savezenergeticara.org.rs energija - ekonomija - ekologija ea}

Nikola Raki¢, Vanja Sustersi¢, Dusan Gordi¢
Department of Energy and Process Engineering,
Faculty of Engineering,University of Kragujevac

POWER-TO-GAS (P2G) PROCESS: BASICS

ABSTRACT
The explicit tendency to increase the power generation from stochastic renewable resources forces us to look for
technological solutions of energy management and storage. In the recent years, the concept of power-to-gas where
the excess energy is converted into hydrogen and/or further methanized into renewable methane is gaining high
popularity. The concept presented in this article suggests the conversion of CO -containing gases into methane
in a pressurized reactor using hydrogen produced via electrolysis. The reaction heat released by the exothermic
methanation reaction leads to a temperature rise of the gas in reactors. Several different reactor concepts can be
used for the methanation reaction.
The conversion of carbon dioxide is limited in accordance to the chemical equilibrium which depends strongly
on temperature and pressure. For maximum carbon dioxide conversion, it is convenient to split the methanation
process into several stages adding cooling sections in between. Critical aspects of the P2G process are the
availability of CO, sources and especially economics as well as the efficiency. In opposite, advantages of the
system are strategic benefits such as integrated management of electricity and gas networks. The concept brings
the possibility of connecting the power grid to different sectors, where CH  is needed such as mobility and industry.
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OcHoOBE KOHBEp3Hj€ EIEKTPUYHE EHEPIHje Y IPUPOIAHH rac

CAXETAK
Tenoenyuja noseharea npouzeoome eiekmpuyne enepeuje u3 CMmoxacmuykux 0OHOGWLUBUX U360PA HABOOU HA
mpaicerbe HOGUX MEXHOIOWKUX pellerbd 3a YNpasasarbeM U CKiaouumersem enepeuje. Y nocieormwux Hekoauko
200UHA NONYIAPAH je NOCMAO KOHYEenm KOHeep3uje eleKmpuine enepeuje y CUHMemuyKu npupooHu 2ac 2oe ce
BULAK eHepeuje npemeapa y 6000HUK U / uiu 0asmse NOCMYNKOM Memanuzayuje npesoou y 0O6HOGbUGU MemaH
(P2G). Konyenm npedcmasmen y osom pady onucyje npemsaparse 2acosa koju caopace CO,y CH,y peaxmopy
noo npumuckom Kopucmehu 600onux npouzeeden erexmponusom. Tonroma ocnobolena e230mepmHom peaKyujom
Memanusayuje 00600u 00 nogehar.a memnepamype 2aca y peaxmopumd. 3a peakyujy memanuzayuje modice ce
KOpUCMUmMu HeKoIUKO PA3IUdUmux peakmopckux Konyenama.
Koneepsuja yemen-ouoxcuoa je oepanuienay ckaaoy ca mepmo-XeMujckom paeHOmMeNCoOM KOja OOMUHAHMHO 3A6UCU
00 memnepamype u npumuckd. 3a MaKCUMAIHy KOHEep3ujy ye/mbeH-OUoOKCUod, NpUKIaoHo je 008ojumu npoyec
MemaHuzayuje y HeKoauko ¢aza y3 0o0amax pacxiaonux oenosa usmehy rux. Kpumuunu acnexkmu P2G npoyeca
¢y docmynnocm CO, uzeopa, exonomuunocm kao u eguxactocm. Ca opyee cmpane, npeoHoCmu cucmema cy
cmpamewKe KOpUCmu Kao wmo je UHMe2pucao ynpasasarbe eneKmpuiHom u 2acHom mpesicom. Konyenm donocu
Mmozyhinocm nosesusarba enekmpoenepeemcKe mpegjce y pasiudumum cekmopuma 20e je nompeban npupoonu 2ac,
Kao wmo cy caobpahaj u undycmpuja.

KibyuHe peun: MeTaHHU3aI[1]ja, €JEKTPOJIN3a, KATATUTHYKH PEAKTOP, CHHTETHUYKH [TPUPOJHU Tac
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INTRODUCTION

Nowadays one of the most significant environmental
problems is fossil usage and as a result, increasing carbon
dioxide (CO,) concentration in the atmosphere. Also,
technology progress and ever increasing economic activity
has stimulated release of CO, emissions including global
warming. Today, large effort is made towards finding
sustainable solutions for solving this problem without
interrupting the economic development.

Despite this positive tendency there is an existing
storage problem of stochastic electricity from wind and
solar PV energy sources: misbalance between generation
and consumption can lead to severe consequences or even
to blackout of power system. At the present time, one of
the options for RES energy storage is to accumulate it by
producing hydrogen (H,) through water electrolysis. Due
to the shortage of renewable H, infrastructure, methanation
where H, is combined with CO, to produce synthetic
methane can be possible solution for recycling of increasing
CO, and accumulation of non-continues electricity. Synthetic
methane (CH,) production is convenient because of existing
natural gas pipe system. CH, can also be burned in an existing
power generation stations recovering CO, (which should be
captured and used in the next cycle [1]). Specific energy of
CH, is also higher than H: 40 MJ/m* versus 12.7 MJ/m’.
Thus, methanizing H, has several preferences.

POWER-TO-GAS

The Power-to-Gas (P2G) technology might contribute
to tackling this issue. The P2G process links the power grid
with the gas grid by converting surplus power into a grid
compatible gas via a two-step process: H2 production by
water electrolysis and H, conversion with an external CO
or CO_source to CH, via methanation. The resulting CH,,
known as substitute natural gas (SNG), can be injected into
the existing gas distribution grid or gas storages, used as
CNG motor fuel or it can easily be utilized in all other well-
established natural gas facilities. The total world storage
capacity of natural gas is > 3600 TWh [2] (total world power
production from wind and solar power in 2012: 639 TWh
[3D-

Another challenge for P2G systems is the temporary
storage of hydrogen necessitated by the fluctuating power
supply and consequent intermittent operation of the
electrolyzer. For the hydrogen storage, the size and necessary
peripheral equipment is highly variable and depends on the
configuration and the operating parameters of the system.

Several probable methods exist for the hydrogen
storage: compressed gas tanks, cryogenic compressed liquid
hydrogen tanks, metal hydride storage, physical storage,
and underground storage (e.g. salt caverns). Storage of
hydrogen as a cryogenic liquid is a technical challenge as
well as energetically inefficient [4]. The unstable pressure,
continuous leakage of gas, and expensive insulation, make
cryogenic liquid hydrogen storage a poor choice for P2G
applications. Another option for hydrogen storage is the
physical storage of hydrogen in underground caverns.

Although this option is the cheapest option of all storage
methods mentioned here, this storage is better suited for high
capacity, long term hydrogen storage [5]. Thus, it is not a
viable option for P2G systems, which require small scale,
onsite, and temporary hydrogen storage.

One possible approach to estimate reactor performance
is to compare the Gas Hourly Space Velocity (GHSV) of
different reactor concepts. In this case, F, ; ; is the volumetric
flow rate of the feed gas without any inert gases and with a
stoichiometric H,/CO,ratio. VR is the reactor volume. If the
concept is based on a series of reactors, then the sum of all
reactor volumes is used [6].

FV,G,in

GHSV =

R

The properties of SNG produced in a P2G chain must
be similar to the properties of natural gas distributed in the
gas grid. Typically, natural gas contains more than 80% CH,.
Further important components are higher hydrocarbons, e.
g. ethane, propane, and butane which increase the calorific
value compared to pure methane. On the other hand, inert
components such as CO, or N, can be found in natural gas
and have a corresponding lowering effect on the calorific
value.

The main difference between the methanation
technologies is the temperature profile inside the reactor.
In principle, there are three types of temperature profiles:
adiabatic, isothermal, and polytropic. Kiewidt and Thoming
[7] used the Seminov number to distinguish methanation
reactors by the heating and cooling rate.

_ Heat _ production _rate

Se
Cooling rate

» Adiabatic fixed-bed reactors (Se—1)

Fixed-bed reactors without external or integrated cooling
typically exhibit an almost adiabatic temperature profile
with a distinct hot spot in the bed and high reactor exit
temperatures. Since methanation catalysts cannot withstand
temperatures above 550-700°C, gas recirculation or steam
addition may be necessary [8]. Main advantages are the
high reaction rate and the possibility to produce steam at
high temperatures. However, the process setup is relatively
complex.

» Isothermal reactors (Se—0)

Fluidized-bed reactors and three-phase reactors ideally are
isothermal reactors. The process takes place at a temperature
ensuring total CO or CO, conversion. This leads to a simple
process setup and a simple reactor. Furthermore, thermal
load acting on the catalyst is low. The limited reaction rates
caused by isothermal operation at moderate temperatures are
a drawback of such reactors. Another drawback, especially
with regard to fluidized-bed reactors, is significant catalyst
consumption due to attrition [9].
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* Polytropic reactors (0 < Se <1)

Cooled fixed-bed and structured reactors (e.g. micro
channel, honeycomb) usually have a hot spot close to the
inlet of the reactor. In comparison to adiabatic reactors,
however, the hot spot temperature is significantly lower and
the product gas leaves the reactor at moderate temperatures
(commonly about 300°C). Such polytropic reactors combine
the advantages of isothermal and adiabatic reactors. The
moderate hot spot leads to increased reaction rates, whereas
the lower outlet temperature enables high conversion rates
with respect to thermodynamic limitations. In general,
polytropic reactors are the most expensive ones [9].

METHANATION

The methanation of CO, is a well-researched process
that has been in use in chemical industry for a long time.
Although many competing reactions take place three of them
are be considered main reactions.

1:CO,, +3H,,, < CH

2(g) 4(g)

+H,0, ;AH® = -206[kJ / mol]

(g)° r

Both carbonsources CO, (2) or CO (1) canbe hydrogenated
to CH, via the sabatier process, but they tend to influence
each other. The reaction of CO via the sabatier process is
preferred and can even inhibit the CO, methanation, caused
by the far stronger adsorption strength of CO. Depending on
catalyst material, the CO, conversion contains the formation
of CO as reaction intermediate (see Table 1). CO can also
be formed during the methanation process in gas preheating
devices via the water-gas shift reaction equation 3. Since
part of the CO can remain in the product gas, it has to be
separated to achieve the requirements of the natural gas grid.
Therefore, the reaction conditions should prefer a high CO
conversion to minimize its fraction in reaction product [10].

A catalyst is necessary to initiate the reaction 1 and 2. A
wide variety of catalyst exists. For methanation, both noble
and non-noble metals are used, e.g. Rhodium, Ruthenium,
Cobalt, Manganese and Nickl. Some catalysts, especially
noble metals, have high costs (Silver, Platinum and Gold);
hence, it would not be economically feasible to utilize these
metals in pure form. In such cases, it is suitable to use a
support material — a less costly material than the catalyst
itself, but with a high contact area relative to its size. Various
oxide supports exist, e.g. TiO,, SiO,, ALO,, CeO,, ZrO,

2:CO,,, +4H,, < CH, +2H,0, ;AH, = -164[kJ / mol] . ; . ;
and CuO. Despite the large variety, Nickel and Ruthenium
3:COy, + H,0,)  COyy, + Hy, s A = —41[kJ | mol] catalysts are the most used and explored [1].

Catalyst Intermediate Reactor type Ref
Ni/Al-Tube CO Tube wall reactor [10]
Ni/SiO2 CO Tube reactor [10]
Ni-La2 O3/A1203 CcO Tube reactor [10]
Ni/AI203 CO Tube reactor [10]
Ru/TiO2 CcO Tube reactor [10]
Ni/ANM CcO Flow unit [11]
Ru/TiO2 CO, HCOO- DRIFTS cell [12]

Table 1 Bypically detected reaction intermediates in catalytic conversion of CO2 to CH4
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CO and CO, hydrogenation are highly exothermic
reactions with the consequence that high temperatures limit
the CO and especially the CO, conversion. As illustrated
in Fig. 1, a temperature below 225°C (1 bar) or 300°C (20
bar) is required to reach a CO, conversion of at least 98%.
Additionally, the positive effect of pressure, as previously
addressed, is apparent from the results shown in Fig. 1 [6].
Consequently, an elevated pressure should be used for the
methanation.

WATER ELECTROLYSIS

The conversion of electric into chemical energy is the
core element of each power-to-gas concept and is performed
in the process of water electrolysis. By applying an electric
potential to two electrodes, water is split into its components
hydrogen and oxygen, which are formed at the cathode and
anode, respectively. In addition to the two electrodes, an
electrolyzer is composed of an electrolyte, which is capable
of conducting ions, and a diaphragm, which is an electric
isolator and keeps the evolving gas streams separate in order
to avoid a flammable mixture.

Different types of electrolyzers can be distinguished
according to their utilized electrolyte. Among these are
alkaline water electrolysis with a liquid alkaline electrolyte,
acidic proton exchange membrane (PEM) electrolysis with
a proton conducting polymer electrolyte membrane, and
high temperature electrolysis with a solid oxide electrolyte
[13]. The respective technical principles as well as their
characteristics will be described in the following subsections.

Alkaline water electrolysis has been commercially
available for several decades with modules up to 2.5 MWe and
operating pressures up to 30 bar [14]. The electrolyte consists
of aqueous potassium hydroxide with a concentration of 20-
40 % KOH and conducts OH ions. The electrodes are made of
perforated steel with catalysts based on nickel, cobalt or iron.
They are separated by a highly insulating diaphragm. Typical
operating temperatures are around 80°C with relatively low
current densities of 0.2-0.4 A/cm?*

PEM electrolyzers have been developed for about 20
years and are only available on a small scale. The technology
is based on the utilization of a proton-conducting polymeric
membrane as the electrolyte and diaphragm combined in
one clement. The membrane is directly connected to the
electrodes in the membrane electrode assembly (MEA).
Operating temperatures are limited to about 80°C due to
the polymeric material [15]. The membrane allows for high
current densities of 0.5 A/cm?; as well as for very low part
loads due to its impermeability for gases.

Hydrogen can be produced at pressures up to 100 bars,
while it is possible to simultaneously produce the oxygen
at atmospheric pressure, thus avoiding the safety issue of
handling pressurized oxygen and also increasing efficiency.
The cell efficiency is of the same magnitude as that of alkaline
electrolyzers, but stack efficiency is lower. This effect will be
minimized when PEM electrolyzers reach the same sizes as
alkaline electrolyzers [16].

High-temperature steam electrolysis was first developed
in Germany between 1975 and 1987 and is still at the stage

of basic research. The electrolyte is a solid oxide (solid
oxide electrolysis cell - SOEC), which usually consists of
conducting stabilized zirconium oxide. The cell is operated
at temperatures of about 700-1000°C with steam instead of
liquid water and it functions using the reverse process of the
solid oxide fuel cell. The unique potential of the SOEC is the
thermodynamic effect, which occurs when the water-splitting
reaction is carried out at elevated temperatures. Here, only
part of the total amount of required enthalpy has to be supplied
in the form of electric energy. The rest can be provided by a
high-temperature heat source. The electric efficiency, as the
ratio of chemically bound energy output to electric input, can
therefore even exceed 100%. Due to the high temperatures,
the SOEC can also be utilized for co-electrolysis, where
the reactions of CO, to CO and H,O to H, take place
simultaneously, thus leading to the production of syngas.
This process can be used for the CO,-neutral production of
all kinds of hydrocarbons in the chemical industry. Since
this technology is still at an early development stage, many
characteristics have to be investigated and improved, such as
total system development, part-load behavior and long-term
stability. In general, typical applications for the SOEC are
seen in combination with processes which can provide the
required heat for the reaction [17].

REACTORS

The methanation is a relatively high exothermic reaction.
Significant heat flow will be dissipated in methanation
process as function of CO, conversion at different gas hourly
space velocities (GHSV) and initial molar composition of
H, and CO,. However, it must be noted that heat dissipation
gradients are formed inside reactors. Their variations depend
on the catalyst activity. As a consequence, heat management
is very important in reactor design. On the other hand, the
methanation is thermodynamically limited at elevated
temperature while it is kinetically limited at low temperature
as discussed above. In summary, heat dissipation and
temperature control are the key parameters in designing
methanation reactors [18].

Various reactor types have been adapted for the
methanation. In this subsection, the most relevant ones,
namely fixed-bed, monolith, microchannel, membrane and
sorption-enhanced reactors, are discussed.

The fixed-bed reactors are most used for the methanation.
They are characterized by the advantages that the contacting
of the catalyst particles by the gas tends to be quite uniform,
and long contact times are possible. They are designed
adiabatic or polytropic.

The adiabatic version is a cascaded process, in which
multiple adiabatic reactors are used that operate in series
and use heat exchangers between each reactor to the next
downstream reactor to cool the process gas to the desired
inlet temperature in order to obtain high CO, conversion [19].
In the reactors, the catalysts are packed in static beds, and the
process reacting gas is then passed through the beds, where
the reactions are induced as the gases contact the catalyst.
The adiabatic reactors are relatively simple and cost-effective
systems. Additionally, in the systems, the methanation
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process can be carried out with high GHSV and steam can
be produced with high temperatures in the intercoolers. The
main disadvantages of such reactors are the hot spots and the
poor flexibility with respect to the load.

The polytropic design is a cooled tube-bundle system. In
this variant, a multitude of tubes of relatively small diameter
are placed in parallel. While the number of parallel tubes is
determined by the required production rate, the diameter of
the tubes is chosen to match the required heat exchange area.
However, the diameter size is limited towards smaller sizes.
In comparison to adiabatic reactors, the polytropic reactors
exhibit lower temperature gradients that lead to an increased
lifespan of the system, and a certain degree of flexibility [20].
However, the polytropic reactors are more expensive and
relatively complex.

The monolith reactors have the advantages of high
specific catalyst surface area, small pressure drop and short
response time. They have been widely used in exhaust gas
cleaning [21]. Monolith reactors have also disadvantages:
potential non-uniform gas distribution and thus lower
effectiveness, and difficulty in installation of large industrial
scale. The monoliths are made from ceramic or metallic
materials. However, the ceramic type is brittle and cannot
stand mechanical tensions. If the metallic type is chosen, its
coating with the catalyst is a challenging issue (relatively
short life-time).

The microchannel reactors have the advantage of the
improved hydrodynamics that suppresses the formation
of hot spots and thereby the deactivation of catalysts. In
addition, their high catalyst-surface to reactor-volume
ratio offers a relatively small reactor volume. However,
the microchannel reactors are single-use systems. In other
words, if the catalyst is deactivated irreversibly, the whole
reactor has to be replaced because the catalyst is fixed on
the inner surface of the reactor. Moreover, their scaling-up
is limited [18].

CONCLUSION

The article focuses on the methanation process as one of
the crucial steps in the conversion of electric energy from
renewable sources to synthetic natural gas (power to gas).
The second part then addresses the gas hourly space velocity
(GHSV), the reactor inlet gas temperature, and the reaction
temperature. If energy integration is strictly applied excess
thermal energy can be used in various ways (e.g., electricity
generation via steam turbine, district heating, etc. [22]).

The microeconomic evaluation shows that SNG from
P2G processes is not competitive with natural gas or even
biomethane (~7€ct/kWh). For economic feasibility, different
business cases such as mobility, balancing services, and
CO, certificates have to be combined. With respect to a
macroeconomic consideration, it has to be taken into account
that P2G can contribute to minimize the expansion of the
electricity grid infrastructure and to increase the share of
renewable energy in the transport and the heating sectors.
Therefore, P2G can play a major role in the realization of the
ambitious transition of the energy system [6].

Methanation research looks back on a history of more

than 100 years and is presently attracting new attention
because of climate change, finiteness of fossil fuels, and a
changing energy system with a high share of renewables.
CO, methanation projects generally focus on Europe and
especially Germany, the objective being to contribute to a
flexible energy system. For this reason, they are combined
with electrolysis units for the production of hydrogen. For
both, CO and CO, methanation processes, the management
of the heat of reaction is a difficult task. A multitude of
methanation concepts were brought to pilot and commercial
scale in the past. Only a few of them are currently available
on the market [9].
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