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A B S T R A C T

Hydrogen economy is spreading across the maritime sector in response to increasingly stringent regulations for
shipping emissions. The challenging on-board hydrogen logistics are often mitigated with hydrogen carriers
such as methanol. Research on methanol reforming to hydrogen for fuel cell feed is conducted mostly in steady
state, overlooking dynamic reactor operation and its effects on the power production system. Forced reactor
operations induce fluctuations of CO content in the reformate potentially harmful to the PEM fuel cell, and
drops in methanol conversion causing inefficient operation. In present research, simulations with a physical
2D unsteady model of a packed bed methanol steam reforming reactor resulted in methanol conversion drop
durations of up to a minute. Additionally, temporary increases of CO content up to 112% were observed.
Throughput ramp ups most notably impact the conversion, while ramp downs negatively affect selectivity.
The investigation on reactor geometry concludes that larger tube diameters increase transient time and CO
spikes, while they decrease with reactor length. Amplified unsteady effects are also observed with larger
changes in input process variables. The results imply that heat transfer rate to the reactor are most often
the detrimental factor for transient effects and durations in practice. Following this work, inclusion of realistic
heating methods is recommended, instead of uniform tube temperatures used in present simulations. Heating
system characteristics are necessary for realistic evaluation of the methanol reformer constraint on fuel cell
feed demand in fully integrated systems.
. Introduction

The maritime sector faces increasing reduction requirements for
irborne emissions [1–3]. Compliance with these restrictions motivates
he sector towards fuel cell technology, which is inherently more
ompliant to the emission requirements. Proton exchange membrane
uel cells (PEMFC) namely are a mature and high power density so-
ution [4,5], but require pure hydrogen as fuel to function effectively.
owever, the gravimetric density of hydrogen storage systems are low
nd limiting for maritime [6], and these bunkering solutions scale up
oorly [7,8].

Methanol is currently one of the most attractive hydrogen carriers
or the maritime sector due to it liquid state at standard conditions,
vailability, scale-up potential, and relatively simple on-site reforming
rocess to produce hydrogen [9–12]. Furthermore, methanol can be
roduced renewably from captured CO2 and green electricity based
2 [13], making it more likely to be a part of lasting solution. On-board
ethanol reforming to hydrogen become more advantageous with

∗ Corresponding author.
E-mail address: b.grenko@tudelft.nl (B. Grenko).

higher requirements of ship range, speed, and endurance. In such cases,
the fuel then becomes the dominant component in the energy system
size and weight [4], and the benefits of fuel energy density outweigh
the addition of the reforming system. The first practical application
of this concept was in 2023 with Hydrogen One towboat [14], which
validated its viability and demonstrated the potential for other ships.

In transport applications, dynamic power requirements introduce
additional obstacles, particularly within the methanol reformer. Two
significant and interconnected added considerations are response time
in forced operation, and reformer lifetime. First, the forced operation
in catalytic processes causes fluctuations in product composition [15].
Stable composition and fast reactor transient time are conflicting ob-
jectives, adding a layer of complexity in comparison to steady op-
eration. Second, dynamic operation is expected to affect the system
lifetime [15,16]. The forced reactor operation causes fluctuations in in-
ternal temperature field which potentially accelerates catalyst sintering.
vailable online 20 February 2025
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Furthermore, the fluctuating levels of produced CO could damage the
fuel cell if they are not expected and separated prior to it.

The CO content in the reformer product is problematic because CO
rapidly deactivates the PEMFC anode catalyst. Low temperature PEMFC
manufacturers often specify CO limits at 0.2 ppm according to standard
ISO 14687-2 [17–19], which commercial methanol reformers achieve
with Palladium membranes for hydrogen separation [20,21]. The size
and energy requirement of the separation process depends on the
expected amounts of CO [22]. Predictions of CO content fluctuations
are thus important for separation process sizing, and prevention of
PEMFC poisoning during forced operation.

This work investigates a tubular packed bed methanol steam reform-
ing reactor in unsteady operation using a 2D model. Present simulations
consider transient aspects the reformer, such as internal temperature
field and reformate composition. Unsteady analyses are innately left
out of most research on methanol reforming, since the field predomi-
nantly focuses on novel conceptual systems and integration in steady
state operation [23–26]. The aim of this study is to indicate reformer
transient time between two steady states through methanol conversion
and CO fluctuation in the product, and reflect on their impact for
integration with PEM fuel cells. These outcomes define additional
operating constraints of methanol steam reformer and contribute to
inputs for design of methanol reforming based maritime power system.

2D physics based model using finite difference approach was used to
conduct simulation cases of four transient events on four reactor geome-
tries. The effects of differences in forced operation inputs and reactor
dimensions are shown, and analysed for their impact on transient time
and produced CO fluctuations. Finally, the simulated reactor behaviour
is contextualized against model simplifications, reformer integration
with PEMFC, specific reactor heating methods.

2. Background and scope

This section provides the context of the investigated configura-
tions of the methanol reformer, significant process variables, and the
selection process of simulation boundary conditions.

2.1. Background

2.1.1. Methanol reforming reactor
Methanol reformer coupling with PEMFC most commonly utilize

methanol steam reforming [11,23,24,26,27]. This endothermic steam
reforming process has highest hydrogen production and selectivity
among the reforming methods [28]. Methanol steam reforming (MSR)
reaction equations are (i) methanol steam reforming:
CH3OH + H2O ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO2 + 3 H2

𝛥H = 49.4 k J∕mol,
(1)

(ii) the water-gas shift (WGS):
CO + H2O ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO2 + H2

𝛥H = −41.1 k J∕mol ,
(2)

and (iii) methanol decomposition (MD):
CH3OH ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO + 2 H2

𝛥H = 90.5 k J∕mol ⋅
(3)

Methanol reformer configuration is most commonly a multitube
packed bed reactor filled with copper-zinc based catalyst pellets. This
arrangement, as shown in Fig. 1, is at present time the most commer-
cially attainable arrangement [23,29,30]. First, the copper-zinc based
catalysts are non-expensive, most active for MSR, and highly selective
towards hydrogen [31]. Second, the tube-in-shell heat exchanger with
multiple packed beds is a robust arrangement suitable for various heat-
ing fluids. This design is also easily scalable, and fitting for hydrogen
throughput and reactor sizes required for large power consumers in a
maritime setting.
2

Fig. 1. Tube-in-shell reactor heated with flue gas.

2.1.2. Reformer operation characteristics
The transient time of methanol reformer, which is the time required

for change between two steady operational states, is a significant
characteristic since it propagates through the entire power production
system. Transients dictate the size, weight, and overall necessity for
hydrogen buffer tanks and/or batteries required for peak shaving. The
PEM fuel cell has a transient response within seconds [32–34]. On
the other hand, transient times in reforming systems are unknown,
and commercial systems manufacturers only indicate startup from hot
standby duration within the range of 5–45 min [29,30,35], depending
on the unit size and requested H2 flow rate. Reformer transient time
could likely be a transient characteristic of the entire power system.

Dynamic loads are specific to every ship, and therefore the required
transient capabilities of a methanol reformer vary as well. Generally,
the reformer does not necessarily need to be as fast as PEMFC in load
changes, as long as the ship operation is not limited. A reference point
for required transient capabilities is found in comparisons with marine
internal combustion engines (ICE). Specifications of ICE manufacturers
indicate 1–6 min for 100% load ramp up, mainly dependant on the
engine temperature [36,37]. If the reformer transient times are compa-
rable to those of ICEs, similarity can also be expected in the total size
and weight of peak shaving components.

Another important aspect of reformer transients is their effect on
hydrogen separation strategy. Reformate composition fluctuates during
forced reactor operation, and deviates from values expected for inter-
mediate steady states [15]. Large deviations potentially cause lower
H2 recovery and resulting H2 purity with the chosen method [38,39].
It is crucial that all CO in particular is removed from the reformate,
since it is extremely poisonous to the low temperature PEMFC anode.
Such poisoning from repeated dynamic operations is cumulative, and
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the extent of this problem is unknown. Hydrogen separation methods
re not directly studied in present work, and instead the CO amount is
uantified as expected input value to the separation process.

2.1.3. Alternative MSR reactor heating methods
Apart from flue gas, heat exchangers can also use other heating

media. Liquid media such as heat transfer oil have higher density and
heat capacity, ensuring lower axial temperature, lower velocity, and
higher heat transfer coefficient on the shell side [40,41]. By using steam
as a heating medium, the reaction heat can be supplied through latent
heat of condensation. The shell side temperature becomes relatively
constant, and is set through the shell side pressure. Moreover, the heat
transfer coefficient is higher than in heating with flue gas [40]. The
ossibility of using listed heating media is beneficial in design flexi-
ility, and integration with other potentially present thermodynamic
ycles. By using the same working fluid and a centralized heating
ystem for multiple shipboard processes, higher efficiency and better
pace utilization can be obtained.

The overall goal of carbon emission reductions is diminished if
reactor heat is provided through combustion. Electrified heating for
steam reforming is one potential answer to clean heat supply, fitting
for electrification of ships. Their advantages include compactness due
to absence of heating fluid and furnaces, reduced heat transfer limi-
tations, and direct heating control. However this technology is still in
development. Kim, Lee, and Lee [42] note the majority of research is on
he laboratory scale, and recommend optimization of reactor materials,
nd integrated studies with renewable energy technologies such as
olar or fuel cells. Idamakanti et al. [43] report issues with catalyst
tability in electrified catalyst reactors. While the electrified technology
s promising, more research is required prior to commercial use.

2.2. Scope and assumptions

The present study aims to provide an indication of characteristic
methanol reformer transient times through numerical modelling, and
ow they are influenced by parameters such as reactor size and input
rocess variables. The assumptions of this study stem from chosen
odel fidelity, explored geometric parameters, and simulated heating
ethod, which are described in this subsection. The findings intend

o demonstrate a reliable framework for predicting unsteady methanol
team reforming operations.

2.2.1. Reactor model fidelity
Simulations are conducted on a single packed bed tube within

 fixed multitube reactor. The focus of the present work is on the
hanging internal process variable fields, such as heat transfer and
eaction rates, as well as the effects of unsteady developing interactions
ithin the flow field. The differences between individual tubes are
isregarded, assuming that provided heating is equal across the whole
eactor.

The reference model for present work is the 2D steady state model
of Zhu et al. [44,45], experimentally validated in a lab scale packed bed
eactor filled with cylindrical catalyst particles, using gas analysers on
he reformer outlet stream. This model is fitting for present investiga-
ions due to its fidelity level and low computational cost. The model is
ble to capture radial heat transfer and its interaction with internal 2D
eformer fields. Simultaneously, the computational effort is not wasted
n high fidelity level, as the simulations can run effectively on local
achines. The alternative of fully comprehensive CFD models result in
 highly detailed flow fields, but make parametric studies impractical
ue to the necessity for high performance computing [46,47]. The
teady state model equations of Zhu et al. are:

𝑢𝑠
𝜕 𝐶𝑖
𝜕z =

𝐷
(

𝜕2𝐶𝑖 + 1 𝜕 𝐶𝑖
)

+ 𝜂 𝜌 𝑟 ,
(4)
3

𝑒𝑟 𝜕 𝑟2 𝑟 𝜕 𝑟 𝑖 𝑐 𝑖
𝑢𝑠𝜌𝑓 𝑐𝑝,𝑓
𝜕 𝑇
𝜕z =

𝜆𝑒𝑟
(

𝜕2𝑇
𝜕 𝑟2 + 1

𝑟
𝜕 𝑇
𝜕 𝑟
)

+
∑

𝜂𝑗𝜌𝑐
(

−𝛥𝐻𝑗
)

𝑟𝑗𝑆𝑐 ,
(5)

where 𝜀 is the porosity, 𝐶𝑖 (mol m−3) are the species concentrations,
𝑢𝑠 (m s−1) is the flow superficial velocity, 𝐷𝑒𝑟 (m2 s−1) is the effective
radial mass diffusion coefficient, 𝜌𝑐 is the catalyst bulk density, 𝑟𝑖 is the
production rate of component 𝑖, 𝑇 (K) is the temperature, 𝜆𝑒𝑟 (W m−1

K−1) is the effective radial thermal conductivity, 𝛥𝐻 (J mol−1) is the
reaction heat, 𝑟𝑗 is the reaction rate of reaction 𝑗, 𝑆𝑐 (m−2 kg−1) is the
catalyst surface area, and 𝜂 are the effectiveness factors. Additionally,
the Ergun equation [48] is used to calculate pressure field in the
bed. The kinetics model for CuO/ZnO/Al2O3 of Peppley et al. [49]
is used, which is based on a Langmuir-Hinshelwood mechanism for
surface reactions. This kinetic model includes all the three reversible
dominant reactions of MSR (Eq. (1)–(3)). Detailed model description
and formulae of all terms can be found in the comprehensive work of
Zhu et al. [44,45,50].

2.2.2. Geometric parameter influence
Reactor tube dimensions influence the internal heat transfer, which

affects reaction rates and consequently the composition of fuel cell feed.
eat transfer was identified as the dominant limiting mechanism of
ethanol steam reforming by Yoon et al. [51] in their experimental

study. The two currently relevant ways of influencing the heat transfer
are varying (i) the reactor tube diameter, and (ii) flow velocity. Reduc-
ing the internal diameter 𝑑𝑖 decreases maximum radial heat penetration
depth, and the increases ratio of heated area to internal volume. The
flow velocity, however, affects heat transfer indirectly via radial mass
transport. The internal radial mixing has a positive correlation with the
superficial velocity 𝑢𝑠, which is reflected through the effective radial
diffusion coefficient 𝐷𝑒𝑟 and the effective radial thermal conductivity
𝜆𝑒𝑟 in model Eqs. (4)–(5). Lengthening a reactor while keeping diameter
𝑖 and residence time 𝑡𝑟𝑒𝑠 constant therefore improves the internal heat
ransfer. Reactor diameter and length are therefore varied for capturing

heat transfer differences in steady and dynamic operation.

2.2.3. Simulated reactor heating
A uniform axial wall temperature profile is used for all simulated

cases in present work. In reality, the axial heat profile is specific to
a heating method, which is defined during reactor design through
parameters such as energy efficiency, complexity, control, reactor size,
and other system objectives. Compactness and energy efficiency are
valued in maritime applications, so potential for integration with waste
heat from other sub-systems is likely an influencing factor for on-board
reactors. Analysis of heating methods extends the study towards system
differences, while the objective of current work is internal reactor
dynamics. A theoretical uniform wall temperature profile is used limit
the study, and minimize differences in heating boundary conditions.

Reactor wall temperature in dynamic simulations changes according
to step functions. Despite not being realistic, a step function represents
the most drastic change in wall temperature, highlights reactor natural
response. The realistic gradual changes impose their own transient
time, obscuring the natural response of the reactor caused by its catalyst
thermal capacity. Furthermore, a realistic wall heating transient time is
caused by circumstances such as heating method and control strategy,
which are not a part of this study. Consequently, a step function in this
context is a straightforward and the most meaningful comparison of
different reformer tube geometries.

3. Methods
3.1. Dynamic model description

Dynamic model was created by extending original Zhu’s model with
the temporal term and heat capacities. The new equations of mass and
energy balances are:

𝜀 𝜕 𝐶𝑖
𝜕 𝑡 =

− 𝑢 𝜕 𝐶𝑖 +𝐷
(

𝜕2𝐶𝑖 + 1 𝜕 𝐶𝑖
)

+ 𝜂 𝜌 𝑟 ,
(6)
𝑠 𝜕z 𝑒𝑟 𝜕 𝑟2 𝑟 𝜕 𝑟 𝑖 𝑐 𝑖
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Table 1
Simulation boundary conditions.

Coordinates Boundary condition

Inlet 𝑧 = 0 𝐶𝑖 = 𝐶0

0 ≤ 𝑟 ≤ 𝑟𝑚𝑎𝑥 𝑇 = 𝑇0

Outlet 𝑧 = 𝑧𝑚𝑎𝑥
𝜕 𝐶𝑖

𝜕 𝑧 = 0
0 ≤ 𝑟 ≤ 𝑟𝑚𝑎𝑥

𝜕 𝑇
𝜕 𝑧 = 0

Wall 0 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥
𝜕 𝐶𝑖

𝜕 𝑟 = 0
𝑟 = 𝑟𝑚𝑎𝑥

𝜕 𝑇
𝜕 𝑟 = − 𝑈𝑡

𝜆𝑒𝑟
(𝑇𝑤𝑎𝑙 𝑙 − 𝑇 )

Symmetry
axis

0 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥
𝜕 𝐶𝑖

𝜕 𝑟 = 0
𝑟 = 0 𝜕 𝑇

𝜕 𝐶𝑖
= 0

Fig. 2. Reactor single tube computational domain and boundary condition (BC) types.

(

𝜀𝜌𝑓 𝑐𝑝,𝑓 + (1 + 𝜀) 𝜌𝑠𝑐𝑝,𝑠
) 𝜕 𝑇

𝜕 𝑡 =

− 𝑢𝑠𝜌𝑓 𝑐𝑝,𝑓
𝜕 𝑇
𝜕z + 𝜆𝑒𝑟

(

𝜕2𝑇
𝜕2𝑟

+ 1
𝑟
𝜕 𝑇
𝜕 𝑟
)

+
∑

𝜂𝑗𝜌𝑐
(

−𝛥𝐻𝑗
)

𝑟𝑗𝑆𝑐 .

(7)

The unsteady equations in this work are not validated against exper-
imental data. However, the unsteady terms add interactions between
heat storage capacities of catalyst and gas, which are well known
material properties. The model is hence expectedly reasonably accurate
for unsteady predictions.

The used in-house solver [52] is implemented in Python®. All un-
steady cases were simulated on a local machine with Intel i7 processor
within 30 min computation time. A finite difference approach is used on
a uniform mesh with element size of 5e−3 m. The axial derivatives of
species concentrations 𝐶𝑖 and temperature 𝑇 are evaluated with a 2nd
order upwind scheme, while the radial derivatives are evaluated with a
4th order central difference scheme. Time is discretized with 4th order
Runge–Kutta scheme, with time step size of 1e−4 s. The fitting time
step and grid size was determined with sensitivity analyses to ensure
that fast reaction rates were properly captured, which simultaneously
resulted in a Courant number below 8.5e−3. The simulation boundary
conditions are given in Table 1, and a graphical representation of the
computational domain is shown in Fig. 2.

3.2. Simulation cases

Simulations are performed on four reactor geometries, whose exact
dimensions are presented in Table 2. The tube diameters are chosen in
accordance with experimental work in the literature [51,53–55], where
20 and 30 mm diameters are common for a MSR reactor. Diameters
in this range are shown to effectively transfer heat radially in steady
state, so they were chosen to extend the analysis to unsteady operation.
Reactor lengths in present study are defined through aspect ratios (AR),
or length-to-width ratios. Thus superficial velocity, and effective radial
mixing remain comparable across diameter changes. In experimental
studies [51,53–55] the reactors are often relatively small, with aspect
ratios ranging between 20 and 50. On industrial scale, comparable
reactors are found in methane steam reforming where aspect ratios
range between 60 and 130 [56]. In present work, aspect ratios of 25
4

Table 2
Dimensions of four simulated reactor geometries.

Reactor
label

Internal
diameter
𝑑𝑖[mm]

Reactor
length
𝑙 [mm]

Aspect ratio
AR (𝑙∕𝑑𝑖) [-]

d20 AR25 20 500 25
d20 AR100 20 2000 100
d30 AR25 30 750 25
d30 AR100 30 3000 100

Table 3
Process variables of simulated steady states.

Steady
state

𝑊𝑐 𝑎𝑡∕𝐹CH3OH

[kg s mol−1]
𝑇𝑤𝑎𝑙 𝑙
[K]

Feed increase
in ref. to state 1

1 200 501 0%
2 150 508 50%
3 100 519 100%

Fig. 3. Dynamic boundary conditions of 𝑇𝑤𝑎𝑙 𝑙 (top) and 𝑊𝑐 𝑎𝑡∕𝐹CH3OH (bottom) for
increasing H2 production according to states presented in Table 3.

and 100 were chosen as representations of experimental and industrial
reactor lengths. All simulations are performed assuming a commercial
MSR catalyst with mass composition 40% CuO, 40% ZnO, and Al2O3
to balance. Catalyst pellets are spherical in shape with a diameter of
1.5 mm.

The transient reactor behaviour is observed by showcasing step
changes between pre-defined steady states. The process variables of
these steady states are chosen by first picking the representative values
of methanol feed, 𝑊𝑐 𝑎𝑡∕𝐹CH3OH (kg s mol−1), with respect to liter-
ature [50,51,53–55]. The methanol feed is defined with respect to
catalyst mass to make the performance comparisons valid across dif-
ferent scales. The wall temperature, 𝑇𝑤𝑎𝑙 𝑙, was then calculated with
a simple 1D isothermal model. The calculations targeted a methanol
conversion of 𝑋CH3OH = 95% at the reformer outlet, under 3 bar
pressure and inlet feed temperature of 523 𝐾. Conversion below 100%
is intentionally targeted in the simulation steady states so that conver-
sion increases in transient events may also be captured. The resulting
feed and reactor wall temperatures of three steady states, named 1–3,
correspond to the three reactor throughputs, and are given in Table 3.

Four dynamic events are simulated for each of the reactor geome-
tries. Boundary condition step functions of 𝑇𝑤𝑎𝑙 𝑙 and 𝑊𝑐 𝑎𝑡∕𝐹CH3OH are
shown in Figs. 3 and 4. The four events represent step changes between
three steady states described in Table 3: small throughput increase
(state 1–2), large throughput increase (state 1–3), small throughput
decrease (state 2–1), and large throughput decrease (state 3–1). State
1 is the reference steady state in all simulations, where states 2 and
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.

Fig. 4. Dynamic boundary conditions of 𝑇𝑤𝑎𝑙 𝑙 (top) and 𝑊𝑐 𝑎𝑡∕𝐹CH3OH (bottom) for
decreasing H2 production according to states presented in Table 3.

3 represent throughput changes by 50% and 100%, respectively. Step
functions for input process variables are used to emphasize changes
in reactor internal flow field variables, and to ensure the results are
not influenced by realistic supporting equipment such as feed pump or
reactor heater.

4. Results

4.1. Steady state results and dimension effects

Conversion in 2D simulations is expected to deviate from the tar-
geted 95%, due to different radial mixing and heat transfer rates
specific for each geometry. These effects can be seen in Fig. 5, which
shows internal temperature field plots of all four geometries at steady
state 1. The difference between all simulated geometries and steady
states are shown in the supplementary material in Figures A.1 – A.3.
All cases display a cold spot near the inlet caused as the highest
methanol concentration within the reactor, which is likely unavoidable.
The relative size of the inlet cold spot grows with higher diameter
and lower aspect ratio. These differences in the internal temperature
distribution affect the conversion and product composition in both
steady and transient operation, as shown in the next subsection (see
Fig. 6).

4.2. Dynamic simulation results

The results in this section predominantly show the reactor responses
to large step function inputs, which shift between steady state 1–
3, and state 3–1. The results presented in main text most clearly
illustrate the performance trends, while full results are provided in the
supplementary material in Figure A.4.

The results in Figure Fig. 6 consist of three plots: CH3OH con-
version, CO content in dry product gas, and relative H2 rate. The
CH3OH conversion most evidently shows the reactor transient time.
It corresponds to stabilization of the disturbed internal temperature
field. Tracking CO content in the dry product gas is directly linked
to H2 selectivity, due to the WGS reaction changing its direction after
all methanol in the reactor has been consumed. Furthermore, this plot
shows the amount of CO, and magnitude of its fluctuations in transients,
indicating the varying amount of CO that must be separated before
reaching the PEMFC. Finally, relative hydrogen production in time is
shown. The H2 rate at the outlet is shown relative to ideal steady state
conversion of the reactant feed, previously defined as 95% conversion.
This plot highlights the delay and deviation between required and
5

Table 4
Comparison of reactor geometry influence on performance characteristics during H2
production 100% ramp up (state 1-3), and ramp down to the original state (state 3-1)

Reactor Time for CH3OH conv.
to reach within 5% of new
value during ramp up [s]

Max. increase of
CO in dry product
during ramp down

d20-AR25 30 95%
d30-AR25 57a 112%
d20-AR100 11 42%
d30-AR100 23 68%

a Outside of plotted range in Fig. 6(b)

produced H2 rate. All plots are shown on a 50 s timeline. In this time,
the plotted variables reach 97% of the values for new steady states,
with the exception of d20-AR25 reactor whose variables react slowly
and approach around 90% of the new steady state.

The CH3OH conversion displays two distinct trends for ramp up,
and ramp down events. In ramp ups, the conversion in all cases drops
for approximately two seconds before reaching the local minimum,
indicating how the reaction draws heat from the catalyst. The time
for conversion to increase again varies among reactors and depends on
geometric factors since the added heat penetrates the reactor radially,
while the methanol feed 𝑊𝑐 𝑎𝑡𝐹CH3OH is in immediate flow contact
with the entire catalyst mass. Larger diameters hence take longer to
entirely heat up to new steady state. Longer reactors however have
a quicker response, since the constant residence time causes higher
velocity which promotes internal mixing and radial heat transfer. The
positive geometric influences are seen on the AR100 reactors which
reach new steady state the fastest, with the d20-AR100 showing the
lowest relative drop in conversion. The opposite is seen on d30-AR25,
which does not reach equilibrium within 50 s.

In the ramp down events, the conversion temporarily spikes up,
caused by thermal heat storage capacity of the catalyst, since it holds
excessive heat for the new steady state. However, the magnitude of
conversion disturbance is lower than in the ramp up event. The heat
consumption by the reactants works in favour of achieving the equi-
librium with lower average internal temperature, and the geometry
has a lesser impact than in ramp ups. This is further supported by
Fig. 7, which shows CH3OH conversion for all dynamic events on
one reactor. Overall, the ramp down events show highly similar and
uniform conversion trends, with low influence from the geometry.

The CO drop during ramp ups can be linked to the drop in con-
version and overall lower reaction rates due to internal temperature
decrease. In ramp downs, the spike up is caused by the reverse water
gas shift reaction, which continues to produce CO at maximum con-
versions due to the thermal energy contained in the catalyst. The CO
oscillation magnitude in simulated cases is linked to reactor volume
and the amount of catalyst. The oscillation magnitude can be decreased
with gradual temperature changes, allowing the catalyst temperature
to progressively adapt. This signifies an additional check for reactors
in transient operation, especially in large scale reactors operating at
conversions close to 100%.

Finally, the achieved H2 production rate plots show high correlation
to CH3OH conversion plots. The longer reactors show more pronounced
production dips and spikes, but also stabilize quicker afterwards. Most
notably, the d30-AR100 reactor produces similar relative H2 rates
as d20-AR100 despite having lower conversion, indicating higher se-
lectivity towards hydrogen. Since these reactors have same AR, the
selectivity increase is possibly caused by better radial mixing due to
higher velocity. This is supported by temperature field plot in Fig. 5
which shows lower average temperature in d30-AR100, causing lower
rate of reverse WGS reaction and better H2 selectivity.

The influence of reactor geometry is quantified in Table 4 for H2
ramp up from steady state 1 to state 3, and subsequent ramp down back
to state 1. Comparisons in ramp ups are evaluated with time needed
for the reactor to reach 95% conversion value of the new steady state,
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Fig. 5. Internal temperature fields of four reactor geometries with 𝑊𝑐 𝑎𝑡𝐹CH3OH = 200, and 𝑇𝑤𝑎𝑙 𝑙=501 (steady state 1).
Fig. 6. Transient response of four simulated reactors geometries to step H2 production increase by 100% from steady state 1 to 3, and step decrease from steady state 3 to 1.
Fig. 7. Comparisons of CH3OH conversions during step H2 production increases by
50% and 100% (changing between states 1–2 and 1–3 respectively), and step returns to
the original steady state 1 on reactor geometry 𝑑𝑖=20 mm and 𝑙∕𝑑𝑖=100 (d20-AR100).

since this metric indicates the time spent in inefficient operation due
to low internal reactor temperature. In both AR25 and AR100 cases,
6

the diameter increase from 20 mm to 30 mm caused approximately
50% increase in conversion response. For AR increase fo four times
on a constant diameter, the results show a decrease of 36% and 41%
increase in response time for d20 and d30 reactors respectively. The
reactor diameter evidently had more influence in ramp up operation.
In ramp downs, the reactors are compared with maximum increase of
CO in the dry product, which is a consequence of temporary too high
reactor temperature, and indicates a fluctuation of CO content that
must be handled by the H2 separation system. This comparison shows
that diameter increase caused a relative maximum increase by 17% and
26% for AR25 and AR100 cases respectively. The reactor AR increase
had a positive influence, since this metric decreased by 53% and 44%
for d20 and d30 respectively. This comparison of geometric parameters
on operation concludes different dominant influences for ramp up and
ramp down procedures. Ultimately, the best performance is obtained
by combining reactor length and small diameter, since the d20-AR100
reactor has the best performance by all metrics.
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4.3. Discussion

The plotted performance metrics reveal a significant difference
etween increasing and decreasing the H2 production. In ramp ups, the

larger geometry and magnitude of H2 demand change are correlated to
isturbance size and transient time. Ramp up transients are sufficiently
epresented by the conversion plot. On the other hand, effects of
amp down events most negatively affect the CO production. Design
f reactor and its inputs for forced operations should hence separately
nalyse production increasing and decreasing events for conversion
rop and CO content increase respectively.

Maintaining CO levels of 0.2 ppm for low temperature PEMFC sys-
tems can be achieved in multiple ways. First, lower process temperature
and pressure decrease CO selectivity. Second, the CO spike magnitude
is proportional to throughput decrease. Decreasing the ramping rate
educes spikes in CO production. Third, the H2 separation step can
e designed for higher CO rates without drops in throughput and
ffectiveness [38,57]. For high temperature PEMFC, same strategies
pply, except the CO tolerance is around 3%–5%, so the separator step
an often be omitted [58,59]. The chosen combination of strategies may
epend on the sought system design characteristics.

All simulated hydrogen production rates asymptotically approach
he new value within one minute. This is comparable to the transient

time of marine internal combustion engines [36,37], meaning catalyst
hermal lag itself is not overly limiting. However, slower transients
ould be caused by the heat supply system. The reactor heating method,
ts control, and characteristic heat transfer resistance are thus highly
nfluential to overall power system transient time. The system designer
herefore must consider response time of heating system itself in addi-
ion to other characteristics discussed in Section 2.1, and decide on the

best situation specific solution.
In commercial methanol reforming units, the stated hot stand by

start up times in 5-45 min range [29,30,35] are presumably caused
y the heating system transient time. Present off-the-shelf units heat

the reactor by combustion of unpermeated gas from the membrane
eparation of H2 [29,35], creating a complex system where the heating
s dependent on reactor throughput and membrane permeation rate.
his solutions prioritizes high autonomy and simple on-site installation,
nd thus opts for self-sustenance. If the heat is readily available from
ther sources, the reformer response could be improved most notably
n start up operations.

4.3.1. Geometry and process variable limitations
Diameter choice influences the ratio between heated reactor wall

area and internal catalyst volume. The ratio depends on the diameter
according to:
𝐴𝑡𝑢𝑏𝑒
𝑉𝑡𝑢𝑏𝑒

=
𝐶𝐶 𝑆 𝑙𝑡𝑢𝑏𝑒
𝐴𝐶 𝑆 𝑙𝑡𝑢𝑏𝑒

=
𝜋 𝑑𝑡𝑢𝑏𝑒

𝜋(𝑑𝑡𝑢𝑏𝑒∕2)2
= 4

𝑑𝑡𝑢𝑏𝑒
, (8)

where 𝐴𝑡𝑢𝑏𝑒 is the reactor tube area, 𝑉𝑡𝑢𝑏𝑒 is its volume, 𝐶𝐶 𝑆 is the
circumference of the tube cross section, 𝐴𝐶 𝑆 is the area of the reactor
tube cross section, 𝑙𝑡𝑢𝑏𝑒 is the reactor tube length, and 𝑑𝑡𝑢𝑏𝑒 is the re-
actor tube internal diameter. Increasing the diameter reduces available
heating surface for the same volume of catalyst. The cases with d30
have generally lower conversion than d20, since using the same wall
temperature across all cases means that d30 reactors received less heat
per unit volume.

Equating the heat transfer rate in reactors with higher diameters
could be realized by adjusting the wall temperature. However, dif-
erent local maximum temperatures then influence process selectivity.

Moreover, a higher wall temperature increases the cross section temper-
ature gradient, causing differences in internal heat transfer rate. Every
hange in reactor geometry apparently influences process variables, so

parametric studies of reactor dimensions are inherently not completely
objective.

The uniform wall temperature simplification disregards the reactor
ube heat capacity, and heat transfer from reactor filling to the tube. In
7

Table 5
Superficial fluid velocity and volumetric flow of reactants at the reactor inlet at steady
state 1.

d20
AR25

d20
AR100

d30
AR25

d30
AR100

𝑢𝑠
[m s−1] 7.08e−2 28.35e−2 10.71e−2 42.84e−2

𝑄
[m3 s−1] 2.22e−5 8.9e−5 7.57e−5 30.28e−5

reality, the tube also needs time to heat up, slowing down the ramp
p operations. In ramp downs, the residual heat in the tube could

potentially cause higher or longer CO spikes since it keeps heating
the reactor for longer. However, in reality the tube heat can also be
transferred back to the heating fluid so the extent of this issue in ramp
down is hard to assume. This problem requires more detailed modelling
with defined and simulated heating method.

The simulations show that flow velocity affects the radial heat
istribution, but it is not the most determining factor. Higher superficial

fluid velocities are observed in d30 reactors than the d20 counterparts,
summarized in Table 5, but the heat distribution is worse according to
he steady state temperature plots. A larger reactor diameter counter-
cts the benefits from higher fluid velocity for multiple reasons. First,
he heat has to penetrate deeper into the reactor. Second, there is less
eating area at larger diameters, as discussed previously. Similarly,
arger diameters have higher volumetric flow 𝑄, as seen in Table 5,

further implying a larger heating requirement. Overall the results indi-
cate that increased reactor diameters require higher flow velocities and
aspect ratios to maintain selectivity and transient response time.

5. Conclusions

The present work focuses on transient states of methanol steam
reformers and offers novel insight into dominant influences on internal
flow fields, heat transfer, and overall performance during H2 demand
hanges. The effects of different geometries of reactor tubes and process
ariables in unsteady state are analysed through numerical modelling.
ey points for methanol steam reformers in the analysed range of
imensions from the current study are:

1. The transient time of the reformer tube and H2 production
stabilization is around 30 s in most cases,

2. Good selectivity and temperature distribution from small diam-
eters and high aspect rations also provide faster response and
lower conversion drop in transients,

3. Transient time in ramp ups is influenced by reactor geome-
try and change magnitude much more than transients in ramp
downs,

4. CH3OH conversion is the most important performance metric in
ramp up operations, while CO content in the product is the most
important in ramp downs,

5. Aspect ratio is a more objective metric than length, but not
completely independent from diameter,

6. Duration of transients in practice is likely predominantly depen-
dent on reactor heat supply.

Following the present work, experimental validation of the dynamic
art of the model is required. In addition, further dynamic simulations

including a specific heating method effects are required. The present
tudy is limited with uniform wall temperature assumption, so inclusion
f realistic heating systems is required for capturing their effects on

the internal heat transfer and reaction rates, which are difficult to
study experimentally. Simulations with broader geometry and process
variable parameter space are also recommended for better generaliza-
tion of the results. Furthermore, the choice of a heating method is a
closely related subject of interest. The choice may be influenced by
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performances of each method, but also depends on the technical and
conomical constraints of the heating system in an environment such
s maritime. The heating system might also have to integrate with other
n board systems and processes, steering the analysis towards an entire
ystem design.

This work is performed in the interest of better integration of
ethanol steam reformers into maritime setting. At present, the only

ption for on-board H2 production from methanol is via autonomous
ommercial reforming systems. Despite their convenience, integrating
he reformer with other on-board waste heat systems could be increase
fficiency, compactness, and transient response time. Furthermore, po-
ential carbon capturing is also possible and integrating it directly into
he methanol conversion process allows capturing a relatively pure
tream of CO2. This study shows that dynamic operation of methanol
eformers, as well as the entire methanol based fuel cell system, is not
ighly dependent on stabilization of reformer H2 production, but rather
ostly depends on heat integration and control strategy of the system.

f slower unsteady operation is compulsory due to the heating system,
uickly filling the H2 demand will be a larger issue than spikes in CO

production. Transient modelling studies for system design should be
ence addressed by including the reactor heating method, or with prior
nowledge of its limitation in unsteady operation.

Efficient usage of methanol and easy opportunities for carbon cap-
ure simultaneously promote a circular methanol cycle, and help con-
rol harmful airborne emissions. Preserving this efficiency in unsteady
peration is paramount for transport applications, to which this study
ontributes. The urgent maritime emission requirements and wide array
f system sizes in the shipping industry provide great examples for
ethanol reforming systems in many other fields faced with restrictive

mission standards.
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