A phenomenological-based dynamic model of ethanol
steam reforming for hydrogen production

Abstract

This article presents a detailed deduction of a nonlinear dynamic model for
an ethanol steam reforming (ESR) process designed to produce pure hy-
drogen for fuel-cell applications and renewable energy integration. Such a
model is derived by using a well-established phenomenological-based semi-
physical modeling (PBSM) methodology. The process comprises two se-
quential stages, the reforming stage and the hydrogen separation stage, both
carried out within a single integrated module known as a staged-separation
membrane reactor (SSMR). The resulting system of algebraic and ordinary
differential equations captures the temporal and spatial evolution of gas tem-
perature and species concentrations along the device, effectively representing
the system’s dynamics. A set of model parameters are identified using a
multi-objective optimization algorithm to fit the model to experimental data
obtained from a real SSMR setup. Simulation results under various operat-
ing conditions demonstrate the model accuracy and reliability. The model is
implemented in Python and is openly accessible through an online repository.

Keywords: mnonlinear dynamic model, ethanol steam reforming, hydrogen
production, staged-separation membrane reactor, renewable energy

1. Introduction

Modern societies are experiencing an ever-growing demand for energy to
support economic development, technological advancement, and enhanced
quality of life [1]. Despite progress in energy efficiency and renewable tech-
nologies, conventional energy production and consumption remain the pri-
mary sources of greenhouse gas emissions [2], contributing to climate change
and generating significant environmental and ecological challenges [3]. In
response, governments, industries, and research communities worldwide are



intensifying efforts to transition toward sustainable energy systems, aiming to
reduce carbon footprints and meet international climate commitments [4, 5].

Among the strategies to achieve these sustainability goals, the develop-
ment of renewable energy technologies plays a central role. Solar, wind, and
biomass-based systems have demonstrated considerable potential to reduce
greenhouse gas emissions [6]. However, their intermittent nature and stor-
age limitations require complementary solutions for energy management [7].
In this context, hydrogen has emerged as a versatile and promising en-
ergy carrier, capable of bridging the gap between variable renewable energy
sources and stable energy demand [8, 9]. Its advantages include high en-
ergy density, suitability for long-term storage, potential for clean power gen-
eration, and compatibility with existing infrastructure when appropriately
managed [10, 11].

The sustainability of hydrogen depends critically on the production path-
way [12, 13]. Currently, the majority of global hydrogen is produced via fossil
fuel-based processes [14], particularly natural gas reforming, which generates
substantial greenhouse gas emissions and undermines the environmental ben-
efits of hydrogen utilization. To overcome this limitation, cleaner production
routes are being actively explored [15, 16]. Water electrolysis powered by
renewable electricity represents a low-carbon alternative [17, 18, 19], but its
widespread deployment is constrained by technological challenges, including
efficiency limitations, high material costs, and durability concerns [20, 21].

As a complementary approach, steam reforming of short-chain alcohols,
particularly methanol and ethanol, has attracted considerable attention [22].
These alcohols offer high hydrogen-to-carbon ratios and can be derived from
biomass. Moreover, since alcohols are relatively easy to handle, store, and
transport, hydrogen production can be decentralized or carried out on-demand
at points of use [23]. Alcohol steam reforming (ASR) involves catalytic reac-
tions of alcohol with steam under external heat input, producing hydrogen
along with minor byproducts [24]. When the heat source is renewable, ASR
provides a pathway for low-carbon hydrogen production that can be inte-
grated with existing energy systems, contributing directly to decarbonization
strategies and sustainable energy goals. Unlike electrolysis, ASR does not
require large-scale electricity inputs, which can be advantageous in regions
where renewable electricity is either intermittent or limited.

The practical implementation of ASR processes requires reliable math-
ematical models capable of effectively capturing the system’s dynamics.
Phenomenological-based modeling enables the representation of complex sys-



tems through physically meaningful equations, providing insights into reac-
tion mechanisms, transport phenomena, temporal and spatial dynamics, and
the effects of operating conditions on process performance [25]. These mod-
els are essential for the design, scale-up, and control of hydrogen production
units, as they support experimental planning, guide industrial implementa-
tion, and help address key operational challenges such as catalyst deactiva-
tion from carbon deposition, management of harmful byproducts for down-
stream fuel cells, and the optimization of heat and mass transfer within the
reactor.

A substantial portion of ASR research has focused on optimizing cata-
lyst properties to enhance process performance [26, 27|, as well as examining
thermodynamic aspects, reaction mechanisms, reactor configurations, and
key variables that influence the efficient production of hydrogen [28, 29].
Another group of studies focuses on gaining insights into the system through
modeling. For instance, [30] explores advancements in hydrogen production
through steam reforming of bio-alcohols, particularly methanol and ethanol,
utilizing membrane-assisted reactors and artificial intelligence modeling tech-
niques. It emphasizes the significance of operational parameters such as feed
composition, temperature, and pressure on hydrogen recovery and conversion
rates. Likewise, [31] develops a fully 3D non-isothermal computational fluid
dynamics (CFD) model to simulate the ethanol steam reforming (ESR) pro-
cess over Rh—Pd/CeO, catalytic honeycombs, which allows for the analysis
of heat transfer and reaction extent under various operating conditions.

The authors in [32] highlight the role of various catalysts and reactor de-
signs, particularly in membrane-assisted packed bed reactors. Utilizing mul-
tiscale modeling and CFD simulations, the research investigates the effects of
internal diffusion and membrane separation on reaction rates and hydrogen
yield. Key findings reveal that optimizing catalyst particle size and poros-
ity can significantly enhance reforming efficiency. Besides, [33] presents a
comprehensive study on the design and numerical modeling of microchannel
reactors for hydrogen production through methanol steam reforming (MSR).
Such a paper presents a mathematical model that incorporates conserva-
tion equations and chemical kinetics, addressing complex catalyst dynamics
and transport phenomena. The findings highlight the impact of various pa-
rameters such as washcoat thickness, catalyst loading, and flow rates on
hydrogen production efficiency, emphasizing the advantages of microchannel
technology in enhancing reaction rates and selectivity. Similarly, [34] investi-
gates how different channel structures in embedded reactors influence MSR



performance. Using heat and mass transfer analysis, it shows that the cir-
cle—triangle channel achieves the highest efficiency, offering valuable insights
for optimizing reactor design. Finally, the study in [35] evaluates crossflow
membrane reactors for ESR and water-gas shift reactions, showing that Pd-
based membranes and optimized designs significantly enhance hydrogen pro-
duction and separation, demonstrating strong potential for efficient reactor
performance.

Despite the aforementioned approaches and others reported in the liter-
ature, no work has been found that focuses on the detailed deduction and
validation of a mathematical model for ASR. Hence, the main contribution
of this article is to fully derive and validate a mathematical model of ESR
through a well-established phenomenological-based semi-physical modeling
(PBSM) methodology [36]. The PBSM approach comprises ten defined steps
that yield mathematical models blending characteristics of both white-box
and black-box models. In other words, the basic structure of the model is
completely derived from first principles, but the model also includes some pa-
rameters that can be adjusted based on experimental data. This methodology
has been successfully applied to generate models across various applications,
as the well-described models in [37, 38].

The remainder of this article is outlined as follows: Section 2 presents
the model pre-construction, where the system is described. Then, the model
equations are derived in Section 3 in the model construction. Section 4 pro-
vides the model simulation and validation and, finally, the main conclusions
of this work are drawn in Section 5.

2. Model pre-construction

In this section, the first three steps of the PBSM methodology are applied
to the whole system.

2.1. Step 1. Process description and modeling objective

The process involves the production of pure hydrogen via ESR, comprising
two consecutive stages: reforming and hydrogen separation. Both stages
take place within a single operating unit, the SSMR, which is depicted in the
schematic of Fig. 1. The reforming stage consists of a honeycomb (400 cells
per square inch) monolithic reactor with cobalt-based catalytic walls. This
type of reactor provides a high surface area compared to its volume. Besides,
the narrow channels of the monoliths offer a short radial path between the
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Fig. 1. Schematic representation of the staged-separation membrane reactor (SSMR).

gas phase and the solid surface, which reduces the possibility of mass transfer
limitations. Ethanol and water are fed into the reactor as vapors after passing
through a heating conduit that preheats the mixture before entering into the
device.

Inside the reactor, the following four reactions take place in the same
space and conditions simultaneously:

CoH5;0H —— CH3CHO + Ha, (1)

CoH5;0OH — CO + CH4 + H,, ( )

CO 4 HyO = COs + Hy, (3)

CH3CHO +3H;O — 2CO, + 5H, - (4)

Ethanol dehydrogenates into acetaldehyde and hydrogen (1). In parallel, an
undesired reaction occurs in which ethanol is decomposed into carbon monox-

ide, methane, and hydrogen (2). The cobalt-based catalyst also promotes
the water-gas shift (WGS) reaction (3) under typical operating conditions.
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Meanwhile, acetaldehyde is further reformed with water into carbon dioxide
and hydrogen (4). Since the whole reaction system is highly endothermic,
the SSMR is externally heated by using an electric resistance heater to main-
tain the operating temperature. Hereafter, chemical species are denoted by
their corresponding initial letters, i.e., ethanol (E), acetaldehyde (A), hy-
drogen (H), water (W), carbon dioxide (C'D), carbon monoxide (C'M), and
methane (M).

In the separation stage, only hydrogen permeates through a palladium-
silver (Pd-Ag) membrane. The selective permeability of the membrane allows
hydrogen atoms to pass through while effectively blocking other gases present
in the gas stream. As a result, pure hydrogen is obtained at the permeate
side, while the remaining gases are extracted from the retentate side. The
objective of the mathematical model is to predict how the temperature and
species concentrations evolve over time along the axial direction of the SSMR.

2.2. Step 2. Modeling hypothesis and level of detail

For this case study, the modeling hypothesis aligns with that of a plug
flow reactor (PFR). While the reactants flow through the reactor, the con-
centrations, temperature, and reaction rates change. At a macroscopic level,
the reactants predominantly flow axially through the internal channels of the
monolith. However, at a mesoscopic level, radial transport of reactants takes
place towards the boundary layer adhered to the monolith walls containing
the solid catalyst. From the bulk of the gas phase, there is mass transfer
of reactants to the walls surface, where they are adsorbed into the catalytic
active sites. Then, the reactions (1)-(4) occur, followed by desorption of
the products to the boundary layer, after which these reaction products are
transferred to the bulk of the gas phase (see the schematic in Fig. 2).

The reaction products, along with any unreacted species, leave the reform-
ing stage and proceed to the separation stage. There, through a solution-
diffusion mechanism [39], hydrogen permeation begins as hydrogen molecules
arrive at one side of the membrane, where they dissociate into atomic hy-
drogen upon interaction with its surface. Then, these atoms dissolve into
the metal structure of the membrane. Following dissolution, hydrogen atoms
diffuse through the metal driven by the partial pressure gradient across the
membrane. Finally, hydrogen atoms recombine on the permeate side to form
molecular hydrogen gas again.

To formulate the SSMR model, both the reforming and separation stages
are discretized into n slices or partitions along the axis flow direction. The
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Fig. 2. Overall representation of the process phenomena occurring along one channel in
the reforming stage.

phenomena involved in the process are modeled on a macroscopic scale, as
each predefined slice holds a macroscopic order of magnitude (a few millime-
ters). Partitioning the reactor into slices results in a distributed-parameters
system, i.e., each slice has its own parameters. However, perfect agitation
is assumed within each partition, resulting in a lumped-parameters model
for each slice. This assumption remains also valid in the separation stage.
Additional assumptions complementing the modeling hypothesis are stated
as follows:

e The similarity of the channels in the monolith allows them to have
the same hydrodynamic and chemical behavior. Thus, modeling just
one channel in the reforming stage is enough to achieve the modeling
objective.

e The ideal gas equation is applicable within the operating pressure range
within the device. This assumption is valid for the relatively low pres-
sures that are typically found in SSMR.

e The radial dependence of pressure and temperature is negligible in
both the ESR and membrane separation. The former assumption is
reasonable because there is no relevant radial flow or friction, while
the latter is justified by the short length scale in the radial direction
compared to the axial direction.

e The velocity dependence in the radial direction is neglected. Instead,
the velocity is taken to be average velocity in the axial direction.



e The effects of molecular diffusion in the axial direction are negligible
with respect to convection in this direction. The suitability of this
assumption is confirmed by calculation of the Péclet number.

e No accumulation of substances occurs in any of the partitions or in the
boundary layer, e.g., effects as the catalyst poisoning are not considered
in this version of the model.

e The wall temperature of the separation stage and all channels within
the monolith is assumed to remain uniform and constant throughout
the device. This assumption is justified by the implementation of a
control system in the real SSMR setup, which efficiently regulates this
temperature.

2.3. Step 3. Process systems definition

A process system (PS) is an arbitrary abstraction of a specific part of
the process, which is treated as an individual system. Hence, it is possible
to apply all the available methods for system analysis [40]. An important
clue to identify PSs is to locate physical separations or boundaries within
the process, as well as distinguishable phase changes or mass characteristics
pointing out spatial differences. According to the modeling objective, species
concentrations and gas temperature need to be monitored continuously as
chemical species pass through the reforming stage, move into the separation
stage, and leave the SSMR. Therefore, the following PSs, which can be seen
in Fig. 3, are considered:

e Process system I (PS I). It includes the gas phase, comprising both the
bulk flow and the gas within the boundary layer and catalyst pores in
the reforming stage.

e Process system IT (PS II). It represents the gas phase that flows through
the retentate side of the membrane.

e Process system III (PS III). It consists of the gas phase contained in
the permeate side of the membrane. This PS is composed of the pure
hydrogen coming from PS II.
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Fig. 3. Process systems (PSs) defined for the model deduction. Thin arrows represent
flow of material, while thick arrows indicate flow of energy.

3. Model construction

In this section, steps 4 to 7 of the modeling methodology are applied. All
the model equations are provided here.

3.1. Step 4. Conservation principle application

In this step, dynamic material and energy balances are formulated for
each PS in order to determine the basic structure of the model. It should
be noted that the derived set of equations must be applied to each partition,
namely z, individually. By continuity, the output conditions of one partition
correspond to the input conditions of the subsequent partition.

3.1.1. Process system [
The total material balance for this PS, in molar units, is formulated as

dN M 4
ol . )
pTa Ny_1+ Z Z Vi T — Ny, (5)

i=E j=1



where N¢ ; represents the total gas moles in partition z within PS I, £ € R
is the time, n,_; is the total molar flow rate coming from partition z — 1, and
n is the total molar flow rate leaving the current partition z. Moreover, v; ;
is the stoichiometric coefficient of compound ¢ € {E, A, H,W,CD,CM, M}
in reaction j € {1,2,3,4} and r; is the rate of reaction j. On the other hand,
the component material balance, in terms of molar fraction, is derived below

for ethanol. For the other substances, only the final expression is shown.
Ethanol (E):

dNEJ
dt

= yE,z—l nz—l — Ty —Te— yE,z hza (6)

where Ng ; denotes the moles of ethanol in partition z within PS I, yg .1
and yg . represent the mole fraction of ethanol in partitions z — 1 and z,
respectively. Likewise, r; and ry are the rates of reactions 1 and 2, respec-
tively. Then, by substituting the moles of ethanol with the product of the
mole fraction of ethanol and the total moles of gas in the respective parti-
tion, and computing the derivative of this product, the following equation is
obtained:

dNg 1 dye,.
» ) N )
yee —gq Ther g

= YE,z-1 nz—l — T — T2 —YE2 nza (7)

in which the derivative of Ng; with respect to time can be represented as
a parameter denoted NG7 ;. This parameter is directly obtained from the
right-hand side of (5) at any moment, but taking it as an algebraic equation.
Finally, solving for the derivative of the mole fraction of ethanol with respect
to time, the final expression is

dyE,z o 1
dt  Ngg

(yE,z—l hz—l — T —T2 —YE,2 nz —YE,2 NG,I) . (8>

The previous component balance results similar for each substance involved
in the process, but with adjustments made to terms specific to chemical

reactions, that is,
Acetaldehyde (A):

dyA,z . 1
dt  Ngr

(yA,z—l hz—l +r1—rs — YA~ hz — YAz NG,I) . (9>
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Hydrogen (H):

Ay, 1 . .
:’iift[, = NG,[ (yH,z—l Ny—1+ 71+ 72+ 713+ 51y — YH,z N2
— YH,: NG,I>~ (10)
Water (W):
iz g Maq — T3 — 374 — Yws My — Yws N, ) . 11
dt NG,I (?JW, 1MNz1 — 73 Ty = Yw,z N Yw, G,I ( )

Carbon dioxide (C'D):

dyCD,z _ 1
dt  Neg

(yCD,z—l N.-1+7r3+2ry —Yop,z Nz — Ycb,z NG,I) - (12)

Carbon monoxide (CM):

dyC’M,z _ 1
it Ngs

(yCM,z—1 N1+ 7re— 73— Yom,: N — Yo, NG,I) . (13)

Methane (M):

dyM,z o 1
dt  Nag

(yM,zfl hzfl + 1o — YM .,z hz —YM,z NG,I) . (14>

The energy balance in PS I accounts for the energy exchanged in the
specific partition z, including the mass entering and leaving the partition, as
well as the heat exchanged with the surroundings, that is,

dEG’,I o d(NG,I 61} TG,z)

dt dt

4
= /fl/z—lﬁz—l - Z rjAern,j - nzﬁz + QSG? (15)

j=1

with Eg s being the gas thermal energy, C, being the average molar heat
capacity of the gas at constant volume, and 7 . being the gas temperature
in partition z. Likewise, H,_; and H, represent the gas molar enthalpy in
partition z — 1 and partition z, respectively. Moreover, Aﬁrxn,j is the molar
enthalpy of reaction j and Qg represents the heat flow from the solid to the
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gas inside the channel. Then, assuming constant heat capacity, computing
the derivative of the product N¢ ; T, and solving for the derivative of T .,
the final energy balance equation is expressed as follows:

4

- == n,— Hz— - T‘Aern’
dt Cy Na,1 ' ' ; ’ ?
. FT : TG’,z :
—n.H, + Qsc) -y Na,r1. (16)
G,I

3.1.2. Process system II
The total material balance, in molar units, is expressed as

dN,
# - hz—l - hH,z - hzv (17>

where N¢ 11 represents the total gas moles in partition z within PS I and ng ,
is the molar flow rate of hydrogen permeating through the membrane in the
current partition. On the other hand, since there are no chemical reactions
in the separation stage, the component material balance is straightforward
for the remaining compounds that do not permeate the membrane, that is,

dyi,z o 1
dt N NG,[]

(yi,zfl hzfl - yi,z hz - yi,z NG,II); (18>

where NGJ[ is a parameter denoting the change of N¢g ;; with respect to
time, which is directly extracted from the right-hand side of (17), taken as an
algebraic equation, and i € {E, A, W,CD,CM, M}. Instead, the component
material balance for hydrogen is written as follows:

dyH,z o 1
dt  Neur

(yH,z—l No—1—NHz— Yz N2 — YH,2 NG,H)- (19)

The energy balance for PS II is similar to that of PS I, but excluding the
energy associated with chemical reactions and including an additional term
accounting for the energy carried by the permeating hydrogen, as follows:

d1c 1 _
=t - = <nz—1Hz—1 —ng.Hy
dt Cv Nei1
. TT = TG,Z \
—n,H, + QSG> -y Na 11, (20)
GIT

with H 5 being the molar enthalpy of hydrogen.
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3.1.3. Process system II1

In this PS, the total material balance is equivalent to the component
material balance, as hydrogen is the only species present. Such a balance is
expressed as

dNg 111

dt - T‘I/zfl + 7‘7/H,z - hza (21>

where Ng rrr represents the moles of hydrogen in partition z within PS III,
n,_1 is the molar flow rate of hydrogen coming from partition z — 1, and
n, is the molar flow rate of hydrogen leaving the current partition z in PS
IIT. On the other hand, since PS III is physically surrounded by PS II, no
chemical reactions occur, and the thermal effects of the thin membrane are
neglected, it is assumed that PS III remains in thermal equilibrium with PS
II. Therefore, an energy balance for PS III is not required.

3.2. Step 5. Basic structure of the model

The basic structure of the mathematical model consists of the set of bal-
ance equations that provide relevant information to meet the modeling ob-
jective. In this case, such expressions are the equations from (5) to (21). It is
important to highlight that (18) yields six equations, one for each compound
involved in the process, except for hydrogen.

3.3. Step 6. Variables, parameters and constants

The basic structure of the mathematical model can include variables,
parameters, and constants. In this article, variables are those which are de-
termined only after simulating the model. Instead, parameters are unknowns
for the set of model equations that must be defined, through constitutive and
assessment equations, before simulating the model. Besides, constants are
well-known fixed values, which are not subject to change. These parameters
and constants are referred to as structural, since they appear explicitly in the
equations forming the basic structure of the model. In this sense, the model
variables and structural parameters and constants are reported in Table 1.

3.4. Step 7. Constitutive and assessment equations

This step focuses on defining the highest number of structural parameters
using constitutive or assessment equations. If no such equations are available,
parameters must be obtained from experimental data or estimated through
correlation expressions. Since these parameters are directly observable from
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Table 1. Model variables and structural parameters and constants.

PS Variables Structural parameters Structural constants

I NG,I YE,z YA,z YH 2 YW,z N1 T, T NG,I

— j— J— Ui :
Yyep,: Yo,z Ym,: 1a.- Cy AH, 1 ; Qs H 7

I Neir Yz YAz Yz Yw,e N1 Nz gz N&H
Yep.: YoMz Yoz 16z Cy Hy Qs H

I11 Ne 11 No—1 My NH -

the material and energy balances comprising the basic structure of the model,
they are inherently interpretable, which enhances their identification [41].
Sometimes, defining one structural parameter introduces additional param-
eters, called functional parameters, which also need to be specified. These
new functions and parameters make up the extended structure of the model
and must be clearly defined to maintain the logical sequence of the model
formulation.

One of the most relevant features of the dynamic models derived by using
the PBSM methodology is their modularity, i.e., they can be understood as
the integration of several interacting processes. Consequently, the extended
structure of the model can be expanded or simplified at any stage, depending
on the available knowledge of the process and the modeling objectives. For
instance, Appendix A discusses how mass transfer limitations, specifically
those between the bulk gas and the gas in the boundary layer in the reforming
stage, can be incorporated when required. In the following, some constitutive
and assessment equations are presented, while the remaining ones are listed
in Table 2.

Total molar flow rate n,. This parameter must be evaluated according to
the specific PS and the partition for which it is calculated. In this case study,
the partition z = 0 corresponds to the inlet of the reforming stage. Hence, ng
is obtained from the inlet molar flow rates of ethanol and steam, which are
pre-defined values according to the operating conditions of the device. For
the remaining partitions, the total molar flow rate is calculated as follows:

T.lz = hz—l + 1,2 + 2 2.2 + 3 gz for PS I, (22)
O for PS I, (23)
’flz = 7;Lz_1 + hH,z for PS III. (24)
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Reaction rates r;. The reaction rates are determined as [42]

PE
=k , 25
. 1041+51(PG—1) (25)
o = k?pE7 (26)
r3 = ks (pCMpW - pchpH)’ (27>
WGS
ra = kapaDyy, (28)
4577.
kWGS = exXp ( o778 — 4.33) s (29)
Tg
by = s oxp |~y (e — — (30)
j = Roo,j €X —Lag \ 57 )
! K P K RTG RTref

in which k; is the kinetic parameter of the j-th chemical reaction, a; and 3;
are parameters accounting for equilibrium effects, p; is the partial pressure
in bar of the ¢-th species, R is the gas universal constant, and kwqs is a
characteristic parameter of the water-gas shift reaction. Likewise, ko ; is
the pre-exponential factor of the j-th kinetic parameter, E, ; is the activation
energy of the j-th chemical reaction, and T, is the reference temperature
for the reaction rates (expressions from (25) to (30)), which is set to' 773.15
K. The reaction rate r; is modified here to account for the effect of the
operating total gas pressure Pg. Namely, additional terms were introduced
in the denominator compared to the original expression from [42].

Partial pressures p;. The partial pressures of the corresponding chemical
species are easily obtained from the mole fraction of each compound and the
total gas pressure, that is,

pi = y; Pax107°, (31)

Molar flow rate of permeating hydrogen nyg. This molar flow rate arises
from the mass transfer of hydrogen from PS II to PS III across the membrane.

1773.15 K is the temperature of reference to be used for calculating the kinetic pa-
rameters of the chemical reactions, as indicated by the authors in [42]. It represents the
nominal temperature at which such parameters were originally determined.
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The process can be described by Sieverts’ law [43], as follows:

in =~ (VFir — i) (32

_Eam
Pe:Pe,O eXP( RTG )7 (33)

where P, is the permeability of the membrane, 9 is the membrane thickness,
« is the surface area of the membrane, and pg, and pg, are the hydrogen
partial pressures at the retentate and permeate sides, respectively. Besides,
P,  is the permeability pre-exponential factor and E,,, is the apparent acti-
vation energy of the membrane.

Molar enthalpy of gas H. The molar enthalpy of the gas, for a particular
partition z, can be calculated as

Fz == 6p(TG,z - Tref); (34)

where ﬁp is the gas molar heat capacity at constant pressure and T} is the
temperature of reference for the enthalpy calculation, which is set to? 298.15
K.

Heat flow from the solid to the gas Qsg. The value of this structural
parameter is estimated through a typical Newton’s law of cooling expression,
namely,

Qsc = UApr (Ts — Tg), (35)

with U being the overall heat transfer coefficient, Ayt being the heat transfer
area, and Ts being the temperature of the solid comprising the walls of the
SSMR, which is assumed to be constant and uniform along the device.

4. Model simulation and validation

This section concludes the PBSM methodology by providing steps 8 to
10.

2In this paper, all enthalpy values are expressed relative to the standard reference
temperature of 298.15 K, corresponding to the conventional thermodynamic reference
state.
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Table 2. Model constitutive and assessment equations.

Description Constitutive/assessment equation Units
1st equilibrium parameter in (25) a1 =7.96 -
2nd equilibrium parameter in (25) 51 = 5.82 bar—!
Total gas pressure Pg = Datum > 1 x 10° Pa
Membrane thickness §=3x10"° m
Membrane surface area a =7mDm(La/n) m?
Membrane diameter D,, = 0.003175 m
Length of separation stage Lo = 0.076 m
Number of partitions n = 50 -
Partial pressure of hydrogen at
retentate side PH,r = PH Pa
Partial pressure of hydrogen at _
permeate side PH,p = Datum Pa
Pre-exponential factor of membrane _ _6 mol/(m
permeability FPe,o =135 x 10 min Pal/2)
Activation energy of membrane Eam = 8.8 x 103 J/mol
koo,1 = 2.1 x 10*
Pre-exponential factors koo,2 = 2.0 x 103 i
of reaction kinetics koo3 = 1.9 x 104
koo,a = 2.0 x 105
Eq1 =7.0x 104
Activation energies Eqp2 =13 x10°
. L2 J/mol
of reaction kinetics Eq3=17.0x 104
Eq4 =98 x 10%
Average molar heat capacity at Cy = 61, _nr J/(mol K)
constant volume
Average molar heat capacity — Mo J/(mol K
at constant pressure Cp= ZZ:E YiCp,i / )
Molar heat capacities at constant 6], i = polynomial expressions in terms of Tg
' J/(mol K)
pressure taken from [44]
Molar enthalpy of reactions AH,yp,j = Aﬁfxn’j + AC,,; (T — Tret) J/mol
AHy,, 1 = 63300
AH e o = 48970
Standard enthalpy of reactions rxn,2 J/mol
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Description Constitutive/assessment equation Units

o

AH,,, 3 = —41180
AHy, 4 = 109080

rxn

Aépyl = 61’,1‘1 + 61%:4 - 6p,E
Difference between heat capacity ACp2=Cpa+Cpm+Cprom—CpE

of products and reactants ACp3=Cpu+Cpop —Cpw — Cp.om J/(mol K)
AépA = 561,,}1 + 2613ch — 36P,W — 61,7,4
: 2
Overall heat transfer coefficient U = C11500 J/ (HIISI m
C1=-1x10"2P% +3x10718P%
Correction factor as a 129 7 -
function of Py (in Pa) -2 x10 P& +4x 107 "Pg 4+ 0.1095
Area of heat transfer Apgr = nDc(L1/n) m?
Diameter of one channel D.=12x10"3 m
Length of reforming stage L; =0.154 m
Hydrogen molar enthalpy Hpg = 6p,H(TG — Tref) J/mol

4.1. Step 8. Degrees of freedom analysis

This step verifies the degrees of freedom (DoF) of the extended structure
of the model. The DoF are defined as the difference between the number
of quantities to be determined and the number of equations. For a model
to be effectively simulated, the DoF must be zero. However, for a specific
PS they may differ from zero, indicating information exchange with other
PSs. In this case, there are 19 variables, 25 structural parameters, and 55
functional parameters. Thus, the number of quantities to be determined is
99. Accordingly, the model consists of 99 equations: 19 ordinary differential
equations and 80 algebraic equations.

4.2. Step 9. Computational model construction

The computational model is implemented as a Python-based program
capable of simultaneously and efficiently solving the complete set of model
equations. In this study, the model was developed using the solve_ivp func-
tion from the scipy.integrate module. Given the system’s complexity and
stiffness, the backward differentiation formula (BDF) method was employed.
Such a method is a variable-order, implicit multi-step technique well-suited
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for stiff differential equations. The complete computational model is freely
available through an online repository.?

4.3. Step 10. Model validation

The experimental procedure was based on the methodology reported
in [45], with adaptations to the current system configuration, i.e., a lig-
uid ethanol/water mixture, prepared to achieve a specified steam-to-carbon
(S/C) ratio, is delivered from a storage tank using a Smartline® pump
(Knauer Wissenschaftliche Gerdte GmbH, Berlin, Germany). The mixture
is vaporized in a heated line prior to entering the SSMR, reaching thermal
equilibrium with the device walls. The temperature of the device walls is
maintained constant by an electrical resistance heater controlled by a propor-
tional-integral-derivative (PID) controller (PXR4, Fuji Electric Co., Tokyo,
Japan) and insulated with glass wool. A K-type thermocouple in direct con-
tact with the membrane surface provides precise temperature monitoring.

On the retentate side, a liquid trap condenses and collects any non-
gaseous species, while pressure is manually regulated with a back-pressure
valve to allow operation under different steady-state pressures. The perme-
ate side remains open to the atmosphere without additional pressure control.
Gas compositions from both streams are analyzed online using an Agilent
3000 A MicroGC (Agilent Technologies, Santa Clara, CA, USA) equipped
with MS 5 A, Plot U, and Stabilwax columns. The hydrogen flow rate on
the permeate side is measured with a Bronkhorst electronic mass flow meter,
and the retentate volumetric flow rate with a soap-bubble meter. A series
of steady-state experiments are performed by varying the gas pressure while
keeping inlet flows, S/C ratio, inlet gas temperature, walls temperature, and
catalyst load constant. Each condition is maintained until steady state is
confirmed from stable chromatographic concentration profiles.

Model validation was performed by comparing simulation results with ex-
perimental data under identical inlet conditions, namely a S/C ratio of 2.4,
a temperature of 500°C, and different operating pressures. This S/C ratio
corresponds to an inlet ethanol molar flow of 0.0021 mol/min and an inlet
water molar flow of 0.0099 mol/min. Two additional parameters, referred to
as correction factors Cy and ('3, were incorporated into the computational
model to refine the reaction kinetics and ensure consistency in the energy

3To be provided after the manuscript revision.
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balance. Together with the previously defined parameter C, these factors
were estimated by solving a sequential quadratic programming (SQP) prob-
lem designed to minimize the sum of squared errors across molar flows of
multiple species, thereby formulating the calculation as a multiobjective op-
timization problem. These three parameters were formulated as a function
of the operating pressure.

The validation results shown in Fig. 4 demonstrate suitable agreement
between the simulation and experimental values of outlet steady-state molar
flows, with the adjusted parameters effectively capturing the experimental
trends across different operating pressures. Likewise, Fig. 5 presents the
results of model validation at different gas inlet temperatures, with the gas
pressure held constant at 800 kPa. The simulation results show appropriate
agreement with the experimental trends.
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Fig. 4. Simulated and experimental outlet molar flows at different operating pressures.
Hydrogen is shown for both retentate and permeate sides. Ethanol and acetaldehyde are
omitted as they are fully consumed.

The experimental setup is in its early stage of development and can be
further optimized in terms of both design and operating conditions. This fact
is reflected in the relatively low pure hydrogen production efficiency and the
limited portion of the reactor effectively utilized for chemical reactions, as
shown by the steady-state molar flow profiles of all species in Fig 6. These ob-
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Fig. 5. Simulated and experimental outlet molar flows at different gas inlet temperatures.
Hydrogen is shown for both retentate and permeate sides. Ethanol and acetaldehyde are
omitted as they are fully consumed.

servations highlight a key application of the model: supporting the required
optimization of equipment design and operation.

Distributed experimental measurements of temperature and gas composi-
tion along the reactor axis are not available for the present system. Obtaining
such axial profiles would require the installation of multiple thermocouples
and gas composition sensors, which is technically complex, costly, and may
significantly disturb the hydrodynamics, heat transfer, and mass transport
within the reactor. For this reason, and in line with common experimen-
tal practice for similar reactors, temperature and composition are measured
only at the reactor outlet [46, 47, 48]. The pressure drop is assumed neg-
ligible due to the short reactor length, low gas velocities, and laminar flow
operation. Although experimental axial profiles are not available, the model
is derived from first principles, and rigorously enforces mass conservation.
Consequently, the predicted axial distributions of temperature and species
composition follow physically consistent and well-established trends for this
type of reactors.

On the other hand, Fig. 7 shows the dynamic behavior of the key product
of interest in the process: the molar flow of pure hydrogen exiting PS III.
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Fig. 6. Steady-state molar flows of all species. Operating conditions: inlet ethanol flow
of 0.0021 mol/min, inlet water flow of 0.0099 mol/min, gas inlet temperature of 500°C and
gas pressure of 800 kPa. Partitions from 0 to 50 correspond to PS I and partitions from
51 to 100 correspond to PS II.

The results correspond to the system’s response to a 10% step increase in
the inlet gas pressure and the inlet gas temperature. The nominal operating
conditions were an inlet ethanol flow of 0.0021 mol/min, an inlet water flow
of 0.0099 mol/min, a pressure of 400 kPa, and an inlet gas temperature of
500°C. The results indicate that the pure hydrogen flow is more sensitive to
pressure disturbances than to temperature variations, exhibiting a faster and
larger response to changes in inlet pressure due to the direct dependence of
membrane permeation on hydrogen partial pressure. In contrast, although a
large inlet temperature step is applied, the constant reactor wall temperature
attenuates the thermal disturbance, resulting in a smaller change in hydrogen
flow.

5. Conclusions

This article presented the development and validation of a nonlinear dy-
namic model for the ethanol steam reforming (ESR) process in a staged-
separation membrane reactor (SSMR), derived using the phenomenological-
based semi-physical modeling (PBSM) methodology. The proposed model
integrates the reforming and hydrogen separation stages within a single unit,
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Fig. 7. Dynamic response of the pure hydrogen molar flow to a) a 10% step increase
in the inlet gas pressure at the retentate side and b) a 10% step increase in the inlet gas
temperature. In both cases, the disturbance was introduced at 1.0 minutes of simulation
time.

capturing the coupled mass and energy transport phenomena that determine
the system’s dynamic behavior.

The PBSM approach enabled the systematic formulation of an inter-
pretable and modular model structure, where most parameters are directly
linked to physical quantities or process characteristics. This modularity al-
lows the model to be easily extended or simplified as new information be-
comes available or as the modeling objectives evolve. Model parameters
were identified through a multi-objective optimization algorithm using ex-
perimental data from a real SSMR setup. The resulting model showed suit-
able agreement with experimental results under various operating conditions,
demonstrating its accuracy and reliability.

Simulation results provided valuable insights into the process’s sensitiv-
ity to key operating variables, such as pressure and inlet temperature, which
are critical for performance optimization and control strategy design. The
computational model was implemented in Python and made openly avail-
able, promoting reproducibility and further research in process modeling,
optimization, and control of SSMRs for hydrogen production.

The developed model represents a relevant tool for the analysis, design,
and optimization of ESR systems. Future work will focus on model-based op-
timization, control applications, and the incorporation of additional physical
phenomena.
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Appendix A. Mass transfer limitation

In this appendix, a relevant discussion on potential mass transfer lim-
itations is presented. For chemical reactions to occur within the reactor,
reactants must diffuse from the bulk gas phase to the catalytic surface along
the monolith walls. A potential concern arises when mass transfer limitations
prevent reactants from effectively reaching the catalyst, thereby preventing
the reaction kinetics from achieving their expected rates. In other words,
depending on the relative rates of mass transfer and the chemical reaction,
one of the two becomes the limiting step, ultimately determining the overall
reaction rate. For each partition z, the limiting step can be identified using
the first Damkohler number, which, in this work, is defined for the case of
ethanol mass transfer as follows:

Da; = 212 (A1)

Nyt E

where 7, and 7 are the rates of reactions (1) and (2), respectively, and nyr g
is the molar flow rate of ethanol from the bulk gas to the catalytic surface
due to mass transfer, which is calculated as follows:

nuvre = Aur kyur (Cea — Ci2), (A.2)

with Ay being the mass transfer area, kp,;. being the bulk gas mass transfer
coefficient, and Cg; and Cg2 being the ethanol concentrations at points 1
and 2 shown in Fig. A.1, respectively. The concentration Cg; is directly
obtained from the model equations through the ethanol mole fraction yg .,
as follows:

Cpy = 222 -C (A.3)

where Py is the total gas pressure, T¢ . is the gas temperature, and R is
the gas universal constant. In contrast, Cr, must be determined using a
different equation, for instance, by applying a mass conservation relationship
such as

klayer (CE,Z - CE‘,S) = kbulk (CE,l - CE,2)7

where Kjqyer is the boundary layer mass transfer coefficient and Cg 3 is the
ethanol concentration at point 3. Assuming enough fast reaction rates, Cg 3
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can be considered negligible for the reactants, and therefore

kbulk
CYE 2

7 klayer + kbulk

Cp,1. (A.4)

Although point 4 is depicted within the catalytic surface pores for complete-

ness, the mass transfer occurring inside the solid pores is not modeled, as it
falls beyond the level of detail considered in this work.
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Fig. A.1. Key points for mass transfer calculation within the channel in the reforming
stage.

Since the concentration boundary layer theory assumes that the fluid
within the layer is stationary, mass transfer occurs purely by diffusion. Hence,
the mass transfer coefficient of the layer can be calculated as

Dp
klayer =

- (A.5)

where D g represents the ethanol diffusivity in water and d,. denotes the con-
centration boundary layer thickness, which can be estimated as

5. =Sc3,/ 12@” L (A.6)

with Sc being the Schmidt number, v being the kinematic viscosity,  being

the distance downstream from the start of the boundary layer, and v, being
the bulk gas velocity. The Schmidt number is defined as

w

o
Sc = , A7
P (A.7)
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where p and p are the gas viscosity and density, respectively.

On the other hand, the bulk gas mass transfer coefficient must be obtained
by using a suitable correlation, as the following sequence of calculations pro-
posed in [49]:

Sh D
Fpur = L. =, (A.8)
Sh = 2 + 0.552 Re'/? Sc!/3, (A.9)
o0 LC
Re = %, (A.10)

where Sh and Re represent the dimensionless Sherwood and Reynolds num-
bers, respectively, and L. is the characteristic length.
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