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ABSTRACT

This thesis deals with power-to-gas; an energy storage technology that converts excess elect-
ricity produced by renewable energy sources to synthetic natural gas. The objective was to
present the current status of this technology and to create a power-to-gas model in OpenMode-
lica. In addition to a detailed description of each part of the system, the model with simulation
results and analysis are presented.

KEY WORDS:
Energy storage; hydrogen; carbon dioxide; methanation; power-to-gas; SNG



ABSTRAKT

Tato prace se zabyva problematikou technologie power-to-gas, kterd slouzi k akumulaci energie
tim, ze preménuje prebytecnou elektrickou energii vyrabénou z obnovitelnych zdroji energie na
synteticky zemni plyn. Cilem bylo predstavit aktualni trendy v oblasti power-to-gas a vytvorit
model tohoto systému v OpenModelica.

V préci jsou uvedeny vsechny hlavni ¢asti systému power-to-gas: vyroba elektrické energie,
vyroba vodiku elektrolyzou, zachycovani a separace uhliku, Sabatierova reakce a typy meta-
nizace. Nejprve byl modelovan denni pritbéh slunecniho zareni. Poté byl zpracovan submodel
premény zareni na elektrickou energii pomoci FV paneli. Déle byl zpracovan st¥ida¢ DC/AC,
distribuéni cesta a méni¢c AC/DC pro napéjeni elektrolyzéri. Stézejni ¢asti prace bylo zpra-
covani vlastni metaniza¢ni jednotky.

Reakce je Tesena pomoci van der Waalsovy rovnice redlnych plyni. Podle toho je stanovena
produkce metanu, ktery je poté skladovan v nadrzich. Déle se provadi simulace se dvéma
cestami. Za prvé, energie ziskana z fotovoltaické elektrarny je primo vedena pres distribucni
soustavu k elektrolyzérum. Za druhé, energie ziskana z fotovoltaické elektrarny je privadéna do
22 kV distribuc¢ni sité, kterd pak napaji zbytek procesu.

Zavérem prace je zhodnoceni, které porovnava celkovou efektivitu systému vzhledem k

power-to-gas vuci akumulatorovému tlozisti energie.

KLICOVA SLOVA:
Skladovani energie; vodik; oxid uhli¢ity; metanizace; power-to-gas; SNG
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1 Introduction

Given the fact that the energy sector is the largest contributor to greenhouse gas emissions
and as the demand for electricity is rapidly growing; there is an increasing urgent need for
new sources as well as developing existing ways of obtaining energy from renewables, while the
integration of these renewable energy sources continues to increase. According to the World
Energy Outlook 2018, global energy demand will grow by more than a quarter in 2040 in the
New Policies Scenario. That is due to rising incomes and a global population growing by an
estimated 1.7 billion people by that year. By 2040, low-carbon technologies, led by renewables,
and natural gas will hopefully be able to meet more than 80% of the increase in global energy
demand [1].

Energy and environment have been two of the most challenging and major issues of the
world in recent years. The Global Energy Statistical Yearbook 2019 (fig. 1-1), states that the
global energy consumption increased by 2.3% in 2018. This growth was the highest since 2010
[2]. The demand for all fuels has also increased, but growth was particularly strong in the case
of gas (168 Mtoe, accounting for 43% of the global increase) and renewables (71 Mtoe, 18%
of the global increase). In OECD (Organization for Economic Co-operation and Development)
countries, energy demand increased by 82 Mtoe with gas demand growth as high as 70 Mtoe.
In non-OECD countries, energy demand grew by 308 Mtoe with a gas demand of 98 Mtoe, coal
85 Mtoe and oil 47 Mtoe. On the other hand, the total COy emissions from energy use grew
by 2.0%, the fastest growth in seven years [3].

15,000

10,000
@
=]
o
=

5,000 —

0 _-—-—-—-—-—-—-—-—.
2010 20Mm 2012 2013 2014 2015 2016 2017 2018
M Europe M cis North America Latin America Asia
Pacific M Africa M Middle-East

Fig. 1-1: Global energy consumption [Mtoe], 2010 — 2018 [2]

Over the past decades, efforts have been made in order to innovate and bring in new tech-
nologies to encounter environmental problems, energy shortages and reducing significant ex-
penses of new power plants. Many researchers are working on implementing the most applicable

technologies to fix some of these problems. Furthermore, storing energy waste from industrial,
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commercial or domestic processes and minimizing the loss of energy have been vital in the
world’s battle with the increasing demand, amid continuous searches for new sources, growing
ecological problems with greenhouse emissions and climate change. Energy storage’s capability
in reducing energy consumption, costs and that it may be used as a substitute for another
energy source, all make it the certain future of research and development. Different storage

E Low Temperature

technologies currently available are shown in fig. 1-2 [4].

Electrochemical

Pumped Hydro Electrochemical Supercapacitors Hydrogen

(PHS) Batteries (Fuel cell) i Aquiferous
Superconducting o -

TG ) yogenic

Compressed Air Ne.ak IE d I BMES)

(CAES) ic .e- ase High
Sodium-based ’ Temperature
Lini

Flywheel el PCM

(FES) @ rlow Batteries CsP
Redox Flow
Hybrid Flow

Fig. 1-2: Classification of energy storage technologies by the form of stored energy [5]

Since variable renewable energy sources (wind and solar) are weather dependent, meaning
they have low dispatchability; their production levels often increase, causing power generation
to exceed the demand, and so a proportion of the installed power must be reduced to maintain
balance in the system. And thus, this excess energy is curtailed because it can’t be utilized [6].
Power-to-gas (P2G) converts excess energy produced mainly by solar and wind power plants
and stores it in the form of synthetic natural gas. This is done through a two-step process. Hy
is produced through the splitting of water by electrolysis. Hy is fed CO5 to produce methane
through a process known as methanation. Methane (CH,), the main component of synthetic
natural gas (SNG) can be used for heating, transportation, long distance traffic, or electricity
generation [7].

There are over 153 P2G projects currently in operation around the world, with several huge
projects now being built. Data from multiple P2G projects and pilots from multiple countries
are presented in [8]. Germany currently leads the way in production , with a total of nearly 40
MW followed by Denmark 20 MW [8]. Being the world’s leader in this technology, Germany is
targeting a 5 GW of P2G capacity by 2025 and 40 GW by 2050. [9].

The future of P2G looks to be promising, but that surely doesn’t come without obstacles
along the way. From high costs and low amounts of excess energy produced to importing gas
and limited biomass potential, power-to-gas is yet to compete with other technologies currently
used.

In this thesis, all the major parts of the power-to-gas system are thoroughly examined.
Chapters 2, 3 and 4 present the main components of the methanation reaction: production of
hydrogen through electrolysis, carbon capture and separation, Sabatier’s reaction and types of
methantion. A brief preview on OpenModelica is presented in the 5th chapter. While chapter

6 demonstrates the model that also includes electricity production from a photovoltaic power
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plant. As well as presenting simulation results, analysis and an evaluation on the total operation
and performance of the system. Finally, for purposes of comparison, a battery storage model
with its respective efficiency are presented.

1.1 Power-to-Gas preview:

The following fig. 1-3 presents the power-to-gas chain. From electricity generation, to elec-
trolysis, methanation and utilization of the product SNG.

Electricity Generation «——
ﬁ Power grid

l

El i 02
ectrolysis Hy0
Ha
COsy
SNG

Fig. 1-3: Power-to-gas
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2 Hydrogen supply

2.1 Properties

Tab. 2-1 lists hydrogen’s basic physical and chemical properties. Hydrogen is the smallest
element in the periodic table, having an atomic number of 1 and an average atomic weight
of 1.0079 u, which make it the lightest element. Under normal conditions, it is nontoxic,
nonmetallic, odorless, tasteless, colorless, and is highly combustible as Hy. Hydrogen is available
in different forms, such as compressed gaseous hydrogen, liquid hydrogen, as well as solid and

metallic forms [10].

Tab. 2-1: Basic properties of hydrogen [11]

Autoignition temperature 500 °C
Boiling point -252.9 | °C
Melting point -259.14 | °C
Density 0.08375 | kg/m?
Molar mass 2.02 g/mol

Specific heat at constant pressure, ¢, | 14.29 J/kg - K
Specific heat at constant volume, ¢, | 10.16 J/kg - K
Thermal conductivity 0.1825 | W/m-K

2.2 Production

Hydrogen is a gaseous element occurring as its diatomic gas Hy. Since hydrogen does not
naturally occur, it must be formed by the decomposition of other molecules. Approximately
95% of the hydrogen produced (50-10° t - a=! around 50 million tonnes per annum) is produced
by steam methane reforming and water—gas shift reaction. As for the remainder, it’s produced
through water electrolysis. Water electrolysis is considered to be a clean process, because other
than hydrogen, oxygen is the byproduct in the output of this process [12].

Steam-methane reforming, a process in which high-temperature steam (700 °C — 1,000 °C)
is used to produce hydrogen from a methane source, such as natural gas. First, in steam-
methane reforming, methane reacts with steam under 3-25 bar pressure in the presence of
a catalyst to produce hydrogen, carbon monoxide, and a relatively small amount of carbon
dioxide. Hydrogen can be produced by steam-methane reforming using other fuels, such as
ethanol, propane, or even gasoline. Second, in the water-gas shift reaction, the carbon monoxide
and steam are reacted using a catalyst to produce carbon dioxide and more hydrogen. Carbon
dioxide and other impurities are removed from the gas stream, leaving pure hydrogen [13].

Steam-methane reforming reaction:
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Water-gas shift reaction:

In addition to combustion, hydrogen may also be exploited as an energy vector via catalytic
recombination with oxygen. In contrast to the thermal energy produced in a combustion
process, the catalytic reaction with oxygen produces electrical energy. This process is carried

out using fuel cells to produce electrical energy, for example in fuel cell vehicles [10].

2.3 Water electrolysis

In the process of water electrolysis, water is decomposed by applying electric current to
produce hydrogen and oxygen. This is done in 2 steps. At the positively charged anode the
oxidation reaction takes place, while the reduction reaction occurs at the negatively charged
cathode. The charge carrier can be OH™, H*, or Oy~ [7]. There are 3 types of water electrolysis,
Alkaline electrolysis (AEC) was the first technology to emerge. It is the most used alongside
PEMEC, while SOEC is still in development [12].

The following is the overall reaction in a PEMEC:

Reduction reaction at cathode:

4H +4e" — 2H, (2.3)
Oxidation reaction at anode:
2H,O0 — 4H" + 0y +4e” (2.4)
Overall reaction:
2H,0 — 2Hy 4+ Oy (2.5)

2.3.1 Alkaline electrolysis

In this electrolyzer, an aqueous alkaline solution is used as an electrolyte, either KOH
(Potassium Hydroxide) or NaOH (Sodium Hydroxide). The cathode and anode in fig. 2-1 are
often manufactured from nickel and the separator between the anodic and cathodic chambers
is a polymer which is permeable to hydroxide ions and water molecules. AEC is the old-
est, simplest, and most durable electrolyzer technology. According to reports on AEC, such
electrolyzers can be opearted at 20% to 100% and overload up to 150%. This operation is com-
patible with P2G plants, that are connected to fluctuating sources of energy in solar and wind
energy sources. Although being the most higly developed and the cheapest one, the alkaline
technology has a disadvantage in the highly corrosive electrolytes such as potassium hydroxide.
This means maintenance of the electrolyzers is necessary approximately every 7-12 years, while
the expected lifetime of AEC electrolyzers is 20-30 years, which is relatively high compared to
other technologies [7]. According to an international review of P2G plants, the average power
of all installed alkaline electrolyzers is 98 kW [14].
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Fig. 2-1: Alkaline electrolysis [15]

2.3.2 Polymer electrolyte membrane electrolysis

In comparison with AEC, the PEMEC in fig. 2-2 is considered to be a new technology.
First used in 1978, this technology uses a proton-conducting membrane of a sulfonated fluo-
rinated polymer, such as Nafion. The thickness of the membrane depends on the conditions
the electrolyzer operates on. Low-load operation require a thicker membrane to endure the
high pressure and provide a suitable margin for material loss. The thinner the membrane is,
the higher the efficiency of the process. This is due to the lower resistance with the the lower
thickness. Electrocatalysts play an important role in speeding up the process of water oxida-
tion. PEMEC’s highly acidic nature, means that the choice of catalysts is limited to transitions
metals which are stable under acidic conditions. Rhodium, ruthenium, platinum, iridium and
their oxides are examples of transition catalysts. Currently platinum is being used on the cath-
ode for proton reduction and iridium oxide at the anode for water oxidation [12]. According to
international reports conducted on several power-to-gas pilots, the average nominal efficiency
of PEMEC electrolyzers ranges between 52% to 79%. Furthermore, the average installed power
of all PEMEC electrolyzers is 8.6 kW, which clearly shows that PEMEC are operated at lower
power rates than alkaline electrolyzers [14].

PEMEC
*| =
|
H+
O:e— | | 8| o| —H
21 8|3
o o]
] <| 5|5
H,0 —» I

Fig. 2-2: Polymer electrolyte membrane electrolysis [15]
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2.3.3 Solid oxide electrolysis

Solid oxide electrolysis operates at very high temperatures. This indicates that the elec-
trolyzer is not fed with water, but rather with steam. The high temperatures decrease equilib-
rium cell voltage and consequently the electricity demand. This low demand is one of SOEC’s
most significant advantages. Fig. 2-3 below, illustrates solid oxide electrolysis’ operation. In the
solid oxide electrolysis process, high-pressure steam is reduced at the cathode to give hydrogen
gas and oxygen anions. These anions move through the solid oxide electrolyte and are oxidized
to produce oxygen gas. The electrons produced travel around the external circuit and supply
the electrons for the water reduction. The product gases diffuse through the porous electrodes
[12].

SOEC certainly encounters problems caused by high temperatures. For example, fast ma-
terial degradation and limited long term stability. Furthermore, high temperatures mean that
the electrolyzer’s product is a mix of hydrogen and steam, increasing the capital costs [7].

SOEC
J{ Tl
0z
0, «— 2| o —» H,
8= o]l 5§23 ="
o| = | o
o] o c
c| e | =
< @ 8 L
= +«—H,0

Fig. 2-3: Solid ozide electrolysis [15]

Tab. 2-2: Comparison of parameters of AEC, PEMEC, and SOEC [7]

AEC PEMEC SOEC
State of development Commercial Commercial Laboratory
H, production in m3 <760 Up to 450 -
Electrolyte Alkaline solution Solid polymer membrane | ZrO; ceramic doped with Y503
(Nafion)
Cell temperature in °C | 40-90 °C 20-100 °C 800-1000 °C
Cell voltage in V 1.824V 1.822V -
Disadvantages Low current density Expensive Limited long term stability of
Maintenance costs Fast degradation the cells
Highly corrosive system Not suitable for fluctuating
Systems
Expensive
Advantages Available for large plant sizes | No corrosive substances High efficiency
Cheap High power densities Possible integration of waste
Relatively long lifetime High pressure >100 bar heat
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Tab. 2-2 compares all three electrolysis technologies. In addition to the advantages and disad-
vantages of each electrolyzer, it presents parameters that affect electrolyzer’s operation, such

as the type of electrolyte, cell temperature and cell voltage.

2.4 Hydrogen transport

According to [16] hydrogen can be transported to facilities in several ways. Compressed gas

cylinder, cryogenic liquid and pipelines are amongst them.

2.4.1 Compressed gas cylinder

Gaseous hydrogen can be transported in small to medium quantities in compressed gas
containers by lorry. For transporting larger volumes, several pressurized gas cylinders are
attached together to form CGH, tube trailers. The tubes are usually made of steel and have a
high net weight. This can lead to mass-related transport restrictions. Hydrogen’s low density
also influences its transport. At STP (101.325 kPa and 273.15 K), hydrogen has a density of
0.0899 kg/m?) [16].

2.4.2 Cryogenic liquid

Hydrogen can also be transported in liquid form in lorries or other means of transport.
Because the density of liquid hydrogen is higher than that of gaseous hydrogen, LH, tubes can
carry more hydrogen. Hydrogen transported in its liquefied state is more cost-effective since a
liquid hydrogen tank can hold more hydrogen than a pressurized one. In liquid transport the
hydrogen is loaded into insulated cryogenic tanks. LH, trailers can be as long as 4,000 km [16].

2.4.3 Pipelines

A pipeline network is a very effective method for largescale hydrogen transportation. By
2016, there were more than 4,500 km of hydrogen pipelines worldwide [16].
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3 Carbon Dioxide Sources

After a period of low rate emissions due to weak economic growth, CO, emissions grew by
2.1% 2017 and 1.9% by 2018. Europe and Latin America haven’t been contributing to these
emissions. As for China, emissions have risen to reach 3.1%, in India 4.2%,, Russia 2.9% and
in the US 3.1%. Emissions in Europe have declined by 2.1%, with policies to reduce energy
demand have been made by European countries led by Germany. Japan’s implementation
of solar energy and higher nuclear generation, have led to five years of continuous decline
in emissions. According to the Paris agreement held in 2016, although CO, intensity has
relatively decreased on a average between 2000 and 2017 by a 1.7% year rate, intensity levels
reduction is still not enough. According to British Petroleum’s Statistical Review 2019, the
worlds CO, emissions has increased from 33242.5 MtCO, to 33890.8 MtCO, in 2018, with
China contributing to 27.8% [2]. British Petroleum’s Energy Outlook 2019 states that by 2040,
the global power sector will be responsible for 40% of the CO5 emissions, more than transport
and industry [17].

Amid international fears of increasing climate change and global warming, limiting CO,
emissions is a priority in future scenarios concerning energy sources, demand, storage, and
transition. CO5 emissions’ prevention can be achieved by utilizing, storing and recycling carbon
dioxide produced during fuel combustion in power plants [18].

CO; sources for power-to-gas applications

The CO; required can be a produced from either fossil fuels or renewable sources. Fossils are
considered to be produced by power plants or industrial processes. As for the COy produced
from renewable sources, we consider biogas, biomass and other fermentation processes that
use anaerobic digestion. Furthermore, CO, can be absorbed from the atmosphere [18]. The

following fig. 3-1 demonstrates different COy sources with their relative concentrations.

Combustion Proce By-product of Industrial Processes

12-15 vol. %

3-10 vol.%

Natural Gas
3-8 vol.%
Biomass

3-8 vol.%

Biogas
40 val. %

Bioethanol

Fermentation

up to 100 vol. %

Biotechnical

up to 100 vol. %

Ethylene
12 vol. %

up to 100 vol. %

Refineries

3-13 vol.%

Chemical

20 vol. %

15 vol. %

15 vol. %

Industrial

0.039 vol. %

Fig. 3-1: Different COy sources with their relevant concentrations [18]
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Most CO4 sources produce CO, at relatively low concentrations (up to 15 vol.%), while there
are some exceptions with some sources producing CO, at very high concentrations. The purity
of CO, in the exhaust gas influences the efficiency of subsequent operations in the process.
Therefore CO5 separation technologies are further used to purify and consequently increase
efficiencies [18].

3.1 CO; from combustion processes in power plants.

During the combustion of fossil fuels such as coal, natural gas, and fuel oil, plus biomass
combustion?, the flue gas produced contains a relatively small percentage of COs in it, therefore
COy capture and consequently its separation is required.

One method has emerged in recent years, and that is Carbon Capture, Utilization and
Storage (CCUS).

3.1.1 CO;capture
There exists 3 methods of COs capture in combustion processes [18].
e post-combustion (COy capture from flue gas)

e pre-combustion (COq capture before combustion)

e oxyfuel processes

Post-combustion capture

Post-combustion capture refers to capturing carbon dioxide from the flue gas exhausted
after burning the fuel. Post-combustion processes capture CO, at 85-90% efficiency. In fig. 3-2
post-combustion carbon capture in a combustion plant is shown. [19].

Fuel CO, storage or
—> COz+ N, CO, utilization

Al Boiler » CO, Capture » Compression —>
—>

Steam turbines/

N2
generators

Fig. 3-2: Post-combustion capture [21]

Pre-combustion capture

In integrated gasification combined cycle power plants (IGCC), solid fuel such as coal is
converted into gaseous fuel (syngas) by applying heat under pressure in the presence of steam

and oxygen. Further the syngas reacts in a water-gas-shift reaction to produce hydrogen and

LConsidered as carbon-neutral, meaning CO» capture would have a decrease on the power plant’s efficiency.



8 Carbon Diozide Sources 25

carbon dioxide (COg). Carbon is captured from the syngas before it is further combusted in
the gas turbine to produce electricity. In the pre-combustion method efficiencies reach 95%.

Fig. 3-3 shows pre-combustion carbon capture in a combustion plant [20].

CO, storage or
utilization

Compression [—>

A

CO,

Ho to power
Air Oz COz+Hy was CO2+Hp generation
—> Ai i > I > >
Air Separation > Gasification > Reactor » COjcapture —>»

Fig. 3-3: Pre-combustion capture [21]

Oxyfuel

In order to avoid nitrogen in the exhaust gas, fuel is burned with pure oxygen.. The recycled
flue gas is inputted back to the boiler to prevent the combustion temperature from becoming
too high. This oxygen-rich, nitrogen-free exhaust gas results in final flue-gases consisting mainly
of COy and H5O, which can be removed by cooling and compression. Oxyfuel efficiencies are
approximately 90%. In fig. 3-4 we can see oxyfuel carbon capture in a combustion plant. And
its worth mentioning, that in the oxyfuel process, further separation is not required because

fuel is burnt with pure oxygen, in the absence of nitrogen [18].

l Recycled CO,
CO, storage or

Air Air Separation (O - .| cooling and utilization
”| Boiler “| Compression
N Fuel
2 —_— l Water
Steam turbines/
generators

Fig. 3-4: Oxyfuel capture [21]

3.1.2 CO; separation technologies

As stated before, after COq capturing, its separation from other gases is required. Ab-
sorption, adsorption, cryogenics, membranes, and microbial/algal systems, are examples of
separation technologies used.
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Absorption

This technology works basically by absorbing CO, into a liquid. The absorbent loaded
with COs is transported and COs is released by heating or depressurization. The regenerated
absorbent is then sent back to the absorption column. Absorbents can be chemical or phys-
ical. Chemical ones are for example amines, aqua ammonia and sodium carbonate Alcohols,

polyethyleneglycol and other oxygenated compounds are used as physical absorbents [22].
Adsorption

Adsorption uses a solid sorbent to bind CO,. The gas mixture is compressed and injected
into a vessel, where CO, is adsorbed on the surface of the adsorbent. Then CO; is released
by depressurization and heating. Examples of adsorbents are activated carbons, zeolites and

amine functionalized adsorbents [22].
Cryogenics

Cryogenic distillation splits CO, from a gas mixture by condensation. The gas mixture
is compressed and cooled down in the heat exchanger. The cooled pressurized fluid mixture is
then fed into distillation [22].

Membranes

Different flows are used in a membrane: the feed (gas mixture), retentate (COq-poor gas)
and the permeate (COq-rich gas). The feed enters, and the permeate passes through the mem-
brane and COs-rich gas exits the membrane [22].

Fig 3-5 shows the different separation technologies.

CO,-poor gas CO,-rich gas CO,-poorgas  CO,-rich gas
Absorbent T
+CO,
. > Absorbent
Absorption of CO, . rogenaration Adsorption of CO,
<
T Absorbent T
Gas mixture Gas mixture
a) Separation by absorption b) Separation by adsorption
CO,-poorgas  CO,-rich gas CO,-poor gas

1

- Distillation
S column
Membrane Gas mixture -
= —
. CO,-rich liquid
Gas mixture
c) Separation by membrane d) Separation by cryogenic distillation

Fig. 3-5: CO4 separation technologies [22]
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3.1.3 Energy penalty in CCUS

A CCUS plant requires power to be integrated and to operate equipment. The addition of
CCUS leads to the decrease in net efficiency. The energy penalty is defined as the reduction in
the net electrical energy caused by the integration of the CCUS plant. Energy penalty is also
defined as the the increase in the required fuel to maintain power output after the addition of
CCUS. In other words, the net power will decrease, due to the load put the implementation of
CCUS. Energy penalty is expressed by eq. 3.1 and in fig. 3-6 [23]:

Ncocus
EnergyPenalty =1 — ——= [—] (3.1)
Nref
O Emitted
Il Captured
Reference i
Plant
' CO, avoic;ed : '
I | HE|
! COp captured | !
1 i i 1
1 1

Plant
with CCS

CO, produced (kg/kWh)

Fig. 3-6: COg emission intensity with and without carbon capture [24]

3.2 CO; from industrial processes

Biogenic CO, sources include the combustion of biogas collected from biological decomposi-
tion of waste in landfills, wastewater treatment, or manure management processes. In addition
to the combustion of the biological fraction of municipal solid waste or biosolids, CO, is also
derived from combustion of biological material, including forest-derived and agriculture-derived
feedstocks [25].

As mentioned in fig. 3-1, COy can be a by-product of several industrial processes. Biogas’
main component are CHy (50 - 70%) and COg (30 - 50%) with others considered as trace com-
ponents. After biogas production from anaerobic digestion, its separated to obtain biomehtane
for further injection into the gas grid [7]. Further CO, is produced as result of chemical in-
dustrial processes such as in ammonia production plants. It can also be captured in refineries
such as steam cracking or ethylene production. In addition to that, CO, is also produced in
large amounts in iron and steel production. The ironmaking industry produces CO, in high
concentrations (25 - 30 vol.%) and capture efficiencies up to 90%. Finally, the productions of
mineral products such as cement, clinker and lime also have high CO, emissions [18].
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3.3 CO; captured from the atmosphere

Apart from CO, capturing from combustion and industrial processes, it can also be captured
from the atmosphere. This process is relatively complex due to the low concentration of CO,
in the atmosphere [18].

3.4 CO; transport

The CO, captured is transported to the methanation facility. It can be transported as
compressed or liquefied. It can be transported in large amounts by truck or via pipelines over
hundreds of kilometers [7]. Pipelines can transport CO2 in three states: solid, liquid and
gaseous, but they commonly transport carbon dioxide in its gaseous state [26].
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4 Methanation

Synthetic natural gas (SNG) or substitute natural gas is an artificially produced version
of natural gas. The carbon-containing mass can be gasified; the resulting syngas can then be
converted to methane, the major component of natural gas [27].

The SNG produced from P2G plants must be have similar properties to natural gas. Natural
gas has more than 80% of methane in it. Further, SNG’s lack of of higher hydrocarbons may
result in low a calorific value ? compared to that of natural gas [27].

In a chemical reaction known as methanation, carbon monoxide CO or carbon dioxide CO4
is converted to methane through hydrogenation. This methanation reaction works according
the what is known as the Sabatier reaction proposed in 1902 by Paul Sabatier. Methanation
has gained a lot of industrial importance in power-to-gas.

4.1 Thermodynamics

Methanation is an exothermic reaction, it is thermodynamically favored at relatively low

temperatures and high pressures [28]. This is presented in the following reaction:

One mechanism of methanation is the linear combination of the endothermic reversed water-
gas shift reaction (4.2) and an exothermic CO methanation (4.3) [2§]

CO+3H, — CHy+H,0  AH = —206kJ/mol (4.3)

4.2 Effects of pressure, temperature and H2 : CO2 ratios

High carbon conversion is a very crucial parameter for the methanation plant’s performance,
economics and efficiency. In an experiment conducted by [29] on carbon dioxide methanation
reaction in a tabular, fixed-bed reactor, CO4y conversion was evaluated. The catalyst used was
nickel. The reactor was operated at different temperatures and H2 : CO2 ratios to determine
optimum operating conditions. Results showed high conversion rates with H2 : CO2 ratio of
6:1 to have the highest conversion of about 80% and maximum conversion to be between 300
°C and 325 °C. Increasing the temperature above 450 °C results in more CO by-product, due
to reversed water gas shift reaction. But the stoichiometric ratio for Hy/CO, 4:1 results in the
highest equilibrium concentration of CH,, which makes it more recommended. The unreacted
hydrogen in higher ratios such as 6:1 or 5:1, dilutes the concentration on the mixture and lowers
CH,4 concentrations.

The following fig. 4-1, presents the effects of pressure and temperature with H2 : CO2 = 4
on the reaction. Pressures of 30 atm (3040 kPa) and above, have led to the best results for

2The calorific value of a fuel is the amount of heat produced by the complete combustion of a specified
quantity of it.
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CHy yield, CHy selectivity and COy conversion rates. CO, conversion rates, and consequently

CH, (fig. 4-2) yield are highest at low temperatures between 200 °C and 450 °C [30].
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Fig. 4-1: Effects of pressure and temperature with HyyCOy = 4 on COZ2 methanation: (a)
CO, conversion, (b) CH, selectivity, and (¢) CH, yield [30]

| (3)| 100 ssssesensergoryayy,, (b)
0 '"“l'lx AT,
.y -,Xb,‘ \ . 4,
*gAl Yy .80 L T
N \ A
o 4a TYy = n . a
o ® ‘AAA‘vv" 560 \ \. Y
A —_
e ynt | S A
H,/CO =4 _,".. @ 40{ H./CO. =4 " .
p an o . \ \.
—a—1atm @ —a—1 atm .
0] —e—10am 720{ —e—10am \
—a— 30 atm &) —a— 30 atm
—v— 100 atm ol ™ 100 atm l'-“
0 T T T T T
200 400 600 800 200 400 600 800
Temperature ("C) Temperature ("C)
gy (c)
"‘-'“HXX;“
e ‘."‘v‘,
- “'\A“A v,
]. - A.‘ v
™ . A
* Ta
L RS T8
{ H,/c0o, =4 \ \,
A\
—a— 1 atm kS .
1 —e—10 atm . .
—a—30 atm k-
—v— 100 atm au

200 400 600 800
Temperature (°C)

In fig. 4-2 the percentage of methane in the SNG produced at different rates of COy con-

version is shown. It shows that CO5 conversion rates required reach as high as 97% to produce

>90% CH, [7).

results in optimum CO2 methanation.

100 — J
a5 pr r
- -,
- #
8 - - P
£ g4 -7 N Z
a , i i i i 7
3{;) & a5 9'5 a7 ag glg 100 - E
= [l e 1
5 : e :
g i = E
o0~ peetl I o |
o) : i ---CO,
1 1 T
1 1 13
i 5 :
i i i
40 1 1 1
80 85 90 95

Fig. 4-2: CH, content at different COy conversion rates [7]
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4.3 H,;—CO; separation and recycle

One of the most important demands in the composition of the produced methane is achieving
a product molar composition of less than 2%. Thus the unconverted CO, must be separated and
recycled. In a techno-economic study [31] conducted on P2G strategies, 3 reactor stages were
used. The first reactor has the highest concentration and pressure, and 80% CO, conversion.
The second reactor had a lower pressure and lower conversion rates of 70% while the third one
had lower pressure and 60% conversion. Further, three separation and recycling stages were
analyzed. First, a 40% bulk recycle, next is 90% CO, separation and recycle and lastly a 90%
H, separation and recycle. The produced SNG had 92.7% CH,, 6.3% H, and 1.0% CO,. This
bulk gas recycle is meant to increase the reaction conversion rates. This separation is simply
done in a diverter. CO5 removal is necessary in controlling the amount of CO, in the product.
Fig. 4-3 shows the molar gas composition at each stage of the reactors and recycling.

100% -

90% -
~ 80% -
z 70% mCO,
‘E. 60% - | wH,
£ 50% aCH,
£ 40%
=
£ 30%
= 20% |

10% - ‘

0%

lin lout 2in 2out 3in 3out Bulk MDEA SNG
out out
Reactor and Separation Process State Points

Fig. 4-8: Molar gas composition at various stages [31]

Methanation can be achieved in biological or catalytic methanation reactors.

Before getting into details on reactor performance later in this chapter, it’s worth mentioning
GHSV (Gas Hourly Space Velocity) which is an important parameter in studying reactor

performance and comparing biological and catalytic methanation [7].

GHSY — LG [h!] (4.4)
Vr

4.4 Catalytic methanation

Catalytic reactors are operated at temperatures ranging between 200 °C and 550 °C and
pressures ranging from 1 to 100 bar. Catalytic methanation reactors use catalysts such as
Nickel (Ni), Ruthenium (Ru), Rhodium (Rh) and Cobalt (Co), but mainly Ni is considered
the optimum catalyst, due to its relatively high activity, good CH, selectivity ? and low raw

2The ability to direct a reaction to produce a certain product
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material price. Maintaining a good temperature control, meaning proper heat removal, in order
to prevent catalyst sintering or thermodynamic limitation is the main issue facing methanation

reactors [7].

4.4.1 Adiabatic fixed-bed reactors

In fixed-bed reactors, the reaction takes place in the form of heterogeneously catalyzed gas
reaction on the surface of catalysts, that is the so called fixed-bed in the reactor (fig. 4-4).
The catalyst is present in a form of uniform fixed-bed surrounded by an outer insulating jacket
[32]. The usual operation in fixed-bed reactors relies on a series of 2-5 adiabatic reactors, with
inter-cooling and gas circulation like in multi-tubular reactors. The catalyst in such reactors,
must be able to endure temperatures between 250 °C and 700 °C . The main problem facing
fixed-bed reactors is possible cracking or sintering. Such reactors operate at a relatively fast
rate of GHSV = 2000 - 5000 h~! [7].

Feed gas Feed gas

it

Heat
carrier

Heat
—_—
carrier

Fig. 4-4: Catalytic fized-bed reactors A)Adiabatic fived-bed reactor; B)Multi-tubular fized-bed
reactor [32]

4.4.2 Fluidized-bed reactors

A large amount of heat is generated in methanation reactors during the production of SNG.
The main goal in the design of catalytic reactors is to achieve efficient removal of that heat in
order to minimize the deactivation of the catalyst due to thermal stress and to prevent reducing
the yield of methane due to the approach of the chemical equilibrium. And that allows for using
one single reactor with a a simpler design. In fluidized-bed reactors (fig. 4-5), the mixing of
fluidized solids allows for an isothermal one-step operation facilitating control. Furthermore,
the movement of the catalyst particles through the bed and the possibility of combining the
water gas shift and methanation reaction in one apparatus enables a long catalyst stability due
to internal regeneration of the catalyst. The disadvantages of fluidized-bed reactors are the

need for an erosion resistant catalyst and the difficulties in scale-up [7, 33].
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™ Distributor

Fig. 4-5: Fluidized-bed reactor [34]

4.4.3 Three-phase reactors

Catalyst deactivation is a major problem faced in both fixed-bed and fluidized-bed reactors.
With sintering problems in fixed-bed reactors and attrition in fluidized-bed reactors causing
the mentioned deactivation to occur. To tackle such problems, three-phase reactors (fig. 4-6)
are considered to be a better option for methanation, where a solid catalyst (size <100 pm) is
present in a temperature stable inert liquid. The presence of the liquid phase with high heat
efficiency allows efficient temperature control: the reaction heat can be removed completely
and the reactor can operate almost isothermally, resulting in a simple process design. However,
a major drawback in three-phase methanation reactors is gas-liquid mass transfer resistances.
GHSYV of such reactors is around 500 -1000 h™* [7].

—— Cliy

F—= H,0

Gas bubbles «— Vapours

—{——+ Cooling tube

Liguid + catalyst

Feed water

H,, CO2, CO(Reactant gas)
(N, as a carrier gas)

Fig. 4-6: Three-phase reactor [34]

4.4.4 Structured micro-reactors

With temperature hot spots and high pressure drops in adiabatic fix-bed reactors, a new
technology has emerged in recent years to solve such problems and that is of structured reac-
tors, such as monolith, micro-channel and milli-fixed bed reactors. Due to the internal metallic
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structure, heat conduction in the metal gives structured micro-reactors an advantage over other
reactors with better radial heat transport in the conductive metal. Structured micro-reactors
are very compact reactors. They have high surface-to-volume ratios. Disadvantages accom-
panying micro-reactors are catalyst deposition on the metal as well as replacing deactivated
catalysts (the whole reactor would need a new catalyst once the old one is deactivated) [7].
Fig. 4-7 shows three kinds of structured micro-reactors with their respective internal struc-

tures.
a) monolith b) micro-channel c¢) milli-fixed bed
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Fig. 4-7: Structured micro-reactors [35]

4.4.5 Catalyst and reactor requirements

A catalyst is a chemical substance which alters the rate of a reaction while not being
consumed and doesn’t undergo any permanent chemical change during the reaction. In metha-
nation reactions, and as mentioned before, Nickel (Ni) is mostly used. The methanation reactor
can be operated under steady-state or dynamic-state. In steady-state, a constant flow of Hy is
required to ensure steady operation, But this affects the facility economically, as this augments
the facility. Dynamic-state operation means there are certain requirements that catalyst and
reactor should have to sustain the operations. The catalyst should also be able to withstand
high temperatures and long operation time, to avoid its deactivation [7].

As for the reactor, certain parameters influence its operation, namely reactor pressure, tem-
perature, gas velocity (GHSV), catalyst concentration, and reactant partial pressures. In other
words, it should be able to work with temperature and pressure variations and fluctuating feed
streams. Reports on experiments show that temperature increase is inevitable in adiabatic re-
actors after a strong gas feed. Isothermal reactors (fluidized fixed-bed reactors) showed a better
temperature regulation under dynamic operation [7]. And according to a study reported by
[36], three-phase methantion reactors showed relatively constant temperatures while increasing
gas flow from 25% to 100%. In addition to the mentioned above, rapid start-ups and shut-downs
are required in case of a needed total shutdown [7].
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4.5 Biological methanation

Biological methanation is another option for CO, methanation to produce SNG. In this
case, methanogenic microorganisms are used as the so-called biocatalysts. In biological metha-
nation, methane is produced by hydrogenotrophic methanogenesis from CO, and Hy. Biological
methanation works at temperatures between 20 °C and 70 °C and at ambient pressure. Ef-
ficiencies of biological methanation are influenced by several parameters, such as the type of
microorganisms, cell concentration, reactor type, pH, pressure and temperature [7].

Methanation Formation Rate

MFR=TCH (4.5)
Vr

Methanation reaction takes place in an aqueous solution. This means the existence of gas-liquid
mass transfer resistance. The solubility of hydrogen is an important step to make gaseous
hydrogen available for microorganisms. Its solubility in water is relatively low compared to
that of COy (Hp2mo = 1408 bar 1/mol and Heozmeo = 36 bar 1/mol) according to [7]. The

hydrogen to liquid transfer is therefore an obstacle in this process.
The effectiveness of the reaction can be increased by improving the mass transfer or in-
creasing the solubility, thus increasing hydrogen’s transfer to the liquid. As a result, M FR,

presented in eq. 4.5, increases due to improved supply of Hy consequently the production of
CH, [7].

Biological Methanation is possible in a separate reactor or in situ digester

4.5.1 Biological methanation in a separate reactor

In this type of biological methanation, pure gases are converted to SNG in a separate reactor
by methanogen cultures. In the case of biogas, this increases the calorific value. Because the
proscess takes place in a separate reactor, the hydrogenotrophic methanogens’ conditions can be
adjusted. There are various types of reactors used in order to improve MFR: CSTR, fixed-bed,

trickled-bed reactors are among those reactors [7]. Fig. 4-8 shows a block diagram of biological

Thermal Energy

CHa > Biological Gas Cleanin SNG
”|  methanation i 9
COyp
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Fig. 4-8: Biological methanation in a separate reactor [7]

methanation in a separate reactor.
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In [7], a range of reactor performances is reported. It shows that high MFRs (21.3 and
28.7h ') were achieved using CSTRs operated at GHSV of 120 and 300 h™ ', respectively. But
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the results show a low content of methane in the product gas (60% and 13.4%). Another
experiment reported a methane content of 85% in the reactor outlet by reducing the GHSV
by a factor of 4. Consequently MFR also decreased by nearly 75%. However, a methane
concentration of 98% in the product gas was obtained by using a trickle-bed reactor at a
relatively low GHSV = 0.3 h™'. Further studies reported by [7] show a MFR of 4.6 h™! and a
pure product yield of 34% in fixed-bed reactors. The MFRs reported in trickle-bed or fixed-bed
reactors are relatively lower than in CSTRs. But on the other hand a stirrer isn’t necessary

and thus the energy consumption is lower.

4.5.2 In situ biological methanation

In this biological methanation, a part of the COsy produced from the biogas in the digester
is fed hydrogen to produce a high content methane biogas. MFR in this case (<0.1 h ') is
limited by the CO, production rate. Fig. 4-9 shows a block diagram of biological methanation

in situ reactor.
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Fig. 4-9: In situ biological methanation [7]

4.6 Methanation parameters

This section deals with various aspects of methanation including different types of reactors.

4.6.1 Tolerance of impurities

Impurities in methanation mainly occur in the form of hydrogen sulfide in the feed gas.
According to reports mentioned in [7], components such as sulfur and oxygen had no effect on
biological methanation. On the contrary, sulfur and sulfur-containing components are consid-
ered to be poisonous to the catalyst such as nickel. The reports state a sulfur content of <<1
ppm must be obtained in the gas feed. Further problems are associated with Hy composition.
In the SNG 17% of Hy has been deemed to be acceptable [7].

4.6.2 Load change

Different parts of the reactor react very fast to load changes. Fixed-bed reactors are the
most sensitive. Reports show that load changes affect the catalyst bed, causing fluctuating
temperatures (cooling down of the reaction) [7].
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4.6.3 Shutdown

Reports on load change from 100% to 0% show no negative consequences in biological
methanation. However, in catalytic methanation the reactor must be flushed with hydrogen or
inert gas before complete shutdown [7].

4.6.4 'Wobbe index

The Wobbe index in eq. 4.6 is a very important measure in the combustion of gases, it helps
indicates the burner’s ability to proceed with the combustion of the used fuel. The Wobbe
index is a measure of the mixing of fuel gases and their relative ability to deliver energy [31].

HHV:
I = ——2"%  [MJ/Nm? (4.6)
PSNG
Pair
where,
I, Woobbe index [MJ/Nm?]

HHVsyg Higher heating value [MJ/Nm?|,
PSNG Density of the produced SNG [kg/m?]
Pair Density of air [kg/m?], pa = 1.205 kg/m3.

SNG has a lower volumetric energy density based on the Wobbe index. While natural gas
has a higher volumetric density, because it contains 10% ethane (CyHg), 5% propane (C3Hsg),
2% butane (C4Hjp), and 0.5% pentane (CsHiz), all which makes natural gas heavier than SNG
[31].

To increase plant’s efficiency, heat produced as a result of the higly exothermic reaction

must be removed. For example, the waste heat can be utilized to heat a biogas digester [7].
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5 Openmodelica

OpenModelica is a free open-source environment used for modeling and simulating complex
systems. It can be installed on Linux, MS Windows or Mac OS operating systems. It is based
on the Modelica modelling language. OpenModelica Connection Editor (OME) serves as an
open-source graphical user interface. OME also has libraries that contain prepped components
and examples. There is a variety of libraries such as Photovoltaics, Power Systems or Electrical
Energy Storage. The main library is Modelica, it consists of sub-libraries like math, electrical,
magnetic and more. Fig. 5-1 presents the modelling perspective of OME [37].

oA OMEdit - OpenModelica Connection Editor = =
File Edit View Smulation FMI Export Tools Help

bl =] -

F@BaE geee \oHOTHE - B~ P>
Libraries Browser B x| A DCMator™ %]
[searchClasses ]9 *AS 0 ‘wmzma ‘Modal |D|agvamWew ‘DCMawr ‘I.lne: 1,Coli0 | ‘
Lbraries -

@ OpenModelica

> [ ModelicaServices
Complex

> 7% Modelica

> @ Modelicareference

[MEEE

v
< >

X 10862 Y:-16.90 6 welcome | oA Modeling Plotting

Fig. 5-1: OpenModelica Connection Editor (OME) modelling [37]

Modelling in OME is through connecting components from specific libraries and setting the
correct parameters for the equations of each component and consequently of the model. It also
offers modelling through code writing based on C++ [37]. Simulation results are in form of

plots, as shown in fig. 5-2.
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Fig. 5-2: OME plotting [37]
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6 Modelling

As shown in fig.. 6-1, the created overall model consists of a series of sub-models.

data

SE

Irradiance PV Power plant Distribution Rectification Electrolysis Methanation Methane Storage
Q@ S98 Mn=ph
= 11 B
>> AR + ¢ > YR - el I
A M 1 -
| ——x @

[ *

Fig. 6-1: Owverall power-to-gas model

6.1 Electricity generation

Power-to-gas relies on electricity generated from renewable sources, namely solar and wind
energy. In the model shown above, a solar power plant is considered.

6.1.1 Photovoltaic power plant

In the Irradiance sub-model, irradiance is detailed over a day, where the sun is considered to
rise at 6:00 and set at 21:00, with peak irradiance being approximately around 13:30, reaching
a maximum of 1000 W/m?. For simulation purposes, 86400 seconds in one day were taken in
scale as 1 second. That is shown in fig. 6-2.

12004
1000 4
800

600

Irradiance [W/m2]

400

200

-200 — T T

time [s]

Fig. 6-2: Irradiance
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Solar panels absorb solar power from sunlight to generate electricity. They are composed
of solar cells which are a combination of photo-diodes. These panels can be set up in either
series, parallel or serio-parallel connections to produce electricity in the form of DC current.

The PV power plant sub-model consists of a simple plant with the option of setting up the
number of series and parallel connected panels. This is shown in fig. 6-3. The chosen panel for
the model is a SHARP - NU-S5 (E3E)-185 W, it was chosen from a list of other panel models
available in the Photovoltaics library.

moduleData
T

SHARP_NU_S5_E3E
multiSensor

inverter

multiSensorl

phi

mpTracker i (

Phi

I~
3
k=-acos(0.9) i

groundil / b

Fig. 6-3: PV power plant model
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Tab. 6-1 lists the parameters of the used panels.

Tab. 6-1: SHARP - NU-S5 (E3E)-185W parameters at STC' [38]

Maximum power 185 | W,
Open-circuit voltage 302 |V
Short-circuit current 854 | A
Voltage at maximum power point | 24 V
Current at maximum power point | 7.71 | A
Efficiency 14.1 | %
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6.1.2 DC/AC inverter

A DC/AC inverter in the PV power plant sub-model converts the produced DC voltage to
3 x 400 V AC. The used inverter is considered to be ideal. This means losses are not considered.
The AC output is determined based on power balance, calculated with instantaneous values:

Vbe - Ipc +v1 i1 +vg - i vz i3 =0 (6.1)
where,
Vbe  DC voltage from PV power plant [V]
v1,vg,v3 Phase voltage [V]

i1,12,i3  Phase current [A]

The DC/AC inverter includes a Maximum Power Point Tracker (MPPT) to extract the
power at maximum point. This is shown in fig. 6-4, to get the maximum power output of a PV
panel, it needs to be operated at the maximum power point Pyp.

4
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\The short circuit current, lg

)

=

(=]

o

- Power from
c

o the solar cell
5 P=VxI

Q

The open circuit voltage,V¢

Voltage Voc

Fig. 6-4: IV curve of a solar cell [39]

6.1.3 Distribution and connection to the power grid

Transformers are used to transfer the electricity produced from the PV power plant. For
purposes of modelling, the 400 V AC from the inverter is replaced with a SineVoltage source
(see fig. 6-5). In a 3-step method, the 400 V AC from the inverter are transferred to be suitable
for the load.

1. 400 V from is transferred to 22 kV through a 0.4/22 kV transformer.
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2. This step could take two paths:

(a) Path 1: From the 0.4/22 kV we directly feed the next transformer.

(b) Path 2: From the 0.4/22 kV transformer, we can connect to the 22 kV MV network.
The next transformer can be fed from the 22 kV MV level.

As shown in fig. 6-5, one of the two paths is chosen using a switch that either disconnects
the 22 kV MV network (Path 1 - switch open) or connects the 0.4/22 kV transformer to
the 22 kV MV network (Path 2 - switch closed). This is done in Openmodelica using a
switch that takes a Boolean input (true — switch closed, false — switch open)

3. Through a step-down transformer, 22 kV is stepped-down to whatever voltage is needed,

depending on the load.

In either case, the transferred voltage is then converted back to DC through a 6-pulse rectifier.
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Fig. 6-5: Distribution model

The transmission lines for 22 kV are considered to be AlFe70 cables with a cross-sectional
area S = 70 mm?, resistance R = 0.4 Q/km and inductive reactance X = 0.35 Q/km [40].
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6.1.4 Rectification

As mentioned above, using a 6-pulse rectifier, the voltage is converted back to DC in order
to feed the electrolyzers.

In the model, the rectifier sub-model has a power input that is fed from the PV power
plant. That is used to determine the output current that feeds the electrolyzers, with a certain
value of theoretical power loss considered through the inverter, transformers and transmission
lines. This is also done to maintain correct values of power at all points of the model. Fig. 6-6

presents the rectification sub-model.

diode
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L |
2T
il [L 3
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const

booleanExpr... k=R
| switch |

Powrer

Fig. 6-6: Rectification model

In the case of Path 1, to obtain the correct shape of the current, which in this case depends
on irradiance and power produced in the PV power plant, a resistor with variable resistance is
used. While this isn’t the case in real power-to-gas systems, but for purposes of modelling this
was the best way to proceed.

In the case of Path 2, since the power is extracted from the 22 kV MV network without
depending on the irradiance, a resistance with constant resistance (automatic setup depending
on number of electrolyzers).

Just like in the Distribution sub-model, switching between paths is done using a binary
switch that takes a Boolean input (true — constant resistance, false — variable resistance).
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DC output voltage from the 3-phase rectifier is calculated as follows:

Peak phase to neutral voltage is:

Vi
Vi-N(PEAK) = \L/gL V2 (6.2)

where,
Vi-npeak) Peak line to neutral voltage [V]
Vi1 Peak line-to-line voltage [V]

Then output DC voltage can be calculated according to [41]:

3v3

Vpe = Vi-N(pPEAK) - = Vi-N(PEAK) - 1.654 (6.3)

where,
Vbe  DC output voltage [V]

DC output current from the 3-phase rectifier will consequently be:

Vi
Ipe = % (6.4)

where,
Ipc  DC output current [A]

R Total load resistance [

6.2 Electrolysis

The electrolysis sub-model was taken from the model associated with [42]. The electrolyzer
model is of an alkaline electrolysis cell (see sec. 2.3.1). The output DC current from the
rectifier is used to feed the electrolyzers. The sub-model gives the option to set up the number

of electrolyzers.

6.3 Methanation

6.3.1 Methanation reaction

In the model, catalytic methanation is considered. But due to the fact that, catalysts speed
up the reaction, but are not consumed and don’t appear in the product, the model doesn’t
include any catalyst. The reaction takes place under the following conditions: 400 °C (673.15
K) , 30 atm (3040 kPa) and Hy:COy = 4 (see section. 4.2).

CO, + 4 Hy 2% OH, + 2H,0 (6.5)
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As seen in the fig. 6-7, the input into the reaction is the hydrogen feed. Hydrogen, being
the limiting reactant, sets the feed of CO into the reaction.

VH2 : pHQ == mH2 (66)
mi, - 1000

- 6.7

j»ji{2 71}12 ( )

where,
Vi,  Volume of Hy feed [m?]
nyg,  Number of moles of Hy [mol]
myu, Mass [kg]
pa,  Density [kg/m?], the value of py, is 0.08375 kg/m?
My, Molar mass of Hy [g/mol], the value of My, is 2.016 g/mol
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Fig. 6-7: Methanation model

To find the volume of CO4 needed, the number of moles is calculated using the molar fraction

H,/CO, = 4.
1

NH, - Z = NCo, (68)

Mco,
1000

nco, - = MCo, (6.9)
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— = Vo, (6.10)

nco,  Number of moles of COy [mol]

Vco,  Volume of CO, feed [m?]

mco, Mass [kg]

pco,  Density [kg/m3], the value of pco, is 1.98 kg/m?

Mco, Molar mass of COy [g/mol], the value of Mo, is 44.01 g/mol

Similarly, the number of moles of CH, is produced is calculated.

1
NH = N (6.11)

where,

ncu,  Number of moles of CHy [mol]

6.3.2 Van der Waals equation

Van der Waals equation is an equation that takes into consideration the fact that real gases
deviate from the assumptions taken for ideal gases, especially at low temperatures or high
pressures [43].

Using Van der Waals equation, the volume of the produced methane is calculated.

<p + ‘gf) (V —nb) =nRT (6.12)

2
an
According to [44], to calculate V from van der Waals equation, the V' in e can be approx-

nRT
p

imated as

Then V is calculated as:

nR37T3

where,
R Ideal gas constant, the value of R is 0.0821 atm - L - mol~! - K~}
a,b Constants, in the case of CHy a = 2.2678 atm - L?/mol? and b = 0.04301 L/mol
p Pressure [atm]

T Temperature [K]
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n Number of moles [mol]

V' Volume [L]

The following model in fig. 6-8 presents the van der Waals equation.
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Fig. 6-8: Van der Waals equation model

6.3.3 Methane production and storage

The produced methane is accumulated and stored in tanks. To calculate the energy pro-

duced at STP, we use the heat of combustion of methane. But first we need to convert the

amount of methane produced in m?® to Nm?® because methanation takes place under tempera-
tures and pressures different from STP 0 °C (273.15 K) and 1 atm (101.325 kPa). In our case,
methantion was considered to take place at 400 °C (673.15 K) and 30 atm (3040 kPa).

Viepr  Va-po

Ty T

Vi-3.04-10°  V5-1.01325-10°
673.15 273.15

Vi - 3.04-10° 273.15
673.15 1.01325 - 10°

‘/2:

(6.14)

(6.15)

(6.16)
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where,
Vi
Va
P1
b2
T

15

Volume [m?]
Volume [Nm?|
Pressure [Pa
Pressure [Pa]
Temperature [K]

Temperature [K]

According to [45], the heat of combustion of methane at STP is 38819 kJ/Nm?. Then the

energy equivalent would be:

where,

E

VCH4

H

E:VCH4-H

1
3600 (6.17)

Energy [kWh]
Volume of methane produced [Nm?]

Heat of combustion of methane [kJ/Nm?|

Heat of combustion is the amount of heat that is released by the ideal combustion of a

certain amount of fuel. It is assumed that the water released by combustion condenses and the

energy of the chemical reaction does not need to be reduced by its latent heat. This makes

the heat of combustion different from the calorific value, where gaseous water is assumed at

the end of the reaction. Therefore, the value of the heat of combustion is always greater than

or equal to the value of the calorific value. They’re equal when combustion does not produce

water [46].

The accumulation of methane model was simply done using an integrator. It calculated the

total volume of methane produced and stored.
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6.4 Simulation

For purposes of analysis and to test the functionality of the model, a simulation was carried
out. As stated above, distribution could take one of two paths. For every path, a separate

simulation and its corresponding results were taken.
The simulation was realized with the following parameters (fig. 6-9):

Photovoltaic power plant

ns |30 | Mumber of series connected panels

nP |2 | Number of parallel connected panels

DC/AC Converter

VRef |4UD | vV Reference line to line voltage

f |SD | Hz Frequency

Ti |D.00154 | s Internal integration time constant
Tranformers

Viprim V  Pimary RMS phase voltage - step-up transformer
Visec V  Secondary phase voltage - step-up transformer
V2prim V  Pimary phase voltage - step-down transformer
Sn V.A Nominal apparent power

V_SC Impedance voltage drop pu

P_sc W Short-circuit (copper) losses

| m MV cable length

Electrolyzer

NumberOfElectrolyzers |35 | Number of Electrolyzers
NumberOftlectrodes |2 | Number of Electrodes

Fig. 6-9: Simulation parameters

Path 1: The step-down transformer is directly fed from the 0.4/22 kV transformer.

1. Power from PV power plant:

At MPP, the power from the PV power plant reaches 11102.4 W. This is illustrated in

the equations eq. 6.18, eq. 6.19, eq. 6.20 and fig. 6-10.

V' = Ngeries - 24 =30-24 =720V
where,
Nseries Number of series connected panels.
I = nparatier - 7.71 =2-7.71 = 15.42 A
where,

Nparallel Number of parallel connected panels.

P=V.1=720-1542=11102.4W

(6.18)

(6.19)

(6.20)
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Power [W]

le+04 4

5000+

time Is1

Fig. 6-10: Generated power

2. Step-down transformer and rectification:

After transferring the 400 V to 22 kV, the next transformer steps down the voltage to
the needed value according to the load. This voltage is then connected to the 6-pulse
rectifier.

Considering that the voltage of one AEC is around 2 V (see tab. 2-2). The needed DC
voltage to power the 35 electrolyzers is:

VDC =2- Nelectrolyzers = 2:35=70V (621)
where,

Nelectrolyzers ~ Number of series connected electrolyzers

According to sec. 6.1.4:

Ve = Vi—npEAK) - 1.654 (6.22)
Then,
Vi n(pEAK) = fg;l = 176%4 = 42.32V (6.23)
Consequently,

Vi—r(peak) = Vi-N(pEAK) - V3 =42.32- V3 =T33V (6.24)
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200

The DC current has the following graph:
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Fig. 6-11: DC current

It is clear in fig. 6-11 that the current increases with increasing power and decreases as

SO.

. Electrolysis:

The following graph shows the produced volume of Hy that consequently is fed into the
methantion reactor for further reaction with CO, (fig. 6-12).
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Fig. 6-12: Hydrogen production
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CH4 Volume [m3]

CH4 Volume [m3]

4. Methanation and storage:
The volume of the produced methane is calculated using van der Waals equation for real
gases (see sec. 6.3.2). Fig. 6-13 shows the production of methane.

0.01 4

0.008 |
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Fig. 6-13: Methane production
Consequently, the produced methane is stored in tanks. The following fig. 6-14 shows the
accumulated volume of methane.
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0 0.2 0.4 0.6 0.8 1
time [s]
Fig. 6-14: Methane accumulation
5. Efficiency

The efficiency of the system is calculated with the input and output energy. Input energy
being the power generated over the course of a day. Output energy is calculated from the
produced methane.
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The input energy from the PV power plant was 5.7 kWh. As for the output energy, it is
calculated according to eq. 6.17. But first the volume of methane produced is converted
from m?® to Nm3. Using eq. 6.16:

~0.0029 - 3.04 - 10° 273.15

- ' = 0.035 Nm” 2
Ot 673.15 101325105 032w (6.25)
Ven, - AH  0.035 - 38819
E= = = 0.38kWh 6.26
3600 3600 (6.26)
E 0.38
= O 2 6.62% (6.27)

"= Epy T 57

Since the system is operating with a photovoltaic power plant, it’s possible to calculate one
more efficiency with the input energy being the energy from sunlight. From fig. 6-2 and the
structure of the chosen panel, we can know how much energy in kWh did the PV power plant
receive and therefore have a more precise efficiency of the system as a whole.

The used panels in the PV power plant sub-model (see. tab. 6-1) have 48 cells, each has
surface area 156 x 156 mm. With the simulation parameters mentioned above (see fig. 6-9).

Surface area of one panel:

Apanel = Neents * Acenn = 48 - (156 - 107°)? = 1.17m? (6.28)
where,
Apanel Surface area of a panel [m?]
Neells Number of cells in a panel
Acenr Surface area of one cell [m?]

Total surface area of connected solar panels:

Aot = Npanets * Apanet = 60 - 1.17 = 70.2m? (6.29)
where,
Aot Total surface area [m?]
Npanels Number of panels in power plant

Over the course of a day, the panels receive a total of 0.408 kWh/m?.
Then the total input energy is:

Esotar - Asor = 0.408 - 70.2 = 28.64 kWh (6.30)

where,

E.orar Solar energy from sunlight [kWh)]
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The output energy from the PV power plant in Path 1 is 5.7 kWh.
To verify the panel efficiency in tab. 6-1:

Epy 5.7
anel — = = 19. 31
np : Eirradiance 28.64 9.9 % (6 3 )
This is in the expected range.
E 0.38

Eirradiance B 28.64

It is clear that the efficiency in this case is relatively very low, this is mainly due to the low

efficiency of the PV panels leading to high power loss.

Path 2: The step-down transformer is fed from the 22 kV MV network. Now the input

power is taken for the whole day and is not dependent on the PV power plant and irradiance.

Power [W]

1. Power from 22 kV MV network:
The extracted power from the 22 kV MV network is initially fed from the PV power plant.
The difference in this path is that the power is now continuously extracted from the MV
network without any alteration or dependence on solar irradiance. Fig. 6-15 shows the
active power extracted from the MV network.

1.4e+04
1.2e+04
1e+04
8000 *
6000 f
4000 —
2000 7
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-2000 — T T T T T T

time [s]

Fig. 6-15: Active power from 22 kV MV network

2. Rectification:
The DC current feeding the electrolyzers is presented in fig. 6-16. The AC voltage to
power the rectifier and consequently output the needed voltage for the electrolyzers is the
same as in Path 1. But since the power in this case is continuously extracted without any
modifications, the DC current from the rectifier is constant.
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Fig. 6-16: DC current

3. Electrolysis:
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As mentioned above, the current feeding the electrolyzers is in this case constant, this

means the production of hydrogen will linearly increase with time. This is shown in

fig. 6-17.
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Fig. 6-17: Hydrogen production
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4. Methanation and storage:
Agian using van der Waals equation for real gases, the volume of the produced methane
is calculated. Fig. 6-18 shows the production of methane.
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Fig. 6-18: Methane production
Fig. 6-19 shows the accumulation of methane.
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Fig. 6-19: Methane accumulation

5. Efficiency

The efficiency of the system is calculated with the input and output energy. The input
energy in this case is the active power extracted from the MV network over the course of
a day. Output energy is calculated from the produced methane.
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The input energy was 11.05 kWh. The output energy is calculated according to eq. 6.17.

0.0068 - 3.04 - 10° 273.15

= . = 0.083 Nm? .
Vo, 673.15 L0135 105 083 hm (6.33)
Vor, - AH  0.083 - 38819
E— _ — 0.895kWh 34
3600 3600 0.895kW (6.34)
E 0.895
M _ =81% (6.35)

- Enetwork B 11.05

6.5 Energy storage in batteries

For purposes of comparison, another model consisting of the same electricity generation sub-
models but instead of electrolysis and methanation, a batteries sub-model connected. Fig 6-20
presents the overall batteries model.

datal

Irradiance PV Power plant Distribution Rectification Batteries
> BB DD >
'l 'l - Il

[ ]

Fig. 6-20: Batteries model

Fig. 6-21 presents the batteries model, it includes the battery stack with an option to set the
number of series batteries and parallel batteries. It also includes battery parameters like charge
capacity, capacitance, resistance, and SOCOCYV table. The component SignalCurrent was used
to take the output current from the rectifier and regenerate it into the batteries circuit.

Just like in the case of P2@G, the output DC current from the rectifier sub-model is either
constant or variable, depending on the path. That is done by switching between constant and
variable resistance. Since the simulation was limited to 1 second due to complications, charge
capacity was set to Q = 115 C in order to potentially fully charge in 1 s.
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Fig. 6-21: Batteries model

The following are the simulation parameters (fig. 6-22):

Photovoltaic power plant

ns |30 | MNumber of series connected panels

nP |2 | Number of parallel connected panels

DC/AC Converter

VRef |4DU | V' Reference line to line voltage

f |50 | Hz Frequency

Ti |D.DDIS4 | s Internal integration time constant
Tranformers

V1prim V  Pimary RMS phase voltage - step-up transformer
Visec V  Secondary phase voltage - step-up transformer
V2prim V  Pimary phase voltage - step-down transformer
Sn V.A Nominal apparent power

V_SC Impedance voltage drop pu

P_sc W Short-circuit (copper) losses

| m MV cable length

Battery Stack

Hs |25 | Number of series cells connected

Np |1 | Number of parallel cells connected

Fig. 6-22: Simulation parameters
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Again, two paths are examined:
Path 1:

DC output current from rectifier is shown in fig. 6-23:

140

120

100

=]
=]

R
i

'\'\"‘Hm

|.|.r.‘u|llﬂ

\m’

Current [A]
(=]
(=]

B
=]

Ll‘h”

-20

0.6
time [s]

Fig. 6-23: DC current
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The batteries are not fully charged due to the variable current. State of charge is shown in

fig. 6-24:
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The energy stored in the batteries is present in fig. 6-25:
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Fig. 6-25: Energy

The efficiency of the system is calculated with the input and output energy. The input
energy is that of the PV power plant Epy = 5.7kWh

o Ebatteries 3.68

_ - — 64.56% 6.36
"= By 5.7 ¢ (6.36)

Again, taking into account the efficiency of the panels, we calculate a more precise efficiency
of the system as a whole.

Using eq. 6.32:

Ebatteries o 3.68

= Eirradiance B 28.64

=12.85% (6.37)
Path 2:

DC output current from rectifier is shown in fig. 6-26.
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Fig. 6-26: DC current
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The batteries are in this case fully charged. State of charge is shown in fig. 6-27:

038

0.4

0.2

time [s]

Fig. 6-27: State of charge (SOC)

The energy stored in the batteries is present in fig. 6-28:

1.2e+04

1le+04

8000

6000

Energy [kWh]

4000

2000

0

-2000

time [s]

Fig. 6-28: Energy

The efficiency of the system is calculated with the input and output energy. The input

energy is that of the 22 kV MV network. Epy, = 11.05kWh

Ebatteries 9.92
= = = 89.8
Enetwork 11.05 %
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7 Conclusion

The energy sector has long shifted its focus to renewable energy sources. And with a con-
tinuously increasing energy demand, more ways of improving the implementation of renewable
sources are emerging. P2G deals with one of renewable energy’s main problems, and that is
excess production levels due to their fluctuating nature. It presents a new solution in storing
electrical energy through converting it to gas.

In P2G, Hj is produced from water electrolysis. Three types of cells are presented in chapter
2, alkaline, polymer membrane and solid-oxide electrolysis. The three technologies’ parameters
are listed and compared. AEC and PEMEC are already widely used in commercial projects,
while SOEC is still being tested and improved in laboratories. Chapter 3 explains the next
step, which deals with CO, sources and its feed into the reaction.

The production of SNG in the last step is through methanation. In chapter 4, the methana-
tion reaction is analyzed. The overall reaction is known as Sabatier’s reaction. It can be both
biological and catalytic, where different types of reactors, as well as various parameters are eval-
uated for each type. Parameters such as type of catalyst, Hy:CO, ratio, pressure, temperature,
and methanation formation rate.

In the last chapter, the power-to-gas model is presented and analyzed. It includes the pro-
duction of electricity from a photovoltaic power plant. First, irradiance over the course of a day
and the power plant are demonstrated. Next, converting DC to AC, distribution and rectifica-
tion to output DC current and feed the electrolyzers, and finally electrolysis and methanation.
The methanation reaction is solved with van der Waals’ equation for real gases. According to
that, the production of methane is determined and is then stored in tanks. Furthermore, a
simulation is carried out with two paths taken. Firstly, the power gained from the PV power
plant is directly converted to feed the electrolyzers. Secondly, the power gained from the PV
power plant is fed to the 22 kV MV network, which then powers the rest of the process.

Efficiencies for both cases were determined with the output energy calculated from the heat
of combustion of methane. The model with Path 1 had an efficiency of 6.62 % while Path
2 had 8.1 % panels was taken into consideration, enabling the calculation of a more precise
efficiency of the system considering the power gained from sunlight. This efficiency was 1.32%.
All the calculated efficiencies are in the theoretically expected range. While they are rather
low, this is due to power loss over different parts of the process of converting electrical energy
into chemical energy. Hydrogen production dominates the losses, but power is also lost in
transformers, transmission lines, and methanation. In the battery storage model, efficiencies
were relatively high compared to P2G, 64.56 % and 89.8 % for Path 1 and 2 respectively. As for
the efficiency including that of the solar panels, it was 12.86 %. This makes battery storage one
of the most efficient storage technologies, thus their wide usage in electric vehicles. In P2G, it
is still possible to improve the efficiency by utilizing waste heat in electrolysis and methanation.

P2G certainly has a bright future with a lot of room for development. Along with other

technologies, P2G helps maintain a more stable power generation ready for higher demands.
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