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Abstract: Waste heat recovery was considered as a promising candidate for energy conservation
and emission reduction. Methanol steam reforming was considered to be an effective means for
hydrogen production because of its advantages. In this work, a micro reactor was constructed
and thermoelectric generation coupled with hydrogen production from methanol steam reforming
was innovatively used to recycle waste heat, which was simulated by hot air from a hot air gun.
The waste heat was converted into electricity and hydrogen at the same time. The characteristic
of thermoelectric generation coupled with methanol steam reforming was investigated. It was
experimentally verified that both the hydrogen production rate and methanol conversion increased
with the increasing inlet temperature, but thermal efficiency increased firstly and then decreased
with the increasing temperature. The methanol steam reforming could effectively maintain cold side
temperature distribution of thermoelectric generation. In the case of the thermoelectric module (1),
the highest temperature difference of 37 ◦C was determined and the maximum open circuit voltage
of 2 V was observed. The highest methanol conversion of 64.26% was achieved at a space velocity
of 0.98 h−1 when the temperature was 543 K, comprehensively considering the CO content and
thermal efficiency.

Keywords: energy conversion; hydrogen energy; methanol steam reforming; thermal management
and control; waste heat recovery

1. Introduction

Low-grade surplus heat or waste heat with a temperature of higher than 200 ◦C widely
exists in industrial furnaces, engines, and the metallurgical industry. Waste heat energy
takes up about 17–67% of the total energy consumption, so waste heat recovery is vital
for energy conservation and emission reduction [1,2]. A study found a thermal efficiency
improvement of 6% in a Rankine cycle system powered by exhaust gas [3]. The recovery
of engine waste heat by ORC was evaluated to result in a 5–11.3% reduction in its specific
fuel consumption and in an increase of about 5% in the engines’ thermal efficiency [4]. The
recovery of engine waste heat by organic Rankine cycle could increase by 5% of the engines’
thermal efficiency, resulting in a 5–11.3% reduction in its specific fuel consumption [5].

At present, many studies have focused on waste heat recovery by thermoelectric
power generation [6–8]. L Bao et al. proposed a novel thermoelectric generator system
based on liquid metal that serves to collect and transfer waste heat [9]. The open-circuit
voltage reached 34.7 V when the temperature of the waste heat source was 195.9 ◦C and
the temperature difference between the plates of cooling-water and liquid metal heating
plate was about 100 ◦C. A study investigated the thermoelectric generation performances
heated by the wasted flue gas heat [10]. These characteristics were also affected by the
thermal contact resistance from the study of Shixue Wang et al. [11]. They found that the
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temperature gap of the thermoelectric module and the output power increased when an
interface material was utilized for the contact surface at a given temperature difference
between the cold and hot sources. Fankai Meng et al. reported a method to recover waste
heat using thermoelectric power generation technology [12]. They determined that the
design of heat recuperation is vital for the characteristics of air-cooling thermoelectric
power generation equipment.

As compared with other hydrocarbon fuels, a small amount of CO could be detected in
the products in methanol steam reforming (MSR) because of the relatively low conversion
temperature. Methanol steam reforming (MSR) is an endothermic catalytic reaction and
requires a lot of external heat for the reactant vaporization, super heating, and reaction
process [13,14]. In an MSR reactor, thermal resistance results in the temperature difference
between its heating channel and reforming channel [15]. For the reforming reaction,
when the heat sources are different (such as industrial waste gas, engine waste heat, high-
temperature helium gas-cooled reactor heat source, catalytic combustion heat, electric
heating source, and so on), the characteristics of reactor temperature and temperature
difference will be very distinct [16,17]. MSR reactors have increasingly been recognized in
recent years as a novel tool for waste heat recovery [2,18]. The novel MSR reactors offer a
higher heat transfer rate because of their high surface-to-volume ratio and short conduction
paths [19]. However, there were also several difficulties and challenges. When using micro-
reactors in heterogeneously catalyzed gasphase reactions, random packing would result
in a high pressure drop [20]. The temperature difference due to the heat transfer process
between the heating channel and reforming channel can be used to generate electricity
through thermoelectric generation modules. This measure can not only can improve energy
utilization efficiency, but also provide electrical energy by the thermoelectric module when
the reforming reaction begins at room temperature [21].

In this study, an innovative heat recuperation design was carried out using the en-
dothermic MSR to remove the heat from the thermoelectric module cold side. Waste heat
simulated by hot air was used as the heat source of the thermoelectric module on the hot
side. The characteristic of thermoelectric generation coupled with hydrogen production
from MSR was investigated experimentally.

2. Experimental
2.1. Reactor Design

A stainless steel microreactor was designed and fabricated, as shown in Figure 1. It
included a reforming channel, thermoelectric module, and heating channel. Along the reac-
tants’ flowing direction, five thermoelectric generation modules lay between the reforming
and heating channels, which were numbered (1) to (5) from the inlet to the outlet of the
reactor successively. The MSR took place in the chamber with a length, width, and height
of 200 mm, 40 mm, and 10 mm, respectively. The commercial catalyst of CuO/ZnO/Al2O3
(CB-7) was used with a weigh of 21 g, which was diluted by quartz sand. The corresponding
size of thermoelectric power generation module was 40 mm × 40 mm × 5 mm. The reactor
was made of 304 stainless. As MSR is endothermic, intense inlet temperature changes
occur at the inlet of the reforming channel. Therefore, temperature-measuring points at the
reforming channel inlet were specially designed for three rows. In addition, centre points
of hot and cold sides of each thermoelectric generation modules were measured.

2.2. Experiment System and Procedure

The experiment system of MSR coupled with thermoelectric generation is shown in
Figure 2. Methanol used in the experiment was analytically pure with a mass fraction
greater than 99.5%. The water was deionized water prepared by ultra-pure water machine.
Experiments were carried out at atmospheric pressure. The methanol and water mixture
solution was sent to the reforming channel through a peristaltic pump. Studies showed
that a water/methanol ratio of 1.3 is appropriate for a copper-based catalyst in MSR, so a
water/methanol ratio of 1.3 was selected [22]. Samples were collected after the reaction tem-
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perature was steady. Unreacted water and methanol vapour were cooled in an ice bath and
then separated using a gas–liquid separator. The dry gas flow rate was measured by a soap
foam flow meter. The composition of gas and liquid was analyzed by gas a chromatography
(GC3000) equipped with Porapak Q and TDX-01 columns. Helium was used as the carrier
gas for the gas chromatograph. Before the reaction, N2 was passed through the system to
exclude the air, then H2-N2 (3% Vol.) was used for the catalyst temperature-programmed
reduction and activation until the outlet H2 composition remained unchanged, indicating
the ending of the reduction process.
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Figure 2. System of methanol steam reforming coupled with the thermoelectric module: (a) peristaltic
pump, (b) vapourization and superheating heater, (c) reforming channel, (d) heating channel, (e)
thermoelectric module, (f) hot air gun, (g) ice trap and gas liquid separator, (h) soap foam flow meter,
(i) chromatography, and (j) workstation and computer.

3. Results and Discussion
3.1. Temperature Rising Characterization of the Reformer

A hot air gun was used to provide the hot air, which simulated the waste heat. The
voltage of the hot air gun, which was used to heat the reactor, was 135 V. The mass flow
rate of hot air at the outlet was 0.04 g/s; this flow rate was regarded as the inlet flow rate
of hot air from the hot air gun. The initial entrance air temperature of the hot air gun
was room temperature and the final stable temperature was kept at about 490 ◦C. The
space velocity of methanol and water reactant at the reactor reforming side was 1.53 h−1.
The variation in the reactor heating side inlet temperature (Theater-in), the temperature at
the reactor reforming side inlet (L = 5 mm) (TSR), the temperature difference between the
hot and cold sides of the thermoelectric module (1) (∆TTE), and its open-circuit voltage
(VTE-open) were studied; the results are shown in Figure 3.
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As can be seen from Figure 3, Theater-in rose rapidly at the initial heating stage (0–0.3 h)
and then began to be stabilized at about 380 ◦C. Influenced by Theater-in, TSR also gradually
increased to 100 ◦C, which was the highest vapourization temperature of methanol water
fluid reactants, and then remained constant. However, there was a 0.15 h time delay of
TSR compared with the temperature rising time of Theater-in. At the time of 0.43 h, when
adjusting the heating voltage to 140 V, Theater-in quickly rose to 490 ◦C and then remain
unchanged. However, TSR still remained at 100 ◦C from the time of 0.36 h to 0.59 h, as
thermal resistance exists between the heating channel and reforming channel. Latent heat
for reactant vaporization also needs to absorb lots of heat from the heating channel, which
also delayed the temperature rise in the steam reforming channel. As for the temperature
difference of module (1) between its hot and cold sides, ∆TTE rose firstly to a maximum
value of 70 ◦C and then decreased gradually. The main reason was that, in the initial stage,
at the steam reforming channel inlet, where the thermoelectric module (1) is located, the
temperature on its cold side remained constant at 100 ◦C; however, its hot side temperature
increased gradually as a result of the rising of Theater-in. Therefore, ∆TTE increased firstly.
After the temperature of the heating channel stayed constant, due to heat resistance between
the module (1) cold side and steam reforming channel, the temperature on the module
(1) cold side continually rose, so ∆TTE began to decrease gradually. Furthermore, as time
progressed, reactant vaporization in the steam reforming channel became stable, and ∆TTE
continually decreased after the temperature in the steam reforming channel exceeded
100 ◦C. Therefore, ∆TTE presents a variation of increasing firstly and then decreasing
gradually, as shown in Figure 3. Open circuit voltage variation of module (1) was the same
as that of temperature difference ∆TTE, although its variation amplitude was smaller. The
maximum VTE-open reached 2 V.

At the condition of reactant space velocity of 1.53 h−1, the air mass flow rate on the
heating side of 0.04 g/s, Theater-in of 490 ◦C, and variations in temperature with time along
the reforming channel between 0.3 and 0.9 h are shown in Figure 4. The results showed that
temperatures at all measurement points within the reforming passage gradually increased
as time progressed. Until reaching a time period of about 0.4–0.6 h, all measurement points’
temperatures reached the water vaporization temperature of 100 ◦C successively. The closer
to the reforming channel inlet side of the measurement points, the earlier the time at which
the vaporization temperature reached 100 ◦C, and vice versa. The temperature of the last
measurement points in the reforming channel reached the gasification temperature at a time
of 0.5 h, while it had a delay of 0.1 h compared with the first point in the reforming channel.
After 0.6 h, the temperature of all measurement points in the reforming channel exceeded
the water vaporization temperature, and then they began to increase gradually. Besides,
the processes of all measurement points’ temperature increases were almost synchronous.
It could also be seen from the figure that, except for the gasification process, the reforming
channel temperature difference between its inlet and outlet was about 30 ◦C, mainly because
of the endothermic nature of the methanol steam reforming reaction.
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3.2. Characteristic of Temperature Difference between the Hot and Cold Sides of the
Thermoelectric Module

Furthermore, the variation in temperature difference between the thermoelectric
modules’ (1)–(5) hot and cold sides with time during 0–14 h was investigated. In this case,
the voltage of the hot air gun was fixed at 135 V; the flow rate at the heating side was
0.04 g/s. Because the hot air gun voltage remained constant, the inlet gas temperature at
the heating side was only influenced by the voltage of the hot air gun; therefore, the inlet
temperature at the heating side rose rapidly from about 380 ◦C to about 480 ◦C and then
maintained constant. Methanol and water space velocity (WHSV) at the reforming side
increased from 0.30 h−1 to 3.80 h−1. The results are shown in Figure 5.
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As can be seen from Figure 5a, in the time of 2 h after the reformer began to run, the
variation in ∆TTE with time is drastic, especially for that of modules (1)–(3), which were in
the front section of the reformer. It presented a decrease and then an increase, and again a
variation in the decrease. It could be inferred from the variation that, at the same heating
condition, the reforming channel experienced the reactant vapourization, superheating,
and endothermic reaction process. After 2 h, ∆TTE of the thermoelectric modules began to
stabilize. Furthermore, it can also be seen that ∆TTE decreased from module (1) to module
(5). The reason is that, from module (1) to (5), the reactant of methanol and water was
gradually consumed by the steam reforming reaction. The heat required for this endother-
mic reaction decreased gradually along the reforming channel. Thus, the temperature in
the steam reforming channel increased gradually, which finally resulted in the decrease in
∆TTE. From Figure 5a,b, it could also be concluded that ∆TTE increases with the increase
in WHSV. This is because, as WHSV increases, the flow rate of methanol and water reac-
tants in the steam reforming channel increases, and the absolute reactant conversion rate
increases under the same heating conditions, although the methanol conversion rate may
decrease. This leads to the increase in heat absorbed by the methanol steam reforming
reaction. Therefore, the temperature on the thermoelectric module cold side decreased and,
consequently, ∆TTE increased.
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The results from Figure 5a,b also show that the effect of WHSV decreased gradually
from thermoelectric module (1) to (5). It is also suggested that the endothermic reaction of
methanol steam reforming was more intense near the inlet of the reactor than that at the
outlet. At position 3/5 of the reactor along the reactant flow direction, methanol was mostly
converted. Therefore, the contribution of heat removal by the methanol steam reforming
reaction is weak. The temperature difference of thermoelectric module (1) was the highest
owing to the strongest endothermic reaction at the reforming channel inlet. The rate of
heat supplied from the heating channel may be insufficient at the inlet for methanol steam
reforming, which leads to the highest temperature difference between the thermoelectric
hot and cold side. It could be inferred from the above analysis that the key factor for
maintaining the thermoelectric module cold side and hot side temperature difference lies
in the heat-removing rate on its cold side. The adoption of liquid phase-change material
such as water and methanol is one of the efficient ways to removed its heat on the cold
side. It was even more optimal to adopt an endothermic reaction such as methanol steam
reforming for heat recuperation on its cold side for large heat removal rates. Not only was
the grade of the fuel improved by means of steam-reform heated by waste heat, but also
electricity was generated by this method.

In addition, the space velocity was fixed at 0.98 h−1 on the reforming side and the
variation in temperature difference of the thermoelectric modules with time was studied.
The mass flow rate of the heating gas was 0.04 g/s. The voltage of the hot air gun was
set to 115 V, 125 V, 130 V, 135 V, and 140 V step by step. As could be seen from Figure 6,
the temperature difference of ∆TTE increased quickly at first when the hot air gun voltage
stepped up and then decreased gradually. When the voltage of the hot air gun increased,
the heat generated by the hot air gun increased, which led to the increase in temperature in
the heating channel. Consequently, the temperature on the thermoelectric module hot side
increased. The temperature at the reforming channel inlet also increased from 190 ◦C to
275 ◦C step by step, as shown in Figure 6. However, it took time for the heat to transfer to
the thermoelectric module cold side, so the temperature difference of ∆TTE increased at first.
After the transient heat transfer process, the thermoelectric module cold side temperature
began to increase, leading to the decrease in ∆TTE. It could also be seen from Figure 6
that the variation in ∆TTE was severe in the first two hours, which may be caused by the
reaction and transport transient in the start time. Then, it increased a little and decreased
gradually. From the results, it can also be inferred that the values of ∆TTE were larger for
the thermoelectric module located at the front part of the reformer than that located at
the rear of the reformer. Furthermore, there was a time delay of the highest temperature
difference for thermoelectric modules (1) to (5). It became more and more obvious from
thermoelectric modules (1) to (5), which illustrated that more time is needed for the heat
balance from the reactor inlet to reactor outlet.
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At the condition of reforming channel inlet temperature of 235 ◦C, the temperatures of
thermoelectric modules’ (1) to (5) hot and cold sides along the flow direction are shown in
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Figure 7. Both the hot side temperature and cold side temperature of the thermoelectric
module decreased along the reactant flow direction. The hot side temperature decreased
from 590 ◦C linearly to 530 ◦C and the temperature on the cold side decreased from 560 ◦C to
525 ◦C. Therefore, the corresponding thermoelectric temperature difference ∆TTE decreased
from 30 ◦C to 5 ◦C. Furthermore, from Figure 7, it could be seen that the temperature
decreasing on the thermoelectric module (1) cold side was more severe than that on the
other modules, which also states that, at the reforming channel inlet, with methanol steam,
the reforming reaction was the strongest.
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3.3. Performance of the Reformer for Hydrogen Production

Three equations can describe the three main reactions for this combination of reactants
and products [23].

CH3OH → CO + 2H2 ∆Ho
298 = +92.0 KJ/mol (1)

CO + H2O↔ CO2 + H2 ∆Ho
298 = −41.1 KJ/mol (2)

Equation (1) represents the methanol decomposition and Equation (2) represents the
water gas shift reaction. The methanol conversion XMeOH, H2 production rate VH2, and
space velocity WHSV can be calculated by the following equation:

XMeOH =
F(yco + yco2)

22.4× vMeOH,in
× 100% (3)

VH2 = F× yH2 (4)

WHSV =
32× vMeOH,in

M
(5)

where F is flow rate of effluent gas, y is the volumetric fraction, vMeOH,in is the molar
flow rate of methanol fed into the reactor, and M is the mass of catalyst [24]. Reformer
performance was important for the optimum parameters’ selection of the thermoelectric
module. At a space velocity of 0.98 h−1, variations in the hydrogen production rate (YH2),
methanol conversion (XCH3OH), temperature difference between module (1) hot and cold
sides (∆T), and heating channel thermal efficiency (ηheater) with reforming channel inlet
temperature were studied. The results are shown in Figure 8. Here, the heating channel
thermal efficiency (ηheater) was defined as the ratio of MSR heat absorption at the reforming
side and the heat release at the heating channel.

As shown in Figure 8, at a relatively lower temperature (TSR-in < 235 ◦C), YH2, XCH3OH,
and ∆T of module (1), as well as ηheater, were all increased rapidly with the increase in
the reforming channel inlet temperature. When the reforming channel inlet temperature
exceeded 235 ◦C, the rate of increase in the methanol conversion and hydrogen production
rates dropped. In this case, continued improvement in the hot air gun heating voltage
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would not increase the amount of reaction, and excess heat may accumulate at the module
hot side and temperature differences of module (1) continued to increase. Finally, it reached
as high as 37 ◦C. As the increment of the methanol conversion rate was less than that of
the heating power, heater efficiency decreased with increase in temperature. Thus, when
the reactor reforming channel inlet temperature reached 235 ◦C, the hydrogen production
rate and methanol conversion reached the optimum value, and heater efficiency also
reached its maximum value. Upon continuing to increase the temperature, the increase
in the methanol conversion and hydrogen production rate was not obvious, but led to a
lower heater efficiency. The experimental methanol conversion XCH3OH was lower than
the methanol conversion XCH3OH-TE of thermodynamic equilibrium data [25]. The MSR
reactor suffered from severe limitations of mass and heat transfer. These disadvantages led
to thermal stresses, which significantly affected the catalyst performance characteristics.
Furthermore, because of the severe transfer resistance, the MSR reformers were limited to
a low effectiveness factor of the catalyst. Although the temperature difference between
thermoelectric module (1) hot and cold side still increased, the problem of increased CO
content caused by a higher temperature needs to be considered because it is a kind of
poison gas for PEMFC. In general, the reactor reforming channel inlet temperature of
235 ◦C is an optimum operating parameter in this condition. In addition, as the heat of
unreacted methanol and water, heat of products, and thermoelectric power output were
not included in the heater thermal efficiency calculation, the actual thermal efficiency of
the heater should be higher than that obtained in this experiment.
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Figure 8. Variation in YH2, XCH3OH, and ∆T of module (1), as well as ηheater and XCH3OH-TE%, with
the reforming channel inlet temperature.

At the condition of reforming channel inlet temperature of 235 ◦C, variation in YH2,
XCH3OH, and ∆T of module (1), as well as ηheater, with reforming channel inlet WHSV was
investigated. The results are shown in Figure 9. As could be seen from Figure 9, YH2, ∆T,
and ηheater all increased with the space velocity, while XCH3OH decreased with the increase
in space velocity. As for YH2 and ηheater, they presented a similar variation with the increase
in space velocity. They both increased linearly when space velocity was less than 3 h−1, then
the increasing rate slowed down when space velocity was higher than 3 h−1. The resident
time of the reactant decreased with a higher WHSV, resulting in the reforming reaction not
being completed in the catalyst bed. This is why the methanol conversion decreased with
an increasing WHSV. Therefore, methanol conversion, hydrogen production rate, heater
efficiency, and output power of thermoelectric module should be taken into account in
the selection of the optimum operating parameters. From the above results, when the
reactant space velocity remains at 3.0 h−1, methanol conversion, hydrogen production
rate, temperature difference of module (1), and heater efficiency were all relatively high. A
further increase in space velocity cannot increase the reactor performance significantly, so
this space velocity was one of the optimum operating parameter at this temperature.
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Furthermore, as shown in Figure 10, the variation of thermoelectric module (1) hot
and cold side temperature difference ∆TTE with different space velocity was also studied
at the condition of hot air gun voltage of 135 V. The reactants used in the reforming side are
methanol water solution and water only. As could be seen in Figure 10, for both the water
and methanol water solution, ∆TTE increased with the increase in space velocity. When
space velocity was lower, the methanol water solution has a larger ∆TTE. This indicated
that a strong endothermic methanol steam reforming reaction has a larger contribution to
the heat removal on thermoelectric module cold side. With the increase in space velocity,
values of ∆TTE for both water and methanol water solution increased and approached
being equal, which indicated that the heat absorbed by methanol steam reforming reaction
system and water vapourization is almost the same. Moreover, methanol conversion may be
completed at that range of WHSV. Then, with the further increase in WHSV, the methanol
flow rate in the reforming channel increased and the amount of methanol involved in
the reaction increased. Therefore, the heat absorbed by steam reforming increased and
the thermoelectric module cold side temperature decreased. Finally, ∆TTE still further
increased for the methanol water solution compared with that of water only.
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4. Conclusions

An innovative heat recuperation device design was carried out using the endother-
mic catalytic reaction to remove the heat from the thermoelectric module cold side. The
characteristic of MSR for hydrogen production coupling thermoelectric generation was
investigated through an experiment. The endothermic methanol steam reforming reaction
is an effective method for heat removal at the thermoelectric module cold side. Methanol
conversion, hydrogen production rate at reforming channel, and the temperature difference
of thermoelectric module increased with the increase in the reforming channel inlet temper-
ature. In the temperature rising process, the reactant in the reforming channel went through
the stages of liquid fuel vapourization, superheating, and reaction. In the vapourization
process, the temperature difference between the thermoelectric module hot and cold sides
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achieved the highest level and then decreased gradually. Along the flowing direction,
there was a time delay of reactant vapourization in the reforming channel at its outlet local
area. The endothermic steam reforming reaction and increase in heating temperature led to
stronger temperature difference fluctuations at the beginning. The maximum open circuit
voltage of thermoelectric module (1) was 2 V. The temperature and temperature difference
of thermoelectric modules gradually decreased along the flow direction. An increase in
space velocity had a greater impact on the temperature difference in the front section of
reformer, while it was non-significant on that in the back of the reformer. Nevertheless,
the influence of temperature was smaller than that of space velocity. Comprehensively
considered with CO content and thermal efficiency, the highest conversion of 64.26% was
achieved at a space velocity of 0.98 h−1 when the temperature was 543 K.
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