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� Two novel solar hybrid combined cycle systems have been proposed and analyzed.
� The power systems integrate solar-driven thermo-chemical conversion and CO2 capture.
� Exergy efficiency of about 55% and specific CO2 emissions of 34 g/kW h are predicted.
� Systems CO2 emissions are 36.8% lower compared to a combined cycle with CO2 capture.
� The fossil fuel demand is �30% lower with a solar share of �20%.
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a b s t r a c t

Two novel hybrid combined cycle power systems that use solar heat and methanol, and integrate CO2

capture, are proposed and analyzed, one based on solar-driven methanol decomposition and the other
on solar-driven methanol reforming. The high methanol conversion rates at relatively low temperatures
offer the advantage of using the solar heat at only 200–300 �C to drive the syngas production by
endothermic methanol conversions and its conversion to chemical energy. Pre-combustion decarboniza-
tion is employed to produce CO2-free fuel from the fully converted syngas, which is then burned to
produce heat at the high temperature for power generation in the proposed advanced combined cycle
systems. To improve efficiency, the systems’ configurations were based on the principle of cascade use
of multiple heat sources of different temperatures. The thermodynamic performance of the hybrid power
systems at its design point is simulated and evaluated. The results show that the hybrid systems can
attain an exergy efficiency of about 55%, and specific CO2 emissions as low as 34 g/kW h. Compared to
a gas/steam combined cycle with flue gas CO2 capture, the proposed solar-assisted system CO2 emissions
are 36.8% lower, and a fossil fuel saving ratio of �30% is achievable with a solar thermal share of �20%.
The system integration predicts high efficiency conversion of solar heat and low-energy-penalty CO2 cap-
ture, with the additional advantage that solar heat is at relatively low temperature where its collection is
cheaper and simpler. The systems’ components are robust and in common use, and the proposed
hybridization approach can be also used with similar benefits by replacing the solar heat input with other
low heat sources, and the system integration achieves the dual-purpose of clean use of fossil fuel and
high-efficiency conversion of solar heat at the same time.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The hybrid power system proposed in this paper has two energy
input sources: methanol and solar heat. Methanol is considered to
be a fuel alternative in both transportation and power generation
sectors and is already used in that way to limited extent. Being liq-
uid at atmospheric conditions, it is easier and cheaper to transport
and store than natural gas. Methanol production on large scale is
generally based on the chemical synthesis of syngas mostly pro-
duced either from natural gas reforming or coal gasification. The
abundance of coal in China makes coal gasification especially suit-
able for China’s needs. The integration of a coal gasifier with a com-
bined cycle and methanol synthesis, ‘‘coal based poly-generation’’,
provides a promising technology for power generation and
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Nomenclature

DNI direct solar radiation, W/m2

E exergy, kJ/mol-CH3OH
LHV methanol low heating value input, kJ/kg
m mass flow rate, kg/s
P pressure, bar
Q heat, kJ/mol-CH3OH
Rwm water-to-methanol molar ratio
SRf fossil fuel saving ratio
T temperature, K
t temperature, �C
Wnet net power output, kJ/mol-CH3OH
Xsol solar thermal share

Greek symbols
gcol solar collector efficiency, %

ge system exergy efficiency, %
gsol net solar-to-electricity efficiency, %
gth system thermal efficiency, %

Subscripts and superscripts
f fossil fuel
g gas
p primary energy
ref reference system
rad radiation
sol absorbed solar heat
0 ambient state
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methanol production from coal. For example, Gao et al. [1,2] ana-
lyzed and compared different poly-generation systems and con-
cluded that such poly-generation has a potential of energy saving
by 4–8% when compared with the separate production of power
and methanol.

The other energy input is solar heat, effective for reducing emis-
sions and for saving depletable fuel. The solar heat-to-power con-
version efficiency in solar-only thermal power generation systems
is generally low when the heat input is at low solar energy collec-
tion temperatures, e.g., the efficiency of Rankine cycle systems
using organic working fluids with 100–200 �C top temperatures
is generally around 10%. Raising that temperature by increasingly
concentrating solar collectors raises, however, system cost and
complexity. Furthermore, the transient nature of solar energy
typically requires the use of costly energy storage.

In an attempt to alleviate these problems, hybrid solar/fossil
systems were proposed, analyzed, and some built, in which both
solar heat and fossil fuel are added in a temperature cascade way
to take advantage of their costs at different temperature levels.
They were shown to have a significant thermo-economic advan-
tage over solar-only ones: an early example is the ‘‘SSPRE’’ (Solar
Steam Powered Rankine Engine) hybrid system proposed by Lior
and co-workers [3–5]. In SSPRE, solar heat at temperatures around
�100 �C is produced by non-concentrating (flat-plate, evacuated,
stationary) simple solar collectors at relatively low cost, to provide
80% of the total system input for steam generation, with the
remaining 20% of the heat demand supplied from fossil fuel for
superheating the steam up to �600 �C. SSPRE was shown to double
the cycle efficiency, to �18%, when compared with the solar-only
heat input at 100 �C. Comparing this hybrid with a modern steam
cycle that uses only fossil fuel at 45% efficiency, SSPRE thus reduces
the fossil fuel consumption and associated CO2 emissions by half.
Another example is the Solar Aide Power Generation (SAPG) sys-
tem, in which solar heat is used to replace steam extraction from
the turbine for feedwater heating in a regenerative Rankine plant
[6–8]. With the same fossil fuel input, this hybrid cycle was pre-
dicted to achieve higher power output, by up to 30%, because of
the resulting increase in the turbine working fluid mass flow rate.

Another hybridization approach which involves thermochemi-
cal integration, also employed in our proposed systems, is to use
the solar heat as the process heat for driving the endothermic
chemical reactions of a hydrocarbon toward the production of stor-
able and transportable fuels. In this way, solar heat is converted
into and stored as the upgraded ‘‘solar’’ fuel chemical energy. The
heat value of such solar-produced fuel is higher than that of the
hydrocarbon reactants by an amount equal to the enthalpy change
of the solar-driven reaction. A very desirable aspect of this process
is that such fuels have a very high energy density and thus rela-
tively, need small volume and are easily transportable to other
locations by using conventional technology and systems. To ensure
sufficient synthetic fuel supply, its solar assisted production can be
processed separately at the most suitable site, and by more than a
single solar unit, choosing as many solar units as needed to match
the solar input required for the power block. Another advantage of
this approach is that the power generation cycle can run using con-
ventional fuel from other sources when solar heat is unavailable.

A brief review of past studies on power generation systems that
incorporate solar energy use for thermochemical conversion of
hydrocarbons follows, to contrast this study and show its new con-
tribution to the state of knowledge. Most of the past studies
focused on the use of concentrated solar heat at high temperatures
(usually above 1000 K) for thermochemical conversion to chemical
fuels [9,10]. These processes included thermal dissociation of H2O
(2000–2500 K), solar decomposition of fossil fuels, solar reforming
of fossil fuels and solar gasification of coal (1000–1500 K). A solar
methane reforming process (>1000 �C) integrated with power gen-
eration (300 kWe, SOLASYA) using the produced solar fuel in a
combined cycle system was proposed, analyzed and designed by
Tamme et al. [11], predicting fuel savings of up to 25%. Bianchini
et al. [12] studied the use of heat generated by a solar parabolic
concentrator at 600 �C for reforming natural gas for power genera-
tion with a steam-injected gas turbine power plant fed by a mix-
ture of natural gas and the solar-heat-generated syngas (mainly
composed of hydrogen and water steam). Compared to conven-
tional steam injection gas turbine power plant, this hybrid system
was predicted to reach up to 20% natural gas saving when the GT is
fed only by the solar syngas, which allows high gas turbine perfor-
mance and low NOx and CO2 emissions.

To avoid the high cost and low efficiency caused by high
temperature solar heat collection, and moreover, to allow the
low/mid temperature solar heat to achieve its high-efficiency
heat-to-power conversion, many past studies were about effective
ways of thermochemical integration with low/mid temperature
solar heat. Methane and methanol were commonly used for this
purpose. For instance, Zhang and Lior proposed a solar-assisted
chemically recuperated gas turbine system (SOLRGT) with indirect
solar heat upgrading [13]. Solar heat collected at �220 �C is used to
generate steam for methane reforming, thus the solar heat is first
transformed into vapor latent heat, and then converted to the pro-
duced syngas chemical energy via the reforming reaction. The
upgraded solar fuel (syngas) is then burned in a high-efficiency
power system. It was predicted that a 20–30% fossil fuel saving
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ratio can be achieved compared with a conventional chemically
recuperated gas turbine system (CRGT) without solar heat contri-
bution. Li et al. [14] proposed and analyzed a hybrid system
(LEHSOLCC) that incorporates solar-driven methane/steam
membrane reforming. The reformer is integrated with a hydrogen
separation membrane, enabling continuous removal of hydrogen
from the retentate (reaction) zone, and thus shifting the reaction
to the product side. The impermeable CO2-rich syngas is collected
from the bottom of the reaction zone. Nearly complete CH4 conver-
sion can be achieved at a reforming temperature of 550 �C. A
design-point performance analysis shows that the system attains
a net exergy efficiency of 58% and specific CO2 emissions of
25 g/kW h with 91% CO2 capture ratio. A fossil fuel saving ratio
of 31% is achievable with a solar thermal share of about 28%.

Methanol is endothermically reactive at relatively low-
temperatures. For example, methanol-steam reforming and
methanol decomposition are highly endothermic and can achieve
>90% conversion into H2-rich syngas at around 250 �C. Hong and
co-workers proposed a combined cycle (called Solar CC) that inte-
grates mid-temperature solar thermal energy with methanol
decomposition [15]. Rather than fueling the power block directly,
the solar heat is used at low/mid temperatures to drive the
endothermic methanol decomposition, thus upgraded to chemical
energy of the produced syngas and attained its high efficiency
conversion to power in a combined cycle system consequently.
This concept mitigates both solar energy related limitations: it uses
solar heat at low- to mid-level temperatures, where its collection is
cheaper and simpler, and its use is for producing syngas with its
high chemical storage capability that also creates physical
independence of the solar block from the power system. The solar
heat share of the total heat input was only 18%, the CO2 was not
captured, and the Solar CC system has ended up with a CO2

emission of about 300 g/kW h.
Zhao and Yue [16] proposed and analyzed a conceptual

advanced humid air turbine cycle (HAT). Driven by solar heat col-
lected by a solar parabolic collector at 200–300 �C, methanol
decomposition reaction is conducted to produce CO and H2

enriched syngas. With the turbine inlet temperature (TIT) of about
1000–1300 �C, the obtained results show that the exergy efficiency
of the cycle is higher by nearly 6%-points than that of the conven-
tional HAT cycle.

Re-emphasizing, using solar heat at lower temperatures, as
proposed in this study, offers more economical employment of
solar energy, with the associated benefits of increased substitution
of renewable energy for fuel and lower CO2 emissions.

Another important advantage of the systems proposed in this
study is that, as shown further below, they emit very small
amounts of CO2 with a very small energy efficiency penalty.
Conventional techniques for CO2 capture typically impose about
10%-points penalty to the system overall efficiency [17,18], so
the reduction of CO2 emissions would result in a commensurate
reduction in overall efficiency losses due to its capture, and an
important objective is to find ways to reduce these emissions by
a combination of replacing some fraction of the fossil fuel by solar
energy, and by efficiently integrating capture of the remaining CO2

into the power system. As an example, Zhang et al. proposed a zero
CO2 emission solar hybrid gas turbine (ZE-SOLRGT) system
employing oxy-fuel combustion [19–21].

Another family of hybrid cycles with reduced CO2 emission are
the solar-driven chemical-looping combustion cycles. Hong et al.
proposed a solar hybrid combined cycle system incorporating
methanol-fuel chemical-looping combustion and use of solar heat
at about 450–500 �C for Ni-based redox and 150–300 �C for redox
between FeO and Fe2O3, in which solar-driven endothermic reduc-
tion of NiO [22] or Fe2O3 [23] by methanol is carried out. The CO2

can be easily separated from the produced vapor by condensation,
with low energy penalty. Taking the FeO/Fe2O3 based
methanol-fueled chemical looping combustion as an example, a
supplementary combustor is used to reach a gas turbine inlet tem-
perature (TIT) of 1400 �C, and the resulting system exergy efficiency
was predicted to be as high as 58.4% with a CO2 separation of 55%.

In the above-reviewed solar hybrid systems that do not imple-
ment CO2 capture, the system CO2 emission decreases proportion-
ally to the reduction of fossil fuel consumption, but they still
produce CO2 emission of 300–350 g/kW h due to the large energy
input fraction from fossil fuel. Since the thermo-chemical upgrad-
ing of solar heat generates syngas from the hydrocarbon fuel, the
novel systems of this study offer the best opportunity for
employing pre-combustion decarbonization to the syngas and con-
sequently for reducing CO2 emission beyond what is achieved by
reducing the hydrocarbon fuel just by its partial replacement with
solar energy. An important innovation in this proposal and study is
that, as described in more detail below (Sections 2–4), in addition
to the hybridization with solar thermal energy at relatively low
temperatures, the systems also employ pre-combustion
decarbonization to the produced syngas, thus achieving the
dual-purpose of clean use of fossil fuel and high-efficiency conver-
sion of solar heat at the same time. The typical hybrid systems with
solar thermochemical integration are summarized in Table 1,
which demonstrates that the proposed systems of this study
indeed have such quantitative advantages over others proposed
and studied in the past.

To summarize the introduction, this paper is a proposal and
analysis of two novel low-CO2-emission solar hybrid combined
cycle systems based on solar-driven methanol decomposition
and reforming, respectively. Pre-combustion decarbonization is
also employed to the fully converted syngas that is then burned
to produce heat at the high temperature for power generation in
an advanced combined cycle system.

The two systems are configured with particular attention on the
thermal match of internal heat recuperation with both steam gen-
eration and endothermic chemical conversion. The thermody-
namic performance is simulated with ASPEN PLUS software [25],
assuming steady state.

The system performance is compared with a gas-steam
combined cycle system with CO2 capture from its exhaust gas
(CC-Post), which has no solar assistance.

As introduced above, and demonstrated in Sections 4 and 5
below, such integration of solar heat with fossil fuel
thermo-chemical conversion contributes to the clean use of fossil
fuel and high efficiency and relatively low cost conversion of solar
heat in (1) elevation of the fuel heating value and the overall power
output, (2) high efficiency conversion of solar heat, (3) low
energy-penalty CO2 capture integrated with energy conversion,
and (4) offering the option of storing high energy density syngas
instead of storing solar heat.

2. System configuration description

Following the thermodynamic principle of temperature-cascade
use of multiple heat sources, and integration of CO2 capture with
energy conversion, two hybrid power systems are proposed in this
study, based on solar-heat driven methanol decomposition and
reforming, respectively.

2.1. The proposed low CO2 emission solar hybrid combined cycle system
with methanol decomposition and a shift reaction (LESOLCC-DCP)
system

Methanol is endothermically decomposed by heat input over a
catalyst at temperatures of about 200–300 �C, and produces a
mixture of H2 and CO:



Table 1
Summary of the solar hybrid power generation systems, with comparison to the systems (10 and 11) proposed and analyzed in this paper.

System number and
description

Solar-aided chemical reaction
included

Solar heat CO2 capture Performances Ref.

Temperature
(�C)

Role

1 Gas turbine cycle with
methane reforming

CH4 + 2H2O ? CO2 + 4H2 800–1000 Chemical reaction
process heat

None Fossil fuel saving: 25–40% [11]

2 Combined cycle with
methane reforming

CH4 + 2H2O ? CO2 + 4H2 600–900 Chemical reaction
process heat

None Annual thermal efficiency: 47.6%
Solar share: 9.6%

[24]

3 Steam injected gas
turbine cycle with
nature gas reforming

CH4 + 2H2O ? CO2 + 4H2 600 Chemical reaction
process heat

None Natural gas saving:<20% [12]

4 Combined cycle with
solar methanol
decomposition

CH3OH ? CO + 2H2 200–400 Chemical reaction
process heat

None Solar to electricity efficiency:
18–35% Exergy efficiency: 50–
60% CO2 emission: 310 g/kW h

[15]

5 HAT cycle with
methanol
decomposition

CH3OH ? CO + 2H2 175–210 Chemical reaction
process heat

None Solar to electricity efficiency:
25–39% Exergy efficiency: 59.2%
Thermal efficiency: 53.6%

[16]

6 Chemically
recuperated gas
turbine cycle with solar
methane reforming

CH4 + 2H2O ? CO2 + 4H2 �220 Latent heat of reactant
H2O evaporation

None Thermal efficiency: 51.2–53.6%
Solar to electricity efficiency:
25–38% Fossil fuel saving: 20%

[13]

7 Combined cycle with
solar methane
membrane reforming

CH4 + 2H2O ? CO2 + 4H2 �550 Chemical reaction
process heat

Membrane reaction/
separation

CO2 emission: 25 g/kW h Exergy
efficiency: 58% Thermal
efficiency: 51.6% Fossil fuel
saving: 31.2% Solar share: 28.2%
Solar to electricity efficiency:
36.4%

[14]

8 Zero-emission oxy-fuel
combustion hybrid
cycle

CH4 + 2H2O ? CO2 + 4H2 200–400 Latent heat of reactant
H2O evaporation

Oxy-fuel combustion Thermal efficiency: 50.7% CO2

capture ratio: �100%
[19,20]

9 Hybrid methanol-
fueled chemical
looping combustion

(1)
CH3OH + MxOy ? M + CO2 + H2O
(2) M + O2 ? MxOy

150–500 Chemical reaction
process heat

Chemical looping
combustion

Exergy efficiency: 58.4% Solar to
electricity efficiency: 22.3% CO2

emission: 130 g/kW h

[22,23]

10 Combined cycle with
solar methanol
decomposition

CH3OH ? CO + 2H2 200–250 Chemical reaction
process heat

Pre-combustion CO2 emission: 33.8 g/kW h
Exergy efficiency: 53.8% Thermal
efficiency: 51.1% Fossil fuel
saving: 27.3% Solar thermal
share: 17.6% Solar to electricity
efficiency: 49.2%

This
paper
DCP

11 Combined cycle with
solar methanol
reforming

CH3OH + H2O ? CO2 + 3H2 200–250 Chemical reaction
process heat

Pre-combustion CO2 emission: 33.4 g/kW h
Exergy efficiency: 55.1% Thermal
efficiency: 50.9% Fossil fuel
saving: 30.5% Solar thermal
share: 21.5% Solar to electricity
efficiency: 45%

This
paper
RFM
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Fig. 1. Syngas composition as a function of the decomposition reaction tempera-
ture: comparison between our simulation results and experimental ones from [15].
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CH3OH! COþ 2H2 DH0 ¼ 90:7 kJ=mol-CH3OH ð1Þ

To apply pre-combustion decarbonization, an exothermic shift
reaction is added that converts CO further to CO2, so that the syn-
gas to be treated contains only H2 and CO2:

COþH2O! CO2 þH2 DH0 ¼ �41:2 kJ=mol-CH3OH ð2Þ

Syngas composition variation with the operation parameters is
shown in Fig. 1, in which both our simulation and the experimental
results from [15] are plotted for comparison. It shows that the sim-
ulation and experimental results have similar trends with the vari-
ation of temperature. The experimental results show a somewhat
lower reaction extent than the simulation ones, especially at tem-
peratures below 200 �C. This difference between the simulation
and experimental results is because the simulation is based on
the ideal equilibrium assumption while the experimental data
includes the actual irreversibilities and thermal inertia. At the tem-
peratures of 250 �C and above, relevant to the system in this study,
good agreement is achieved between them. Methanol conversion
can exceed 90%, and the concentrations of CO and H2 in the pro-
duced mixture are approximately 33.2% and 66.5%, respectively
at around 250 �C. The temperature region of 200–300 �C fits well
with that of the economical operation of parabolic trough solar
collectors.
Based on the above considerations, the low CO2 emission solar
hybrid combined cycle system with methanol decomposition
(LESOLCC-DCP) is configured as shown in Fig. 2. It is composed of
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two main subsystems: fuel conversion/CO2 capture, and power
generation. The integration of CO2 capture with fuel conversion
is one of the new features that differentiate this system from the
Solar CC cycle proposed in [15].

In the fuel conversion subsystem, solar heat delivered by para-
bolic trough collectors at about 250 �C provides heat for methanol
evaporation and its endothermic decomposition reaction. By add-
ing steam, the CO produced in the decomposition process is further
converted to CO2 in the two-stage exothermic shift reactors: the
first stage is a high temperature shift reactor, 430 �C, 18.2% CO inlet
concentration and 3.1% CO outlet concentration, 83% CO conver-
sion ratio, and the second stage is a low temperature shift reactor,
235 �C, 0.5% CO outlet concentration, with an overall 97.3% CO con-
version ratio in the two stages. A steam-to-carbon molar ratio >2 is
selected to ensure a carbon conversion of above 94% (this value is
necessary for 90% CO2 removal afterwards). The addition of these
shift reactions is another difference from the system studies in
[15].

After being cooled down, the excess steam is condensed and
removed in the water-removal unit, thus decreasing the volumet-
ric flow of the gas to be processed, as well as increasing CO2 con-
centration. The condensed water is pumped, and heated and
evaporated by using heat recovery in the heat exchangers H1 and
H2, and is then returned to the HTS inlet as a reactant. The dry syn-
gas is then sent to the physical absorption unit for CO2 removal
[17,18,26]. The captured CO2 is compressed to 80 bar in a
four-stage compressor with intercooling, and then condensed.
The liquid CO2 is further pumped to 200 bar for disposal. The
resulting clean fuel (�97.8% H2), warmed up by the shift products,
is fed to a combined cycle for power generation.

Figure 3 shows the physical absorption unit (PAU), which con-
sists of an absorber and a number of flash chambers in which
CO2 is simply released by lowering the solution pressure (4). Gas
released by the first chamber (5) includes a substantial amount
of CO and H2 and is thus recycled to the absorber. Multiple flash-
ings allow a reduced compression power demand, and a large part
of the CO2 is released at intermediate pressures (7)–(9). From the
last chamber, the lean solution (2) is pumped back to the absorber.
The pressure in the last flash chamber pressure is determined by
the desired CO2 removal rate. A near-atmospheric chamber
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pressure allows a 79.6% CO2 separation. To obtain a CO2 removal
rate of 95%, a pressure as low as 0.25 bar would be necessary.

The internal heat recuperation, however, can produce only 40%v
of the total shift-needed steam. The remainder of the needed steam
(60%v of the total) is extracted from the heat recovery steam gen-
erator (HRSG, stream 2) in the power sector, rather than generated
by the solar heat collection, because otherwise the large volume of
steam generation would have led to a significant enlargement of
the solar collector area and consequent increase in system cost,
by about 36.9% and 21.1%, respectively.

The power subsystem is configured as a conventional combined
cycle with a topping Brayton cycle and a bottoming tri-pressure
Rankine cycle.
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Methanol reforming is also a middle-temperature endothermic
process mainly according to the endothermic reaction:

CH3OHþH2O! CO2 þ 3H2 DH0 ¼ 49:5 kJ=mol-CH3OH ð3Þ

Because of the presence of steam, it produces a mixture of
mainly H2 and CO2 [27,28], and thus is equivalent to the
combination of decomposition and shift reactions. The conversion
rate is also a function of temperature, pressure and the
water-to-methanol molar ratio.

Figure 4 shows the variation of the syngas composition with the
operation parameters, and comparison between our simulation
and experimental results performed by the first authors’ group
[28]. It is found that methanol conversion reaches over 90% at
around 250 �C. The concentrations of CO2 and H2 in the products
are approximately 24.4% and 74.7%, and the CO concentration is
negligible, well below 0.6%. The high methanol conversion rate
allows the produced syngas to be processed with decarbonization
prior to combustion by reduced addition of new equipment.

Figure 5 shows the flow sheet of the low CO2 emission
solar hybrid combined cycle system with methanol reforming
(LESOLCC-RFM). Solar heat, collected at around 250 �C is applied
to evaporate the reactants (liquid methanol fuel and water), and
then provide heat to the endothermic reforming reaction at
17 bar. The molar ratio of water-to-liquid methanol is set to 2 to
achieve CH3OH conversion higher than 95%, sufficient to allow
90% CO2 removal. The presence of excess steam favors the methanol
conversion, most of which is removed in the water-removal unit
(WR) by condensation at a low temperature. Along with make-up
water, the condensed water is pumped, heated by the reforming
products and recycled back to the reformer entrance. The dry syn-
gas is then processed with physical absorption (same as shown in
1
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ned cycle system with methanol reforming (LESOLCC-RFM).
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Fig. 3) for CO2 capture. The CO2 capture and compression units and
the power subsystem are the same as those in the DCP system.
3. Simulation and validation

3.1. The simulation method and main assumptions

As stated above, the cycles in the present paper are simulated
using the ASPEN PLUS process simulation software [25]. The com-
ponent models are based on the energy balance, mass balance, and
species balance, with a default relative convergence error tolerance
of 0.01%, which is the specified tolerance for all tear convergence
variables. The RK-SOAVE and STEAM-TA thermodynamic models
are selected for the thermal property calculations. The decomposi-
tion, shift and reforming reactors have been simulated by the Gibbs
Reactor available in the ASPEN PLUS model library, which deter-
mine the equilibrium conditions by minimizing Gibbs free energy.

In the program solar block, the solar field is assumed to consist
of parabolic trough concentrating solar collectors [29,30]. The CO2

physical absorption in the hybrid system is based on a model
developed by Lozza and Chiesa [31] using the Selexol [32] absorp-
tion medium. A conventional gas–steam combined cycle system
with CO2 separation from the exhaust gas (CC-Post) is also simu-
lated for the purpose of performance comparison, in which CO2

capture is accomplished by using a chemical absorption process
(with monoethanolamine (MEA) [33] as the absorbent). Steam is
extracted from the steam turbine for the absorbent regeneration,
the corresponding energy and steam demands are calculated based
on the given composition of the processed gas. The most relevant
assumptions and inputs for the simulation are summarized in
Table 2.

3.2. The reaction model and its validation

The reactors are simulated by the Gibbs Reactor available in the
ASPEN PLUS model library, which determines the equilibrium
conditions by minimizing Gibbs free energy. This reaction model
included in ASPEN PLUS is based on chemical equilibrium assump-
tion and doesn’t precisely reflect reality especially at temperatures
below 200 �C and is therefore compared in Figs. 1 and 4 with
experimental results from [15,28]. Good agreement reaches at
250 �C, which is the temperature of interest in this paper, and also
at higher temperatures.

Both decomposition (producing H2 and CO, the latter thus
requiring the shift reactor) and reforming (producing CO2 and
H2) achieve methanol conversion of more than 90% at around
250 �C. This serves as the basis of the system integration.

3.3. The gas turbine cooling model and power section simulation
validation

High-temperature gas turbine performance is very sensitive to
blade cooling requirements, and accounting for blade cooling
would reduce the efficiency. These effects are included this study,
by adapting and incorporating a closed-loop steam cooling (CLSC)
model. The gas turbine is divided into 4 stages assuming equal
enthalpy drops, and the first 2 stages are cooled. The needed cool-
ant is extracted from the high pressure steam turbine outlet, and
the remaining turbine exhaust steam is returned to the HRSG for
reheating. After cooling the stationary and rotary hot components,
the steam reaches the reheating temperature. It is then mixed with
the reheated steam from the HRSG and introduced into the
intermediate pressure steam turbine section for expansion. To
analyze the global performance of the cycle under investigation,
a discrete (rather than differential field) model is used because of
its computational convenience. A more detailed description of
the cooling model can be found in [14], which is based on the
cooled turbine model with closed loop steam cooling (CLSC) pre-
sented in a previous study [34], and the its refined versions in
[35,36]. Its validation was by calibration against the published per-
formance data in [34].

To validate this steam cooling model and the power section
model, a conventional gas–steam combined cycle power system
was simulated using ASPEN PLUS and compared with a reference
combined cycle system presented in [37]. Both of them consist of
a gas topping cycle based on the MS9001H technology
(TIT = 1427 �C, p = 23) and a tri-pressure steam bottoming cycle
with the same design parameters. The thermodynamic perfor-
mance comparison results show that the mass flow rate ratio of
the coolant steam to the topping cycle combustion gas is 8.4%,
which is 2.4% higher than that in [37]. The combined cycle specific
work output and thermal efficiency are found to be 765 kJ/kg and
61.2%, respectively, higher by 1.5% and 1.8% as compared with the
reference data.

4. System performance analysis and comparison

4.1. Performance criteria

Evaluation of energy efficiency in the studied systems is done
here in two ways, one based on the system direct input criteria,
and the other based on primary energy inputs. In the first
approach, the solar energy input is expressed as the heat that
was generated by the solar collectors, and the fuel energy input
is the lower heat value (LHV) of the methanol. In the second
approach, using the primary energy sources, the solar energy input
is the insolation on the collectors, and the methanol energy is com-
posed of the energy needed to produce it in a process appropriate
to the nature of the study (here we choose its production from
coal) plus the methanol LHV. It is noteworthy to re-emphasize that
the direct input approach ignores the conversion efficiency of inso-
lation to heat and the energy needed to produce the methanol.

The system direct thermal efficiency is defined as:

gth;d ¼
Wnet

Q f ;d þ Q sol;d
¼ Wnet

mf � LHV þ Q sol;d
ð4Þ

where Wnet = Wout �Wm is the system net work output, LHV is the
fuel low heating value input, which is 19917 kJ/kg, and Qsol,d is
the collected solar heat input to the system. Wout is the system gross
work output; Wm is the electric work needed for pumps, compres-
sors, fans.

The primary energy based system thermal efficiency is defined
as:

gth;p ¼
Wnet

Q f ;p þ Q sol;p
ð5Þ

where Qsol,p is the total solar energy incident on the solar concentra-
tor, and

Qf ;p ¼ mf ðLHV þ ef ;mÞ ð6Þ

where ef,m is the specific energy for manufacturing the methanol
fuel, which is 1344 kJ/mol for the coal-based methanol production
process [1].

In the performance evaluation based on primary energy inputs,
where the system input resources involve the methanol chemical
exergy and solar thermal energy, which are different in their
energy qualities, exergy efficiency is more suitable than energy
efficiency for the system performance evaluation. Assuming that
methanol chemical exergy is approximately equal to 1.05 times
its lower heating value LHV, and the solar thermal exergy
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corresponds to the maximal work availability between the solar
collector temperature Tsol and the ambient (or dead state) temper-
ature T0, i.e., Qsol,d (1 � T0/Tsol), the definition of the system exergy
efficiency based on the direct input is given as follows:

ge;d ¼
Wnet

Ef ;d þ Q sol;dð1� T0=TsolÞ

¼ Wnet

1:05mf � LHV þ Q sol;dð1� T0=TsolÞ
ð7Þ

The contribution of the low/mid temperature level solar heat
can be measured by its share based on the direct energy input:

Xsol;d ¼
Q sol;d

Q f ;d þ Q sol;d
¼ Q sol;d

mf � LHV þ Qsol;d
ð8Þ

To evaluate the performance of the solar heat conversion in the
proposed system, we compare it to that of a reference system with
the same methanol input but without solar contribution.

The net solar-to-electricity efficiency [15] is defined as:

gsol ¼
Wnet �Wref

Qsol;p
¼

Wnet � Q f gth;ref

Qsol;p
ð9Þ

where Wref = Qf�gth,ref is the net power output generated by a refer-
ence system with the same methanol input, Qsol,p represents the
total solar energy incident on the solar concentrator. Here, a con-
ventional gas–steam combined cycle system with CO2 separation
from the exhaust gas (CC-Post) is chosen as the reference system,
operating at the conditions shown in Table 2.
Table 2
Main assumption for the simulation and calculation.

DCP&RFM Parameters

Compressor Pressure ratio
Polytropic efficiency
Compressor air leakage

Gas turbine Inlet temperature
Isentropic efficiency

Combustor Pressure drop (of inlet pressure)
Heat exchanger Minimum temperature difference

Pressure loss
Steam turbine HP steam pressure

RH/IP steam pressure
LP steam pressure
Condensing pressure
HP/RH steam temperature

HRSG Pinch-point temperature difference
Hot side pressure drop
Cold side pressure drop
Minimum stack temperature

Pump Efficiency
Solar receiver–reactor Solar collector temperature

Solar collector efficiency
Solar receiver–reactor pressure
Solar receiver–reactor pressure loss
Minimum temperature difference
Water-to-methanol molar ratio

Physical absorption CO2-to-selexol mole ratio in absorbent
Number of flash chambers
Last chamber pressure
Number of intercoolers for CO2 compressor

CC-Posta

Chemical absorption CO2-to-MEA mole ratio in absorbent
Minimum temperature difference at solution regen
Stripping pressure
Steam supply
Temperature difference in reboiler
Max. gas pressure drop in absorber/stripper
Number of intercoolers for CO2 compressor

a Parameters of combined cycle part for the CC-Post system is the same as the propo
The fossil fuel saving level in comparison with the reference
power plant, for generating the same amount of electricity, is
defined as the fossil fuel saving ratio:

SRf ¼
Wnet=gth;ref � Q f

Wnet=gth;ref
¼ 1�

Q f � gth;ref

Wnet
¼ 1�Wref

Wnet
ð10Þ
4.2. Overall performance discussion and comparison

Using the computational assumptions and models given in
Section 3.1, the LESOLCC-DCP, LESOLCC-RFM and CC-Post systems
are simulated on the same basis of methanol input and operation
conditions. The main process stream data for the two LESOLCCs
are shown in Tables 3 and 4, respectively, and the thermodynamic
performance of the three systems is summarized and compared in
Table 5.

The reforming can be regarded as the combination of decompo-
sition and shift reactions, provided that the operation conditions
and reactant parameters (including the reaction temperature, pres-
sure and steam/carbon molar ratio) are the same. The interference
between the decomposition and shift, however, restrain each other
somewhat because one is endothermic and the other is exother-
mic, leading to the slight lower carbon-to-CO2 conversion ratio in
the RFM system and a fine difference in the syngas compositions
at the Water Removal (WR) inlet. In both systems, the process heat
from the fuel conversions is recuperated internally; the major dif-
ference between them is in the way that solar heat is introduced
and in its amounts. While the solar heat drives the endothermic
methanol conversion in both systems, solar heat in the reforming
Value Source

15 Ertesvåg et al. [43]
89% Ertesvåg et al. [43]
1% Ertesvåg et al. [43]
1308 �C GT World [44]
88% GT World [44]
3% Ertesvåg et al. [43]
15 �C Ertesvåg et al. [43]
3% Ertesvåg et al. [43]
111 bar Ertesvåg et al. [43]
27 bar Ertesvåg et al. [43]
4 bar Ertesvåg et al. [43]
0.06 bar Ertesvåg et al. [43]
570 �C Ertesvåg et al. [43]
15 �C Ertesvåg et al. [43]
3% Ertesvåg et al. [43]
5% Ertesvåg et al. [43]
100 �C Ertesvåg et al. [43]
85% Ertesvåg et al. [43]
�250 �C Hong et al. [15]
62% Hong et al. [15]
17 bar Hong et al. [15]
10% Hong et al. [15]
20 �C Hong et al. [15]
2 Liu [28]
0.1 Lozza and Chiesa [31]
4 Lozza and Chiesa [31]
To obtain 95% CO2 removal Lozza and Chiesa [31]
3 Lozza and Chiesa [31]

0.15 Lozza and Chiesa [31]
erator 10 �C Lozza and Chiesa [31]

1.01 bar Lozza and Chiesa [31]
3 bar Lozza and Chiesa [31]
5 �C Lozza and Chiesa [31]
4/10 kPa Lozza and Chiesa [31]
3 Lozza and Chiesa [31]

sed systems.



Table 3
Main stream states of the LESOLCC-DCP system (points refer to Fig. 2).

Point t (�C) P (bar) m (kg/s) VF Percent molar composition (%)

N2 O2 CH3OH H2O CO2 CO H2 Ar

1 25 18.8 32 0.0 100
2 207.1 18 19.8 100 100
3 207.1 18 16.2 100 100
4 430 17.7 68 100 0.005 23.1 16.9 3.1 56.9
5 207.5 17.6 68 100 0.005 23.1 16.9 3.1 56.9
6 235 17.2 68 100 0.2 20.8 19.4 0.5 59.1
7 121.6 17.1 68 90.2 0.2 20.8 19.4 0.5 59.1
8 30 17.1 68 79.2 0.2 20.8 19.4 0.5 59.1
9 30 17.1 49.4 100 0.2 24.4 0.7 74.7

10 30 17.1 9.1 100 0.3 1.6 0.9 97.2
11 220 17 9.1 100 0.3 1.6 0.9 97.2
12 408.3 15 619.6 100 77.3 20.7 1.01 0.03 0.92
13 1308 14.7 628.6 100 72.1 12.8 13.8 0.4 0.9
14 639.2 1.05 628.6 100 72.1 12.8 13.8 0.4 0.9

Table 4
Main stream states of the LESOLCC-RFM system (points refer to Fig. 5).

Point t (�C) P (bar) m (kg/s) VF Percent molar composition (%)

N2 O2 CH3OH H2O CO2 CO H2 Ar

1 25 18.8 32 0.0 100
2 27 18.8 36 0.0 100
3 250 17.6 68 100 0.1 20.8 19.3 0.6 59.1
4 121 17.3 68 90.0 0.1 20.8 19.3 0.6 59.1
5 30 17.1 68 79.2 0.1 20.8 19.3 0.6 59.1
6 30 17.1 49.3 100 0.2 24.4 0.8 74.7
7 30 17.1 9.1 100 0.2 1.6 1 97.2
8 230 17 9.1 100 0.2 1.6 1 97.2
9 408.3 15 619.8 100 77.3 20.7 1.01 0.03 0.92

10 1308 14.7 628.9 100 72.1 12.8 13.8 0.4 0.9
11 639.2 1.05 628.9 100 72.1 12.8 13.8 0.4 0.9
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system is used also for steam generation; and in the decomposition
system, the additional steam for methanol conversion is extracted
from the HRSG in the power subsystem. The solar thermal shares
were therefore indeed found to be different, 21.5% in the RFM
system and 17.6% in the DCP one.

We conclude from Table 5 that the integration of solar heat and
CO2 capture with fuel conversion affects the system performance
in the following ways:

(A) Augments the system power output and reduced CO2 emis-
sion for the same fuel input.

The solar heat stored as the syngas chemical exergy contributes
to increased power output. The RFM system with the most solar
heat input has the highest power output of 439 kW/(mol/s metha-
nol), followed by the DCP system of 419 kW, higher by 44% and
37.5%, respectively, as compared with the reference CC-Post sys-
tem without solar assistance.

The significant augmentation of the power output also leads to
the much higher exergy and energy efficiencies of both hybrid sys-
tems, by about 29.6% and 10.9% as compared with that of the ref-
erence CC-post system.

Partial replacement of fossil fuel with solar heat contributes not
only to fossil fuel saving, but also to CO2 emissions reduction for
the same amount of electricity generation. The fossil fuel saving
ratio is found to be 30.5% for the RFM system, and 27.3% for the
DCP system. The difference comes from the different solar heat
input. With the same CO2 capture ratio, both hybrid systems have
specific CO2 emission of about 33–34 g/kW h that are much lower,
by about 36%, than that of the CC-Post system.
(B) Low energy-penalty CO2 capture

CO2 capture is energy-consuming, typically leading to a system
efficiency drop up to 10%-points [17,18]. The energy penalties eval-
uated by thermal efficiency drops are calculated for the three sys-
tems. The efficiency penalty is defined here as the amount by
which thermal efficiency decreases for the RFM, DCP and CC-Post
system when compared with the respective reference systems
without CO2 capture.

In the CC-Post system, chemical absorption is applied to sepa-
rate CO2 from the flue gases, and large gas quantities have to be
treated because CO2 is diluted by the nitrogen in the combustion
air. Steam extraction from the bottoming cycle provides the
needed heat for the absorbent regeneration. The bottoming cycle
power output drops accordingly and the efficiency penalty in this
system is found to be 11%-points.

In contrast, CO2 capture is introduced in both of our hybrid sys-
tems at the point with the highest CO2 concentration and the low-
est gas flow rate. Specifically, in the RFM system, production of a
syngas with high CO2 concentration owing to fuel conversion with
a high carbon conversion ratio is thus very favorable to
energy-efficient pre-combustion decarbonization for CO2 capture.
The efficiency penalty for CO2 capture in the RFM system was
found to be only 4%-points. In the DCP system, decomposition pro-
duces CO- and H2-enriched syngas, but the shift reactors intro-
duced increase the energy consumption, resulting in a thermal
efficiency penalty of 6.6%-points.

(C) High efficiency conversion of low/mid temperature solar
heat
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The endothermic chemical reaction of fuel conversion enables
the low/mid temperature solar heat to be integrated with
thermo-chemical upgrading into the chemical exergy of the pro-
duced syngas. The chemically-stored input solar heat can thus be
released as high temperature thermal heat via combustion and
achieves its high efficiency with the use in the advanced power
system. The solar-to-electricity efficiency, (Eq. (9)), is found to be
45% and 49% for the RFM and DCP systems, respectively, much
higher than that can be attained in the solar-alone system at the
same solar heat collection temperature level.

(D) Significant influence of methanol production energy
consumption

As a valuable alternative fuel for transportation and power gen-
eration, methanol is, however, not available naturally. Its produc-
tion on commercial scale is generally based on the chemical
synthesis of syngas which is produced either from natural gas
reforming or coal gasification. The specific energy consumption
for a typical coal-based methanol production process is about
1344 kJ/mol [1], and the solar radiation to heat conversion
efficiency is chosen to be 62% for the base case calculation. Based
on the primary energy inputs, the system primary thermal effi-
ciency (Eq. (5)) quantifies the impact of the energy consumption
for methanol production and the conversion efficiency of
insolation to heat. It is shown in Table 5 that the primary thermal
efficiency is 28% for the RFM system and 28.8% for the DCP system,
which are lower by 22–23%-points than the direct thermal effi-
ciency of the same RFM and DCP systems, suggesting a significant
influence of the methanol production energy consumption and
insolation-to-heat conversion efficiency. The proposed two
systems have, however, higher primary thermal efficiencies than
the reference CC-post system by more than 3%-points with the
same methanol input.

The specific energy consumption for methanol production may
vary from 1000 kJ/mol to 1500 kJ/mol, depending on the different
technologies, and its influence is further investigated as shown in
Fig. 6. If the methanol production energy consumption decreases
from 1460 kJ/mol to near 0, the primary thermal efficiency for both
RFM and DCP systems would increases from about 18% to 46%, sug-
gesting a potential for performance improvement along with
methanol production technology progress toward higher
efficiency.

Despite the significant negative influence of the methanol
production energy consumption and the conversion efficiency of
solar radiation to heat, we believe that the principle of cascade
use of multiple energy resources and integrated CO2 capture with
Table 5
Systems performance comparison.

Items LESOLCC-
RFM

LESOLCC-
DCP

CC-
Post

Fuel direct exergy input, Ef,d (kJ/mol-
CH3OH)

716.1 716.1 716.1

Solar direct exergy input, Esol,d (kJ/mol-
CH3OH)

79.5 61.9 –

Solar direct thermal share, Xsol,d (%) 21.5 17.6 –
Solar-to-electricity efficiency, gsol (%) 45 49.2 –
Fossil fuel saving ratio, SRf (%) 30.5 27.3 –
CH3OH-to-CO2 conversion rate, (%) 96.2 96.5 –
CO2 removal rate (%) 90.8 91 90
Specific CO2 emission (g/kW h) 33.4 33.8 52.8
Net power output, Wnet (kJ/mol-CH3OH) 438.6 418.7 304.5
Direct exergy efficiency, ge,d (%) 55.1 53.8 42.5
Direct thermal efficiency, gth,d (%) 50.9 51.1 45.1
Primary thermal efficiency, gth,p (%) 28 28.8 25
energy conversion proposed in this paper is of important value:
it extends to applications beyond the methanol–solar pair and
applies for system integration into hybrids in which any low tem-
perature heat sources can be used as a process heat input for the
endothermic thermochemical conversion and thus converted into
chemical energy, with fossil fuel added at higher temperature to
boost the efficiency.

4.3. Parametric analysis of the novel LESOLCCs systems

The water-to-methanol molar ratio Rwm has significant effects
on system performance, by affecting fuel conversion. A sensitivity
analysis was conducted to examine its effect keeping the gas tur-
bine inlet temperature TIT and methanol input constant.

The results are summarized in Tables 6 and 7, and a comparison
between the two hybrid systems is also shown in Figs. 7 and 8. It
was found that RFM and DCP systems respond differently to the
variation of Rwm. For the RFM system, solar collection provides heat
for water preheating and steam generation. As more water is being
introduced to the system, the solar heat thermal share conse-
quently increases. In the DCP system, solar heat is used only for
methanol evaporation and decomposition, and the solar thermal
Table 6
Sensitivity analysis of the water-to-methanol molar ratio for LESOLCC-RFM system.

Items Case
1

Case
2

Case
3

Case
4

Case
5

Water-to-methanol molar ratio, Rwm 0.5 1 1.5 2 2.5
Fuel direct exergy input, Ef,d (kJ/mol-

CH3OH)
716.1 716.1 716.1 716.1 716.1

Solar direct exergy input, Esol,d (kJ/mol-
CH3OH)

59 64.4 71.7 79.5 87.9

Solar direct thermal share, Xsol,d (%) 16.9 18.1 19.8 21.5 23.2
Solar-to-electricity efficiency, gsol (%) 65.7 56.8 50.1 45 40.6
Fossil fuel saving ratio, SRf (%) 32.3 31.1 30.7 30.5 30.4
Sequestrated CO2 (kg/s) 39.4 68.5 77.9 80.4 81.5
CO2 removal rate (%) 44.5 77.3 88 90.8 92
Specific CO2 emission (g/kW h) 196.8 81.9 43.7 33.4 29.5
Gas turbine output (kJ/mol-CH3OH) 286.3 285 284.7 284.5 284.4
Steam turbine output (kJ/mol-CH3OH) 170.1 168.1 167.5 167.3 167.2
Net power output, Wnet (kJ/mol-CH3OH) 449.9 441.8 439.3 438.6 438.2
Direct exergy efficiency, ge,d (%) 58 56.6 55.8 55.1 54.5
Direct thermal efficiency, gth,d (%) 55.3 53.5 52.1 50.9 49.8
Primary thermal efficiency, gth,p (%) 28.9 28.5 28.2 28 27.8
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Fig. 7. Performance comparison between the two hybrid systems: LESOLCC-RFM
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share remains therefore constant regardless of the steam
generation rate.
Table 7
Sensitivity analysis of the water-to-methanol molar ratio for LESOLCC-DCP system.

Items Case 1

Water-to-methanol molar ratio, Rwm 0.5
Fuel direct exergy input, Ef,d (kJ/mol-CH3OH) 716.1
Solar direct exergy input, Esol,d (kJ/mol-CH3OH) 61.9
Solar direct thermal share, Xsol,d (%) 17.6
Solar-to-electricity efficiency, gsol (%) 62.3
Fossil fuel saving ratio, SRf (%) 32.2
Sequestrated CO2 (kg/s) 38.6
CO2 removal rate (%) 43.6
Specific CO2 emission (g/kW h) 200
Gas turbine output (kJ/mol-CH3OH) 289.9
Steam turbine output (kJ/mol-CH3OH) 165.6
Net power output, Wnet (kJ/mol-CH3OH) 449.1
Direct exergy efficiency, ge,d (%) 57.7
Direct thermal efficiency, gth,d (%) 54.8
Primary thermal efficiency, gth,p (%) 28.8
In both systems, higher steam input boosts methanol conver-
sion and shift reactions, thus favoring higher efficiency CO2

removal. The CO2 capture ratio increases from 44% to 92% when
Rwm is increased from 0.5 to 2.5. The increasing steam addition,
however, makes no positive contribution to the system power
output, because most of the steam is finally removed in the
water-removal unit downstream of the reactor. The higher metha-
nol conversion ratio and CO2 removal ratio increase the final
syngas heat value on the one hand, and on the other hand reduce
its mass flow rate. The latter effect dominates and the result is a
slight drop of the energy input to the power subsystem. To keep
the gas turbine inlet temperature TIT at the same value, the
compressor inlet air mass flow rate is reduced accordingly, leading
to a decrease of the system power output, from 450 kW to
438 kW/(mol/s methanol) (drop by 2.7%) in the RFM system as
Rwm is increased from 0.5 to 2.5. The reduction in power output
is more significant in the DCP system because more steam is
extracted from the bottoming cycle: the specific power output
drops from 449 kW to 413 kW/(mol/s methanol) (by 8%) as Rwm

is changed from 0.5 to 2.5.
To summarize, increasing the steam addition increases the sys-

tem solar heat input and reduces the power output slightly in the
RFM system, while in the DCP system the system solar heat input
remains unchanged and the power output drops more strongly.
The system efficiencies thus decrease accordingly in both systems.
For example, raising Rwm from 0.5 to 2.5 decreases the thermal
efficiency from 58% to 54.5% in the RFM system, and from 57.7%
to 53% in the DCP system.

It can be concluded that higher steam addition to these hybrid
systems favors CO2 capture but not power generation.
Consequently, as Rwm is increased, the solar heat input increases
in the RFM system and remains the same in the DCP system, but
the solar-to-electricity efficiency and the fossil fuel saving ratio
drop because both are defined based on the power generation
performance alone.

In this calculation, the possibility of solid carbon formation in
reforming and shift reactions at low steam content has not been
considered. A water-to-methanol molar ratio of 1.5–2 is suitable
for avoiding carbon deposit and attain a desired CO2 capture ratio
of about 90% or higher.
5. Technical considerations

Solar driven methanol reforming and decomposition are the key
technologies for the hybrid power generation systems proposed in
this paper.
Case 2 Case 3 Case 4 Case 5

1 1.5 2 2.5
716.1 716.1 716.1 716.1
61.9 61.9 61.9 61.9
17.6 17.6 17.6 17.6
56.6 52.7 49.2 46.8
30.2 28.7 27.3 26.3
66.5 77.2 80.7 81.7
75.1 87.2 91 92.3
91.1 47.8 33.8 28.8
287.2 286 285.5 285.4
159.8 153.7 146.5 141.2
436 426.9 418.7 413.2
56 54.9 53.8 53.1
53.1 52.1 51.1 50.4
28.4 28.1 27.8 27.7
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Both reforming and decomposition are well established
technologies in the chemical industry. With proper catalysts, they
take place at a reaction temperature of 200–300 �C, much lower
than that required for methane conversion.

The commercially mature parabolic trough solar concentrating
collectors [3] fit well with this temperature range application.

The methanol to syngas conversion is well understood from
many studies that have been conducted, numerically and experi-
mentally, on catalysts, reaction mechanism, kinetics, and develop-
ment of reactors. For example, Nakagaki developed a design
method for methanol reformers by examining the reaction rates
with Cu–Zn catalyst and reforming performance of a tube reactor
[38]. Patel established a mechanistic kinetic model for methanol
steam reforming over a Cu/ZnO/Al2O3 catalyst, to predict the pro-
duction rates of hydrogen, carbon dioxide and carbon monoxide
for different operation conditions [39]. Hou investigated the per-
formance of a non-isothermal solar reactor for methanol decompo-
sition, obtained the reactor performance under different radiation
intensity, beam incidence angle, and feed parameters [40]. An
experimental study on solar-driven methanol reforming and
decomposition has been conducted in the authors’ research group
[41,42]. There, a 5 kW solar receiver/reactor, positioned along the
focal line of a one-tracking parabolic trough collector, was
developed in these studies to demonstrate the concept of solar
thermal–chemical conversion and upgrading. Experiments
of H2 production from methanol steam reforming at around
200–300 �C and ambient pressure were conducted. Over 90% con-
version of methanol was observed, and the volumetric concentra-
tion of H2 in the gas product reached 66–74% with a solar flux of
580 W/m2. The thermo-chemical efficiency of solar heat to chemi-
cal energy conversion attained 30–50%. The promising results
prove the feasibility of solar-driven methanol conversion. Further
development in the integration of solar receiver–reactor is needed
to improve the reaction stability, conversion efficiency and to
reduce the thermal loss and cost.

By combining the decomposition and shift reaction into one
unit, the RFM is more compact than the DCP system. Because of
the different manner of solar heat introduction and steam genera-
tion, the RFM has a higher solar direct thermal share, of 21.5%, as
compared with 17.6% in the DCP system. More solar input con-
tributes to more power output by �5% in the RFM system; it
requires, at the same time, a large solar collector surface area by
28% than in the DCP system. An economic analysis is obviously
needed for a more comprehensive comparison. This paper mainly
focuses on the system integration concept and thermodynamic
performance at the design point.
6. Conclusions

Taking advantage of the high conversion ratio of methanol con-
version at relatively low temperature of 200–300 �C, the authors
propose the use of low/mid temperature solar heat be integrated
and upgraded thermo-chemically in a way that contributes to the
overall energy input, increases power generation efficiency, offers
the energy storage potential of the produced syngas, and integrates
low-energy-penalty pre-combustion decarbonisation. All these
advantages reduce the use of fossil fuel and the associated undesir-
able emissions.

Two such novel system configurations have been proposed,
based on solar heat methanol decomposition and reforming,
respectively. The main components of the systems are power gen-
eration, solar-driven methanol thermochemical reactors, and CO2

sequestration subsystems. They are simulated and compared with
a conventional gas-fired gas–steam combined cycle system with
CO2 separation from the exhaust gas (CC-Post). The system
performance analysis results show that with the same methanol
input and a chosen 91% CO2 capture ratio, the specific CO2 emission
of the proposed hybrid systems is about 33 g/kW h, 36% lower than
that in the reference conventional CC-Post cycle. Solar heat input
contributes to the augmentation in system power output and, by
replacement of some of hydrocarbon fuel a reduction of CO2 emis-
sion. A 30% fossil fuel saving ratio is achievable with a solar ther-
mal share of about 20%, and the net solar-to-electricity efficiency,
based on the gross solar radiation incident on the collector, is more
than 45% higher than that of a CC-Post system with the same fuel
input, which is much higher than can be attained in the solar-alone
thermal power system operating at the same or even higher solar
heat temperatures.

Taking into account the methanol production energy consump-
tion and the conversion efficiency of solar radiation to heat, the
system primary thermal efficiency is found to be 28% for the
RFM system and 28.8% for the DCP system, which is lower by
22–23%-points than the system direct thermal efficiency.
Potential exists for system performance improvement along with
technology advancement for methanol production and solar heat
collection.

Summarizing, the proposed systems’ thermochemical upgrad-
ing of methanol by using solar heat, and integration of cascade
use of multiple heat sources was shown to accomplish much clea-
ner use of fossil fuel, and high efficiency conversion of low/mid
temperature solar heat.
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