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Abstract. The chemical and physical modeling and transi-
ent simulation of a methanization plant with chemical
reactors is useful for dimensioning, optimization, opera-
tion and analyzing of critical processes. The paper intro-
duces the results of the development of a dynamic model
for a commercial methanization process. The discussed
models base on the free Modelica language and Dymola
as user interface. The methanization plant consists of 3
adiabatic fixed bed reactors and steam generation units
for heat recovery. Calculation results are shown for the
dynamic behavior of the methanization plant at a load
change.
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Introduction

It iswell known that the oil and natural gas reserves are
limited. The production of fuels is based amost com-
pletely on oil and natural gas. Hence there is the wish to
extend availability of a secure energy supply. One solu-
tion is the conversion of coal or biomass to synthetic or
substitute natural gas (SNG) by gasification and
methanization to substitute the rising natural gas need.
The SNG can be used in electricity generation in com-
bined-cycle power plant stations. Both coal and biomass
are suitable as the reserves of coa will subsist more
than 150 years and biomass is a renewable energy
source. The SNG synthesis consists of the three main
steps gasification, gas cleaning & conversion and the
methanization.

The Gasifier was modeled aready by Fahlke in [1]
and the cleaning and conversion step of the synthesized
gas (Syngas) was modeled by Heil in
[2]. This paper focuses on the methani-
zation step where the Syngas composi-

The simulation of a methanization plant isin interest
for plant manufactures and operators to optimize the
construction and the operation. Further interests are
studies of critical processes for understanding of com-
plex physical and chemical processes during part load
and plant faults in order to increase the reliability and
availability of the plant.

Gas Syngas SNG Natural gas
species | Vol.-%[3] | Vol.-% [4] Vol.-% [5]
CH4 0...20 94...98 85...98

H2 12...45 0...2
(6(0) 6...58 0
CO2 5...33 0...2 0...2

Table 1. Gas composition of Syngas, SNG and natural gas.

1 Process Description

The raw gas for the SNG synthesis contains mainly Hz,
CO, CO2, H20, CH4, N2. This composition of the raw
gas depends on the gasification technology [3]. The
SNG synthesis is a heterogeneoudly catalyzed process.
During the methanization, the following chemical reac-
tions occur. The hydrogenation of carbon oxides to
methane are the so called CO methanization reaction in
equation (R-1) and the CO2 methanization reaction in
equation (R-2) [3].

ARH® = —206kj/mol

ARH® = —165k] /mol (R-2)

tion is changed to the SNG composition | £

in order to substitute natural gas which
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isshownin Table 1.
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Figure 1. SNG synthesis concept.
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Two further independent reactions are important: the
homogenous water gas reaction in quation (R-3) and the
Boudouard reaction in equation (R-4).

H,0 +CO 2 CO0, + H, (R-3)
ARH® = —41k]/mol
2C0 2 CO, + C(s)

R-4
ARH® = —172k] /mol (R-4)

All the reactions of the methanization are exothermic.
Hence, the methanization is favoured at low tempera-
tures. Furthermore the methanization is benefited at
high pressure, as the reactions (R-1) and (R-2) execute
with volume decreasing. The maor criterion is to
achieve efficient removal of heat for the catalytic
methani zation reactor system.

The first reason is to minimize catalyst deactivation
due to thermal stress. The second reason is to avoid a
limitation in the methane yield due to approaching the
chemical equilibrium. The Topsge recycle energy-
efficient methanization process (TREMP) from Haldor
Topsge is a suitable reactor concept for the production
of SNG [4], which is used for the modeling.

The TREMP consists of three adiabatic fixed bed re-
actors with gas recycle cooling and interstage gas cool-
ing. Efficient recovery of the reaction heat is essential
for the industrial methanization technology. That’s why
a counter current water cycle stream is used for the
interstage cooling. The water cycle is simultaneously
used for high pressure steam generation. A gas-recycle
back to the inlet of at the first reactor limits the yield
and the temperature increase in the reactor [6]. This is
necessary to avoid catalysts sintering.

The created library enables investigations of a reac-
tor, a heat exchanger, a simple pump, aflash, and a gas
and water splitter. The used model components base on
the Modelica library, whereas the thermodynamic equi-
librium model is a new development.

Reactor Model

The methanization reactor yield depends on the thermo-
dynamic equilibrium, which will be achieved both in the
full and the part load of the methanization plant, Harms
in[6].

The thermodynamic equilibrium constant Kais used
along the law of mass action to determine the molar
fractions of the components and the yield of the reac-
tions at the thermodynamic equilibrium. Kpis the equi-
librium constant of the partial pressures, pi, of the spe-
cies, which is connected to the Ka with the fugacity
coefficients, Ka, in Equation 1.

K, = Ko/Kq 1)

The law of mass action for the Kris described in equa-
tion 2 for achemical reaction like in equation 3.

PY.P D
K, =-+t2% 2
p PYc.PpP (2
UAA + UBB = Ucc + UDD (3)

The equilibrium constant of the molar fractions (K,) is
necessary to calculate the chemical equilibrium. Ky can
be computed with K., the total pressure, p, and the sum
of stoichiometric coefficients, v, of the chemical reac-
tion, asit is shown in Equation 4.

/

2 Model Description Syngas

The aim of the modeling is to imple-

ment a TREMP methanization plant -
library with physical based models of
components in the Siemens Modeli-
ca/Dymola library. The implemented
library is based on the Modelica
Fluid Library, which offers a model-

equations and the interaction through

High pressure steam SNG
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the fluid ports.

ing environment with respect to the
implementation of the three balance
recycle
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Figure 2. Flow sheet of the Topsge recycle energy efficient methanization process.
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The molar fraction of the species, X, can be deter- Therewith the molar fraction of the species can be
mined with equation 5. determined with the equations 8 to 13, in which 0 stands
Ko = K. p-Zi @ for the initial state and 1 for the equilibrium state. The
X p-P conversion U1 and Uz is the conversion of the reactions
xZC.xpP (R-1) and (R-3), with their sum being equal to the total
Ky = X A xpB ©) conversion of CO, see Equation 14.
It has to be noted that the thermodynamic equilibrium _ Chyo-3Cc0,0Us+Cco,0Us
constant depends on the temperature. The temperature Xy = 1-2.Cco0.Us (8)
dependency can be approximated with Equation 6. The Con tCon U
i . R _ CcHy0tCc0o,0-U1
parameters A and B of equation 6 are given in Table 2. XcHya = T1-2Ccopln ©
Two simplifications were assumed for the calcula Citn 04 Ceo0Us—Ceools
tion of the thermodynamic equilibrium. The first is the Xyy01 = —2= YT (10)
assumption of the ideal gas law for the species. There-
with the fugacity coefficients can be neglected in Equa- Xco1 = CC""’_IC_CZ"?;?O_;CO'“'UZ (11)
tion 1, Ke =1. The second simplification is the neglect '
of the Boudouard reaction, Equation (R-4), which will Ko,y = —02072C00% (12)
occur if the stoichiometric ratio of Equation 7 is lower Teoom
than 3. In that case, carbon is produced as a product of Xy,1 = 1—chN—21u (13)
reaction (R-4). Carbon leads to catalyst deactivation by TeooT
deposition on the catalyst surface. Uges = Uy + Uy = Cco.0=Ccoa (14)
Cco,0
In(K,) = A+ B/T (6)
In order to determine the chemical equilibrium at known
. temperature and pressure, a nonlinear equation system
reaction A B of the above mentioned equations need to be solved. The
(R-1) -29.3014 26248.4 results of an example calculation are given in Figure 3.
(R-2) -4.3537 4593.2 The energy baance needs to be completed by the

produced reaction heat which influences the equilibrium
temperature. The amount of the produced reaction heat
increases the conversion of the reactions is. A high
H, — CO reaction heat value leads to high temperatures.

2 7 >
co+co,= 3 ()

Table 2. Parameters A and B of equation 6
for reaction (R-1) and (R-3) [7]

If the stoichiometric ratio of the reac-
tants of Equation7 is at least three or
more, CO reacts with Hz2 completely to Toer j

CHa4 and H20 according to reaction (R- 06; via 4
1). The stoichiometric ratio of Equa- i
tion 7 can be adjusted by converting CO
with H20 to COz and Hz as long asthe .« %4/
H20 content is high enough, see Ander- % 03l

0.7

05

a
@

CO-conversion
(=]
@

lohr in [8]. Hence the ratio of Equa ¥ i 0.4
tion7 has to be higher than three in e IR — VAL
technical processes. 01} '"_"ﬁfé/'" 02| = 30 bar P\
Finally the system of methanization B ] WS e | S—T R
H : 100 200 300 400 500 600 700 800 200 400 600 800

of Equation 7 for al the gas streams in Figure 3. Chemical composition and CO-conversion at equilibrium state (initial
the TREMP i higher than three, as well composition in wt.-%: 33,5 H2; 6,7 CO; 3,7 CO2; 18,2 H20; 37,4 CHa4; 0,5 N2).
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However, a high temperature leads to a low yield.
The reaction heat flow, @y, , can be determined by equa-
tion 15, in which Ah is the specific reaction enthalpy of
the reaction and Mg, the mean molar mass of the gas.
The temperature dependency of the specific reaction
enthalpy is approximated with Equation 16. The param-
eters of equation 16 for reaction (R-1) and (R-3) are
givenin Table 3.

QR = (Ah‘(R—l)' Ul + Ah(R_3). Uz).

The higher the heat capacity, the more zones are
needed to reach the steady state for temperature and
methane at the same time, (which is physicaly neces-
sary).lf the number of zones was to low, the temperature
change would not be in accordance with the thermody-
namic equilibrium

An example of the transient temperature and me-
thane concentration for a 5 zone reactor model at heat
capacities in the range of 0 to 10 MJK is given in Fig-

Mies. (Xeo 1 Mones — Xoo0!Maasn) (15)  ure5. The cold reactor ignition or extinction can not be
gestAncoATTGast  FC00TTGas0 simulated, becauise no attention is paid to kinetic effects
ML= AT:+B.T+C (16) of the chemical reactions.

: The steady state results of the simulation calculation
Resction | A B c are validated with a single reactor model of the TREMP
(R-1) 0,0266 | -47,7331 -205094,5788 methanization plant. The results are compared to two
(R-3) 0,0026 | -7,4437 -41557,3842 references.

Table 3. Parameters A, B and C of Equation 16
for reaction (R-1) and (R-3), [7].
The configuration of the reactor model is .
shown in Figure4. The model compo- inlet féz:zll\::.otlapemng '"g e
nents include a SNG_reaction model, a i ® : )
1 reactor zone

volume, a heat capacity, a temperature
sensor and a linear valve with a constant

temperature

: - @
’7’ >A< 4 zone: 1

o

block. The calculation of the thermody-

namic equilibrium occurs in the SNG_ .

reaction model. The volume component ! e

represents the volume of the reactor. : equilibrium
The heat capacity model is the heat ;

capacity of the catalyst bed and the reac- | hest s,

tor wall. The valve model is used to '

simulate the pressure drop of the gas
flow through the catalyst bed.

The reactor model has three main pa
rameters: volume, pressure drop and heat
capacity. The parameters have different

i capacity

Figure 4. Reactor configuration (Left: 1 zone reactor; Right: multiple zone reactor).
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impact on the reactor performance. The 700 , 058 o
ssol | reactor with 5 zones | [ reactor with 6 zones |
greater the reactor volume, the later the 0.54 -
steady state will be achieved. The pres- |z 80,/
5 {7 —0.52| i
sure drop changes the pressure and |g %)/ SN
therewith the reactor yield. The pressure | & 50f z 0-5(
drop is predefined by the user. The im- | & “© 5 oss
pact on the heat capacity is more diffi- |= 4© PP o
. . i 0.46 .
cult. In the case of a high heat capacity, 350 m—1r —r
the reactor model needs to be split into a 000 200 300 400 s00 s00  °*o 100 200 300 400 500 600
Time [s] Time [s]

series of identical reactor zones, which
are duplicates of the reactor model con-
figuration as shown in Figure 4.
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Figure 5. Temperature and methane concentration for a reactor model with 5

zones at heat capacities in the range of 0 to 10 MJ/K.
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The first one is the experimental result of the
TREMP which are published by Harms in [6]. The
second reference is the steady state simulation result
which is generated with the software ChemCAD by
assuming the chemical equilibrium.

The results of the reactor model are compared with
the data of these two references in Table 4. The error of
the species is always lower than 4 % except for hydro-
gen at low concentrations, where the error can reach up
to 10 % (under certain conditions).

The Heat Exchanger Model

The second important model for the modeling of the
methanization plant is the heat exchanger, which is
assumed by a simple design to enhance the numerical
stability and the calculation speed. The heat exchanger
design comprises an outside tube, filled with hot SNG
gas, which has an inside tube filled with water. The
configuration of a heat exchanger zone is given in the
left image of Figure 6. The zone consists of two volume
models. One volume model contains SNG gas and the
other water/steam.

The volume model is connected by a thermal con-
duction model. The heat exchanger consists of series
such zones. The water and the gas are in counter current
flow as the fluid ports are set up in this way. A mini-
mum number of zones are needed to reflect the phe-
nomena that the outflow of the cold side can be hotter
than the outflow of hot side, in certain cases. Conse-
quently, a temperature profile can be generated along
the heat exchanger as it is shown in the right image of

Unit Inlet Outlet | Outlet | Outlet
Tremp | Tremp | Model- | Chem
ica CAD
Temperature | °C 300 600 600 599
Pressure bar 30 30 30 30
H, wt.-% | 4,97 2,47 2,40 241
CcO wt.-% | 13,80 | 2,01 2,04 1,97
CO, wt.-% | 11,97 | 12,13 | 11,79 | 11,92
H,O wt.-% | 24,11 | 31,48 | 31,82 | 31,76
CH,4 wt.-% | 44,12 | 50,81 | 50,92 | 50,91
N, wt.-% | 1,03 1,10 1,03 1,03

Table 4. Comparison of the outlet gas composition of the
first reactor of the TREMP with the reactor model in
Modelica and in ChemCAD.

3 Transient Part Load Behaviour

The reactor and the heat exchanger model are used to
build up the model of the methanization plant, as shown
in Figure2. The model of the methanization plant is
utilized for transient simulation studies. All the simula-
tions start with a transient oscillation as it is shown in
the simulation example of the 1« reactor with recycle in
Figure 7.

In the following, results of a part load simulation are
presented. The simulation of the load change is faster
than real time. In order to realize the part load, the feed
mass stream was reduced to 50 % after reaching steady
state (which is after 300 s simulation time) see Figure 8.

The steady state in part load is achieved after a
simulation time of 1000 s. The results indicate lower gas
temperatures in the reactors at part load leading to high-

Figure 6. er methane concentrations in the
_ gas, see in Figure 9. After 1000 s
gas inlet gas outlet 800 simulation time the feed mass
@) O o stream was re-increased back to
X400 100 % (full load). The steady state
RIS ) / 0 is reached after a simulation time
g - Sy . ! of 2000 s. The temperature and the
thermal > %c‘ 8| water SNl T~ methane concentration achieve the
conduction %0 £ 350} =
8] P Y — same level as before the part |oad.
30”&-?.‘3?3-;{;._11_‘“'-‘-sk.f_f_:_---*.,__i_ Finally, the gas product quality at
watervolurne_) 250} wéxig‘,‘*}-%_ﬁg part load is amost equa| to the
Weiat ouller ey T 200— i : ~ .0 | qualities at full load. Furthermore,
O ® zone it is still possible to produce steam,

but the pressure of the steam needs

Figure 6. Left: Heat exchanger configuration for one zone; Right: Transient tem- perature
profile of a heat exchanger model with 10 zones during a part load simulation.

to be adjusted.
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4 Conclusion

700

The paper shows that the dynamic mod-
eling of a methanization plant is possible.
Therefore simplifications are necessary
which are implemented in the methaniza-

5

g.'_j' 500 4____, recycle
tion plant model. The steady state results P AN
could be validated successfully by both a ‘3 woll cooled reactor 1 outlet
steady state flow sheet simulation with - -
ChemCAD and technical process data P, _
from Harms [6]. Despite the simplifica- ™ feed + recycle = reactor 1 inlet
tions in the model a good agreement with i
the technical process could be achieved. e Ao
However, the dynamic behavior could be 100 i i i . A i ; i

o 50 100 150 200 250 300 350 400 450 500

only validated by a plausibility check.

The methanization plant modd is finally
useful for the development and check of
control concepts, and furthermore for the
analysis of fault scenarios and load

time [s]

Figure 7. Transient oscillation of the gas temperatures during the start up.

0.58

changes.
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