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H I G H L I G H T S

• Integrated system of MCH dehydrogenation and H2 power generation is proposed.

• Enhanced process integration is adopted to realize high energy efficiency.

• The proposed system can realize very high energy efficiency of 58.9%.

• Compared to Graz cycle based system, the proposed system shows excellent efficiency.
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A B S T R A C T

Hydrogen (H2) has been well studied for its potential use in energy storage, which is particularly related with the
intermittent characteristic of renewable energy sources. However, the gas form of H2 at standard pressure and
temperature (STP) poses a challenging problem in terms of storage, transportation, and low volumetric energy
density. An effective and reversible method for H2 storage is chemically bonded H2 used in the toluene (C7H8)/
methylcyclohexane (MCH, C7H14) cycle. This study investigates a power generation system from H2 storage in
MCH, involving the dehydrogenation process and the combined cycle as a power generation process. An ade-
quate analysis of the heat circulation was performed through an enhanced process integration (EPI) to ensure the
high energy-efficiency of the proposed system. A highly endothermic reaction of dehydrogenation was supplied
by utilizing the energy/heat from air-fuel combustion to ensure the effective heat recovery of the system. The
proposed system was analyzed through an adjustment of the main operating parameters, namely, the GT inlet
pressure, GT inlet temperature, and the condenser pressure, to observe their effects on the efficiency of the
system. It was found that these parameters have a significant influence on the system performance and provide
the possibility of further improvement. Under optimum conditions, the proposed system can realize a very high
system efficiency of 54.6%. Moreover, the proposed system is also compared to a Graz cycle-based system, which
has been reported to achieve an excellent power generation cycle from H2. This result implies that the proposed
integrated system leads to a significantly higher power-generating efficiency. Numerically, the proposed system
demonstrated a system efficiency of 53.7% under similar conditions as the Graz cycle based system, which
achieved a system efficiency of 22.7%.

1. Introduction

Power generation from renewable energy sources has been studied
for decades, and has been implemented at a large scale in many
countries during recent years [1]. In addition, renewable energy is the
fastest growing source of electricity generation, and it has been

predicted that its share will increase to 39% by 2050 [2]. However, the
power generation from renewable energy sources, particularly wind
and solar, faces several challenges to a power grid operation, including
an intermittent output and a mismatch between the power output and
demand, resulting in grid instability and wasted energy during a period
of oversupply [3].

https://doi.org/10.1016/j.apenergy.2018.05.110
Received 4 January 2018; Received in revised form 14 May 2018; Accepted 24 May 2018

⁎ Corresponding authors.
E-mail addresses: juangsa.f.aa@m.titech.ac.jp (F.B. Juangsa), aziz.m.aa@m.titech.ac.jp (M. Aziz).

Applied Energy 226 (2018) 31–38

0306-2619/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2018.05.110
https://doi.org/10.1016/j.apenergy.2018.05.110
mailto:juangsa.f.aa@m.titech.ac.jp
mailto:aziz.m.aa@m.titech.ac.jp
https://doi.org/10.1016/j.apenergy.2018.05.110
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2018.05.110&domain=pdf


Electrical energy storage can be installed in the system to balance
the energy between demand and supply, as well as store the surplus
energy. Electrical energy storage in the form of chemical energy has
been widely applied, such as through batteries, methane (CH4), and
hydrogen (H2) [4]. Among such chemical storage types, H2 has the best
ratio of valence electrons to protons, and therefore, the energy gain per
electron is quite high [5]. Energy storage achieved by converting excess
electricity into H2 through the water electrolysis (power-to-gas) process
has been widely studied using well-established pilot plans [6,7]. In
addition, the trends of decarbonization of fossil fuels and conversion of
biomasses into H2 have increased significantly owing to a high en-
vironmental concern and convenience [8,9]. The chemical energy per
mass of H2 (142MJ kg−1) is at least three-times higher than that of
gasoline (44MJ kg−1) [5,10]. Because H2 is one of the most abundant
elements on Earth, H2 has a high potential as an energy storage or
energy carrier, and it is believed that the role of H2 will increase in the
future.

However, H2, which is in gas form at standard pressure and tem-
perature (STP), has been a challenging problem in terms of storage and
transportation owing to its low volumetric energy density, which is only
about 3Wh L−1 [11]. Therefore, an effective storage method of H2 will
play a key role in H2 technology development. There are many types of
H2 storage systems used with the general purpose of increasing the
volumetric energy density of H2. The compression of H2 is one of the
basic technologies applied to increase the molecule density, resulting in
an increase in the volumetric energy density [12]. High-pressure tanks
are required with a rated pressure of 200–450 bar. However, high-
pressure containers have several significant disadvantages in terms of
an additional pressure control required during depressurization and the
safety risk of H2 pressurization. Another method for H2 storage is li-
quefaction, which is condensing the gas into a liquid, or even a solid,
because both phases have significantly higher density than the gaseous
phase [5,13,14]. However, a very low condensation temperature
(−252 °C at 1 bar) is required, and cryogenic technology consumes a
large amount of energy, and there are still many challenging problems
with regard to liquefaction, including super-insulated low-temperature
storage methods [5,13].

Many studies related to the effective chemical storage of H2 have
recently been conducted [15,16], including the use of organic materials
and ammonia. Unfortunately, ammonia is poisonous and has a pungent
odor [17]. The utilization of ammonia via combustion, such as gas
turbine, has several problems including lower reactivity of ammonia
and release of NOx. Regarding the latter, the formation of NOx increases
significantly when the combustion temperature reaches about 1500 °C
following Zeldovich mechanism (thermal NOx). Therefore, as NOx is a
pollutant (GHG), direct utilization of ammonia via combustion is not
environmental friendly. Although there are several technologies which
can reduce the NOx formation, however, they are still under develop-
ment. In addition, in ammonia-based H2 chemical storage system, N2 is
released during the dehydrogenation process, creating one-way trans-
port from the site of H2 production to the site of H2 utilization. On the
other hand, toluene in liquid phase as the result of dehydrogenation of
MCH, will be returned to the hydrogenation plant and reused, allowing
sustainable cycle of H2 storage system.

Chemical H2 storage can be applied by binding H2 to produce H2-
rich molecules in a catalytic hydrogenation reaction [15]. To create a
sustainable H2 storage system, at least two processes, namely, H2-rich
molecule formation (hydrogenation) and H2 release (dehydrogenation),
are required. Numerous molecules can be utilized in chemical storage,
which can be distinguished into two main categories: (1) natural H2-
lean molecules that can be extracted from an exhaust gas mixture such
as CO2 or N2, and (2) a H2-lean organic liquid, which allows a fully
reversible cycle of hydrogenation/dehydrogenation. The latter is com-
monly referred to as liquid organic H2 storage (LOHC) [16,15].

LOHC technology has been widely studied, with an option of dif-
ferent organic material pairs such as methylcyclohexane (MCH, C7H14)-

toluene(C7H8), cyclohexane-benzene, decalin-naphthalene, and di-
benzyl-toluene. Among the first three pairs, MCH-toluene is preferable
for easier storage and transportation owing to its wide temperature
range under a liquid state [18,19]. Among the available LOHCs, MCH-
toluene and dibenzyl-toluene have a relatively high H2 content of 6.2%
[20]. A dibenzyl-toluene pair has been recently reported with a focus on
the dynamism of the system in supplying electricity [21]. However, this
work remains at the laboratory scale, without a sufficient analysis at
larger scales, and is designed for fuel cell application. In contrast, the
MCH-toluene cycle has been evaluated at the pilot scale by a Japanese
company, and has been demonstrated to be effective [18]. Gaseous H2

is chemically bonded to toluene through hydrogenation forming liquid
MCH [22]. Transportation and storage are the main features of MCH
with a high boiling point, which make it a potentially safe medium for
an H2 carrier. This is also very promising because up to 6–8wt% of H2,
or 60–62 kgm−3 (volume based under ambient conditions), can be
stored [15,23]. Toluene as a raw material has been widely produced
and utilized industrially, and provides a low-cost material for large-
scale processes [23]. In addition, both toluene and MCH are in a liquid
phase over a wide range of temperatures, which is favorable for long-
term storage. At the industrial scale, in 2013, the Chiyoda Corporation
began successfully operating a large-scale H2 storage and delivery
system by utilizing toluene-MCH as an H2 carrier using a K-promoted
Pt/Al2O3 catalyst [18]. Therefore, the toluene-MCH cycle is theoreti-
cally promising as an H2 carrier, and is practically applicable at an
industrial scale.

To gain energy from H2 bonded in MCH, H2 must be separated from
toluene through a dehydrogenation process. The extracted H2 can be
converted into electrical energy through thermal energy (a combined
cycle) or chemical energy (a fuel cell). Numerous studies have been
carried out to develop an efficient dehydrogenation process and elec-
tricity generation from MCH. Scherer et al. developed a seasonal elec-
tricity generation from MCH by employing solid oxide fuel cells
(SOFCs) [24]. However, despite exhibiting high energy efficiency,
SOFCs have very fragile characteristics owing to the reformation-based
H2 used for the fuel [25]. Most studies on fuel cells have a common
challenge in terms of the inability to provide a large power output
[25,26]. It has been reported that, for power units with a capacity
greater than 10MW, steam-turbine-based units are preferable over fuel
cell power units [27]. An H2-fueled combustion turbine cycle (HFCTC)
is expected to be a new energy source for the power sector, and certain
countries, including Japan, have started its development [28]. To
confirm its operability, a number of turbine manufacturers have re-
ported studies on HFCTC, both numerically and experimentally, in-
cluding H2-fueled burners [28,29]. Milewski et al. investigated the
utilization of H2 as a fuel based on a combined cycle concept with
various plant utility configurations, and successfully achieved 60%
energy efficiency [28]. Among these cycles, the Graz cycle has been
developed further with an improved net efficiency of greater than 65%
[26]. However, most of the combined cycles, including the Graz cycle,
employ pure O2, resulting in additional utilities and energy required for
O2 separation from the air, leading to high-cost plants and a drop in
efficiency of nearly 61% [26]. Moreover, the above studies have dis-
regarded the hydrogenation process, and assumed that the H2 feed is in
a pure phase, which is very difficult to achieve in a real operation.
Regarding the large-scale production of MCH, Aziz et al. developed
novel integrated concepts of large-scale MCH production from both
low-rank coal [11] and brown coal [30] by applying chemical looping
and hydrogenation using toluene. These concepts have achieved high
values of H2 production while maintaining a clean technology for the
environment. However, no evaluation regarding the dehydrogenation
and utilization of H2 from MCH has been conducted.

To the best of the authors’ knowledge, few investigations have ad-
dressed the concept of energy-efficient electricity production from H2

through MCH as a storage method. In this paper, we therefore propose
the concept of an electricity generation plant, which is an integrated
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system consisting of dehydrogenation and combined cycle systems. The
dehydrogenation of MCH is integrated with a combined hydro-fuel
cycle, which employs ambient air for combustion. Therefore, the pro-
posed system is more realistic as it is based on a comprehensive energy
balance analysis of the cycle. An adequate analysis of the heat circu-
lation has been conducted through enhanced process integration (EPI)
to ensure the high energy-efficiency of the proposed system.

2. Process modeling

2.1. Conceptual model

The proposed integrated-system was designed and optimized based
on the principles of EPI in order to significantly reduce the exergy loss
throughout the integrated system. EPI focuses mainly on the heat cir-
culation optimization throughout the systems by promoting an effective
exergy recovery and process integration, leading to minimum exergy
loss [31]. Exergy recovery is initially performed in each single process
in order to achieve the optimum heat recovery through an exergy rate
elevation and heat coupling [32]. In addition, the unrecoverable heat
from any process is utilized further in other processes. Therefore, the
unrecoverable heat can be minimized, resulting in minimum energy
waste into the environment, and a high energy-efficiency of the system.
Such technology has been applied to several processes, including drying
[33], H2 production from algae [34], and biomass gasification [35].

Fig. 1 shows a conceptual diagram of the proposed integrated
system. The system consists of three combined modules: MCH dehy-
drogenation, H2 combustion, and a combined cycle power generation.
The solid, dotted, and dashed lines represent the material, heat, and
electricity flows, respectively.

One of the main processes of the systems is the highly endothermic
dehydrogenation reaction of MCH, which contains a 6.2 wt% capacity
of H2. MCH is supplied and transported from the hydrogenation plant
using a large-sized vessel or pipeline. A packed bed reactor is employed
in this module, and equipped with a catalyst to improve the reaction.
Thermal energy for a dehydrogenation reaction is supplied mainly from
recovered heat through pre-heating and combustion module exhaust
before its remaining heat is converted into electrical energy through a
combined cycle module.

As the main product of the dehydrogenation module, H2 is further
fed to the combustion module, whereas the separated toluene is re-
turned to the hydrogenation plant for another cycle to be utilized as a
carrier substance. In the combustion module, H2 as a fuel is reacted
with O2 from the air, converting the chemical energy of H2 into thermal
energy. To obtain a reasonable combustion temperature, particularly
the designated gas turbine inlet temperature, gas and steam discharged
from the combined cycle are supplied back to the combustion chamber,
cooling the burners and liners, and also controlling the fuel gas tem-
perature. Exhaust gas, consisting of high-pressure and high-temperature

steam and gas, leaves the combustion chamber under a pre-determined
temperature condition.

The last module, the combined cycle module, converts the thermal
energy of the exhaust gas into electricity by utilizing the combination of
gas and steam turbines. The hot exhaust gas from combustion is utilized
initially as a heat source for the packed bed reactor to conduct dehy-
drogenation through a heat exchanger immersed inside the reactor, and
sequentially flows to the combined cycle module for expansion.

2.2. Detailed system

In this section, a detailed design of the system is explained based on
the process flow diagram shown in Fig. 2. The proposed system was
evaluated through a theoretical calculation and software modeling
using Aspen HYSYS ver. 8.8 (Aspen Technology, Inc.). To establish the
model of the system, the following additional assumptions were em-
ployed during the calculations:

(i) The rated flow rate of MCH is 100 t h−1.
(ii) Heat exchangers, including HRSG, are a counter-flow type.
(iii) The ambient pressure and temperature are 101.33 kPa and 25 °C,

respectively.
(iv) The kinetic and potential energy losses are negligible.
(v) Air consists of 79mol%N2 and 21mol% O2.
(vi) The adiabatic efficiency of the pump and compressor is 90%.
(vii) The pressure drop in the heat exchanger is 2%.
(viii) The minimum approach temperature in the heat exchanger is

10 °C.
(ix) There are no external heat losses.

2.2.1. MCH dehydrogenation
The dehydrogenation module employs a packed bed reactor, and a

catalyst is used inside the reactor to improve the following reaction. In
addition, the pressure drop across the reactor is approximated using the
following Eq. (2) [36]:

→ + =
−HC H C H 3H Δ 204.6 kJ mol7 14 7 8 2

1 (1)

=
−

× + +
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2
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Among the various hydrogenation catalysts, a Pt catalyst has been
studied by a number of researchers [22,37,38]. A theoretical review on
the reaction kinetics and experimental results have shown that Pt/
Al2O3 is considered the best catalysts for MCH dehydrogenation in
terms of activity, selectivity, and stability [22,38]. Dehydrogenation is
an endothermic reaction, and therefore the required thermal energy is
initially supplied through a self-heat exchange between the cold stream
(process stream, F3) and hot stream (combustion flue gas, F9). Toluene,
as an H2 carrier, is returned to a hydrogenation plant (F17) for another
cycle as an H2 storage system.

Fig. 1. Conceptual diagram of proposed integrated system.
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2.2.2. Combustion
H2 produced from the dehydrogenation module is fed into the

combustion chamber to be reacted with O2 included in the air, con-
verting the chemical energy of H2 into thermal energy. Furthermore,
thermal energy produced from a combustion reaction is utilized for
producing the electricity in the combined cycle module, and the re-
maining heat is utilized to provide the thermal energy required for an
endothermic reaction of dehydrogenation. Owing to the carbon-free
combustion process of H2, carbon dioxide (CO2), which well known to
be the main contributor of greenhouse gasses, is not emitted, as shown
in reaction (3). In this study, after dehydrogenation, the gas and liquid
phase substance is separated into separators (CD1, CD2) and cooled
through water cooling (F30). Owing to the extremely different boiling
temperature, H2 is discharged in a gas phase, whereas toluene is dis-
charged in a liquid phase. However, small portions of toluene in the gas
phase remain and are mixed with H2, flowing into the combustion
chamber. Therefore, a very small amount of CO2 production may occur,
as shown in reaction (4).

+ → = −
−H LHVH 1

2
O H O Δ 241.8 kJ mol ( )2 2 2

1
(3)

+ → + = −
−HC H 9O 7CO 4H O Δ 3920 kJ mol7 8 2 2 2

1 (4)

2.2.3. Combined cycle for electricity generation
The combined cycle consists of three main components: a gas tur-

bine (GT), steam turbine (ST), and heat recovery steam generator
(HRSG). EPI is applied throughout the system, including the heat cir-
culation during the dehydrogenation, and the combined cycle to en-
hance the optimum heat circulation of the system and achieve a high
energy-efficiency. Table 1 summarizes the conditions and assumptions
for each module of the dehydrogenation and combined cycle.

In this study, the combined cycle is employed with a modification of
the Graz cycle, whereas the exhaust gas from HRSG (F14) is partially
returned to the combustion chamber for cooling, as well as to improve
the energy density owing to the high heat capacity of water. Originally,
the Graz cycle utilizes high-pressure steam from a high-pressure steam
turbine to be fed into the combustion chamber for cooling [26,40].
However, in this study, the gas exhausted from the HRSG outlet is used
instead of high-pressure steam, leaving the steam expansion process in
the ST for optimum electrical generation. The HRSG outlet gas also has
a lower temperature, providing an effective cooling process in the
combustion chamber.

3. Results and discussion

The performance of the proposed integrated system was evaluated
through the optimization of several key operating parameters with re-
gard to a detailed system performance, and the energy efficiency of the
system was compared with other similar systems. The performance of
the system was evaluated by determining the system efficiency (ηpower)
as follows:

=

× − ×

η W
LHV LHV(ṁ ṁ )system

net

MCH MCH Toluene Toluene (5)

where ṁMCH , ṁToluene, LHVMCH , and LHVToluene are the mass flow rate of
MCH, mass flow rate of toluene, LHV of MCH, and LHV of toluene,
respectively. The generated net power as the final result of this system
is compared with the difference in calorific value between MCH, as an
input material, and toluene, as an output material. The net generated
power (Wnet) is calculated based on the total power generated by the GT
(WGT) and ST (WST) with a consideration of the power consumed by
auxiliaries (WAux), which is shown as follows:

= + −W W W Wnet GT ST Aux (6)

Fig. 2. Arrangement and process flow diagram of the proposed integrated system.

Table 1
Assumed conditions for each module of the dehydrogenation and combined
cycle.

Parameter Value Symbol (Refer to Fig. 2)

Dehydrogenation (DHYD)[18,21,22,39]
Reactor temperature (°C) 450 F4
Internal pressure (kPa) 120–150 DHYD
Catalyst Pt/Al2O3 –
Fuel temperature before separation (°C) 70 F7
Minimum toluene discharge ratio 90% F17

Power generation – Gas turbine (GT) [11,26]
Isentropic efficiency (%) 90 –
Inlet temperature (°C) 1400–1600 F10
Inlet pressure (MPa) 2.8–4.0 F10

Power generation – Steam turbine (ST) [11,26]
Isentropic efficiency (%) 90 –
Inlet pressure (MPa) 10 F20
Steam turbine inlet temperature (°C) 522–581 F20
Minimum vapor quality 0.9 –
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3.1. Detailed system performance

The effects of various operating conditions, including the GT inlet
pressure, GT inlet temperature, and ST inlet pressure, on the overall
power generation and its efficiency were considered in this study.
Calculations using Aspen HYSYS were utilized to investigate the re-
quired objectives.

3.1.1. GT inlet pressure
Fig. 3 shows the effects of the variations in GT inlet pressure on the

system efficiency under different GT inlet temperatures. It has been
shown that the system efficiency increases following an increase in GT
inlet pressure. Numerically, the highest system efficiency, which is
54.6% (net generated power of 132MW), is achieved under a GT inlet
pressure and temperature of 4MPa and 1600 °C, respectively. This
system efficiency decreases to 52.6% (net generated power of 128MW)
when the GT inlet pressure is decreased to 2.8MPa under the same GT
inlet temperature.

In detail, power generated by GT and ST increases at a higher
pressure of the fuel gas owing to higher enthalpy. However, the power
consumed by the compressor also increases, resulting in a compensa-
tion relationship between the GT inlet pressure and the compressor
power consumption. At high temperature, the amount of additional
power generated by a pressure increase is relatively higher than that
achieved through an additional compressor application. However, at a
lower temperature, the compressor operation increasing the gas pres-
sure is higher than the total generated power, resulting in a decrease in
the system efficiency. To decrease the GT inlet temperature, more re-
circulated gas (F14) is required, causing an increase in the gas flow rate,
and leading to a higher compressor load. The GT inlet pressure, shown
as F10 in Fig. 2, is determined based on the compression ratio of the
compressor (CP). The influence of the compression ratio on the com-
bined cycle performance has been reported well in other similar ar-
rangements of the combined cycle [26,41]. The energy required for
compression significantly affects the net power generated by the com-
bined cycle module.

3.1.2. GT inlet temperature
Fig. 4 shows the influence of the GT inlet temperature on the system

efficiency under different GT inlet pressures. In general, the GT inlet
temperature strongly influences the system efficiency. At a GT inlet
pressure of 4MPa, the system efficiency increases from 52.7% (net
generated power of 127MW) to 54.6% (net generated power of
133MW) when the GT inlet temperature is increased from 1400 °C to
1600 °C.

The GT inlet temperature is determined through a combustion re-
action, which produces a very high-temperature flue gas, and by the
temperature of the recycled gas from the HRSG outlet. The system

efficiency increases with a higher GT inlet temperature. A higher gas
temperature has a higher exergy rate leading to larger energy/heat,
which can be recovered by GT. Moreover, a higher GT inlet temperature
results in less re-circulated gas, leading to a lower energy required for
compression. However, as mentioned previously, the system perfor-
mance is significantly influenced by the GT inlet pressure, which de-
termines the amount of gas flow. A high GT inlet temperature causes a
lower gas flow, affecting the amount of power generated by ST. The ST
power is the compensation between the flue gas temperature and flow,
as can be observed at a GT inlet pressure of 2.8 MPa, where system
efficiency decreases when the GT inlet temperature reaches above
1550 °C.

3.1.3. Condenser pressure
Another operating parameter that is believed to significantly influ-

ence the performance of the combined cycle is the condenser (HE6)
pressure. Based on the thermodynamic curve, the condenser pressure,
as the lowest pressure in the module, greatly affects the ST output.
Fig. 5 shows the condenser pressure effect on the system efficiency at a
GT inlet pressure and temperature of 4MPa and 1500 °C, respectively.
In general, the system efficiency increases following the lower pressure
(more vacuum condition) of the condenser. The system efficiency in-
creases from 53.7% to 52.9% when the condenser pressure is decreased
from 85 to 35 kPa.

The condenser temperature is directly affected by the pressure
owing to the saturated condition in the condenser. The lower pressure
in the condenser can provide a lower temperature of ST expansion,
which based on a Carnot cycle improves the system performance [42].

Fig. 3. System efficiency as a function of GT inlet pressure under different GT
inlet temperatures.

Fig. 4. System efficiency as a function of GT inlet temperature under different
GT inlet pressures.

Fig. 5. System efficiency as a function of condenser pressure (GT inlet pressure
and temperature of 4MPa and 1500 °C, respectively).
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3.1.4. Optimum system condition
The optimum system condition is determined based on the main

parameters, and was analyzed in the previous sections as resulting in
the maximum system efficiency. Table 2 shows the mass flow rate,
pressure, and temperature of the major flows, which represent the
system performance under an optimal operation (GT inlet pressure of
4MPa, GT inlet temperature of 1600 °C, and condenser pressure of
35 kPa).

3.2. Performance comparison with Graz cycle-based power generation

In terms of H2 utilization when using steam turbine cycles, a
number of studies have been reported under various configurations
[28]. However, they have focused particularly on power generation
from H2. In this study, we compared our proposed system with another
system, including the dehydrogenation process in each system. The
power generation efficiency, described in Eq. (5), was compared for
each configuration because it represents the overall performance, in-
cluding the dehydrogenation process.

Table 3 shows the main parameters and system performance of the

proposed integrated system compared with the Graz cycle, which is
integrated with the dehydrogenation process (Graz cycle-based system),
for a comprehensive analysis. The dehydrogenation process in the Graz
cycle-based system is calculated through a stoichiometric reaction
shown in Eq. (1). The amount of MCH and toluene are calculated based
on the H2 mass flow rate, with a toluene discharge ratio of 0.9. Al-
though each system has a different rated power output, the system ef-
ficiency represents the overall system performance.

The Graz cycle employs oxy-fuel combustion, in which pure O2 is
supplied from an air separation unit (ASU) and through the O2 com-
pression process. Therefore, an additional power consumption of
24.3 MW is supplied from the generated power. Our proposed in-
tegrated system utilizes air-combustion, eliminating the requirement of
ASU and an additional compression system. The power generation ef-
ficiency (ηpower) can be calculated for each system based on the fol-
lowing equation:

=

×( )
η W

LHVṁpower
net

H H2 2 (7)

where Wnet, ṁH2, and LHVH2 are the net power generation, mass flow
rate of H2, and LHV of H2, respectively.

Compared to the Graz cycle-based system (with a power generation
efficiency of 60.37%), as shown in Table 3, the integrated system
proposed in this study shows a higher power generation efficiency of
63.7%. This may indicate that an air–fuel combustion cycle is more
efficient than an oxy–fuel combustion cycle in terms of the total energy
efficiency owing to the excessive power consumption of ASU. Further-
more, Sanz et al. proposed the use of the Graz cycle as an efficient
power generation under the assumption that high purity O2 is available
as a by-product from the H2 production through electrolysis [26].
Therefore, in an integrated H2 storage and power generation system, in
which O2 is unavailable within the process, as proposed in the present
study, air–fuel combustion is considered to be more effective. In addi-
tion, air–fuel combustion has been well applied in a typical combined
cycle plant with fewer components, providing a low initial power plant
cost.

In this study, an integrated power generation system achieved
through H2 storage (MCH) is proposed. The overall system performance
was analyzed by comparing the system efficiency (ηsystem) for both a
Graz cycle-based system and the proposed integrated system. The de-
hydrogenation process in the Graz cycle-based system was calculated
stoichiometrically based on the reaction shown in Eq. (1). Moreover,
the energy required for the endothermic reaction of dehydrogenation
was calculated under the assumption that the dehydrogenation system
was designed based on conventional heat recovery technology for
minimum exergy loss.

The proposed integrated system was shown to have a significantly
higher efficiency of 53.7% compared to the Graz cycle-based system, at
23%. The system efficiency of the Graz cycle-based system is lower due
to an extensive energy demand following an endothermic reaction of
dehydrogenation. In addition, in the proposed integrated-system, the
hot flue gas after combustion (F9) has a higher temperature (1722 °C)

Table 2
Conditions of major flows under optimum operation (GT inlet pressure of 4MPa, GT inlet temperature of 1600 °C, and condenser pressure of 35 kPa).

Stream Flow (t h−1) Pressure (kPa) Temperature (°C) Stream Flow (t h−1) Pressure (kPa) Temperature (°C)

F1 100 101.3 25 F11 597 150 710
F2 100 152 25 F12 597 147 80
F3 100 149 368 F17 85.3 140 37
F4 100 146 450 F19 597 4040 632
F5 100 143 70 F20 157 20,000 550
F7 78 140 25 F21 157 35 73
F8 14.7 140 25 F24 157 34 40
F9 597 4040 1845 F25 157 20,050 41
F10 597 4000 1600 F26 157 20,030 65

Table 3
Comparison of the main parameters and integrated system performance of Graz
cycle based system [26] and the proposed integrated-system.

Graz cycle-based
system [26]

Proposed
integrated system

Unit

Conditions
Combustor outlet temperature 1500 1722 °C
GT inlet temperature 1500 1500 °C
GT inlet pressure 4 4 MPa
ST inlet pressure 17 20 MPa
Condenser pressure 0.0025 0.035 MPa
Minimum steam quality 0.893 0.9

Power Generation
GT power output 231.8 235.4 MW
ST power output 52.2 41.7 MW
Auxiliary power (pumps, etc.) 78.6 146.4 MW
ASU+O2 compression 24.3 –a MW
Net power 205.4 130.7 MW
H2 LHV 120 120 MJ/kg
H2 mass flow 2.5 1.71 kg/s
Power generation efficiency 60.4% 63.7%

Dehydrogenation
MCH mass flow 147,000 100,000 kg/h
MCH LHV 43.4 43.4 MJ/kg
Toluene mass flow 124150.5 85,298 kg/h
Toluene LHV 40.6 40.6 MJ/kg
Energy required for

dehydrogenation
99.9b –b MW

System Efficiency 22.7%b 53.7%

a ASU and O2 are not required owing to the air-fuel combustion type in the
proposed model

b The dehydrogenation process for the Graz cycle was calculated based on a
stoichiometric reaction, using a conservative heat recovery system.
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than that of the Graz cycle-based system (1500 °C). High-temperature
gas is used as the thermal energy source for a reaction, reducing the
exergy loss from the system, and thereby increasing the overall system
efficiency.

In addition, further improvement can be achieved in the proposed
system by decreasing the condenser pressure. As shown in Fig. 5, the
system efficiency increases at a lower condenser pressure. The con-
denser pressure of the proposed integrated system is set to 35 kPa, al-
though it can be decreased further to as low as that of the Graz cycle-
based system (2.5 kPa). With a lower condenser pressure, it is expected
that the proposed integrated system can achieve higher power gen-
eration efficiency, and thus higher system efficiency.

3.3. Overall performance including MCH production (hydrogenation)

MCH production is carried out in hydrogenation plant, where H2 is
bonded with toluene, resulting in the MCH formation. Hydrogenation is
an exothermic reaction, producing heat as one of results of reaction. As
mentioned above, theoretically, MCH has volumetric and gravimetric
H2 contents of 47% and 6.2%, respectively. Hydrogenation process
including the catalyst used in the reaction is considered a well-estab-
lished technology with the reaction as follow,

+ → = −
−HC H 3H C H Δ 204.6 kJ mol7 8 2 7 14

1 (8)

The produced heat from hydrogenation reaction can be recovered
by other systems that are coupled with hydrogenation plant. Aziz and
his co-workers have developed and reported several integrated H2

production and power generation systems from microalgae [34], low
rank coal with syngas chemical looping [11], and brown coal with di-
rect chemical looping [30]. In their developed system, H2 which is
produced from the system, was bonded with toluene in hydrogenation
plant. The remaining syngas is utilized as fuel gas in the combined cycle
power plant to generate electricity. The excess heat produced from
hydrogenation reaction is recovered for preheating the cold stream flow
of combined cycle, reducing the exergy loss of the system. Therefore,
highly energy-efficient system can be achieved.

Typical condition of hydrogenation process is presented in Table 4.
Hydrogenator consists of a mixer, reactor, and heat exchanger. Fixed
bed reactor is employed with catalyst loaded inside the bed.

In case of coal as the primary resource for H2 production, based on
[11,30], the total energy efficiencies, including produced H2 which is
hydrogenated in MCH and generated power, for each syngas and direct
chemical looping are 84% and 91%, respectively. Combining those
studies and the obtained result in the current study, the overall energy
efficiency from primary energy source (coal) to the generated power at
the utilization site after dehydrogenation is about 46–49%. This is
considered very high and can be achieved due to effective heat circu-
lation through EPI.

4. Conclusion

An integrated system using dehydrogenation and a power genera-
tion process was proposed to gain energy from chemically bonded H2 in
MCH. MCH-toluene has been well reported as a promising H2 storage
system, and has been practically applied at an industrial scale. A highly
endothermic dehydrogenation reaction is covered by the heat

generated from the air-fuel combustion of H2. Moreover, the remaining
heat is supplied to the combined cycle plant, and optimized using en-
hanced process integration (EPI) to reduce the exergy loss, leading to a
highly efficient system.

A comparison between the proposed integrated-system and a Graz
cycle-based system was carried out to evaluate the overall system
performance. The results show that the proposed integrated system can
provide energy for the dehydrogenation process while maintaining a
highly efficient combined cycle as the power generation system. The
power generation efficiency of the proposed integrated system is higher
than that of the Graz cycle-based system, mainly owing to the air-fuel
combustion, which requires less energy and fewer components. With a
higher combustion temperature and heat recovery optimization, the
proposed integrated system has a significantly high system efficiency of
53.7%, compared to that of the Graz cycle based-system, at 23%.
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