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ABSTRACT

A simulation study on gas-to-liquid (natural gas to Fischer-Tropsch synthetic fuel) process was carried
out in order to find optimum reaction conditions for maximum production of synthetic fuel. Optimum
operating condition for GTL (gas-to-liquid) process was determined by changing reaction variable such
as temperature. During the simulation, overall synthetic process was assumed to proceed under steady-
state conditions. It was also assumed that physical properties of reaction medium were governed by RKS
(Redlich-Kwong-Soave) equation. ATR (auto-thermal reforming) in synthesis gas production unit and
slurry phase reaction over Co-based catalyst in FTS (Fischer-Tropsch synthesis) unit were considered
as reaction models for GTL process. The effect of reaction temperature on CO conversion and C5—Cag
hydrocarbon yield in FTS unit was mainly examined. Simulation and experimental results showed that
optimum reaction temperature in FTS unit was 255 °C. Simulation results were also compared to exper-
imental results to confirm the reliability of simulation model. Simulation results were reasonably well

matched with experimental results.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

GTL (gas-to liquid) process is a promising way to convert gas
fuel to synthetic liquid fuel [1]. Recently, conversion of natural
gas (CHy4) to synthetic fuel has attracted much attention because
of many advantages of synthetic fuel [2]. In particular, GTL syn-
thetic fuel produced from synthesis gas (CO+H,) through FTS
(Fischer-Tropsch synthesis) retains extremely low sulfur and aro-
matic compounds [3,4]. GTL synthetic fuel also shows low emission
of carbon monoxide, nitrogen oxides, hydrocarbons, and other par-
ticulates [4]. Thus, GTL synthetic fuel has been considered as a green
fuel.

Production of synthetic fuel from natural gas involves two reac-
tions. One is the conversion of natural gas to synthesis gas through
reforming reactions. These examples include steam reforming [5],
dry reforming [6], partial oxidation [7], and auto-thermal reform-
ing (oxidative steam reforming) [8]. The other is the conversion of
synthesis gas to synthetic fuel through FTS. Fe- or Co-based cata-
lysts have been widely employed for FTS [9]. Although Co-based
catalysts are relatively expensive, they show high activity in low-
temperature FTS and have long life to be able to offer a good balance
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between cost and performance. Thus, Co-based catalysts have been
widely studied as an efficient FTS catalyst for GTL process [10].

In this work, a simulation study on natural gas (CH,4) conver-
sion to FT (Fischer-Tropsch) synthetic fuel was carried out in order
to find optimum reaction conditions for maximum production of
synthetic fuel. For this purpose, auto-thermal reforming (a com-
bination of partial oxidation and stream reforming) in synthesis
gas production unit and slurry phase reaction over Co-based cata-
lyst in FTS unit were considered as reaction models. Aspen HYSYS
software was used for the simulation to see the effect of reaction
temperature on CO conversion and C5—C, hydrocarbonyield in FTS
unit. Simulation results were compared to experimental results to
confirm the reliability of simulation model. It is expected that the
simulation model developed in this work may serve as a design
basis for pilot-scale GTL process.

2. Technical approach and process simulation

A GTL plant examined in this work consists of two main pro-
cess units; a reforming unit where natural gas (CH,) is converted
into synthesis gas (CO+H,) and a FTS unit where synthesis gas
is converted into synthetic fuel. In this work, ATR (auto-thermal
reforming) in synthesis gas production unit and slurry phase reac-
tion over Co-based catalyst in FTS unit were employed as reaction
models for simulation of GTL process.
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Nomenclature
w acentric factor
Wh weight of fraction

chain growth probability

reduced temperature

enthalpy (k]/mol)

reaction rate (mol/s kg)

partial pressure of component i (Pa)
temperature-dependent constant, the product of
surface rate constant and adsorption constant
(equation specific)

b temperature-dependent constant, the product of
surface rate constant and adsorption constant
(equation specific)

TR

QT

Fig. 1 shows the scheme for ATR experiment. EH (electric heater)
was placed in front of the monolith catalyst layer. EH provided the
necessary heat to preheat the catalyst layer to the catalytic ignition
temperature of the feed mixture for initiation of partial oxidation of
methane. Water was fed to the reactor through a HPLC pump (Series
II, LabAlliance). Thermocouples were placed inside and outside of
the reactor in order to record the temperature profile.

Fig. 2 shows the scheme for FT synthesis reaction in SBCR (slurry
bubble column reactor). y-Al,03 support was obtained by calcin-
ing aluminum boehmite (Catapal-B Condea) at 600°C in an air
stream. Co/y-Al;03 catalyst was prepared by a conventional wet-
impregnation method. The SBCR has 5.08 cm diameter and 2.0 m
height with an effective reactor volume of 3.7 L. 1kg of squalane
(C30Hg2) was used as a liquid medium. The catalyst/squalane
weight ratio was 20/100. The liquid products accumulated in the
SBCR were separated by the porous metal plate located underneath
the distributor.

Fig. 3 shows the simulated PFD (process flow diagram) of ATR for
the production of synthesis gas from natural gas (CH4). Main feed
stream is methane. Methane fed into the ATR reformer together
with oxygen and steam is converted into synthesis gas. Heat from
the ATR reformer is recovered by Heat exchanger-100 to raise tem-
perature of 0,/H, 0 feed stream.

Fig. 4 shows the simulated PFD (process flow diagram) of FTS for
the production of synthetic fuel from synthesis gas. Synthesis gas
with H/CO ratio of 2 is fed to the FT slurry phase reactor. Slurry
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Fig. 1. Scheme for ATR experiment.

Table 1
Several possible reactions taking place in the FT reactor.

Reaction AHspox (KkJ/mol)
CO+2H; - -CH,-+H,0 —-165.0
2CO+Hy — -CH;-+CO, —204.7
CO+H;0— H, +CO, -39.8
3CO+Hy — —-CHy-+2C0, —244.5
CO;, +3Hy — -CH,-+2H,0 —-125.2

phase reactor is known to be efficient for removing heat of reaction
in the FTS. Vapor of the reactor is condensed by Separator-100 and
final FT synthetic fuel is produced. In FTS process simulation, it was
very difficult to simulate entire FT products by kinetics. Therefore,
CO conversion was calculated in the FT slurry phase reactor of Fig. 4
using spreadsheet of Aspen HYSYS. Final FT product was distributed
to streams from C; to C3g by spreadsheet, and then mixed to FT
synthetic fuel stream.

2.1. Reaction mechanism for GTL process

2.1.1. ATR process

ATR consists of steam methane reforming, water gas shift reac-
tion, and partial oxidation. The overall reactions taking place in the
ATR reactor can be expressed as follows [11].

CH4+H,0 < CO + 3H,, AHg= 206k]/mol 1)
CO + Hy0 < Hp+C0,, AHg= —41.2Kk]/mol 2)
CH4+1.50, — CO + 2H,0, AHg= —519k]/mol (3)

ATR technology is the most heat effective technology for natural
gas conversion into synthesis gas. ATR process produces synthe-
sis gas with H,/CO ratio of 2, which is suitable for subsequent FTS
process [12].

2.1.2. FTS process

FTS is a catalytic process that converts synthesis gas (CO+H,)
into a mixture of hydrocarbons (synthetic fuel). The FTS reac-
tion can be regarded as hydrogenation of carbon monoxide and
is expressed as follows [13].

nCO + 2nH; — —(CHy)n-+nH,0, AHgr= —165k]/mol (4)

There are also other reactions taking place in the FT reactor, but
the detailed behavior of the reactions is not well known. Several
possible reactions are listed in Table 1. Because these reactions are
highly exothermic, sufficient cooling of the reactor is very impor-
tant to secure stable reaction conditions [14]. The total heat of
reaction corresponds to 25% of the heat of combustion of synthesis
gas [14], leading to a limitation on the maximum efficiency of FT
process.

Co-based catalysts at low-temperature Fischer-Tropsch (LTFT)
synthesis have advantages of high activity and long life [15]. More-
over, Co-based catalysts have been successfully applied to the
industrial processes due to their high FT activity and their low oxy-
genate selectivity, which makes them suitable for the conversion
of Hy-rich synthesis gas (obtained by reforming of natural gas) to
synthetic fuel. In this work, therefore, Co-based catalyst was chosen
as an efficient model LTFT catalyst for a slurry phase reactor.

2.2. Reaction kinetics for GTL process

Aspen HYSYS was used for simulation. In ATR process, natural
gas (CHy) is converted into synthesis gas (CO +H;). In FTS process,
it is known that first-order FT kinetics is a good approximation
when hydrogen conversion is below 60% [16]. Except for a few
more detailed approaches [17], however, linear kinetics has been
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