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Abstract—We designed a conceptual model of the 2.3-BDO dehydration process using a hydroxyapatite-alumina cat-
alyst and estimated its economic feasibility to predict the appropriate range of the purchase price of 2,3-BDO on com-
mercial scale. The conceptual design and economic analysis can offer valuable information for the industrial application
of 2,3-BDO because the most relevant studies have limitation in laboratory scale. Furthermore, the adequate range of
2,3-BDO price, in which the process has profitability, was investigated with the current market prices of 1,3-BD. The
investigated price in terms of 2,3-BDO dehydration can pertain to estimation of the economic feasibility in 2,3-BDO

production process.
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INTRODUCTION

The production of chemicals from renewable sources has gained
significant attention due to global environmental issues such as
reduction of greenhouse gas emission. Industrial waste gas or lig-
nocellulosic biomass as renewable feedstock could be converted
into hydrocarbon fuels, furfural and 2,3-Butandiol (2,3-BDO). Car-
bon monoxide and carbon dioxide in industrial waste gas, which
can bring environmental pollution, are changed to 2,3-BDO via
microbial fermentation. Lignocellulosic biomass has significant poten-
tial to produce 2,3-BDO because it is abundant in agricultural and
forestry residue [1,2].

The bio-derived 2,3-BDO is employed to develop sustainable
chemical production as platform chemical having applicability to
production of various derivatives such as 1,3-Butadiene (1,3-BD),
Methyl ethyl ketone and so on [3-5]. Most of the research and devel-
opment activities on bio-derived 2,3-BDO have been related to
looking for microorganisms for its effective production and inves-
tigating appropriate catalyst to attain higher conversion on 2,3-BDO
dehydration [6-11]. However, only a few discussions could be found
that 2,3-BDO is capable of being used on commercial scale and
have economic potential.

To obtain value-added chemical compounds such as 1,3-BD and
MEK on industrial scale, the 2,3-BDO dehydration process was
designed by Song et al. [12]. However, it investigates only techno-
logical and operating feasibility in terms of distillation. In addition,
Apostolis et al. performed the modeling and economic evaluation
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in terms of 2,3-BDO production from glucose. From the 2,3-BDO
price (approximately 2-5 $/kg), estimated by the authors, it is diffi-
cult to comprehend the overview at commercial scale because the
authors excluded the point of 2,3-BDO utilization [13]. Penner et
al. provided several simple models for MEK production, through
2,3-BDO produced from glucose, considering energy consumption
(14].

This work investigated the 2,3-BDO dehydration process using
Ca5(PO,);(OH)-ALO; as catalyst and investigated the economic value
of 2,3-BDO at industrial scale. The proposed process can provide
a detailed separation process for 1,3-BD and MEK. The profitability
of the 2,3-BDO dehydration process was estimated. More impor-
tantly; the current price of 1,3-BD was applied at the economic evalu-
ation and the feasible range of 2,3-BDO prices were predicted and
presented.

MODELING AND SIMULATION

1. Thermodynamics

NRTL-RK is used as a thermodynamic model in the proposed
process due to formation of water, ketone and alkene in 2,3-BDO
dehydration. The main products including 1,3-BD and MEK are
polar non-electrolytes, and the pressure in the overall process is not
over 10 bars [15]. There are interaction parameters available in this
liquid/liquid system, and NRTL binary parameters could be checked
in the supporting materials (Table S1-S4).
2. Proposed Design

The process was modeled, using the Aspen Plus v8.4 software,
to produce highly purified 1,3-BD and MEK via 2,3-BDO dehydra-
tion utilizing hydroxyapatite-alumina catalyst. The product specifi-
cations are that the product stream includes 1,3-BD and MEK above
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Table 1. 2,3-BDO Dehydration reaction using hydroxyapatite-alumina catalyst
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Model Compound Reaction
Main reaction 2,3-BDO—»3B20L C,H,,0,—2>C,H,0
3B20L—>1,3-BD C,H,0 —**-C,H,
2,3-BDO—>MEK C,H,,0,—-C,H,0
Minor reaction 3B20L—2Butene C,H,O ﬂ'C4H6
2,3-BDO—>Acetoin C,H,,0,—%—C,H,0,
2,3-BDO—>Oxirane C,H,,0,—%—C,H,0

2,3-BDO— Heavies -

Dehydration section

From 1" MEK Recovery column

Furmnace

Dehydration
Reactor (R1)

1,3-BD Recovery route
MEK Recovery route

W To Waste-water-1 W2 >

To Waste-water-2

H

1"1,3-BD
N.‘t")\"l.'l'}' C(!I umn

(D2)

Fig. 1. Process flow diagram of dehydration section and 1,3-BD recovery section.

99.0 wt% and 99.5 wt%, respectively, and minor components are t-
2butene (trans-2-Butene), c-2butene (cis-2-Butene), oxirane, water,
acetoin, 3B20L (3-Buten-2-ol), 2,3-BDO and heavies (3,5-Xylenol).
Although there are several components heavier than 2,3-BDO in
the proposed process, 3,5-Xylenol represents heavies to simplify
the process simulation. That is because a negligible amount of the
‘heavies’ is produced, and thereby it has no impact on the separa-
tion process. The main and side chemical reactions are shown in
Table 1 [3,16,17]. The proposed process is divided into three sec-
tions, 2,3-BDO dehydration, 1,3-BD recovery and MEK recovery.
The information of the main streams and the specifications of each
columns could be checked in the supporting material (Table S5-S8).

Table 2. Experimental conditions [16,17]

Contents Description
Type of reactor Stainless plug-flow reactor
(inner diameter: 12 mm)
Catalyst Hydroxyapatite-alumina catalyst (4.32 g)
Pressure 2 bar
Temperature 360 °C
Flow rate 3 ml/h, LHSV: 0.5 hr!
Sample analysis Gas chromatography

Fig. 1 shows the process flow diagram (PFD), which is mainly
composed of the dehydration and the 1,3-BD recovery sections. The
dehydration section includes a furnace and a dehydration reactor.

Table 3. Product stream of the dehydration reactor (reactor-OUT)

Contents Value
Temperature (°C) 360
Pressure (bar) 2.4
Vapor fraction 1
Mass flow (kg/h) 25,000
Mass fraction

1,3-BD 0.364
MEK 0.248
H20 0.317
Oxirane 0.033
Acetoin 0.005
3B20L 0.018
2,3-BDO 0.008
1Butene 0.003
t-2Butene 0.002
c-2Butene 0.001
Heavies 0.001

Korean J. Chem. Eng.(Vol. 35, No. 12)
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Fig. 2. Process flow diagram of MEK recovery section.

2,3-BDO (0.2 MMT/y) is fed to the dehydration reactor and it is
simulated as an R-yield reactor, based on the experimental data in
the laboratory. The experimental conditions are shown in Table 2.
As for the experiment, 2,3-BDO (3 ml/h) is introduced into a stain-
less plug-flow reactor filled with 4.32 g of hydroxyapatite-alumina
catalyst. The dehydration reactor is then operated at 2 bar and 360 °C.
The remainder of the dehydration section represents the 1,3-BD
recovery section, which is mentioned later in this section.

Table 3 shows the product stream information of the dehydra-
tion reactor, in which the mole fraction reflects the experimental
data. The 2,3-BDO conversion of the dehydration reactor is 99.2%,
and it is calculated using the following equation (Eq. (1)).

F2,3-BDO, in_FZ,S-BDO, out ., 100 (1)

X, 2 o=
23-BD0 Fy 5800, in
where X is the conversion and F is the mass flow rate [kg/h].

The selectivity of 1,3-BD and MEK in the dehydration reactor
is 36.8% and 25.1%, respectively, and it is calculated using the fol-
lowing equation (Eq. (2)).

m %100 ©)

S =
1,3-BD(MEK) F F
total 2,3-BDO, out

where S is the selectivity and F is the mass flow rate [kg/h].

After the dehydration reaction, 1,3-BD is mainly discharged to
the 1,3-BD recovery section through an overhead stream (BD-1)
from a quencher (D1), in which the top temperature can be con-
trolled by pumping around. MEK and water are transported to
MEK recovery section through a bottom stream (MEK-WATER).

1,3-BD recovery section includes the 1%, 2™, 3™ recovery col-
umns (D2, D3, and D4) and 3-phase decanter, as shown in Fig. 1.

December, 2018

The bold lines designate the main route of the 1,3-BD recovery.
The overhead stream (BD-1) from the quencher (D1) is transported
to the 1% 1,3-BD recovery column (D2) from which the remain-
ing MEK and oxirane are removed and carried by a bottom stream
(MEK-2). A portion of the overhead stream (BD-3) from the 1%
1,3-BD recovery column (D2) is transported to the 2™ 1,3-BD recov-
ery column (D3) to separate the lighter component, 1butene (BD-
LIGHT). Through the 3" 1,3-BD recovery column (D4), heavier
components such as t-2butene and c-2butene are separated from the
main stream, which is transported from the bottom (BD-HEAVY)
of the 2™ 1,3-BD recovery column (D3). In 1,3-BD recovery sec-
tion, the operating pressure and temperature are decided to obtain
the liquefied 1,3-BD product as a final product.

MEK recovery section consists mainly of 1%, 2™, 3¥ MEK recov-
ery columns and Water Removal column (D6, D7, D8 and D5) in
Fig. 2. The main stream to recover MEK is depicted using a gray
line. The stream information and column specification of this part
are also shown on the supporting materials (Table S5-S8). The
stream from the bottom (MEK-WATER) of the quencher (D1) is
directed to a decanter (3-phase decanter) with some parts separated
from the 1,3-BD main stream (MEK-1) and the bottom stream
(MEK-2) of the 1" 1,3-BD recovery column (D2 - Fig. 1). The aque-
ous phase and the organic phase from a decanter (DC1) shift to
the water removal column (D5) and the 1* MEK recovery column
(D6), respectively. In the water removal column (D5), water is
removed and it goes through a bottom stream (WW-3), and part
of an overhead stream (MEK-6) is transported to the 1* MEK recov-
ery column (D6). Oxirane is mainly eliminated through an over-
head stream of the 1" MEK recovery column (D6) and part of the
overhead stream (BD-5) is combined with the overhead stream
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(BD-1) of the quencher (D1 - Fig. 1).

In the 2™ MEK recovery column (D7), among entrainers such
as acetone, dimethylformamide and cyclohexane [18,19], cyclo-
hexane (MU-CH) is used as the entrainer to break the azeotrope
formed in the mixture of MEK and water because we investigated
the purification of MEK through the comparison of experimental
results and simulated data using cyclohexane [12]. MEK (MEK-9)
separated from the azeotrope mixture is transported to the 3 MEK
recovery column (D8) through a bottom stream (MEK-9), and
the water of an overhead stream (WW-4) is treated as waste water
(Waste-water) with some water (WW-1, WW-2, WW-3, and WW-
4) generated in the overall process. Heavier components such as
3B20L, acetoin and oligomer are removed through a bottom stream
(MEK-HEAVY) of the 3 MEK recovery column (D8). The oper-
ating pressure of the 3 MEK recovery column (D8) is below atmo-
spheric pressure because the heavy compounds expected as naphtha
and aromatic compounds can form oligomers giving rise to the
operating problems. In addition, the entire process is represented
in Fig, 3.

Table 4. Product streams of the proposed process (1,3BD and MEK)

Contents 1,3BD MEK
Temperature (°C) 40.8 69
Pressure (bar) 44 2
Vapor fraction 0 0
Mass flow (kg/h) 8,318 6,116
Mass fraction

1,3-BD 0.99 0
MEK 0 0.999
1Butene 0.003 0
t-2Butene 0.004 0
c-2Butene 0.002 0
3B20L 0 0.001
Ogxirane 0 0
H20 0 0
Acetoin 0 0
2,3-BDO 0 0
Heavies 0 0

D. Song et al.

RESULTS AND DISCUSSION

1. Simulation Results

The 2,3-BDO capacity for the dehydration is 0.2 MMT/y (25,000
kg/h) in the proposed process. As shown in Table 4, two com-
pounds are recovered having high purity (>99%), which is suffi-
cient for the product specification (Table S9). The product flow
rates of 1,3-BD and MEK are around 8,318 kg/h and 6,113 kg/h,
respectively. The recovery rates of 1,3-BD and MEK are approxi-
mately 94% and 98.3%, respectively, as in the following equation
(Eq. (3)).

1’3_BD(MEK)Pmduct stream[kg/h]

R =
13 BDOED 1,3- BD(MEK)ReaCfOV efﬂuent[kglh]

x 100 3)

where R is the recovery rate and 1,3-BD (MEK) is the mass flow
rate of 1,3-BD (MEK) in the overall product stream.
2. Economic Evaluation

The total capital investment including the inside battery limits
investment (ISBL) and the outside battery limits investment (OSBL)
was used to evaluate the process, as shown in Table 5. ISBL includes
the cost of the main process to manufacture the products and
OSBL is the additional cost required for the process. The total cap-
ital investment was calculated using the factorial method. Essential
features of ISBL, OSBL and factorial method have been described in
the supporting materials (Table S10).

Several assumptions are applied in the economic analysis.

(1) The plant is located on the West Coast of the U.S.

(2) The feedstock is uniformly consumed at an amount of 25,000
kg/h.

(3) The plant operates during 8,000 hours annually.

(4) The plant is constructed mainly from a relatively expensive

Table 5. Factors and values of ISBL, OSBL and total fixed capital

investment
Contents Value [M$]
Purchased equipment 525
ISBL 19.6
OSBL 8.4
Total fixed capital investment 43.1

Table 6. Product cost summary

Mass flow rate [kg/h]

Annual usage [kg/y] Unit cost [$/kg] Annual cost [M$]

2,3-BDO 25,000 0.8 160
Raw materials
Catalyst 145,896 100 14.6
Total 175
Mass flow rate [kg/h] Unit cost [$/kg] Annual cost [M$]
1,3-BD 8,318 1.62 107
MEK 6,113 191 934
Product
roduc Volumetric flow rate [m’*/h] Unit cost [$/m’] Annual cost [M$]
Fuel 1-3 1.20 549 5.29
Total 205

December, 2018
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material (SS304 or SS316), because 1,3-BD and MEK can affect the
carbon steel.

(5) Two trains are installed, and each train involves two reactors.
One train operates while catalyst in the other train is regenerated.

(6) The catalyst is used without a decrease in efficiency for three
months. The annual amount of catalyst used is calculated in the
experiment data (Section 2).
2-1. Payback Time

The payback time is the time required to recover an investment
in terms of profits. It is useful to estimate the profitability of the
project. The payback time is calculated using the following equa-
tion (Eq. (4)) [20].

Payback Time [y]

_ Total fixed capital investment + Start up cost @)
Profit (after taxes)+ Depreciation

The start-up cost is typically computed to be 10% of the total fixed
capital investment. The profit before taxes is shown in Table 6, and
the taxes are measured using Turton's method [21]. The deprecia-
tion is 5% of the total fixed capital cost, the same as the running
time of the plant.

2-2. Sensitivity Analysis

The price of 2,3-BDO is the decisive factor of profitability since
it accounts for the largest portion of the total manufacturing cost
of the proposed process, as illustrated in Fig. 4. However, the 2,3-
BDO production limited in lab-scale makes it hard to provide the
information of its industrial price. Therefore, we intend to carry out
prediction of its price in this section. Given that the proposed pro-
cess has economic feasibility, the price of 2,3-BDO could be inves-
tigated as a feedstock of the process. More importantly; because its
profitability can be affected by severe fluctuation of the 1,3-BD price,
the price of 2,3-BDO should be estimated essentially reflecting the
variance of the market price of 1,3-BD, as represented in Table 7
[22,23].

A sensitivity analysis was carried out to estimate the prices of
2,3-BDO reflecting the fluctuation of the price of 1,3-BD. The price
of MEK was assumed to be $1.91/kg, which is the average value
during seven years (2009-2015). Fig. 5 shows the range in which

w
w

kg
oy w

Payback time [y]

=
w

0.5

11 12

Fig. 5. Payback time on the prices of 2,3-BDO and 1,3-BD.

13
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0.4%
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Fig. 4. Manufacturing cost diagram (1,3-BD: $ 1.62/kg, MEK: $1.91/
kg and 2,3-BDO: $ 0.8/kg).

Table 7. The prices of 1,3-BD and MEK (2009-2015)

Year 2009 2010 2011 2012 2013 2014 2015
1,3-BD [$/kg] 206 420 639 459 293 282 176
MEK [$/kg] 12 18 26 194 176 198 183

the process has economic feasibility; that is, the payback time is
below 5 years [24]. In the feasible region the process has a stable
feasibility regardless of the change in the prices of 1,3-BD and 2,3-
BDO, given that the price of 1,3-BD maintained over $ 2/kg in that
period. In the other region profitability of the process can be seri-
ously affected by the change of the 2,3-BDO price. When the price
of 1,3-BD is $ 1.62/kg, for instance, the payback time increases dra-
matically from 2.66 years to over 5 years increasing the price of
2,3-BDO from $0.8/kg to $0.9/kg. The example that 1,3-BD price
changes is not particular. When the price of 2,3-BDO is $ 0.8/kg,
the payback time increases remarkably from 3.75 years to over 5
years dropping the price of 1,3-BD from $ 1.5/kg to $ 1.3/kg. There-

1,3-BD price [$/kg]
—a—15
——162

18

14
2.3-BDO price [$/kg]

15 16 1.7

Korean J. Chem. Eng.(Vol. 35, No. 12)
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fore, the purchase price of 2,3-BDO should be evaluated conserva-
tively because its price is a significant variable to ensure profitability of
the process from the fluctuation of 1,3-BD price.

When the payback time is set up to 3 years to estimate the price
of 2,3-BDO conservatively, as the current price of 1,3-BD varies
from 2013 to 2015, the price of 2,3-BDO should be in the range
($0.991/kg-$ 1.3/kg) for this process to be economically feasible.
As a result, the maximum purchase price (MPP) of 2,3-BDO is
approximately $ 1.3/kg. However, it is eligible to have economic
viability that the purchased price of 2,3-BDO maintains below
around $ 0.991/kg. On such an occasion, 2,3-BDO can be assured
of an alternative to produce 1,3-BD and MEK.

CONCLUSION

This research has conceptually designed a 2,3-BDO dehydration
process to produce 1,3-BD and MEK utilizing hydroxyapatite alu-
mina catalyst and evaluated its economic feasibility to predict the
purchased price of 2,3-BDO. The proposed process is composed
of the 2,3-BDO dehydration reactor according to the experiment
data, the 1,3-BD recovery unit and the MEK recovery unit. The pro-
cess has achieved approximately 94% and 98% recovery rates of
1,3-BD and MEK, respectively. With the consideration of the fluc-
tuation of the current price of 1,3-BD, the economic assessment
investigates the explicit variance of the payback time. The eco-
nomically feasible price range of 2,3-BDO is estimated to be from
$0.991/kg to $ 1.3/kg.

NOMENCLATURE
CH : cyclohexane
c-2butene  : cis-2-butene
FCC : fixed capital cost
ISBL : inside battery limits investment
LHSV :liquid hourly space velocity [hr ']
MEK : methyl ethyl ketone
MPP :maximum purchased price
NRTL :non random two liquid model

NRTL-RK : non random two liquid - redlich kwong model
OSBL : outside battery limits investment

Oxirane  :2,3-dimethyloxirane

PFD : process flow diagram

t-2butene  :trans-2-butene

1,3-BD : 1,3-butadiene

2,3-BDO  :2,3-butanediol

3B20L : 3-buten-2-ol
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Table S8. Column specification

Description D1 D2 D3 D4 D5 D6 D7 D8
Number of stages, # 5 20 80 56 10 30 30 40
Pressure, kg/sqcmg 0.8 35 3.8 35 1.5 1.1 1.1 -0.3
Feed temperature, °C 180 90.2 38.0 444 40 47.6 101 106
Overhead temperature, °C 68.5 40.2 423 40.8 84.6 39.8 93.0 69.0
Bottom temperature, °C 97.2 125 444 41.9 131 100 105 9.1
Table S9. Product specification of 1,3-BD and MEK
Characteristic Unit Minimum Maximum Test Method
BD wt% 99.0 ASTM D 2593
Peroxide wt ppm Max. 10 ASTM D 1022
Acetylenes wt ppm Max. 400 ASTM D 2593
Carbonyl compounds as acetaldehyde wt ppm Max. 100 ASTM D 4423
Butadiene dimer wt% Max. 0.2 ASTM D 2426
Non-volatile matter wt% Max. 0.1 ASTM D 1025
Total sulfur wt ppm Max 10 ASTM D 2784
MEK wt% 99.5 GC
Water wt% 0.1 ASTM D1364
Acidity as acetic acid wt% 0.003 ASTM D1613
Non-volatile residue mg/100 ml 2 ASTM D1353
Table S10. Result of economic assessment [1,2]
Contents Factor Value [M$]
Purchased equipment, C, ; ¢s (C;) 1 5.25
Equipment erection, f,, 0.3 1.58
Instrumentation and controls, f; 0.3 1.58
Piping, £, 0.8 42
ISBL Electrical, f,, 0.2 1.05
Structures and Buildings, f, 0.2 1.05
Civil, f. 03 1.58
Lagging and paint, f; 0.1 0.53
Total 19.6
OSBL 40% of ISBL 8.4
Design and engineering 30% of ISBL 5.89
Contingency 10% of ISBL 1.96
Fixed capital cost (FCC)
Working capital 20% of FCC 717
Total fixed capital investment 43.1
The total capital investment including the inside battery limits respectively [1].

investment (ISBL) and the outside battery limits investment (OSBL)
is used to evaluate the process. The total capital investment is cal-
culated using the factorial method. ISBL includes the cost of the
main process to manufacture the products. It is a fixed investment
without escalation for a plant. The items of the ISBL are mainly
composed of the process equipment, building, piping, instrument
and control, electrical system, lagging and painting, and civil. The
purchased cost (Cg) is estimated using Turtons method (Eq. (S1)),
and the other costs are assessed using Towler’s method (Eq. (S2)),

10g10C2:K1+K210g10(A)+K3(log10(A))2 (1)

where A is the capacity or size parameter for the equipment. C; is
the purchased cost, the data for K;, K, and K; are given by Tur-
ton. This purchased cost is based on carbon steel as a material.
i=M
C=3C,; os((1+ £+ (£ gt +£+16) (82)
i=1

where C,; ¢ is the purchased cost of the equipment i in carbon



steel and is equal to C). The information for each factor is speci-
fied in Table S10. f,, means (purchased cost in exotic material)/ (pur-
chased cost in carbon steel), and the value is 1.3 in this analysis.
OSBL includes the additional cost required for the main pro-
cess. It includes the necessary and auxiliary costs to operate the plant.
The items of the OSBL typically consist of a storage system, a steam
generation unit, a cooling water system and a water treatment sys-
tem. In this analysis, OSBL is calculated to be 40% of ISBL by fac-
torial method [2]. In addition, the offsite costs, contingency, working

capital, design and engineering are estimated in Table S10.
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