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Abstract: The aim of this study is to analyze the exergetic, environmental, and economic impact
of the electrification of a bio-refinery plant, considering the application of Mechanical Vapor Com-
pression (MVC) to a conventional water—ethanol distillation column in the context of bioethanol
production. The process was implemented in AspenPlus® and Aspen Exchange Design and Rating
(EDR) simulation environments, where a sensitivity analysis was also carried out, considering four
scenarios characterized by different compressions’ operative conditions, and including a Coefficient
of Performance (CoP) analysis of the proposed solution with MVC. Exergetic and economic analyses
were performed, and the relevant impacts on Operative Expenditure (OpEx) and Capital Expenditure
(CapEx) were analyzed. Comparing the base case scenario with the proposed solution, a reduction
of operative costs of around 63% was achieved. Finally, an environmental analysis was carried out,
showing a remarkable reduction in the carbon footprint of the unit, with a carbon dioxide emission
reduction of almost 80% for the MVC solution, in line with RED target requirements.

Keywords: electrification; energy transition; mechanical vapor compression (MVC); water ethanol
distillation; bioethanol; process simulation; CO;, emissions; RED II

1. Introduction

In recent years, an alarming increase in CO, emissions has been noticed due to a rapid
growth in the industrial sector [1,2]; in 2019, the concentration of carbon dioxide in the
atmosphere reached the value of 409 ppmv. This peak value, registered for the first time
after almost 1 million years, is alarming, especially if compared with the levels of the last
century, where the 300 ppmv threshold was never crossed [3].

For the reasons mentioned above, it is necessary to reduce greenhouse gas emissions
from industrial plants [4]. With this target in mind, the United Nations Framework
Convention on Climate Change (UNFCC) came to a new agreement in 2015 with the
aim of limiting the increase of the average atmospheric temperature to 2 °C with respect to
the pre-industrial Era [5]. To achieve this goal, the total amount of CO; emissions in the
atmosphere must be limited to only 1000 Gt by 2100.

Finally, with the last agreement of the UE Climate Action, called the 2050 Long-Term
Strategy, all European countries must achieve “carbon neutrality” by 2050, meaning that
net greenhouse gas emissions must be zero by 2050 [6].

During the last few years, the Renewable Energy Directive (RED) has been imple-
mented, with the aim of reducing carbon footprints so as to achieve the EU’s objective
of climate neutrality by 2050 [7]. This revised RED establishes a common framework
to promote energy from renewable sources in electricity, heating and cooling and in the
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transport sectors for the 2021-2030 period, but it also includes as part of the definition
of “recycled carbon fuels” liquid and gaseous fuels produced either from liquid or solid
waste streams of non-renewable origin or from waste processing gases and exhaust gases
of non-renewable origin. This means that fuels derived from non-renewable waste streams,
e.g., fossil waste (plastic, rubber, gaseous wastes, etc.) could be promoted through transport
targets and support schemes but could not be considered under the overall renewable
energy target [8]. As declared in the Directive, despite their fossil origin, recycled carbon
fuels will still be evaluated in the Renewable Energy Directive in order to incorporate
the following criteria: greenhouse gas (GHG) emissions savings need to be at least 70%
compared to fossil fuels; energy inputs need to be counted in a similar way to electricity;
and fossil energy inputs are to be calculated for biofuels when determining their GHG
performance.

Under this scenario, one possible way to achieve the above target, and to exploit RED
II in a bioethanol production process, is by municipal waste valorization. In this case, a
liquid fuel, such as ethanol, is produced from a waste source [9,10] and the electrification
of the heat transfer units allows to decrease the overall GHG emissions. The conversion
of heating consumption into electrical consumption would be an important step in the
energy transition route, once coupled to an increasing share of renewables in the grid,
with the aim of meeting the GHG target imposed by RED II. This strategy can be adopted
by increasing the use of green energy sources to reduce CO, emissions and fossil fuel
dependency [11-16].

Electrification is a well-known process used in various contexts. A number of scientific
papers in the literature are focused on the electrification of chemical plants, such as that by
Chen et al. [17], dealing with direct and indirect electrification in methanol production.

Another study, by Cui et al. [18], analyzed the possible reduction of the costs and CO,
emissions of an azeotropic pressure swing distillation, thanks to electrification based on
self-heated recovery technology in a water—tetrahydrofuran system. The conclusions of
this article showed that the electrical-driven solution accounts not only for a reduction of
83% in CO, emissions with respect to the conventional method, but also for a reduction of
23% of operative costs.

As far as bioethanol is concerned, Chen et al. [19] made a review on a wide range of
recycling techniques for bioethanol production from lignocellulosic biomass. In their work,
they found bioethanol to be a promising substitute for fossil fuels in term of energy transi-
tion, which would help to mitigate GHG emissions. In this review, different applications,
including pretreatment, fermentation and distillation, have been discussed.

In this work a bioethanol production plant from waste conversion was considered,
focusing ¢ mainly on an electrical-driven solution for the azeotropic water-ethanol distilla-
tion tower. The strategy used is Mechanical Vapor Compression (MVC), which converts the
steam consumption required to boil the bottom of the column into electrical consumption.
According to the authors” knowledge, this is the first work where a complete evaluation of
the MVC implementation in the ethanol-water distillation operation is reported, focusing
on the possibility of carbon footprint reduction.

The aim of the proposed architecture is to reduce CO, emissions related to fossil-
based steam consumption by switching to sustainable electrical energy sources. The GHG
emissions reduction was directly related to the substitution of steam from natural gas boiler
with an electrical-driven compressor.

Finally, a techno-economic analysis, to evaluate the economic feasibility of this solution,
is carried out, in which both economic and environmental perspectives are adopted.

2. Materials and Methods

Mechanical Vapor Compression (MVC) is a well-known technology in the field of
chemical process engineering, which provides a means of reducing utility consumption
in a distillation column. It is based on vapor distillate compression, which increases its
condensing temperature at least 5 °C above the boiling temperature at the bottom [20],
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and so allowing its condensing heat to boil the bottom fraction. In this way, the utility
consumption associated with condensing steam and cooling water is limited, or eliminated,
and is switched into electrical consumption related to the power absorbed by the com-
pressor. Generally, when heat pumps are involved in this type of process, the condenser
may be completely replaced with a compressor, since the overheated vapor exiting the
compressor works as a heating medium for the boiling of the boil-up: in this way, only one
heat exchanger is necessary, working at the same time as the reboiler and condenser unit.

2.1. Description of the “Base Case” Plant

The distillation column considered for upgrading through MVC is part of a typical
water—-ethanol distillation section. This unit is part of a bioethanol production unit, which
is a section in a waste-to-ethanol production process. The reference plant accounts for an
ethanol capacity of 62 kt/y, starting from about 192 kt/y of waste.

Syngas required for bioethanol production comes from the gasification of so-called
Refuse Derived Fuel [21]; once purified from pollutant compounds, syngas is fed into a
fermentation reactor where a mixture of ethanol and alcohols are produced (the liquid
mixture is mainly composed of 96 wt% water and 4 wt% ethanol, with traces of methanol,
acetic acids, and other alcohols [22]). Typically, this stream, the so-called broth, is fed into
the distillation unit, together with a bleed stream coming from the reactor itself, where
the ethanol is concentrated up to its azeotropic concentration. Finally, since an azeotrope
concentration is reached on top of the last column, an additional unit, located downstream
of the distillation, is required to refine ethanol to a specified fuel grade quality characterized
by a minimum ethanol concentration of 98.7 wt% [23]. This section is not represented in
this study, which is focused mainly on the distillation unit improvement.

Figure 1 shows the block diagram of a typical water ethanol distillation unit, composed
of three distillation columns [22].

CLARIFIED BROTH PERMEATE
206 t/h COLUMN
WASTE WATER RECTIFICATION AZEOTROPE
183t/ COLUMN -
BLEED 13tk WASTE WATER
[ BLEED 13t/h
COLUMN
STEAM i
WASTE WATER
13t/h

Figure 1. Distillation unit’s block diagram.

The broth feed (206 t/h) is fed into the permeate atmospheric column, where a distillate
vapour composed of 33 wt% of ethanol is obtained [22,24].

The second column, identified as the bleed column in Figure 1, operates under vacuum
conditions and is fed with the bleed of the fermentation reactor (13 t/h), producing a
distillate composed of 33 wt% of ethanol [22,24].

The bottom streams of both the permeate and bleed columns are mainly composed
of water, containing traces of by-products, such as acetic acid and methanol, which are
generally sent to a wastewater treatment plant.

Finally, the third column represented in Figure 1 is the atmospheric rectification
column, where the distillate of the other two columns is fed and the azeotrope ethanol-
water solution is produced on the top (11 t/h).
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At the bottom of the rectification column is a stream of spent water which generally
goes together with the contents at the bottom of the permeate and bleed columns to a
wastewater treatment plant, which is especially important given the environmental aim of
recovering and reusing water as much as possible.

2.2. Process Layout: Original and Upgraded Process Scheme
2.2.1. Thermodynamic System

Before starting the simulation on the AspenPlus® software, the authors carried out a
literature review in order to evaluate the optimal thermodynamic model to describe the
analyzed system.

It is well known that NRTL (Not-Random Two Liquids) is the model most often used
for water—ethanol mixture VLE modeling [25]. Accordingly, the NRTL system used in this
work describes with great accuracy the results obtained in the literature [26,27], as can be
seen in Figure 2, which shows the overlap of the data reported in the literature and those
obtained in the author’s simulation.

335
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S
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Figure 2. T-x-y graph of water—ethanol equilibrium: comparison between experimental data and
NRTL predicted data [26].

The pressure for the continuous line and the round literature data is 13.15 kPa, whereas
the pressure for the dotted line and the square literature data is 19.71 kPa [21,22]. Con-
cerning higher pressure, the reliability of the thermodynamic system proposed has already

been reported in the literature [28].
2.2.2. Process Layout

Initially, a simulation in the AspenPlus® environment of the entire typical water—ethanol
distillation unit was carried out. The scheme of the section is represented in Figure 3.
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Figure 3. Scheme for the distillation unit base case scenario.

The simulation was carried out under the hypothesis of considering water and ethanol
as the only two chemical species present in the system, since all the other by-products
formed in the fermentation reaction, such as acetic acid, methanol, etc., have negligible
concentrations (under 5 ppmv [22]). The second fundamental hypothesis at the base of
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the simulation is the equivalence between the compositions of broth and bleed. This
assumption derives from a previous study [29], in which it was noticed that the bleed and
broth streams differ only with respect to the presence of the biocatalyst dragged from the
fermentation reactor. The presence of the biocatalyst was neglected in the study, due to its
low concentration.

The permeate column (C-101 in Figure 3) is fed with the broth stream (206 t/h), which is
the product of the fermentation reactor, composed of 96 wt% water and 4 wt% ethanol. This
column produces a distillate stream with a composition of 33 wt% ethanol and 67 wt% water,
and is then fed into the rectification column, located downstream, in the vapor phase.

The bleed column (C-102 in Figure 3) is fed with the bleed of the fermentation reactor
(13 t/h), which for this simulation has the same composition of the broth, indicated
above [22]. Additionally, this column produces a distillate with the same composition of
the permeate column distillate; then, the distillate is condensed due to thermal recovery
with the feed of the bleed column itself (HE-101 in Figure 3) and a water cooler (HE-102). It
is then sent to the rectification column (C-103 in Figure 3).

The bottom of both columns, mainly composed of water, as previously described, is
sent for further treatment, not covered in this work.

The bleed column is provided with a direct steam injection, from the permeate column
bottom and expanded into the valve V-101 to the bleed column bottom pressure.

Finally, in the third column (i.e., the rectification column), the distillate of the former
two columns is further concentrated up to the azeotropic concentration of 94.4 wt% ethanol
on the top. The bottom stream, mainly water, is mixed with the other two bottom streams of
the previous columns and sent for further treatment. The rectification column is provided
with a reboiler at the bottom and two condensers at the top. The first condenser (HE-103 in
Figure 3) is a thermal recovery, in which the broth is preheated and the azeotrope vapor is
partially condensed, whereas the second condenser (HE-104 in Figure 3) is fed with cooling
water and is needed to condensate the remaining vapor.

From this scheme, the rectification column (C-103) was found to be the best place to
locate the mechanical vapor compression unit. This choice was related to the facts that:

1. In the first distillation column, the MVC cannot be introduced, since the produced
distillate is in the vapor phase; so if the MVC were to be applied here, the distillate
would condensate, recovering heat from this solution, but in the meantime, due to
condensation, the duty coming from the previous vapor distillate stream would be
lost and the third’s column reboiler would require a higher overall duty;

2. In the second column, the introduction of MVC was discarded, due to the absence of
a reboiler. The operating conditions are not suitable for MVC application in any case.
As a matter of fact, the top of the permeate column works under vacuum conditions,
so introducing MVC at this point would imply a remarkable increase of electrical
consumption and a multiplication of issues related to the complexity of the control
and the consumption of the unit. Moreover, if MVC were applied here, the heat
recovered would be less than that obtained from the rectification column, due to the
lower flowrate involved, impacting in the meantime on a more CapEx expensive
COMPTessor.

As for the rectification column, MVC was applied to a part of the vapor distillate
stream, since the goal of the overall process was to improve, by heat integration, the
overall consumption, including cooling water consumption. This part will be described in
detail later.

Figure 3 shows the simulation scheme of the whole unit described above and repre-
sented as a block diagram in Figure 1.

Figure 4 shows the rectification column (C-103 in Figure 3) coupled with MVC.
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Figure 4. Scheme for the alternative case.

The vapor stream exiting from the top of the column, C-103 (T =78 °C; P = 100 kPa;
total pressure drops 40 kPa), enters first the heat recovery section, HE-103 (9.5 MW), where
it is partially condensed to preheat the broth. The condensed fraction, which is around
80% of the total vapor distillate stream entering HE-103, is separated in F-102 from the
liquid and is partially sent back to the column as part of the reflux (through splitter S-102),
and partially composes the product of the distillation tower. This HE-103 heat recovery is
quite important to limit intensive cooling water usage for distillate condensation, which
takes place in HE-106. The remaining vapor is further divided in the splitter S-101, where
only the flowrate that guarantees heat for the reboiler is fed in the compressor K-101,
while the remaining part is directly sent to the condenser HE-106 through the mixer M-
102. The compressor increases the vapor pressure, up to around 400 kPa, so that the
condensation temperature of vapor is at least 5 °C greater than the boiling temperature
of the bottom [30]; the heat for the vaporization of the boil-up is given in the condenser—
reboiler heat exchanger HE-105 (Figure 4), partially by the cooling of superheated vapor
exiting from the compressor, but mainly by condensing the vapor itself.

After being condensed, the stream has to be expanded in valve V-102, in order to
come back to the column’s top pressure of 100 kPa. While this is being done, the expanded
stream partially evaporates, and for this reason a condenser is necessary to receive the
residual vapor which is split upstream of the compressor. Vapor and liquid are separated
in F-103. The vapor is then sent to the condenser HE-106 through the mixer M-102, where
the vapor split before the compressor is also sent, and then mixed again with the liquid to
give rise to the column reflux.

Finally, the residue is removed from the splitter S-103.

Regarding the compressor, in order to analyze how MVC improves the overall effi-
ciency of the process, the Coefficient of Performance (CoP) was calculated, as represented
in Equation (1):

Q

CoP = % )

where Q (kW) is the duty required to condensate the vapor stream that goes into MVC and
W (kW) is the work of the compressor [31].

In the Aspen Plus® simulation environment, the columns were simulated with the
RadFrac block, considering a number of stages that reflect the number of trays reported
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in the work of Herbert [24]. For the compressor, an isentropic efficiency of 80% was
considered [32].

2.3. Compressor and Heat Exchanger Sensitivity Analysis

A sensitivity analysis was carried out, varying the outlet compressor pressure in
order to analyze the variation in both compressor power and the reboiler-condenser heat
exchanger area.

Starting from the first alternative case, in which the minimum outlet compressor
pressure that guarantees the minimum temperature approach to the exchanger has been se-
lected [30], three additional cases were analyzed in which the outlet pressure was increased
step by step.

It has to be noted that varying the outlet pressure of the compressor also varied the
flowrate required in the condenser-reboiler exchanger; for this reason, a sensitivity analysis
on the heat exchanger device was performed with Aspen Design and Ratings® software to
determine the relevant impact on the exchange area of this device.

Finally, the sensitivity analysis also affects the CoP of the compressor, and for this
reason this parameter was also take into consideration to choose the best case.

3. Techno-Economical Evaluation
3.1. Techno-Economic Feasibility

To assess the techno-economic feasibility of the proposed scheme based on MVC
technology coupled to a rectification column of a water ethanol distillation unit, both the
CapEx and OpEx associated with the upgraded scheme were estimated, as well as the
carbon footprint variation of the two solutions (steam consumption versus electric power
consumption).

The greenhouse gas emissions resulting from the operation of the rectification column
are related to the production of the steam used in the reboiler. The following assumptions
were adopted:

1.  The indirect emission of electric power derives from the Italian energy mix and
accounts for an average emission factor of 0.29 kgCO,/kWh [33].

2. Steam is produced in an auxiliary boiler by burning natural gas, with a thermal
efficiency of 90% [34], thus resulting in an emission factor equal to 0.14 kgCO, /kg
steam.

3.  The implementation of the MVC principle, by introducing a compressor, obviously
leads to an increase in the CapEx. Relevant investment cost was calculated considering
a correlation factor equal to 3 M€/MW among the compressor work and its capital
cost [35].

4. Regarding the heat exchanger, a correlation factor of 200 €/m? [36] was used.

5. The Operative Cost was derived considering the annual cost associated with the
consumption of that utility, on the basis of 8000 operating hours per year [35,36].

6.  Cooling water, available at 28 °C, has a unitary cost of 0.03 €/m3.

7.  Steam has a unitary cost of 24 €/t.

8.  Carbon tax, given by the carbon footprint, has a unitary emission cost of 0.036 €/kgCO,
emitted.

9.  Maintenance has an annual cost equal to 2% of the CapEx.

10. Natural gas has a unitary cost of 0.24 €/Sm?3.

11.  Electric energy has a cost of 90 €/MWh.

For both CapEx and OpEXx, the difference with respect to the base case was considered.
Regarding CapEX, the costs of the compressor and the added condenser were considered,
because they are the unique devices added in the scheme, with respect to the base case unit.

Finally, the authors carried out a sensitivity analysis, in which the effect of a variation
for the carbon tax value was studied. This analysis was necessary given the significant
fluctuations in this variable over the years.
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3.2. Exergy Analysis

The exergy analysis of the different process schemes was performed. As is well
known, this analysis is based on the second principle of thermodynamics and it overcome
the limits of energy efficiency analysisby evaluating exergy lost as waste streams and as
irreversibility [37].

In this study, both chemical and physical exergy of feed and the products of the
rectification columns are taken into account. The two configurations analyzed here are
analogous except for the replacement of the reboiler with the MVC architecture.

The exergy balance is composed of two terms: the physical exergy and the chemical
exergy.

The physical exergy was calculated in the Aspen Plus®simulation environment, using
the Equation (2) [38]:

ph
Exin/out -

Mipjout - [(H —Ho) — To - (S — So)] 2)

where M is the molar flowrate of the considered stream (kmol/h), H and S are the stream
molar enthalpy and entropy, respectively, and the suffix 0 refers to standard ambient
condition (i.e., P=1atm and T = Ty = 25 °C).

The chemical exergy was calculated with Equation (3) [38]:

n 0 n
Exffz’/out = Min/out - (Z X exfh +R-Ty in -In(x;)) (3)
1 1

where 1 = number of chemical species (-), x; = mole fraction of the i-th species (-), ex;" = stan-
dard chemical exergy of the i-th species at P = 1 atm and T = T = 25 °C (reported in [39])
(kJ/mol), and R = gas constant (kJ/kmol K).

Then, the exergy efficiency and the destructed exergy of the unit, as reported in
Equations (4) and (5), respectively, are estimated as follows [38]:

Extot
- L @
Xin
Exf" = Exjy! — Exgliy = To - Sgen ©)

where Ex*';, and Ex'*,,; are the total exergy entering and leaving the system, respectively,
and Sgey, is the generated entropy (kJ/K kmol).

The waste exergy was calculated and considered equal in this case to the exergy of the
bottom of the rectification column, since it is the only stream that represents waste in the
system and which is not upgraded as a product or re-used in the same cycle.

Finally, irreversibility was calculated as the difference between the total destructed
exergy and the total exergy of the waste, as expressed in Equation (6) [38]:

Irreversibility = Ex' — ExIot,, (6)

The aim of this analysis is to evaluate both the efficiency and irreversibility of the

proposed scheme with respect to the conventional one in terms of thermodynamic analysis

output. For a distillation column, the Ex0:°% term is calculated as the difference between

the total exergy associated with the feeds and the total exergy of the products, whereas the

Exto'™ term is the total exergy directly provided to the reboiler, as reported in a previous
work [33].

4. Results
4.1. Base Case Scenario Results

For the base case, a cooling water consumption of 232 m3/h and a consumption of
condensing steam of 3.5 t/h were calculated.
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In Table 1, the distillate and residue flowrates, along with the condenser and reboiler
duties of the three columns are reported: their value clearly indicates that the best choice
is to adopt MVC technology for the rectification column. Indeed, the condenser and the
reboiler can be easily merged into a single device, since their duty is almost the same, with
a compressor added to increase the condensing temperature of the distillate. The MVC
solution was applied only in this point, as explained in paragraph 2.2.

Table 1. Base case simulation results.

Simulation Results

Unit Permeate Column Bleed Column Rectification
Column
Distillate t/h 22 2 11
Residue t/h 185 13 13
Condenser duty MW - - 2.7
Reboiler duty MW 14.6 - 2

4.2. Mechanical Vapor Compression Results

Table 2 shows the alternative case results, with the MVC implemented in the rectifica-
tion column.

Table 2. MVC results.

MVC Results
Unit Duty
Condenser-reboiler MW 2
Top condenser MW 1

Moving from the base case to the alternative case coupled to MVC, the rectification
column operative conditions and thermal recovery were assumed to be constant. The
first MVC simulation was performed by adopting quite a low difference between the
compressed distillate condensing temperature and the bottom boiling one (i.e., 5 °C) and
no condensate undercooling.

An amount of 47,000 kg/h of vapor leaves the top of column 1, and, in the ther-
mal recovery, around 36,000 kg/h of this vapor is condensed; thus, only the remaining
10,400 kg /h of vapor can be used in the MVC.

The first MVC simulation was performed by adopting a 5 °C difference between the
compressed distillate condensing temperature and the bottom boiling one; under this
hypothesis, 8200 kg/h of vapor are fed to the compressor, to increase their pressure from
100 to 370 kPa with a compressor power consumption equal to 0.35 MW. This device
presented a CoP of 5.71, consistent with other similar studies, such as the one carried out by
Li et al. [31], in which this parameter was equal to 5.44. When the MVC is introduced into
the scheme, steam consumption is zero and the cooling water consumption remarkably
decreased down to 92 m?/h.

In Figure 5, a Q-T diagram of the condenser-reboiler exchanger (HE-105 in Figure 4)
is represented.

The vapor leaves the compressor as overheated vapor and guarantees the required
heat partially with de-superheating, but mainly with condensation.

The heat exchanger was simulated as a vertical thermosiphon in an Aspen Exchange
Design & Rating® environment, and an area for this device was estimated at 234 m?.
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Figure 5. Q-T diagram of the condenser-reboiler (HE-105 in Figure 4) exchanger for the first alterna-

tive case.

Compressor Sensitivity Results

In this sensitivity study, four different compressor discharge pressure values were
considered:

Case 0, with an outlet pressure of 370 kPa;

Case 1, with an outlet pressure of 400 kPa;

Case 2, with an outlet pressure of 450 kPa;

Case 3, with an outlet pressure of 500 kPa.

In Table 3, the sensitivity results are reported.

Table 3. Compressor data sensitivity analysis results.

Compressor Sensitivity Results

Unit Alternative Case Case 1 Case 2 Case 3
Outlet pressure kPa 370 400 450 500
Outlet compressor Temperature °C 131 138 144 148
Compressor feed kg/h 8200 7850 7800 7700
Compressor’s elec.:trlc power MW 035 0.29 032 0.34
consumption
Heat exchanger’s area m? 234 154 130 158
Heat transfer coefficient m‘;\_’K 921 959 1019 753
CoolingATp 11 °C 12.4 29.3 15.56 355
CondensingATyr» °C 5 4 7.5 15
Sub-coolingATy1 3 °C - - 6.5 9.8
CoP - 5.71 6.77 6.25 5.71

Table 3 shows that when the outlet compressor pressure is increased, the compressor
work initially decreases and then goes up again, whereas the temperature increases; this
happens because the required stream in Case 1 is much less than in the alternative case;
if the pressure is further increased, the work increases again, since the compression ratio
becomes the predominant factor.

Regarding the CoP, a significant increase of this value was not reachable, since the
heat in the condenser—reboiler is fixed, due to the fixed value of duty Q. For this reason, the
only way to increase the coefficient of performance is to reduce the work of the compressor,
and this was actually done, by analyzing different scenarios, as reported in Table 3. This
consideration clarifies the trend of this parameter, which has a maximum corresponding to
Case 1, with a CoP of 6.77, which corresponds to the minimum compressor consumption,
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and then it decreases again. In other works, the Coefficient of Performance was raised by
increasing the flowrate in the compressor, in order to increase the numerator in Equation (1),
and so the CoP itself [31]; however, as mentioned in the paragraphs above, it was not
possible in this case, since the architecture of the system and the goal of the overall process
was to improve the overall consumption by heat integration, including cooling water
consumption.

Figure 6 shows the Q-T diagrams of the various cases.
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Figure 6. Q-T diagram of Cases 1, 2, and 3 of the condenser-reboiler (HE-105 in Figure 4).

Table 3 shows a decreasing trend of the heat exchange area with respect to the dis-
charge pressure, which is interrupted in Case 3 by a remarkable increase. This trend is
explained in Figure 6: considering in every case a minimum difference of temperature for
the two fluids at 5 °C, for Cases 1 and 2, the condensing-boiling remains the predominant
mechanism inside the exchanger, thus, the heat transfer coefficient remains approximately
constant and the larger difference between the condensing and the boiling temperatures
has decreased the exchange area, as reported in Table 3. On the other hand, in Case 3,
the subcooling becomes relevant, and for this reason the overall heat exchange coefficient
shows a remarkable decrease, with a consequent increase of the area.

The MVC technology has been studied for several years in the field of distillation
and it allows to upgrade the energy of the unit by the compression of a lower pressure
vapor in order to make the energy available to execute work [40]. The first important
consideration was raised in the work of Palacios et al. [40], where a pinch analysis approach
was performed towards the condenser—reboiler device. Indeed, also in this study, the
pressure reached from the gas leaving the compressor strictly depends on the temperature
of the heated fluid.

Moreover, Canales and Marquez [41] dealt with this issue in the case of water—ethanol
distillation, obtaining appreciable results in a pilot plant in both dynamic and steady states,
with an energy saving around 50%.

As for the present study, another example where the CoP value increased because
of MVC implementation was the work of Enweremadu et al. [38]. In the cited study,
heat pumps were used to reduce energy consumption in a water—ethanol conventional
distillation column. The authors focused on the expression of some common features of the
application of the MVC principles into a distillation tower, such as the effects of a pressure
increase across the compressor, column heat loss, and the overall transfer coefficient in the
condenser-reboiler in term of Prandtl, Reynolds, and Nusselt numbers. The results showed
that these parameters, once included in the model equations, have a concrete impact on the
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solution, for instance, increasing the compressor power input required and decreasing the
coefficient of performance.

Finally, the possibility of applying MVC in a water—ethanol distillation tower was
examined also by Oliveira et al. [42]. In this study, the authors dealt with a simulation
model representing the process in term of mass and energy balances and a Coefficient
of Performance. The results mainly confirm those obtained in this work, showing a very
similar pattern with respect to the CoP. Moreover, the conclusion about the convenience of
the MVC from both energetic and environmental points of view was supported.

4.3. Economic Evaluation Results

For the economic analysis reported in this paragraph, the authors started analyzing
the OpEx of the base case scheme, focusing on the rectification column [31].
Table 4 shows the OpEx for the base case, without the MVC.

Table 4. OpEx for the base case.

OpEx for the Base Case

Unit

Unitary Value Unit Flowrate Unit Cost

Cooling water
Steam
Carbon Tax
TOT

€/m3
€/t
€/kgCO,

0.03 m3/h 232 Mé/y 0.056
24 t/h 35 Me€/y 0.67
0.036 kgCO,/h 490 M€ /y 0.14
Mé/y 0.87

In the base case, the Operative Costs are related to the consumption utilities as cooling
water and steam. Table 4 shows that steam cost has the biggest impact, followed by the
carbon tax—that is, in all cases linked to the steam itself because the emissions of CO, are
directly associated to steam production.

From the calculations, the OpEx related to the rectification column, in the base case, is
0.87 M€/y.

After the introduction of the MVC, the CapEx was calculated for every case reported
in the previous paragraph, in order to identify the economic optimum. The analysis was
carried out considering the variation that MVC introduces into the scheme; for this reason,
the analysis concerns the cost of the compressor, with a correlation factor of 3 M€/MW, and
the cost of the heat exchanger, with a correlation factor of 200 €/ m?2. For this last device,
the cost reported is the difference between the exchanger required for the column when
MVC was considered and the cost of the device required in the base case, for which an area
of 107 m? was calculated.

Table 5 reports the CapEx cost for the unit.

Table 5. CapEx cost.

CapEx Cost of the Unit

Compressor’s Work Additional Area Compressor’s Cost Heat Exchanger’s Cost Total Cost

(%0

W) (m?) (M€) (M¢€) (M€)

Alternative case
Case 1
Case 2
Case 3

0.35 127 1.05 0.025 1.08
0.29 47 0.9 0.009 091
0.32 23 0.96 0.005 0.97
0.35 123 1.05 0.024 1.07

As shown in Table 5, Case 1 represents the case that minimizes the total CapEx (i.e.,
the economic optimum for the unit).

The following economic analysis carried out was the OpEx analysis, in order to
evaluate here the best case also.

Table 6 shows the OpEx calculation procedure after the application of the MVC,
referring to the alternative case.
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Table 6. OpEx for the MVC alternative case.

OpEx for the MVC Case
Unit Unitary Value Unit Flowrate Unit Cost
Cooling water €/m?> 0.03 m3/h 92.3 ME€/y 0.02
Electric energy €/MWh 90 MW 0.35 ME€/y 0.25
Carbon Tax €/kgCO, 0.04 kgCO, /h 101.5 ME€/y 0.03
Maintenance % CapEx 2 0.02
TOT M¢€/y 0.32

When the MVC technology is adopted, steam consumption is zero; for this reason, it
does not appear in the OpEx. Nevertheless, MVC adoption led to an electric energy demand
increase, with a cost of 0.25 M€/, as reported in Table 6. In addition, the maintenance
cost of the compressor, equal to 2% of the CapEx for the compressor itself, has to be
added. The amount of cooling water needed in the process is much less with respect to
the former case, since it is only needed to condense the remaining vapor that bypasses
the condenser—reboiler exchanger. Finally, since no more natural gas has to be burnt to
produce the required steam, the carbon dioxide emissions, and consequently the carbon
tax, are significantly reduced, from 490 kgCO, /h and 0.14 M€y, respectively, for base case,
to about 102 kgCO, /h and 0.03 M€/y in the MVC case.

Finally, an OpEx analysis was performed for every case shown, to compare the results,
as is shown in Table 7.

Table 7. OpEx results.

OpEx for the MVC Case
Unit Unitary Value
Alternative Case M¢€/y 0.32
Case 1 ME€/y 0.26
Case 2 Me€/y 0.28
Case 3 M¢€/y 0.29

Tables 6 and 7 show that, for both the CapEx and OpEXx, Case 1 represents the best
case and the economic optimum for the unit, because the minimization of the compressor’s
work has a notable impact not only on the cost of the compressor but also on the power
consumption and, indirectly, on the carbon tax and so on the OpEx in general.

As a conclusion of this analysis, applying the MVC technology, both the OpEx and the
carbon footprint of the ethanol purification process were considerably reduced, passing
from 0.87 M€/y to 0.26 M€/y (i.e., 0.61 M€/y, that corresponds to a reduction of 63%) and
from 490 kgCO, /h to 84.1 kgCO; /h (79% of reduction), respectively. The change of the
distillation process scheme also leads to an increase of the CapEx of 0.91 M€, which, with
the calculated AOpEXx, would be recovered in about 1.5 years.

The results of the sensitivity analysis on the carbon tax value are reported in Figure 7.

The sensitivity analysis on the carbon tax value showed an important result: a notable
variation of the OpEx for the Year O case (before the application of the MVC) occurred,
whereas the OpEx variation for the Year 1 case (after the application of MVC) is almost
negligible. This means that, since the cost of the tax due to the emission of carbon dioxide
will increase, the appeal of MVC, leading as it does to lower CO, emissions into the
atmosphere with respect to the base case, will grow with each passing year.
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Figure 7. Carbon tax sensitivity analysis results.

4.4. Exergetic Analysis Result

Focusing only on the base case and the alternative cases, chemical and physical exergy
were calculated for the entering feeds, distillate from the broth column and distillate from
the permeate column, and for the outgoing products (distillate and bottom), as previously
reported. These values, reported in Table 8, are the same for the conventional case and all
the alternative cases studied in this article.

Table 8. Exergy results for the distillation column.

Exergy Results for the Distillation Column

Chemical Exergy (kW) Physical Exergy (kW)
Feed 1! 6.9 x 10* 2291
Feed 22 2.1 x 10* 51
Distillate 8.3 x 104 44
Bottom 239 232

1 Feed 1 refers to the feed coming from the permeate column. 2 Feed 2 refers to the feed coming from the bleed
column.

The differences between the conventional case and the alternative cases presented in
this work, from an exergetic viewpoint, are due only to the replacement of the condensing
steam (for which a total exergy was calculated of 556 kW) with MVC.

For the conventional case, an exergy efficiency of 89.8%, a waste of 472 kW, and an
irreversibility of 8970 kW were estimated. The waste is the same for the conventional case
and all the studied cases, since it is related only to the bottom of the rectification column.

Table 9 reports the results for all the alternative cases.

Table 9. Exergy results for alternative cases.

Exergy Results
Efficiency (%) Irreversibility (kW)
Alternative Case 90.1 9.23 x 103
Case 1 90.1 9.17 x 103
Case 2 90.1 9.20 x 108
Case 3 90.1 9.23 x 10°

Table 9 shows a limited increase of exergetic efficiency, from 89.8% to 90.1%, with the
implementation of the MVC with respect to the conventional configuration. The size of the
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compressor and the architecture of the scheme limit the advantage in terms of exergetic
efficiency, but this analysis proves that the application of mechanical vapor compression
brought a real profit to the unit, even from an exergetic point of view, since a decrease of
the waste exergy stream was obtained.

5. Conclusions

This work is inserted in the frame of innovative technologies and is focused on the
reduction of greenhouse gas emissions from refinery plants, according to the principle of
energy transition and the electrification concept, in line with the requirements of RED II. In
this work, the potential application of electrification in a conventional ethanol purification
plant was investigated in detail, renewable sources were adopted for electrical energy
production in accordance with the principles of a green economy to recycle waste and
produce a carbon fuel. The simulation of the whole distillation unit was carried out with
the software AspenPlus®, using which the authors selected the best option in terms of a
column to be coupled with MVC (Mechanical Vapor Compression). Then, the base scheme
for the rectification column with MVC was simulated and a sensitivity analysis on the
compressor addition was performed. The obtained results allowed the choice of the best
case that minimizes electrical consumption as well as the cost of running the machine. CoP
analysis was also performed, and the obtained results were in line with previous studies.
Therefore, two fundamental analyses, especially in an energy transition perspective, were
carried out: an economic analysis and an environmental one. These two analyses are
strictly correlated, due to the carbon tax, which economically quantifies the price of CO,
emissions. It has been reported that, despite an increase in capital cost due to the necessity
of a compressor, there is a notable reduction (63%) of the operative costs and a remarkable
reduction of carbon dioxide emissions (i.e., a 79% reduction of the overall carbon footprint
related to the column operation). Finally, also, the exergetic analysis shows improved
efficiency because of the waste exergy stream reduction. Exergetic analysis allowed the
quantification of possible improvements related to waste minimization, overcoming the
limits of first-principle analysis, which does not take into account the influence of waste
streams in its efficiency estimation. The significant reduction of carbon dioxide emissions
led to the conclusion that electrification is a potential way to decrease the carbon footprint
associated with the production of ethanol. Moreover, given the large number of distillation
towers in the chemical industry, the authors are confident that this solution can be applied
in different processes, allowing for the fulfilment of the UE goal of carbon neutrality by
2050 and the target of RED II with respect to GHG to be reached. As per the environmental
point of view, the exergetic analysis was carried out to underline the improvement that
MVC leads to. The results of the present work prove both the practical and economic
feasibility, as well the environmental advantages, of electrification solutions in bioethanol
production plants. Furthermore, it has been proven that global carbon footprint reduction
can be achieved only by acting on each ancillary and/or main unit of a whole plant.
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