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Abstract: The time-range of applicability of various energy-storage technologies are limited by
self-discharge and other inevitable losses. While batteries and hydrogen are useful for storage in a
time-span ranging from hours to several days or even weeks, for seasonal or multi-seasonal storage,
only some traditional and quite costly methods can be used (like pumped-storage plants, Compressed
Air Energy Storage or energy tower). In this paper, we aim to show that while the efficiency of
energy recovery of Power-to-Methane technology is lower than for several other methods, due to the
low self-discharge and negligible standby losses, it can be a suitable and cost-effective solution for
seasonal and multi-seasonal energy storage.
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1. Short and Long Time Energy Storage

The purpose of energy storage is to store unused electricity for later use. The use can
be done by recovering the available part of the stored electricity and using it. However,
due to legislative changes, when the intermediate product (e.g., hydrogen) of the storage
process is a fuel, it is also considered energy storage [1]. In the current article, we only
consider the variant where both input and output become electricity; the possibility of
using it as a fuel is only mentioned as an extra option where relevant.

Storage can be achieved in many different ways [2,3]; the simplest would perhaps
be to store the electricity as electricity without modification (in supercapacitors or super-
conducting rings), but these solutions are generally expensive and have relatively small
storage capacities.

Fortunately, there are other solutions with lower cost and/or larger storage capacity,
but these methods require the electricity to be converted into another form of energy and
then converted back. This back-and-forth conversion is costly and requires special equip-
ment or facilities. One of these methods is mechanical energy storage, where the stored
electricity is converted into either potential (e.g., pumped storage reservoirs) or kinetic
(e.g., flywheel reservoirs) energy, and then this potential or kinetic energy is converted
back into electricity using generators. Energy can also be stored chemically, using the
initial electricity to produce a fuel or to increase the energy content of an existing fuel.
Perhaps the best-known form of this group is the production of hydrogen by electrolysis
of water, where the hydrogen can be stored and then used to recover electricity later in
time, e.g., using fuel cells. For historical and technological reasons, electrochemical storage
is a separate category, where reversible electrochemical processes are used to store and
recover the energy; this is how rechargeable batteries work. We should also mention the
so-called heat accumulators; heat accumulation is not usually classified as energy storage
because usually neither the input nor the output “product” is electricity. Nowadays, this is
changing. Sometimes there is so much excess electricity production, it is worth using it
to produce heat and using it later (the input is then electricity). It is then possible—albeit

Energies 2021, 14, 3265. https://doi.org/10.3390/en14113265 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4604-5899
https://doi.org/10.3390/en14113265
https://doi.org/10.3390/en14113265
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14113265
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14113265?type=check_update&version=2


Energies 2021, 14, 3265 2 of 13

with low efficiency—to produce electricity from the heat again later, e.g., by using the heat
for the input of an Organic Rankine cycle [4].

Energy storage is mainly needed to compensate for the difference between fluctuating
energy production (mostly caused by the changing weather condition) and fluctuating
demand. As shown by Hiesl et al. in EUROSTAT data [5], the percentage of renewable-
based electricity (excluding conventional hydropower) in the EU-28 has increased from 1%
to 20%. In relative terms, the largest increase over the period was for solar (PV) generation.
For these renewables (biomass, biogas, bio-liquid and other bio-derived waste, wind
(off- and on-shore type), tidal, geothermal) and for the conventional, i.e., river-based—
hydropower (not included in the survey), the weather dependence can be clearly observed.
This dependence can lead to large variations in production even in the short term for solar
and wind, but in other cases, a longer-term dependence can also be observed. For example,
in the case of biological materials, the production of raw materials (quantity as well as
quality) depends on the weather on a seasonal basis, while in the case of conventional
hydropower, production is also affected by the weather (rainfall, drought) over a period of
seven to ten months or seasonally. Surprisingly, even geothermal electricity generation is
weather-dependent. For example, in ORC-based power plants, which are often used on
these heat sources, the condenser temperature and the efficiency of the whole power plant
are affected by weather-dependent variations in air or surface water [6].

In relation to storage or balancing problems, due to weather dependency, we tend
to think of problems and solutions related to sub-hourly basis (e.g., clouds before the
sun), daily basis (solar panels do not produce at night) or weekly basis (the drop in
industrial consumption on Saturday-Sunday). For such storage tasks (both in terms of
duration and capacity), battery-based systems such as Li-ion can be used. However, these
types of storage are not suitable where seasonal (due to winter-summer production and
consumption differences) or possibly longer-term (several years) storage is required, i.e.,
the task is actual storage, not the regulation of current fluctuations. One reason is their self-
discharge, which causes the energy stored in them to decrease continuously and another
is the very high storage capacity requirements that occur when storing on a seasonal or
annual basis.

The discharge time (very often mislabeled as storage time, but storage can happen
both in loaded or unloaded conditions) is often used to indicate how long the currently
marketed types of a given storage method would be able to continuously supply the
connected consumer, such a diagram is shown in Figure 1.

Using this kind of diagram, one can decide that what would be the available storage
solutions to provide the average need for a given consumer (or group of consumers) for a
given length of time, under normal discharging conditions. For example, for a consumer
who needs 100 GWh electricity to cover its expected consumption for a month, pumped
hydro- or Power-to-Hydrogen methods would be viable solutions, being the (100 GWh;
1 month) point in the common part of the green and blue region.

For discharge time—storage capacity diagrams, the output power is usually not de-
fined. Although, it makes a difference whether a storage system has to supply a small
residential building or an entire industrial estate. It is usually assumed that the maximum
power or close to the maximum power of the already existing storage systems; the uncer-
tainty in this is well hidden by the double logarithmic nature of the diagram. As an example,
a commercially available 21 tons, container-sized sodium sulphur (NaS) battery unit has a
maximum storage capacity of 1.2 MWh. The maximal charge/discharge power is 200 kW,
but occasionally only half of this power is used [7]; thus, the discharge time is 6–12 h. So
this type would be a small “blob” with a not sharp boundary between 1–1.2 MWh and
6–12 h within the grey ellipse in a discharge time vs. storage capacity diagram (Figure 1).
From this figure, it is possible to determine how long a fully charged storage can supply
the consumer from the start of discharge, assuming a more or less constant (or, because of
the logarithmic scale, at least one order of magnitude) power output.
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Another time-related descriptor used for energy storage is the lifetime of the equip-
ment itself. This is often given in terms of a maximum number of cycles (a cycle is a charge
and discharge), in which case the lifetime can be obtained by multiplying this number of
cycles by the average charge-discharge time. Another lifetime is the so-called shelf-life [8],
showing the deterioration of a storage device from brand new to unusable, holding it in
unused (and usually discharged or just partly charged) condition. The shelf-life is mainly
given for batteries; many people are interested in how long an unused battery can be
used, but less so in how long the dry bed of an unused pumped storage reservoir remains
impermeable.

In this article, we would like to introduce a novel time-dependent quantity, which is
not only time-dependent but also storage efficiency-dependent. This quantity shows that by
filling a given type of storage and then storing it for t time after filling (without deliberate
discharge, i.e., allowing only self-discharge), we get back a fraction of the energy stored
as a function of time. This quantity will be important for seasonal, annual or multiannual
storage, as it is not always the case that the photovoltaic energy, produced during a hot
summer, can be recovered after 3–4 months (i.e., within a season) of unused storage.

In this paper, it will be proved that among the large-capacity storage methods, if the
storage period exceeds half a year to one year, the so-called Power-to-Methane technology
(in which methane is produced from water and carbon dioxide using stored electricity and
then used to generate electricity at the time of storage) currently appears to be the most
promising, from energetic and probably an economic point of view.

2. The Actual Discharge State Function

In this section, we introduce a novel quantity to help us to describe the actual state
(the recoverable energy) for a given energy storage system. To understand the role of
this new quantity, we need to generalize the term “self-discharge”, which is mainly used
for supercapacitor or battery storage. In self-discharge, the amount of energy stored in a
storage device decreases even when it is unloaded; this usually happens in batteries due to
a particular chemical reaction. For most battery types, this is a few tenths of a percent per
day, but in some cases (such as in the case of a switched on redox liquid flow battery), it
can be as much as 10% per day.
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The generalization can be done in two different ways. First, in some cases, the so-
called standby energy losses, which characterize the consumption of auxiliary equipment
necessary for the operation of the storage, cannot be physically separated or should not be
separated from the self-discharge losses; see, for example, the case of a sodium-sulphur
battery. In this type, the dissipation heat of the self-discharge processes keeps the sodium
and sulphur electrodes liquid during the 6–12 h charge-discharge cycles. While in a case
where neither charge nor discharge occurs, this has to be done by an auxiliary heater,
causing a loss of about 3% per day. The two types of losses can be physically separated,
but since the effects of the two losses are the same, the separation does not make sense.

The second way to generalize the concept of self-discharge is the extension from
capacitors and batteries to other storage devices. It is easy to see that evaporation and
leakage losses in a pumped hydro storage, leakage of gas in a power-to-gas storage, leakage
of the liquid or the degradation of the usually complex molecular structure in a power-
to-liquid storage will cause losses similar to self-discharge of batteries, which are also
time-dependent. Such losses can occur even in weight storage, although in the short term
they may be due to a more random process (e.g., a few stones falling off a railway wagon
used as weight storage), but over extremely long storing times, they may be of a more
general nature (e.g., concrete elements of an abandoned weight tower start to crumble
and erode).

The loss accumulates over time and is therefore given in units of percentage or part
normalized to time (e.g., %/day), but this is only possible if the loss is stationary in time.
When the speed of loss is not constant, it would be more appropriate to use a self-discharge
function. If the strictly time-dependent self-discharge and other losses are summed, a
time-dependent total storage loss can be obtained. Subtracting this from the amount of
energy stored gives the energy that can be recovered from the storage. In this way, one can
obtain an already time-dependent storage efficiency:

Eini − (Esd(t) + Esb(t))
Eini

= ηs(t) (1)

where Esd(t) is the time-dependent self-discharge function, Esb(t) is the time-dependent
standby loss function, Eini is the time-independent stored energy (at t = 0), and ηs(t) is the
now time-dependent storage efficiency including all losses and the discharging efficiency;
this is what we call the Actual Discharge State Function or ADSF, which is a time-dependent
function, correctly marked as ADSF(t).

Now, the recovered energy (i.e., the amount recovered after full discharge) is

Eini ∗ ηs(t) = Eini ∗ ADSF(t) = Ed(t) (2)

where Ed(t) (subscript d stand for discharge) is also turns into a time-dependent quantity.
If the same amount of energy (for example, one “unit”) is stored in two different

types of storage devices, the ADSF(t) function gives the fraction of this energy that can
be recovered if the discharge is started only t time after fully charging them; the two
devices were unloaded during this t time, and the stored energy was reduced only by
the generalized self-discharges. By comparing the ADSF(t) functions of these two storage
facilities, it is easy to see which one will recover more energy later, starting the full discharge
at any given time. This is demonstrated in Figure 2.
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Figure 2. Using the time-dependent function ADSF(t), it can be decided which kind of energy storage
device is preferable when the discharging of the fully charged storage devices is started after an
unloaded period. Starting discharge before time t1, then storage A is better, starting discharge
between t1 and t2, storage B is preferable while starting the discharge after t2, storage A would again
recover more electricity.

Obviously, besides the ADSF(t) function, there are other quantities to be considered
by choosing the proper storage technology, such as:

- installation and operating costs
- environmental and social criteria (pollution, social acceptance, etc.)
- power density
- energy density, total energy storage capacity.

Only the latter two are considered here. When comparing the ADSF(t) function of two
or more storage facilities, it will be indicated separately if one of them require an extremely
large storage size to store the same amount of energy (energy density) or if it is not possible
to build a storage size larger than a certain size for physical, economic or other reasons
(e.g., the rarity of vanadium would make it difficult to build extra large vanadium redox
storage facilities).

The ADSF(t) function presented here is somewhat similar to the shelf-life, which
is a time-independent but time-dimensional value given by manufacturers for batteries,
referring to how long the storage device is functional when stored in an unloaded state.
This quantity should also be time-dependent since it is possible that after six months, for
example, the battery’s storage capacity is 80% of the original capacity, while after 12 months,
it is 60%. How long the storage device is considered to be usable also depends on the use;
in some circumstances, 80% is not worth it for the user (in that case, the shelf-life of less
than 6 months), in others cases, 60% is more than enough (in this case, shelf-life would be
more than 12 months). The secondary use of batteries of electric cars is a good example,
where after a while, they no longer fit for their original purpose but are still suitable for
other purposes. Therefore, the original time-independent shelf-life (tsl) can be generalized
to obtain a time and remaining storage efficiency-dependent new shelf-life, where the latter
“variable” could be a given limit value rather than a real variable. For example, the data
pair of (t60

sl = 1 year; t20
sl = 2 years) that a given storage device would still be able to work on

60% of its original storage capacity after 1 year, and only 20% after two years).
An important distinction is that while the shelf-life is a quantity related to the unloaded

storage facility (and this is also true for the time-dependent version), the ADSF(t) function
refers to the stored energy (also in unloaded state), which of course is also affected by
the storage facility. Therefore, one can say that it is something, like the shelf-life of the
stored energy.
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Concerning the ADSF(t) function, for a given storage method, it can consist of several
different time-dependent and time-independent parts. For example, in a pumped reservoir,
the “self-discharge” itself introduces such terms; the evaporation loss depends on the
external temperature and wind (this is time-dependent) and the current free surface area
of the reservoir (this may be constant, but in dam reservoirs, it usually decreases as the
volume in the reservoir decreases), while the seepage loss depends on the volume of water
in the reservoir (the head of the water column, i.e., the pressure). Such a complex function
is difficult to model, so for our comparison, we use a simplified (linear) ADSF(t) function.
In this case, the time-dependent storage efficiency (ηs(t)) defined in Equation (1) will have a
time-independent term (ηs) and a linear form of time-dependence. Therefore, the linearized
ADSF(t) function takes the following form:

ADSF(t) = ηb(1 − ηs ∗ t) (3)

where, just like before, ηb is the efficiency of the conversion of stored energy back into
electricity (i.e., the round-trip efficiency) and t is the time. In such a case, the curves in
Figure 2 would become linear, and there would be only one intersection for two storage
facilities, giving the time over which one reservoir is better for shorter storage and the other
for longer storage. In this form, it can be seen that if we start discharging immediately after
recharging (e.g., if we want to smooth PV output due to solar irradiance irregularities with
a Li-ion battery), the ADSF(t = 0) is equal to the efficiency of converting the stored energy
back to electricity, and then decreases linearly from there.

It can be seen that the actual ADSF(t) value for a given time can be increased in
two ways; either by increasing the efficiency of the conversion efficiency upon discharge
(e.g., in the Power-to-Methane case, by recovering the waste heat from the gas engine
performing the conversion back in an ORC [9,10]), or by slowing the decrease, by reducing
self-discharge (e.g., by better, more leakage-free storage of hydrogen in the case of Power-to-
Hydrogen) or by reducing standby losses, such as in liquid electrode batteries by reducing
heat loss through better insulation.

In the next section, some storage technologies are going to be presented by comparing
their simplified (linear) ADSF(t) function to select which methods perform better than
others for longer storage times. Then, based on the above two secondary criteria (energy
density, total energy storage capacity), we will show which is the time interval of our
interest (seasonal to multi-annual), the Power-to-Methane storage is likely to be the most
appropriate.

3. Comparison of Various Energy Storage Methods

In this paper, we compare a few of the more well-known battery types, two Power-
to-Gas storage types and one weight storage type. The traditional method for seasonal
storage, pumped storage, is not considered here. On the one hand, its installation requires
special natural conditions (i.e., it cannot be installed anywhere) [11], and on the other hand,
there are countries (like Hungary), where installation of such kind of devices are strongly
opposed for historical-political reasons [12].

Since the main objective is to place Power-to-Methane storage in the storage chain,
the other types are only briefly described.

3.1. Batteries

The ADSF(t) functions of the following battery types will be discussed in this section:

- Lead-acid battery
- Nickel-metal hydride battery
- Lithium-ion (LiNMC/LiFePO4) battery (new as well as second-life)
- Vanadium redox flow battery (in standby mode with flowing electrolyte and in offline

mode with disconnected storage tanks)
- Sodium-sulphur (NaS) battery
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We do not describe the first three types here in detail; all three types are well known,
frequently used, and their characteristics can be found in the literature [3]. The values
relevant for the estimation of the linearized ADSF(t) functions are given in Table 1.

Table 1. Constants of the simplified (linear) ADSF(t) function (Equation (3)). The values shown are
for the best commercially available models for the type; some manufacturers’ products may perform
better or worse than this. Limits for these values are shown in Supplementary Materials Table S1.

Method ηb ηs/Day Shelf-Life (Year)

Lead-acid battery 0.85 0.003 3–15

Nickel-metal hydride battery 0.80 0.005 5–10

Lithium-ion (LiNMC/LiFePO4) battery 0.95 0.001 2–3

“Second-life” Lithium-ion battery 0.6 0.005 3–6

VRFB (offline) 0.75 0.2 20–30

VRFB (standby) 0.75 0 20–30

Sodium-Sulphur battery 0.85 0.068 15–25

Power-to-Hydrogen (with high-pressure gas
storage) 0.75 0.01 >50

Power-to-Hydrogen (with cryogenic liquid
storage) 0.75 0.006 >50

Power-to-Methane 0.33–0.5 0.000023 >50

Gravity storage 0.9 0.000064 >1000

Concerning Li-ion battery; this type is mostly used when high energy- and power-
densities are needed; therefore bigger capacity Li-ion batteries are used mostly in trans-
portation. For utility-scale seasonal storage, they would be “too good”; therefore, for
this purpose, we are considering “second-life” batteries. These are batteries too much
deteriorated for their original use, but still applicable for other purposes [13].

In the vanadium redox flow battery (VRFB), the chemical reaction takes place in a
space, separated by a membrane (see Figure 3). Vanadium ions are present in the electrolyte
in concentrations of a few mol/L, and the electrochemical reactions happen between
different chemical valence states (V2+/V3+ or V5+/V4+). The two types of electrolyte are
stored in two separate tanks and can only come into contact with each other in the reaction
space separated by a membrane. In practice, this type of battery is a small chemical factory;
when the “intermediate products” are not required, the two types of electrolyte are stored
without degradation, leakage or evaporation (i.e., self-discharge) in tanks, of which there
may be more than one, and they may even be separated from the central, power-generating
unit (i.e., as if they were liquid fuels in separate tanks). In this case, the battery is in
a disconnected, offline state (the electrolyte is not circulated), with virtually zero self-
discharge (until the plastic tanks break down and the electrolyte drains away). However, if
it is flowing (i.e., it is in standby mode, ready for discharge), the daily self-discharge can be
as high as 20%. The efficiency of the recovery is between 75–80%, including standby losses
(e.g., pump operation in this case).

The sodium-sulphur (NaS) battery is a high-temperature, molten electrolyte battery;
while the two electrodes (sodium and sulphur) are in a liquid, i.e., molten, state, the
electrolyte is solid [7,14,15]. The internal temperature of the battery is at least 300 ◦C to
keep the electrodes in liquid state. The battery belongs to the so-called energy batteries.
Whereas, in power batteries (such as Li-ion batteries) the energy is delivered quickly (i.e.,
at high power), and for this type, the power is lower, but the total amount of energy stored
is high. They are commercially available in container size; those made by NGK Insulators
Ltd. of Japan can store 1.2 MWh and deliver this in six hours (or more) at a maximum
power of 200 kW. The high temperature is provided by the dissipation heat generated



Energies 2021, 14, 3265 8 of 13

by the self-discharge during continuous charge-discharge cycles. The overall conversion
efficiency can in principle, reach 85%. In the unloaded state, one has to face a standby loss
due to the necessary heating provided from the stored energy is 3.4 kW, i.e., 81 kWh per
day, or 6.8% [16].
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3.2. Power-to-Gas Type Storage Systems

In Power-to-Fuel storage [3], electricity is used to produce a new fuel or convert
an existing fuel to another with higher energy content. We are dealing with two sub-
types within the method, both of them belonging to the Power-to-Gas group (i.e., the
fuel produced is gaseous); one is hydrogen (Power-to-Hydrogen, P2H), and the other is
methane (Power-to-Methane, P2M). The two methods are very closely related; in both cases,
hydrogen is produced in the first step by hydrolysis using surplus electricity (to be stored).
In the P2H method, that hydrogen is later used to generate electricity or as a vehicle fuel
(but we are only looking at the electricity-storage-electricity type of methods). In pure form,
it can be stored as a high-pressure gas or cryogenic liquid until reuse; alternatively, it can
be stored in chemically bonded form (e.g., as ammonia) or mixed with natural gas [17,18].
In this method, the loss of hydrogen is responsible for the “self-discharge”; to estimate
this value, we are considering high-pressure gas storage and cryogenic liquid storage
separately.

In the P2M method, the hydrogen (produced by electrolysis using the surplus en-
ergy) and carbon dioxide (used from various sources) are used to produce methane by
chemical [19] or biochemical [20] means; after the storage, the methane is used to generate
electricity or as a vehicle fuel. In the present article, the biochemical version, which is less
energy-intensive and therefore more efficient, is considered. It also has the advantage of
being suitable for enriching methane-carbon dioxide mixtures (biogas, landfill gas) because,
due to the low temperature, it can preserve the methane already present in the input gas.
For conversion back to electricity, we are estimating a methane-to-electricity method of
about 60% efficiency (e.g., an improved gas turbine), which gives a total storage efficiency
of about 33%. It is also possible to convert the waste heat of electrolysis and methanization
(approximately 30% of the incoming energy are lost in these two steps, part of these losses
happens in the form of 60–70 ◦C waste heat) back into electricity by a low-temperature
ORC process [21] and fed back into the electrolyzer, reducing the amount of energy input
and thus increasing the storage efficiency with 1–2%. Also, it is possible to utilize the waste
heat produced upon the recovery of the electricity, using a second ORC equipment. In this
way, one might assume an upper limit for overall storage efficiency around 50%; we are
discussing the two cases (33% and 50%) separately. In both cases, the methane would be
stored in the natural gas network; the self-discharge, is thus, leakage from the network, the
value of which was estimated from other data [22,23]. The steps of the whole cycle can be
seen in Figure 4.
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3.3. Comparison of the Various ADSF(t) Functions

Relevant quantities to estimate the linearized ADSF(t) functions for the storage tech-
nologies discussed here are listed in Table 1.

Based on these data, the ADSF(t) vs. time function (Figure 5) can be plotted, showing
what percentage of the initially stored electricity can be recovered (also as electricity) when
the fully charged storage is discharged after an unloaded condition of t time. Because
efficiencies can be different for various products within one type, thus, on Figure 5a,b, best
and worst scenarios are marked for methods, where the efficiencies are moving in a wide
range. Concerning these scenarios, we are considering only commercially available models.
In Figure 5c, the most realistic scenarios are compared, based on the averaged data of
Table 1. For hydrogen (P2H), the range shown is for small and large containers, where heat
loss (and therefore liquid-loss) depends on the size-dependent surface-to-volume ratio.

As shown in Figure 2, when two curves (or lines) intersect, it can be seen that for
storage shorter than the time corresponding to the intersection point, where one is the more
energetically advantageous solution for storages involving shorter times, while the other is
better for longer storage times. As shown in Figure 5c, certain types (gravitational storage,
offline vanadium redox flow battery) are very advantageous for long term energy storage;
their disadvantages related to other criteria will be discussed in the next section. Also, lead-
acid batteries and second-life Li-ion batteries (at least the better ones) seem to be a good
solution; half of the energy stored during the summer can be recovered after 2.5–5 months.
A storage system supplying a Hungarian municipality of 10,000 inhabitants (based on
energy demand of 4260 kWh/person/year) for three winter months is 10.65 GWh; it would
be difficult to build a storage system of this size with these types of storage (numbers would
be similar for most of the countries). For Li-ion batteries, the main limitation is the amount
of lithium needed. This problem is further escalated by the fact that, unlike many other
types, Li-ion batteries are also well-suited to transport applications, where they are in high
demand leaving less batteries for utility-scale storage. Additionally, the relatively short
lifetime of Li-ion batteries (<10 years, even with the second-life period) makes this type
hardly applicable for multi-annual storage. For lead batteries, the potential environmental
hazards would perhaps be the primary reason not to build such a storage facility.

Red dots indicate the time limits when P2M storage will be than these batteries. This
occurs after around 118 days for 33% recovery (P2M-33%) compared to Li-ion batteries and
after about 205 days compared to acid lead batteries; these values change to 76 and 138 days
for 50% recovery (P2M-50%). In other words, for seasonal energy storage, where storage
would mostly occur in July-August and use in December-February, i.e., 100–200 days later
(electricity would have to be stored in an unloaded state until then), P2M method is already
competitive with most other storage methods even at the 33% total storage efficiency that is
currently easily achievable; the two exceptions to the types discussed are the gravitational
storage and the offline vanadium redox flow battery. A comparison with these methods is
the subject of the next sub-section.
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The other types of storage considered (NaS battery, circulating VRFB battery and
hydrogen storage with both liquid and gas storage) are not suitable for seasonal, annual or
multi-annual storages.
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which storage method is energetically better for storage times shorter than the corresponding duration or longer than the
corresponding no-load storage time. The four red dots indicate the times for which the Power-to-Methane method may be
energetically good for longer duration storage.

3.4. Comparison of High-Capacity Storage Solutions Applicable for Long-Time Storage

Based on the previous calculations, for seasonal to multi-annual storage, the Power-
to-Methane method has two competitors, the gravity storage and the offline VRFB, where
the liquid electrolyte tanks are separated from the central cell. Therefore, self-discharge is
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reduced practically to zero. The offline VRFB will not be competitive; vanadium is even
more difficult to obtain than lithium, so for the 10 GWh demand of the town mentioned
above, the production of 400,000 m3 of solution with a concentration of at least 1 mol/L
vanadium compound at a volume energy density of 25 Wh/L does not seem realistic.

A more serious challenge is the solid gravity storage, like mass- (or weight-) towers.
Gravity storage is similar in principle to pumped storage in that it stores energy in the
form of potential energy and can be recycled with high efficiency. Although there are some
types that can only be installed in certain locations (e.g., hillsides [24] or mines [25]), energy
tower-type versions [26] could be installed almost anywhere. In the energy tower, concrete
blocks are stacked using a special crane; in this way, the electricity turns to potential
energy. When discharged, the crane lowers these blocks to ground level, while a suitable
transmission system generates electricity with a built-in generator. Self-discharge is difficult
to understand in such storage, although in the long term, the falling or erosion of the stored
blocks may cause such a loss. Since no numerical data were available, we looked for a
long-standing tall structure built of heavy blocks and used it to investigate the reduction in
stored energy over a sufficiently long period of time; from this, we were able to estimate
the daily ηs value.

The studied “solid gravity storage” system is the Cheops pyramid; its original height
is estimated at 146.7 m, now 138.8 m. Its current mass is about six million tons, its volume
2.3 million cubic meters, and its age is about 4500 years. We approximated both the original
and the current version as a regular pyramid; the size of the bases was assumed to be
constant, and the loss was calculated from the loss of mass and height. Therefore, the
energy stored was about 634 MWh, and the current energy content was 567 MWh, a “self-
discharge” of 10.5% over the whole lifetime, which is 6.4 × 10−6 per day, or 0.00064%/day,
practically comparable to P2M methods, but the big advantage is the long lifetime in the
“no load” condition, which in this case exceeds 1000 years.

A serious physical disadvantage of this type (the financial side is not considered in this
article) is the large size due to the low energy density. With a medium-quality gas turbine, it
would require about 75 tons of methane (natural gas) to produce the energy stored in such
a gravity storage system. This is 0.00125% of the pyramid by mass, which is about 170 m3

in liquid storage (LNG), about 420 m3 in high-pressure storage (CNG, 200-250 bar) and
about 100,000 m3 at normal pressure. In other words, a Cheops pyramid-sized atmospheric
pressure reservoir would have a storage capacity as a P2M reservoir of about 23 times that
of a gravity reservoir, shifting this ratio even more at higher pressures; moreover, with P2M
method, a pyramid would not need to be dismantled and built seasonally.

Power-to-Methane technology appears to be the best technical solution for seasonal,
annual and multi-annual storage of large amounts of energy. It is important to note that this
is an economically and socially acceptable method, which also fits well with the existing
storage and electricity generation infrastructure [27–29].

Our aim was to show that there is a segment in the long-time (seasonal to multi-annual)
energy storage, where Power-to-Methane technology can outperform other methods. This
conclusion is valid only in the given storage-time range; for shorter or longer storage
periods, other methods are better choices than P2M.

One of the main objection against P2M method is its relative un-maturity, compared to
other storage technologies, like Li-ion batteries or even the other Power-to-Gas technology,
the Power-to-Hydrogen method. In some sense, it is undoubtedly true that these methods
are more established, but still, P2M technology is also notably an established method. In
relation to hydrogen-based storage, water electrolysis can be considered a more established
technology, but methanation—even the biochemical one—can also be considered a mature
technology. This can be proved by the growing number of industry-scale biomethanation
facilities, mentioning only a few of them, like MicrobEnergy—BioPower2Gas in Allendorf,
Germany; the Electrochaea—BioCat in Avedøre, Denmark or the Underground Sun Storage
in Pilsback, Austria.
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4. Conclusions

Most of the currently used energy storage methods, which can store large amounts of
energy, are used to compensate for the difference between fluctuating energy production
and fluctuating demand. Battery systems are suitable for this purpose up to a few days
period, even for larger quantities (e.g., a few MWh). However, for seasonal and even longer
(annual to multiannual) storage, these types are not suitable.

In this article, a novel function has been introduced, shoving properties similar to the
lifetime and efficiency. This Actual Discharge State Function (ADSF(t)) indicates the fraction
of the energy which can be recovered from the storage system after a given unloaded period
of time (t). This quantity is somewhat similar to the shelf-life quantity of batteries, but
it does not indicate how long the storage device can be used, rather how long the stored
energy can be used, with a certain recovery efficiency.

The following storage methods have been compared: lead-acid battery; nickel-metal
hydride battery, lithium-ion (LiNMC/LiFePO4) battery, vanadium redox flow battery
(standby and offline modes), sodium-sulphur battery, Power-to-Hydrogen method (with
hydrogen stored as pressurized gas or cryogenic liquid), Power-to-Methane method (with
33 and 50% recovery efficiency), and solid gravity storage systems (mass-towers). For sea-
sonal energy storage, the P2M method can return the stored energy with higher efficiency
than all other methods, except for VRFB with separated tanks (i.e., in offline mode) and
the mass-tower storage. In relation to other technical criteria (such as size or availability
of the necessary materials), P2M technology is superior to the other two methods and
can therefore play an important role for seasonal (electricity will be generated in Summer,
stored in the gas grid for a few months, then convert back to electricity in Winter) or longer
(e.g., a few years) storage periods. On this basis, the P2M method can be positioned as a
seasonal or multi-annual, high energy, relatively small (compact) energy storage system
that can be “discharged” very easily and with acceptable efficiency.

Choosing the best energy storage solution for a given problem is a multi-dimensional
optimization problem, where some of the functions to be considered are not even technical
ones, but rather financial or even sociological. The function defined here can be used as
one of the “technological” dimensions, but other dimensions have to be also considered;
some of them with smaller, but others with bigger weight.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14113265/s1, Table S1: Shelf-lifes and range of constants of the simplified (linear) ADSF(t)
function (Equation (3)), used in Figure 5a,b.
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