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Bonpocwt uzyuenusn npoyeccoé napogoii KOHGEPCUU MEMAHA AGIAIOMCA 6ANCHBIMU, NO-
CKOJIbKY OHU MOZYHl RPUMEHAMBCA He MOJIbKO C YeAblo NOJIYUEHUS 6000p00a, HO U NPU Peaiu3a-
Yuu NPUHUUNOE MEPMOXUMUYUECKOU PEe2eHepauuu meniomsl menioIHep2emuidecKux, meno-
MEXHUYEeCKUX U 6 RPUHYUNE 1100bIX MONIAUGOUCHONLIYIOUWUX YCIAHO60K, NOCKONbKY OHU N0360-
JIAIOM CHUJICAMb 3AMPAMbl MAMEPUATLHBIX U IHEPZEMUUECKUX PECYPCOE 6 pacueme Ha eOUHUUY
noyuaemoi nPOOYKYUU ¢ 0OHOBPEMEHHBIM YIYHUEHUEM IKON02UUeCKUX nokazameneii. B no-
clleonee epems 0713 UCCAe008aHUs CUCHEM, 8 KOMOPBIX RPOUCX00Um npeodpazoseanue 0OHUX eu-
006 IHepzuu 6 Opyzue, RPUMEHAEHCA IKCEPZEMUUECKAA MEM000102Usl, RO36ONAIOWAA Hauboee
A0eK6aAmMHO OUEHUBAMb CIMENeHb MepmMoOuHamuyeckozo cosepuiencmea. Taxkaa memooonozus
Ppanee 0vL1a NpUMEHEHA K YCHIAHOBKAM 1O NPeodpa308anUI0 XUMUUECKOU IHEPZUU OP2AHUYLECKO20
MONAUGA 6 IIEKMPUUECKYIO U MENI08YI0 IHEP2UIO — ITIEKMPOCHARY UL, KOMETbHbLE, NEeNJ103/1eK-
mpouenmpanu; nPeodPa3z06anuIo INEKMPOIHEPZUIO 8 MENTIOMY PA3IUYHO20 ROMEHUUANA — X0/10-
OujibHble YCHAHOGKU U MEN106ble HACOCHL U PAOY OPY2UX YCHAHOGOK U cucmem. B pamkax oannoi
pabomul nposedeno ucciedosanue no onpeoenenuio Ikcepzemuyeckozo KI/l npouecca napogoii
KOH6epcuu Memanda. Ycmanoeieno, Uno 6 ycioeusax ucnoib306aHUA MEePMOXUMUYECKOU pezeHe-
Payuu 603MOICHO OOCHIUIICCHUE GbICOKOI CHIENEHU PE2EHEPAUUY MENIa OMXO00AUUX ObIMOBHIX
20306 npu ymepeHHou memnepamype. Onpeoeyien pagHOBECHbIIL COCNIAE RPOOYKMOE peaKyuu na-
PO60Il KOHEepCuU Memana 014 Pa3iuiHbIX NApamempoe npomeKanusa npoyecca (memnepamypat,
0ageHus, OMHOUWIEeHUs 6001020 napa K memany 1 u 2). Beinonnen mepmoounamuyeckuil ana-
U3 npoyecca naposeoll KOHEepCuu Memana O OnpeoesieHUs 603MOHCHLIX OUANA30HOE6 UIMEHe-
HUA MEXHOI02UYECKUX NaAPAMEmPOE PEAKYUOHHON cMeCU 6 3A6UCUMOCHI OM NPEOHAZHAYUEHUA
YCMaHO6KU — 00ecneuenHue XumuiecKux npoyeccos colpbem, NPOGeOeHue pezeHepayul menjiomal
UAU KOMOUHUDPOBAHHBIE IHEP20-XUMUUECKUE KOMNIECKCbl C KOMNIEKCHbIM UCHOIb306AHUEM NO-
MeHUUaNa OP2aHUYecKo20 MmonJiuea.

KuaroueBble ci10Ba: MeTaH, BOJOPO/I, TApOBasi KOHBEPCHSI, peCypcocOepexeHne, MaTeprualibHbIN OaTaHC, IKCePrHst
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The issues of studying the processes of steam reforming of methane are important, since
they can be used not only to produce hydrogen, but also in the implementation of the principles of
thermochemical heat recovery of thermal power, heat engineering and, in principle, any fuel-using
installations, since it allows reducing the cost of material and energy resources per unit of received
production with simultaneous improvement of ecological indicators. Recently, to study systems in
which some types of energy are converted into others, exergetic methodology has been used, which
makes it possible to most adequately assess the degree of thermodynamic perfection. This method-
ology was previously applied to installations for converting the chemical energy of organic fuel into
electrical and thermal energy — power plants, boiler houses, thermal power plants; converting elec-
tricity into heat of various potentials — refrigeration units and heat pumps and a number of other
installations and systems. Within the framework of this work, a study was carried out to determine
the exergy efficiency of the methane steam reforming process. It has been established that under
the conditions of using thermochemical regeneration, it is possible to achieve a high degree of heat
recovery from flue gases at a moderate temperature. The equilibrium composition of the reaction
products of steam reforming of methane was determined for various parameters of the process
(temperature, pressure, ratio of water vapor to methane 1 and 2). A thermodynamic analysis of the
methane steam reforming process was performed to determine the possible ranges of changes in
the technological parameters of the reaction mixture, depending on the purpose of the installation
— providing chemical processes with raw materials, performing heat recovery, or combined energy-
chemical complexes with the integrated use of the fossil fuel potential.
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INTRODUCTION

The steam conversion of methane is a basic
process of the chemical industry in the technology of
obtaining ammonia, methanol, formaldehyde, acetic
acid, ethylene glycol, etc., and is also used in the pro-
duction of pure hydrogen [1-4], which is especially rel-
evant in the light of hydrogen energy. Methane pro-
cessing is carried out by catalytic method [5] with pro-
ceeding of basic steam reforming reaction (1), as well
as water gas reaction (2) in case of excessive water va-
por content in the initial mixture:

CHs+ H,0 = CO + 3H, — 206,3 MJ/kmol; (1)
CO + H,0 = CO; + H, + 41,2 MJ/kmol. (2)

Therefore, the reaction products or as they are
called synthesis gas will have in their composition in
addition to the remains of unreacted methane and water
vapor, carbon monoxide and hydrogen, and carbon di-
oxide, the content of which will depend on technolog-
ical parameters such as temperature, pressure, compo-
sition of the initial reaction mixture, and may vary from
2% to 16%.

There are various technological arrangements
for methane conversion reactions into synthesis gas. In
this case, from the chosen technology will depend on
the efficiency of the process, which can be divided into
economic, obviously associated with minimum costs,
and hence the maximum integral effect and technical
efficiency - determining the perfection of the conver-
sion process and the cost of all types of energy to im-
plement the technological process.

The technology of steam conversion of me-
thane can be realized in units of thermochemical regen-
eration (THR), which allow to solve the problem of in-
creasing the thermal efficiency of industrial fire-tech-
nical devices [6-8]. The essence of THR consists in us-
ing the physical heat of waste flue gases for prelimi-
nary endothermic processing of the original fuel (me-
thane), which in this case receives a larger reserve of
chemically bound heat.

Application of THR technology for heat recov-
ery of flue gases in high-temperature furnaces was in-
vestigated by various authors. In [9] the author consid-
ered steam conversion using different initial fuels:
methanol, ethanol, n-butanol and glycerol. It was
found that with increasing temperature and decreasing
pressure, the degree of fuel conversion increased, but
only to a certain limit. The maximum degree of con-
version of methanol was observed at 600 K, ethanol at
730 K, n-butanol at 860 K and glycerol at 890 K. As a
result, recommendations on the use of different fuels
for thermochemical regeneration at different flue gas
temperatures were formed.
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Thermochemical heat regeneration increases
the gross heat of combustion of the new synthetic fuel
in terms of 1 kg of the original fuel. Thus, when using
the reaction products it is possible to significantly re-
duce the amount of fuel consumed by the plant. D.I.
Paschenko in [10] investigated the degree of increase
in the lower heating value of fuel combustion as a re-
sult of THR. Using thermodynamic analysis, the author
evaluated the efficiency of using ethanol, methanol,
glycerol, propane and methane as fuel for THR. As a
result of the studies, the author found that the steam
conversion of methane was the most thermodynami-
cally advantageous reaction due to the best opportunity
to transform the heat of the waste flue gases.

The flue gases of gas turbines with a rather
high temperature can also serve as a source of thermal
energy for THR reactions. Application of methane
steam conversion reactions for THR of flue gas heat on
an example of Siemens SGT6-8000H turbine was in-
vestigated in the article [11]. The author determined
the limiting degree of flue gas heat recovery, which is
more than 69% for a flue gas temperature of 900 K at
a reactor pressure of 5 bar and a methane/steam ratio
of 1/2. It was also found that with increasing pressure
in the reactor, the efficiency of THR decreases, so the
optimal pressure in the reactor should be at 5-10 bar.

RESEARCH METHODOLOGY

In the present work presented thermodynamic
analysis of methane steam conversion, the results of
which are to assess the maximum efficiency of me-
thane conversion depending on technological parame-
ters and conditions of the process.

Thermodynamic analysis must necessarily
have data on the composition of gases formed during
the implementation of processes of steam conversion
of methane. In this article, as a tool for thermodynamic
analysis, the Gibbs free energy minimization method is
used, which consists in the fact that the state of the sys-
tem is the most favorable for the flow of chemical re-
actions, if the Gibbs free energy value is minimal and
its change at various parameters of the thermodynamic
system tends to zero:

dG; =0, 3)
where G'is the Gibbs free energy, kJ.

To calculate the composition of synthesis gas
in equilibrium reactions of methane steam conversion,
the following assumptions were made:

1. the thermodynamic system is close to ideal
(which is true at relatively low pressures, up to 5-10 bar,
and high reactor temperatures) [10];

2. the process is stationary, so the change in
potential and Kinetic energy is negligible;
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3. the reactor wall is adiabatic, so there are no
heat losses through the outer walls of the reactor;

4. only equilibrium chemical reactions at the
selected fuel composition and reactor operating condi-
tions were considered.

The free Gibbs energy of methane steam con-
version reactions can be determined through the total
chemical potential of each component:

Ge =X, 4)
where n; is the number of moles of the i-th component,
mol; pi is the chemical potential of the i-th component,
kJ/mol.

The chemical potential of a component deter-
mines the amount of energy for one mole of a sub-
stance required to convert it from its standard state to
the system in question at constant pressure, tempera-
ture, and concentration of the other reaction compo-
nents. Since the value of the chemical potential does
not remain constant, an extensive database is needed to
calculate the Gibbs free energy. The equation for de-
termining the chemical potential of each reaction com-
ponent is:

ui=AG]9i+R-T-ln(j%, (5)

i

where AG})i is the Gibbs energy for the chemical con-
version of the i-th component under normal conditions,
kJ; R is the universal gas constant, kJ/(mol-K); T is the
temperature in the reactor, K; fi is the fugacity (volatil-
ity) of the i-th component, Pa; f is the fugacity of the
i-th component under normal conditions, Pa.

If we combine expressions (4) and (5), the
equations for determining the Gibbs free energy will
take the following expression:

Gt=2ni-AG]9i+Zni-R-T-ln(%. (6)
4

The thermodynamic analysis of methane vapor
conversion reactions was performed in a specialized
program Aspen Hysys. This program, due to its exten-
sive database, allows to calculate of equilibrium chem-
ical reactions at various thermodynamic parameters of
the system. The calculation was performed for the
scheme shown in Fig. 1.

The diagram presents a steam boiler, a mixer
and a chemical reactor (Gibbs reactor). In the steam
boiler water steam is produced, which is necessary for
the steam conversion reaction of methane. Residual
heat of flue gases can be used as a source of heat for
steam formation. Further, the obtained steam and me-
thane are evenly mixed in a mixer, and the temperature
of methane increases due to heat exchange with water
vapor. In the Gibbs reactor, the composition of me-
thane steam conversion reaction products (synthesis
gas) is calculated by the Gibbs energy minimization
method.
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supply of heat to

converted synthesis
produce steam

gas

heated reaction
mixture

methane
feed water

steam mixer

steam boiler

heat input for carrying out the
methane steam reforming reaction

Fig. 1. Calculation scheme of THR based on methane steam con-
version
Puc. 1. Pacuernas cxema TXP Ha 6a3e mapoBoii KOHBEpCHH METaHa

During thermodynamic analysis it is necessary
to know the maximum degree of methane conversion,
which at known (given) process parameters, such as
temperature, pressure and composition of the initial
mixture, can be achieved in the THR reactor. The de-
gree of methane conversion is determined by the ex-
pression:

B =L 100%, )
4

where CH,™ and CH,** are the amount of methane at

the reactor inlet and outlet, respectively.

The maximum degree of methane conversion
corresponds to the equilibrium degree of methane con-
version for given conditions of the process. In modern
reactors at a volume rate of about 6000 h-* using nickel-
containing catalysts, a methane conversion degree
close to the equilibrium is achieved.

It is known that the most reasonable indicator
of efficiency with for processes similar to those occur-
ring in the plants under consideration is the exergy bal-
ance [12-19]. The exergy balance is built on the basis
of material and thermal balances of the process or
plant, taking into account the quality or technical oper-
ability of the substance flow, i.e., the maximum
amount of useful mechanical work that can be obtained
at the transition from the current state of the system to
a state of equilibrium with the environment. The equa-
tion of material balance by chemical elements that
make up the chemical engineering system for the sta-
tionary mode of operation is as follows:

b_18ij =0, (8)
where gj is the flow of the i-th element through the j-
th input or output; | is the total number of inputs and
outputs.

When performing calculations of material, en-
ergy (thermal) and exergy balances, it is assumed that
the flows entering the system are positive, and the
flows leaving the system are negative.

When performing evaluation calculations,
when the so-called external problem is solved, it is very
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convenient to apply the "black box" principle, in which
functional models reflect only the externally perceived
behavior of the object and the interaction of individual
constituents within the object is not considered [20, 21].

In such a formulation of the research problem
as a criterion for assessing the thermodynamic effi-
ciency of the considered variants of THR schemes with
methane vapor conversion, the exergy efficiency was
taken, which according to the recommendations [22] is
defined by the expression:

Tex = For, ©
where Y. Ex, ¢ is the sum of exergies determining the
useful effect of the installation, kW; ¥, Exg,,, is the to-
tal value of all types of exergies supplied to the system
(initial mixture, heat and electricity to compensate for
the pressure drop during the passage of the mixture
through the elements of the scheme), kW.

In practical calculations, the physical exergy of
the substance flow is determined through two compo-
nents: isothermal Ex;, which is related to the differ-

ence in pressure, and isobaric Ex,, which is a conse-

quence of the difference in temperature of the sub-
stance from the state of the environment [22]:

Ex:ExT+ExP=R-TO-ln(p%)+

+cp (T =Ty — Ty In (TZO)), (10)

where To and po are the ambient temperature and pres-
sure, K and Pa, respectively; T and p are the tempera-
ture and pressure of the considered substance flow, K
and Pa, respectively; ¢, is the average value of isobaric
heat capacity in the considered process, kJ/(kg-mol-K).

RESULTS AND DISCUSSION

In determining the compositions of the result-
ing synthesis gas, it was assumed that the temperature
in the reaction zone is constant and the composition is
close to the equilibrium. Under the accepted assump-
tions, the composition of steam conversion products
can be unambiguously determined by the temperature
and pressure of the process and the initial composition
of the steam-gas mixture. The results of calculations
using the developed methodology for the scheme in
Fig. 1 are presented in Table 1 and Table 2.

The methodology for calculating the composi-
tion of the resulting products of the methane steam
conversion reaction was verified with the data from
work [23]. The verification was performed for a pres-
sure range from 1 to 10 MPa at a reaction temperature
of 773 K and CH4/H,0 = 1/2 ratio. Fig. 2 shows the cal-
culated compositions according to our proposed method-
ology for the above conditions. The analysis of Fig. 2
shows a high convergence of the calculation results.
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Table 1
Gas composition of methane steam conversion at 5 bar
Ta6nuya 1. CocTaB ra3oB napoBoii KOHBEPCHH MeTaHA
NpH JaBJaeHuu S 0ap

Component of reaction Process temperature, °C
products 600 | 700 | 800 | 900 | 1000
CHa 0.3044/0.1957/0.0984(0.0431/0.0189

0.1667|0.0864/0.0256|0.0045/0.0008
H, 0.3569/0.5054/0.6255|0.6939)0.7248
0.3672/0.5070/0.5977|0.6235/0.6237
H,0 0.2409|0.1467/0.0753|0.0346/0.0158
0.3677|0.2598/0.1933|0.17590.1772
co 0.0343/0.1032/0.1776|0.2199)0.2375
0.0263]0.0799/0.1358/0.16080.1697
co, 0.0635/0.0489/0.0232/0.0085/0.0031
0.0721/0.0668/0.0476|0.0353/0.0286

Note: The numerator shows values for the ratio in the initial
mixture of steam/methane at 1/1, and the denominator is 2/1
HpI/IMe‘IaHI/Ie. B YUCIIUTEIIC YKa3aHbl 3HAYCHUSA COOTHOLICHUSA
B UCXOJIHO# cMecH map/meTaH 1/1, a B 3HameHatene 2/1

Table 2

Gas composition of methane steam conversion at 10 bar

Taonuya 2. CoctaB ra3oB NapoBoii KOHBepCHMH MeTaHa
npu gapjennu 10 6ap

Component of reaction Process temperature, °C
products 600 | 700 | 800 | 900 | 1000
CHa 0.3439|0.2497/0.1483|0.0745/0.0352
0.1987|0.1263/0.0554(0.0147|0.0029
H, 0.2911/0.4290/0.5597|0.6526/0.7029
0.3001/0.4347/0.5481/0.6067|0.6200
H,0 0.2869/0.1962/0.1161/0.0602|0.0295
0.4221/0.3163/0.2311|0.1886/0.1800
co 0.0211/0.0717/0.1436|0.1985/0.2268
0.0163]0.0561/0.1136|0.15300.1681
co, 0.0569/0.0535/0.0322/0.0142|0.0057
0.0628/0.0666/0.0518]0.0370]0.0290)
0,7
0,6. ® /3
5 05 °
g o4
(]
£ 03 °
o
> 02 - 2 4

P, bar

Fig. 2. Comparison of the calculated compositions (line) of me-
thane steam conversion products with the data of [23] (markers):
1-C02;2—-C0O; 3—H2; 4—-CHs; 5-H20
Puc. 2. ComocTaBeHne pacueTHBIX COCTaBOB (JIMHUS) MIPOTYKTOB
MMapoBOi KOHBEPCHH METaHa C JaHHBIMH paboTH [23] (Mapkepsl):
1-C02;2-C0O; 3—H2; 4—CHs; 5-H20
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The thermodynamic calculations were per-
formed using tables of thermodynamic properties of
methane, water and water vapor [24] and the following
dependencies to determine the gross exergy values of
the flux of matter, heat and electricity, respectively:

Exnom,i =G;- [(h - ho) —To- (S - 50)]; (11)
Exo=0Q- [1—(To/D]; (12)
Exy =N, (13)

where G; is the flow rate of the i-th substance, kg/s; h
and ho are the specific enthalpies of the substance flow
respectively at the initial state of the system and at the
calculated environmental parameters, ki/kg, respec-
tively; s and so are the similar specific values for en-
tropy, kJ/(kg-K), respectively; Q is the heat supplied to
the system, kW; T is the temperature of supplied heat,
K; N is the electric power consumed to conduct the
THR process, kW.

Fig. 3 shows the results of calculations by ex-
pression (7) of methane conversion coefficient depend-
ing on process parameters. The concentration of me-
thane at the inlet depends on the ratio of H,O to CHa,
and at the outlet was determined according to [25].

100

|H,0/CH,=2/1
~N

o)
o
|

[o2}
o
|

H,0/CH,=1/1

N
o
|

Conversion rate, %

N
o
|

o

600 700 800 900 1000

T,°C

100 +
90 +
80 -
70 4
60 -
50 4
40 +
30 4
20 +
10 A

0 T 1
600 700 800 900 1000
T,°C

H,0/CH,=2/1

H,0/CH,=1/1

Conversion rate, %

b
Fig. 3. Dependence of methane conversion rate on process param-
eters (temperature and H2O/CHj ratio) at process pressure:
a) 5 bar b) 10 bar
Puc. 3. 3aBUCHMOCTB CTeTIeHN KOHBEPCHH METaHa OT TEXHOJIOTH-
YecKux mapamerpos (remmeparypbl u otHourerust H20/CHg) pu
JIABJICHUH Tporiecca: a) 5 6ap u 6) 10 6ap
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As can be seen from the presented figures, with
an increase in temperature, a decrease in pressure, and
an increase in the relative amount of water vapor, the
degree of methane conversion increases, which is con-
firmed by the data [26]. It may also be noted that an
increase in pressure slows down the process of me-
thane conversion the stronger the lower the tempera-
ture. And if in the chemical industry, despite an equi-
librium shift in the undesirable direction, higher pro-
cess pressures are used to reduce energy and capital
costs, in the conditions of THR it is more preferable to
use low pressures.

Fig. 4 shows the results of calculations of ex-
ergic efficiency by expression (9). In calculations am-
bient parameters T¢=273 K and po=0.1 MPa, as well as
the condition of isothermicity in the reactor by heat-
ing medium and temperature of reaction mixture
were taken.

Exergy efficiency. %
ES

600 700 800 900

Temperature in the steam methane reforming reactor, °C

1000

Fig. 4. Dependence of the exergy efficiency of the THR unit with
steam conversion of methane on process parameters:
1 — H20/CH4=1/1, p=5 bar; 2 — H20/CH4=2/1, p=5 bar;

3 — H20/CH4=1/1, p=10 bar; 4 — H2O/CH4=2/1, p=10 bar
Puc. 4. 3aBucumocts skceprerudeckoro KI1/I ycranosku TXP ¢
TapoBOi KOHBEpCHEN MeTaHa OT TEXHOJOTHYECKUX MapaMeTPOB:

1 - H20/CHs=1/1, 5 6ap; 2 — H20/CH4=2/1, 5 6ap;
3 - H20/CH4=1/1, 10 6ap; 4 — H20/CH4=2/1, 10 6ap

When analyzing the data obtained, we can con-
clude that an increase of temperature of steam conver-
sion of methane reduces thermodynamic efficiency of
conversion process, for example for H,O/CH,=1/1 and
p=5 bar from 78.7% to 51.9%, and for H,O/CH4=2/1
and p=10 bar - from 82.4% to 60.4%. This fact can be
explained by the fact that the expenditure of exergy
heat to provide the conversion process increases. And
after 900 °C the exergy efficiency decreases slightly,
on average by 1.3-3.5%, it is associated with almost
complete conversion of the initial methane. Increasing
the amount of supplied water steam according to the
presented calculation scheme increases the value of ex-
ergy efficiency, except for the variant with the process
temperature of 600 °C.

129



A.H. MpakwuH u ap.

CONCLUSION

1. Increasing demand for hydrogen and hydro-
gen-bearing gas in the near future will be satisfied by
organic fuel and, first of all, by natural gas. At the same
time, use of natural gas in power and heating units will
be associated with increased requirements for thermal
efficiency, which can be improved by using thermo-
chemical heat recovery units based on steam conver-
sion reactions.

2. A methodical approach to estimate thermo-
dynamic (exergic) efficiency of methane steam con-
version process has been formed. This methodology
makes it possible to establish the most favorable tech-
nological parameters of the THR process based on
steam conversion of methane.

3. On the basis of the performed studies it was
established that to reduce the concentration of residual
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methane in the converted gas at given temperatures and
pressures of the conversion process the steam con-
sumption must be increased, which for the case of ther-
mochemical heat recovery is not a priority, because
then the converted gas for the most part will be used as
fuel [27-29].
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