Source
Virgin oil
Exhaust oil
Methanol
Water
Hydrochloric acid (37%)
Sodium hydroxide
Sulfuric acid (96%)

0.67
0.00
0.37
0.0007
0.17
0.91
0.07

(Zhang et al., 2003)
Assumption
(Zhang et al., 2003)
(Italian market)
(Zhang et al., 2003)
(Zhang et al., 2003)
(Argus media)

Table S2: Prices of chemicals used for the LCC analysis

Price (€/unit) Unit Note
Electricity
Chilled water
Steam
Disposal cost

0.15
0.33
10
0.15

kWh
t
t
kg

Italian market. Average (day/night) electricity price
SuperPro Database
SuperPro Database
Assumption Dangerous material

Table S3: Utilities prices and costs of waste disposal and transport

