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Abstract: A thermodynamical analysis of steam reforming of Associated Petroleum Gas (APG) was
conducted in the presented research. The reforming process of heavy hydrocarbons for small scale
power generation is a complex issue. One of the main issues is that a set of undesired chemical reac-
tions deposit solid carbon and, consequently, block the reactor’s catalytic property. The experimental
investigation is crucial to design an APG reforming reactor. However, a numerical simulation is a
key tool to design a safe operating condition. Designing the next generation of reactors requires
a complex coupling of mathematical models, kinetics, and thermodynamic analysis. In practice,
the thermodynamic analysis should be applied in each control volume to assure realistic results.
This is not easy to apply in practice since both thermodynamic analysis and CFD modeling can be
time-consuming. In this paper, the authors suggest using a mathematical formalism called Parametric
Equation Formalism to calculate the equilibrium composition. The novelty lies in the mathematical
approach in which any complex system at equilibrium can be reduced to the problem of solving one
non-linear equation at a time. This approach allows implementing a thermodynamic analysis easily
into CFD models to assure the reasonability of obtained results and can be used for research and
development of solid oxide fuel cells as a part of hybrid energy systems.

Keywords: steam reforming; parametric equation formalism; equilibrium characteristics; Associated
Petroleum Gas; Solid Oxide Fuel Cells

1. Introduction

Associated Petroleum Gas (APG, hereafter) is a form of natural gas that contains
hydrocarbons heavier than methane. Typically, its contains 50-70% of methane (CHy),
5-10% of ethane (C,Hjg), 5-15% propane (CsHg), 1-10% butane (C4H;g), 1-10% of carbon
dioxide (CO,) and 1-10% of nitrogen (N3). According to the report elaborated under the
auspices of the European Bank for Reconstruction and Development, 20 billion cubic meters
per year of associated gas is simply flared in main APG producing countries such as Russia,
Kazakhstan, Turkmenistan, and Azerbaijan [1]. For the targeted countries flaring remains
at 24-30% of total APG production. The number is even grated in the scale of the entire
World, where 150 billion cubic meters of associated gas is flared. This gives an economic
loss of approximately 30.6 billion dollars. The cost does not include environmental impacts,
which might be significant since flaring is responsible for 400 million tons in CO, emissions.
This makes APG flaring a significant producer of greenhouse gases and make it responsible
for about 2% of total global CO, emission. On the other hand, instead of flaring the gas,
it can be used more productively. Fuel cells might help to use associated gas at the spot
to provide electricity for the refinery and obey the necessity to send gas via pipelines.
Another example that increases fuel cell application potential is a hybrid energy system
consisting of renewable energy sources and fuel cells [2,3]. Hydrogen is the primary fuel [4]
for Solid Oxide Fuel Cells (SOFC) but is not the only one that can be oxidized, and an
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example can be carbon monoxide [5]. The steam reforming process of gaseous fuels rich in
hydrocarbons can produce syngas—a gas that contains hydrogen and carbon monoxide in
various concentrations. A simplified representation of the heavy hydrocarbons reforming
process can be written as follows:

heat

(C,Hypi2/CHy)—(HO) catalyst

H,,CO,CO,,H,0,CHy (1)

Previous articles state that ethane can also be a substrate for the steam reforming pro-
cess [6,7] and can be used together with other higher hydrocarbons as fuel for SOFC [8,9].
Promising results were obtained by non-thermal plasma steam reforming. The method
allows for obtaining great purity hydrogen from heavy hydrocarbons and avoids CO
and CO; production. In the plasma process, carbon deposit on the reactor walls and
on electrodes is a serious problem decreasing the system efficiency [10,11]. This is also
the main problem during the conventional reforming process of hydrocarbons. In the
literature, several publications about carbon deposition formation in reforming processes
can be found, for example, during steam reforming [12], steam reforming of methanol [13],
carbon dioxide reforming [14,15], reforming of biogas [16], and gasoline reforming [17].
Furthermore, there is a lack of information in the literature regarding carbon deposition
formation during the reforming process of APG. This paper aims to enrich the description
of the associated gas reforming process by presenting a thermodynamic analysis and thus
fill this gap in the literature. An alternative model approach called Parametric Equation
Formalism is introduced. In the past, formalism has been used to investigate the metal-
lurgical processes [18-20] and steam/dry reforming of methane [12,15]. The modeling
of the steam reforming process of methane and ethane have been presented in these two
articles [21,22]. In this publication, the authors want to present a new implementation
of the mentioned approach to a more complex system of six different chemical reactions.
Thus, this is the first paper known to the authors using this formalism to analyze the APG
reforming system. It is hard to find many publications regarding the modeling of the heavy
hydrocarbons reforming process because of its complex nature from the mathematical
point of view. There are some publications, but the authors are focused on steam reforming
of APG to methane-rich gas [23-25]. Other researchers are analyzing steam reforming
of propane only [26-28]. The mathematical modes they are using are usually based on
chemical kinetics, the Gibbs free energy minimization method, genetic algorithm, and
chemical kinetics models with heat and mass transfer. The first one requires experimental
data, the second—with other optimization procedures, are generally complicated and
time-consuming. The last one is usually done by commercial software packages. There are
other methods, such as the Numerical Jacobian Approach (a system of non-linear equations
has to be solved) [21] and Computational Fluid Dynamics [22,29]. Unfortunately, all of the
procedures mentioned above have several drawbacks. They are complex, time-consuming,
often require commercial tools to get a solution. The chemical kinetics models describe
only the analyzing case, and because of that, it is not easy to point out some overall conclu-
sions. The Parametric Equation Formalism is based on the thermodynamic equilibrium.
Therefore the limitations of the analyzed process will always be universal and clear to see.
To summarize, the possibility and potential of the presented formalism extend beyond the
reforming system and can be adapted to any complex system’s equilibrium characteristic.

2. Thermodynamic Model

A standard steam reforming process is defined by the steam methane reforming
reaction, dry reforming reaction, and water-gas shift reaction, respectively [30-35]:

CH, + H,0 —» 3H, + CO @)

CH, + CO, —» 2H, +2CO ®)
CO + H,0 «— H, + CO, 4)
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when the fuel mixture contains hydrocarbons heavier than methane, an additional reaction
has to be used:
C,H,, », +2nH,0 — nCO, + (3n +1)H, )

The reaction (5) is strongly endothermic, and almost all the reactants are consumed [17].

The carbon dioxide methanation reaction accomplishes reaction (5) in analyzing range
of temperatures:

CO, +4H, — CH,; +2H,0 (6)

Both reactions (5) and (6) can be substituted by the following reaction [8,9]:
CnH2n+2 =+ (71 - 1)H2 = I’ZCH4 (7)

Hydrocarbons heavier than methane are reformed to methane through methanation
process, as expressed below [8,9]:

C,H,, +3H, —» 4CH, ®)
C;Hg +2H, — 3CH, )
C,H, +H, — 2CH, (10)

The equilibrium constants of reactions (2)—(4) and (7) are defined as follows:

3 3 0
CO XcoXx
Kst = PCoPH, = H p2 _ eXp< GSt) (11)
PcH,PH,0  XCH,XH,0 RT
2 .2 2 .2 0
Kary = P,Pco _ TH,"Co po exp —AGdry (12)
Y PcH,PCO,  XCH,XCO, RT
XCO, X AGY
Ky, = PCOPH, _ XCO,*Hp P—exp| - h 13
PcoPH,0  XCOXH,0 RT
2 x2 AGO
Ket = Pom, . _fom exp (_ Et> (14)
PCHsPH,  XCyHgXH, RT
¢ x AGY
Kpr = Peny,  _  *cny P = exp| — k" 15)
PCsHgPH, — XC3HgXH, RT
4 4 0
X AG
Ky = PcH, _ CHi  p2 _ exp [ — 25 16)
PCH,0PH,  XC4H;0XH, RT
where AG, AG(c)lry’ AGSh, AGY, AGgr and AG)) are the changes in the standard Gibbs free

energy of, respectively, the methane/steam reforming, dry reforming, shift reaction and
methanation [J mol~!], R is the universal gas constant 8.314482 [J mol 1 K~!], and T [K] is
the reaction temperature. To create a full model of the reforming process besides reactions
(2)-(4) and (7) also carbon deposition formation has to be taken into account in the analysis.
At a particular pressure and temperature, all of the gas mixture substances (CH4, HyO,
CO, CO,, Hy) reach thermodynamic equilibrium. In these conditions, two reactions are
the source of carbon formation, methane cracking, and Boudouard reaction, defined as
follows [36]:

CH, —2H,+CJ (17)

2CO — CO, +C} (18)
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The equilibrium constants of both reactions (17) and (18) are defined as follows:

2
B sz am B B AGPn
Kn = — = exp< RT (19)
_ pCO2 aC _ _ AGS
K. = P% N = exp ( RT (20)

The gas mixture’s final composition in the reforming process consists of (CO/CO,)
and (Hp/CHy). Therefore the equilibrium in reactions (17) and (18) is shifted towards
the carbon deposition formation. The possibility of carbon formation can be defied by
parameter &, together with the assumption that activities of pure substances are equal to
one [13-15]:

K
= P (21)
Py,
pz Ke
pPco,

The carbon formation occurs when the parameter « is greater than 1. There is no
equilibrium in the system, and reactions (17) and (18) are shifted towards the products’
side. When « = 1, the reactions are in equilibrium, and for « below 1, carbon deposition
formation is impossible thermodynamically. The parameters which define carbon chemical
activity are ap and a.. They are within the range from 0 to 1, where 1 indicates carbon in
the solid form.

3. Characteristic Equation Formalism

The formalism was first introduced and developed in the Department of Fundamental
Research in Energy Engineering, AGH University of Science and Technology [12,15,18-20].
The basic postulates of the parametric equation used in the calculations are presented below.
The formalism assumed that the following equation could describe any chemical reaction:

Y kiB;i =0 (23)

where: s is a number of reagents, B; is reactant i, k; is stoichiometric coefficient of reactant
i, k; adopts positive values for the products of the reaction and negative values for the
subtracts. If a chemical species is present in the system but does not participate in the
considered chemical reaction, then k; is equal to zero. When the conditions in the system
can be assumed isothermal-isobaric, the transition of reacting gas phase can be represented
by a vector with the characteristic equation presented below:

X; = x? + T cos0; (24)

where x; and x? are equilibrium and inlet molar fraction of gas component i, 6; is direction
angle. Direction cosine of a line can be expressed as follows:

1

S S 2
\/Z <ki—X? )y ki>
i=1 i=1

S
ki—x) Y ki
i=1

cos0; = (25)
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S
For a non-equimolar reaction ( }_ k; # 0) product the transition of reacting gas phase
i=1
can be represented by the following equation:

x=20+ T(JTi — x?) (26)

where ¥; is a characteristic point of a reaction and is defined as:

Ti= @7)
Y ki

i=1

S
For an equimolar reaction ( ) k; = 0) product the transition of reacting gas phase can

i=1
be represented by the following equation:

k.
=0 +1——= (28)

Table 1 shows the characteristic equation of equilibrium molar fraction for each
substance in the process.

Table 1. Change of mole fraction in the reformer.

Symbol () Steam Shift Dry Ethane Propane Butane
CH4(1) x?—(O.S—&-x?)T x? x(lj—(O 5+x(1))1' x?—&-z—\/% x?—Q—% x?—&-%
H,0? x3—(05+x9)T x3 — 0.5 x3 — 29T xJ xJ xJ

H,® BHA5-)t  2d+057 g+ (10-a)r 8- g5 - On

co® X3+ (05 -9t x3 —0.57 X3+ (10— 29T x9 x3 x9
CcO,® xd — 207 x2 4+ 0.5 xd—(05+a)T x2 x3 xd
CoH,®) xd — 207 x9 X0 — 207 xd — N3 xd x9
C3Hg " X3 — 297 x9 X% — 297 xJ X)— = xJ
CyH;o® x] — xdt x3 x) — x3T x3 x xJ — \/%

The T parameter can be computed by substituting equilibrium molar fraction of each
reactant presented in Table 1 into the equilibrium constants (Equations (11)—(14)).

3
[0 + (0.5 — x25)7] {x%z + (1.5 — x%z)r} AGY,
Kst = = exp (_le> (29)
{xOCH4 +(—0.5— xgm)r] {x%zo +(—0.5— xIO{ZO)T]
[x9+ (1.0 — xg)T]z [x9+ (1.0 - xg)T]z AGSry
Kary = 0 0 0 0 =eXpl ~ (30)
[x]—(0.5+x7)7] [x2 — (0.5 + x2) 7] RT
x%. +057||x% +0.57 0
IS O
[xCHJ [tzo — 0.5’(}
2
0 T
Xcen, vt AG?
S I
&, 75 [ — 5]

‘o {X%Hrl-%} 5 ] o (_ AG&) -

[xo R on 2t
GHs V14 H, 14



Energies 2021, 14, 337 6of 11

o {x%m n %6} 4 o (_ Acgu> -
BB U

4. Computation Procedure

The parametric equation method was implemented and solved by an in-house script
written in MATLAB (The MathWorks, Inc., USA). Figure 1 schematically presents the flow
of computation procedure. First, the transition of reactants from the initial state xI" (Table 2)
into the equilibrium state of methane-steam reforming x3' can be calculated as the vector
described by the parametric equation and listed in second column in Table 1. Equilibrium
state of methane steam reforming treated separately (Reaction (4)) is considered as input

parameters to dry reforming reaction x?ry. Consequently, the final composition of dry
reforming becomes an initial condition for shift reaction (4). The procedure is iteratively
repeated for all reaction considered in the system (Reactions (2)—(4) and (8)—(10)) until
each equilibrium constant is satisfied. The convergence is reached when the imbalance for
each equilibrium constant is less than 10~'°. From the numerical point of view, only one
non-linear equation (polynomial) must be solved for each reaction. In the case of more than
one reaction, this can be done iteratively, as was mentioned before. Therefore the entire
numerical procedure is straightforward, and the computation time on a regular PC takes
from a few seconds to several minutes only. Moreover, there is no need to store a large
amount of data, so memory usage is negligible even for complex systems.

in in in in in in in in
’xl Hp X Ha0 X" cHys X"co, X cop X cyHgy x CaHg' X Cat1g ‘

l

i Kst, Tst Ksh, Tsh | — Kdry, Tdry
I e
X! —_—
|
:__ Kst, Ksh, Ket
Kou Kor | “eu |Kbur Tou| < Kpr Tpr | - Ket, Tet

l

e e e
‘ X%y, X*N00, X*9ehy X*9c0, X0, X¥%,Hg X carg: X %440

Figure 1. Computation flow of Parametric Equation Formalism.

Table 2. Assumed composition of model associated petroleum gas .

Chemical Species CH4 C2H5 C3H8 C4H10 C02 Nz
Mole fraction 50 10 10 10 10 10

5. Experimental Validation of Parametric Equation Formalism

Figure 2 presents experimental data taken from the open literature [16] juxtaposed
with the equilibrium calculation. As can be seen in Figure 2 Parametric Equation Formalism
can successfully predict equilibrium composition of methane/steam reforming process
for a wide range of temperatures. The Parametric Equation Formalism presents also good
agreement with other methods of equilibrium calculation found in open literature [16].
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Inlet: SC=3, EC=0

T This stud:
0.8+ g ;C“Hj’
—0.7} 1] —H,
= —+—CO
c 0.6} 1] ——co,
= 0.5¢ - | Simulation ref. [16]
S04l 1] —— cH,
= —+— H,
0.3 4| ——co
o —— CO,
=02 7| Experiment ref. [16]
01 ¥=I173 : 1] = o,
e H
0.0} | . 1| « o
800 900 1000 M

Temperature [K]

Figure 2. Equilibrium calculation using Parametric Equation Formalism versus experimental data
from the ref. [16].

6. Results and Discussion

Figure 3 presents the boundary of carbon deposition regime. The effect of the heavy
hydrocarbon addition on the carbon deposition regime is presented in Figure 3a. Whereas
Figure 3b presents the carbon deposition boundary for model associated petroleum gas (see
Table 2). As can be seen in Figure 3, the addition of heavy hydrocarbons shifts the carbon
deposition border to a higher amount of steam addition. Each line in Figure 3a represents
different composition of fuel. All fuels are composed in such a way that the ratio between
methane and the selected heavy hydrocarbon (ethane, propane, or butane) is equal to one.
It can be seen that the addition of butane at low temperature might require an amount of
steam seven times higher than in the case of using pure methane. The differences in steam
additions can be minimized by increasing the temperature of the process above about
1050 K. This observation is common for all heavy hydrocarbons. Figure 3b represents the
carbon formation regime for the fuel composition representing the typical composition of

associated petroleum gas. The relations between initial mol fraction and parameters SC,
NC, EC,,, CC are listed in Table 3.

(@)

—
O
~

Associated Petroleum Gas
1200 T T T T T T T T 1200 T T T T T T T
¥ : methane, EC,=0 — boundary of carbon deposition
1 o —%¥=methane-ethane, EC,=1
[ 1 D —x— mathane-propane, EC =1 —_— L i
ﬁ' 1100 )/t‘ ‘.‘ —+— methane-butane, EC =1 ﬁ 1100
o 9 LR o
2 3 L Q 2 G
& 1000+ § L % 1 ® 1000 %, 1
g g NN e g S
£ 3 A ® £ ©
S 900} % %O {9 » :
- g A : = 900
1 X !
P
800 | 1 | . | Ll . | 800 | | 1 1 |
01 2 3 4 5 6 7 8 9 10 2 5 6 7 8 9 10

Steam-to-carbon ratio [-]

Steam-to-carbon ratio [-]

Figure 3. Boundaries of carbon deposition (a) carbon deposition regime for different carbohydrates
fuels (b) carbon formation regime for model associated petroleum gas.

Table 3. Boundary conditions: relation between initial mol fraction and parameters SC, NC, EC;;, CC.

0 0 0 0

SC cC Ecn xCH4 tzO xCOz xC2H2n+2

0 0 0
1,0 *co, *Cnttgns 1 sC cc Ec
xCH4 X CH4 X, CH4 29 13 o o

% =SC+CC+ECyq
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The presence of CO, fraction present in the reaction products suggests the reaction’s
thermodynamic course (3). Figure 4 presents pre-reforming gas composition calculated for
three different temperature of the process. The equilibrium composition was juxtaposed
with the initial composition (as delivered) of associated petroleum gas, as can be seen in
Figure 4, the strong dry reforming reaction leads to complete conversion of initial carbon
dioxide. It is also clear that dry reforming is associated with a strong reverse shift reaction.
The evidence of that can be found in small content of hydrogen and a significant increase
in carbon monoxide. Furthermore, the strong reverse shift reaction produces steam that
trigs the methanation process of all heavy hydrocarbons. It is crucial to keep in mind that
the pre-reforming process occurs with carbon deposition for all investigated temperatures.

(a) Associated petroleum gas, xzo=0, T=800 K (b) 0.6 Associated petroleum gas, x: 0=0, T=1000 K
0.6 : _ :
[ as recived [ as recived
I prereformed I prereformed

0.5+ 0.5+
04t 04} 1
c
il
© 03r 03f ]
o
=
o 02 0.2+ b
=

0.1 0.1

0.04 0.0

Chemical specie Chemical specie
(C) 06 Associated petroleum gas, xfm =0, T=1200 K
I [ as recived

04r

0.3r

0.2F

Mole fraction [-]

0.1F

0.0%

co . co]

Chem‘ical specie

Figure 4. Thermodynamic possibility of pre-reforming of associated petroleum gas (a) T = 800 K,
(b) T =1000 K and (c) T = 1200 K.

Figure 5 presents the equilibrium composition of reformed associated petroleum gas
as a function of the initial steam addition. The grey area in the figure represents the carbon
deposition regime. As can be seen in Figure 5 for the typical reforming temperature,
all heavy hydrocarbons can be completely reformed for a very small addition of steam
(xOHZO =0.16). Moreover, the total conversion of ethane, propane, and butane occurs at
exactly the same point. This is also the point where the content of steam leads to the highest
concentration of methane due to the methanation process expressed by Equations (8)—(10).
This is evidence that until this point methanation process was dominant over methane-
steam reforming reaction (2). When steam content crosses x%zo = 0.16, there is no more
heavy hydrocarbons present in the equilibrium compositions. To proceed the process
outside of the carbon formation regime, decent amount of steam addition is required
(onzo =07, xglzo = 0.6 and xIO{ZO = 0.56 for T = 800 [K], T = 1000 [K] and T = 1200 [K]
respectively). The important observation is that the maximum hydrogen content is located
outside of the carbon deposition regime for all investigated temperatures. In the case of
high temperature, T = 1000 [K] and T = 1200 [K], the maximum hydrogen content meets
together with the maximum carbon monoxide content. This is a crucial observation since
both gases are a useful product that can be used in solid oxide fuel cells.
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(a)1 0 Associated petroleum gas, x: o€ (0,1), T=800 K (b) 10 Associated petroleum gas, xﬂo e (0,1), T=1000 K
. T T T T T A T T T
CH,——CH,——CH,—v—CH, CH,—e—C,H,——CH,—v—CH,,
o8l —+—CO,—+—CO——H,—e—N,——HO0 | /] o8l —+—CO,——CO——H,——N,——H0
=T Carbon formation | Carbon free o LC?,’PS)T‘}F’,","?,“,O,", J [ carbon free |
c L 4 [ L 4
2 oo 9 06 /
g 8
s 04p S 1 &£ ]
@ /”/y o
[e) 0 2 | / B [e] 4
= - =
o9
0.0 -7 pe PEPEDEDS = oL : 3
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
0 0
XH20 -] XHZO -]
(C) 10 Ass{ociated petToIeum g‘as,I xﬂzo € (0,1)I, T=1200 K
CH4 CZHG CSHS CAH10
08l [ —*—C0,—+—CO——H,—e—N,——HO| /]

Carbon formation ‘ Carbon free

o
o
T

.

f;
|

Mole fraction [-]
o
N

v
0.0 2ot eeee
0.0 0.2 0.4 0.6 0.8 1.0
0
Xh0 -]

Figure 5. Equilibrium composition of reformed associated petroleum gas as a function of steam
content (a) at 800 [K], (b) at 1000 [K] and (c) 1200 [K].

7. General Conclusions

In the presented study, the steam reforming process of associated petroleum gas was
investigated. Due to the complexity of the process, a new approach was introduced to
model the reaction’s equilibrium composition. The following are the main findings of
the paper:

e  The parametric equation formalism can be successfully used to predict the steam
reforming process’s equilibrium composition.

*  Carbon deposition regime strongly depends on the addition of heavy hydrocarbons.
The heavier the hydrocarbon was introduced, the higher amount of steam was re-
quired to conduct the process safely. The shift is almost proportional for each tested
hydrocarbon: ethane, propane, and butane.

e  For all introduced hydrocarbons, a significant reduction of steam addition can be
obtained by raising the process temperature up to 1050 K.

®  The process temperature of 1050 K overlaps with the conditions for the optimal process
product composition, which response to the higher content of carbon monoxide and
hydrogen. Both are useful products of the reaction.

*  Since subtracts of the considered reactions contain carbon dioxide that can be a
reforming agent for a dry reforming reaction, there is a thermodynamic possibility
of an undesired pre-reforming process. Pre-reforming occurs always associated with
carbon deposition.

¢ Pre-reforming is strongly dominated by reverse shift reaction.

¢ Maximum production of hydrogen is observed for the initial concentration of HyO be-
tween 60-70% and is always near the carbon formation regime. The peak of hydrogen
concentration increase with the temperature, for 1000 K and 1200 K is about 60% and
70%, respectively.

It can be summarized that from a thermodynamic point of view, the steam reforming
of associated petroleum gas can be safely conducted for T ~ 1050 K with SC ~ 3. The
reforming system might include a pre-reforming unit. The presented results can be used to
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develop and optimize the steam reforming process of associated petroleum gas for solid
oxide fuel cells in hybrid energy systems.
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