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Introduction

Direct dimethyl carbonate synthesis from CO, and
methanol catalyzed by CeO, and assisted by
2-cyanopyridine: a cradle-to-gate greenhouse gas
emission study+

Hajime Ohno, €22 Mahdi Ikhlayel, €2 @ Masazumi Tamura, &2 ® Kenji Nakao,®

Kimihito Suzuki,“ Kentaro Morita, Yuzuru Kato,? Keiichi Tomishige and
Yasuhiro Fukushima @

The direct synthesis of dimethyl carbonate (DMC) from CO, and methanol is an attractive alternative route
utilizing CO, instead of toxic phosgene as a carbonate source. The route is thermodynamically difficult
because of the equilibrium limitation of the reaction 2CHzOH + CO, — (CHz0),0 + H,O. In addition, the
azeotrope formed by DMC and methanol makes the separation of DMC from unreacted methanol complex
and energy intensive. The use of CeO, and 2-cyanopyridine as a catalyst and dehydration agent solved both
the equilibrium constraint and the separation challenge. In this study, the direct DMC synthesis from CO,
and methanol over CeO, with 2-cyanopyridine was evaluated in terms of greenhouse gas (GHG) emission
with the aid of process simulation. It was validated that the cradle-to-gate greenhouse gas emission attribu-
ted to the product of this system (0.39 kg-CO,-eq per kg-DMC) becomes much lower than that in conven-
tional commercialized processes. The heat exchange in the process reduced the emission further to
0.34 kg-CO,-eq per kg-DMC. Among the items associated with emissions, methanol consumption shared
the largest part (0.63 kg-CO,-eq per kg-DMC), while the converted CO, was regarded as an important
offset (—0.49 kg-CO,-eq per kg-DMC). It is due to the use of the typical methanol production from natural
gas (0.88 kg-CO,-eq per kg-methanol). It suggests that if the methanol production with its associated GHG
emission accounting for less than 0.41 or 0.34 kg-CO,-eq per kg-methanol is applicable for with or
without heat-exchanging cases, the presented process achieves negative emission. Furthermore, based on
the results, the requirements for the practical process implementation are discussed by comparing the life-
cycle GHG emission results with other DMC synthesis routes.

regard, where and how CO, should be captured, and what
should be produced by utilizing CO, as a feedstock are of con-

The reduction of atmospheric CO, concentration by carbon siderable interest in various fields.*® As emphasized in pre-

capture and utilization (CCU) is recognized as one of the tech- vious studies,
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nological solutions to mitigate climate change."™ In this in addressing the excess CO, emissions by converting CO, into

a feedstock for the production of various chemicals and decou-
pling it from fossil resources.
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thermodynamically stable. In contrast, the non-reductive
conversion into carbonates, carbamates, and ureas utilizing
the carbonyl group present in CO, is less energy-intensive by
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conserving the oxidation state of the C atom.>*%'* As a result
of energy saving, the non-reductive conversion has an advan-
tage in net CO, emission reduction against the reductive
conversion.>®*°

As one of the non-reductive CO, conversions, the synthesis
of dimethyl carbonate (DMC) has attracted attention. DMC is
recognized as a green reagent for methylation and carbonyla-
tion, substituting toxic dimethyl sulfate and phosgene.'’ DMC
is an alternative carbonyl source to phosgene for producing
diphenyl carbonate which is a precursor of mass-consumed
polycarbonates.'?

Historically, DMC itself has been produced from phosgene
although the replacement of this route has been
proceeding.®'"* Accordingly, many DMC synthesis routes
have been investigated so far'® including CO,-utilizing routes
which satisfy multiple principles of green chemistry."* Among
the proposed routes, those starting from CO (e.g., Bayer,
EniChem, and Ube industries) and the transesterification of a
cyclic carbonate synthesized from CO, (e.g., the Asahi Kasei
process) are commercialized.*"® If CO could be obtained from
CO,, the former routes can also be regarded as a synthesis of
DMC from CO,.® However, owing to the considerable energy
inputs required to synthesize precursors such as CO and cyclic
carbonates from CO,, the merit of these processes to reduce
CO, emission may be limited.

In contrast, the direct DMC synthesis from CO, and metha-
nol (MeOH) is a promising route that is based on a much
simpler reaction (eqn (1)) requiring no precursor. However, it
is restricted by the thermodynamic stability of CO,.">"®

Ce0, 0
— +
HsCO” “OCH;

2CH;0H <4 CO,

Various catalysts, such as ZrO, '”'° and Cu-Ni based**>*
catalysts, have been explored for the direct DMC synthesis to
address this limitation.">** Additionally, the introduction of
dehydration agents®**® and utilization of reactive distillation®”
were also suggested to shift the reaction equilibrium. However,
there is still a drawback in separating DMC from the reaction
effluent because of the azeotrope formation between unreacted
MeOH and DMC. Therefore, high MeOH-based conversions
are needed for direct DMC synthesis.®**

In addition to the abovementioned catalysts, there have
been a lot of recent reports on DMC synthesis from CO, and
methanol using CeO,-based catalysts, which were reported in
our previous studies.****> We reported that the combination of
DMC synthesis from CO, and methanol with the hydration of
nitriles, where both the reactions are catalyzed by CeO,, was
effective in the enhancement of MeOH conversion into
DMC,**** and 2-cyanopyridine (2-CP) was found to be one of
the most effective nitriles.>*** In addition to methanol, CeO,
catalyzes the reaction of CO, with a variety of alcohols and
amines to give the corresponding carbonates,*®?’
carbamates,*®*° ureas*®*' and so on.** The combination of
nitrile hydration and the reactions with severe equilibrium
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limitation was found to be effective for high conversion of the
target products.**™>°

Honda et al. (2013)*° effectively utilized CeO, and 2-CP as a
catalyst and dehydration agent, respectively, to directly syn-
thesize DMC. This system achieved a 96% MeOH conversion
into DMC by the efficient and quick removal of water that was
generated together with DMC during the reaction (eqn (1)) of
hydrating 2-CP into 2-picolinamide (2-PA, eqn (2)).>* Both reac-
tions are catalyzed by CeO,.

N\ CN Ce0, N
U + 1o —> [N K, (2)
~

Owing to the high conversion, the energy required to
extract DMC was lower compared to the direct DMC synthesis
with other catalytic systems. In addition, the continuous syn-
thesis process®>® and the potential to regenerate 2-CP by
dehydrating 2-PA (the reverse reaction of eqn (2))*>>*
suggested. Although this system is highly attractive in terms of
system-wide, net CO, emission reduction, it has not been sys-
tematically evaluated yet.

The direct DMC synthesis was evaluated by Yu et al
(2018)°> and Wu and Chien (2019)>° who conducted techno-
economic assessments using process simulations to quantify
the gate-to-gate CO, emissions from the processes. In both pio-
neering studies, ethylene oxide (EO) was used as the dehydra-
tion agent with the Cu-Ni bimetallic nanocomposite catalyst,
resulting in a low gate-to-gate CO, emission (0.049 to
—0.232 kg-CO, per kg-DMC) from the process. Because CO,
was used as a feedstock, the net emission could be negative.
Yu et al. (2020)>” synthesized diethyl carbonate by reacting
CO, with 2-CP catalyzed by CeO,. They revealed the effective-
ness of 2-CP as a dehydration agent as well as the importance
of the 2-CP regeneration process in reducing CO, emissions.
These results demonstrate the great potential to directly syn-
thesize DMC with dehydration agents to lower CO, emissions
in DMC as well as polycarbonate production.

In this study, CO, was used to directly produce DMC with
2-CP catalyzed by CeO,. The CO, utilization was systematically
investigated by evaluating the lifecycle greenhouse gas emis-
sion (GHG) supported by process simulations. By simulating
the process, including the reaction, separation, dehydration
agent regeneration, and recycling loops, the energy demand
for the DMC synthesis process was validated and the GHG
emissions associated with the process evaluated.
Furthermore, the GHG emissions to produce feedstocks for
the synthesis were also included in the evaluation to extend
the scope to the cradle-to-gate domain. Finally, the results of
the evaluation were compared with those of other DMC syn-
thesis routes (the oxidative carbonylation of MeOH and the
transesterification of ethylene carbonate (EC)) and the direct
DMC synthesis process proposed by Wu and Chien (2019)°® by
utilizing the break-even analysis as a method of sensitivity
analysis.

were also

was
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Methodology and data
Process development: simulation and optimization

The flowsheet of the direct DMC synthesis route over CeO,
with 2-cyanopyridine was developed based on a patent by
Shinkai et al. (2017),>* our earlier publications,***> and the
studies from another research group.”’”* The simulation was
performed in Aspen Plus V11.0, and the UNIQUAC method is
used for the thermodynamic model applied in this study. The
components used in this work consisted of MeOH, CO,, DMC,
water, 2-CP, and 2-PA. There was only limited information of
basic physical and chemical properties for 2-CP and 2-PA avail-
able in the ASPEN database. The missing properties were esti-
mated using ASPEN Plus based on group contribution
methods (GCMs) (e.g., the Joback method®® was referred to in
the base case of this study). Furthermore, the binary inter-
actions between components were also estimated with the
UNIQUAC method.

The direct DMC synthesis reaction modeled in this study
was based on the kinetics of eqn (1) and (2), both catalyzed by
CeO0, and established by Honda et al.>* The reaction provided
in eqn (1) effectively occurs because the reaction displayed in
eqn (2) shifts the equilibrium of eqn (1) to the carbonate side
by removing water with a high reaction rate.>* As a result, 2-PA
and DMC are formed. In this study, the 2-CP regeneration by
dehydrating 2-PA (i.e., the reverse reaction of eqn (2)) was also
simulated to minimize the operating cost and waste gene-
ration.”” This reaction is simulated as an equilibrium reaction
based on the properties estimated by the UNIQUAC method
because of the lack of reaction kinetics, although the use of
several catalysts was reported.”>>**° Side reactions and bypro-
ducts were not considered in this study because of the high

View Article Online
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DMC selectivity in the overall reaction of eqn (1) and (2)
(>99%)°" and 2-CP in the 2-PA dehydration.>

The process flow diagram (PFD) of the simulated base case
process is shown in Fig. 1. The process consists of a reactor
(continuous stirred-tank reactor: CSTR), two distillation
columns including a column for reactive distillation, a flash
tank, a valve, and a couple of pumps, compressors, coolers,
mixers, and splitters.

MeOH was fed in the liquid phase at 10 kmol h™, 0.101
MPa, and 333 K. After pressurizing, MeOH is transferred to the
reactor together with CO,, 2-CP, and recycled fractions result-
ing in the reactions provided in eqn (1) and (2). The reaction
temperature, pressure, and residence time were set according
to the optimized conditions for the continuous process (393 K,
3 MPa, and 10 min).>* The reaction is a vapor-liquid phase
reaction under these conditions. The required catalyst loading
for the 10 kmol h™" MeOH feed was 440 kg CeO,,”" although it
was not an input into the simulation because the catalyst
effect was already reflected in the reaction kinetics. The reactor
effluent, which is in the liquid phase, connects to the pressure
release valve reducing the pressure to ambient (ie., 0.101
MPa). After reducing the pressure, unreacted CO,, MeOH, and
a part of the DMC were vaporized and separated for recycling
by flash operation under adiabatic conditions. The liquid
phase mainly containing DMC and 2-PA was sent to the first
column (COL1), which was modeled by RadFrac to extract
DMC as a distillate. The required conditions, number of
stages, feed stage, and reflux ratio were determined using the
DSTWU (Winn-Underwood-Gilliland shortcut design and cal-
culation) model in advance of the simulation. The distillate-to-
feed ratio was modified by the design-specification function in
ASPEN Plus during the entire simulation to maintain the mass

CO, Feed
P =0.101 MPa
T=393K
Design spec 1. E> Purge
CO, input to Reactor
=6 kmol/h Design spec 2:
Vary: CO, feed 2-PA+2CA in distillate
=0
Ly Ll > DMC

Cooler2 Compr3 Cooler1 Compr2 Compr1

2

o
T=393K P=3MPa T=473K P=0969MPa P=0313MPa UI
© P=0.101 MPa C> H,0
CO, Reactor out ﬁgi‘g'RD
FS=6
P =0.101 MPa
MeOH Feed l Designspec 3
10kmaih F=0401MEa 2.CP+2-PAin distillate
F': 0.101 MPa e \_/ = 2-CP make-up
T=3mK P3NP Reactor Flash | Flash-lia ol
P =3MPa Duty =0 MJ/h Optimization (Sensitivity tool)
o T=393K Y Minimizing heat duty of reboilers in
4 RT = 10 min COL1and COL2-RD
o~ Vary:RR
R_2-CP
E> Purge

P=0.101 MPa
T=393K

Pump2
P=3MPa

2-CP Make-up

Manual optimization:

Cooler3
T=393K

Minimizing 2-CP make-up

P: Pressure, T: Temperature, RT: Residence time, NS: Number of stage, RR: Molar reflux ratio,
FS: Feed stage, D:F: Distillate to feed ratio, B:F: Bottom to feed ratio

Fig. 1 Process flow diagram of the direct DMC synthesis with 2-cyanopyridine catalyzed by CeO, (base case).
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balance in the process including the recycling loops. The
bottom stream from COL1 was sent to the reactive distillation
column (COL2-RD) to regenerate 2-CP by dehydrating 2-PA
(i.e., the reverse reaction of eqn (2)). The specifications (spec)
of the column were roughly determined by DSTWU and
adjusted in detail by utilizing the design-spec and the sensi-
tivity analysis functions. The distillate of COL2-RD mostly con-
sisted of water that was eliminated from the process. The
regenerated 2-CP was extracted from the bottom of COL2-RD
to be recycled back to the reactor through Splitter2, Cooler2,
Mixer2, and Pump2 to adjust the temperature and pressure to
that of the MeOH feed. The make-up of 2-CP was added from
Mixer2 to maintain the mass balance of 2-CP in the process.
With respect to another recycling loop in the process, the
vapor fraction from Flash was mixed with the CO, feed pro-
vided under normal pressure. To gradually pressurize the
stream to 3 MPa, three compressors (Comprl-3) were intro-
duced. The number of compressors dictated the pressure
change ratio between two compressors to be less than 5.%°
Considering the heat resistance of the compressors, Coolerl
was installed between Comp2 and 3 to maintain the tempera-
ture of the compressed streams below 473 K because the temp-
erature of the stream increased based on the compression. The
stream was cooled to 393 K by Cooler2. The flow rates of the
CO, feed and 2-CP make-up were determined by the design-
spec function and manual optimization. Because there were
several specifications determined by the design-spec function,
the optimization function in ASPEN Plus hardly converged to
minimize the flow rate of the 2-CP feed within the iteration
limit of the Wegstein method. Consequently, the minimum
make-up of 2-CP was determined by manually reducing the
value in a stepwise manner.

Although two purge streams were included in the process,
they were not active because there was no accumulation of
inert components in the process. Considering the side reac-
tions and by-products®! in the process, the two purge streams
to be split from the recycling streams will play an important
role in maintaining the process mass balance. However, this is
not the case in this study. Moreover, pressure drops in each
unit were not considered throughout the simulation to sim-
plify the process.

The choice of the GCM affects the conversion of the reverse
reaction of eqn (2). In the base case, the standard Gibbs free
energy of formation (AG;) of 2-CP and 2-PA was estimated by
the Joback method.>® Based on the GCM, the reverse reaction
of eqn (2) proceeds spontaneously because of the negative
Gibbs free energy change in the reaction. Furthermore, the
reaction hardly proceeds with the use of the Benson method®"
for AG; of both 2-CP and 2-PA. Considering this variety, the
2-CP regeneration process based on the different GCM was
also simulated in addition to the base case shown in Fig. 1.
The process and results are described in the ESL{

Lifecycle GHG emission accounting

The direct DMC synthesis process was evaluated by particularly
focusing on GHG emission quantified as the CO, equivalent
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value (kg-CO,-eq). The scope of the evaluation is cradle-to-gate,
which includes the emission in the production of feedstocks
consumed in the process as well as that induced by the con-
sumption of energy in the DMC synthesis process. The func-
tional unit was a 1 kg-DMC production.

The cradle-to-gate emission E*%' (kg-CO,-eq per kg-DMC)
was calculated as follows:

Etotal — Efeedstock 4 Eenersy Eothers7 (3)

where gfeedstock penergy apnd O™ers represent the emissions in
the production of feedstocks, the generation of energy con-
sumed in the DMC synthesis process, and wastewater treat-
ment, respectively. E I was calculated based on the life
cycle inventory for feedstocks and their consumption per 1 kg
DMC production was as follows:

Breedstok = 3" (k x ), M = {MeOH, 2 — CP, CO,}  (4)
iEM

where £; is the GHG emission per kg production of feedstock i
(kg-CO,-eq per kg-i), and ¢; is the consumption of material i
per kg-DMC production (kg-i per kg-DMC). Notably, &; (i =
CO,) is negative because the CO, used in this study was
assumed to be captured (i.e., emission to the atmosphere was
avoided) for utilization. In particular, & = —1 (i = CO,) was
assumed in this study to consider the ideal case, although it
can be varied with the carbon capturing technologies.® E*""®
is divided into the emission associated with energy consump-
tion in each unit operation in the process. In this study, the
emission induced by the energy consumption for cooling was
not accounted for by assuming air as the cooling utility.
Consequently, the emissions induced by heating and work
were included in E°"*'®. Because the units consume different
types of energy, that is, heat and electricity, E“"*"® is described
as follows:

ener; E
ESNY = electricity X Z wj + lheat X qi,

jEU. JEUn
(5)

Ue = {Pump1, Pump2, Pomprl, Compr2, Compr3},
Uy = {COL1, COL2 — RD}

where leectriciy and Ipeae are the GHG emissions per kWh of
power generation and 1 MJ of heat supply, respectively, w; is
the required work of the electricity-consuming unit j per kg-
DMC production, and gj is the net heat duty of the heat-
demanding unit j. In this simulation, the heat-demanding
units require more than 483 K of heat supply because of the
high boiling points of 2-CP (488 K) and 2-PA (558 K).
Accordingly, the heat source for the columns was assumed to
be high-pressure steam obtained by the combustion of natural
gas. E°M°™ is calculated by multiplying the GHG emission in
the wastewater treatment activity per kg of wastewater®” by the
amount of wastewater per kg of DMC production.

Break-even analysis

Based on the E“% analysis, the performance of the direct

DMC synthesis was compared with those of already commer-

This journal is © The Royal Society of Chemistry 2021
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cialized processes included in the lifecycle assessment (LCA)
database (Ecoinvent version 3.5 % and the extension database
for GaBi ts “Ia: organic intermediates”®*) and previous studies
on other direct synthesis processes.>® The referenced processes
correspond to the transesterification of cyclic carbonates®®
(for example, Asahi-chem. process®), oxidative carbonylation of
MeOH* (e.g., EniChem process''), and direct synthesis
with ethylene oxide (EO) as a dehydration agent.>® Although
there are several studies on conducting LCA of the transesteri-
fication of cyclic carbonates,'®® oxidative carbonylation,"®°®
and also other DMC synthesis routes,®” the values from the
databases were used for more clearer comparison. In terms of
the system boundary, the databases’ values consider the
emissions in transportation and construction processes
although these are not considered in the studied process due
to the lack of consideration of the process scale and the
period of the production. Because the contributions from
transportation and construction in the databases’ values tend
to be negligible, it remains a future direction of this study. The
difference from the reference process AE was formulated as
follows:

AE = Eref o Etotal7 (6)

where E™f

represents the GHG emission per kg DMC pro-
duction in the reference process. By setting two of the para-
meters as variables in E° and exploring the combination of
variables to be AE = 0, the break-even lines between the
present process and references can be drawn.

As comprehensively summarized by von der Assen et al
(2016), the efficiency of carbon capture varies with the CO,
source and the available capturing technology.” Furthermore,
due to the lack of kinetic data for the reverse reaction of eqn
(2), the reaction in COL2-RD was simulated in this study as an
equilibrium reaction. It achieved almost 100% conversion and
separation at normal pressure in accordance with the nature of
the equilibrium reaction in the simulator, although pioneering
studies reported technical difficulties in the 2-PA dehydration,
such as the low reaction rate (0.12 mmol h™" g™, catalyzed
by Na,/Si0,)*®> and the need for a reactive distillation with
solvent under low pressure (502 K, 54.3 kPa catalyzed by Cs,O/
Si0,).>* The details of the simulated reaction in COL2-RD are
provided in the ESL{

Accordingly, the emission inventory of captured CO, k;
(i = CO,) and the energy consumption in COL2-RD (i.e., heat
duty of the reboiler) g; (j = COL2-RD) were set as variables
because uncertainties of these parameters and results
were likely to be high. Consequently, eqn (3) can be reformu-
lated as:

proRl — pfix 4 peeoy Iheatqj, (i =CO,,j = COL2-RD) (7)

where E™ is a constant value including the GHG emission in
the wastewater treatment, the production of feedstocks except
for CO,, and the energy supply for the units except for COL2-

This journal is © The Royal Society of Chemistry 2021
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RD. When AE = 0, eqn (6) becomes the function of variables k;
(i=C0,) and g;j (j = COL2-RD).

1 .
ki - _ l ) Eflx _ Eref
a ( heatqj + )7 (8)

(i = CO,, j = COL2 — RD)

Data

The data used as GHG emission inventories of feedstocks and
energy supplies were referred from Ecoinvent version 3.5 %
and Professional Database®” provided for GaBi ts version 9.2.%%
The inventory for electric power generation was determined
based on the Japanese grid mix in 2017.°° The inventories
were assessed based on the CML 2001 method.”® The inven-
tories used in the evaluation are given in the ESL{

The lifecycle inventory for 2-CP production could not be
obtained from any database or literature. Thus, it was esti-
mated using a molecular structure-based  model:
Finechem.”"”? Although the use of this method may introduce
a large uncertainty to the result,” it is useful to estimate the
embodied GHG emission of the target chemical based on its
molecular structure by applying an artificial neural
network.”"”* Details of this method and the validation of its
result are described in the ESL{

Results and discussion
Process overview: streams and unit operations

The results of the simulation in terms of streams are summar-
ized in Table 1. In the simulated process, 5.01 kmol h™" of
product stream was obtained including 99.7% DMC with a
small amount of residual CO, and MeOH against 10 kmol h™*
of MeOH feed. The DMC yield based on MeOH feed was
99.4%. Despite a high conversion in the reactor (>99.9%),
0.028 kmol h™" DMC was lost together with the water removed
from COL2-RD. This was related to the design specifications
for COL1 to not contaminate the product stream with 2-PA and
2-CP.

The CO, feed flow rate was calculated by the design-spec
function. Because the conversion of the reaction (eqn (1)) in
the reactor depends on the CO, flow rate into the reactor
(Fig. S4t1), the CO, feed rate into the process was designed to
keep the CO, input to the reactor higher than the stoichio-
metry (6 kmol h™") through the recycling loop. As a result,
0.032 kmol h™* more CO, was fed into the process. This excess
CO, amount into the reactor effectively reduced impurities in
DMC extracted from the top of COL1. Although the reaction
conversion in the reactor is quite high (>99%) under the speci-
fied conditions, residual MeOH is contained in the reactor
effluent (Reactor_out). By vaporizing and separating dissolved
CO,, via the valve and the flash together with a part of the
MeOH towards recycling, the MeOH content in the distillate of
COL1 was halved (0.001 kmol h™).

Furthermore, a high yield was achieved by a mere 0.02
kmol h™" make-up of 2-CP, corresponding to 0.4% of the stoi-
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contained 0.02 kmol h™ of 2-CP, and thus the mass balance
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EREERS Fo282s 233338 28%h88 number of stages was required for the distillate to feed ratio of
I EU-AmooSs ooNyoS SooooS 0.498 designed by the design-spec function. DSTWU for COL1
- suggested ten to twenty stages to make the separation feasible.
o . . . . .
g = g5 oo ® S3nZss goo2ss To achieve a distillate purity of higher than 99.5% without
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required according to the RadFrac model. Therefore, the
5 number of stages determined in this study was fourteen. The
2‘ . - total of COL2-RD stages is nine. In COL2-RD, the reaction was
gl& v % S0 3 SneZag gSuygZe set to start at stage number 5 and end at stage number 9. As
T TETR3c4L S2a0co0d S+ 3S i i - i i
glgeSEq2sdy S28&ases sg833:ss shown in Table S2 and Fig. S1,1 the 2-PA deohydratlon reaction
progressed spontaneously based on the AG; of 2-CP and 2-PA
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S ié R sgys S § @ 2 § § § § 2 g § § 2-CP after entering COL2-RD on stage number 6. Notably, such
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tioned in section S1.7 The reflux ratio of COL2-RD was deter-
= . e e . . . . .
N E&g ”g - a 2388028 ss88888 mined by the sensitivity analysis tool instead of the optimiz-
g Z § 5‘§ 222 5 223222 2:3:2:2¢<¢8 ation tool because of simulation convergence issues. The sen-
sitivity analysis was conducted by varying the reflux ratio of
& COL2-RD to minimize the energy consumption in the column
4 reboiler within the converging range of the reflux ratio.
g o g Increasing the reflux ratio in COL2-RD increases the heat duty
i
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3] = é’qg S838 882888 888888 of the reboiler. In contrast, when the reflux ratio was low, the
g | @ SH®cSSSd SSSSSs SSSo=S simulation was not converged because more than 0.02 kmol
g h™" of 2-CP was removed with water from the top. Therefore,
§ 8 - " the sensitivity analysis explored the minimum converging
= P . . L
2| g E&s Sguy £33888S 885888 reflux ratio by focusing on the energy consumption in the
=1 o N g 2 <2< eSS . .
5 | © ZFmc—insa SKBSSSS SHSSSS column. As a result of the analysis, the lowest reflux ratio that
g could be converged was 0.9. Consequently, COL2-RD separated
o . .
'g S 2-CP as bottoms in 100% purity and almost all water (x5.00
© i -1 .
3 % E;g =_s S § sssss ssssss kmol h™") generated as a result of the reaction (eqn (1)) was
@ ) E58=338 233333 333333 removed with the distillate.
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> .
2 - Energy consumption
= ad
S £ L:;; Table 2 summarizes the energy consumption of each process
® o Q= . . . .
2 o EoE 2 fo_é @ unit. Because the reaction occurring in the reactor was exother-
& = . . . .
-Vg, £ %2 ’gizi«g £ mic, the reactor required cooling. Furthermore, cooling was
s 3] . . i s
- ; g 2 ge8e % Oan B £ % Oan B also required for the recycling loops to limit the temperature
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3 g E . ::g E23 2229828583522 dlfferen?e of the streams before thc? reactor (393 K). The temp
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Fig. 2 Designs and profiles of columns. (a) Key parameters and designed specifications (written with green), (b) temperature and composition by

stages in COL1, and (c) the same for COL2-RD.

Table 2 Energy consumption by units

Base case Heat-exchanging Energy sources
Heat demanding units (MJ h™")
Reactor —282.33 —282.33 Air
Cooler1 (temperature change) —47.35 (562 to 473 K) —47.35 (562 to 473 K) Air
Cooler2 (temperature change) —137.79 (571 to 393 K) —17.68 (410 to 393 K) Air
Cooler3 (temperature change) —205.46 (488 to 393 K) —19.09 (402 to 393 K) Air
COL1_condenser —238.98 —238.98 Air
COL2-RD_condenser —-394.71 —394.71 Air
COL1_reboiler 446.96 141.79 Steam®
COL2-RD_reboiler 602.62 602.62 Steam“
Electricity demanding units (kW)
Pump1 1.16 1.16 Grid power
Pump2 0.45 0.45 Grid power
Compri 11.55 11.55 Grid power
Compr2 14.05 14.05 Grid power
Compr3 14.62 14.24 Grid power

“Heat supply by the steam produced by natural gas combustion.®®

compression (562 K for Compr2, and 569 K for Compr3) and
high temperature after the separation of 2-CP in COL2-RD
(488 K). For the column condensers cooling was also needed
to condense vaporized components at the top. These cooling
demands were met by air cooling. The reboilers need to be
heated to vaporize the lower boiling point components in the
columns. Although the number of stages of COL2-RD (nine
stages) was lower than that of COL1 (fourteen stages), COL2-
RD had a higher heating demand than COL1 because of its
higher reflux ratio of 0.9 compared to 0.28 in COL1. These
heating demands were assumed to be supplied by high-

This journal is © The Royal Society of Chemistry 2021

pressure steam through the combustion of natural gas. The
electricity demands for the pumps were not that high com-
pared to the compressors because there was less volume
change in the compression of the liquid compared to the
vapor. The compressors required almost even work owing to
the gradual compression through the three compressors.
Focusing on the large temperature change in the coolers,
the possibility of heat exchange was considered to reduce the
external heating demands in the columns. The locations for
the four heat exchangers (HEX1-4) were suggested by the
ASPEN energy analyzer. Fig. 3 shows the suggested heat-
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Fig. 3 Combination of heat-exchanging streams. Red and blue horizontal arrows represent hot and cold process streams, respectively. The stream
names are located on either side according to the stream type. The vertical lines with circle connectors indicate combinations of heat exchange.
Temperature changes after the exchanges are indicated right after the connection on the horizontal lines. Exchanged heat was indicated on each

vertical line.

exchanging streams setting the minimum temperature differ-
ence (ATyin) to 10 K, which is the lowest value for typical
chemical processes.”* The stream between Compr3 and
Cooler2 (compressed CO, feed stream) as well as the stream
between Splitter2 and Cooler3 (2-CP recycling) were selected as
hot process streams for the exchange. The stream before COL1
(Flash_liq) and the reboiler of COL1 were chosen as cold sides.
Each hot process stream supplies heat to both cold process
streams. Among these heat exchanges, the combination of
Splitter2-to-Cooler3 and Flash_liq represented the AT, point
(Fig. S5%). Splitter2-to-Cooler3 provided 186.4 MJ h™" for the
cold process streams utilizing the high enthalpy of the 2-CP re-
cycling stream. Because of these heat exchanges, 305.2 MJ h™"
of heating demand in the COL1_reboiler could be reduced.
The energy consumptions for each unit in the heat-exchanging
case are summarized in Table 2. Based on this heat exchange,
the heats of reaction in the reactor and COL2-RD were not con-
sidered suitable for the exchange. By utilizing the excess heat
from the reactor, a considerably higher reduction in heating
demand would be achieved. In addition to the exchange of the
process heat, the introduction of an external heat source such
as waste heat from other industries would also reduce the
energy consumption in this process.

464 | Green Chem., 2021, 23, 457-469

Lifecycle GHG emission of the process and comparison with
other processes

Based on the energy consumption results in the process, the
GHG emissions of the process were evaluated (Table 3). Owing
to the use of CO, as a feedstock, the cradle-to-gate GHG emis-
sions of this 1 kg-DMC process remained low, around 0.34 to
0.39 kg-CO,-eq. The difference between the base and heat-
exchanging case is only the emission associated with the
energy consumption in COL1. The GHG emissions of the com-
mercialized processes in the databases were 2.12 and 3.43 kg-
CO,-eq per kg-DMC for the cyclic carbonate route® and the
oxidative carbonylation route,®* respectively. Compared to
these processes, the direct route examined in this study
achieves much lower GHG emissions.

The contribution of MeOH to the total process emissions
was the largest. In this study, the lifecycle inventory for MeOH
production from natural gas was referred to as the typical con-
ventional MeOH production route.®® Since there are other
innovative routes for MeOH production, such as the low-temp-
erature syngas conversion,”® utilization of captured CO, as a
feedstock,’® and the bio-based approach,”” this emission
could be reduced. If the emission associated with MeOH pro-

This journal is © The Royal Society of Chemistry 2021
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Table 3 Contribution to GHG emission by factors per kg DMC
production

GHG emission
(kg-CO,-eq per kg-DMC)

Base
Emission category case Heat-exchanging
Feedstock production MeOH 0.63  0.63
CO, —0.49 —0.49
2-CP 0.03  0.03
Energy consumption COL1_reboiler 0.07  0.02
COL2-RD_reboiler 0.09 0.09
Electricity 0.06  0.06
Others Wastewater treatment  0.01  0.01
Total 0.39 0.35

duction could be decreased to less than 0.24 or 0.29 kg-CO,-eq
per kg-DMC in the base or the heat-exchanging case, respect-
ively, this proposed DMC synthesis process would become a
negative emission process. To achieve this, MeOH needs to be
produced by a technology whose GHG emissions are less than
0.34 or 0.41 kg-CO,-eq per kg-MeOH, respectively. Moreover, it
has been reported that CeO, can also catalyze the reaction of
ethanol,***"3*7® and 1-propanol,>**> which can be derived
from biomass,”® with CO, and an appropriate dehydrating
agent, can promote the formation of the corresponding car-
bonates. Therefore, methanol can be replaced by ethanol or
1-propanol as a greener substance, although further investi-
gation on the process using ethanol and 1-propanol is
necessary.

Owing to the 2-CP recycling via the reactive 2-PA distillation,
the emission associated with 2-CP was sufficiently low, while
the embodied GHG emission of 2-CP was assumed to be high
(6.2 kg-CO,-eq per kg-2-CP) by the Finechem approach””>
(Table S47). If the 2-CP recycling is not applied in the process,
7.16 kg-CO,-eq per kg-DMC would be emitted associated with
the use of 2-CP according to the stoichiometry, whereas COL2-
RD contributed only 0.09 kg-CO,-eq per kg-DMC to recycle
2-CP. Thus, the recycling of 2-CP is crucial for this process.

With respect to the energy-related emissions, the COL2-RD
reboiler was marked as critical, although the contribution did
not differ much from other factors. However, this result for the
COL2-RD reboiler should be noted as a “singular point”,
which could only be achieved in the simulation. Considering
the drawbacks of the 2-PA dehydration reported in previous
studies,”>* the further increase in GHG emissions imple-
menting the 2-PA dehydration is easily supposed. By referring
to Benson’s GCM,’" the equilibrium conversion of 2-PA de-
hydration at normal pressure was much lower than that of the
base case as simulated by Joback’s GCM’® (Fig. S1f).
Accordingly, an alternative 2-CP regeneration process includ-
ing a reactor for the 2-PA dehydration, and two distillation
columns separating 2-CP, 2-PA, and water at reduced pressure
(0.01 MPa) was simulated (Fig. S6t). This process contributes
0.21 kg-CO,-eq per kg-DMC instead of using COL2-RD in the
base case. With this process, the excess heat of 2-CP recycling

This journal is © The Royal Society of Chemistry 2021
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stream becomes no longer utilizable to supply heat to the
COL1_reboiler due to a lower temperature (429 K) than the
base case (488 K). Consequently, the total GHG emissions of
the proposed DMC synthesis were 0.48 and 0.51 kg-CO,-eq per
kg-DMC for the cases with and without heat exchange,
respectively.

The break-even lines are shown in Fig. 4(a) comparing
commercialized®®! and innovative DMC synthesis techno-
logies®® with the process simulated in this study and the
additional requirement to provide zero gate-to-gate emission.
In addition, the plots for CO, capture yields by various CO,
sources were also added, according to von der Assen et al
(2016).” These yields reflect the energy demands and transpor-
tation embedded into the captured amount of CO, from
various CO, sources located in Europe. Although the location
of the present process is assumed to be in Japan, the values of
CO, capture yields: —kco, in Europe are useful benchmarks for
evaluating the process. The green dots represent the heat-
exchanging cases. The comparison with our process referring
to the heat-exchanging case was demonstrated using break-
even lines. Besides, Fig. 4(b) presents the GHG emission break-
downs by emission contributors in each case corresponding to
the typical condition plotted on the break-even lines in
Fig. 4(a). Based on Fig. 4(b), the margin for 2-CP regeneration
and CO, capture yields can be observed from the GHG emis-
sion point of view.

The simulated case was plotted on the left side of all break-
even lines owing to its advantageous assumptions on —kco,
and the 2-CP regeneration reaction. Even under the thermo-
dynamically more challenging assumption that the regener-
ation reaction is based on Benson’s GCM®" as noted in the ESI
(Fig. S1t), the energy demand in 2-CP regeneration (3.15 M]J
per kg-DMC) remained on the left side of the break-even lines.
To achieve zero gate-to-gate emission in the process, the
requirements for —kco, and the energy demand in 2-CP regen-
eration were much stricter compared to other processes: above
0.35 kg-CO,-eq per kg-CO, and less than 6.2 MJ per kg-DMC,
respectively. Against the commercialized processes, there is
enough margin for gcorzrp. If the ideal CO, yield (—kco, = 1)
could be utilized, 2-CP regeneration can consume 28.6 and
48.7 M]J per kg-DMC in this proposed process with lower GHG
emissions than the commercialized DMC production via the
cyclic carbonate (2.12 kg-CO,-eq per kg-DMC) and oxidative
carbonylation route (3.43 kg-CO,-eq per kg-DMC), respectively
(Fig. 4(b)). Even if the process utilizes CO, without any emis-
sion reduction effect with respect to CCU (i.e., —kco, = 0),
doorzrp Still maintains a large margin against commercial
processes.

In contrast, the direct synthesis route using EO as a dehy-
drating agent, reported by Wu and Chien (2019),>® is highly
competitive to the present process. The comparison of their
process with the heat-exchanging case was conducted by con-
sistently referring to the heat and electricity supply inventories
used by Wu and Chien (2019).°° Applying their inventories to
our process, the total process emission was 0.37 kg-CO,-eq per
keg-DMC. Wu and Chien reported that the minimum gate-to-
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Fig. 4 (a) Break-even lines against commercialized®*®* and innovative®® technologies. The x and y-axes represent the energy demand of COL2-RD:
gcoLz-rp and CO; capture yield: —kco,, respectively. The colors of axes correspond to the color of bars for Heat_COL2-RD and CO; in (b). When the
intersection of the value of the x-axis and y-axis is on a break-even line, the GHG emission for the 1 kg-DMC production over the CeO, catalyst with
2-CP is identical to the corresponding technology. The heat demand in 2-CP regeneration (x-axis) cannot be less than 1.16 MJ per kg-DMC accord-
ing to the standard enthalpy of the reaction: 2-PA — 2-CP + H,O. (b) GHG emission per kg DMC production of the studied process as well as the
typical cases corresponding to the plot on the break-even lines. The breakdown is colored by emission contributors. *Ecoinvent version 3.5,%%
2Extension database for GaBi ts “la: organic intermediates”,®* *Calculated based on Wu and Chien (2019),%® “von der Assen et al. (2016).°
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gate GHG emission in the optimized process was negative
(—0.23 kg-CO,-eq per kg-DMC). Extending their scope simply
to the cradle-to-gate case by additionally considering the
embodied GHG emissions of the consumed feedstocks (MeOH
and EO), the total emission of the process was 1.37 kg-CO,-eq
per kg-DMC without taking the byproduct (0.61 kg of ethylene
glycol (EG)) into account. If EG could be sold and substitute
the conventional EG production, the total emission would be
even much lower (0.17 kg-CO,-eq per kg-DMC), offsetting GHG
emissions associated with EG produced as a byproduct.
Because the contribution of COL2-RD to the total emission
(0.12 kg-CO,-eq per kg-DMC with Wu and Chien’s inventory)
was lower than the difference between the total emission of
our process (0.37 kg-CO,-eq per kg-DMC) and selling EG
(0.17 kg-CO,-eq per kg-DMC), our process could not compete
with the optimized process of Wu and Chien in terms of GHG
emission if EG is sold. However, it would still have some
advantages in case EG could not be sold. In the case of not
selling EG, it was assumed that the generated EG was com-
busted as a heat source in the process. Based on the EG com-
bustion, 0.87 kg-CO,-eq per kg-DMC of additional emission
occurred while 9.14 M]J per kg-DMC was obtained. By utilizing
the obtained heat, the heat demand in the process was
balanced and the total emission became 1.99 kg-CO,-eq per
kg-DMC and 2.48 kg-CO,-eq per kg-DMC for not selling EG in
the case of —kco, = 1 and 0, respectively. The break-even line
against the no-EG selling case is shown in Fig. 4. The line
became vertical because both the compared processes were
CCU processes that depend on the carbon capture yield. The
value of gcorarp in our process should be below 19.1 M] per
kg-DMC to make the GHG emission of our process less than
that reported by Wu and Chien without selling EG.

Conclusion

The direct DMC synthesis process catalyzed by CeO, using 2-CP
was simulated, and its cradle-to-gate GHG emission per kg
DMC production was evaluated. Owing to the high conversion,
the energy consumption in the reaction step could be less than
that of the direct synthesis process proposed by Wu and Chien
(2019).°° In Wu and Chien’s process, they need a reactive distil-
lation column along with the reactor to separate the recycling
stream (i.e., unreacted MeOH and CO,) from the EG and DMC
mixture. The reactive distillation column consumes 2.5 MJ per
kg-DMC in their system, while our process does not consume
energy in the reaction step. Although the GHG emissions of
their process decreased below that of our process by selling the
byproduct EG, the investment cost of our process could be
lower. For example, the present process includes two columns
having 14 and 9 stages, respectively, while the process of Wu
and Chien needs four columns with 49, 13, 18, and 3 stages,
including a reactive distillation column connected to the main
reactor for the reaction (eqn (1)). In addition, due to the flam-
mable and explosive nature of EO, the necessity to safely handle
the EO in their process was pointed out.*® The use of 2-CP,
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which is solid (melting point: 302 K) under standard conditions
(298 K, 0.101 MPa), would also be advantageous at this point.
To verify our process advantages, further investigation into the
economic aspects of the process is necessary.

Based on the break-even analysis, the direction of the develop-
ment of the 2-CP regeneration process is suggested. To improve
the GHG emission in our process over other processes, except for
the EG-selling case of the Wu and Chien process, 19.1 MJ per kg-
DMC of gcorz-rp is allowed in our process. Our process consumes
1.35 to 3.16 MJ per kg-DMC for 2-CP regeneration using the esti-
mation of AG; by the GCM of Joback®® and Benson.’’ Because
the Gibbs free energy change in the regeneration reaction based
on AG; of both 2-CP and 2-PA estimated by Benson’s method was
the highest among the AG; combinations estimated by different
GCMs, there is scope to theoretically decrease the GHG emission
below that in other DMC synthesis processes. Previously, the 2-PA
dehydration was experimentally studied under low pressure with a
catalyst and solvent (502 K, 54.3 kPa catalyzed by Cs,0/Si0,).>* To
apply such a low-pressure dehydration of 2-PA and a separation of
2-CP from the solvent in the DMC synthesis, it is required to
further investigate the operating conditions.

The energy requirement for catalyst reactivation needs to be
considered to implement the process. As reported in previous
experimental studies, CeO, gradually deactivates during
operation.””* The catalyst deactivated after 35 h of continuous
synthesis can be reactivated by washing it with methanol at
393 K for 1 h and calcining it with dry air at 573 K for 12 h.>?
Accordingly, by introducing multiple fixed bed reactors and
switching them for reactivation, the process can be continu-
ously operated. The number of reactors and switching sche-
dules as well as the energy consumption for calcination of the
catalyst should be optimized by an economic analysis.

The comprehensive development of a polycarbonate syn-
thesis process (i.e., the major use of DMC) that includes the
direct DMC synthesis utilizing CO, as a feedstock will be investi-
gated in the future. The use of DMC as a carbonyl source substi-
tutes the use of toxic phosgene in PC production.'” In addition
to carbonates, carbamate and urea synthesis from CO, with the
same catalytic system has also been established.*>"*>° Such
CO, conversions to chemicals for durable material production
can be regarded by society as CO, sequestration. The decarboni-
zation in durable material production using chemicals from
CO, will be an environmentally friendly way to advance a step
further toward a sustainable and greener process development.
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