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Abstract: In a methanol-reforming system, because the mixture of methanol and water must be
evaporated before reaching the reforming reaction zone, having an appropriate evaporator design is a
fundamental requirement for completing the reforming reaction. This study investigates the effect of
the evaporator design for the stable reforming of methanol–water mixtures. Four types of evaporator
are compared at the same heat duty of the methanol-reforming system. The four evaporators are
planar heat exchangers containing a microchannel structure, cylindrical shell-and-tube evaporators,
zirconia balls for internal evaporation, and combinations of cylindrical shell-tubes and zirconia balls.
The results show that the evaporator configuration is critical in performing stable reform reactions,
especially for the flow-field mode of the evaporator. Additionally, the combination of both internal
and external evaporation methods generates the highest performance for the methanol-reforming
system, with the methanol conversion reaching almost 98%.

Keywords: shell-and-tube; internal evaporation; microchannel structure; methanol-reforming reaction

1. Introduction

Safety concerns regarding hydrogen storage have led to research into liquid fuel using
reforming systems. Methanol is a promising candidate for reforming systems because
it is a liquid fuel with a high energy density. It is also produced from reliable energy
sources such as biomass, coal, or oil shale [1–4]. The steam reforming of methanol not
only ensures a high yield of hydrogen but can also achieve a high thermal efficiency. Since
the operating temperature of the methanol-reforming systems is typically lower than that
of the methane steam reforming system, combustor residual thermal energy should be
used in the system [5]. However, when it comes to real-life applications, an appropriate
consumption level of methanol can be lethal, as Moon reports. Therefore, while operating
the system, the operator should be cautious with this compound [6].

A methanol steam reforming system is composed of an evaporator, combustor, and
methanol steam reformer. The evaporator uses the thermal energy of the combustor to
vaporize the methanol/water mixture that is delivered to the reformer. A typical operating
temperature for a combustor is above 900 ◦C, and the temperature of the methanol-reformer
ranges from 250 to 300 ◦C. Conversely, because the methanol/water mixture should be
vaporized before the reforming zone, it is necessary to balance the thermal energy of each
component in the system. Furthermore, because the boiling points of methanol and water
are different, the evaporator should be carefully designed to vaporize those mixtures [7].
Moreover, the unstable vaporization of the water/methanol mixture results in carbon
deposits on the reforming catalyst. Therefore, when the operating temperature of the
evaporator is determined, it is necessary to consider the complete evaporation of the
methanol/water mixture and also the system’s efficiency. Accordingly, evaporator design
plays a crucial role in enhancing the performance of the system.
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Several studies have focused on the development of microchannel technology to meet
the design criteria of evaporators and microreactors because of its advantages when large
heat transfer rates are needed with small-sized devices [8–11]. Brooks et al. demonstrated
improved designs to supply sufficient thermal energy for the highly endothermic steam
reforming reaction to maintain a high conversion and improve the overall system perfor-
mance through a microchannel reactor combined with microchannel heat exchangers [12].
Kolb et al. reported a microstructured design for gas-phase reactions, concentrating on the
application of microstructured reactors in heterogeneously catalyzed gas-phase reactions.
In addition, he discussed the applications of microstructured reactors with other microstruc-
tured devices [13]. Wegeng et al. developed an experiment using engineered microchannels
for heat exchangers, vaporizers, and steam reformers, enhancing heat transport through a
moderate system. At the steam to carbon ratio of 3, fuel efficiency reaches over 40% and the
system achieves a 93% fuel conversion [14]. Idil Tezcan shows the parametric investigation
of the methane oxidative coupling in a heat-exchange integrated microchannel reactor. The
result indicates that the fast heat transfer rates enable control over reaction temperature and
product composition [15]. Cuta et al. fabricated and tested a microchannel heat exchanger
for various innovative applications. The result shows that substantial amounts of heat
can be removed with microchannel heat exchangers at a relatively low single-phase flow
rate [16]. Yoshida et al. developed an integrated microchannel system with a combustor,
evaporator, and fuel reformer. In addition, the results indicated that the microchannel
evaporator is a crucial factor in the improvement of the system’s overall performance. The
system’s maximum efficiency was found to be about 36.3% at the combustor power of
11 W, and the fuel feeding rate was 36 µL min−1 [17]. Holladay et al. indicated that a
micro-power supply system could reach a thermal efficiency of up to 33% and generate
3.55 sccm hydrogen with a relatively low carbon monoxide level [10]. In addition, Pattekar
and Kothare established a silicon-chip-based microreactor for the on-demand production
of hydrogen that could supply a 9.48 W fuel cell with a methanol to hydrogen conver-
sion of 88.19% [11]. Even though the microchannel evaporator was designed to improve
system performance, system integration is another barrier to optimizing performance.
Therefore, other researchers have applied different methods to improve the performance of
systems. Kolios et al. described several novel reactor configurations with co- and counter-
current flows in the reaction zone using simulation and experimental methods to improve
the system performance [18]. Palma et al. constructed two reactor configurations with
tubular and annular reactors and tested with a SiC foam catalyst to overcome the heat
transfer limitation of the tubular reactor [19]. Cui et al. developed a pseudo-homogenous
two-dimensional model combined with the symmetric model to evaluate the geometric
parameters for monolith reformers [20].

Even though it has been demonstrated that process design results in significant ef-
fects on system efficiency, few studies have investigated the role of the evaporator in the
methanol-reforming system. In this study, the performance of a methanol-reformer is in-
vestigated using four different configurations of evaporators. Furthermore, because system
operability depends on the vaporization of the methanol/water mixture, the limitation of
the system performance is discussed when different evaporators are installed.

2. Experimental Approaches for the Evaporator of the Methanol-Reforming System
2.1. Design of the Methanol/Steam Mixture Evaporator for Reforming System

In the reforming system, methanol is provided for the methanol steam reformer and
methanol burner. Because the fuel supply for the methanol steam reformer is a liquid
mixture of methanol and water, thermal energy should be transferred to evaporate the
methanol/water mixture before the reforming reaction zone. Additionally, the thermal
energy from the methanol burner is used from both the methanol-reformer and evaporator.
When the methanol/water mixture is partially evaporated, the liquid mixture hinders
the reforming reaction. As a result, the design quality of the evaporator determines the
performance of the system and its stability.
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In this study, four different evaporator configurations were designed: (1) planar
heat exchanger with microchannel structure, (2) cylindrical shell-and-tube evaporator, (3)
zirconia ball for internal evaporation, and (4) a combination of the external cylindrical
shell-tube evaporator and internal zirconia ball evaporator. Figure 1 shows the design of the
individual components in a 1 KW methanol-reforming system, in which the four different
evaporator designs are specified. The planar evaporator design is shown in Figure 1a; it
has the shape of a planar heat exchanger with microchannels containing two outlets and
two inlets. The cold-side inlet allows the methanol/water mixture to move through the
evaporator, whereas the hot-side inlet takes the thermal energy of exhausting gases from
the methanol burner. As shown in Figure 1a, two modes of streamflow are considered as a
standard when choosing the evaporator mode. The first is the counter-flow evaporator; the
second is the co-flow evaporator and the detailed specification of the external evaporator.

Figure 1b displays the configuration of the cylindrical shell-and-tube evaporator,
which has four gates: a hot-gas inlet, hot-gas outlet, cold-mixture inlet, and cold-mixture
outlet (reformer-in). The evaporator length is 400 mm and its outer shell diameter is
25.4 mm. The shell comprises eight tubes measuring 3.175 mm in diameter individually,
running parallel along the body length. Additionally, the inert catalyst is charged between
the shell and inside tube, making the residence time between the methanol/water mixture
and burner effluent longer. Figure 1c shows the zirconia ball configuration for internal
evaporation. As can be seen in Figure 1c, the ceramic ball area is used as an evaporation
compartment. Consequently, the heat source gas comes from the burner and reformer
mixture flow at the same time. Figure 1d shows the combination of cylindrical shell-and-
tube and zirconia ball, in which the cylindrical shell-and-tube outlet connects with the
inlet of the zirconia ball, forming one combination of the evaporator. The shell and tube
have four gates: hot-gas 2 inlet, hot-gas 2 outlet, cold-mixture 2 inlet, and cold-mixture 2
outlet (reformer-in). The length of this evaporator is 400 mm and its outer shell diameter
25.4 mm. The shell comprises 14 tubes measuring 3.175 mm in diameter individually and
running parallel along the body length. The hot-gas 2 inlet, which is recirculated from the
burner gas effluent after going through the reformer, and the cold-mixture 2 inlet are in a
parallel flow arrangement. Unlike the second evaporator type, no inert catalyst is observed
between the shell and inside tube of the evaporator. The zirconia ball is the same for the
type-3 evaporator, as mentioned above.

The design of the combustor is shown in Figure 1e. It consists of three main parts:
a venturi mixer for methanol, a combustion chamber, and a dilution zone. A controller,
an air compressor, and a pump are additional elements. A venturi mixer is a component
used to properly mix liquid methanol and air. This mixture moves through the combustion
chamber and the dilution zone mixes the combustion gases with fresh air to control the
temperature of the burned gases.

The reformer has a shell-and-tube structure, which enhances the heat transfer. Such a
structure covers a broad spectrum of temperatures and pressures and suits a wide range
of tasks. Moreover, this design is beneficial for using the entire surface for heat transfer
within the total volume and weight. Therefore, this case is favorable for increasing the
heat transfer from the cold-side mixture of the reformer inlet to the hot-side mixture of the
reformer outlet. When the methanol/water mixture enters the reformer inlet, it absorbs
the required heat from the outer surfaces of the tube bunches. The reformer structure is
shown in Figure 1c. Because the heat transfer characteristic could significantly affect the
hydrogen conversion rate, the tube-to-tube gaps are determined experimentally using a
laboratory-scale methanol reformer. As a result, the maximum clearance between pipes
and tubes for the shell and tube reformer was designed to be about 3.5 mm so that the
properties of the heat source could be identified evenly. Therefore, a 3.2 mm-diameter
catalyst (Clariant’s MDC-3 with CuO and ZnO series) was chosen to occupy the reformer
shell side [21–24].
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Figure 1. Design of the reformer components.

The reformer shell side has four principal areas: a flow uniformity regime, a reforming
catalyst regime, and a heat source tube. Additionally, a small space is occupied with
zirconia balls, which are placed between the heat source tube inlet and flow uniformity
area. This zone is used for internal evaporation. Perforated plates are placed between the
reformer inlet and the reforming reaction area. The central part of the reformer inlet area
is the thermal medium area, which plays a role in the prior heat exchange between the
burner effluent and water/methanol mixture. Two staggered perforated plates are placed
to distribute the gas flow uniformly after the thermal medium zone. The reforming catalyst
area is filled with a small grains of the catalyst and contains several baffles to prolong the
residence time of the reactant gas. As a result, the gas mixture can absorb more heat from
the tubes in the steam reforming reaction. The diameter of the tubes and the number of
tubes are also limiting factors of the reformer design under a given shell volume.

The initial methanol amount for the combustor and reformer is adjusted to produce
the hydrogen of the 1 kWe class fuel cell system, as shown in Table 1. Additionally, the
reference condition is selected to compare the performance variation over the different
parameters and experimental setups.

Table 1. Experimental conditions of the methanol steam reformer system.

Parameters Values Units

Reference conditions

Temperature of reactants for reforming 25 ◦C

Flow rate of methanol for reforming 0.003 mol/s

Flow rate of methanol for burner 0.0015 mol/s

S/C ratio 2.5 -

GHSV 2400 1/h

Standard operating temperature 300 ◦C

Experiment parameters

S/C ratio 0.75, 1.75, 2, 2.25, 2.5, 2.75, 3 -

Flow rate of methanol for burner 60, 70, 80, 90, 100 %
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2.2. Experimental Apparatus for the Methanol-Reforming System with Different Evaporators

In the methanol steam reforming system, an evaporator is used to vaporize methanol/
water mixtures. Even though the thermal energy of the methanol combustor is primarily
delivered to the steam reforming process, the evaporator is also required to take portions of
the thermal energy. Proper connection and operation of the evaporator ensure improvement
in the system efficiency. In this study, three design types of evaporators with four different
setups were investigated—i.e., a microchannel evaporator, shell-and-tube evaporator, and
packed-bed evaporator. The microchannel and shell-and-tube evaporators were installed
outside of the methanol-reformer, while the packed-bed evaporator was placed inside the
methanol-reformer. Figure 2 shows the four configurations with three different evaporator
designs—i.e., an external microchannel evaporator (Figure 2a), an external shell-and-tube
evaporator (Figure 2b), an internal packed-bed evaporator (Figure 2c), and a combination
of cylindrical shell-tube and zirconia ball (Figure 2d).

The temperatures of the evaporator inlet and outlets are measured by thermocouples.
The cold-inlet of the evaporator is ambient temperature, which is the delivering temperature
of the methanol/water mixture. Three thermocouples were installed in two outlets and one
inlet of the evaporator in Figure 2a,b: TC1 for the hot-gas inlet, TC5 for the hot-gas outlet,
and TC6 for the cold-mixture outlet of the evaporator. In Figure 2c, the three thermocouples
are TC1 for the hot-gas inlet, TC3 for the hot-gas outlet, and TC7 for the cold-mixture outlet.
Because the tube temperature is difficult to measure, TC3 is an alternative measuring point.
Figure 2d displays the combination of two evaporator types, in which six thermocouples
are installed to investigate the temperature variation: TC1 for hot-gas 1 inlet, TC2 for
cold-mixture 2 outlet of the shell-and-tube evaporator (or the cold-mixture 1 inlet of the
packed-bed evaporator), TC3 for hot-gas outlet 1 of the packed-bed evaporator, TC7 for
cold-mixture 1 outlet of the packed-bed evaporator, TC5 for hot-gas 2 inlet of the shell-and-
tube evaporator, and TC6 for hot-gas 2 outlet of the shell-and-tube evaporator.
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Figure 3 shows the experimental apparatus of the evaporator with a methanol steam
reformer. A real-time gas analyzer was connected to the reforming line exit so that the
gas concentration could be measured. The liquid pump worked with methanol for the
burner and methanol/water mixture for the reformer. The combustor was equipped with a
controller to obtain the setpoint temperature with a methanol/air excess ratio. Therefore,
the exact amount of methanol was transferred to the Venturi tube through pump one. The
combustor controller operated the compressor at the Venturi tube simultaneously. When
the air and methanol mixed at the Venturi tube, the controller ignited the mixture. As
the flame became stable, the controller delivered a second airflow (air 2) to dilute the
combustion process.
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apparatus for the planar heat exchanger with microchannel structure.

While the methanol flow rate of the combustor was maintained, the exit temperature of
the combustor was controlled to be 950 ◦C above the parametric experiments. After heating
the combustor and reformer, the required mixture of methanol and water was pumped to
the cylindrical shell and tube by pump 2. The mixture flowed through the reformer inlet to
the ceramic ball area with a zirconia ball. The burned gases and methanol/water mixture
flowed in the co-flow arrangement, and the mixture was then evaporated internally at this
destination. Finally, the mixture went through the reformer to finish the reforming reaction.

The temperature of each component was sampled every second and the reformed
gases were sampled 12 times at the steady-state; the sampling data were then averaged.
Each experiment was conducted at least twice to ensure repeatability and reliability. The
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errors of the repetition experiments were within 1% in terms of temperature and within
3% in terms of reformed gas concentration, which are negligible values. The real-time gas
analyzer used was an, SWG 200-1 BIOGAS (MRU Instruments, Obereisesheim, Germany).
This device can measure a wide range of compounds, including H2, CO, CH4, CO2, and O2.

Figure 4 shows the temperature stability test at six positions in the system. As shown
in the figure, the hot-gas 1 inlet (TC1) was stabilized after 5 h and 30 min. Because the
fully vaporized methanol/water mixture ensures stable operation, the long-term operation
seems to vaporize liquid spots on the delivery line. The experimental test established
the settle-down time to obtain the sampling data. The species concentration of each
experimental combination was received after 6 h, then the system kept running for 2 h
more to obtain the species concentration at the gas analyzer to ensure the reliability of the
data. As a result, 8 h is the appropriate period for receiving one experimental point.
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Figure 4. Temperature changes at the measuring points under the stabilization process (type-4
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3. Result and Discussion
3.1. Evaporation Process Evaluation for the Establishment of the Reference Conditions

The methanol flow rate for the combustor was used to determine the heat duty of the
reforming process as well as the evaporation enthalpy for the evaporator. The methanol
flow rate was set up to be 0.003 mol/s. The initial S/C ratio of the methanol/water
mixture was 2.5. These conditions were calculated by process simulation with Aspen Plus®

(Bedford, MA, USA). The flow arrangement of the external evaporator should be confirmed
because the hot-gas outlet is connected to the reforming zone. As the S/C ratio varies, the
component energy used also varies, and consequently the evaporation enthalpy depends
on the amount of liquid mixture. The hot-gas outlet temperature of the evaporator is shown
in Figure 5, with the S/C ratio varying from 0.75 to 2.5.

Figure 5 indicates the comparison of the temperature distribution of the different
modes of streamflow in the evaporator. Because the hot gas provides thermal energy
for the reforming reaction, it is necessary to confirm the flow arrangement. As the S/C
ratio is increased, the results show that the evaporator consumes most of the burned gas
energy. Therefore, it hinders the reforming reaction as the hot gas outlet temperature of
the evaporator is higher for the counter-flow arrangement. At an S/C ratio of 0.75, the
temperature of the hot-gas outlet temperature of the evaporator is approximately 2.5 times
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higher than that of the cold-mixture outlet. Moreover, the external microchannel evaporator
is not appropriate because the design point of the S/C ratio is 2.5. In this analysis, the
methanol/water mixture is delivered in ambient conditions so that the mixture turns out
to be the critical energy absorber. This is highly advantageous because it ensures that the
mixture does not condense due to the heat loss for the outside environment. For this reason,
the co-flow mode is more suitable for the evaporator with a methanol-reforming system
than the counter-flow mode.
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counter-flow).

3.2. Performance Comparison of the Four Different Setups at Identical Heat Capacity

As indicated, the feasibility of the reforming reaction depends on the evaporator
operation. The evaporator temperature is a crucial factor in controlling the gas production
and the effectiveness of the reforming reaction because it affects the methanol conversion
rate, the rate reaction at the reformer, and the evaporating process of the methanol/water
mixture. Therefore, temperature and methanol conversion rate are the variables used to
compare the performance of individual configurations. Additionally, the method for fluid
flow in all the experimental setups is the co-flow arrangement.

As the thermal energy does not suffice for the occurrence of the reforming reaction for
configuration (1) at 100% heat duty for the burner, 120% heat duty for the burner is taken as
the same heat capacity for comparison purposes. The temperature points for comparison
are the same for the four configurations (i.e., hot-gas inlet, hot-gas outlet, cold-mixture inlet,
and cold-mixture outlet). This indicates the inlet and outlet temperature of the considered
design and method for the evaporator, especially type-4, which is the combination of two
evaporators. The methanol conversion rate is calculated by Equation (1) below.

Methanol conversion rate(CH3OH)− (%) =
CO2,out + COout

CH3OHinput
. (1)

Figure 6 demonstrates the temperature measuring points at the inlet and outlet of the
evaporator for four different setups at identical heat capacity.
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identical heat capacity (S/C ratio: 2.5, heat duty: 120%).

Additionally, Figure 7 indicates the methanol conversion in the four different setups at
identical heat capacity. As observed, the most significant gap in the temperature difference
at the hot-gas inlet for the four configurations is under 3.5%. Therefore, the reliability of
the experimental result is ensured. The highest temperature at the evaporator outlet is for
the type-4 evaporator at the packed-bed evaporator. Therefore, the methanol conversion
is also the highest, at 97.3%. This is because the type-4 configuration is a combination
of two evaporators. Additionally, the suitable operating temperature ranges from 250 to
300 ◦C, corresponding to the thermodynamic equilibrium composition. At the equilibrium
state, it is expected that while the temperature ranges from 220 to 340 ◦C, the hydrogen
concentration ranges from 60% to 72%, the CO concentration is under 1%, and the CO2
concentration is from 20% to 25%. The first one is shell-and-tube, which uses the wasted
thermal energy from the hot-gas 1 outlet (TC3) of the packed-bed evaporator to recirculate
the system before the evaporating process of the methanol/water mixture. The temperature
of the hot-gas 2 inlet for the first shell-and-tube evaporator is 341 ◦C, and the temperatures
of the hot-gas 2 outlet and cold-mixture outlet 2 are 115 ◦C and 93 ◦C, respectively. The
thermocouple for the cold-mixture outlet is designated as TC2-reformer in the type-4
evaporator configuration. The second is the zirconia ball, and the type-4 shell-and-tube cold-
mixture outlet is the cold-mixture inlet of the type-4 packed-bed evaporator. Altogether,
this forms the closed-loop for the burner effluent. The thermocouple-TC7 is installed in the
reformer right after the ceramic ball area to observe the temperature change of the mixture,
called the cold-mixture 1 outlet. At 326 ◦C, the reforming reaction proceeds at a reasonable
level. Conversely, because of the design of the evaporator, which together with the pipeline
is long, the position in which it is installed in the system, and the inert catalyst which
reduces the velocity of the fluid flow, the reformer is not supplied with sufficient thermal
energy. Consequently, the type-2 evaporator has the lowest methanol conversion of 30%.
Additionally, a slight difference in temperature and methanol conversion rate is observed
for type-1 and type-3 evaporators. Moreover, Figure 8 shows the product concentration for
the four different setups at identical heat capacity. A slight difference in the hydrogen and
carbon dioxide concentrations for type-1, type-3, and type-4 is observed. However, because
of the reasons mentioned above for type-2, the hydrogen and carbon dioxide concentrations
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are only one third compared with those for the other types; this is reflected in the methanol
conversion. While the highest concentration of carbon monoxide is observed for type-4,
nearly 1.42%, the lowest is observed for type-2. The carbon monoxide concentrations
for type-1 and type-2 are nearly the same, and they are only one sixth of that observed
for type-1. This is because the temperature at the reformer is nearly twice as high at the
reformer for type-4 compared with the other types.
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4. Conclusions

In this research, distinct designs for the evaporator of the 1 kW methanol-reforming
system were developed, and the comparison and performance of individual configurations
were evaluated at different input conditions.

1. The flow-field mode was chosen for the system; the co-flow arrangement was more
suitable for the methanol-reforming system than the counter-flow mode because of
the insignificant difference in the evaporator outlet temperature.

2. Comparison between the four types of evaporators proceeded at the same heat
capacity; the type-4 evaporator demonstrated the most effective methanol conversion
and temperature development performance. The methanol conversion reached over
97%, with the highest temperature of the evaporator outlet.

3. Internal evaporation was feasible for the evaporating process; however, it should be
combined with the external evaporation (shell-and-tube) to use the wasted thermal
energy to improve the system’s performance.

4. While the external evaporation method has received extensive attention from re-
searchers, the system’s performance increases moderately. As a result, the perfor-
mance of the system rises significantly when two methods of evaporation proceed
simultaneously. This work will provide future researchers with many advantages for
designing an integrated methanol-reforming system.
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Nomenclature

S/C ratio steam to carbon ratio
CH3OH methanol
H2O water
CO carbon monoxide
CO2 carbon monoxide dioxide
TC thermocouple
GHSV Gas hourly space velocity
ZnO zinc oxide
CuO copper (ii) oxide
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