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ARTICLE INFO ABSTRACT
Keywords: The modified Fischer-Tropsch synthesis (FTS) process is a promising technology for direct CO, conversion into
CO utilisation liquid fuels. However, the low yield of liquid fuels (below 29%) observed during CO2-FTS process is still of great
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Modelling and simulation

concern for commercial deployment. Therefore, new strategies are needed to improve both CO3 conversion and
liquid fuel yield during CO2-FTS process. A steady-state model based on first principles and a modified Anderson-
Schulz-Flory (ASF) distribution was developed for the CO5-FTS process to predict gasoline range hydrocarbons
(Cs-C11). The model was implemented in Aspen Plus® using Fortran® routines and model validation was per-
formed for different Hy/CO> feed ratios. Two process configurations (including a three-stage reactor in series and
a single reactor with recycle) were considered for CO,-FTS performance analysis and improvement through ex-
situ water removal. Both CO»-FTS process configurations showed significant improvements in CO2 conversion
(from 34 to above 70%) with up to 61.0% gasoline yield. Though the single reactor with recycle achieved a
higher CO5 conversion and gasoline production rate than the 3-stage reactor in series, the comparative analysis at
the same CO; conversion of 71.5% revealed that both process configurations have a similar process efficiency of
roughly 66.4%.

this transition would profoundly disrupt the current economy owing to
the limited capacity of electric vehicles and the intermittency of
renewable energies such as wind and solar power [6,7].

Since decarbonizing the world transport industry which relies on
fossil fuels could take several decades, it would be reasonable to un-
dertake in parallel the synthesis of carbon-neutral fuels that will reduce
fossil CO, emissions into the atmosphere. In this context, CO-neutral
fuels arise as a potential solution wherein atmospheric CO- is captured
and re-used for the synthesis of transport fuels leading to a closed CO»-
fuels-CO-, cycle [6,8].

1. Introduction
1.1. Background

Within the current global industry, energy represents one of the most
important requirements for daily life and activities including trans-
portation, electricity, heating and cooling [1]. Looking specifically at
transportation fuels, the demand was estimated at 54.5 million bbl/day
in 2020. This is particularly true for gasoline whose demand is forecast

to reach 27.7 million bbl/day in 2030 [2]. Since transport fuels are nCO+ (2n + 1)Hy C,Hy, > + nH,O 6

mostly produced from fossil fuels, they account for 36 % of CO2 emis-

sions worldwide which is predicted to increase by 22 % before 2040 [3]. nCO + 2nH,—C,H,, + nH,O 2)
It has been widely recognised that COy emissions considerably

contribute to climate change and global warming [4]. As a result, the nCO+ (2n — 1)H,—C,Hy,1OH + (n — 1) H,O 3)

Intergovernmental Panel on Climate Change (IPCC) recommends

decreasing COy emissions to limit the global temperature to 1.5 °C. CO, +H,=CO+H,0 4

Furthermore, the UK committed to achieve net-zero emissions by 2050
[5]. A transition to COy-free forms of energy thus, stopping the use of
fossil fuels altogether seems desirable for a simplistic solution. However,

The Fischer-Tropsch synthesis (FTS) process refers to as a polymer-
ization process in which hydrocarbon (HC) chains are synthesised from a
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Nomenclatures

b Carbon number at break point

c Olefin desorption rate constant

f; and f, fractions of hydrocarbons on each side of carbon break
point

HHV; Higher heating value of component i (MW)

k; Kinetic constant of hydrocarbon i formation

M Average molecular weight of hydrocarbon mixture

M Molecular weight of hydrocarbon i

Nuc Total molar flowrate of produced hydrocarbons (kmol/hr)

NHC, Molar flowrate of hydrocarbon i (kmol/hr)

P; Power utilisation in process i (MW)

Si Selectivity of component i

w; Weight fraction of component i

X Conversion of reactant i

Xj Mole fraction of component i

Y; Yield of hydrocarbon i (%)

Greek letters

o Chain growth probabilities

n Process efficiency (%)

A Fitting parameter

Abbreviations

ASF Anderson Schulz Flory

CAPEX Capital expenditures

FBR Fixed-bed reactor

FTS Fischer-Tropsch synthesis

HC Hydrocarbon

HHV Higher heating value

INL Idaho National Laboratory

IPCC Intergovernmental Panel on Climate Change
OPEC Organization of the Petroleum Exporting Countries
OPEX Operational expenditures

RON Research octane number

RWGS  Reverse water gas shift

SOEC Solid oxide electrolysis cell

TEA Technical and economic analysis

carbon source via CO hydrogenation. The possible FTS reactions are
described by Reactions (1) to (3) for alkanes, olefins and alcohols pro-
duction from syngas respectively [9]. The synthesis of Co; HCs from CO,
is usually performed in multiple reactors wherein CO; is first converted
into syngas followed by the FTS process as illustrated in Fig. 1. The
direct one-reactor method, also called modified CO,-FTS process com-
bines CO, reduction to syngas through the reverse water gas shift
(RWGS) Reaction (4) and CO hydrogenation to HCs via FTS in a single
reactor [10,11].

1.2. Previous studies on direct CO2-FTS process for liquid fuel synthesis

The direct CO3 conversion into HCs via the modified FTS process has
recently gained much attention due to its ease of operation. Similar to
the traditional FTS process, products from the modified CO,-FTS process
can be wide depending on the catalyst type, composition and structure.
This paper focuses on the synthesis of liquid HCs (Cs_.).

1.2.1. Rigs for direct CO2-FTS and experimental studies

In comparison to the traditional FTS process, CO; conversion via the
modified CO2-FTS process is more challenging not only due to COy
thermodynamic stability but also because the RWGS reaction is endo-
thermic (AHsy3x = 38 kJ/mol) hence requires higher temperatures

high temperatures tend to favour light HCs [10,13]. Therefore, efficient
catalysts should be active for both RWGS and FTS reactions under the
same operating conditions [10].

Table 1 summarises a few studies on the CO2-FTS process to liquid
fuels performed at lab-scale. All experiments were carried out using
FBRs with an inner diameter between 6.0 and 14.0 mm and up to 450
mm in height. Although up to 84.8 % Cs, selectivity has been achieved,
the yield of liquid fuels was found below 29.0 % due to low CO5 con-
version. It was reported that low CO, conversion during the CO,-FTS
process arises from excessive water produced from both RWGS and FTS
reactions which negatively affect RWGS reaction rates [23,24]. To date,
no plants either at pilot scale or at commercial scale of the modified CO»-
FTS process for liquid fuel synthesis have been reported in the open
literature.

1.2.2. Modelling/simulation, optimisation and TEA studies

Meiri et al. [25] proposed a kinetic model for CO2-FTS process
simulation in CHEMCAD. They aimed to assess the effects of reactor
configuration on CO, conversion, CHy and Cs ., selectivities. Their study
demonstrated the importance of water removal to achieve higher CO»-
FTS reaction rates and Cs. selectivity. A 1-D steady-state model of a
membrane reactor for the CO,-FTS process was developed by Najari
etal. [26]. The model was based on mass and heat conservation and was

whereas, FTS reactions are exothermic (AHsy3x = —166 kJ/mol) and used to investigate the effects of in-situ water removal through a
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Fig. 1. Block flow diagram of a typical FTS plant, adapted from GSTC [12].



A.D.N. Kamkeng and M. Wang

Chemical Engineering Journal 462 (2023) 142048

Table 1

Summary of studies performed for CO»-FTS process to liquid fuels at lab-scale.
Reactor Reactor diameter H,/CO, (mol/ Catalyst OperatingTandP  Xco» (mol Selectivity Cs, yield in mole Reference
type (mm) mol) %) (%) (%)

CHs  GCsy
FBR N/A 3.0 CuFe05-6 300 °C and 10 bar 17.3 2.7 66.3 11.5 [14]
FBR 14.0 1.0 Na-Fe304/HZSM-5 320 °C and 30 bar 22.0 4.0 78.0 17.2 [15]
FBR 10.0 3.0 Fe-K/SiC 300 °C and 25 bar 41.7 10.3 56.0 23.4 [16]
FBR N/S 3.0 Co-Cu/TiO, 240 °C and 50 bar 18.4 26.1 42.1 7.7 [17]
FBR 7.0 2.7 Co/MIL-53(Al) 260 °C and 30 bar 25.3 35.2 35.0 8.9 [18]
FBR 14.0 2.0 Na-Fe304/HMCM-22 320 °C and 30 bar 26.0 8.0 74.0 19.2 [19]
FBR N/S 1.0 Coe/MnOy 200 °C and 40 bar 15.3 N/S 53.2 8.1 [13]
FBR 7.4 3.0 Fe-K/MPC 300 °C and 25 bar 50.6 15.4 44.5 22.5 [20]
FBR 6.0 3.0 Na-Fe@C/ HZSM- 320 °C and 30 bar 33.3 4.8 84.8 28.2 [21]
5-0.2

FBR 10.0 3.0 Fe-Mn-K 320 °C and 30 bar 38.2 10.4 61.9 22.3 [22]

hydrophilic membrane on CO; conversion and hydrocarbon selectivity
at different operating conditions. No model validation was performed as
membrane reactors have not yet been experimentally studied for the
direct CO,-FTS process.

A TEA study on direct CO, conversion to gasoline fuel at a
commercial-scale was performed by Fernandez-Torres et al. [7] using
Aspen HYSYS®. The authors aimed to investigate tail gas oxy-
combustion for electricity generation using the Allam cycle, Rankine
cycle and gas turbines to generate extra revenue for the CO5-FTS plant.
Their results indicated that the net electricity generation was 2.92, 1.95
and 2.06 kWh/L of gasoline when the CO,-FTS plant is coupled with
Allam cycle, Rankine cycle and gas turbines, respectively. Furthermore,
for a gasoline production rate of 23.65 ton/hr, CAPEX and OPEX were
estimated between 73 and 128 M$ and 244 to 1,951 M$/yr respectively
[7].

1.3. Aim and novel contribution of this paper

The yield of liquid fuels (below 29 %) observed during CO»-FTS
process in experimental studies is still quite low for commercial appli-
cations. Though modelling and simulation approaches can help for
process design and improvement at a lower cost [27], modelling/
simulation studies on the direct CO-FTS process remain scarce. To the
best of our knowledge, only two modelling studies are available in the
open literature for CO2-FTS process improvement via in-situ [26] and
ex-situ [25] water removal. However, Najari et al. [26] focused on the
CO2-FTS process to gaseous HCs (C; to C4). Although Meiri et al. [25]
achieved up to 51 % Cs yield with 85 % CO5 conversion, their kinetic
model was based on experimental data with 45 to 78 % selectivity to-
wards gaseous HCs. Since the improvement of CO,-FTS process to liquid
fuels has become more challenging from the catalyst design perspective
[23], new strategies are therefore required to enhance both CO, con-
version and Cs, yield.

This work aims to investigate the technical performance of CO2-FTS
process to liquid fuels at a commercial-scale. In comparison with pre-
vious studies, especially Fernandez-Torres et al. [7], a steady-state
model for the CO2-FTS process based on first principles and a modi-
fied ASF distribution to predict gasoline range hydrocarbons (Cs-Cy1) is
developed in this paper. The developed model is implemented in Aspen
Plus® using Fortran® routines and validated using experimental data
from Wei et al. [15]. Two CO2-FTS process configurations (reactors in
series vs a single reactor with recycle) are then considered for ex-situ
water removal and their process performances are analysed and
compared in terms of COz conversion, gasoline yield, energy con-
sumption and process efficiency.

2. Steady-state model development of the CO5-FTS process
2.1. Study of the CO4-FTS process

CO; and Hj streams enter a fixed-bed reactor for gasoline fuel syn-
thesis via the modified CO,-FTS process. The general principle of the
CO9-FTS process is detailed in Section 1.1.

2.2. Assumptions for model development

The steady-state model of CO5-FTS process was developed under the
following assumptions:

e CO,-FTS process operates at steady-state condition. Hence, heat and

mass accumulations were not accounted for.

CO2-FTS model only focuses on reactant conversion and products

from CO»-FTS reactions based on material balance and reaction

stoichiometry. However, the chain growth probability of hydrocar-
bons is specific to the type of reactor, catalyst and operating condi-

tions [28,29].

The type of hydrocarbons considered in this study only depends on

the catalyst nature. Furthermore, oxygenated compounds were not

favoured during experiments [15]. Therefore, products that can be
obtained from Reaction (3) were neglected.

e The lumping technique was used to handle the infinite number of
hydrocarbons from CO,-FTS reactions. It is simply defined as
grouping several components into a smaller number of components
to represent the whole group [29].

2.3. Modelling of CO2-FTS process

Most modelling/simulation, optimisation and TEA studies on the
traditional FTS process used the Anderson-Schulz-Flory (ASF) theory to
predict the distribution of hydrocarbons. The ASF model expresses the
distribution of possible hydrocarbons in terms of their mass fractions
(W) related to the corresponding carbon number i and chain growth
probability a (Eq. (5). However, experiments from Wei et al. [15]
revealed that the direct CO2-FTS process to liquid hydrocarbons does not
follow the ASF distribution theory. A possible explanation could be the
isomerisation, oligomerisation and aromatisation reactions taking place
during the CO2-FTS process in addition to the polymerisation reaction
[10,15,30].

Wi=ix(1l—a)xa 5)

Therefore, a modified version of the ASF theory was used to assess
CO,-FTS product distribution based on the one described by Donnelly
et al. [31]. The modified ASF distribution considers two chain growth
probabilities (@; and ) to evaluate the total product mass fraction for i
carbon number as shown in Eq. (6). It was assumed that each term in Eq.
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(6) contributes equally at the breakpoint (with carbon number b) as
described by Eq. (7). The fraction f» is then derived from Eq. (7) and
calculated using Eq. (8).

Wi=fixa '+ xa! (6)
W, =2xfixa" ' =2xf xa! @
a b—1
fixa ' = xat 'ah =f x (071) (©))
2

The sum of mass fractions for all carbon numbers is unity (Eq. (9).
However, C; and C3 compounds do not follow the theoretical ASF dis-
tribution [32-34]. Therefore, they are removed in the modified ASF
model and their chain growth probabilities are calculated separately
(Egs. (10) and (11) based on the kinetic values proposed by Todic et al.
[33] and adapted in this study for the CO,-FTS process.

Swi=>lhixa " +hxa] =1 ©
i=1 i=1
kiPco,
ac, = 2 10
© " kiPeo, + ksPy, + kepe™ o
kP
ac, 1 €O an

i kiPco, + ksPy, + keoe’

After removing the mass fraction of C and C3 hydrocarbons, Eq. (9)
becomes (12) for hydrocarbons with carbon number i = 1 and i > 4.
Considering the sum of geometric series (Eq. (13) and substituting f» into
Equations (12) and (13), the fraction f; can be evaluated using Eq. (14).
Note that in Eq. (12), the term [f; e a1(1 + a1) + f> ® @2(1 + ) ] repre-
sents the sum of mass fraction W, and W3, calculated using Eq. (6). A
fitting parameter A was used in Eq. (14) to account for the aromatisation
of light HCs [15,34].

e

ZW, =) Aixa " thxa ) —[ieai(l+a)+fhea(l+a)]
i=14 i=1
= 17W27W3
12)
i[fl xa' A x e ] = A1 -a) ] +A[1/(1 - a)] (13)

1-W,—-W;

fi=A
(14)

Nevertheless, even the modified ASF distribution model does not
consider any difference among components with the same carbon
number. Hence, distinctions within the same carbon cuts were taken
into consideration based on the catalyst characteristics. In this study,
Na-Fe304/HZSM-5 catalyst was considered leading to five types of hy-
drocarbons including n-paraffins, isoparaffins, olefins, naphthenes and
aromatics [15]. Since hydrocarbon distributions are based on their
selectivity in C-mole %, the mass fraction obtained from the modified
ASF theory is converted into their corresponding selectivity (S;) using
Equations (15) to (17). Selectivities are then distributed to each hy-
drocarbon type for a given carbon number based on catalyst features as
provided by Wei et al. [15].

w, —
xi:ﬁxM (15)
1 "W,
72 a6

[1/(1—a)] —are(1+am) +[(1/(1 - a)) —ar e (1 +a)](ar/ar)"”
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X X i Tipe, X i
n . = n . .
Sixi X i 3L yie, X i

The CO2-FTS reactor accomplishes several reactions including the
RWGS reaction for CO5 conversion followed by FTS reactions using
produced CO (Table 2). The molar flowrate of each FTS reaction is
calculated based on the stoichiometry and carbon mole balance as fol-
lows [29]:

Tico .
— X Xco;, = luc,

18

Eq. (18) is re-arranged as (19) and applied to all FTS reactions taking
place to evaluate the sum as given by Eq. (20). Where, Y1 ;i X fiy,
represents the total molar flowrate of produced hydrocarbons and
S Xco, is the total CO conversion. Therefore, Eq. (20) is re-written as
Eq. (21).

i X tigc, = Xco, X Heo,, (19)
> i xrinc, =rico, X »_ Xco, (20)
=1 =1

NHC = Xco X nico, 21

The same principle is applied to the RWGS reaction to assess rico,, as
shown by Eq. (22). Equations (21) and (22) are combined to obtain Eq.
(23) which is then applied to Eq. (17) to calculate the molar flowrate of
each produced hydrocarbon from FTS reactions as shown by Eq. (24).

lico, = ’icom,,> = Xco, X ncoy, (22)
RWGS

Nuc = Xeo % Xco, X nico,, (23)

. Si .

Npc; = T X Nyc (24)

3. CO2-FTS model implementation

The implementation of CO2-FTS model was carried out in Aspen
Plus® software using Peng-Robinson as the property method. Fig. 2 il-
lustrates the CO2-FTS process flowsheet developed in this work. It was
assumed that H, and CO-, are both available at standard conditions. Hy
and CO; streams are initially compressed to the desired pressure using a

Table 2
CO,-FTS carbon range, selected components and chemical reactions.

Carbon Product Modeli  Component Chemical reaction
range category
i=1 Cco 1 Cco CO, + Hp — CO + HyO
Methane Methane CO + 3H, —» CH4 + HyO
2<i<4 Light HCs 3and 4 Propane 3CO + 7H, — C3Hg +
3H,0
Propene 3CO + 6H; — C3Hg +
3H,0
i-Butane 4CO + 9H, — i-C4H1 +
4H,0
5<i<11 Gasoline 8 n-Octane 8CO + 17H; — n-CgHig
+ 8H0
i-Octane 8CO + 17H, — i-CgHig
+ 8H20
Octene 8CO + 16H3 — CgHip +
8H,0
CycloOctane 8CO + 16H; — c-CgHig
+ 8H,0
Xylene 8CO + 13H, — CgHjg +
8H,0
i>12 Wax 20 Icosane 20CO + 41H3 — CyoHyo

+ 20H20
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Fig. 2. Flowsheet of CO,-FTS process in Aspen Plus®.

4-stage compressor with intercooling. The compressed gases are then
mixed and heated to the reactor operating temperature. Afterwards, the
resulting stream (HT-FEED) is sent to the CO,-FTS reactor. The CO5-FTS
reactor is represented as a stoichiometry reactor block (CO2-FTR) and
Fortran® routines were used to assess the distribution of hydrocarbons.
Table 3 recapitulates the equations implemented in Aspen Plus®.

The modified ASF distribution model was first calculated in a sepa-
rate spreadsheet for every carbon number ranging from 1 to 50. In order
to handle the wide range of possible components in the model, lumping
of components was performed as summarised in Table 2. For each car-
bon range, a specific carbon number and corresponding hydrocarbons
were chosen to represent the product category. Then considering
Table 3, Fortran® routines evaluate the molar flowrate of each chemical
reaction accomplished by the stoichiometry reactor block.

4. CO2-FTS model validation

The CO2-FTS model was validated using data from experiments
conducted at Dalian National Laboratory for Clean Energy in China [15].
Details on the experimental CO,-FTS reactor are elaborated in Section
1.2.1 (Table 1). Six sets of experiments were carried out to assess the
hydrocarbon selectivities for different Hy/CO, feed ratios. Data using
H,/CO4 ratios of 1.0 and 3.0 were selected for the model validation. This
is because they achieved more than 70 % selectivity towards gasoline-
range hydrocarbons.

The input process conditions and parameters used for the CO,-FTS
model validation are given in Table 4. Not all required data were
available from Wei et al. [15]. Thus, some parameters were assumed
based on available literature as detailed in Table 4. The validation re-
sults are provided in terms of hydrocarbons and CO selectivities (in C-
mole%) for different Hy/CO; ratios. Fig. 3a and 3b show good agreement
between experimental data and model predictions for both Hy/CO; feed
ratios.

The relative errors between model predictions and experimental
values for each product category were also calculated and they are in
Table 5. For Ho/CO> ratios of 1.0 and 3.0, relative errors were found
below 9.0 % and 7.0 % respectively. Therefore, the CO,-FTS model
developed in Aspen Plus® using Fortran® routines can reasonably pre-
dict the gasoline-range hydrocarbons (Cs-C;;) and can be used for
further performance analysis.

Table 3
Summary of CO»-FTS mathematical modelling.

Parameter Equation

Growth probability of C; component
Growth probability of C3 component
Product fraction related to a;
Product fraction related to a,

Mass fraction of hydrocarbon i
Average molecular weight of HCs
Mole fraction of component i
Selectivity of component i

Total molar flowrate of HCs

Molar flowrate of hydrocarbon i

Equation (10)
Equation (11)
Equation (14)
Equation (8)

Equation (6)

Equation (16)
Equation (15)
Equation (17)
Equation (23)
Equation (24)

Chemical Engineering Journal 462 (2023) 142048

Table 4
Input parameters for CO,-FTS model validation.
Parameter Value Reference
Reactor temperature (°C) 320 [15]
Reactor pressure (bar) 30
H,/CO,, ratio (mol basis) 3.0 1.0
Inlet H, and CO, temperature (°C) 25
Inlet H, and CO, pressure (bar) 1
Inlet feed flowrate 4.0 L/hr
CO, conversion 0.34 0.22
Chain growth probability oy 0.75 [31]
oy 0.82
Carbon number at break point 7
Kinetic constants ki1 1.66 x 102
[33]
ks 6.99 x 10°*
ke.0 2.02 x 1072
Kee 7.62 x 107°
Constant ¢ —0.26

Fitting parameter A i< 4,0.22¢%34

i>5,0.06e%4
[33,34]

5. Performance analysis of CO2-FTS process for gasoline fuel
synthesis

5.1. Assumptions and evaluation criteria for CO2-FTS performance
analysis

CO,-FTS performance analysis was performed under the following
assumptions:

o Although the CO3-FTS model validation was performed at a
laboratory-scale, process analysis was carried out at industrial-scale
under the assumptions that both CO,-FTS reactor and Na-Fe304/
HZSM-5 catalyst behave the same way at lab-scale and industrial-
scale.

e CO; and H; inlet flowrates were assumed to be 110.02 and 15.12

ton/hr respectively. These values were chosen to achieve a com-

mercial CO2-FTS plant capacity of 4500 bbl/day [7].

CO4-FTS process performance is given in terms of CO5 conversion,

gasoline yield, energy consumption and process efficiency.

CO2-FTS process efficiency and gasoline yield were calculated using

Egs. (25) and (26) respectively. The CO2-FTS process efficiency

considers the high heating values (HHV) of gasoline fuel and feed

gases as well as the required energy of each operation units [28,35].

HHYV gas0iine

_ 25

Hco,-rrs HHV i, + Pco,—Frs (25)

Yeasotine = Xco, X Sgasoline (26)
n —n

XCO; _ COZm. CO2 put 27)
ncoy,,

e Except for the base case of CO2-FTS process which has a fixed CO,
conversion as specified by Wei et al. [15], CO3 conversion in the
remaining case studies was assessed using Eq. (27).

e Given the current maturity of fixed-bed reactors, 5 % heat losses
were assumed during calculations of the CO,-FTS process efficiency
[9].

e For all case studies, no pressure drop was assumed in the heaters and
coolers.

5.2. CO2-FTS process performance using a single reactor

5.2.1. Justification for this case study
The CO2-FTS process using a single reactor features an open-loop
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Fig. 3. Model predictions and experimental values of CO»-FTS product selectivities for different H,/CO, feed ratios.

Table 5
Relative errors between model predictions and experimental values of CO»-FTS
product selectivities.

Relative errors (%)
H,/CO, of 3.0

Product category
H,/CO, of 1.0

co 6.65 4.50
CH,4 1.38 7.00
Co-Cy 1.60 8.93
Cs-C11 0.16 218
Cuas 6.97 6.67

configuration without the recirculation or upgrade of unconverted re-
actants, water removal and/or reactor design. It is referred to as base
case and the obtained results were used as a reference for performance
comparison between the base case and optimised plants. The study of
the base case for CO,-FTS plant was necessary to evaluate the perfor-
mance of each operation unit, especially the CO2-FTS reactor block.

5.2.2. Set-up of this case study

The process simulation of the base case for gasoline fuel synthesis
through CO»-FTS process is displayed in Fig. 4a. In the base case, the
syncrude stream leaving the CO,-FTS reactor is first cooled down to
40 °C based on the temperature performance of industrial coolers [25].

MCOMP-1

The resulting stream (SYN-2) is then separated into three streams using a
three-phase outlet flash drum: light gas stream (containing unconverted
feed gases and light hydrocarbons), gasoline stream (mostly Cs-C;; hy-
drocarbons) and water stream. The remaining operating conditions of
the CO,-FTS process to gasoline are the same as presented in Table 4 for
the Hy/CO5 ratio of 3.0.

5.2.3. Results and discussion of this case study

The overall material balance and energy input of the base case for the
CO2-FTS plant is presented in Fig. 4b. The characteristics of the pro-
duced gasoline as well as the process performance were verified, and the
results are presented in Table 6. The gasoline fuel has a density of 767.1
kg/m® and a research octane number (RON) of 94.6 which is between
the current gasoline RON grade range of 80 to 110 [36]. The base case of
CO,-FTS process plant leads to roughly 6.1 ton/hr of gasoline fuel, 28.0
ton/hr of water and 91.1 ton/hr of light gas. The total energy required
was evaluated at 155.4 MW which resulted in a CO,-FTS process effi-
ciency of approximately 39.0 %.

The CO2-FTS process achieves a gasoline selectivity of 72.9 % with
methane selectivity below 8.0 % which agrees with the experimental
results when using Na-Fe304/HZSM-5 catalyst for direct CO, conversion
into gasoline fuel [15]. Furthermore, the direct CO2-FTS process results
in roughly 1.0 % selectivity towards C5. hydrocarbons (Fig. 3) based on

(@

ASF
ICALCULATOR]

MCOMP-2

— s

Energy required
(155.35 MW)

(b)

COOLER

SYNCRUDE

110.02 ton/hr CO,

15.12 ton/hr H,

CO,-FTS process
plant: Base case

\

91.12 ton/hr Light gas

=

6.07 ton/hr gasoline

J
27.95 ton/hr water

Fig. 4. (a) Process simulation of the base case for CO,-FTS plant and (b) overall material (mass) balance and total energy input.
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Table 6
Performance summary of the CO,-FTS preliminary process design.
Parameter Value
Gasoline fuel features Mass flowrate (ton/hr) 6.07
Density (kg/m%) 767.13
RON 94.56
HHV (MW) 75.88
Energy consumption (MW) Feed compressors 70.79
Feed heater 10.86
Reactor cooling jacket 22.53
Syncrude cooler 43.20
Flash drum 0.57
Heat losses (5 %) 7.40
Conversion (mol%) CO, 34.00
Cco 85.35
Gasoline yield in mole (%) 24.78
CO,-FTS process efficiency (%) 38.96

Na-Fe304/HZSM-5 catalyst characteristics. Therefore, a distillation
column was not required for the syncrude upgrade to liquid fuels.
However, the gasoline yield is only 24.8 % due to low CO, conversion
(approximately 34.0 %). The results also indicate that the light gas
stream (Fig. 4) contains 72.4 ton/hr and 10.4 ton/hr of CO; and Hy mass
flowrate respectively which account for more than 90 % of the total light
gas flowrate. It will be shown in the next sections that the light gases can
be re-used to optimise the CO2-FTS process performance.

5.3. CO2-FTS process performance using multiple reactors in series

5.3.1. Justification for this case study

Water formation during direct COy conversion into liquid fuels
significantly decreases the driving force of the RWGS reaction, hence
inhibits CO, conversion. Continuous and selective water removal is
therefore essential to achieve a higher RWGS reaction rate and CO»
conversion [23,24]. As a result, this study explores multiple CO,-FTS
reactors in series with interstage cooling for ex-situ water removal to
assess the effects of the multi-stage reactor system on CO5 conversion,
gasoline yield, energy consumption and process efficiency.

(a)
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(CO; and H:)
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A

[
I
, Heater2
I

Heater 1

Cooler 1
Compressor )

-
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5.3.2. Set-up of this case study

Fig. 5 depict the configuration concept of the CO,-FTS process using
multiple reactors in series and process simulation of a 2-stage CO,-FTS
reactor system in Aspen Plus®. A single CO,-FTS reactor unit includes a
heat exchanger, fixed-bed reactor (modelled as a stoichiometry reactor
block), cooler and three-outlet flash drum. The aforementioned opera-
tion units operate as described in Sections 4 and 5.2.2.

The second feed stream (FEED-2), mostly containing unconverted
COy, Hy and CO, is then sent to the next CO,-FTS reactor unit. Up to
three reactors in series were studied. Each CO5-FTS reactor uses Na-
Fe304/HZSM-5 catalyst to accomplish the chemical reactions elaborated
in Table 2 and Fortran® routines assess the molar flowrate of each re-
action. Finally, a mixer is used to combine all gasoline streams leaving
the flash drums. The operating conditions are the same as in Table 4 for
the Hy/COy ratio of 3.0. Moreover, each CO,-FTS reactor unit operates
under the same conditions.

5.3.3. Results and discussion of this case study

The overall material balance and total energy input for the CO5-FTS
plant using 3 reactors in series is presented in Fig. 6. Table 7 details the
CO2-FTS process performance using one reactor (base case) compared to
two and three reactors in series.

The results show that using two CO,-FTS reactors in series increases
CO;, conversion from 34.0 to 56.6 %. This leads to a gasoline yield of
41.6 % which is 1.7 times higher than that of the CO,-FTS process with a

Energy required
(275.72 MW)

~ N

m— 46.01 ton/hr Light gas
11002 ton/hr €O | CO,-FTS plant using
N 3 reactors in series 16.74 ton/hr gasoline
15.12 ton/hr H, —_—

4 62.39 ton/hr water

Fig. 6. Overall material (mass) balance and total energy input of CO,-FTS
process using three reactors in series.

Light HCs 2 nghtfles
A

Heater 3

Cooler 3

Gasoline 3

Gasoline 2

Water 3

MNER-2

(e

Fig. 5. (a) Configuration concept and (b) process simulation of CO,-FTS to gasoline using multiple reactors in series.
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Table 7
Performance summary of the CO»-FTS process using multiple reactors in series.
Parameter 1 reactor 2 reactors 3 reactors
(base case) in series in series
Gasoline fuel Mass flowrate 6.07 11.33 16.74
features (ton/hr)
Density (kg/ 767.13 766.15 765.77
m3)
HHV (MW) 75.88 141.63 209.25
Energy Feed 70.79 70.79 70.79
consumption compressors
(MW) Feed heaters 10.86 28.74 40.66
Reactor cooling ~ 22.53 41.97 55.41
jackets
Syncrude 43.20 73.87 94.35
coolers
Flash drums 0.57 1.05 1.38
Heat losses (5 7.40 10.82 13.13
%)
Conversion (mol CO, 34.00 56.63 71.54
%) Cco 85.35 92.94 96.18
Gasoline yield in mole (%) 24.78 41.55 52.48
CO,-FTS process efficiency (%) 38.96 53.12 66.41

single reactor. Furthermore, CO2-FTS plant using three reactors in series
produces 16.7 ton/hr of gasoline with 52.5 % gasoline yield and a
considerable increase in CO5 conversion from 34.0 to 71.5 %.

These results are in good agreement with experimental findings
using 2-stage [23] and 3-stage [37] fixed-bed reactors for direct COy
conversion into Cs; hydrocarbons. The authors explained that water
removal accelerates the formation of active carbide phases which are
crucial for CO2-FTS activity. Since RWGS reaction rates and modified
ASF hydrocarbon distribution are quite similar in each CO,-FTS reactor,
the more CO,-FTS reactors are set in series, the higher overall COy
conversion is achieved.

The analysis of CO,-FTS energy consumption reveals that increasing
the number of reactors results in higher energy requirements for the
overall process plant. Indeed, the 2-stage and 3-stage CO»-FTS reactor
systems respectively consume 227.2 MW and 275.7 MW of energy which
are 46.4 % and 77.6 % higher than the energy requirement of a single
CO2-FTS reactor unit. In both cases, syncrude coolers show the highest
energy consumption accounting for 32.5 % (Fig. 7a) and 34.2 %
(Fig. 7b) of energy usage for the 2-stage and 3-stage CO,-FTS reactor
systems, respectively.

The feed gas compressors have the second-highest share of energy
consumption (31.2 % and 25.7 % of energy required in the 2-stage and
3-stage CO2-FTS reactor systems respectively). For the same inlet flow-
rates, Fernandez-Torres et al. [7] reported an energy consumption of
10.1 MW for the feed gas compression which is 85.8 % lower than the
one observed in this work. This is simply because their study assumed
that the feed gases are available to the CO»-FTS plant at 25 bar. Hence,

Heat loss
4.76%
(a) Feed
compressors
31.15%
Synerude.
coolers
32.51%
Feed heaters
12.65%
Reaigz;g ling Flash drums
0.46%
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lower energy was required to compress the inlet gases to the reactor’s
desired pressure. Under similar assumptions, the feed gas compressors in
this study would only need 6.2 % and 4.8 % of the total energy required
in the 2-stage and 3-stage CO2-FTS reactor systems respectively.

On the other hand, multiple CO,-FTS reactors in series also lead to
higher gasoline production rates. For example, the 3-stage CO,-FTS
reactor system reached 16.7 ton/hr gasoline production rate resulting in
a process efficiency of 66.4 % which is nearly twice that of the single
CO»-FTS reactor unit. Therefore, it is sensitive to conclude that multi-
stage reactors coupled with periodical water removal can help to ach-
ieve higher COy conversion thus, higher gasoline yield and process
efficiency.

5.4. CO2-FTS process performance using a single reactor with recycle

5.4.1. Justification for this case study

The natural alternative to multiple reactors in series is water removal
followed by material recirculation so that unconverted feedstock can be
re-used within the single CO3-FTS reactor. This technique aims to
enhance the overall process efficiency while limiting the net material
consumption [35]. Since increasing the number of reactors showed
noticeable effects on the COy-FTS process performance for gasoline
synthesis, it is paramount to also understand the effects of material
recycling (hence, recycle ratio) using a single CO,-FTS reactor on COy
conversion, gasoline yield, energy consumption and process efficiency.

5.4.2. Set-up of this case study

The configuration concept and flowsheet diagram of the CO2-FTS
process to gasoline using a single reactor with recycle developed in
Aspen Plus® software is illustrated in Fig. 8. The top exit stream (L-
GAS2) of the separator is first split into two flows (RECYCLE and L-GAS3
streams). Given the high cost of hydrogen, it is assumed that the L-GAS3
stream will be sent to an upgrade section so that excess/unreacted Hy
can be recovered for on or off-site purposes which could allow further
plant optimisation. Although the H; recovery section is outside of the
scope of this research, the HHV of Hy was considered in the process
efficiency calculation (Eq. (25)).

The RECYCLE stream (mostly containing Hp, CO and COy) is then
sent to the feed mixer where it is combined with high-pressure CO5 and
H, feed streams. The remaining steps of the CO2-FTS process to gasoline
are as described in Section 5.2.2 for a single CO»-FTS reactor unit. Note
that the syncrude leaving the CO2-FTS reactor (CO»-FTR) is only cooled
down before light gases (L-GAS1) are separated from water and gasoline.
Since the heater and cooler were assumed not to have any pressure drop
(Section 5.1), the pressure of the recycled gas stream (RECYCLE)
remained the same as that of the feed gas. Therefore, no compressor for
the recycled gas was needed in this simulation.

The recycle ratio (split fraction in the SPLITTER block) was initially

Heat loss
4.76%

W Feed
y compressors
Syncrude " oy
coolers &
34.22%
Feed heaters
14.75%
Reactor cooling Flash drums
0.50%

20.10%

Fig. 7. Energy repartition of (a) two-stage and (b) three-stage CO,-FTS process to gasoline.
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Fig. 8. (a) Configuration concept and (b) process simulation of CO,-FTS to gasoline using a single reactor with recycle.

set to 0.5. The sensitivity analysis tool was then used in Aspen Plus® to
assess the effects of the recycle ratio on COy conversion and gasoline
production. The remaining operating conditions are the same as in
Table 4.

5.4.3. Results and discussion of this case study

The recycle ratio was varied from 0.0 to 0.9 given that not all un-
converted reactants can be recycled back to the reactor. Moreover, for
recycle ratios above 0.9, the sensitivity analysis results showed errors.
This is because the system was no longer in mass balance due to CO2
accumulation and its equilibrium conversion limitations [38].

Fig. 9 illustrates the effects of the recycle ratio on CO2 conversion
and gasoline yield. Although CO, conversion per pass through the
reactor was set to 0.34 as per input data (Table 4), the results show a
considerable increase in CO5 conversion of the configured plant
(therefore, gasoline yield) with the recycle ratio. Recirculating 90 % of
unconverted reactants achieved 83.9 % CO, conversion which corre-
sponds to roughly 61.2 % gasoline yield.

The overall material balance and total energy input for the CO5-FTS
plant using a single reactor with recycle (recycle ratio of 0.9) is illus-
trated in Fig. 10. The performance summary of the CO,-FTS process to
gasoline using a single reactor (base case) compared to a single reactor
with a recycle ratio of 0.9 (recycle system) is detailed in Table 8.

It was found that the recycle system requires approximately 2.1 times
more energy than the preliminary plant. The highest energy consump-
tion of 112.4 MW is observed from the cooler located next to the CO»-
FTS reactor. This is simply due to the higher production rate observed in
the recycle system. As a matter of fact, the gasoline production rate in
the recycle system was close to 20.0 ton/hr (with a CO2-FTS process

100.0

80.0 — CO, Conversion

- - Gasoline yield
60.0

40.0 -

Conversion & Yield (%)

20.0 T T

0 015 03 045 06 075 09
Recycle ratio

Fig. 9. Effects of the recycle ratio on CO; conversion and gasoline yield during
CO,-FTS process.

efficiency of 69.6 %) which is more than 3 times that of the preliminary
plant. Hence, water removal followed by reactant recirculation can
effectively improve both CO; conversion and CO2-FTS process
efficiency.

6. CO,-FTS performance comparison between a single reactor
with recycle and multiple reactors in series

The configured CO2-FTS plants elaborated above, a single reactor
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Fig. 10. Overall material (mass) balance and total energy input of CO2-FTS
process using a single reactor with recycle (recycle ratio of 0.9).

Table 8
Performance summary of the CO,-FTS process using single reactor compared to
single reactor with recycle.

Parameter Base case Recycle
system
Gasoline fuel features Mass flowrate (ton/hr) 6.07 19.97
Density (kg/m®) 767.13 765.34
HHV (MW) 75.88 249.63
Energy consumption Feed compressors 70.79 70.79
(MW) Feed heaters 10.86 51.56
Reactor cooling 22.53 66.84
jackets
Syncrude coolers 43.20 112.42
Flash drums 0.57 2.28
Heat losses (5 %) 7.40 15.19
Conversion (mol%) CO, 71.54 83.94
co 85.35 98.33
Gasoline yield in mole (%) 24.78 61.18
CO,-FTS process efficiency (%) 38.96 69.64

with recycle and multiple reactors in series, have demonstrated the
essential feature of enhancing CO, conversion and gasoline yield
through ex-situ water removal from the system. A performance com-
parison between the two configuration systems (Tables 7 and 8) in-
dicates that the single reactor with recycle (recycle ratio of 0.9) has a
higher gasoline production rate than the three-stage reactors in series
(20.0 and 16.7 ton/hr, respectively). Although the recycle system re-
quires roughly 1.2 times more energy than the three-stage reactors in
series, it achieves a higher process efficiency of 69.6 % due to increased
gasoline production. A possible explanation could be the higher CO,
conversion observed in the recycle system which also results in a higher
gasoline yield.

However, it was previously demonstrated that the more CO,-FTS
reactors are set in series, the higher CO5 conversion is achieved whereas,
a lower recycle ratio would result in lower CO;3 conversion. Therefore,
the two configuration systems are also compared at the same CO» con-
version to identify which one would provide the best performance. The
three reactors in series achieve a CO, conversion of 71.5 % hence, a
recycle ratio of 0.8 was chosen (based on Fig. 9) to maintain the same
CO, conversion in the recycle system.

Fig. 11 depicts the overall mass balance and total energy consump-
tion of direct CO,-FTS processes to gasoline fuel using three reactors in
series (Fig. 11a) and a single reactor with recycle (Fig. 11b) for the same
CO, conversion of 71.5 %. It can be seen that the gasoline production
rate for both CO,-FTS process plants is quite similar (16.74 and 16.94
ton/hr for the 3-stage reactor in series and single reactor with recycle
respectively).

Although the recycle system had a slightly higher energy require-
ment than the 3-stage reactor in series (279.69 and 275.72 MW,
respectively), similar CO,-FTS process efficiency of roughly 66.4 % was
found for both systems. Hence, in terms of CO, conversion and process
efficiency, both configuration plants can effectively improve the CO»-
FTS process performance with more than 52 % gasoline yield. In in-
dustrial applications, this could reduce the operating costs for the
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Fig. 11. Overall material (mass) balance and required energy of CO,-FTS
process using (a) three reactors in series and (b) single reactor with recycle for
71.5% CO, conversion.

disposal of by-products and/or management of unconverted reactants.
Although the reported results show great improvement in the CO,-FTS
process performance, it is important to specify that more studies on
economic analysis are also needed to provide further insights into the
commercial deployment of the CO,-FTS process.

7. Conclusion

In this paper, a steady-state CO2-FTS model (in Aspen Plus® using
Fortran® routines) was developed and validated. The model is based on
first principles and a modified ASF distribution to predict gasoline range
hydrocarbons (Cs-C11). Model validation was performed for two sets of
data with Hy/CO4 feed ratios of 1.0 and 3.0. Two CO2-FTS process
configurations for ex-situ water removal (three-stage reactor in series
and single reactor with recycle) were considered and their process
performances were analysed and compared in terms of CO5 conversion,
gasoline yield, energy consumption and process efficiency.

Both CO,-FTS process plants showed significant improvements in
CO4, conversion (from 34 to above 70 %) and gasoline yield (from 25 to
over 52 %) through ex-situ water removal. A comparative analysis be-
tween the two direct CO,-FTS process plants indicated that the single
reactor with recycle (recycle ratio of 0.9) has a higher gasoline yield
(around 61.0 %) and gasoline production rate (roughly 20.0 ton/hr)
than the 3-stage reactor in series due to higher CO, conversion (about
84.0 %). However, the performance analysis at the same CO3 conversion
of 71.5 % revealed that both process configurations have a similar
process efficiency of around 66.4 %. Therefore, under the investigated
conditions, both CO,-FTS process plants can successfully achieve higher
gasoline yield and process efficiency.
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