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A B S T R A C T 

This thesis deals wi th 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. 

K E Y WORDS: 
Energy storage; hydrogen; carbon dioxide; methanation; power-to-gas; S N G 



A B S T R A K T 

Tato práce se zabývá problematikou technologie power-to-gas, k t e rá slouží k akumulaci energie 

t ím, že přeměňuje p řeby tečnou elektrickou energii vy ráběnou z obnovi te lných zdrojů energie na 

syntet ický zemní plyn. Cílem bylo předs tav i t ak tuá ln í trendy v oblasti power-to-gas a vytvoř i t 

model tohoto sys tému v OpenModelica. 

V práci jsou uvedeny všechny hlavní části sys tému power-to-gas: výroba elektrické energie, 

výroba vodíku elektrolýzou, zachycování a separace uhlíku, Sabatierova reakce a typy meta-

nizace. Nejprve byl modelován denní p r ůběh slunečního záření . Po té byl zpracován submodel 

p řeměny záření na elektrickou energii pomocí F V panelů. Dále byl zpracován s t ř ídač D C / A C , 

d is t r ibuční cesta a měnič A C / D C pro napájení elektrolyzérů. Stěžejní část í práce bylo zpra

cování vlas tní metan izačn í jednotky. 

Reakce je řešena pomocí van der Waalsovy rovnice reálných plynů. Podle toho je stanovena 

produkce metanu, k te rý je po t é skladován v nádržích. Dále se provádí simulace se dvěma 

cestami. Za prvé, energie získaná z fotovoltaické e lekt rárny je p ř ímo vedena přes dis t r ibuční 

soustavu k elektrolyzérům. Za druhé , energie z ískaná z fotovoltaické e lekt rárny je p ř iváděna do 

22 k V dis t r ibuční sítě, k t e rá pak napáj í zbytek procesu. 

Závěrem práce je zhodnocení , k teré po rovnává celkovou efektivitu sys tému vzhledem k 

power-to-gas vůči akumulá to rovému úložišti energie. 

K L Í Č O V Á SLOVA: 
Skladování energie; vodík; oxid uhličitý; metanizace; power-to-gas; S N G 
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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 wi l l 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 bil l ion people by that year. B y 2040, low-carbon technologies, led by renewables, 

and natural gas wi l l 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 O E C D (Organization for Economic Co-operation and Development) 

countries, energy demand increased by 82 Mtoe wi th gas demand growth as high as 70 Mtoe. 

In n o n - O E C D countries, energy demand grew by 308 Mtoe wi th a gas demand of 98 Mtoe, coal 

85 Mtoe and oil 47 Mtoe. O n the other hand, the total CO2 emissions from energy use grew 

by 2.0%, the fastest growth in seven years [3]. 

2010 2011 2012 2013 2014 2015 2016 2017 2018 

• Europe • CI5 North America Latin America Asia 

I Pacific I Africa I 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 vi ta l in the 

world's battle wi th the increasing demand, amid continuous searches for new sources, growing 

ecological problems wi th 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 

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

^ Pumped Hydro 
W (PHS) 

Compressed Air 
(CAES) 

Flywheel 
(FES) 

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. A n d 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. H2 

is produced through the splitting of water by electrolysis. H 2 is fed C 0 2 to produce methane 

through a process known as methanation. Methane ( C H 4 ) , 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 P 2 G projects currently in operation around the world, wi th several huge 

projects now being built. Data from multiple P 2 G projects and pilots from multiple countries 

are presented in [8]. Germany currently leads the way in production , wi th a total of nearly 40 

M W followed by Denmark 20 M W [8]. Being the world's leader in this technology, Germany is 

targeting a 5 G W of P 2 G capacity by 2025 and 40 G W by 2050. [9]. 

The future of P 2 G 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 wi th 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. Whi le chapter 

6 demonstrates the model that also includes electricity production from a photovoltaic power 
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plant. A s 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 

wi th 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 util ization of the product S N G . 

-fa 

Ä 

c o 2 

Electricity Generation 

i 
Power grid 

1 
Electrolysis 

^2 1 
Methanation 

SNG 

• 0 2 

< H 2 0 

Natural gas grid 

V V 

Transport Heating 

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 H 2 . Hydrogen is available 

in different forms, such as compressed gaseous hydrogen, l iquid hydrogen, as well as solid and 

metallic forms [10]. 

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

Autoignit ion temperature 500 °C 

Boi l ing point -252.9 °C 
Mel t ing point -259.14 ° c 

Density 0.08375 k g / m 3 

Molar mass 2.02 g /mol 

Specific heat at constant pressure, c p 14.29 J / k g - K 

Specific heat at constant volume, c v 10.16 J / k g - K 

Thermal conductivity 0.1825 W / m K 

2.2 Production 

Hydrogen is a gaseous element occurring as its diatomic gas H 2 . Since hydrogen does not 

naturally occur, it must be formed by the decomposition of other molecules. Approximately 

95% of the hydrogen produced (50 • 10 6 t • a - 1 around 50 mil l ion tonnes per annum) is produced 

by steam methane reforming and water-gas shift reaction. A s 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: 

C H 4 + H 2 0 ^ C O + 3 H 2 (2.1) 
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Water-gas shift reaction: 

C O + H 2 0 > C 0 2 + H 2 (2.2) 

In addition to combustion, hydrogen may also be exploited as an energy vector via catalytic 

recombination wi th 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. A t the positively charged anode the 

oxidation reaction takes place, while the reduction reaction occurs at the negatively charged 

cathode. The charge carrier can be O H , H + , or 0 2 [7]. There are 3 types of water electrolysis, 

Alkal ine electrolysis ( A E C ) was the first technology to emerge. It is the most used alongside 

P E M E C , while S O E C is still in development [12]. 

The following is the overall reaction in a P E M E C : 
Reduction reaction at cathode: 

4 H + + 4 e + ^ 2 H 2 (2.3) 

Oxidat ion reaction at anode: 

2 H 2 0 ^ 4 H + + 0 2 + 4 e " (2.4) 

Overall reaction: 

2 H 2 0 > 2 H 2 + 0 2 (2.5) 

2.3.1 Alkaline electrolysis 

In this electrolyzer, an aqueous alkaline solution is used as an electrolyte, either K O H 

(Potassium Hydroxide) or N a O H (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. A E C is the old

est, simplest, and most durable electrolyzer technology. According to reports on A E C , such 

electrolyzers can be opearted at 20% to 100% and overload up to 150%. This operation is com

patible wi th P 2 G plants, that are connected to fluctuating sources of energy in solar and wind 

energy sources. Al though 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 A E C electrolyzers is 20-30 years, which is relatively high compared to 

other technologies [7]. According to an international review of P 2 G plants, the average power 

of all installed alkaline electrolyzers is 98 k W [14]. 
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Alkaline electrolysis [15] 

2.3.2 Polymer electrolyte membrane electrolysis 

In comparison wi th A E C , the P E M E C 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 Nation. 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 wi th the the lower 

thickness. Electrocatalysts play an important role in speeding up the process of water oxida

tion. P E M E C ' s highly acidic nature, means that the choice of catalysts is l imited to transitions 

metals which are stable under acidic conditions. Rhodium, ruthenium, platinum, i r idium and 

their oxides are examples of transition catalysts. Currently plat inum is being used on the cath

ode for proton reduction and ir idium oxide at the anode for water oxidation [12]. According to 

international reports conducted on several power-to-gas pilots, the average nominal efficiency 

of P E M E C electrolyzers ranges between 52% to 79%. Furthermore, the average installed power 

of all P E M E C electrolyzers is 8.6 k W , which clearly shows that P E M E C are operated at lower 

power rates than alkaline electrolyzers [14]. 

PEMEC 

H,0 

O 
c 

< 

C 
CD 
_o 
E 

o 
"in 
O 

H, 

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

r ium cell voltage and consequently the electricity demand. This low demand is one of S O E C ' s 

most significant advantages. F ig . 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]. 

S O E C 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]. 

S O E C 

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

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

A E C P E M E C S O E C 
State of development Commercial Commercial Laboratory 
H 2 production in m 3 <760 Up to 450 -

Electrolyte Alkaline solution Solid polymer membrane 
(Nafion) 

Zr02 ceramic doped with Y2O3 

Cel l temperature in °C 40-90 °C 20-100 °C 800-1000 °C 
Cel l voltage in V 1.8-2.4 V 1.8-2.2 V -
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 l iquid 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 C G H 2 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. A t S T P (101.325 k P a and 273.15 K ) , hydrogen has a density of 

0.0899 k g / m 3 ) [16]. 

2.4.2 Cryogenic liquid 

Hydrogen can also be transported in l iquid form in lorries or other means of transport. 

Because the density of l iquid hydrogen is higher than that of gaseous hydrogen, L H 2 tubes can 

carry more hydrogen. Hydrogen transported in its liquefied state is more cost-effective since a 

l iquid hydrogen tank can hold more hydrogen than a pressurized one. In l iquid transport the 

hydrogen is loaded into insulated cryogenic tanks. L H 2 trailers can be as long as 4,000 k m [16]. 

2.4.3 Pipelines 

A pipeline network is a very effective method for largescale hydrogen transportation. B y 

2016, there were more than 4,500 k m 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, C 0 2 emissions grew by 

2.1% 2017 and 1.9% by 2018. Europe and La t in America haven't been contributing to these 

emissions. A s 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%, wi th 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 C 0 2 intensity has 

relatively decreased on a average between 2000 and 2017 by a 1.7% year rate, intensity levels 

reduction is st i l l not enough. According to Br i t i sh Petroleum's Statistical Review 2019, the 

worlds C 0 2 emissions has increased from 33242.5 M t C 0 2 to 33890.8 M t C 0 2 in 2018, wi th 

China contributing to 27.8% [2]. Br i t i sh Petroleum's Energy Outlook 2019 states that by 2040, 

the global power sector wi l l be responsible for 40% of the C 0 2 emissions, more than transport 

and industry [17]. 

A m i d international fears of increasing climate change and global warming, l imit ing C 0 2 

emissions is a priority in future scenarios concerning energy sources, demand, storage, and 

transition. C 0 2 emissions' prevention can be achieved by util izing, storing and recycling carbon 

dioxide produced during fuel combustion in power plants [18]. 

C O 2 sources for power-to-gas applications 

The C 0 2 required can be a produced from either fossil fuels or renewable sources. Fossils are 

considered to be produced by power plants or industrial processes. A s for the C 0 2 produced 

from renewable sources, we consider biogas, biomass and other fermentation processes that 

use anaerobic digestion. Furthermore, C 0 2 can be absorbed from the atmosphere [18]. The 

following fig. 3-1 demonstrates different C 0 2 sources wi th their relative concentrations. 

Combustion Processes By-product of Industrial Processes 
ospnere 

Coal 

Fuel Oil 

3-8 vol.% 

Biogas 

40 vol. % 

Bioethanol 

up to 100 vol. % 

Fermentation 

up to 100 vol. % 

Biotechnical 

Ethylene 

12 vol. % 

Ammonia 

up to 100 vol. % 

Refineries 

3-13 vol.% 

Chemica 

Cement 

20 vol. % 

15 vol. % 

Industrial 

0.039 vol. % 

Fig. 3-1: Different CO2 sources with their relevant concentrations [18] 
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Most CO2 sources produce CO2 at relatively low concentrations (up to 15 vol.%), while there 

are some exceptions with some sources producing CO2 at very high concentrations. The purity 

of C 0 2 in the exhaust gas influences the efficiency of subsequent operations in the process. 

Therefore CO2 separation technologies are further used to purify and consequently increase 

efficiencies [18]. 

3.1 C O 2 from combustion processes in power plants. 

During the combustion of fossil fuels such as coal, natural gas, and fuel oi l , plus biomass 

combustion 1 , the flue gas produced contains a relatively small percentage of C 0 2 in it, therefore 

C 0 2 capture and consequently its separation is required. 

One method has emerged in recent years, and that is Carbon Capture, Uti l izat ion and 

Storage ( C C U S ) . 

3.1.1 C 0 2 capture 

There exists 3 methods of C 0 2 capture in combustion processes [18]. 

• post-combustion (CO2 capture from flue gas) 

• pre-combustion (CO2 capture before combustion) 

• 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 CO2 at 85-90% efficiency In fig. 3-2 
post-combustion carbon capture in a combustion plant is shown. [19]. 

Fuel 

Air 
Boiler 

C 0 2 + N 2 

C 0 2 Capture 

Steam turbines/ 
generators 

Compression 

N; 

C 0 2 storage or 
utilization 

> 

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

Pre-combustion capture 

In integrated gasification combined cycle power plants ( I G C C ) , 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 

1 Considered as carbon-neutral, meaning CO2 capture would have a decrease on the power plant's efficiency. 
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carbon dioxide (CO2). Carbon is captured from the syngas before it is further combusted in 
the gas turbine to produce electricity. In the pre-combust ion method efficiencies reach 95%. 
F ig . 3-3 shows pre-combustion carbon capture in a combustion plant [20]. 
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Reactor 

C 0 2 + H 2 
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C O , 
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C 0 2 storage or 
utilization 

H2 to power 
generation 

• 

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

Oxyfuel 

In order to avoid nitrogen in the exhaust gas, fuel is burned wi th 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 CO2 and H 2 0 , 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. A n d 

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]. 

Air 
Air Separation 

O, 

Fuel 

Recycled C 0 2 

Boiler 
Cooling and 

Compression 

Steam turbines/ 
generators 

C 0 2 storage or 
utilization 

Water 

Fig. 3-4-' Oxyfuel capture [21] 

3.1.2 C O 2 separation technologies 

A s stated before, after C 0 2 capturing, its separation from other gases is required. A b 

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 CO2 into a l iquid. The absorbent loaded 

wi th CO2 is transported and CO2 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 C 0 2 . The gas mixture is compressed and injected 

into a vessel, where CO2 is adsorbed on the surface of the adsorbent. Then CO2 is released 

by depressurization and heating. Examples of adsorbents are activated carbons, zeolites and 

amine functionalized adsorbents [22]. 

Cryogenics 

Cryogenic distillation splits CO2 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 (C02-poor gas) 

and the permeate (C02 - r ich gas). The feed enters, and the permeate passes through the mem

brane and C02 - r i ch gas exits the membrane [22]. 

F i g 3-5 shows the different separation technologies. 
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Distillation 
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CQyrich liquid 

d) Separation by cryogenic distillation 

Fig. 3-5: CO2 separation technologies [22] 
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3.1.3 Energy penalty in C C U S 

A C C U S plant requires power to be integrated and to operate equipment. The addition of 

C C U S 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 C C U S plant. Energy penalty is also 

defined as the the increase in the required fuel to maintain power output after the addition of 

C C U S . In other words, the net power wi l l decrease, due to the load put the implementation of 

C C U S . Energy penalty is expressed by eq. 3.1 and in fig. 3-6 [23]: 

Energy Penalty — 1 — Vccus 

Vref 
[-] (3.1) 

CO? produced (kg/kWh) 

Fig. 3-6: C02 emission intensity with and without carbon capture [24] 

3.2 C O 2 from industrial processes 

Biogenic C 0 2 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, CO2 is also 

derived from combustion of biological material, including forest-derived and agriculture-derived 

feedstocks [25]. 

A s mentioned in fig. 3-1, C 0 2 can be a by-product of several industrial processes. Biogas' 

main component are C H 4 (50 - 70%) and C 0 2 (30 - 50%) wi th 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 C 0 2 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, C 0 2 is also produced in 

large amounts in iron and steel production. The ironmaking industry produces C 0 2 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 C 0 2 emissions [18]. 
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3.3 C O 2 captured from the atmosphere 

Apart from CO2 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 CO2 

in the atmosphere [18]. 

3.4 C O 2 transport 

The CO2 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 C 0 2 in three states: solid, l iquid 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 S N G produced from P 2 G plants must be have similar properties to natural gas. Natural 

gas has more than 80% of methane in it. Further, S N G ' s lack of of higher hydrocarbons may 

result in low a calorific value 2 compared to that of natural gas [27]. 

In a chemical reaction known as methanation, carbon monoxide C O or carbon dioxide CO2 

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: 

C 0 2 + 4 H 2 ^ C H 4 + 2 H 2 0 AH = - 1 6 5 k J / m o l (4.1) 

One mechanism of methanation is the linear combination of the endothermic reversed water-

gas shift reaction (4.2) and an exothermic C O methanation (4.3) [28] 

C 0 2 + H 2 > C O + H 2 0 AH = 41 k J / m o l (4.2) 

C O + 3 H 2 y C H 4 + H 2 0 AH = - 2 0 6 k J / m o l (4.3) 

4.2 Effects of pressure, temperature and H2 : C02 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, C 0 2 conversion was evaluated. The catalyst used was 

nickel. The reactor was operated at different temperatures and H2 : C 0 2 ratios to determine 

optimum operating conditions. Results showed high conversion rates with H2 : C 0 2 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 C O by-product, due 

to reversed water gas shift reaction. But the stoichiometric ratio for H 2 / C 0 2 4:1 results in the 

highest equilibrium concentration of C H 4 , 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 

C H 4 concentrations. 

The following fig. 4-1, presents the effects of pressure and temperature wi th H2 : C 0 2 = 4 

on the reaction. Pressures of 30 atm (3040 kPa) and above, have led to the best results for 

2 The 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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C H 4 yield, C H 4 selectivity and CO2 conversion rates. CO2 conversion rates, and consequently 

C H 4 (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 H2/CO2 = 4 o n C02 methanation: (a) 

CO2 conversion, (b) CH^ selectivity, and (c) CH^ yield [30] 

In fig. 4-2 the percentage of methane in the S N G produced at different rates of CO2 con

version is shown. It shows that C 0 2 conversion rates required reach as high as 97% to produce 

>90% C H 4 [7]. In conclusion, low temperature, high pressure, and the right H2 : C 0 2 ratio 

results in optimum C 0 2 methanation. 

80 B5 90 95 100 

Conversion X in % 

Fig. 4-2: CH^ content at different C02 conversion rates [7] 
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4.3 H 2 — C O 2 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 CO2 must be separated and 

recycled. In a techno-economic study [31] conducted on P 2 G strategies, 3 reactor stages were 

used. The first reactor has the highest concentration and pressure, and 80% CO2 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% CO2 separation and recycle and lastly a 90% 

H 2 separation and recycle. The produced S N G had 92.7% C H 4 , 6.3% H 2 and 1.0% CO2. This 

bulk gas recycle is meant to increase the reaction conversion rates. This separation is simply 

done in a diverter. CO2 removal is necessary in controlling the amount of CO2 in the product. 

F ig . 4-3 shows the molar gas composition at each stage of the reactors and recycling. 
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Fig. 4-3: 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]. 

GHSV = [h"1] (4.4) 
VR 

4.4 Catalytic methanation 

Catalyt ic 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 N i is considered 

the optimum catalyst, due to its relatively high activity, good C H 4 selectivity 2 and low raw 

2 The 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 l imitation 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, wi th 

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 G H S V = 2000 - 5000 h " 1 [7]. 

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

4.4.2 Fluidized-bed reactors 

A large amount of heat is generated in methanation reactors during the production of S N G . 

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. A n d 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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Gas 

Solid 

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. 

W i t h sintering problems in fixed-bed reactors and attri t ion 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 fim) is 

present in a temperature stable inert l iquid. The presence of the liquid phase wi th 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. 

G H S V of such reactors is around 500 -1000 h - 1 [7]. 

H i , CO>, CO(RciKUim g«s) 
(N-. as a carrier gas) 

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

4.4.4 Structured micro-reactors 

W i t h 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 wi th 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]. 

F ig . 4-7 shows three kinds of structured micro-reactors wi th their respective internal struc

tures. 
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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 H 2 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]. 

A s for the reactor, certain parameters influence its operation, namely reactor pressure, tem

perature, gas velocity ( G H S V ) , catalyst concentration, and reactant partial pressures. In other 

words, it should be able to work wi th 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]. A n d 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 CO2 methanation to produce S N G . In this 

case, methanogenic microorganisms are used as the so-called biocatalysts. In biological metha

nation, methane is produced by hydrogenotrophic methanogenesis from CO2 and H 2 . 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, p H , pressure and temperature [7]. 

Methanation Formation Rate 

MFR = [h"1] (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 C 0 2 ( H H 2 , H 2 0 — 1408 bar 1/mol and H C 0 2 , H 2 0 — 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. A s a result, MFR, 
presented in eq. 4.5, increases due to improved supply of H 2 consequently the production of 

CFf 4 [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 S N G 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 M F R : C S T R , fixed-bed, 

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

methanation in a separate reactor. 
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Fig. 4-8: Biological methanation in a separate reactor [7] 

In [7], a range of reactor performances is reported. It shows that high M F R s (21.3 and 

28.71T 1) were achieved using C S T R s operated at G H S V of 120 and 300 I T 1 , 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 G H S V 

by a factor of 4. Consequently M F R 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 G H S V = 0.3 h - 1 . Further studies reported by [7] show a M F R of 4.6 h - 1 and a 

pure product yield of 34% in fixed-bed reactors. The M F R s reported in trickle-bed or fixed-bed 

reactors are relatively lower than in C S T R s . 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 CO2 produced from the biogas in the digester 
is fed hydrogen to produce a high content methane biogas. M F R in this case (<0.1 I T 1 ) is 
l imited by the CO2 production rate. F ig . 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. O n 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 wi th H 2 composition. 

In the S N G 17% of H 2 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 wi th 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 wi th 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]. 

HHVSNG 

PSNG 

\ Pair 

[ M J / N m 3 ] (4.6) 

where, 

Ih Woobbe index [ M J / N m 3 ] 

HHVSNG Higher heating value [ M J / N m 3 ] , 

PSNG Density of the produced S N G [kg/m 3] 

pair Density of air [kg/m 3 ] , pair = 1.205 k g / m 3 . 

S N G has a lower volumetric energy density based on the Wobbe index. Whi le natural gas 

has a higher volumetric density, because it contains 10% ethane (C2H 6 ), 5% propane (CsHg), 

2% butane ( C 4 H 1 0 ) , and 0.5% pentane ( C 5 H 1 2 ) , all which makes natural gas heavier than S N G 

[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, M S Windows or Mac OS operating systems. It is based 

on the Modelica modelling language. OpenModelica Connection Edi tor ( O M E ) serves as an 

open-source graphical user interface. O M E 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. F ig . 5-1 presents the modelling perspective of O M E [37]. 

tfi OMEdit - OpenModelica Connection Editor - n LV^H 

File Edit View simulation FMJ Export Took Help 

HIB Hi * <-
Libraries Browser 8 X DCMotor* • 
Search Classes | • # <4 M 0 1mfao|e 1Mad 1 J Diagram View | DCMotor 

Line: l,Col: 0 b 
Libraries 

• [p] OpenModdio 

» • Modelica5ervice, 

» • Complex 

• [p] OpenModdio 

» • Modelica5ervice, 

» • Complex 

• (T | Modelita 

• Q ModelicaReference 

V 

< 

V 

— S.90 (L Welcome J ^Modeling | fl Ptotfrx, 

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

Modell ing in O M E 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 writ ing based on 0+4- [37]. Simulation results are in form of 

plots, as shown in fig. 5-2. 

OMEdit - OpenModelica Connection Editor - [Plot: 1] 

X File Edit View Simulation FMI Export Tools Help 

T t t H I ° , e ,e , \ » | | T B 
3MK 

i - | i H H l » - l l » 
» Variables Browser B 

• o 

I DCMotor 

• der(phi) 

0ph i [ 
u:eSupport 

• v 

V groundl 
inductorl 

> inerlial 

6,17 ^Welcome tf£ Modeling B Plotting 

Fig. 5-2: OME plotting [37] 
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6 Modelling 
A s shown in fig.. 6-1, the created overall model consists of a series of sub-models. 

Irradiance PV Power plant Distribution Rectification Electrolysis Methanation Methane Stooge 

Fig. 6-1: Overall 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, wi th peak irradiance being approximately around 13:30, reaching 

a maximum of 1000 W / m 2 . For simulation purposes, 86400 seconds in one day were taken in 

scale as 1 second. That is shown in fig. 6-2. 

1 2 0 0 

- 2 0 0 - 1 . 1 i 1 . 1 i 1 . 1 . 1 i 1 . 1 . 1 i 1 

0 0 .2 0 . 4 0 . 6 0 . S 1 

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 D C current. 

The P V power plant sub-model consists of a simple plant wi th 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 S H A R P - NU-S5 (E3E)-185 W , it was chosen from a list of other panel models 

available in the Photovoltaics library. 

m o d u e D a t a 

S H A R P _ N L _ S 5 _ E 3 E 

inverter 
m u l t i S e n s o r l 

Fig. 6-3: PV power plant model 

Tab. 6-1 lists the parameters of the used panels. 

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

M a x i m u m power 185 w p 

Open-circuit voltage 30.2 V 

Short-circuit current 8.54 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 D C / A C inverter 

A D C / A C inverter in the P V power plant sub-model converts the produced D C voltage to 

3 x 400 V A C . The used inverter is considered to be ideal. This means losses are not considered. 

The A C output is determined based on power balance, calculated with instantaneous values: 

VDc • I DC + vi • ii + v2 • %2 + v3 • i3 = 0 (6.1) 

where, 

VDC D C voltage from P V power plant [V] 

Vi,v2,v3 Phase voltage [V] 

11,12,13 Phase current [A] 

The D C / A C inverter includes a M a x i m u m Power Point Tracker ( M P P T ) to extract the 

power at maximum point. This is shown in fig. 6-4, to get the maximum power output of a P V 

panel, it needs to be operated at the maximum power point Pmp-

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 P V power plant. For 

purposes of modelling, the 400 V A C from the inverter is replaced wi th a SineVoltage source 

(see fig. 6-5). In a 3-step method, the 400 V A C from the inverter are transferred to be suitable 

for the load. 

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

(a) Pa th 1: From the 0.4/22 k V we directly feed the next transformer. 

(b) Pa th 2: From the 0.4/22 k V transformer, we can connect to the 22 k V M V network. 

The next transformer can be fed from the 22 k V M V level. 

A s shown in fig. 6-5, one of the two paths is chosen using a switch that either disconnects 

the 22 k V M V network (Path 1 - switch open) or connects the 0.4/22 k V transformer to 

the 22 k V M V 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 k V is stepped-down to whatever voltage is needed, 

depending on the load. 

In either case, the transferred voltage is then converted back to D C through a 6-pulse rectifier. 

positive Plug 

Fig. 6-5: Distribution model 

The transmission lines for 22 k V are considered to be AlFe70 cables wi th a cross-sectional 

area S = 70 m m 2 , resistance R = 0.4 fi/km and inductive reactance X = 0.35 fi/km [40]. 
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6.1.4 Rectification 

A s mentioned above, using a 6-pulse rectifier, the voltage is converted back to D C in order 

to feed the electrolyzers. 

In the model, the rectifier sub-model has a power input that is fed from the P V power 

plant. That is used to determine the output current that feeds the electrolyzers, wi th 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. F ig . 6-6 

presents the rectification sub-model. 
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Fz^. (5-6: Rectification model 

In the case of Pa th 1, to obtain the correct shape of the current, which in this case depends 

on irradiance and power produced in the P V power plant, a resistor wi th variable resistance is 

used. Whi le 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 Pa th 2, since the power is extracted from the 22 k V M V network without 

depending on the irradiance, a resistance wi th constant resistance (automatic setup depending 

on number of electrolyzers). 

Just like in the Distr ibution 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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D C output voltage from the 3-phase rectifier is calculated as follows: 

Peak phase to neutral voltage is: 

VL-N(PEAK) = ' ̂  (6-2) 

where. 

VL-N(PEAK) Peak line to neutral voltage [V] 

VL-L Peak line-to-line voltage [V] 

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

3 • \ /3 
VDC = VL-N(PEAK) • = VL-N{PEAK) • 1-654 (6.3) 

where. 

VDC D C output voltage [V] 

D C output current from the 3-phase rectifier wi l l consequently be: 

IDC = (6.4) 

where. 

IDC D C output current [A] 

R Total load resistance [Q] 

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 D C 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. Bu t 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 H 2 : C 0 2 = 4 (see section. 4.2). 

C 0 2 + 4 H 2 ^ ^ > C H 4 + 2 H 2 0 (6.5) 
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A s seen in the fig. 6-7, the input into the reaction is the hydrogen feed. Hydrogen, being 

the l imit ing reactant, sets the feed of CO2 into the reaction. 

VH2 • PH2 = mH2 

m H 2 • 1000 
M , nH2 

H 2 

where. 

VH 2 Volume of H 2 feed [m3] 

n-ft2 Number of moles of H 2 [mol] 

m n 2 Mass [kg] 

Pn2 Density [kg/m 3 ] , the value of pn2 is 0.08375 k g / m 3 

M H 2 Molar mass of H 2 [g/mol], the value of M H 2 is 2.016 g /mol 

(6.6) 

(6.7) 

Volume CH4 

Fig. 6-7: Methanation model 

To find the volume of C 0 2 needed, the number of moles is calculated using the molar fraction 

H 2 / C 0 2 = 4. 

(6.8) 

(6.9) 

1 
N H 2 • ^ — ^ C 0 2 

nco2 

MCQ2 

1000 
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m c ° 2 T/ (R m \ 

pco 2 

where 

nco 2 Number of moles of CO2 [mol] 

Vco 2 Volume of C 0 2 feed [m3] 

m c o 2 Mass [kg] 

pco 2 Density [kg/m 3 ] , the value of pco 2 is 1-98 k g / m 3 

M C o 2 Molar mass of C 0 2 [g/mol], the value of M c c , 2 is 44.01 g /mol 

Similarly, the number of moles of CH4 is produced is calculated. 

1 

« H 2 - ^ = n C H 4 (6.11) 

where, 

ncH 4 Number of moles of C H 4 [mol] 

6.3.2 V a n 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. 

( an2 \ 
p+ — \(V-nb)=nRT (6.12) 

an2 

According to [44], to calculate V from van der Waals equation, the V in —— can be approx-
V2 

nRT 
imated as . 

V 

Then V is calculated as: 

V= 2+nb (6.13) 
pR2T2 + ap2 

where, 

R Ideal gas constant, the value of R is 0.0821 atm • L • m o l - 1 • K _ 1 

a, b Constants, in the case of C H 4 a = 2.2678 atm • L 2 / m o l 2 and b = 0.04301 L / m o l 

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. 

(knit 

p n s n Tpmpp. 

J 

k=3 

Tempd... 

van_d£, 

k=0.04.. 

T=2 
J 

F r s s s u r 

k=30 

mutiProduct 

add 

mutiProductl van dp 

productZ 

k=2.2678 

1 ^ 

3 ^ 

p r o d u c t addl 

6-8: Van der Waals equation model 

Volume 

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 3 to N m 3 because methanation takes place under tempera

tures and pressures different from S T P 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) . 

vi-n =y*jto ( 6 1 4 ) 

T\ T2 

V i • 3.04 • 10 6 V2 • 1.01325 • 10 
673.15 273.15 

(6.15) 

Vi • 3-04 • 10 6 273.15  
2 673.15 ' 1.01325 • 10 5 [ ' ' 



6 Modelling 48 

where. 

vl Volume [m3] 

v2 
Volume [Nm 3] 

Pi Pressure [Pa] 

P-2 Pressure [Pa] 

Temperature [K] 

T2 Temperature [K] 

According to [45], the heat of combustion of methane at S T P is 38819 k J / N m 3 . Then the 

energy equivalent would be: 

E = C H 4 (6.17) 
3600 v ; 

where, 

E Energy [kWh] 

VCH4 Volume of methane produced [Nm 3] 

H Heat of combustion of methane [kJ /Nm 3 ] 

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. 



6 Modelling 49 

6.4 Simulation 

For purposes of analysis and to test the functionality of the model, a simulation was carried 

out. A s 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 wi th the following parameters (fig. 6-9): 

P h o t o v o l t a i c p o w e r p l a n t 

n S IS 
n P 2 

D C / A C C o n v e r t e r 

V R e f |4"11 
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V Z p r i m 

5 n 

v _ s c 

P _ s c 

4 0 0 / s q r t ( 3 ) 

: j-

E l e c t r o l y z e r 

N u m b e r o f s e r i e s c o n n e c t e d p a n e l s 

N u m b e r o f p a r a l l e l c o n n e c t e d p a n e l s 

V R e f e r e n c e l ine t o l i ne v o l t a g e 

H z F r e q u e n c y 
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N u m b e r O f E l e c t r o l y z e r s | 3 5 

N u m b e r O f E l e c t r o d e s 2 
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N u m b e r o f E l e c t r o d e s 

Fig. 6-9: Simulation parameters 

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

1. Power from P V power plant: 

A t M P P , the power from the P V 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 = n s e r i e s • 24 = 30 • 24 = 720 V (6.18) 

where, 

^series Number of series connected panels. 

/ = n p a r a l M • 7.71 = 2 • 7.71 = 15.42 A (6.19) 

where, 

nParaiiei Number of parallel connected panels. 

P = V • I = 720 • 15.42 = 11102.4 W (6.20) 
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time rsl 

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 A E C is around 2 V (see tab. 2-2). The needed D C 

voltage to power the 35 electrolyzers is: 

VDC — 2 • nelectrolyzers = 2 • 35 = 70 V 

where. 

n-electrolyzers Number of series connected electrolyzers 

According to sec. 6.1.4: 

Then. 

Consequently. 

VDc = VL-N{PEAK) -1.654 

V L . N ( P E A K ) = 7 ^ = 7 ^ = 42-32 V 

VL-L(PEAK) = VL-N(PEAK) • V 3 = 42.32 • \/3 = 73.3 V 

(6.21) 

(6.22) 

(6.23) 

(6.24) 
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The D C current has the following graph: 
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6-11: DC current 

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

3. Electrolysis: 

The following graph shows the produced volume of H 2 that consequently is fed into the 

methantion reactor for further reaction wi th C 0 2 (fig. 6-12). 

time Tsl 

Fig. 6-12: Hydrogen production 
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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). F ig . 6-13 shows the production of methane. 
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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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Fig. 6-14-' Methane accumulation 

5. Efficiency 

The efficiency of the system is calculated wi th 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 P V power plant was 5.7 kWh. A s for the output energy, it is 

calculated according to eq. 6.17. Bu t first the volume of methane produced is converted 

from m 3 to Nm3. Using eq. 6.16: 

0.0029 • 3.04 • 10 6 273.15 o . 
Vca. = =• = 0.035 N m 3 6.25 

4 673.15 1.01325 • 10 5 V ; 

„ V b u - A i J 0.035-38819 

E = ^ 3 0 0 - = 3600 = ° ' 3 8 W h ( 6 ' 2 6 )  

J ) = | S i = P_38 = 6 6 2 % 

Ejpy 0.1 
Since the system is operating with a photovoltaic power plant, it 's possible to calculate one 

more efficiency wi th 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 k W h did the P V power plant 

receive and therefore have a more precise efficiency of the system as a whole. 

The used panels in the P V power plant sub-model (see. tab. 6-1) have 48 cells, each has 

surface area 156 x 156 mm. W i t h the simulation parameters mentioned above (see fig. 6-9). 

Surface of one panel: 

Apanei = n c e l l s • AcM = 48 • (156 • 1 0 " 3 ) 2 = 1.17m 2 (6.28) 

where. 

Apanei Surface area of a panel [m ] 

nceiis Number of cells in a panel 

Aceii Surface of one cell [ m l 

Total surface of connected solar panels: 

Atot = npaneis • Apanei = 60 • 1.17 = 70.2 m 2 (6.29) 

where, 

Atot Total surface area [m2] 

nPaneis Number of panels in power plant 

Over the course of a day, the panels receive a total of 0.408 k W h / m 2 . 

Then the total input energy is: 

Esoiar • Atot = 0.408 • 70.2 = 28.64 k W h (6.30) 

where, 

ESoiar Solar energy from sunlight [kWh] 
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The output energy from the P V power plant in Pa th 1 is 5.7 k W h . 

To verify the panel efficiency in tab. 6-1: 

E 
^Ipanel 

This is in the expected range. 

PV 

irradiance 

E, 
q 

C H 4 

5.7 
28.64 

0.38 

19.9% 

1.32% 

(6.31) 

(6.32) 
Eirradiance 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 P V panels leading to high power loss. 

Path 2: The step-down transformer is fed from the 22 k V M V network. Now the input 

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

1. Power from 22 kV M V network: 

The extracted power from the 22 k V M V network is init ial ly fed from the P V power plant. 

The difference in this path is that the power is now continuously extracted from the M V 

network without any alteration or dependence on solar irradiance. F ig . 6-15 shows the 

active power extracted from the M V network. 

time [5] 

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

2. Rectification: 

The D C current feeding the electrolyzers is presented in fig. 6-16. The A C voltage to 

power the rectifier and consequently output the needed voltage for the electrolyzers is the 

same as in Pa th 1. But since the power in this case is continuously extracted without any 

modifications, the D C current from the rectifier is constant. 
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0 .4 0 .6 

time [s] 

Fig. 6-16: DC current 

3. Electrolysis: 

A s mentioned above, the current feeding the electrolyzers is in this case constant, this 

means the production of hydrogen wi l l linearly increase wi th time. This is shown in 

fig. 6-17. 

0 .8 

- 0 . 2 -I . , . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 

0 0 . 2 0 . 4 0 . 6 O . S 1 

time [s] 

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. F ig . 6-18 shows the production of methane. 

0.02 

0.015 

0 

• kllliflfil' nil i i f i i lilii l i l i i i f i i lilii 
i l l ! l i l i l u t l p l H M " ^ 

ifrvllllil.il iillilP|mi"1 

„^iii™*  
flippy" 

1 0 2 0.4 0 6 0.8 
time [s] 

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 M V network over the course of 

a day. Output energy is calculated from the produced methane. 

http://ifrvllllil.il


6 Modelling 57 

The input energy was 11.05 k W h . The output energy is calculated according to eq. 6.17. 

0.0068 • 3.04 • 10 6 273.15 n n o o A T 3 ,„ n n . 
V ™ ' = 67335 1.01325. W = ° - ° 8 3 N m ( M 3 ) 

= VCH,-AH = 0.083.38819 

3600 3600 v ; 

ECH4 0.895 

^network 11.05 
1.1% (6.35) 

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. F i g 6-20 

presents the overall batteries model. 

da a l 

Irrac iance PV Power plan t Distrib jtion ßeetifica+ion Batteries 

M 

w 

o m 
M 

w LiJ 
Y t 

1 

F ^ . Batteries model 

Fig . 6-21 presents the batteries model, it includes the battery stack wi th an option to set the 

number of series batteries and parallel batteries. It also includes battery parameters like charge 

capacity, capacitance, resistance, and S O C O C V 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 P 2 G , the output D C 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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g r o u n d 

i n t e g r á l y 

Fig. 6-21: Batteries model 

The following are the simulation parameters (fig. 6-22): 
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Fig. 6-22: Simulation parameters 
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Again, two paths are examined: 
Path 1: 
D C output current from rectifier is shown in fig. 6-23: 

time [s] 

Fig. 6-23: DC current 

The batteries are not fully charged due to the variable current. State of charge is shown in 
fig. 6-24: 

time [s] 

Fig. 6-24: State of charge (SOC) 
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The energy stored in the batteries is present in fig. 6-25: 

5 0 0 0 

4 0 0 0 

3 0 0 0 

> , 2 0 0 0 

a 
m. 

time [s] 

Fig. 6-25: Energy 

The efficiency of the system is calculated wi th the input and output energy. The input 
energy is that of the P V power plant Epy = 5.7 k W h 

-^batteries 3.68 M 1] = = = 64.56 % 
E P V 5.7 - ( M 6 ) 

Again, taking into account the efficiency of the panels, we calculate a more precise efficiency 

of the system whole. 

Using eq. 6.32: 

-^batteries 3.68 , „ n r f w 

T] = — = = 12.85 % 
Eirradiance 28.64 

Path 2: 
D C output current from rectifier is shown in fig. 6-26. 

(6.37) 

t i m e [s ] 

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: 

time [s] 

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

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

Fig. 6-28: Energy 

The efficiency of the system is calculated wi th the input and output energy. The input 
energy is that of the 22 k V M V network. EPV = 11.05 k W h 

T] 
E batteries 

E, network 

9.92 

11.05 
39.8% (6.3* 
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7 Conclusion 
The energy sector has long shifted its focus to renewable energy sources. A n d wi th a con

tinuously increasing energy demand, more ways of improving the implementation of renewable 

sources are emerging. P 2 G deals wi th 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 P 2 G , H 2 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. A E C and P E M E C are already widely used in commercial projects, 

while S O E C is still being tested and improved in laboratories. Chapter 3 explains the next 

step, which deals wi th CO2 sources and its feed into the reaction. 

The production of S N G 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, H 2 : C 0 2 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 D C to A C , distribution and rectifica

tion to output D C current and feed the electrolyzers, and finally electrolysis and methanation. 

The methanation reaction is solved wi th 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 wi th two paths taken. Firstly, the power gained from the P V power 

plant is directly converted to feed the electrolyzers. Secondly, the power gained from the P V 

power plant is fed to the 22 k V M V 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 wi th Pa th 1 had an efficiency of 6.62 % while Pa th 

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%. 

A l l the calculated efficiencies are in the theoretically expected range. Whi le 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 P 2 G , 64.56 % and 89.8 % for Pa th 1 and 2 respectively. A s 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 P 2 G , it 

is stil l possible to improve the efficiency by uti l izing waste heat in electrolysis and methanation. 

P 2 G certainly has a bright future wi th a lot of room for development. A long with other 

technologies, P 2 G helps maintain a more stable power generation ready for higher demands. 
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