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Abstract
This study presents an integrated triple-unit recovery system (ITURS) for converting the
enthalpy  of  industrial  flue-gas  into  hydrogen  and  electrical  power  through
temperature-matched heat utilization. The system consists of preheating, methanol steam
reforming  (MSR),  and  thermoelectric  generation  (TEG)  units  arranged  in  series.  In  the
preheating section, the methanol solution is vaporized before entering the reformer. The
MSR unit, packed with Cu-Zn bimetallic catalysts, receives 7.49% of the inlet enthalpy to
maintain the thermal conditions required for the endothermic reforming reaction, resulting
in methanol conversions above 90% and hydrogen concentrations close to 70 vol%. The
TEG  unit  utilizes  24.47%  of  the  inlet  enthalpy  to  establish  the  temperature  difference
across the thermoelectric modules for power generation. The system produces an average
electrical  output  of  60-63  W,  with  a  peak  output  of  73.82  W.  The  TEG  exhibited  a
heat-to-electricity  conversion  efficiency  of  1.47%  under  practical  operating  conditions.
Overall,  the ITURS recovers 41.93% of the available flue-gas enthalpy. Under the tested
conditions,  the  system  generates  95.17  kcal·min-1  of  hydrogen  energy  based  on  higher
heating value and 0.91 kcal·min-1 of electrical power. These results demonstrate that the
integrated ITURS can effectively co-generate hydrogen and electricity by utilizing industrial
waste heat through units integrated in series across sequential recovery stages.
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INTRODUCTION
Reducing reliance on fossil fuels and developing

renewable energy remain key priorities in order to

achieve global sustainability. In fact, energy input is

necessary for industrial processes
[1]

. While energy

consumption in industrial activities is increasing, a

large portion of it is liberated as waste heat, creating

a serious energy waste problem. Methods for recover-

ing waste heat can be categorized as direct use and

heat conversion. On the one hand, waste heat can be

directly used with devices such as radiation/convec-

tion recuperators, passive air preheaters, boilers,

economizers, and plate heat exchangers
[2]

. In the

industrial sector, using waste heat for preheating pur-

poses has become standard practice. On the other

hand, heat conversion systems help utilize waste

heat by converting it into various forms of energy

that are suitable for a wide range of purposes, such

as mechanical work, power generation, and chemical

reactions.

Heat can be converted into different forms to power

devices such as vapor-compression heat pumps,

absorption heat pumps, and absorption heat

transformers
[3]

. A vapor-compression heat pump

consumes electricity, while an absorption heat pump

and an absorption heat transformer are driven by

heat . Secondly, heat-to-power conversion is

achieved through widely adopted methods such as

the organic Rankine cycle (ORC)
[4]

 and the Kalina

cycle
[5]

. The typical Kalina cycle is more efficient at

higher driving temperatures, while the organic

Rankine cycle is more suitable for lower driving

temperatures
[ 6 ]

.  Addit ional  heat-to-power

techniques involve thermoelectric generators

(TEGs)
[7]

, electrochemical systems
[8]

, thermogalvanic

cells
[9]

, and pyroelectric energy conversion
[10]

, all of

which have yet to be deployed for large-scale indus-

trial production. Last but not least, heat can enhance

the productivity or efficiency of chemical reactions

by providing the heat required.

Regardless of whether waste heat is recovered for

direct use or conversion, flue gas waste heat above

650 °C has been preferred by industries due to its

high energy content. High-temperature waste heat

has been used for power generation with relatively

mature technologies such as steam turbines. Mid-

dle-temperature waste heat, with temperatures rang-

ing from 250 to 650 °C, has a mixed track record of

industrial applicability. In contrast, technologies for

recovering low-temperature waste heat have

remained underdeveloped. The industrial use of

recycled low-temperature waste heat has been limit-

ed to fuel preheating, space heating, and foodstuff

drying
[11]

. Nevertheless, low-temperature waste heat

accounts for a significant share of total waste heat

worldwide. A survey conducted by the U.S. Depart-

ment of Energy on such energy-intensive industries

as glass, cement, iron/steel, aluminum, metal casting,

and ethylene industries shows they consume as

much as 8.86 EJ of energy annually, which accounts

for 9% of the total energy consumption in the Unit-

ed States (~92 EJ). Every year, 1.56 EJ of waste heat

dissipates into the environment, of which approxi-

mately 60% is carried by emissions below 250 °C
[12]

.

Given the substantial availability of low-temperature

waste heat, much of which dissipates at tempera-

tures below 250 °C, there is growing interest in redi-

recting this otherwise wasted energy toward thermo-

chemical processes, particularly for hydrogen

production. Hydrogen can be produced through

four main approaches: (1) thermochemical methods,

such as natural gas reforming and the gasification of

coal and biomass
[13]

, (2) electrochemical methods
[14]

,

(3) photocatalysis
[15]

, and (4) biological methods
[16]

.

Among these, thermochemical methods have the

greatest  potentia l  for  commercial izat ion  or

large-scale production because the energy input

required for these processes is readily available from

industrial waste heat. The MSR process, for instance,

requires a reaction temperature between 200 and

300 °C, which can be met with low-temperature

waste heat. An additional advantage of MSR is its

environmental friendliness, as it produces only a

small amount of CO, in addition to H
2
 and CO

2
, its

primary products. Accompanying the main MSR

reaction [Equation 1] are two side reactions, the

water gas shift reaction (WGSR)
[17]

 [Equation 2] and

methanol decomposition (MD)
[18]

 [Equation 3]. The

key to high hydrogen productivity lies in maxi-

mizing the main reaction while minimizing side reac-

tions.

(1)

(2)

(3)

𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 ⇌ 3𝐻2 + 𝐶𝑂2,  ∆𝐻298
0 = 49.5 kJmol−1 

𝐻2𝑂 + 𝐶𝑂 ⇌ 𝐶𝑂2 + 𝐻3,  ∆𝐻298
0 = −41.0 kJmol−1 

𝐶𝐻3𝑂𝐻 ⇌ 2𝐻2 + 𝐶𝑂,  ∆𝐻298
0 = 90.5 kJmol−1 
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Another effective way of making use of low-tempera-

ture waste heat is generating electricity with a ther-

moelectric generator (TEG), which stands out

among practical waste heat recovery methods as

highly durable and environmentally friendly
[19,20]

.

The TEG operates according to the Seebeck effect,

where an electric current is induced by a tempera-

ture difference between the ends of a pair of parallel

metal bars made of materials with different electric

potentials
[21]

. To maximize TEG power generation,

various combinations of materials, such as Bi-Te,

Si-Ge, Pb-Te, skutterudite, etc., have been employed

and found to be more efficient in some temperature

ranges than others
[22]

. The Bi-Te alloy, for instance,

works the best between 100 and 300 °C
[23]

, generat-

ing the greatest amount of electricity with the high-

est Seebeck coefficient (S), and, hence, thermo-

Given  the  unsat is factory  performance  for

low-temperature waste heat recovery, it is desirable

to improve overall waste heat recovery efficiency.

One way to achieve this goal is to combine multiple

waste-heat recovery units in series to fully exploit

both high- and low-temperature waste heat. Candi-

dates for constituting the series units include fuel

preheating, methanol steam reforming (MSR), and

thermoelectric generation systems. According to the

European Union (EU) statistics, low-temperature

waste heat below 250 °C accounts for 75% of the

total industrial waste heat
[25]

. Therefore, the develop-

ment of low-grade waste-heat recovery is receiving

worldwide attention. Low-temperature waste heat

can be used to transform liquid fuel into a gaseous

form, converting heat energy into chemical energy.

Hydrogen can be extracted from a methanol solu-

tion via MSR, demonstrating a form of heat-to-ther-

mochemical conversion
[26]

. Accordingly, an MSR

unit and a TEG unit are installed to work alongside a

preheating unit, forming an industrial-scale system.

The preheating unit is designed to heat the methanol

solution utilizing high-temperature waste heat.

Medium-temperature waste heat is then used to

drive reactions in the MSR unit, producing hydro-

gen. Lastly, two sets of TEGs are installed along the

exhaust to recover low- to medium-temperature

waste heat from the MSR, utilizing the temperature

gradient between the exhaust interior and the

surrounding environment. This study is motivated

by the need to effectively utilize low- to medium-

grade industrial waste heat through a tempera-

ture-matched integration strategy. By quantifying

heat recovery efficiencies across preheating, MSR,

and thermoelectric generation units, the proposed

system shows how sequential integration of technolo-

gies can maximize overall energy utilization and sup-

port scalable industrial implementation.

EXPERIMENTAL
Waste heat production unit

The schematic of the entire waste heat recovery sys-

tem is illustrated in Figure 1. An automated tempera-

ture control unit, incorporating a combustion con-

troller and a thermocouple reader, was installed to

maintain the system temperature throughout the pro-

cess. The volume and flow rate of gases were also

controlled with automated devices. A boiler fueled

by liquefied petroleum gas (LPG), a hollow steel

cylinder with a diameter of 80 cm and a height of

180 cm, was used to simulate the source of industrial

waste heat (fiery center at 1,350 °C). A burning con-

trol valve was installed at the inlet of the gaseous fuel

at the top of the boiler. After natural gas combus-

tion, the hot flue gas flowed through a side pipe to

the preheating unit at the bottom of the series of

waste heat recovery units. The design of the three

heat recovery units is explained in detail in the fol-

lowing subsections.

Preheating unit

The preheating unit was a hollow cylinder with a

diameter of 50 cm and a height of 30 cm. It was

connected to a boiler on the side and an MSR unit

on top. The waste heat generated by the boiler was

circulated in the coils within the preheating unit

before being sent to the MSR unit. An elastic copper

tube, 2 m long and with an inside diameter of 5 mm,

was used to bring the methanol solution (ambient

temperature) into the preheating unit, where the

high-temperature air surrounding the tube vapor-

ized the liquid, and then sent it up into the MSR

unit. To monitor temperatures, a thermocouple was

installed at the center of the preheating unit, and

another at the center of the duct connecting the unit

to the boiler.

Methanol steam reforming unit

As an endothermic reaction [Equation 1], MSR can

use the waste heat from the boiler to produce hydro-

gen. Accordingly, the MSR unit, consisting of a

number of stainless steel tubes, two thermocouples,

[24]
.electric figure-of-merit (                  )𝑍𝑇 =

𝑆2𝛿

𝑘
𝑇 
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Figure 1. Schematic diagram of the integrated triple-unit system. (Photograph taken by the authors). TEG: thermoelectric generation; MSR:
methanol steam reforming.

a pump (Nikuni pump), and a gas analyzer (MRU

Vario Plus Industrial), was built in the form of a

shell-and-tube heat exchanger [Figure 2] to convert

methanol solution into hydrogen through recovered

heat. A cylindrical shell with a 0.5 m diameter was

designed to contain up to 50 kg of Cu-Zn particles

to catalyze an MSR reaction on an industrial scale. A

methanol solution with a steam-to-carbon (S/C)

ratio of 2.5 was pumped into the reaction space at a

volume of 10~100 mL∙min
-1

 to react with the aid of

the Cu-Zn catalyst. Nineteen (19) stainless steel

tubes were vertically installed in the shell to allow

flue gas from the boiler to pass through the reaction

space, thereby triggering the MSR reaction via heat

transfer. To remove the gaseous products of the

MSR, pressurized N
2
 was directed horizontally

through the reaction space from one side to the

other at a flow rate of 3,000 mL·min
-1

. A flow meter

was installed at the outlet to measure the flow rate of

the outgoing gas. Its composition (H
2
, CO, CO

2
, and

CH
4
) was then analyzed using a gas analyzer

(MGAprime H
2
, MRU Messgeräte für Rauchgase

und Umweltschutz GmbH, Germany). Two K-type

thermocouples were inserted into the catalyst bed,

one at the middle section and one near the bottom

of the reaction zone, to monitor the temperature dis-
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Figure 2. Internal configuration and catalyst packing of the shell-and-tube MSR reactor. MSR: Methanol steam reforming.

tribution. The reactor temperature was controlled at

200 or 250 °C, with the thermocouple at the center

of the catalyst bed serving as the control point. In

the constructed packed bed, axial and radial tempera-

ture gradients are inevitable; the mid-bed location

was therefore selected as a reference to limit varia-

tion in the effective reaction zone and maintain sta-

ble operating conditions.

Thermoelectric generation unit

The third heat recovery unit consisted of thermo-

electric generators (TEGs), which are considered

durable and environmentally friendly devices
[27]

. It is

especial ly  suitable  for  recovering  low-  and

medium-temperature waste heat because the TEG’s

ability to generate electricity is based on the tempera-

ture difference across the generators rather than a

high-temperature environment. The TEG unit

comprised a square array of thermoelectric modules

(TEMs) made of low-resistance metals, so that

electrons in the TEMs could more easily be induced

to flow from an area with relatively high tempera-

ture to an area with relatively low temperature, there-

by generating electric current. Figure 3 depicts the

apparatus employed in the present study, in which

two TEGs (TG1-1018) were attached to the exterior

of a rectangular exhaust (691 mm × 236 mm ×
122 mm) through which hot air (100 and 300 °C)

from the boiler flowed, thereby creating a hot side.

On the inside of the flue gas channel, aluminum

plate fins (567 mm × 3 mm × 122 mm each) were

installed to facilitate heat transfer. The temperature

difference was maintained by circulating cool water

through aluminum tanks (600 mm × 220 mm ×
58 mm each) mounted on the cold side of the TEGs.

Last ly , the power generated by the TEGs was

measured using an automated DC electronic load

system (IT8511A+), which adjusted the load

impedance to maximize power output.

Experimental parameters

To evaluate the integrated ITURS under suitable

operating conditions, two operating cases were

selected according to the thermal stability of the

Cu-Zn catalyst. Cu-Zn catalysts used for MSR gener-

ally exhibit stable activity between 200 and 300 °C,

whereas prolonged exposure to temperatures above

350 °C may deactivate the catalysts and reduce

hydrogen production
[28,29]

. In the reactor, tempera-

ture gradients developed along the catalyst bed dur-

ing operation, particularly near the lower section

exposed to direct flue-gas heating. To avoid local

overheating, the reactor temperature was controlled

using the thermocouple positioned at the center of

the catalyst bed (thermocouple 1), while the lower

thermocouple (thermocouple 2) was used to mon-

itor temperature variation near the bottom region

[Figure 2]. In Case 1, the MSR temperature was

maintained at 200 °C, and in Case 2, it was con-

trolled at 250 °C to explore the effects of tempera-

ture on the efficacy of waste heat recovery. Before

use, the catalyst was activated by hydrogen reduc-

tion at 350 °C for 24 h to promote high methanol

conversion and hydrogen productivity. Temperature

control was achieved by controlling the LPG flow
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Figure 3. Illustration of the thermoelectric generator assembly, cooling tanks, and internal fins. TEMs: Thermoelectric modules.

Figure 4. Hourly LPG consumption rates for Case 1 and Case 2 at
different temperatures. LPG: Liquefied petroleum gas.

rate into the boiler to support combustion, using an

automated control unit. While temperature data

were obtained with thermocouples installed in a host

of different locations across the system, the automat-

ed temperature controller was programmed to act

based on readings from the one installed in the mid-

dle of the shell, which was filled up with 50 kg of

Cu-Zn catalysts [Figure 2]. In addition, cooling

water at a f low rate of 0.2 kg∙s
- 1

 maintained at

5-10 °C was circulated through the TEG unit to

maintain the cold-side temperature of the thermo-

electric generators. After passing through the TEG

unit, the cooling water was further directed to a heat

exchanger connected downstream of the MSR unit.

This secondary cooling stage reduced the tempera-

ture of the gaseous reforming products, allowing

H
2
O vapor to condense and separate from the

remaining gaseous products as liquid water.

RESULTS AND DISCUSSION
LPG consumption rate and system temperatures

Figure 4 shows the hourly LPG consumption in the

two experimental runs used to simulate industrial

waste heat. Conducted with the catalyst bed heated

to 200 °C, the first run (Case 1) consumes 4.4 kg∙h
-1

.

In the second run (Case 2) with the catalyst bed heat-

ed to 250 °C and all other parameters held constant,

the LPG consumption rate increases to 5.0 kg∙h
-1

.

Accordingly, when the catalyst bed temperature is

increased by 50 °C, from 200 to 250 °C, the system

requires additional heat input, leading to an approxi-

mately 13.6% increase in the LPG consumption rate

under stable operating conditions.

Figure 5 shows the temperature profiles in the boil-

er, preheating unit, and MSR unit. Temperature
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Figure 5. Temperature profiles for (A) Case 1 and (B) Case 2 at selected locations of the ITURS. ITURS: Integrated triple-unit recovery
system.

measurements are recorded once every 3 min during

the experimental runs; Figure 5A shows the measure-

ments from Case 1, and Figure 5B shows those from

Case 2. In Case 1, the temperature inside the boiler

ranges from 650 to 700 °C throughout the process,

while the temperature in the preheating unit rises

from  approximately  400  °C  at  the  outset  to

450-500 °C after 20 min of burning. Meanwhile, the

temperature in the MSR unit rises to 200 °C. In con-

trast, the temperature measurements from Case 2

[Figure 5B] show minimal fluctuations in the boiler

and preheating unit, while the temperature in the

MSR unit rises from 200 to 250 °C over 40 min.

After twenty min, the temperatures in both the boil-

er and the preheating unit remain nearly constant.

The small temperature variation observed during

MSR operation indicates that the heat supplied by

the boiler is sufficient to maintain stable conditions,

while the energy required to vaporize the methanol

solution is relatively less.

Methanol steam reforming unit

Figure 6A shows the morphological features of the

Cu-Zn bimetal catalyst used in this study, which is

used for the MSR reaction. The catalyst consisted of

cylindrical particles with dimensions of 5.0 mm in

height and 5.12 mm in diameter. The catalyst bed

has a porosity of 0.614. Figure 6B shows the scann-

ing electron microscope (SEM) image of the catalyst,

which exhibits a rugged, porous surface. The ele-

mental composition of the catalyst examined via

energy-dispersive X-ray spectroscopy (EDS) is

shown in Figure 6C, and the results reveal that it is

largely composed of CuO and ZnO, with oxygen

accounting for over 60% of the mass, while Cu and

Zn account for approximately 35% and 1.0%, respec-

tively. In the MSR reaction, Cu and its oxides (Cu
2
O

and CuO) serve as the primary active sites for

methanol adsorption and dehydrogenation, leading

to the formation of key intermediates, such as for-

mate. ZnO functions as a structural and electronic

promoter, stabilizing highly dispersed Cu species

and tuning Cu surface properties. In addition, ZnO

facilitates water activation and suppresses CO forma-

tion,  thereby  promoting  the  preferred  CO
2

pathway
[30,31]

. A comparison between the fresh and

used catalyst compositions shows no significant

change in the amounts of carbon and copper, indicat-

ing that coking is minimal after MSRs.

Figure 7 shows the concentration time profiles of

CO
2
, CO, CH

4
, and H

2
, the main gas species from

MSR, under the operating conditions of Cases 1

(200 °C, blue curve) and 2 (250 °C, red curve). The

temperatures are set at the usual operating tempera-

ture of the Cu-Zn catalyst for MSR
[32,33]

. After the

MSR reaction reaches a steady-state, the CO
2
 concen-

tration [Figure 7A] ranges from 20.06% to 22.26% at

200 °C (Case 1) and from 20.74 to 25.21% at 250 °C

(Case 2). The CO concentration [Figure 7B] is in the

range of 0.03%-1.18% in Case 1 and 0.20%-1.14% in

Case 2. As reported in previous studies
[31,34]

, Cu-Zn

catalysts typically produce small amounts of CO due

to their intrinsic catalytic properties, resulting in low

CO concentrations. These results suggest that condi-

tions in the MSR unit favor the MSR or WGSR [Equ-

ations 1 and 2] over the competing reaction [Equa-

tion 3], producing a high CO
2
-to-CO ratio.
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Figure 6. (A) Photograph of the pelletized Cu-Zn catalyst, (B) catalyst surface morphology observed by SEM at 2,000× magnification, and
(C) corresponding elemental weight percentages obtained from EDS analysis. (Photograph taken by the authors). SEM: Scanning electron
microscope; EDS: energy-dispersive X-ray spectroscopy.

Figure 7. Concentration time profiles of the various MSR gaseous products: (A) CO2, (B) CO, (C) CH4, (D) H2 at reforming temperatures of
200 and 250 °C. MSR: Methanol steam reforming.

Compared to the CO concentration, the CH
4
 concen-

tration [Figure 7C] showed minimal fluctuations

between the two cases, ranging from 1.34% to 1.67%

at 200 °C and from 1.19 to 1.38% at 250 °C. Lastly,

the H
2
 concentration remains comparable in both

cases, ranging from 61.19 to 69.13% at 200 °C and

from 62.51 to 71.73% at 250 °C [Figure 7D]. Based

on the measured gas concentrations, the H
2
 yield

and CH
3
OH conversion can be calculated, as

expressed below:

where n represents the gas molar flow rate, and the

subscript out designates the outlet. While the theoret-

ical maximum level of H
2
 yield is 3 [mol∙(mol

(4)

(5)

𝐻2 𝑦𝑖𝑒𝑙𝑑 (𝑚𝑜𝑙 𝑚𝑜𝑙 𝐶𝐻3𝑂𝐻Τ ) =
𝑛ሶ 𝐻2

𝑛ሶ 𝐶𝐻3𝑂𝐻
 

𝐶𝐻3𝑂𝐻 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = ቆ
𝑛ሶ 𝐶𝑂2,𝑜𝑢𝑡 + 𝑛ሶ 𝐶𝑂,𝑜𝑢𝑡 + 𝑛ሶ 𝐶𝐻4,𝑜𝑢𝑡

𝑛ሶ 𝐶𝐻3𝑂𝐻,𝑖𝑛
ቇ × 100 

ሶ
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Figure 8. Conversion time profiles of (A) hydrogen yield and (B) methanol at 200 °C (Case 1) and 250 °C (Case 2).

Figure 9. Temperature time profiles for Case 1: (A) flue gas at the inlet and outlet of the waste heat exhaust, and (B) cooling water at the
inlet and outlet.

CH
3
OH)

-1
] [Equation 1], obtained H

2
 yield ranges

from 2.19 to 2.77 [mol∙(mol CH
3
OH)

-1
] at 200 °C

and from 2.25 to 2.76 [mol∙(mol CH
3
OH)

- 1
] at

250 °C with a uniformly high CH
3
OH conversion of

over 80% [Figure 8A and B] across both cases

(81.02%-97.49% at 200 °C and 80.36%-99.65% at

250 °C). These parameters for hydrogen productivity

and reaction efficiency do not vary significantly

between the two cases, indicating that the Cu-Zn cat-

alyst utilized in the experiments has sufficient activ-

ity to promote effective steam reforming at a temper-

ature as “low” as 200 °C. The experimental outcomes

further demonstrate that the Cu-Zn catalyst delivers

consistently high hydrogen production, with H
2
 con-

centrations exceeding 60% under both operating con-

ditions. Meanwhile, the H
2
 yield approaching the the-

oretical limit confirms the catalyst’s strong hydro-

gen-generation capability in the MSR operating con-

ditions of this study.
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Figure 10. Temperature time profiles for Case 2: (A) flue gas at the inlet and outlet of the waste heat exhaust, and (B) cooling water at the
inlet and outlet.

Figure 11. Time profiles of average temperature gradient (ΔT) and aggregate electrical power output for (A) Case 1 and (B) Case 2.

TEG unit

As discussed in Section 2.4, two TEGs are attached

outside the waste heat exhaust, creating a significant

temperature dif ference to induce the f low of

electrons from the “flue gas” side (i.e., hot side) to

the “cooling water” side (i.e., cold side). On the “flue

gas” side, the temperature at the inlet of the boiler-

-generated heat in Case 1 is around 300 °C, which

then drops significantly to approximately 120 °C at

the outlet, resulting in a significant temperature

difference of over 180 °C [Figure 9A]. At the “cool-

ing water” side, the inlet temperature for Case 1

remains steady at approximately 8-9 °C, while the

outlet temperature reaches 16-17 °C, resulting to a

temperature difference of about 8 °C [Figure 9B].

Temperature measurements in Case 2 demonstrate

an identical pattern to those in Case 1 [Figure 10A

and B]. For Case 2, the inlet temperature starts at 5

°C and rises to 8 °C after 60 min; meanwhile, the out-

let temperature increases from 12 °C to approxi-

mately 18 °C, posing a temperature rise of about

7-10 °C throughout the process [Figure 10B]. While

the flue gas at the inlet of the TEG unit remains as

hot as 300 °C [Figure 9], the TEGs continue to work

with high-efficiency due to the significant tempera-

ture difference (a high ΔT) created between the “flue

gas” side and the “cooling water” side of the TEGs

with continued supply of cold water flowing through

the cooling tanks.

Figure 11 illustrates the time profiles of ΔT across

the TEGs and their power outputs. Case 1, with an

MSR operating temperature of 200 °C, generates

60.09 W (with a peak of 67.11 W) based on a ΔT of

291.38 °C. In Case 2, with an operating temperature



Chih et al. Adv. Energy Convers. 2026, 1, 4 Page 11 of 15

Figure 12. Enthalpy balance and distribution within the integrated triple-unit system. TEG: thermoelectric generation; MSR: methanol
steam reforming.

of 250 °C, the ΔT is 319.19 °C, while the TEGs gener-

ate 63.37 W (with a maximum output of 73.82 W).

These results show that the integrated system

produces over 60 W across various operating condi-

tions while effectively converting waste heat into

electrical power via thermoelectric generation.

Energy conservation

The heat transfer across the preheating, MSR, and

TEG units presented in Figure 12 is based strictly on

the operating conditions of Case 1. This includes the

initial enthalpy input derived from the specified

LPG fuel and air flow rates for that particular run.

First, heat is generated by burning LPG, which con-

sists of 60 vol% propane and 40 vol% butane, with an

HHV of approximately 2.38 × 10
4
 kcal·kg

-1
. LPG is

injected into the boiler at a mass flow rate of approxi-

mately 0.074 kg·min
-1

. Air, containing 21% oxygen

by volume, is supplied at a flow rate of 1.65 kg·min
-1
.

In theory [Equation 7], under the condition of

complete combustion, the total enthalpy released

from the LPG is approximately 1,753.27 kcal·min
-1

.

While the system is cooled with 20 kg·min
-1
 of cool-

ing water, around 1,500.00 kcal·min
-1

 of enthalpy

(H) is taken away. This is calculated from H =

mC
p
ΔT, where m = 20 kg·min

-1
, C

p
 = 1 kcal·kg

-1
·°C

-1
,

and ΔT is 75 °C (= 100-25 °C).

ሶ ሶ

(7)

(8)

𝐶𝑛𝐻𝑚 + ቀ𝑛 +
𝑚

4
ቁ 𝑂2

 
՜  𝑛𝐶𝑂2 + ቀ

𝑚

2
ቁ 𝐻2𝑂 

𝐶3𝐻8 + 5𝑂2

 
՜  3𝐶𝑂2 +  4𝐻2𝑂 
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In this energy balance analysis, the total heat generat-

ed by LPG combustion is 1,753.27 kcal·min
-1

. After

accounting for the heat absorbed by the boiler cool-

ing water (1,500.00 kcal·min
- 1

), the remaining

enthalpy is carried by the high-temperature flue gas

into the ITURS. This flue gas serves as the primary

energy source for the recovery units, with a total

inlet enthalpy (Q0) estimated at 253.27 kcal·min
-1
 [Q

= (1,753.27-1,500.00) kcal·min
-1
].

Preheating unit

As the first waste-heat recovery unit in the system,

the preheating unit heats the methanol solution

from 25 to 100 °C. This vaporizes the methanol and

water, facilitating the subsequent MSR process. In

the experiments, a methanol solution (CH
3
OH:H

2
O

= 47.4:52.6 vol%) was pumped through a long cop-

per tube (2 m) arranged in a helical coil configura-

tion inside a hollow cylinder filled with hot flue gas

at a flow rate of 40 mLmin
-1

. The enthalpy absorbed

by the vaporized CH
3
OH and H

2
O in this process

can be estimated from the energy required to vapor-

ize them. Latent heat of 3.95 kcal·min
-1
 is required to

vaporize CH
3
OH at 64.5 °C, while 11.35 kcal·min

-1
 is

required to vaporize H
2
O at 100 °C. According to

the enthalpy formula, the enthalpy absorbed by this

process of vaporization is about 17.80 kcal·min
-1

(Q
1
). To facilitate the flowing of the CH

3
OH/H

2
O

vapors, N
2
, which has a C

p
 of 0.245 kcal·kg

-1
·°C

-1
, is

pumped into the unit at a volume flow rate of

3,000 mL·min
-1

, suggesting an enthalpy loss to N
2
 of

approximately 0.06 kcal·min
-1

 (Q
2
). With an inlet

temperature of 474 °C and an outlet temperature of

390 °C, it is estimated that a total enthalpy loss of

25.24 kcal·min
-1
 (S

1
) occurs between entry and exit of

the preheating unit. Thus, the unit is accountable for

an enthalpy loss of 7.38 kcal·min
-1
 (Q

3
 = S

1
 – Q

1
 – Q

2
).

MSR unit

While waste heat from the hot flue gas activates the

MSR unit, its temperature drops from approximately

390 to 327 °C on average, suggesting an enthalpy

transfer from the flue gas into the unit of approxi-

mately 18.98 kcal·min
-1
 (S

2
). The MSR produces gas-

es at a rate of 39.95 Lmin
-1

, with H
2
 accounting for

69.89 vol% and CO for 0.22 vol% of the total gaseous

products. Based on this, the H
2
 yield is estimated at

2 .81  g ·min
- 1

.  S ince  H
2

 has  an  HHV  of

33,842.4 kcal·kg
-1

, it is estimated that H
2
 is produced

at a rate of approximately 95.17 kcal·min
-1
 (G

1
).

According to the reaction formula of Equation 1,

one mole of methanol produces 3 moles of hydrogen

with an energy consumption of 11.88 kcal·mol
-1

.

Based on this, an enthalpy consumption of 5.52 kcal·-

min
-1
 (Q

5
) can be attributed to the MSR process. To

help remove H
2
O from the gaseous products, cool-

ing water is circulated through a heat exchanger

installed outside the MSR unit at a mass flow rate of

12 kg·min
-1
. Given a temperature increase from 15 to

16 °C, i t i s est imated that 12.00 kcal ·min
- 1

 of

enthalpy is taken away by the cooling water (Q
4
).

Taken together, enthalpy is estimated to be lost to

the MSR unit at a rate of 1.46 kcal·min
-1
 (Q

6
 = S

2
 – Q

4

– Q
5
).

TEG unit

Based on a 207 °C temperature difference between

the hot flue gas inlet (327 °C) and outlet (120 °C) of

the TEG unit, the enthalpy transfer from the flue gas

to this final waste heat recovery unit is estimated at

approximately 61.98 kcal·min
-1

 (S
3
). While some of

this transferred energy contributes to power genera-

tion in the TEGs, the rest is removed from the sys-

tem through convection. The efficiency of a TEG in

generating electricity is estimated according to the

following formula
[35]

:

According to Minnich et al.
[36]

, Bi-Sb-Te-based ther-

moelectric modules exhibit a figure of merit (ZT) of

approximately 0.69 under a temperature difference

of 180 °C. With the average temperatures on the hot

and cold sides of the unit being 230 and 50 °C,

respectively, the TEG achieved a heat-to-electricity

conversion efficiency of 1.47% under the operating

conditions investigated in this study. Given a total

power output of 0.91 kcal·min
-1

 (G
2
), enthalpy is

found to be absorbed by the two TEGs at a rate of

16.46 kcal·min
-1

 (Q
7
). In light of conservation of

energy, enthalpy is estimated to be lost to the unit at

a rate of approximately 45.52 kcal·min
-1
 (Q

8
), which

is derived from the subtraction of Q
7
 from S

3
.

In this study’s ITURS configuration, the measured

(9)𝐶4𝐻10 + 6.5𝑂2

 
՜  4𝐶𝑂2 +  5𝐻2𝑂 

(10)

ξ1 + 𝑍𝑇 − 1

ξ1 + 𝑍𝑇 +
𝑇𝑐

𝑇ℎ

× 100 
ξ1 + 𝑍𝑇 − 1

ξ1 + 𝑍𝑇 +
𝑇𝑐

𝑇ℎ

× 100 𝜂 (%) =
𝑇ℎ − 𝑇𝑐

𝑇ℎ
𝜂 (%) =

𝑇ℎ − 𝑇𝑐

𝑇ℎ
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electrical output is 0.91 kcal·min
-1

, equivalent to

approximately 63.37 W, corresponding to a practical

heat-to-electricity conversion efficiency of 1.47% [=

G
2
/(Q

7
 + Q

8
) × 100]. The lower experimental

efficiency, compared with the theoretical estimation,

is attributed to unavoidable heat loss to the surround-

ings, thermal resistance at material interfaces, and

electrical resistance within the TEG assembly under

industrial operating conditions.

Waste heat recovery and renewable energy

The flue gas entering the ITURS carries an enthalpy

of 253.27 kcal·min
-1

 (Q0). Of this, 106.20 kcal·min
-1

(S
1
 + S

2
 + S

3
) is transferred through the preheating,

MSR, and TEG sections, corresponding to 41.93% of

the available waste heat. The remaining 147.07 kcal·-

min
-1
 (Q

9
) leaves the system with the exhaust stream

after passing through the recovery units. Within the

recovery sequence, 9.96% (= S
1
 / Q0 × 100) of the

inlet enthalpy is transferred to the preheating sec-

tion, while 7.49% (= S
2
 / Q0 × 100) is supplied to

sustain the endothermic MSR reaction. Another

24.47% is transferred to the TEG unit, supporting

the temperature gradient required for power genera-

tion (= S
3
 / Q0 × 100). The arrangement of these units

allows heat to be used progressively from higher to

lower temperature regions rather than being dis-

charged directly into the environment. Overall, the

ITURS accounts for a total enthalpy utilization of

approximately 41.93% from the flue gas across the

recovery stages [= (Q0 – Q
9
) / Q0 × 100].

Under these operating conditions, the system

produces a combined energy output of 96.08 kcal·-

min
-1
, including hydrogen with a higher heating val-

ue of 95.17 kcal·min
-1
 and electrical power equivalent

to 0.91 kcal·min
-1

. It should be emphasized that the

hydrogen energy mainly originates from the chem-

ical energy stored in methanol, whereas the recov-

ered flue-gas heat functions as the external energy

source required to sustain methanol steam reform-

ing  and  maintain  continuous  hydrogen

production
[37,38]

.

CONCLUSIONS
The proposed cascading ITURS configuration

demonstrates the feasibility of utilizing industrial

boiler waste heat for simultaneous hydrogen produc-

tion and thermoelectric power generation. An

energy balance analysis indicates that the flue-gas

enthalpy is sequentially distributed across the

preheating, methanol steam reforming, and thermo-

electric generation units, in accordance with the

temperature levels of each process. Approximately

18.98 kcal·min
-1

 of recovered heat is supplied to

sustain the endothermic MSR reaction and maintain

catalyst activity, while 61.98 kcal·min
-1

 is used to

establish the temperature gradient required for ther-

moelectric power generation. The largest energy out-

put from the system is associated with hydrogen

production, reaching 95.17 kcal·min
-1

 based on the

higher heating value of hydrogen. This energy

primarily originates from the chemical energy stored

in methanol and is partially from the recovered

waste heat in the f lue gas. In comparison, the

electr ical  output  from  the  TEG  unit  is

0.91 kcal·min
-1
, corresponding to a practical heat-to-

-electricity conversion efficiency of 1.47% under the

present operating conditions. Despite the successful

operation of the integrated system, approximately

147.07 kcal·min
-1
 of residual enthalpy remains in the

exhaust stream after the recovery process. This

unused heat indicates that additional optimization

and downstream recovery strategies remain feasible,

particularly for low-grade industrial waste heat that

is often discharged unused.
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