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MODELING PROCESS OF SYNTHETIC LIQUID HYDROCARBONS
FUEL PRODUCTION BY COMBINED STEAM-DRY REFORMING OF
METHANE OVER Co-CONTAINING MULTICOMPONENT CATALYST

Abstract. The paper is devoted to modeling the stages of a two-step technology proposed by authors for
synthetic liquid hydrocarbons (SLH) production from syngas produced by bireforming of methane — combined steam
and dry reforming of methane over own developed catalyst. In both processes: bireforming of methane and Fischer —
Tropsch synthesis, the samples of the same catalyst containing cobalt, modified by additives of the transition metals
of Groups IV™ and VIII™ of the Periodic Table and supported on alumina — 5%Co-M1-M2/AI203 have been long-
term tested (> 100 hours in each process). The obtained experimental results were used as the basis for calculations at
modeling the technological circuit for both processes. As software, Aspen HYSYS was used. In the paper, the
modeled technological circuits of syngas production by bireforming of methane and production of synthetic liquid
hydrocarbons from syngas over the developed catalyst are presented; the material and heat balances obtained at
modeling technology are included too.

Keywords: Modeling; Catalyst; Combined Steam-Dry Reforming of Methane; Syngas; Synthetic Liquid
Hydrocarbons.

1 INTRODUCTION

Due to the growth of Earth’s population and economic development, the demand for energy sources is
significantly increasing. That requires searching the new and that is more important the clean energy
sources to reduce the negative impact on the environment. Thanks to the larger amount, availability,
versatility and less environmental impact, natural gas is becoming the most desirable type of raw material
compared to other fossil fuels [1]. Thus, International Energetic Agency (IEA) made forecast that global
production of natural gas can be increased by 55% from 2010 to 2035 year [2]. At present time, increasing
of global reserves of natural gas/methane occurs, that caused by high rate of exploration and particularly
by contribution of shale gas. However, a significant amount of the world's natural gas reserves remain
difficult to recover or are located in remote places. Monetization of such reserves is an important task for
gas producers and demands for major investments into organization of industry and export/transportation
infrastructure [4].

Transportation of energy raw materials in liquid form by oil tankers, rail and road transport is an
economical way. However, the large amount of natural gas remaining after compression, even under high
pressure, makes it difficult to store and transport over long distances. One of the ways to solve this
problem is the GTL technology. GTL is the chemical transformation of gas (methane) into heavier
hydrocarbons, which are in a liquid state under atmospheric pressure and can be easily transported [5, 6].

Over the past three decades, GTL technologies have been further developed and allow to the gas
producers to expand and diversify their markets through various types of high-quality liquid motor fuels
[7], in particular, diesel and jet fuels. The diesel fuel produced by the GTL process has a significantly
higher quality than that produced during the processing of crude oil. So, its cetane number is at least 70
compared to 45-55 for most conventional fuels, low sulfur content (less than 5 ppm) and aromatic
hydrocarbons (less than 1%) [8]. The global demand for diesel fuel tends to grow and is projected to
increase from 25 million to 37 million barrels per day from 2011 to 2035 [9]. Technology of GTL can
contribute in meeting this demand.
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As arule, the GTL technologies include three main stages [10]:

1. Production of syngas by catalytic interaction of methane with oxygen containing agent (processes
of partial oxidation of methane or steam and bireforming of methane). Ratio of hydrogen to carbon
monoxide in syngas produced is varied depending on feed composition;

2. Catalytic Fischer—Tropsch synthesis (FTS) — syngas conversion in FTS reactors of various
construction into a wide range of aliphatic hydrocarbons (synthetic oil);

3. Cracking — transformation of the heavy hydrocarbon obtained into high-quality products: naphtha,
diesel fuel, lubricants.

Fischer—Tropsch synthesis occurs accordingly to the following reaction (Eq.1):

2CO(g) + Ha(g) — (—CHy-)n(l) +CO,(g) +H,O (Eq.1)

FTS is highly exothermic process (140-160 kJ/mol™" of converted CO) and is accompanied by the
formation of some amount of carbon dioxide and water along with the production of liquid hydrocarbons
[11]). The main FTS reactions compete with methanation (Equation 2) and reactions leading to the
formation of propane and butane (LPG), which are very exothermic:

CO + 3H2 — H4 + HZO (Eq2)

In order to ensure the preferential running of the FT reaction, the synthesis is carried out at low
temperatures: 220-350°C; pressure: 2—3 MPa over the carefully selected catalysts (usually cobalt or iron)
in reactors that promotes the growth of long-chain hydrocarbons. Nowadays, only Sasol and Shell have
constructed the large-scale industrial plants — Oryx and Pearl, respectively.

There are two main categories of FTS technologies — high and low temperature synthesis, which
differ in type of applied catalyst — Fe and Co respectively, composition and distribution of the products
[12-14]. Commonly the yield of diesel fuel at FTS plants is about 70% that is much higher than for
processing crude oil — about 40% [15]. A great advantage of FTS technologies is their focus exclusively
on producing the high-value light and medium distillates, in contrast to traditional oil refining, where a
significant amount of low-value fuel oil is formed. The proportion of middle distillates in the products
composition is about a third higher than for conventional refining [16].

The main ways of syngas producing are partial oxidation, auto thermal reforming, and combined
steam-dry reforming of methane [17-20]. Disadvantage of first two processes is high dilution by nitrogen
both of the inlet gas stream and the final reforming products, when air is used as an oxidant; in case of
pure oxygen use, the need of its extraction from the air and storage is appeared. It is economically
unprofitable and technically unsafe. As for the processes of dry and steam reforming, the H,/CO ratio in
the resulting synthesis gas is lower (<2) or higher (> 3) respectively than the optimum ratio for FTS.

One of the ways for production of syngas with required composition is combination of steam and dry
reforming, the so-called bireforming of methane. Its main disadvantage is strong endothermicity and, as a
result, high energy intensity of process as a whole. That can be compensated by integration of energy
streams of natural gas reforming reactor (endothermic process) and of Fischer—Tropsch reactor
(exothermic process). In general, bireforming process has the following essential advantages:

1) H,/CO ratio of obtained syngas can be optimized for the specific catalyst;

2) carbon dioxide and water formed in Fischer—Tropsch process can be recycled to the process of
syngas production;

3) opportunity to utilize the alternative sources of carbon, like biogas.

Currently, to solve the issue of the appropriateness of the use of various technological processes and
schemes, the various software products developed by companies or researchers for their own and/or
commercial needs are widely used [21]. The Aspen HYSYS and Aspen Plus packages are the most
common used software. These software products are used to scale the processes studied in the laboratory
as well as to determine the feasibility of their commercialization, and to find ways to optimize existing
technological processes.

The present work deals with simulation of technology for two stages of GTL process: production of
syngas by bireforming of methane and production of synthetic liquid hydrocarbons by Fischer—Tropsch
synthesis over the developed Co-containing catalyst using software package Aspen HYSYS.
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2 EXPERIMENTAL

To simulate both the syngas production by bireforming of methane and the production of synthetic
liquid hydrocarbons by conversion of syngas formed at the first step over the developed Co-containing
catalyst, the software package ASPEN HYSYS was used. It includes five modes for modeling of chemical
reactions proceeding (so called types of reaction), which are differed by type of incoming data:

- conversion reaction — for this type of reaction, the stoichiometry of reaction and conversion degree
of base component on reactor’s outlet are specified;

- equilibrium reaction — equilibrium constant is specified as temperature function either as formula or
as table;

- kinetic reaction, including three options — the parameters are kinetic data (the reaction orders by
reactants, the constants of direct and reverse reactions, the appropriate activation energies and pre-
exponential factors).

Due to absence of data on kinetic parameters of processes studied to simulate both bireforming and
Fischer—Tropsch synthesis the first type of reaction was chosen — Conversion reaction. In process of
modeling, a number of assumptions were made: all reagents are chemically pure and carbon deposition is
absent. The last assumption based on the fact that catalyst studied in dry reforming of methane (more
active process towards carbon deposition compared to other type of methane conversion) did not
demonstrate decrease in its activity during continuous long-term testing for more than 100 hours.

For modeling, the data obtained during testing the 5%Co-M1-M2/Al,05 catalyst prepared by
impregnation method in both processes — the bireforming of methane and Fischer—Tropsch synthesis were
used. Bireforming was carried out under the following conditions: CH4/CO, ratio on inlet of reactor was
1:1, steam amount — 25 vol.%, GHSV=1250 h™, pressure — 1 atm, t = 700°C. The degrees of methane and
carbon dioxide conversion are 94.8% and 61.7% respectively. FTS process was carried out under pressure
of 1.0 MPa, temperature — 233°C, ratio of H,:CO=2:1, GHSV=4000 h! over the fresh sample of the same
catalyst.

3 RESULTS AND DISCUSSION
3.1 Technological scheme for combined steam-dry reforming of methane

The technology of production and processing of synthesis gas has been modeled using Aspen HYSYS
software and based on the general principles for calculations of the mass and energy balances of
technological schemes. The software includes a set of auxiliary subsystems to provide the solutions for
chemical-technological processes.

To make a model for combined steam-dry reforming of methane (bireforming of methane), the
technological parameters corresponding to the experimental data obtained during the long-term testing of
the 5% Co-M1-M2/Al,0; catalyst for 100 hours were used. Also, the reactor-converter was used to
simulate the technology.

In Figure 1, the technological scheme of synthesis gas production by bireforming of methane is
presented. A model includes the following streams of products and energy described below.

Carbon dioxide and methane (1) enter the mixer Ul to be mixed with steam, part of which is
returnable due to contribution of both unreacted water after the bireforming of methane as well as water
formed after Fischer-Tropsch synthesis. Then, the mixture of gases (3) passes through the heat exchanger
U2, where heat exchange takes place between the streams of the initial products (inlet) and the products
after the reactor (outlet flow with temperature is about 700 ° C). After the heat exchanger U2, the heated
mixture (4) enters an isothermal reactor U3 filled with the fixed bed catalyst — 5%Co-M1-M2/Al1,0;
heated by external energy flow Q1 to maintain the process temperature is about 700°C. Then, the hot
gases (5) including reaction products — hydrogen and carbon monoxide as well as unreacted water,
methane, and carbon dioxide are directed to the heat exchanger U2, where they are cooled and then stream
(6) is sent to separator U4 for separation of unreacted water (7). The mix of gases (8) — hydrogen,
methane, and carbon oxides are passed through the absorber US irrigated with a solution of
monoethanolamine to absorb unreacted carbon dioxide and release synthesis gas with residues of
unreacted methane (10), which is sent to the FTS reactor. The carbon dioxide enriched monoethanolamine
solution (9) is sent to the regenerator U6, where it is separated into carbon dioxide (12) and the
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monoethanolamine solution, then the latter is diluted with makeup water (13) to the desired concentration
in the mixer U7, is cooled in the refrigerator U8, and is sent to the recycling RC to be reused in the
absorber US5.

U8
T " Al
15 I 14 %_h
RC i 13
S—; (R
= 10
16
8 U5
— -
U4 gl— 12
—— i s B —|__.
TR
Vs 9 . Q3
2
7 |02
) N

1 — methane and carbon dioxide; 2 — steam; 3 — steam-gas mixture; 4 — heated gas mixture;
5 — reaction products + unreacted raw materials; 6 — cooled products; 7 — condensate,
8 — raw synthesis gas, 9 — monoethanolamine saturated with carbon dioxide;
10 — synthesis gas purified from CO,; 11— regenerated monoethanolamine; 12 — carbon dioxide; 13 — feed water; 14 —
monoethanolamine for recycling; 15 — cooled monoethanolamine; U1 — mixer, U2 — heat exchanger,
U3 — conversion reactor; U4 — separator; US — absorber; U6 — monoethanolamine regenerator; U7 — mixer;
U8 — refrigerator; Q1, Q2, Q3, Q4 — energy flows; RC — recycling

Figure 1 — Technological scheme for synthesis gas production by bireforming of methane
A summary mass balance for the synthesis gas production technology is given in Table 1.

Table 1 — Summary mass balance of technology for the synthesis gas production
by bireforming of methane over the 5%Co-M1-M2/Al,0; catalyst

Input, Mass IN Kg/h M(;:st%llth kg/h
CcO, 110.0243 CO, 0.4777
H,0 18.0151 H,0 0.1083
CH, 40.1073 CH, 2.0710
H,O(feed) 1.8015 H, 11.2978
CO 107.9750
Losses 48.0180
TOTAL 169.9482 TOTAL 169.9478
100% 100%

3.2 Technological scheme for synthetic liquid hydrocarbon production by FTS

The synthesis gas (1) produced at the previous stage by the combined steam-dry conversion of
methane enters the isothermal reactor U1 for Fischer-Tropsch synthesis. The mix of reaction products and
unreacted reagents (2) pass through the expander U2, where the pressure is reduced to atmospheric one.
After expander, the partially cooled mix of products (3) enters the refrigerator U3, then the cooled
products (4) are sent to a three-phase separator U4, where the products are divided into three phases: gas
(5), organic (6) and water (7) (Fig.2).
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The main products of the Fischer-Tropsch synthesis are the Cs. fraction — synthetic liquid
hydrocarbons (SLH) mainly composed of n-alkanes. The selectivity of their formation is about 80%. Also,
methane, water, C,-C4 hydrocarbons, and carbon dioxide formed during FTS and unreacted hydrogen and
carbon monoxide are presented in product flow after reactor.

The mass balance of the FTS reactor, where the process occurs over the 5%Co-M1-M2/Al,Oscatalyst
is presented in Table 2.

3
Q
H
2 3 4 5
u U3
q—)
1
C
Q@
- > u2 6
a U4
)
1

1 — synthesis gas produced at the previous stage; 2 — reaction products and unreacted substances; 3 — products under atmospheric
pressure; 4 — cooled products; 5 — mix of hydrocarbons, unreacted synthesis gas, and CO,; 6 — Cs, hydrocarbons, 7 — water;
U1 — FTS reactor; U2 — expander; U3 — refrigerator, U4 — three-phase separator;

Q1, Q2, Q3 — energy flows

Figure 2 — Technological scheme for Fischer-Tropsch synthesis

Table 2 — Mass balance of reactor for FTS over 5%Co-M1-M2/Al,0; catalyst

Input Amount, Kg/h Output Amount, Kg/h

Hydrogen 13.4400 Hydrogen 1.7898
Carbon monoxide 93.3697 Carbon monoxide 18.6737
Carbon dioxide 0.9699
Methane 2.6855

Water 47.2464
>Cy-Cy 2.7634

>Cs, 32.6786

TOTAL 106.8097 TOTAL 106.8073

In Table 3, the energy balance of the Fischer-Tropsch synthesis reactor is given.

Table 3 — Energy balance of reactor for FTS over 5%Co-M1-M2/Al1,0;

Input MJ/h % Output MJ/h %
H,+CO 312.2398 33.82 Gases 118.9012 12.88
Q 442.5103 47.92 SLH 60.7977 6.58
Q; 31.3409 3.39 Water 743.6607 80.54
Q; 137.2686 14.87
TOTAL 923.3597 100 TOTAL 923.3597 100

Thus, the simulation of the two main stages of the GTL process — the production of synthesis gas and
its processing including calculations of mass and energy balances confirms the high efficiency of the
proposed technology for the production of synthetic liquid hydrocarbons over the developed — 5%Co-M1-
M2/A1,0;.

— 4) ——
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CONCLUSION

Earlier by means of Aspen HYSYS software, the authors have simulated the process of methane
bireforming over the 5%Co-M(9:1)/Al,05-5%REE-1 catalyst performed the high degrees of methane and
carbon dioxide conversion [22]. In present work, bireforming was modeled using another Co-containing
catalyst showed lower conversion both of methane and carbon dioxide — 94.8% and 61.7% respectively at
700°C. In addition, Fischer—Tropsch synthesis over the same catalyst was modeled.

As a fist approximation, the simulated technology for the two-stage production of synthetic liquid
hydrocarbons from syngas obtained by bireforming of methane using developed catalyst — 5%Co-M1-
M2/Al1,0; demonstrates its viability. Such technology is applicable in remote areas of gas production.
Liquid hydrocarbons formed consist mainly of n-alkanes. The fraction corresponding to diesel fuel is a
final commercial product. The resulting liquid products can be easily transported to places where they can
be further refined.

In the future, it is planned to combine the two stages — production of syngas and its conversion by
FTS into one integrated technological scheme including the step of compression of the syngas obtained at
first stage up to pressures required to perform FTS over the developed catalyst/catalysts.
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Republic of Kazakhstan, the Program # BR05236739 MES RK.
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Co KYPAM/bI KOIIKOMITIOHEHTTI KATAJIN3ATOPJA METAHHBIH BYJIbI
KOMIPKBIIIKbBLIJIbI PUPOPMHUHI'TMEH )KYPETIH CCK OHIAIPIC
TEXHOJIOHUSACBIH MOJAEJIJIEY

AnHOTanusi. byt »KyMmbIC aBTOpiIapMeH YCBHIHBUIFAH >KeKe KaTallu3aTopJapblH KOJIIAHBUTYBIMEH METaHHBIH
OipikTipiireH — OyIIbIl KOMIPKBIIIKBUIABL JKOHE Oynmel PHQOPMUHTI JKONBIMEH AallbIHATBIH CHHTE3-Ta3laH
cuHTeTHKANBIK cYUBIK KemipcyTekTepai (CCK) eHmipy TeXHONOTHSACHIHBIH €Ki CATHICBIHBIH OPKANCHIH MOAETICYTe
apHairaH. Exi mporecte e (MeTaHHBIH KOMIPKBIIIKBUIIB KOHBEPCHUSCH skoHe Durrep-Tpomin cruHTe31) amroMIHUI
TOTBIFbIHA KOHJBIPBUIFAH JKOHE MEPUOATHIK KYHeHIH 4 jkoHe 8- TOm aybichainbl MeTajajap KOCIAachIMEH
MoudUIMpIIeHTeH KOOANbT Heri3iHeri xanrbi3 karanusatop 5%Co-M1-M2/AL,0; y3ak xone y3aikcis (apbipi 100
caraTTaH apThIK) TECTIJICYACH OTTi. AJBIHFAH TOXIpUOETIK HOTHKeIep opOip ImporecTepre apHaIFaH TEXHOIOTHSIIBIK
cy10aHbl MOJCNACY Ke3iHAE ecenTeyJepiAiH HeridiHe eHri3ai. barmapiamaiblk KamMTaMmachl3 €Ty peTiHae Aspen
HYSYS enimi konpganeuiran OonarbiH. JKyMbICTa jKkacanraH KaTalM3aToOpAa METaHHBIH OYJIbI KOMiPKBIIIKbLIIbI
pUQOPMHHIT >KOJIBIMEH CHHTE3-Ta3/bl OHIIPYIIH >KOHE CHHTE3-Ta3[aH CHUHTETHKAJbIK CYHWBIK KOMipCyTeKTep/i
aITyJIbIH TEXHOJOTHSUIBIK CYI0achl KENTipLIreH, Mojeniey OapbIChIHIA albIHFaH MaTepPHAIJIBIK JKOHE JKBUTYJIIBIK
OaraHC ecenTenreH.

Tyiiin ce3nep: Monenney; Karanmzatop; MeranasiH Byibl kemipkbimksuiasl Konsepcusce; CunTes-ras;
Cunrerukansik Cyitpik KemipcyTrekrep.
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K. A.Banumesckuii, lII.C. UTkyaoBa, E.A. bosieybaes
AO «MHCTUTYT TOIUIMBA, KaTtanu3a u 3nekTpoxumun um. JI.B. Cokonbsckoro», AnMatsl, Kazaxcran

MOJEJIUPOBAHUE TEXHOJIOI'NU IMTPOU3BOJACTBA CKY ITYTEM MAPOYIJIEKUCJIOTHOI'O
PU®OPMUHI'A METAHA HA Co-COAEPKAINEM MHOTOKOMIIOHEHTHOM KATAJIM3ATOPE

AnHotanusi. PaboTra TOCBsIIEHA MOJCIHPOBAHUIO CTAJAWH IIpEAIaracMOd aBTOpaAMH JBYXCTaIHAHON
TEXHOJIOTUH TPOM3BOJICTBA CHHTETHUYCCKHUX XUAKHUX yrieBoaopoaoB (CXYVY) u3 cuHTe3-Ta3a, morydyaeMoro myTteM
MapOYIJIEKUCIIOTHOTO pU(GOPMIHIa METaHAa — KOMOWHUPOBAHHBINH YTIICKUCIOTHBIA U TAPOBOU pH(OPMUHT METaHa, C
MIPUMEHEHHEM COOCTBEHHBIX KaTaIM3aTOpOB. B 000oWX Mmporieccax: mapoyrieKUCIOTHAS KOHBEPCHI METaHa M CHHTE3
Oumepa-Tpormra, umTensHO u HenpepblBHO (Oonee 100 gacoB B KakIOM IpoIecce) TECTUPOBAIUCH 00pa3Ibl
OJTHOTO M TOTO K€ KaTaJi3aTopa Ha OCHOBE KOOAIbTa, MOJU(PHIMPOBAHHOTO T00AaBKAMH MEPEXOAHBIX METAIIIOB 4-
oii m 8-oit rpymn Ilepuoguyeckoil cucrembl, HaHeceHHOro Ha okcuna amomunus — 5%Co-M1-M2/Al1,0;.
[TomyuyeHHBIE SKCIIEpUMEHTAIbHBIC JAaHHBIE JIETTH B OCHOBY pacyeTOB IPH MOIEIHPOBAHUH TEXHOIOTHYECKOI
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CXEMBI KaXXIOTO TIporiecca. B kauecTBe mporpaMMHOTO obecriedeHus ObLT Hcmoib30oBad mpoaykt Aspen HYSYS. B
paboTe MpUBEICHBI TEXHOJIOTMYECKUE CXEMbI MPOM3BOACTBA CHHTE3-I'a3a MyTeM MapOyIIIEKUCIOTHOrO prudopMHUHTa
METaHa U MOJYYCHHS CHHTETUYECKHMX XHMIKHX YTJIIEBOJIOPOIOB M3 CHHTE3-Ta3a Ha pa3pabOTaHHOM KaTalu3aTope,
paccuuTaHbl MaTepUaIbHbIC U TEIUIOBbIE OaJaHChI, TOJYUYEHHbIE B X0/I€ MOACIUPOBAHUSI.

KioueBsbie cioBa: MonemupoBanue; Karammzartop; Ilapoyrnexucnornas Konsepcus Metana; Cuntes-la3;
Cunrerndeckue JKunkue YTIIEeBOAOPOIBI.
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