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Abstract: Power to gas (PtG) is an emerging technology that allows to overcome the issues due to the
increasingly widespread use of intermittent renewable energy sources (IRES). Via water electrolysis,
power surplus on the electric grid is converted into hydrogen or into synthetic natural gas (SNG) that
can be directly injected in the natural gas network for long-term energy storage. The core units of
the Power to synthetic natural gas (PtSNG) plant are the electrolyzer and the methanation reactors
where the renewable electrolytic hydrogen is converted to synthetic natural gas by adding carbon
dioxide. A technical issue of the PtSNG plant is the different dynamics of the electrolysis unit and the
methanation unit. The use of a hydrogen storage system can help to decouple these two subsystems
and to manage the methanation unit for assuring long operation time and reducing the number of
shutdowns. The purpose of this paper is to evaluate the energy storage potential and the technical
feasibility of the PtSNG concept to store intermittent renewable sources. Therefore, different plant
sizes (1, 3, and 6 MW) have been defined and investigated by varying the ratio between the renewable
electric energy sent to the plant and the total electric energy generated by the renewable energy
source (RES) facility based on a 12 MW wind farm. The analysis has been carried out by developing
a thermochemical and electrochemical model and a dynamic model. The first allows to predict the
plant performance in steady state. The second allows to forecast the annual performance and the
operation time of the plant by implementing the control strategy of the storage unit. The annual
overall efficiencies are in the range of 42–44% low heating value (LHV basis). The plant load factor, i.e.,
the ratio between the annual chemical energy of the produced SNG and the plant capacity, results
equal to 60.0%, 46.5%, and 35.4% for 1, 3, and 6 MW PtSNG sizes, respectively.

Keywords: intermittent renewable energy sources; energy storage; power to gas; electrolysis;
methanation; synthetic natural gas

1. Background and Scope

In the context of the climate change mitigation strategies, the European Union (EU) has taken
on an international leadership role since the 1990s, designing energy and environmental policies that
promote the innovation and radical transformation of the energy system. As part of Clean Energy
Package, Directive (EU) 2018/2011 establishes that Member States must collectively ensure that the
share of energy from renewable sources in the EU’s gross final consumption of energy in 2030 is
at least 32%. This percentage could be increased by 2023, where necessary, to ensure compliance with
the EU’s international commitments for decarbonization.
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The European constraint of reaching 32% of renewables on final consumption in 2030 will result
in a target of around 30% of renewable energy source (RES) in the energy mix for Italy. According to
the forecasts of the Integrated National Plan for Energy and Climate, this goal will be achievable only
through the installation by 2030 of around 40 GW of new renewable energy capacity, supplied almost
exclusively from intermittent renewable energy sources (IRES) such as wind and solar. However,
this transformation does not have a zero impact on the electricity system. The critical issues due to the
increasing penetration of the IRES into the electrical grid concern the balancing between supply and
demand (specifically at critical moments such as peaks and load ramps), stability and periods where
supply exceeds demand. In particular, the task of matching supply with demand can lead to periods
of curtailment and inefficient production and potentially affect the security of supply [1]. The Power to
Gas (PtG) technology can be the most suitable storage technology for energy curtailment reduction
providing greater flexibility to electrical system [2].

The PtG concept includes two options according to the final product gas, hydrogen
(PtH2 configuration), or synthetic natural gas (PtSNG configuration), as shown in Figure 1. In the PtH2

option, the renewable electrolytic hydrogen can be directly used as fuel or injected into the natural gas
(NG) pipeline system. However, pipelines used in the NG grid have not been designed to withstand the
specific properties of hydrogen such as higher permeation and air diffusion (+269%), worse pipeline
durability (due to embrittlement), a lower density (−88%), heat value (−69%), and Wobbe Index (−9%)
with respect to NG. Thus, for safety reasons, hydrogen concentration in the gas grids must be controlled
within certain percentages (up to 12% vol. depending on national standards [3,4]). Such limitations
make the option PtSNG an interesting and relevant solution for a short- and mid-term scenarios. In the
PtSNG option, the renewable electrolytic hydrogen is used as reactant together with carbon dioxide in
the methanation process (based on the Sabatier process [5]) giving rise to the formation of methane
(CH4). The resulting gas mixture, known as synthetic natural gas or substitute natural gas, can be
injected into the existing gas distribution grid without limitations because its physical and chemical
properties are comparable to the NG ones.

Figure 1. Power to gas concept.

The main advantages of the PtSNG option are [6–10]: (i) the use of existing infrastructure, (ii) high
energy density (methane has >1000 kWh/m3 while hydrogen has 270 kWh/m3 [7]) and the less stringent
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safety constraints, and (iii) long-term and large-scale storage. The main disadvantages of the PtSNG
technology are a relatively low efficiency and high investment management costs, also due to the
limited operating hours of the plants [3,10,11].

One of technical challenges to be faced is the integrated operation of the electrolysis and
methanation subsystems. Electrolyzers are able to adapt to a highly fluctuating electricity load profile,
whereas the methanation reactors take a long time to adapt to the variation of operating conditions
for assuring the qualitative characteristics of the SNG produced. Thus, for ensuring the gas quality
constancy, it is necessary to decouple the dynamics of the electrolysis unit from that of the methanation
one [6]. This can be performed by means of a hydrogen storage system. The control of the operation of
the methanation unit and the hydrogen storage can increase the annual operating hours of the plant
and consequently, the overall annual efficiency reducing the SNG production costs. The dynamic
operation analysis (full load hours, partial load hours and standby hours, and number of shutdowns
of the plant) is crucial for evaluating the annual performances, in terms of the annual plant efficiency
and the SNG annual production and the techno-economic assessment of the PtSNG plants.

A series of studies on process and systems for power to SNG can be found in the scientific
literature, but a few papers focus on dynamic operation.

Frank et al. [12] developed a systematic method to calculate efficiencies and the annual
performance of 1 MW PtSNG system The method considers all energy flows to and from the
two subsystems electrolysis and methanation of a PtSNG system. Based on this, the authors calculated
the annual performance of the system as the ratio of useable output and energetic input over 1 year,
highlighting the dependency of annual performances from operating hours, duration of standby,
and ramp-ups. The overall system efficiency calculated varies between 54.3% and 85.9% depending on
heat use strategies.

Salomone et al. [13] provided a comprehensive technical, managemental, and economic assessment
of the coupling between a completely RES-based electric residual profile in a future scenario and a
PtSNG plant. A PtSNG model was built in order to examine the PtSNG plant behavior when it was
coupled with the RES-based intermittent electric profile. The overall low heating value (LHV-based)
efficiency is around 77%, but the number of shutdowns of the plant is extremely high and equal to 356.

Uchman et al. [14] analyzed the impact that the hydrogen production and the hydrogen storage
system have on the operation of PtSNG installations. To this aim, the authors developed a dynamic
model that allows simultaneous consideration of the working time of each system component and
the entire installation. The authors provided a useful tool to consider the structural impacts of a
PtSNG system on its operation, taking into account the size of the renewable energy source, hydrogen
generator, and hydrogen storage capacity.

Simonis et al. [15] have investigated various configurations of PtSNG system as a means for
capturing excess wind power in the Emden region of Germany and transferring it to the natural gas
grid or local biogas-CHP plant. Based on time series data, a model of the power flows and gas flows for
Emden was developed to examine the capabilities of various PtSNG options. The results highlighted
that PtSNG systems can be designed to achieve very high availability for absorbing large amounts of
excess energy as the renewables penetration increases.

Gorre et al. [16] examines the potential of reducing SNG production costs by determining optimal
capacities of intermediate hydrogen storage and methanation for three electricity supplies. The results
indicated potential cost reductions of up to 17% in SNG production by implementing well-balanced
components and interim storages.

Thus, the purpose of this paper is to evaluate the energy storage potential and the technical
feasibility of the PtSNG concept to store intermittent renewable sources under dynamic operation by
estimating the plant operation hours (full load and partial load), the number of shutdowns, the annual
overall efficiency, and the plant load factor. These parameters are very important for the effective plant
sizing and design and for the techno-economic assessment of the plant.



Appl. Sci. 2020, 10, 8443 4 of 22

Therefore, different plant sizes (1, 3, and 6 MW) are defined and investigated by varying the
ratio between the renewable electric energy sent to the plant (in DC) and the total electric energy
generated by the IRES facility based on a 12 MW wind farm. The analysis is carried out by developing
a thermochemical and electrochemical model and a dynamic model. The first allows to predict the
plant performance in steady state. The second allows to forecast the annual performance and the
operation time of the plant by implementing the control strategy of the storage unit.

Hence, the main contributions of this study are: (i) to provide a detailed and comprehensive
simulation model for PtSNG system analysis under steady state and dynamic operation and (ii) to
define useful criteria for the PtSNG systems design and sizing.

2. The Adopted Technologies

The core of the PtSNG plant are the electrolysis unit and the methanation unit. With referring to
the electrolysis unit, the proton exchange membrane electrolysis (PEMEL), which is currently close to
commercial deployment, seems to be the most suitable for the power to gas application in comparison to
the alkaline electrolysis (AEL), the most mature technology from a commercial point of view or the solid
oxide electrolysis (SOEL), which is still under research and development. The main advantage regards
the dynamic behavior to follow fluctuating power inputs and the fast start-up, essential requirements
to make efficient and economically viable the power to gas concept [3,17,18]. The most commercial
solutions are available in the range of 1–2 MW with a system electricity consumption of 54–60 kWh/kg
of hydrogen (4.9–5.5 kWh/Nm3 of hydrogen) and delivery pressure between 20 and 30 bar. Compared
to AELs, PEMELs currently have higher capital costs caused by lower level of technological maturity.
However, further development of the technology is expected to reduce investment costs significantly,
to below that of alkaline electrolyzers. Given technological advancements, PEM electrolyzers are
also expected to technically outperform AEL thus becoming the dominant technology for PtSNG
systems [18].

Methanation of CO2 is an exothermic reaction in which H2 and CO2 react to form CH4 and H2O.
The reaction stoichiometry is:

CO2 + 4H2→ CH4 + 2H2O ∆H = −165 kJ/mol (R1)

The most widely accepted mechanism of the CO2 methanation reaction is the combination of the
endothermic reversed water gas shift (RWGS) as an intermediate reaction (R2) and the exothermic
methanation (R3) of the CO produced from the RWGS:

H2 + CO2→ CO + H2O ∆H = 41 kJ/mol (R2)

3H2 + CO→ CH4 + H2O ∆H = −206 kJ/mol (R3)

Low temperatures, typically between 200 and 550 ◦C depending on the used catalyst, and high
pressures favor the conversion of CO2 to CH4. In a simple one-stage process, and with an operating
pressure of 20 bar and keeping the temperature at 450 ◦C, the carbon dioxide conversion reaches
approximately 93% and an increase in the operating pressure does not significantly improve the
methane yield [19].

Thus, a significant issue in a methanation reactor is the temperature control in order to prevent
thermodynamic limitation and catalyst sintering. The methanation process can be carried out in
isothermal conditions or adiabatic conditions, and different reactor concepts (fixed beds, fluidized beds,
three phase, and structured reactors) have been developed based on these approaches [3]. Fixed-bed
reactors present the state of the art for large-scale methanation applications [20]. In adiabatic operation
mode multiple fixed-bed reactors (2–5), operation at decreasing temperature levels and connected in
series are necessary to achieve CH4 content of 96–98% in the exiting SNG. Temperature control can be
realized by recirculation of the reactor outlet gas streams and by intermediate gas cooling steps [21].
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Tøpsoe’s Recycle Energy-efficient Methanation Process (TREMP) technology developed by Haldor
Topsøe is the most relevant fixed bed methanation based on adiabatic process [21–23]. Isothermal
methanation can be carried out inside cooled fixed bed reactors, which contain cooling tube bundles.
With respect to the adiabatic reactors, the setup of the process is simpler, but the reactor is more
expensive [3,24].

For PtSNG application, operational flexibility is a key issue because the methanation reactors are
operated dynamically. Startup and shutdown are critical phases because temperature gradients can
occur causing mechanical stress or leading to catalyst cracking or sintering [3,19].

In order to avoid catalysts deactivation, the reactors should be flushed with hydrogen or an
inert gas. To minimize hydrogen discard during startup and shutdown and to avoid costly standby
losses, the methanation should have the highest possible number of continuous operating hours.
Moreover, in order to guarantee the specified gas quality, a minimum load is required (for adiabatic
fixed-bed reactors this is 40% [3]).

Therefore, one technical challenge of PtSNG operation is decoupling electrolysis and methanation,
as these subsystems differ in dynamic behavior. This can be carried out by means of a hydrogen
storage system. The best options for PtSNG application are high-pressure gas tanks and metallic
hydrides [25,26]. Pressure tanks technology for hydrogen storage is the state-of-the-art technology,
while metal hydride technology is still under research and development.

The size of the hydrogen storage depends on the profile of the electric energy input (i.e., the wind
or solar) to the electrolysis unit and on the capacity of the methanation unit. In order to reduce the
costs of the produced SNG, the size of the hydrogen storage and the capacity of the methanation unit
should be chosen in such a way to minimize the number of shutdowns [6,18].

3. Plant Description

Figure 2 shows the layout of the proposed PtSNG plant. The plant consists of four sections: (i) the
hydrogen generation unit based on the proton exchange membrane (PEM) electrolysis, (ii) the CO2

methanation unit based on the fixed-bed technology, (iii) the hydrogen storage unit based on the
pressure vessels technology, and iv) the SNG upgrading unit based on the membrane technology.

Figure 2. Power to synthetic natural gas (PtSNG) plant layout.
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The demineralized water (1) is pumped (2) and heated (3) to the operating pressure and temperature
of the PEM electrolysis unit (20 bar and 55 ◦C) where oxygen (4) and hydrogen (5) are generated.
According to the control strategy of the storage unit, the product hydrogen (5) can be partially or totally
sent to the methanation unit (7) and/or to the intercooled compressor H2COMP (6) for increasing the
pressure up to the maximum storage value (45 bar). In the methanation unit working at 20 bar and
consisting of four intercooled fixed bed reactors, the carbon dioxide and the hydrogen are converted
to SNG.

At the exit of the reactor MR4, the CO2 conversion achieves the 99.2% but the methane content
is only about 32.1% due to the large amount of the water produced during the methanation process.
The raw SNG (14M) is, therefore, cooled down to 45 ◦C in the heat exchanger MHE5 and sent to the
flash unit where most of the water is removed. Nevertheless, in order to comply with the water dew
point requirements of the pipelines, the SNG have to be further dehydrated. The technology used for
the SNG drying is based on the membrane technology (a commercial Pebax®-based membrane [27]),
so that a compression step is required for bringing the feed gas to the operating pressure of the
dehydration membrane. The quality of the dry SNG exiting the upgrading section satisfies the
pipelines specifications and can be directly injected to the low-medium pressure NG transmission grid.

It is assumed that the CO2 is always available for the PtSNG plant (supplied by sequestration
from other power plant as a by-product or industrial processes) at storage pressure of 200 bar.

The PtSNG is operated in input-oriented mode [6]. This means that the SNG production depends
on the availability of electrical energy and reactants (H2 and CO2).

Finally, all the high-temperature equipment is thermally insulated in order to minimize heat
dissipation, and it could be maintained in hot standby conditions using electrical trace heating to
compensate the estimated heat losses [6,13].

4. Wind Power Source

The power source data (a collection of one-year hourly measurement data) used in this study refer
to a 12 MW (overall capacity) real wind farm installed in Central Italy close to the NG transmission
network. In Figure 3, the power duration curve and the cumulative curve of the electric energy
generated during a year of operation are reported.

Figure 3. Power duration and cumulative electric energy production.

The total electric energy generated is equal to 24,930 MWh and is mainly produced in about 6000 h.
Figure 4 shows the distribution of the electric energy production and the duration time for different
power ranges.
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Figure 4. Distribution of the electric energy production and the duration time for different power ranges.

It is worth noting that the wind farm works mainly in the 0–1 MW power range (4322 h) producing
only the 3.4% of the electric energy generated in the year, whereas the highest production percentage
(21.4%) is reached in the range 11–12 MW with a duration time of 459 h. This means that, in order to
optimize the PtSNG plant from an energetic and economic point of views, the size of the electrolysis
unit has to be a compromise between the operating time and the installed power.

A size parameter for the PtSNG plant is the stored energy factor, defined as the annual electric
energy supplied to the electrolysis unit of the PtSNG plant, EPtSNG,EU, and the annual energy generated
by the wind farm EWind:

fSE =
EPtSNG,EU

EWind
(1)

In this parameter, the electric energy requirements of the other plant sections (hydrogen compressor
or SNG compressor) are not accounted.

Using the wind farm energy data reported in Figure 4, the electric energy consumption
(MWhAC/year) and the stored energy factor for different sizes of the electrolysis unit have been
calculated and reported in Figure 5.

Figure 5. Electric energy consumption (MWhAC/year) and stored energy factor.
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The stored energy factor shows an exponential trend as the capacity of the electrolysis unit
increases, so that 79% of the wind energy production can already be stored using a 6 MW electrolyzer.

Thus, in order to evaluate the energy storage potential and the technical feasibility of the PtSNG
concept to store intermittent renewable sources, the PEM electrolysis units considered as power input
sizes for the annual performance assessment of the plant are 1, 3, and 6 MWDC, corresponding to a
stored energy factor (in AC) of 22%, 52%, and 79%. This means that the methanation unit and the
hydrogen storage unit as well as the other plant equipment will be sized accordingly and will differ
one from other only by a scale factor.

5. Plant Modeling

The energy model of the PtSNG plant has been built using the Aspen Plus software package,
a commercial flowsheet simulator that allows simulating complex energy systems such as gas
processing plants. Aspen Plus uses mathematical algorithms, based on thermodynamic models,
physical relationships, and properties methods, to define mass and energy balances.

Figure 6 shows the flowsheet of the plant model. Each subsystem is simulated by means of
Hierarchy blocks (ELUNIT, METUNIT, STORAGE, and SNGUP) interconnected through mass, energy,
or information flows.

Figure 6. The flowsheet of the power to synthetic natural gas (PtSNG) integrated model.

The input mass streams are the water (1) entering the electrolysis unit (ELUNIT) and the CO2 (12)
feeding the methanation unit (METUNIT), whereas the output mass streams are the SNG leaving the
SNG upgrading unit (SNGUP), the oxygen (4) produced by the ELUNIT, and the water (14) from the
methanation unit. Each hierarchy block represents a specific section of the plant (i.e., the methanation
unit, METUNIT, or the electrolysis unit, ELUNIT) and is modelled in a subflowsheet by combining
operation blocks and calculator blocks for components and processes simulation. The operation blocks
are defined in the software library, therefore, once the specific block is selected, the solving equations
are defined. The calculator blocks are developed by the user by implementing the model equations in
Fortran language. The Peng-Robinson cubic equation of state, which can accurately describe both the
liquid and vapor phase for systems containing hydrocarbons and related compounds and for high H2
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content systems in a wide range of pressure and temperature, has been used for evaluating properties
and characteristics of each material stream.

5.1. Electrolysis Unit (ELUNIT Hierarchy)

The PEM electrolysis unit is built with a modular architecture. The module is formed by stacks
each of which consists of cells. Therefore, the element of the system is the single cell. In Figure 7,
the flowsheet of the single cell of the PEM electrolysis unit is depicted. It is modelled by means of a
RStoich operation block, where the water decomposition takes place, and a separator operation block.
Mixers and splitters are also used for accounting of the water utilization factor in the anode side.

Figure 7. Flowsheet of the proton exchange membrane (PEM) electrolysis unit.

The electrochemical behavior of the electrolysis module is simulated by means of a Fortran
calculator block in which the average cell polarization curve of each stack is calculated through the
following equation that takes into account the polarization losses (i.e., activation overpotential, ohmic
overpotential, and concentration overpotential):

Vcell = V0 + b× ln(Jcell) + R× Jcell + m× exp(−n× Jcell) (2)

In the above equation, V0 (V), b (V/dec), R (Ω cm2), m (V), and n (cm/A) are the fitting parameters
calculated by applying a regression technique on the experimental data of the 3-cells stack reported
in [28] and operating at 20 bar and 54 ◦C, whereas Jcell is the current density (A/cm2).

By considering the cells stack number (ncells) and the cell area (Acell, cm2), the electric DC stack
power (kW) required at different current is:

Pel,Stack =
ncells ×Vcell × Jcell ×Acell

1000
(3)

The stack hydrogen production (mol/s) is calculated by applying the Fick’s law:

nH2,Stack =
ncell × Jcell ×Acell

2F
(4)

where F is the Faraday’s constant.
The electric power consumption of the electrolysis unit is:

Pel,EU = NModules ×NStack × Pel,Stack + Paux (5)

where NModules is the modules number, NStack is the stack number per module, and Paux (kW) is the
power adsorbed by the auxiliaries calculated as percentage of the nominal power consumption.
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The specific electric consumption (kWh/kg) for hydrogen generation, that is a usual performance
index of an electrolyzer, is calculated as:

ESC =
Pel,EU

.
mH2,EU·3600

(6)

where
.

mH2,EU is the hydrogen mass flow generated, expressed in kilogram per second.

5.2. Methanation Unit (METUNIT Hierarchy)

The parameters that control the CO2 methanation are the temperature, the pressure, and the
feed gases ratio. As previously discussed, the methanation is favored at temperatures in the range
of 200–550 ◦C and at high pressure. In order to obtain a gas mixture with a high methane content,
the ratio of the feed gases CO2/H2 must be equal to the stoichiometric value according to the reaction R1.
Moreover, experimental data available in scientific literature [19,29] show how full chemical equilibrium
is obtained when operating the CO2 methanation reaction above the stoichiometric ratio of 4. As catalyst,
nickel is considered to be the optimum choice due to its relatively high activity, good CH4 selectivity,
and low raw material price [3], but require a high purity of the feeding gas.

The flowsheet of the developed model of the methanation unit, similar to the TREMP process,
is shown in Figure 8.

Figure 8. Flowsheet of the methanation unit model.

The methanation is modelled by assuming the chemical equilibrium and the adiabatic conditions
in each chemical reactor. Thus, according to the plant layout reported in Figure 1, the methanation
unit mainly consists of four adiabatic reactors (MR1, MR2, MR3, and MR4) connected in series with
intermediate gas cooling (the temperature of the streams exiting the heat exchangers MHE2, MHE3,
and MHE4 is set to 250 ◦C), a heat exchanger (MHE1) (for preheating the feed gases up to the MR1 inlet
temperature of 250 ◦C), and a flash drum for water removal from the wet SNG. Moreover, in order to
control the temperature in the MR1, the product gas is partially recirculated to it by means of a splitter
operation block (the recirculation factor is 0.70). The wet SNG leaving the MR4 reactor is cooled
down to 229 ◦C (MHE5) before the flash drum operation block where the 99.7% of the product water
is removed.

The chemical reactors are simulated using the RGibbs operation block, where the chemical
equilibrium of a given set of species is solved through the minimization of the Gibbs free energy.
This nonstoichiometric approach allows to find the equilibrium composition when the reactions system
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is unknown or very complex. Moreover, the hypothesis is that by reaching the chemical equilibrium
the gas system can be formed by H2, CO, CO2, H2O, CH4, and C(s).

Thermal power (QMHE2, QMHE3, QMHE4, and QMHE5) is also available by recovering the
cooling heat from the heat exchangers MHE2, MHE3, MHE4, and MHE5.

The proposed model has been validated by means of the experimental data reported in [30].
In this case, the feeding gas is a syngas coming from a biomass gasification unit and only three
methanation reactors are considered. The results of the model validation of the methanation unit are
reported in Appendix A.

5.3. Storage Unit (STORAGE Hierarchy)

The storage unit is modelled by means of mixer, splitter, and calculator block to simulate the
storage conditions in steady state. The stream STOR0 (see Figure 6) is a virtual stream needed to close
the mass balance (it is equal to the hydrogen stored in the tank). In a calculator block, the mass balance
of the storage tank is implemented.

5.4. SNG Upgrading Unit (SNGUP Hierarchy)

Figure 9 shows the flowsheet of the SNG upgrading model. The dehydration membrane is
modelled by means of a separator operation block with an assigned separation efficiency. The SNG
compressor is a two-stage intercooled compressor.

Figure 9. Flowsheet of the SNG upgrading model.

6. The Storage Control Strategy

The storage unit allows to decouple the dynamics of the PEM electrolysis unit from that of the
methanation unit. The parameter that controls the start and the operation modes of the methanation
unit is the hydrogen storage pressure. As management strategy, three operation modes are allowed:
(i) full load in which the hydrogen flow rate is equal to the nominal value, (ii) partial load in which the
hydrogen flow rate varies linearly from 40% to 100% of the nominal value according to the specified
minimum and maximum storage pressures, and (iii) hot standby mode in which no hydrogen feeds
the unit; in this operation mode, the heat losses of all the items of equipment have to be compensated
by electrical heat tracing system [12,13].

Thus, it is assumed that at the beginning of the operation, the storage tank is empty. According to
the wind energy supply, the product hydrogen is sent to the storage unit until the pressure in the tank
reaches the maximum value (maximum storage pressure, pstorage,max) and the tank is completely full.
In this condition, the methanation unit starts at full load and the corresponding hydrogen flow rate
is directly delivered from the electrolysis unit or from the storage unit or from both, depending on
the electrical supply (i.e., if the product hydrogen is less than the required flow rate, the remaining
is delivered from the storage). When the pressure in the storage tank decreases, the hydrogen flow
rate sent to the methanation unit decreases too, and the operation mode is switched to partial load.
This operation mode goes on until the storage pressure reaches a threshold value (shutdown pressure,
pstorage,SD) beyond which the methanation unit is kept in hot standby.

When the methanation unit is in hot standby, the hydrogen generated from the electrolysis is
sent to the storage unit until the pressure rises a threshold value (restart pressure, pstorage,RS) beyond
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which the methanation unit restarts under partial load conditions. During the shutdown and restarting
phases, the reactors are flushed with hydrogen (1/12 of the nominal flow rate for 1 h, as reported in
ref. [6]).

The pressure in the storage tank is calculated by applying the EoS for ideal gases:

pt
storage = pt−1

storage +

(
mt

H2, EU −mt
H2, MU

)
×RH2 × Tstorage

Vstorage
(7)

where pt
storage (Pa) and pt−1

storage (Pa) are the storage pressure at the time t (h) and t − 1 (h), mt
H2,EU (kg)

is the hydrogen mass produced in 1 h at the time t, mt
H2,MU (kg) is the hydrogen mass sent to the

methanation unit in 1 h at the time t, RH2 is the hydrogen gas constant (J/kg K), and Tstorage (K) and
Vstorage (m3) are the storage temperature and tank volume, respectively.

The input parameters of the model are the storage capacity, expressed in kilogram of stored
hydrogen, the storage temperature, the maximum and minimum storage pressures, the shutdown and
restart pressure, and the hydrogen flow rate feeding the methanation unit at full load. In this study,
the storage capacity is chosen for assuring 6.5 h of full load operation of the methanation unit.

The control strategy proposed has been implemented using the MATLAB package software. In the
Appendix A, the flow chart of the storage model is reported.

7. Results and Discussion

This section is organized as follows. In Section 7.1 (Performance Parameters), the indexes used for
the performance evaluation are defined. In Section 7.2 (Plants Sizing and Performance Assessment at
Nominal Conditions), the integrated thermochemical model is applied for evaluating the energy and
mass balances and performance, in terms of SNG production and overall plant efficiency at nominal
conditions. In Section 7.3, the annual performances are presented.

7.1. Performance Parameters

The nominal efficiencies of the electrolysis unit and the methanation unit as well as the overall
nominal efficiency of the PtSNG plant are defined as the ratio between the useful output powers
(i.e., the chemical power of the hydrogen or the SNG) and the input powers (i.e., the wind electric
power or the chemical power of hydrogen). Therefore, the nominal efficiency of the PEM electrolysis
unit is:

ηEU =
ΦH2,EU

Pel,EU
(8)

where ΦH2,EU is the chemical power of the produced hydrogen at nominal conditions calculated on
LHV basis, and Pel,EU is the electric power consumed by the electrolysis unit in DC. It is equal to the
input renewable power multiplied by the rectifier efficiency.

The nominal efficiency of the methanation unit is:

ηMU =
ΦSNG,MU

ΦH2,MU + Pel,MU
(9)

where ΦSNG,MU and ΦH2,MU are the chemical powers of the hydrogen feeding and the SNG exiting
the methanation unit at nominal conditions, and Pel,MU is the electric power consumption of
recirculation blower.

The thermal power available from the heat exchangers is not accounted in this calculation.
The nominal overall efficiency of the PtSNG plant results:

ηPtSNG =
ΦSNG

Pel,RES + Pel,H2 + Pel,MU + Pel,SNG −ΦH2,storage
. (10)
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In the above equation, ΦSNG is the SNG chemical power generated, Pel,RES is the wind power
supply to the electrolysis unit in AC, Pel,H2 is the power consumption of the hydrogen compressor,
Pel,SNG is the power consumption of the SNG compressor, and ΦH2,storage is the hydrogen chemical
power sent to the storage unit.

Because of the fluctuating behavior of the input energy source, the nominal efficiencies are
not sufficient to evaluate the effectiveness of the plant, but it is necessary to evaluate the annual
performance [10]. This is defined as the ratio of usable system energy output to overall system energy
input (electricity and possibly heat) [10,11]. Therefore, the annual efficiencies of the energy conversion
units and the annual overall efficiency are calculated as the nominal efficiencies, by replacing the
power with the energy (electric or chemical) consumed or generated in 1 year of operation. However,
the thermal energy required to maintain the plant equipment in hot standby during the no production
hours should be added as energy input:

εEU =
EH2,EU

Eel,EU + Eth,EU,HS
(11)

εMU =
ESNG,MU

EH2,MU + Eel,MU + Eth,MU,HS
(12)

εPtSNG =
ESNG

Eel,RES + Eel,H2 + Eel,MU + Eel,SNG − EH2,storage + Eth,MU,HS + Eth,EU,HS
(13)

where Eth,EU,HS and Eth,MU,HS are the thermal energy required to maintain system in hot standby
during the no production hours, and EH2,storage is the chemical energy of the remaining hydrogen in
the storage tank.

A useful performance parameter for evaluating the correct sizing of the plant is the plant load
factor. It compares the annual chemical energy production of the produced SNG with the maximum
production in 1 year:

PLFPtSNG =
ESNG

8, 760×ΦSNG
, (14)

where ΦSNG is the plant production at rated power.

7.2. Plants Sizing and Performance Assessment at Nominal Conditions

The integrated model described in the previous section has been applied for evaluating the mass
and energy balance of the PtSNG plants at nominal conditions (full load mode). Because of the same
operating conditions, the plants differ only for the input and output mass and energy fluxes.

Table 1 summarizes the common operating data and parameters.
The PEM electrolysis unit consists of modules of 1 MWDC that is the base module for all plant

sizes considered. The chosen nominal operating conditions, in terms of current density and average
cell voltage for each stack, are 2.99 A/cm2 and 2.17 V, respectively, and are derived from the polarization
curve calculated by means of Equation (1). By fixing the cell area (1000 cm2) and the number of stacks
per module (3), the number of cells per stack results equal to 55. The power consumption of the
module auxiliaries is set to 2.8% of the rated power. At nominal conditions, the hydrogen generated
by the module results equal to 16.8 kg/h with a specific energy consumption of 59.6 kWh/kg of the
produced hydrogen.

The operating pressure of the methanation unit is set to 20 bar since higher methanation pressures
do not have a significant impact on the methane content in the product gas mixture, as discussed
in Section 5.2. In order to contain the hydrogen storage tank capacity, the methanation unit is sized
for processing the maximum hydrogen flow produced by the electrolysis unit. This choice makes
the decoupling between the dynamics of the electrolysis unit and that of the methanation unit less
effective but reduces the plant capital costs (based on the storage pressure of 50 bar, the cost is estimated
375 €/kg [6]).
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Table 1. Common operating data of the PtSNG plants.

Plant Sections and Components

PEM electrolysis module
AC/DC rectifier efficiency (%) 95

Stacks number ×module 3
Cells number × stack 50
Active cell area (cm2) 1000
Cell temperature (◦C) 55

Water utilization factor, UF 0.45
Average cell voltage (V) at nominal power 2.17
Current density (A/cm2) at nominal power 2.99

Auxiliaries (% of rated power) 2.8
Inverter AC/DC efficiency (%) 95

Methanation Unit
Pressure (bar) 20

CO2/H2 (mol/mol) 4
Recycle ratio to the reactor MR1 0.70

MR1 exit temperature (◦C) 561
MR2 exit temperature (◦C) 412
MR3 exit temperature (◦C) 301
MR4 exit temperature (◦C) 260

Recycle compressor efficiency (%) 80
Hydrogen Compressor"

Pressure ratio 2.25
Isentropic efficiency (%) 70

Storage Unit
Maximum storage pressure (bar) 45
Minimum storage pressure (bar) 22

Storage temperature (◦C) 30
SNG Upgrading unit

Dehydration membrane efficiency (%) 90
SNG compressor (SNGC1) pressure ratio 1.75

Isentropic efficiency (%) 75

Moreover, the hydrogen storage unit is designed for assuring the full load operation of the
methanation unit for about 6.5 h. The maximum storage pressure and the storage temperature are
assumed equal to 45 bar and 30 ◦C, while the minimum pressure in the storage tank is set to 22 bar
in order to allow the feeding of the methanation unit without a compression system.

In Table 2, the mass and energy balances of the considered PtSNG plant sizes are reported.
The electrolysis unit consists of 1, 3, and 6 modules and generates 16.8, 50.5, and 101.0 kg/s of hydrogen,
respectively. The composition of the produced SNG is 95.9% mol CH4, 3.3% mol H2, 0.8% mol CO2,
and traces of H2O, and its low heating value (LHV) is 49.2 MJ/kg, whereas the calculated Wobbe
Index is 49.7 MJ/Nm3. These values fill with the quality foreseen by the ongoing work on European
standardization of power-to-hydrogen applications, for which most of the European natural gas
infrastructure can withstand a volume concentration 10% of hydrogen. Depending on the electrolysis
unit capacity (1, 3, or 6 MW), the SNG production is equal to 34.1, 102.4, and 204.9 kg/s, respectively,
while the maximum amount of the stored hydrogen is 110, 325, and 650 kg, respectively. By considering
the storage conditions (45 bar and 30 ◦C), the tank capacities are 30, 90, and 180 m3, respectively.

The nominal (full load) efficiencies of the energy conversion units and the overall nominal
efficiency, calculated by applying Equations (7)–(9), are 56.0%, 83.0%, and 44.3%, respectively.
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Table 2. Mass and energy balances under nominal conditions.

PtSNG Plant Capacity (Electrical
Power Input DC) 1 MW 3 MW 6 MW

Wind energy supply (kWAC) 1051 3155 6309
Plant Sections and Components
PEM Electrolysis Unit (ELUNIT)

Number of power modules 1 3 6
Water consumption (kg/h) 150.3 451 902

Hydrogen production (kg/h) 16.8 50.5 101
Thermal power consumption (kW) 5.8 17.4 34.8
Electric power consumption (kWDC) 998.9 2996.8 5993.6

Methanation Unit (METUNIT)
Carbon dioxide mass flow (kg/h) 91.9 275.7 551.3

Hydrogen mass flow (kg/h) 16.8 50.5 101.0
Thermal power from MHE2 (kW) 63.6 190.1 381.7
Thermal power from MHE3 (kW) 12.3 36.7 73.6
Thermal power from MHE4 (kW) 3.8 11.3 22.6
Thermal power from MHE5 (kW) 2.2 6.6 13.3
Recycle blower consumption (kW) 0.5 1.4 2.8

Raw SNG composition (mol %) 95.5 CH4, 3.2 H2, 0.8 CO2, 0.5 H2O
Storage Unit (STORAGE)

Storage capacity (kg of hydrogen) 110 325 650
Storage volume (m3) at 30 ◦C 30 90 180

SNG upgrading (SNGUP)
Electric power consumption (kW) 1.1 3.4 6.8

SNG production (kg/h) 34.1 102.4 204.9
Plant Performances

SNG composition (mol %) 95.9 CH4, 3.3 H2, 0.8 CO2, traces H2O
SNG LHV/HHV (MJ/kg) 49.2/54.7
Wobbe Index (MJ/Nm3) 49.7

7.3. Dynamic Operation and Annual Mass and Energy Balance

The time-domain simulation of the PtSNG system has been performed using MATLAB computing
software. The annual energy balance of the PtSNG plant has been carried out by assuming that each
electrolysis module can operate between the 20% (200 kWhDC) and 100% of its nominal load [12],
while, as previously discussed, the minimum load of the methanation unit for assuring the quality
of the produced SNG is 40%. The isentropic efficiencies of the BoP components and devices such
as the hydrogen compressor and the SNG compressor have been assumed constant because of their
very small impact on the total electric consumptions (about 0.1% of the electric consumption of the
electrolysis unit).

The efficiency of the electrolysis unit varies with the power supplied as well as the hydrogen
production. Using the specific energy consumption defined in Equation (5) and reported in Figure 10,
the hydrogen production (kg) as function of the supplied wind energy (kWh) is obtained by the
following equation:

MH2 =
EWind,supplied × ηAC/DC

ESC
, (15)

where EWind,supplied (kWhAC) is the hourly electricity supplied to the electrolysis unit (it depends on the
stored energy factor), and ηAC/DC is the rectifier efficiency.

Therefore, by starting from the hourly electric energy generated by the wind farm and by applying
the integrated PtSNG model, the hourly hydrogen production as well as the hourly mass and energy
balances are calculated for each plant size. In Table 3, the annual operation time of the electrolysis and
methanation units are reported for the three plant sizes.
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Figure 10. Specific energy consumption of the electrolysis module in the load range.

Table 3. Annual operation time.

1 MW 3 MW 6 MW

Stored energy factor (%) 22% 52% 79%
Plant section EU MU EU MU EU MU

Operation time (hours) 5868 6047 5868 5004 5868 4170
Full load (hours) 4372 2500 2813 1256 1646 486

Partial load (hours) 1496 3547 3055 3748 4222 3684
Hot standby (hours) 2892 2713 2892 3756 2892 4590

Shutdown 477 212 477 225 477 233
ON/OFF cycles 117 0 117 0 117 0

The annual operation time of the EU unit results equal to 5868 h with 477 shutdown and 117
ON/OFF cycles. While the annual operation time of the EU unit only depends on the wind energy
availability, the full load and partial load hours strictly depends on the chosen size of the EU. Therefore,
as expected (see Figure 3), the full load time decreases from 4372 to 2813 h (−35.7%) and 1646 h
(−63.2%). With respect to the annual operation time of the methanation unit, the greatest value
(6047 h) is obtained for the PtSNG plant sized for 1 MW of energy input, whereas in the cases of
3 and 6 MW, it results smaller than the annual operation time of the electrolysis unit. In order to
increase the annual operation time of the methanation unit, a smaller hydrogen flow rate at full load
mode (i.e., the nominal hydrogen flow rate) has to be chosen, involving, however, the need of higher
capacities for the storage. The calculated shutdowns are more than halved (212, 225, and 233), and the
ON/OFF cycles are suppressed.

The flushed hydrogen flows are 641, 2142, and 4520 kg/year for 1, 3, and 6 MW, respectively.
Table 4 summarizes the annual mass and energy balance and the annual efficiencies of the

PtSNG plants.
The annual overall efficiencies are decreasing with the plant size (from 43.7% to 41.6%), due to the

growing impact of the energy required to balance the heat losses in the hot standby mode (the standby
period increases from 2713 to 4590 h). This may suggest that, in the case in which the standby period
is significant (this estimation should be made in terms of forecasting), it could be better to keep the
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system in cold standby, even if the start-up procedure use more energy depending on the duration of
the plant downtime.

Table 4. Annual mass and energy balance.

PtSNG Plant Capacity (Electrical Power
Input DC) 1 MW 3 MW 6 MW

Volumetric flow rates (103 Nm3/year)
Annual water consumption 0.79 1.85 2.83

Annual hydrogen production 1000 2338 3573
Annual CO2 consumption 248 585 894

Annual hydrogen consumption 999 2334 3567
Annual SNG production 179 417 635

Energy (MWh/year)
Annual electric energy consumption of the

electrolysis unit (AC/DC) 5483/5209 12,849/12,207 19,661/18,768

Annual electric energy consumption for
compressors and auxiliaries 15 37 62

Annual electric energy consumption for
hot-standby * 106 458 1143

Annual SNG chemical energy (LHV basis) 2448 5705 8683
Chemical energy of the remaining hydrogen **

(LHV basis) 4 10 17

Plant Performances
Stored energy factor (%) 22.0 51.5 78.8

Electrolysis unit annual efficiency, LHV basis 56.6 56.6 56.6
Methanation unit annual efficiency, LHV basis 80.0 77.4 74.2

SNG Plant annual efficiency, LHV basis (%) 43.7 42.8 41.6
Plant load factor (%) 60.0 46.5 35.4

* The thermal energy required to maintain the equipment in hot standby is calculated using the data reported in [13]
that considers electrical trace heating. ** The remaining hydrogen in the storage tank is the difference between the
annual hydrogen production and the annual hydrogen consumption.

Finally, the plant load factor shows the greatest value (60.0%) in the case of 1 MW plant capacity
and the smallest (35.4%) for the 6 MW plant capacity.

8. Conclusions

In this paper, a PtSNG plant coupled with a 12 MW wind farm has been defined and investigated
by evaluating nominal and annual efficiencies for different sizes of the electrolysis unit.

The plant consists of four sections: (i) the electrolysis unit, (ii) the CO2 methanation unit, (iii) the
hydrogen storage unit, and (iv) the SNG upgrading unit.

The main design specifications of the PtSNG plant regard the SNG composition (CH4 > 95%,
H2 ≤ 5%, and CO2 balance), and the capacity of the storage unit (minimum size to assure about 6.5 h of
full load for the methanation unit with a small number of shutdowns and ON/OFF cycles).

In order to define the plant operating conditions and the plant sizing in terms of mass and energy
flows, an integrated thermochemical and electrochemical model has been developed. This model has
allowed to assess the energy and mass balances as well as the performances of each plant section in
steady state conditions (full or partial load).

The dynamic operation of the PtSNG plant has been investigated by developing a dynamic model
that assess the mass and energy fluxes between the plant sections by following the control strategy of
the storage unit, conceived to reduce the shutdowns and the ON/OFF cycles of the methanation unit
with the minimum storage capacity.

The findings obtained by applying the integrated steady state model and the dynamic model are:
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• the nominal overall efficiency, referred to the LHV and calculated by considering only the SNG as
useful product, is equal to 44% for all the three plant sizes considered; in the full load operation,
the SNG production is equal to 34.1, 102.4, and 204.9 kg/h, respectively.

• the rectifier efficiency (the efficiency of the AC/DC transformer) and the electrolysis unit efficiency
mainly impact on the overall plant efficiency. Thus, using more efficient devices (i.e., by assuming
98% and 70%), the overall nominal efficiency is 58.1%.

• in order to increase the plant performances, the heat generated during the methanation operation
should be valorized using thermal storage or in power generation systems; to this end, further
investigations and improvement of the developed models are required.

• the operation time diminishes with the plant capacity, reaching the greatest value (6047 h) for the
1 MW size configuration that shows also the smallest number of shutdowns (212).

• the annual overall efficiency as well as the plant load factor achieves the greatest values (43.7%,
LHV basis and 60%) for the 1 MW size configuration. The annual SNG production is equal to
179,000 Nm3/year.

Furthermore, it has to be underlined that the results presented are valid only for the specific
hypotheses and technologies adopted as well as for the specific profile of the electrical input and the
chosen plant management strategy.

Finally, the modular structure of the developed models makes it possible to easily modify the
plant configurations of the various units. Therefore, the developed models can be a useful tool for the
technical–economic evaluation of the SNG.
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Acronyms

AC Alternating current
AEL Alkaline electrolysis
BoP Balance of plant
CHP Combined heat and power
DC Direct current
EU Electrolysis unit
IRES Intermittent renewable energy sources
LHV Low heating value
MU Methanation unit
PEMEL Proton exchange membrane electrolysis
PtG Power to gas
PtSNG Power to SNG
RWGS Reverse water gas shift
SNG Synthetic natural gas
SOEL Solid oxide electrolysis
TREMP Tøpsoe’s Recycle Energy-efficient Methanation Process
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Appendix A

Appendix A.1. Validation of the Methanation Unit Model

TREMP process was developed by Danish company Haldor Topsøe in 1970 through the experimental activity
carried out within the Einzelspaltrohr-Versuchsanlage (EVA I), Single Splitting Tube Test Facility and Anlage
mit drei adiabaten Methanisierungsanlagen (ADAM I), Facility with Three Adiabatic Methanation Reactors),
Germany projects [30,31]. The TREMP technology addresses the essential question of minimum recycle cost
and heat recovery most efficiently by recovering the heat as high-pressure superheated steam. In order to
apply such a heat recovery concept, it is essential to recover the reaction heat at high temperature. Due to the
unique MCR-2X methanation catalyst supplied by Haldor Topsøe, TREMP can operate in a wide temperature
range, from 250 to 700 ◦C [23]. The reactions in take place in adiabatic fixed bed reactors. The exothermicity
of methanation reaction result in a high outlet temperature, which allows the reaction heat to be recovered for
generation of superheated high-pressure steam in the downstream exchangers. The outlet gas from the first reactor
is partially recirculated in order to control the temperature increase in the reactor itself. The exit gas from the first
reactor after being cooled enters the subsequent methanation reactors operating at decreasing temperature levels.
The number of methanation reactors depend on the operating condition, such as pressure, as well as the SNG
product specification.

In order to validate the proposed TREMP model, shown in Figure A1, a comparison of experimental data
reported in [30] with the simulated results using the present model was performed. The experimental data refers to
results obtained by experiments on high-temperature methanation carried out in the bench-scale unit ADAM I [31].
The methanation plant ADAM I consisted of three adiabatic fixed bed methanation reactors including recycle
according to the TREMP process. As shown in Table A1, a good agreement is observed between the experimental
data and results predicted from the proposed model. The feeding gas flow rate is 535 Nm3/h (composition is
65.45% mol H2, 9.84% mol CO, 8.96% mol CO2, 11.3% mol CH4), at 300 ◦C and 27.3 bar.

Figure A1. Flowsheet of the methanation process model.

Table A1. Simulation results compared with experimental data of Anlage mit drei adiabaten
Methanisierungsanlagen (ADAM I) methanation plant

R1 Inlet R1 Exit R2 Exit R3 Exit SNG

[30] model [30] model [30] model [30] model [30] model

Temperature (◦C) 300 299 604 595 451 451 303 302 23 23
Pressure (bar) 27.2 27.3 27.1 27.1 27.05 27.05 27 27 27 27

Flow rate (Nm3/h) 1416 1416 1255 1252 348 346.6 334 336.2 191 190.4
Gas composition (vol. %)

H2 36.88 36.74 20.96 19.29 8.10 7.50 1.77 1.63 3.11 2.88
CO 4.28 4.30 1.17 0.94 0.00 0.05 0.00 0.00 0.00 0.00
CO2 6.13 5.93 4.46 4.09 2.07 1.81 0.95 0.37 1.67 0.66
CH4 28.12 28.16 37.44 38.40 44.36 44.64 47.28 47.55 82.95 83.96
H2O 19.19 19.25 29.82 30.94 38.84 39.21 43.06 43.45 0.10 0.14
N2 5.41 5.61 6.15 6.35 6.64 6.80 6.93 7.00 12.16 12.37
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Appendix A.2. The Storage Control Strategy Flow Chart

Figure A2. Flowchart of the storage control strategy.
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