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HIGHLIGHTS

o A novel flexible storage system for conventional power generation is proposed.

e Green methanol to methane conversion process from intermediate step to synthesis gas.

e Overall system efficiencies above 29% and roundtrip efficiencies of 44% were achieved.

e Competitive levelized fuel cost of €172/MWh and future LCOE values <€265/MWh are reached.
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This study introduces an innovative solution to address the challenges arising from the volatile natural gas
market and the growing integration of renewable energy sources within the industrial sector. The research strives
to confront this challenge by including renewable methanol (CH3OH) and converting it into methane (CHy), with

x:gﬁzgzl an intermediate step involving synthesis gas (CO/Hy) by using concentrating solar power. This approach pro-
Syngas vides a sustainable and adaptable solution to reduce dependence on natural gas. The process entails a methanol
Solar decomposition reaction at moderate temperatures (<350 °C). Subsequently, the synthesis gas is compressed to

CSp 40 bar, stored, and discharged through a methanation process that can be conducted at high temperatures
(>500 °C). The resulting methane is used as fuel for gas turbines and can also serve as feedstock in the chemical
industry. The simulations were conducted in ASPEN HYSYS and yielded overall system efficiencies exceeding
29% and roundtrip efficiencies of 44%. Through techno-economic optimisation of the reaction conditions,
competitive levelized fuel costs (LCOF) of €172/MWh and future LCOE values of €145/MWh were achieved.
These findings present an innovative strategy for integrating gas turbine cycles and additional conversion
pathways for green methanol.

1. Introduction

The high level of variable renewable energy in the electric grid
presents a critical challenge for boosting worldwide energy storage ca-
pacity [1,2]. Thermochemical storage (TCES) is a solution for long-term
storage in solar power plants, allowing charging (chemical decomposi-
tion) and discharging (chemical synthesis) for both daily and seasonal
storage approaches [3]. Several reaction pairs are promising for ther-
mochemical energy storage because of their higher energy densities than
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current sensible and latent energy storage. Some are based on liquid-gas
(Isopropanol/acetone (>200 °C) [4]), solid-gas (CaO/CaCOs [5], CaO/
Ca(OH), [6], MgO/Mg(OH), [7], (>600 °C)) and gas-gas (ammonia
(>400 °C) [8], SO3 (800-1000 °C) [9], CH3OH (>300 °C) [10]), among
others. Most high-efficiency TCES systems require high temperatures for
the decomposition step, which is difficult to achieve with current solar
concentrators and increases installation costs [11]. Thus, there is a need
for energy carriers that can be produced and stored efficiently and
sustainably using renewable sources at intermediate temperatures

Received 2 July 2023; Received in revised form 6 November 2023; Accepted 19 November 2023

Available online 3 December 2023

0306-2619/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:drodriguez4@us.es
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2023.122398
https://doi.org/10.1016/j.apenergy.2023.122398
https://doi.org/10.1016/j.apenergy.2023.122398
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

D.A. Rodriguez-Pastor et al.

(<400 °C).

Methanol (CH30H) is a promising alternative energy carrier [12], as
it can be produced from renewable sources such as biomass gasification
or hydrogenation of industrial effluents [13,14]. It has several advan-
tages over other energy carriers, such as being a liquid fuel under
ambient conditions, allowing less expensive transport and storage, and
having a higher energy density than hydrogen [15]. Because of its high
hydrogen content, it is considered a practical solution for hydrogen
transport [16]. Despite some drawbacks, such as toxicity [17], it is a
widely used and mature technology with large-scale production in the
chemical industry [18]. Methanol is used as a compound for different
chemical processes, and there is a relevant activity in adapting power
generation systems to this fuel [19-22].

Several studies have investigated methanol production from
renewable sources and its conversion to hydrogen or liquid hydrocar-
bons via different processes, such as reforming, methanation, dimethyl
ether synthesis, and Fischer-Tropsch synthesis. Moioli et al. [23]
assessed the catalytic conversion of CO5 and Hy to methane and meth-
anol. They found that the maximal storage efficiency (total energy
stored between total energy spent) was 85.3% for methanol and 78.2%
for methane. Garcia et al. [24] reviewed methanol’s main hydrogen
production processes and reported that the highest hydrogen yield was
3.5 mol Hy/mol CH3OH, achieved by autothermal reforming. The
highest methane production rate by electrochemical methanation from
renewable sources, 0.8 mol CH4/mol CO5, was obtained by Biswas et al.
[25]. Haynes et al. [26] reconsidered the logic of biological methane
activation and its conversion to liquid fuels. [26] They suggested paths
to produce liquid transportation fuels from methane at high carbon
yield, high energy efficiency, and low CO2 emissions. A review of the
conversion of Hy and CO» to liquid fuels via power-to-liquid processes
was performed in [27], comparing the techno-economic and environ-
mental performance of different pathways, such as methanol synthesis,
dimethyl ether synthesis, and Fischer-Tropsch synthesis. However, no
studies have focused on converting methanol to methane as an inter-
mediate step for power generation, where methanol is only decomposed
into syngas and then used [28-32]. Moreover, most of these studies have
used conventional steam reforming or partial oxidation of methanol,
which requires high temperatures and pressures, resulting in COy
emissions.

Synthetic (green) natural gas (SNG) is a key energy carrier. Power
and heat technologies widely use natural gas in gas turbines, cogene-
ration engines [33] or chemical industries, gas boilers, and methane
reforming processes [34]. Natural gas use is not only limited by reserves
and regional accessibility; as recently demonstrated, global conditions
significantly influence costs. Traditional SNG production methods
typically rely on nonrenewable sources, such as coal. However, there are
sustainable approaches that use biomass, landfills, livestock residues, or
waste treatment [35]. The production of synthetic natural gas (SNG)
from dry lignocellulosic biomass using thermochemical methods is a
relatively new concept that has not yet been extensively implemented at
an industrial level. It is an early-stage technology with a limited number
of small-scale tests and pilot plants in operation [36,37]. The term
“Power-to-Gas” refers to converting electrical energy into hydrogen and
methane, the latter being synthetic natural gas. Other forms of con-
verting electrical energy into liquid energy carriers (“Power-to-Fuels”),
such as hydrocarbons (methanol, dimethyl ether, and Fischer-Tropsch
products), can also be used as intermediates for SNG production. The
methanation process offers several advantages for SNG production. The
resulting product heating value was within the natural gas range. It
eliminates the need to accommodate equipment at higher hydrogen
concentrations [38].

Moreover, compared with pure hydrogen, SNG, with a methane
content ranging from 87% to 97%, has fewer obstacles to implementa-
tion. It is safer, easier to transport and store, and better suited for in-
dustrial applications [39]. However, SNG production from renewable
sources requires multiple steps and high temperatures, which reduce the
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efficiency and increase the cost of the process. In addition, injecting SNG
into the network or storing it requires high pressure, which penalises the
roundtrip efficiency of the process. Finally, when considering methane
as an energy storage system (energy vector), it is important to note that
the energy density is lower than that of the liquid vectors.

The conversion of renewable methanol to methane or synthetic
natural gas (SNG) is an attractive option for storing and transporting
renewable energy in liquid fuels and for use in conventional power
systems with soft retrofitting. The large-scale production of methanol,
storing it (with high energy density, 0.0364 MJ/L CH4 < 15.6 MJ/L
CH3OH [40]), and the potential conversion of a portion of the produced
methanol into methane for industrial use is a novel pathway that has
barely been studied in the literature.

This work proposes a novel approach for gas turbine power pro-
duction based on the conversion of methanol to methane via the inno-
vative integration of known reactions, such as methanol decomposition
and methanation, coupled to provide a thermochemical storage and
synthetic natural gas (SNG) generation system that can power a com-
mercial gas turbine. Methanol can be produced from renewable sources
at moderate temperatures with higher efficiency than synthetic natural
gas (SNG). Methanol can also be used as a hydrogen carrier for fuel cells
or as feedstock for the chemical industry [41]. However, methanol has a
higher volatility and lower density than other fuels, which limits its
direct use in some applications. Therefore, converting methanol to
methane (CH4), which has a higher heating value and can be easily
stored and transported using the existing natural gas infrastructure,
could be a promising energy storage and utilisation option.

Concretely, this work proposes a novel concept for converting
methanol to methane using solar concentrated solar power (CSP) tech-
nology, which allows the decomposition of methanol into syngas at
moderate temperatures and pressures and the subsequent methanation
of syngas into CH4 without CO3 emissions. The proposed system can be
used as a thermochemical energy storage (TCES) system that can store
excess renewable energy in methanol and release it as heat and elec-
tricity when needed. The system can operate in two modes: open-loop
and closed-loop modes. In the open-loop mode, methanol is constantly
fed into the system and converted to heat, electricity, and CH4 at
different stages. This approach is proposed in the patent by Chacartegui
et al. [42]. In closed-loop mode, methanol is decomposed into syngas
during the charging phase (when renewable energy is available) and
stored in tanks. Syngas is then converted to CH4 during the discharging
phase (when renewable energy is unavailable) and used to power a gas
turbine.

The resulting synthetic natural gas is around €172/MWh from
methanol obtained by biomass gasification with levelized gas turbine
power costs below €260/MWh. Relatively high roundtrip efficiencies
(>40%) have been achieved through techno-economic optimisation and
joint integration with solar photovoltaics, ensuring a carbon-neutral
system. A synthetic natural gas with a high molar percentage of
methane at the outlet (>90%) provides a high operational flexibility. It
allows using the existing methane transport infrastructure network or
direct use in natural gas turbines, acting at peak demand periods, and
optimising economic profitability. It is estimated that the biomethanol
costs could reach €227/t for higher levels of technology maturity,
implying LCOE values around €142/MWh. Similarly, in 2050, the prices
of methanol from CO, and H, with electrolysis could reach €250/t, and
the LCOE of the proposed technology would be around €152/MWh,
offering a competitive and flexible configuration that would lower the
costs of CSP.

2. System description

The methanol-decomposition reaction (Eq. (1)) produces syngas
with a 2:1 ratio of hydrogen (Hj) and carbon monoxide (CO) at equi-
librium. It has different industrial applications, and the separation of CO
from Hj in a controlled environment allows the latter to serve as fuel
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[43]. Current catalysts for methanol decomposition are based on Cu, Pt,
Pd, and Ni [44], although Cu-based catalysts are vulnerable to rapid
deactivation due to carbon poisoning [45].

CH30H<—>CO+2H2 AHzggK =90.7 kJ/mol (l)

CO methanation (Eq. (2)) is an exothermic reaction that preferen-
tially occurs at low temperatures, according to the LeChatelier principle
[46]. However, from a kinetic point of view, high temperatures lead to a
faster reaction rate, which is commonly used in the industry to ensure
economic profitability, such as in the first-stage methanation reactor in
the TREMP™ process with a temperature range of 600-700 °C [47].
Conventional Al;O3-supported Ni-based catalysts are most used for CO
methanation because they have high catalytic activity, are easy to pre-
pare, and are relatively inexpensive [48].

C0+3H2<—’CH4 +H20 AHzgg[( = —206.1 kJ/mol (2)

The system analysed in this work uses concentrated solar power
(CSP) to decompose methanol (<350 °C) into syngas [49], Fig. 1. Syngas
(CO/2Hy) is stored at a pressure of 40 bar and then released to 30 bar in
a methanation reactor, where methane (CH4) and water (H;O) are
produced. Rodriguez-Pastor et al. [50] demonstrated that the overall
system yields >40%, obtaining methane mole fractions at the outlet
>70% and lower percentages of syngas and water, which can be sepa-
rated using a flash separator. The obtained gas mixture is a fuel with a
high calorific value and flammability that can be stored conventionally
in tanks or taken directly into the combustion chamber of a gas turbine.

Fig. 2 illustrates the integration of power generation using a
methane/syngas mixture at the outlet of the methanation reactor. In
addition to green chemical fuel, power generation can also be provided
by the exothermic heat generated in the methanation reactor, for which
the operating conditions must be considered to maximise the expelled
heat. In both cases, the decomposition and synthesis processes were
thermally integrated from a network of heat exchangers to improve the
system’s overall efficiency and reduce the consumption of hot and cold
utilities.

The system comprises four stages, as shown in Fig. 3. The decom-
position phase pumps liquid methanol from the storage tank (Stream
m10). The liquid methanol is heated from the synthesis gas stream
generated in the reactor at a pressure of 40 bar and high temperature.
Two-phase methanol enters the decomposition reactor, where the re-
action occurs at 315 °C and 10 bar, ensuring a stream of >95% meth-
anol. The remaining excess methanol is separated using a flash separator
and recirculated to the main methanol feed stream (Stream 8). The
syngas generated in the reactor is transferred to a high-pressure storage
tank at temperatures 300 °C.

During the discharge process, it passes through a heat exchanger
network (Stream 12), which is heated by the outlet stream of the
methanation reactor (18-19). Its pressure is also reduced, and the power
obtained in the turbines reduces the associated compressor consumption
in the decomposition phase. The process output stream 23 separates

CH30H—CO+2H» 13(1)5b§r

A u
j [I>VIethanoIJ LSyngas}\

L V /I) Storage !40 bCar
: Methane |

W
Y
700°ClCH4+HQOeCO+2HQJ

Fig. 1. Block diagram of the proposed TCES-GT system.
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Fig. 2. MeOH-CH,4 thermochemical storage system flowchart.

water from the gaseous mixture, storing the resulting compounds. The
resulting fuel is fed into the combustion chamber of a gas turbine
(stream 28) to recover energy as electricity. Detailed process streams
data are provided in the Annex Section.

Syngas has many applications, from chemical synthesis to power
production [51]. Integrated Gasification Combined Cycle (IGCC) tech-
nology with carbon capture is a promising solution to achieve high ef-
ficiency and reduce pollutant emissions [52]. Hydrogen and carbon
monoxide compositions can vary depending on the gasification method,
and feedstock used [53]. This variation in composition can affect the
combustion performance and application, with much of the research on
premixed combustion examining the effects of hydrogen content on
ignition, flame structure, laminar flame speed, and syngas NOy emis-
sions [54-56]. The chemical mechanism of hydrogen appears to be the
most significant factor influencing the combustion characteristics of
syngas [57]. The flame structure and speed are also strongly influenced
by diluent gases, which depend on the syngas composition [58]. In non-
premixed combustion, the primary concerns are the effects of syngas
composition, strain rate, and diluent gases on flame structure, flamma-
bility, and NOy emissions with counterflow syngas diffusion flames, with
or without dilution, which are the main research topics [59]. In this
case, the gas turbine operates with a mixture of methane and synthesis
gas in its combustion chamber, which helps reduce CO, emissions, given
a higher Hy content not synthesised in the methanation reactor [60].
Methane within syngas reduces the maximum flame temperature,
resulting in a notable decrease in the production of nitric oxides [61].

3. Modelling

The proposed system was simulated using the commercial software
ASPEN HYSYS and Peng-Robinson thermodynamic package. The oper-
ating conditions are listed in Table 1.

The system was modelled in a quasi-steady-state manner, consid-
ering the concept of peak sun hours (1 kWh/m2), during which the
system operates at the design point in the charging phase (Table 2). For
the studied location (Seville, Andalusia, Southern Spain), the annual
average peak sun hours are approximately 6, resulting in 2190 h of full-
load operation per year. The storage tanks were sized to meet the
assumed ten hours of discharge for the system to cover three complete
discharge cycles (30h), providing backup power production for the gas
turbine. The off-design gas turbine conditions owing to weather and
load variations were modelled using the commercial software THER-
MOFLEX [62].

A thermodynamic evaluation was performed based on the definition
of the overall performance (nplam) of the TCES/GT system (Eq. (3)).

WGT oo WGT hdi:
- —y =
Ocuyon + Qo

3

Nptant = g T
plant .
HHYV CH30H ""MCH;0H Wpey + QCSP hcharge

where W¢r represents the gas turbine output power, y the ratio of
discharge (hg;s) and charge-storage hours (heharge), HHV cr,on and mew,on
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Fig. 3. Proposed MeOH-CH,4 thermochemical storage system process flow diagram.

Table 1
Thermodynamic and operational considerations for the proposed system.

Variable Value

Inlet CH3OH molar flow at the charging process 100 mol/s

CH3OH storage temperature/pressure 64.67 °C/1 bar

Heat Exchangers approach temperature 20K
Isentropic efficiency of liquid methanol pump 65%
Isentropic efficiency of compressors 89%
Isentropic efficiency of expanders 92%

Endothermic reaction temperature/pressure
Exothermic reaction temperature/pressure

315 °C/10 bar
700 °C/30 bar

Syngas CO/H; storage pressure 40 bar
Discharge pressure 1 bar
Discharge phase time 10h
Table 2
Assumptions for meteorological conditions in the model at the design
point.
Variable Value
Ambient Dry Temperature 25°C
Ambient Pressure 1.013 bar
Location Seville

Latitude/Longitude
Peak sun hours (PSH)

37.383/-5.973
5.98 (kWh/m?)

the higher heating value and mass flow rate of methanol, Wpy the
electrical output power of the photovoltaic field and Qqgp the thermal
output at the receiver of the concentrating solar field.

Thermal performance 7, assesses the thermal capacity of the
discharge phase from the perspective of the produced fuel
(HHVch,-mcn,) and the exothermic heat (Qm) of the methanation re-
action, considering the solar input (Q,,;) and methanol contribution
(HHV cr,on'Men,on) in the charging phase (Eq. (4)).

HHY ey, i, + Qo hais
HHYV cyomMce,on + Wey + Ocsp Petarge

n Oc, + Qv
h= =
! Ocuyon + Qo

C)

The roundtrip efficiency (RTE) considers the discharge phase elec-
tricity output (E%°) when considering the charge phase inputs (Eq. (5)).
Ege

RTE =
Echar

(5)

Chemical conversion (7, _,) is described by the solar-to-chemical
efficiency in terms of power (Eq. (6)).

_ XcwyonMicu,on Ahcyyon

Nsol—ch =
QCSP

(6)

where Xcp,on and Ahcp,on are the molar fraction and enthalpy change
of methanol, respectively. Finally, the electrical recovery in the
discharge-phase expanders was quantified (Eq. (7)) using the solar-to-
electrical efficiency (77,,_.c) @s @ function of storage time.

Wey  ha
QCSP + WPV hcharge

Nsol—clec = )

The proposed system can accommodate various commercial gas
turbines such as SIEMENS V93, V94.3, and SGT5-2000E [63] that can
handle syngas-based fuels. In this work, the gas turbine selection is
determined to provide flexibility in operation, the capability of oper-
ating in both simple and combined cycle configurations and versatility
of the fuel input in the combustion chamber. SGT-750 gas turbine has
been selected for the analysis of the proposed system because of the
power range and SNG operation capabilities. SGT-750 main character-
istics are provided in Table 3.

Economic analysis depends on the development of the component
and product markets, which can affect the accuracy of the approxima-
tions used to estimate emerging technologies. The expressions presented
in Table 4 form the basis of the economic analysis from the regression of
commercial equipment costs as a function of different scaling parame-
ters. Methanol production price was obtained considering renewable
biomass sources, considering an average (USD 490/t) based on IRENA
analysis (USD 327-764/t) [64].

The estimated costs of the equipment and their influence on the total
CAPEX of the facility are shown in Fig. 4. The highest system costs are
attributed to the gas turbine (37%) and reactors (~40%), followed by
the storage tanks (7%). Due to the integration of the reactor within the
CSP receiver tower, the CSP field has a low percentage of the total

Table 3
SGT-750 rated operation for simple cycle power generation.

Parameter Value

Gross power 39.8 MW(e)
output

Gross efficiency 40.3%

Gross heat rate 8922 kJ/kWh
Pressure ratio 24.3:1
Exhaust 468 °C
temperature
Fuel Natural gas, other gases within specification, liquid fuel (Diesel

No. 2) and dual fuel (gas and liquid)
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Table 4
Mathematical expressions for estimating the equipment costs.
Equipment Scaling Expression Ref.
Parameter
Compressors Power (kW) ICc = 643.15 e WC0,9142 [65]
Expanders Power (kW) ICop = 40014 ¢ chpo 6897 [66]
Power (kW) ICp =
Pump and pump Con 1-08\3 [67]
efficiency (-) 3531.4eWp " {1 + (1 - ) }
ip
Heat Area (m?) and 067 . 028 6
Exchangers pressure (bar) [Chp = 25469 ¢ A" ¢ pyii * 10 671
. Cooling power .
Air Cooler W) &P ICGhoing = 32-3 ® Qeool [68]
Endothermic Thermal power . 067
Reactor (kW) ICpr = 13140 Q; (6]
Exothermic Thermal power . 05
Reactor kW) ICyr =19594 ¢ Q; (691
Tanks Volume (m®) ICrank = 83-Viank [70]
Solar PV Field ~ Power (kW) ICpy = 0.995-Wpy-10° [71]
Receiver
CSP Field thermal power ~ ICX" = 57.07 & ®peceiver [72]
kW)
. Net GT power .
Gas Turbine (W) ICgr = 8279-W0%842 [73]
Pump
Cooling
HXS0%
Compressoro 2%

CSP Field (.49,
Expanders 1.6%
1.8%

0

Solar PV 3.8%

4.6%
Tanks

6.5%
37.3%

0,
Synthesis Reactor | oo

23.8%

CSP Dec. Reactor

Fig. 4. Influence of estimated component costs on total capital expenditures
(CAPEX) of the proposed facility.

capital expenditures (2%).

The levelized cost of fuel (LCOF) and levelized cost of energy (LCOE)
indicators are proposed for the overall economic evaluation (Egs. (8)
and (9)), considering a discount rate (r) of 5%, useful life of the plant (n)
of 20 years.

Z OPEX;
CAPEX + ; i)
LCOF = ——F———— 8)
Efuw
; (1+r)
CAPEX being the initial investment cost of the plant, OPEX; is the annual
operation and maintenance cost and Ep = rhﬁlelLHVfuel% the annual

fuel energy produced in the discharge phase of the proposed system
(MWh).

(14r)!
" ©)
Egr
(1+n)

CAPEX + ) 2PEX
LCOE = —— =1~

i=1

and Egr the annual energy produced in the bottoming gas turbine cycle
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in MWh. Applying the same concept, the levelized cost of storage (LCOS)
is shown in Eq. (10):

CAPEX + Y 22X,

(1+n)

LCOS = —— =1L © (10)

n
mgjs Ahgis

(1+r)

i=1
4. Results and discussion

Table 5 evaluates the efficiencies mentioned earlier based on the
proposed operating parameters resulting from the techno-economic
optimisation of the involved processes.

The high solar-to-chemical efficiency is noteworthy because of the
low-temperature requirement of the methanol decomposition process.
This effect is also reflected in the solar-to-electric efficiency, which in-
dicates the associated conversion of solar irradiation to electricity in
terms of power, reaching 14.4%. The overall efficiency of the plant,
which evaluates the power generation in the gas turbine and associated
storage considering the power generation in the discharge phase ex-
panders, is 28.9%, representing a competitive value in terms of energy
conversion efficiency. This is conditioned by thermal efficiency and gas
turbine efficiency, with the former reaching 51.1%, which is highly
influenced by the temperature of the discharge-phase reaction (metha-
nation). The gas turbine efficiency is affected by the molar fraction at the
reactor outlet, which increases as the methane yield increases, nega-
tively impacting the CO, emissions, as discussed. A round trip efficiency
(RTE) of around 44% is achieved, which falls within the obtained values
(47%) for a hydrogen system using 350 bar compressed gas storage [74].
This indicates that the proposed system is competitive from the
perspective of electrical energy storage and offers advantages compared
with green hydrogen installations, such as lower transportation costs,
lower operating pressure, and greater flexibility in the processes, which
can be effectively integrated into existing industries.

A levelized cost of fuel value of €172.44/MWh was obtained from
techno-economic optimisation, which is lower in agreement with those
reported in other studies owing to the improved thermal integration of
equipment and a reduction in compression costs. Obtaining low-cost
biomass at the output level implies lower costs than, for example,
those reported by Gotz et al. [75] for SNG currently (€165-392/MWh),
of the same order (€90-115/MWh) for green ammonia [76], and higher
than that of green ethanol using lignocellulosic biomass in Europe
(€60-100/MWh) [77]. In the proposed system, the levelized cost of
energy (LCOE) resulting from power generation in the gas turbine was
€261.14/MWh, which may be competitive (<€200/MWh) as the cost of
green biomethanol production decreases (<€390/t) according to IRENA
predictions [64], as will be discussed. Compared to other technologies,
the proposed system can be competitive, offering high flexibility and
long-term storage. Badouard et al. [78] reported an LCOE for concen-
trated solar power ranged between €69-234/MWh and €108-€225/
MWh for solid biomass-fired power plants. In gas turbines and combined

Table 5
Overall performance and thermodynamic conversion efficiency of the proposed
system.

Parameter Value
Solar-to-chemical efficiency (1,,_cp) 0.665
Solar-to-electrical efficiency (17, cpec) 0.144
Overall performance (1,n,) 0.289
Thermal efficiency (1) 0.511
Roundtrip efficiency (RTE) 0.438
Required endothermic reaction heat [MW] (Qcsp) 12.841
Exothermic reaction heat [MW] (Quxo) 7.57
CAPEX [M€] 32.936
OPEX [€/kW-year] 82.21
LCOF [€/MWh] 172.44
LCOE [€/MWh] 261.14
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cycles, ETN Global [79] estimated levelized costs between €141-191/
MWh burning 100% H, with a fixed price of €1.5/kg Ha.

4.1. Off-design considerations

Different strategies can be used for operating under gas turbine
variable load conditions [80]. The most common approaches include
adjusting the fuel flow, which involves varying the amount of fuel
injected into a constant air mass flow rate in the combustor, modifying
the compressor geometry (VIGV: Variable Inlet Guide Vanes), and
varying the shaft speed in multishaft engines. In practical applications,
many gas turbines utilise multiple control systems across their operating
range, whether they are used independently or as part of a combined
cycle power plant. The impact of these control methods on overall plant
efficiency depends largely on the plant layout, as each control approach
affects its components differently [80,81].

Fig. 5 compares the proposed gas turbine employing a variable
compressor geometry and variable turbine inlet temperature. The
former case reduces the air mass flow rate to approximately 65% of its
rated value at part-load. In contrast, the combustor’s fuel-to-air ratio
(FAR) (and consequently, the turbine inlet temperature) remains con-
stant. As the engine pressure ratio decreases at lower airflow rates, this
control approach leads to a decrease in efficiency and an increase in the
turbine exhaust temperature. To mitigate the adverse effects of higher
exhaust temperatures on downstream equipment, some engines that use
this strategy may reduce the FAR to maintain a constant exhaust
temperature.

In contrast, engines operating at a constant airflow rate experience
concurrent reductions in turbine inlet and exhaust temperatures. This
simultaneous decrease has a less detrimental impact on efficiency
because less heat is rejected to the environment. In other words, the
effect of lower temperature dominates over the reduced exhaust flow
rate in terms of heat rejection.
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4.2. Sensitivity analysis

Elevated thermal efficiencies were achieved in the gas turbine due to
the additional carbon monoxide content in the fuel. Various Turbine
Inlet Temperatures (TIT) and pressure ratios (PR) were analysed based
on the gas turbine technology investigated in this study, reaching a
maximum of 45.3% at 1200 °C TIT and a minimum of 33.4% at 1000 °C
TIT.

The decomposition temperature of methanol, which is highly
dependent on the available solar resources, significantly affects the
chemical conversion efficiency, as shown in Fig. 6A. The maximum ef-
ficiency was achieved at temperatures between 200 °C and 250 °C,
which shifted with temperature as the decomposition pressure
increased. In this regard, low temperatures lead to slower kinetics and
the need for a greater catalyst amount [83]. The effect on the amount of
catalyst is not considered in this work. The decomposition temperature
did not significantly affect the overall plant efficiency, as the heat
required for the complete conversion of methanol to syngas (<300 °C)
increased abruptly and was offset by the exothermic energy generated in
the methanation reactor. However, the system’s thermal efficiency is
affected by the incomplete conversion of methanol, resulting in a lower
mass fuel expenditure (methane) during the discharge phase (Fig. 6B).
Likewise, the roundtrip efficiency depends on the conversion in the
methanation reaction (Fig. 6C), thus requiring complete decomposition
(315 °C at 10 bar) to achieve a maximum of 44%, which remains nearly
constant with the syngas storage pressure.

In the discharge phase, the efficiency associated with electrical re-
covery in the turbines (Fig. 7C) improved significantly with the
methanation temperature and lower inlet pressures. This was due to the
higher enthalpy at the reactor outlet and increased utilisation in the
expanders, despite a penalty in the roundtrip and overall plant effi-
ciency, as depicted in Fig. 7A and B. The benefits associated with high
temperatures in the methanation reaction, which provide improved
costs without significant penalising conversion, have been demonstrated
in the industry [47].

Turbine Exhaust Temperature (TET)
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Fig. 5. Simulated THERMOFLEX SGT-750 performance maps. Relative variation of A) Inlet temperature to the turbine (TIT), B) Outlet temperature from the turbine,
C) Plant efficiency, D) Mass flow rate at the turbine outlet, as a function of the selected turbine load and strategy (TIT Reduction/VIGV: Variable Inlet Guide Vanes) in

the proposed system.
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As the conversion of hydrogen to methane is the objective for the
direct use of this product in gas turbines and the chemical industry, a
storage system is preferred at lower reaction temperatures and higher
hydrogen conversion, as illustrated in Fig. 8. When operating in a closed
cycle, such as methane-to-syngas/syngas-to-methanol, complete con-
version in the methanation reaction favours the efficiency of the pro-
posed thermochemical energy storage system. Furthermore, a positive
trend was observed as the pressure decreased, favouring a combination
of high pressure during the charging phase and low pressure during the
discharge process.

The solar-to-electric efficiency increased with the storage pressure,
reaching values above 18% for pressures higher than 100 bar, owing to a
higher power output from the expanders in the discharge phase. This
system is of great interest because methanol can be pumped in a liquid
state, leading to significant energy savings in the syngas compression
phase. Fig. 9 illustrates that the electrical recovery power indicator
(power obtained in the discharge phase, subtracting the power required
in the charging process) does not affect the system efficiency to the same
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extent.

4.3. Economic analysis

The economic characterisation has been conducted following the
mathematical regressions presented in Table 4, assessing the specific
cost of each technology based on its scaling parameter. In this work, the
overall cost of the installation is estimated as a function of the decom-
position and synthesis reactions’ thermodynamic parameters (temper-
ature/pressure). Thus, high decomposition pressures favoured facility
costs because of the savings associated with methanol pumping instead
of syngas compression. Higher methanol decomposition temperatures
also resulted in improved energy and fuel costs, obtaining a levelized
cost of fuel of €171/MWh at a reaction pressure of 25 bar (Fig. 10A). The
same effect is reflected in the levelized cost of storage (LCOS), owing to
increased SNG production and the higher equivalent conversion rate in
the methanation reactor, Fig. 10C. The levelized cost of energy (LCOE)
obtained from the gas turbine is evaluated in Fig. 10B, where the com-
plete conversion of methanol to methane results in lower levelized costs,
reaching €256/MWh, owing to the maintained power generated in the
turbine (denominator of the function) with decreasing capital costs.

For the nominal charging phase, the economic impact of the fuel
costs of the discharging phase is less significant, with only a variation in
the levelized cost of energy (LCOE), as shown in Fig. 10E. This is because
of the flammable content of hydrogen and carbon monoxide as excess
reaction products, which serve as fuel in the combustion chamber of the
gas turbine. At the industrial level, higher methanation temperatures
ensure lower reactor costs, and in the proposed configuration, higher
energy in the methane stream at the outlet ensures a higher turbine
power output. This is demonstrated in Fig. 10D and Fig. 10F, where the
levelized costs of fuel produced decrease by up to €25/MWh between the
higher methanation conversion conditions (200 °C/40 bar) and the
assumed operating conditions (700 °C/30 bar), also observed for the
LCOS, which decreases by up to €15/MWh.

The cost of green methanol production depends on several factors,
such as the availability and price of biomass feedstock, scale and effi-
ciency of gasification and methanol synthesis plants, location and
transport costs, and environmental regulations and incentives. In this
regard, the estimation of the cost per ton was discussed for integration
into the proposed system. According to IRENA, biomethanol prices
considering a feedstock price below €5.4/GJ amount to €327/t and
€764/t for more expensive feedstock (Fig. 11A). This translates into an
equivalent fuel (methane) price in our configuration of €455-1013/t,
respectively (Fig. 11B). When considering e-methanol or methanol from
electrochemical methods, either with CO5 and renewables, or CO, via
direct air capture (DAC), methanol prices are substantially higher,
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ranging from €820-2380/t at present. With these methanol costs, the
equivalent fuel obtained ranged from €1024-2832/t. Thus, the mini-
mum LCOE obtained was €187/MWh for low-cost biomass and the
maximum was €1118/MWh for e-methanol with DAC. Predictions for
higher maturity levels assume biomethanol costs of €227/t, which
would decrease the LCOE to €142/MWh. Similarly, in 2050, for a sig-
nificant production level, the e-methanol cost is expected to fall to €250/
t, leading to an LCOE of €152/MWh, at which point the system would be
highly competitive.

5. Conclusions

This paper proposes a novel thermochemical storage system based on
directly converting methanol to syngas at moderate temperatures
(<315 °C) using concentrated solar power and its subsequent synthesis
to methane through methanation. The processes involved are well-

Applied Energy 356 (2024) 122398

known in the chemical industry and have a high level of maturity,
where the integration of the studied chemical reactions represents a
novelty for flexible power generation in gas turbine systems. The ob-
tained costs were competitive with those of other SNG and green fuel
production technologies, with the advantage of having a high volu-
metric energy density hydrocarbon that can be produced from renew-
able sources, such as methanol. The following conclusions can be drawn:

- The decomposition temperature of methanol significantly affected
the chemical conversion efficiency, achieving maxima at tempera-
tures between 200 and 250 °C and shifting with temperature as the
decomposition pressure increased. The decomposition temperature
did not significantly affect the overall plant efficiency, resulting in
28.9% for the design point.

In the discharge phase, the efficiency associated with electrical re-
covery in the turbines improved significantly with the methanation
temperature and lower inlet pressures. High temperatures in the
methanation reaction result in improved costs without significant
penalising conversion.

When operating in a closed cycle, complete conversion in the
methanation reaction (200-400 °C) does not improve the efficiency
of the thermochemical storage system (44%). A positive trend was
observed from the combination of high pressure during the charging
phase (<40 bar) and low pressure during the discharging phase
(<20 bar).

The complete conversion of methanol to methane decreases the
levelized costs owing to the maintained power generated in the
turbine with reduced capital costs. Higher methanol decomposition
temperatures improved energy and fuel costs, reaching €256/MWh
and €171/MWh, respectively.

Biomethanol prices amounted to €327/t and €764/t for more
expensive feedstock, implying an equivalent fuel (methane) price in
proposed configuration of €124-254/MWh. When considering e-
methanol prices, the obtained prices range from €162-329/MWh.
The minimum LCOE obtained is €187/MWh for low-cost biomass
and €1118/MWh for e-methanol with DAC. Predictions for higher
maturity levels assume biomethanol costs of €254/t, decreasing the
LCOE to €142/MWh. Costs of e-methanol are expected to fall to
€250/t, leading to an LCOE of €152/MWHh, at which point the system
would be highly competitive.
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Annex A
Streams main data for the proposed installation.
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Stream Temperature (°C) Pressure (bar) Molar Flow (kmol/h) Mass Flow (kg/h) Mass Enthalpy (kJ/kg) Mass Entropy (kJ/kg-K)
0 25.00 0.14 360.00 11,535.08 —7549.02 0.51
1 25.00 0.14 360.00 11,535.08 —7549.02 0.51
2 25.17 10 360.00 11,535.08 —7547.34 0.51
3 134.11 10 360.00 11,535.08 —7131.93 1.69
4 139.20 10 360.00 11,535.08 —6691.12 2.76
5 315.00 10 1074.96 11,535.44 —2683.49 13.15
6 154.11 10 1074.96 11,535.44 —3124.29 12.28
7 30.00 10 1074.96 11,535.44 —3351.75 11.69
8 30.00 10 2.52 80.70 —7530.40 0.57
9 30.00 10 1072.44 11,454.74 —3439.53 11.39
10 197.72 40 1072.44 11,454.74 —2983.92 11.50
11 45.17 40 1072.44 11,454.74 —3402.24 10.43
12 45.17 40 1072.44 11,454.74 —3402.24 10.43
13 119.19 40 1072.44 11,454.74 —3199.42 11.00
14 90.33 30 1072.44 11,454.74 —3277.85 11.02
15 145.92 30 1072.44 11,454.74 —3126.04 11.41
16 700.00 30 671.36 11,454.56 —5505.44 11.29
17 256.89 1.00 671.36 11,454.56 —6592.18 11.48
18 256.89 1.00 335.68 5727.28 —6592.18 11.48
19 256.89 1.00 335.68 5727.28 —6592.18 11.48
20 110.33 1.00 335.68 5727.28 —6895.82 10.81
21 68.53 1.00 335.68 5727.28 —6997.83 10.52
23 84.44 1.00 671.36 11,454.56 —6946.81 10.67
24 60.00 1.00 671.36 11,454.56 —7305.68 9.61
25 60.00 1.00 588.05 9953.72 —6034.45 10.54
26 60.00 1.00 83.31 1500.84 —15,736.66 3.46
27 25.00 1.013 13,975.61 403,200.00 -0.28 5.26
28 476.15 24.30 588.05 9953.72 —5115.36 10.73
29 476.53 24.0 13,975.61 403,200.00 478.14 5.31
30 1100.00 24.0 14,428.37 413,152.83 525.82 6.22
31 414.78 1.013 14,428.37 413,152.83 —288.41 6.33
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