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Power-to-methanol processes use green hydrogen, which is generated by electrolysis using regenerative energy,
e.g. wind or solar energy. In this paper a novel control concept is proposed to handle fluctuations in the
hydrogen feed due to unavoidable fluctuations in the energy supply. Focus is on a robust multistage reactor,
with variable feed distribution as additional degrees of freedom. The controller uses dynamic optimization
with a hybrid model for feedforward control of the feed distribution and simple PI control of the total carbon
feed to compensate plant model mismatch and unforeseen disturbances. The hybrid model combines modeling
from first principles with a neural network to capture the influence of catalyst dynamics on the reaction rates.

The concept is validated with a simulation study using a detailed reference model.

1. Introduction

Methanol is an important starting material for many chemical pro-
cesses. Traditionally, it is produced in large scale from fossil resources
(natural gas and oil) and the resulting synthesis gas by hydrogenation of
CO/CO, using a heterogeneous Cu/Zn0O/Al,O; catalyst under pressures
in the range of 50-80 bar and temperatures of 200-250 degree Celsius
(Asinger, 1986; Fiedler et al., 2000). Typically these processes are
operated under steady state conditions with only minor fluctuations
due to unforeseen disturbances.

Alternatively, power-to-methanol processes become more and more
important (Schlogel, 2015; Burre et al., 2020; Mucci et al., 2023). Here,
green hydrogen is obtained from water electrolysis with regenerative
energy (e.g. solar or wind energy) and can react with CO/CO, from
various sources like biogas (Vita et al., 2018; Theuerl et al., 2019),
industrial exhaust gases (Nestler et al., 2018), or direct CO, air capture
(Bos et al., 2020). Main objective of power-to-methanol processes is the
reduction of greenhouse gas emission compared to traditional processes
based on fossil feedstocks. However, utilization of regenerative energy
sources for water electrolysis introduces unavoidable fluctuations in the
hydrogen supply. To handle these fluctuations, different options are
available, e.g. using intermediate storage (e.g. Mucci et al. (2023)),
and/or robust reactor concepts, Fischer and Freund (2020) and Ke@ler
and Kienle (2023) and/or suitable control concepts to compensate
these fluctuations (e.g. Robinson and Luyben, 2011; Abrol and Hilton,
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2012; Martin, 2016; Allman et al., 2019; Beek and Sadlowski, 2020).
However, in most of these approaches linear models are applied and
nonlinear reactor dynamics, which is a particular focus of this paper,
are neglected.

This contribution is concerned with the multistage reactor which
was introduced for methanol production in Ke3ler and Kienle (2023).
The main idea in this concept is to handle fluctuations in the hydrogen
feed supply by flexible distribution of the feed to the different stages of
the reactor and thereby increase robustness. Since methanol synthesis
is an exothermic reaction, flexible distribution of the feed to different
reactors allows flexible heat management to avoid hot spot formation
and achieve the desired conversion. For that purpose, in a first step
a robust reactor design was proposed in Keller and Kienle (2023)
based on simultaneous steady state optimization of 50 characteristic
disturbance scenarios. It was shown, that with this approach feasibility
could be achieved under steady state conditions for given disturbance
scenarios but not under transient dynamic conditions. Therefore, in
a second step an open loop optimal control problem was solved by
dynamic optimization to achieve feasibility for a given scenario also
under transient conditions. The study was based on a detailed physical
model of the methanol synthesis.

In the present paper, this strategy is extended in two directions.
First, a hybrid mathematical model is used for nonlinear dynamic
optimization. It is based on first principles using material and energy
balances and comprises an artificial neural network for the prediction
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Fig. 1. Process flowsheet of the multistage reactor considered in this paper and
in Keller and Kienle (2023).

of the influence of the methanol catalyst dynamics on the reaction
kinetics and thereby alleviates the modeling task. Second, to handle
plant model mismatch and additional unforeseen disturbances, feed-
back control action is introduced with a simple PI controller, acting
on the carbon feed supply to maintain constraints on conversion of the
chemical reaction. The concept is evaluated step-by-step for a char-
acteristic scenario taken from our previous work (Kef3ler and Kienle,
2023).

2. Mathematical models
2.1. Reactor model

In this paper a methanol reactor with three stages and a distributed
feed as illustrated in Fig. 1 is considered.

The individual stages are modeled in this conceptual study in first
approximation as well mixed diabatic CSTRs. Inside these reactors the
heterogeneously catalyzed hydrogenation of a mixed CO and CO, feed
is taking place according to

CO + 2 H,~=-CH;0H, (€Y
CO, + 3H,—==CH;0H + H,0, (2)

In addition, chemical conversion between CO and CO, following the
water gas shift reaction plays an important role

CO + Hy0—==CO0, + H, - 3)

The reactions are catalyzed by a standard Cu/ZnO/Al,O; catalyst.
The mathematical model of the individual stages assumes

« perfect mixing
+ constant pressure
+ thermodynamic equilibrium between the solid and the fluid phase

Under these assumptions the model equations of the individual
stages follow from the quasihomogeneous material and energy bal-
ances. The component material balances read

d )

E (niG+niS) =Nip  Yijin — N out CYi My Zvi_j 'rjs (4)

J

with

ng=n -y, ®)

G p- \ p- Voul . p- I./in
nl= o, gy = . = , 6)

R-T" ™™ R-T " R-T,
niS = Mgy - Gour * O @)

Therein, O; is the relative amount of all active sites of the catalyst
surface occupied by component ‘i’. It depends on the competitive
adsorption equilibrium and is a function of the partial pressures of all
components in the gas phase. A more detailed description is given in
the reaction kinetics section and in Nikoli¢ et al. (2022).

The total material balance follows from the component material
balances by summation over all species ‘i’. The total material balance
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Table 1
Reactor parameters.
Parameter Value Unit
Vi 2.83 m3
My o 2002 kg
Peat 1770 kg m~3
P 70 bar
Ky 250 Wm2K-!
Aw 18.85 m?
ot 0.98 mol kg!
ceat 1063 Jkg 1 K!

P

is used to eliminate the molar flow rate of the outlet 7, in Eq. (4). To-
gether with Egs. (5)-(7) the component material balances are obtained
G . dy; 00; dyk

in final form as
26, dy
E-quat'qsal'p'( ap Zz< o dtk> -VI>
i - (Viin = %) + My - <Z Vijgtli— Z Z ("i,j 'rj) 'yi>'
i

J

®

In a similar way the volumetric flow rate of the outlet is obtained
from the total material balance according to
vV dr . mg -R-T

Vou = = Tt Ty 4
out T dr m n

X<Z;Vi,j rj =G P 2269 dy").

To describe the temperature dynamics a quasihomogeneous energy
balance is considered

d GG SpS )=
T <Z n’h + Z nehy +mehl, | =
i i
. G _; G,
iy Z 'yi,inh,-,in — Royt Z 'y[hi + QC’
i i
with enthalpies 4 and cooling rate Q.. After differentiation and inser-

tion of the above material balances the following differential equation
for the reactor temperature is obtained

)]

103

0

G . =G = cat dT
n cp + Ecm/qsal/cps:' M Cp d t
——

gaseous species adsorbed species

T
= —n. . G . L.
- nln ZAH Cp.,' dT y;,m (11)

heat of transport

"dead" catalyst

dns
1
=My ) Ahg;or =Ky Ay (T=T) = = A
7 —— ———
N——— — heat of cooling
heat of reaction heat of adsorption
with
=G _ G —_ S G
&= Zcp’i Vi Ahygg; = hS —hS. 12)
1

The heat capacity of the adsorbed phase is neglected as indicated on
the left hand side of the above equation and the adsorption enthalpies
are assumed to be constant. Caloric data can be found in Kef3ler and
Kienle (2023).

For a detailed derivation of the quasihomogeneous model equations
the reader is also referred to KeRler and Kienle (2023).

Reactor parameters used in this study are summarized in Table 1
for an industrial scale reactor according to Kef3ler and Kienle (2023).
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2.2. Mechanistic model of the reaction kinetics

The mechanistic model of the reaction kinetics was taken from
Seidel et al. (2018, 2020) with parameters from Seidel et al. (2021).
The model used in the present paper represents the Langmuir Hin-
shelwood kinetics in Ref. Seidel et al. (2018) with lumped reactions
steps for the reactions (1)-(3). It is based on a comprehensive set of
experimental steady state and dynamic data provided in the PhD Thesis
of Vollbrecht (2007). The experiments were performed in an isothermal
isobaric well-mixed micro Berty reactor. The model assumes three
different active centers on the surface of the considered Cu/Zn0O/Al,O;
catalyst, namely, reduced centers (superscript ‘red’), oxidized centers
(superscript ‘oxi’) and active centers for heterolytic decomposition of
hydrogen (superscript ‘het’). The resulting expressions for the reaction
rates are

PcH;0H ; 4
rco=(0—-)-k; - (Pco PR, — T) -0 . g, (13)
1
PcH;0H * PH,0 2 4
%m=#%y0waJ"j%EfL>@ML9W% a4
2
[ Pco * PH,0 (red ;

= —2 ks —— 2 ). eled . glxi) 15
"'wGs -9 3| Pco, K3'PH2 (15)

with equilibrium constants K according to
log(K) = oty + oty /T + otz - log(T) + oty - T + s - T2, 16)

and rate constants k e

kj=exp<Aj—Bj-<%—1>>. a7

Parameters o; in the above expression for the equilibrium constants
have been taken from Skrzipek et al. (1994).

The relative amount of free oxidized surface centers O©*), free
reduced surface centers "9, and free surface centers for heterolytic
hydrogen decomposition 6" follow from

. . -1
LX) — (1 + ﬁg‘rél) . pCO) , 18)
-1
00h = (14pe? 05, (19)
-1
000 = (148 peo, ) - 20)

It should be noted, that the above expressions are a reduced version
of the full model in Seidel et al. (2018, 2020, 2021). Expressions corre-
sponding to zero  parameters obtained from the parameter fit over a
wide range of operating conditions in Seidel et al. (2021), i.e. pressures
30-60 bar, temperatures 500-530 K and various compositions, were
neglected for simplicity. For refitting the model to other, entirely
different data e.g. in terms of pressures, temperatures or catalyst, the
original full model should be taken into account.

In contrast, to traditional kinetic models for methanol synthesis
(Graaf et al., 1986, 1988; Bussche and Froment, 1996), dynamic
changes of the oxidation state of the catalyst depending on the reducing
and oxidizing potential of the gas phase is taken into account. This is
described by the following differential equation
d¢

dr :k;“(yco-Aq_')—Kl*‘l " Yeo, ’¢)+k;'(yﬂz -4 — K7 'szo'qﬁ)’

(21

where y; are the mole fractions of the different components in the gas
phase, 4¢ = ¢, — ¢, and

K+=exp(_AG).

R-T @2)

All parameters of the reaction kinetics used in this paper are given
in the present nomenclature in Table 2.

Finally, it is important to note that the model is clearly nonlinear,
mainly due to the exponential temperature dependence of the reaction
rate constants according to Arrhenius.
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2.3. Hybrid model of the reaction kinetics

The influence of the catalyst dynamics on the reaction rates in the
above model was described by prefactors

I PR I
r—[l ¢,¢,1_¢]. (23)

in the rate expressions (13)-(15). They were derived based on
heuristic assumptions and empirical testing in Seidel et al. (2018,
2020). Accordingly, the reaction rate vector can be expressed as

F,=7,(x)r, i€ (CO,CO,RWGS) 24

A detailed derivation of the y functions from extended experimen-
tal data and/or microkinetic models would be extremely challenging.
Further it is assumed that such level of detail is not required for
applications in process control to be considered in this paper. It has
therefore been suggested (Martensen et al., 2023), to replace (23) with
an artificial neural network (ANN) that is in the end directly trained
with dynamic data. Such a hybrid model structure should combine
good predictability due to the inclusion of physico-chemical a priori
knowledge with reduced effort for model generation due to modeling
the influence of partly unknown kinetics with a data driven approach.
To test this hypothesis, the neural network is trained in a first step
with data generated by the mechanistic model of a single CSTR under
isothermal isobaric conditions. Thereby it is assumed that the ANN may
depend not only on ¢ but all concentration variables. Later the resulting
hybrid model is used for optimization and control of the nonisothermal
multistage reactor in Fig. 1. The control strategy based on the hybrid
model is then tested with the detailed mechanistic model.

The network is initially trained with a synthetic noise-containing
data set, following the approach described in Martensen et al. (2023)
and utilizing a likelihood objective of maximum a posteriori. Through
Monte Carlo sampling, hyperparameter tuning has been conducted to
determine a suitable architecture of the neural network comprising the
choice of activation function as well as the number/quantity of hidden
layers and their respective sizes. The data set is divided into separate
training and testing sets. The most suitable architecture is chosen based
on the Bayesian Information Criterion, leading to the selection of a
neural network with one hidden layer and two neurons, employing the
selu activation function. The output layer is equipped with the softplus
activation function to enforce positive definite outputs. For the details
concerning the determination of the network structure the reader is
referred to Martensen et al. (2023).

Fig. 2 shows an exemplary trajectory of the hybrid model found,
illustrating a high level of agreement between the first-principle model
and the hybrid model.

Global sensitivity analysis (Dixit and Rackauckas, 2022) of the
embedded neural network revealed high relevance of the input ¢, with
the other inputs being negligible, as shown in Fig. 3. This is expected
due to the structure of the mechanistic model. Minor dependence on
other state variables is mainly caused by noise. Due to this, we omit
the neural network’s dependency on the states other than ¢ and use
this smaller network for all control approaches in the following.

2.4. Multistage reactor

As illustrated in Fig. 1 we consider a flow sheet with 3 well mixed
diabatic reactors. They will be denoted in the following by the subscript
r € [1,2,3]. It is assumed that all three reactors have equal volume with
equal amount of catalyst according to

V,
v, =X, (25)

m (26)

cat,r
3
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Table 2
Parameter values for reaction kinetics model (Seidel et al., 2021).
Parameter Value Parameter Value Parameter Value Unit
@, 13.814 @, 15.0921 @5 1.2777 -
a, 3784.4 a, 1581.7 a5, -2.167 -
) —9.2833 a3, -8.7639 a3 0.5194 -
a, 3.1475-1073 @ 2.1105-1073 s —1.037-1073 -
as, —4.2613-1077 as, -1.9303-10~7 55 2.331-1077 -
Aco -5.001 Aco, -3.145 Awgs —4.4526 mol bar™ kgc’al‘ 57!
B(C?‘) 26.455 Beo, 1.5308 Bwas 15.615 -
rel —
B, 1.1064 - - - - bar=03
(oxi) (het) -1
Beo 0.14969 ﬁcéz 0.062881 - - bar
AG, 335.7 AG, 21841.5 - - J mol~!
kl+ 79.174-1074 kz+ 0.188-107* - - s
Prmax 0.9 - - - - -
0.6 -
0.5
T
" W 5
%03
0.2 0 2000 4000 6000 ) 200 400 600
t,[s] t, [s]
0.1 / \\‘\‘\‘\‘\‘\W‘_’_‘
Fig. 4. Hydrogen supply disturbance scenario taken from Kefler and Kienle (2023).
0.0 Left: Domain relevant for robust steady states design in Kefller and Kienle (2023).
0 500 1000 Right: Specific scenario considered in this paper. iy, o1, = &g, yey-
Time [s]
‘ — CH:OH(t) CO(t) — COa(t) — Ha(t) H20(t) — Na(t) (1) A not * WC
yCOZ,in,lot = : > (29)
. "in,lol
Fig. 2. Example trajectory comparing the first-principle (solid) and the hybrid model .
(dotted). _ Mciintot (1 - WC)
.VCO,in,tot - . . (30)
nin,tot

First-order global sensitivities

0.0 i ; ! ! !
Tewm,on  Teo, Zco T, LH,0 TN, Ty

Fig. 3. Global sensitivities of the found neural network with respect to its inputs. The
sensitivity analysis reveals a strong dependency on the state ¢, which is called x, in
this figure, while the other inputs are less influential on the output of the neural net.

fin1or i Fig. 1 is the total inlet flow rate it consists of a fluctuating
hydrogen supply &7y, 5, and a mixed CO, CO, carbon supply 7, o>
with y being the molar ratio of CO, to CO in the feed

fintot = & * MiHy jintot + AC i tot> @7

& - A, injtot
yH2,in,tot - . >
nin,tot

(28)

The fresh feed is divided by split-ratios, «,, to the three reactors with

ilin,] =Ky hin,tot’ (31)
hin,? =Ky~ ﬂin,tot + ﬂout,?—l’ re [2’ 3]’ (32)
2r=1 (33)

The inlet compositions and temperatures for reactors 2 and 3 are
calculated accordingly with

Vi1 flout,?—l + K5 - i’in,tot * Yin,tot
yin,? = - s (34)

Rout,i—1 + K5 - Nin tot

TF—I * Nout,i—1 + K7 Nintot Tin,tol

= - , (35)

Nout,i—1 + Kj Min tot

in,F

where T, is the temperature of the inlet into the system.

Parameters Ac iy o0& * Aty intot» We» Tingor @nd cooling temperatures
of the reactors have been taken from the robust design in KeBler and
Kienle (2023).

3. Control concept

In this paper a two degrees of freedom (2 DOF) control strategy is
proposed to compensate unavoidable fluctuations in the feed supply.
Main source of disturbances is the hydrogen feed which is produced by
electrolysis with renewable energy (e.g. wind energy in our scenario).
It is assumed that fluctuations of the hydrogen supply can be well pre-
dicted over a time horizon of a few hours. A representative disturbance
scenario considered in this paper is shown in Fig. 4. It resembles a
typical wind scenario. For the details the reader is referred to Keller
and Kienle (2023).
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Table 3
Variables and respective bounds. Variables below the mid rule are degrees of
freedom.

Variable Domain Unit
T [400, 600] K

Vou [1-1074,5-107"] m? st
T: [450, 550] K

T, [450,550] K

K* [0,1] -

K [0,1] =

st [0,0.6] -

sk [0, 100] -

To counteract this disturbance, feedforward control action is cal-
culated with dynamic optimization as described in KeRler and Kienle
(2023). However, in contrast to Kefiler and Kienle (2023) we use
the hybrid model introduced in the previous section instead of the
mechanistic model for dynamic optimization in the feed forward part.
Manipulated variables of the feed forward controller are the feed splits
and the shell temperatures of the different reactors. The corresponding
dynamic optimization problem is defined as:

e J=[STY (x,&? /12 —U-(s) +s,)dr

max end

s.t.  dynamic hybrid model equations,
xlo <x< xup’
Xc(x,6)+ 5, >0.6,
(T(x,6) = T.)> <30+ 5,2,
iy =1,
Zi yi,in = 1’
T T, +T,
¢ 50
. K4k
K= ——,
20

where the objective is the integral over time of STY, the space time
yield, which is defined as

(oP)

Rout3 * YCH;0H,3
STY = (‘"”—’> . (36)
Vior
and X is the carbon conversion
w3 * YCH;0H,3
Xc = <"‘"—3> 37)
nC,iﬂ,IOI

which should be at least 60%. Further, since the hydrogenation reac-
tions are exothermic, a constraint of 30 K between reactor and shell
temperatures is introduce to prevent hotspot formation (Fischer and
Freund, 2020). s are slack variables, and U = 100 is a penalty constant,
both of which have been chosen empirically. The slack variables allow
for the violation of the constraints at the expense of a highly reduced
cost function, which is therefore avoided as much as possible. Note,
that the constraints are not violated in the final results, but the slack
variables make it easier for the solver to find proper starting points
and, hence, speed up the optimization process. To avoid spontaneous,
switching of control variables, which is not feasible in practice, addi-
tional first order lag systems were introduced for the feed split and the
shell temperatures according to the last two equations in the problem
definition above. The variables and their bounds are listed in Table 3.
The optimization problem was implemented in Julia (Bezanson
et al., 2017), using the JuMP (Lubin et al., 2023) based package In-
finiteOpt (Pulsipher et al., 2021). A forward finite difference approach
with 150 discretization points is used to discretize the time domain. The
problem is solved using the NLP solver KNITRO (Byrd et al., 2006).
To compensate plant model mismatch (considered in this paper)
and additional unforeseen disturbances (not explicitly considered in
this paper), feedforward control action is complemented by a feedback
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disturbances of H, supply ‘

Y

Optimizer
ki, Te
Plant X
o——— Pl controller ——# o
- u

Fig. 5. 2 DOF control scheme proposed in this paper. Feedforward control variables:

feed splits - «;, cooling temperatures - T, feedback control variable: fraction of

nominal carbon feed - u, output variable: Carbon conversion - X,.

controller. In particular, a simple PI controller is used

u=1+Kp<e+%/edt> 38)

with parameters K, = 0.6 and T; = 1 obtained empirically by the sta-
bility margin method (see e.g. Luyben and Luyben (1997)). Controlled
variable is the conversion X. Manipulated variable is associated with
the carbon feed supply, which can be changed by a factor u, which is
multiplied with #;, -. In the nominal case, with zero control error e, u
equals 1. The final control strategy is illustrated in Fig. 5.

4. Results and discussion

In this section the control strategy is implemented and tested step
by step by means of the detailed reference model to study also the effect
of plant model mismatch. In a first step, feedforward control action
is calculated by dynamic optimization with the hybrid model. Results
are illustrated in Fig. 6. Manipulated variables are the feed split and
the shell temperatures. In the beginning, fresh feed is mainly fed to
the first and the third reactor. Feed to the first reactor is increasing
with decreasing hydrogen supply in Fig. 4, feed to the third reactor
is decreasing with decreasing hydrogen supply, and vice versa as the
hydrogen supply is increasing again. As the hydrogen supply is further
increasing beyond its initial value, the feed to the first reactor is step by
step redirected to the second reactor and back again to the first reactor
as the hydrogen supply is dropping in the end again. Shell temperatures
are at the lower bound for reduced hydrogen supply in the first phase
and increase step by step with increasing hydrogen supply. The lag
becomes obvious in the final phase where hydrogen is decreasing again,
but the temperatures are staying close to their upper bound. Carbon
conversion is most of the time close to the lower bound, with some
positive deviations at the beginning and the end.

For validation of the optimization results, control profiles for the
feed split and the shell temperatures were simulated with the hybrid
model. As illustrated in Fig. 7. Simulated mole fractions of methanol,
reactor temperatures and molar outlet flows in Fig. 7 show good
agreement with the optimization results in Fig. 6. Minor deviations are
observed in view of the carbon conversion in both figures. This is due
to the larger integration error of the simpler finite difference method
applied for the dynamic optimization compared to the simulation. The
dynamic simulation was done with IDA from the SUNDIALS library,
which is a more advanced fully implicit BDF method (Hindmarsh et al.,
2005).

To demonstrate the effect of plant model mismatch between the
detailed mechanistic plant model and the hybrid model used for the
dynamic optimization, the optimal control profiles for the feed split and
the shell temperatures were next simulated with the reference model.
Results are illustrated in Fig. 8. Differences to Fig. 7 become most
obvious for the carbon conversion. It turns out that carbon conver-
sion predicted by the detailed model is violating the 60% constraint
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Reactor temperature

550 T

0 100 200 300 400 500 600 700
t, [s]
Carbon conversion

%1007Y]

= 0651 1

X,

Fig. 6. Optimal control profiles for the feed split and the shell temperatures and corresponding temporal evolution of mole fractions of CH;OH, reactor temperatures and molar
outlets of all three reactors, and total carbon conversion of the multistage reactor. Results obtained by dynamic optimization of the hybrid model.

Mole fraction

0.2 T

— 0.15

-

YCH30H;

I\
Reactor 1

Reactor 2
Reactor 3

Tiout, [mols™1]

0 100 200 300 400 500 600 700

Reactor temperature

400 ‘ : : : : :
0 100 200 300 400 500 600 700

Carbon conversion

Xe, [%)

Fig. 7. Temporal evolution of mole fractions of CH;OH, reactor temperatures and molar outlets of all three reactors, and total carbon conversion of the multistage reactor.
Simulation results obtained with hybrid model and optimal control profiles for the feed split and the shell temperatures of the hybrid model from Fig. 6.

nearly over the entire time domain of the considered scenario. This
deviation is larger than what was expected in view of Fig. 2. This
difference can be explained in the following way. The hybrid model
was fitted for isothermal reactor operation, which was applied in Fig. 2.
In contrast to this, the control concepts in this chapter are evaluated
for nonisothermal (diabatic) reactor operation. Extrapolation of the
hybrid model to nonisothermal conditions and to the reactor cascade
introduces additional errors.

To handle this plant model mismatch additional feedback control
is applied as described in the previous section. Carbon conversion is
thereby controlled with an additional handle, which is the fraction of
the carbon in the feed. With this combined strategy, the effect of plant
model mismatch is efficiently eliminated and carbon conversion can
be kept most of the time at its desired setpoint with only very minor
deviations as illustrated in Fig. 9. Convergence to the desired setpoint
is rapid and relatively smooth with only little overshoot.
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Fig. 8. Temporal evolution of mole fractions of CH;OH, reactor temperatures and molar outlets of all three reactors, and total carbon conversion of the multistage reactor.
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Simulation results obtained with the mechanistic reference model and optimal control profiles for the feed split and the shell temperatures of the hybrid from Fig. 6 and additional

feedback control according to Eq. (38) to track the desired carbon conversion of 60%.

The required control action for the carbon feed is illustrated in
Fig. 10. It is almost proportional to the deviation of the carbon con-
version from the 60% line in Fig. 8 with some deviations in particular
at later times due to integral action of the feed back controller. In
summary, we conclude that the 2 DOF control strategy presented in this
paper is very well suited to compensate disturbances and plant model
mismatch. Main disturbance compensation is done by the nonlinear
feedforward control action, which is calculated by dynamic optimiza-
tion of the nonlinear hybrid model. Since the hybrid model is in relative
good agreement with the reference model as shown in Section 2.3, this

strategy works very well and compensation of plant model mismatch
by linear feedback control action is, though not negligible, minor
compared to the feedforward action and can be handled effectively by
the linear feedback controller.

5. Conclusion and outlook

In this paper a new efficient and robust two degrees of freedom
control strategy was developed for a multistage power-to-methanol
reactor and tested in silico. It was assumed that main disturbances are
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Control action
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Fig. 10. Control action according to Eq. (38) which is required to track the desired
carbon conversion of 60% in Fig. 9.

introduced by the green hydrogen supply due to unavoidable fluctu-
ations of regenerative electrical energy supply for water electrolysis.
In this contribution, a scenario with disturbances on a relatively short
time horizon of about 10 min, typical for regenerative energy supply
from wind turbines, was considered. In view of the time required for
hydrogen production and in view of moderate intermediate storage
capacities, it was assumed that the disturbance of the hydrogen supply
can be well predicted on this time horizon. However, uncertainty
of disturbance prediction is increasing with increasing time horizon.
Nowadays a good prediction of energy supply from wind turbines over
a few hours seems to be possible. For longer time horizons, the present
control strategy could be embedded in a receding horizon strategy,
where feedforward control action is re-calculated from time to time
to include updates of the predicted disturbances. Further, the receding
horizon strategy could also be used for updating the hybrid model with
available new measurement information from the process.

The proposed control strategy was based on a hybrid model, which
combines physico-chemical modeling from first principles with a data
driven neural network to predict the influence of dynamic changes of
the catalyst on the reaction rates, which can be hard to model from first
principles. This hybrid model combines good predictability due to the
inclusion of physico-chemical a priori knowledge with high efficiency
due to the data driven approach. The approach was well motivated
by our previous work on mathematical modeling of the methanol
kinetics (Seidel et al., 2018, 2020). However, alternative hybrid model
structures are possible by replacing the reaction kinetics step-by-step
by data driven models and thereby relaxing more and more the effort
for kinetic modeling. This would also be interesting for new reaction
systems, where not yet so much a priori knowledge is available like
for the methanol synthesis. Therefore an interesting question for our
future work is also to study how the performance of the proposed
control scheme depends on the specific hybrid model structure. Again,
methanol synthesis could be a suitable benchmark problem for this.

Finally, it is clear that the proposed control strategy cannot handle
all possible disturbance scenarios. For example, it would not work if
there is very little or even no wind available at all. For such cases,
additional measures are required like buffer tanks for example. To find
an optimal trade off between different strategies is also an interesting
topic, which is, however, beyond the scope of this paper.
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