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The purpose of this study is to investigate the construction of a possible Power to Gas (PtG) 

plant adjacent to an existing waste-to-energy plant. The research primarily focuses on the 

production of hydrogen, including construction and profitability issues, as well as the 

processes involved in producing methane using the required hydrogen and CO2 streams. 

A comprehensive energy and mass balance simulation has been conducted to support the 

study, enabling a comparison of alternatives to produce hydrogen, methane, and carbon 

dioxide from a process engineering standpoint. Additionally, various benefits and drawbacks 

of electrolysis equipment have been investigated and compared, considering different areas 

of profitability. 

The study first compares energy and mass balances, and then uses a literature review to 

obtain further information to support the comparison. By comparing mainly three types of 

electrolysis equipment, a suitable system is selected from a process engineering perspective, 

as well as economically. It is assumed that the most efficient or technically suitable 

equipment may not necessarily be the cheapest or best option. 

The conclusions of the study suggest that constructing a PtG plant on a small scale to be 

profitable is still challenging, although the goal is to increase the use of hydrogen at the EU 

and Finnish levels. With the help of current and new regulations, as well as technological 

development, the construction of the plant will become more profitable in the future. Based 

on this study, the best combination for a small-scale PtG plant in Finland is to use PEM 

electrolysis, biological methanation, and monoethanolamine CO2 capture from the flue gas. 

The simulation model built to support the study is a functional and versatile tool for the 

initial design of a PtG plant.  
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Tämän työn tarkoitus on tutkia mahdollisen Power to Gas (PtG) laitoksen rakentamista 

olemassa olevan jätevoimalaitoksen yhteyteen. Tutkimus pureutuu pääosin vedyn 

tuotantoon liittyviin prosessiteknisiin- ja kannattavuusongelmiin, sekä osaltaan metaanin 

valmistusta varten tarvittavien vety ja hiilidioksidi virtojen prosesseihin. 

Tutkimuksen tueksi on tehty kokonaisvaltainen energia- ja ainetasesimulointi, jonka avulla 

on pystytty vertailemaan vaihtoehtoja vedyn, metaanin ja hiilidioksidin tuotannolle 

prosessiteknisesti. Tämän lisäksi on tutkittu ja vertailtu elektrolyysilaitteiden erilaisia 

hyötyjä ja haittoja ottaen huomioon kannattavuuden eri osa-alueet. 

Tutkimus on toteutettu ensin kirjallisuuskatsauksen perusteella löytyvän päivitetyn tiedon 

laatimiseen tutkimuksen pohjalle ja vertailun tueksi. Tämän jälkeen on tehty energia- ja 

massataseiden vertailua. Kolmenlaisia elektrolyysilaitteita vertailemalla päädytään 

valitsemaan sopiva laitteisto prosessiteknisesti, sekä erikseen myös taloudellisesti. 

Oletuksena on, että parhaimman hyötysuhteen tai teknisesti parhaiten soveltuva laitteisto ei 

välttämättä ole halvin tai paras vaihtoehto. 

Tutkimuksen päätelmistä voi todeta, että PtG laitoksen rakentaminen pienessä mittakaavassa 

kannattavaksi on edelleen hankalaa, vaikka tavoite on saada vedyn käyttö kasvamaan EU 

sekä Suomen tasolla. Nykyisten ja uusien säädöksien, sekä teknologisen kehityksen avulla 

tulevaisuudessa laitoksen rakentamisesta tulee kannattavampaa. Pienen mittakaavaan PtG 

laitos Suomessa on tämän tutkimuksen nojalla paras yhdistää PEM elektrolyysiin, 

biologiseen metanointiin, sekä monoetanolamiini hiilidioksidin kaappaukseen 

savukaasuista. Tutkimuksen tueksi rakennettu simulaatio malli on toimiva ja monipuolinen 

apu PtG laitoksen alkuvaiheen suunnitteluun.  
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ṅ flow rate [mol/s] 

n Mole 

P Power [kW, MW] 

p Pressure [bar] 

r discount rate [%] 

S Entropy [J/molK] 

T Temperature [⁰C] 

t Time 

η Efficiency 

ηF Faraday effiency 

Abbreviations 

AC Alternating current 

AEL Alkaline Electrolysis  

AEM Anion Exchange Membrane 

BHM Biological hydrogen methanation 

BOP Balance of Plant 

CAPEX Captial Expenditure 

CC Carbon capture 

CCS Carbon capture and storage 

CCU Carbon capture and utilization 

CCUS Carbon capture utilization and 

capture 

CHP Combined Heat and Power 

CSTR Continuously Stirred Tank 

Reactor 

DAC Direct air capture 

DC Direct current 

GHSV Gas Hourly Space Velocity 

HHV Higher Heating Value 

LCOCH4 Levelized cost of Methane 

 

 

LCOE Levelized cost of energy 

LCOH2 Levelized cost of Hydrogen 

LHV Lower Heating Value 

LNG Liquefied natural gas 

MEA Monoethanolamine 

MW Mega watt 

NPV Net present value 

OEM Original Equipment Manufacturer 

OPEX Operational expenditure 

PEM Proton Exchange Membrane 

PtG Power to Gas 

PtX Power to X 

RED Renewable energy directive 

RES Renewable Energy System 

SNG Synthetic Natural Gas 

SOEC Solid Oxide Electrolysis Cell 

STP standard temperature and 

pressure 

Wh Watt hour 

WtE Waste to energy 

  



2 

 

 

Table of contents 

Tiivistelmä 

Abstract 

Symbols and abbreviations 

 

1 Introduction .................................................................................................................... 4 

1.1 Research objective, limitations, and methods ......................................................... 5 

2 Electrolyser Technology ................................................................................................. 7 

2.1 Alkaline Water Electrolysis .................................................................................... 9 

2.2 Proton Exchange Membrane Electrolysis ............................................................. 12 

2.3 Solid Oxide Electrolysis ........................................................................................ 15 

2.4 Fundamentals of water electrolysis ....................................................................... 18 

2.4.1 Heat integration in electrolysis ...................................................................... 22 

2.4.2 Pressure Demand in electrolysis .................................................................... 24 

2.4.3 Electrochemistry ............................................................................................ 26 

2.4.4 Energy demand and efficiency of electrolysis ............................................... 28 

2.4.5 Concentration efficiency of water electrolysis .............................................. 30 

2.4.6 Degradation and lifetime of electrolysers ...................................................... 31 

2.4.7 Electrolyser materials .................................................................................... 32 

2.5 Electrolyser comparison ........................................................................................ 33 

3 Methane synthesis ........................................................................................................ 38 

3.1 Biological methane synthesis ................................................................................ 39 

3.2 Chemical methane synthesis ................................................................................. 43 

3.3 Comparison of biological and chemical methane synthesis ................................. 46 

4 Carbon capture.............................................................................................................. 49 

4.1 Carbon capture technologies ................................................................................. 50 

4.1.1 CO2 absorption technology ............................................................................ 53 

4.1.2 Oxyfuel combustion carbon capture .............................................................. 55 

4.2 Carbon capture conclusion .................................................................................... 56 

5 Power-to-Gas case study .............................................................................................. 59 

5.1 PtG process fundamentals ..................................................................................... 60 



3 

 

 

5.1.1 PtG mass balance ........................................................................................... 63 

5.1.2 PtG Energy balance ....................................................................................... 67 

5.2 PtG simulation and comparison ............................................................................ 69 

5.2.1 Scenario – Electrolysis at full capacity .......................................................... 69 

5.2.2 Scenario – Dynamic operation ....................................................................... 73 

5.2.3 PtG with turboexpander ................................................................................. 75 

5.3 Regulative aspects for PtG construction ............................................................... 76 

5.4 Sensitivity analysis ................................................................................................ 78 

6 PtG system cost structure ............................................................................................. 80 

6.1 Electricity .............................................................................................................. 80 

6.2 Auxiliary and AC/DC conversion ......................................................................... 81 

6.3 Electrolysers .......................................................................................................... 81 

6.4 Methanation ........................................................................................................... 83 

6.5 Carbon capture ...................................................................................................... 84 

6.6 Construction of PtG plant...................................................................................... 85 

6.7 Complete system cost analysis .............................................................................. 86 

7 Discussion..................................................................................................................... 90 

7.1 Feasibility .............................................................................................................. 90 

7.2 Future work suggestions ....................................................................................... 93 

8 Conclusion .................................................................................................................... 94 

References ............................................................................................................................ 96 

 

 

Appendices 

Appendix 1. Picture of the excel model of PtG plant 

 

  



4 

 

 

1  Introduction 

In recent years, there has been growing interest in developing sustainable energy systems to 

address the global energy and climate challenges. One promising solution for storing excess 

renewable energy is the Power-to-X (PtX or P2X) concept, as depicted in Figure 1. This 

concept entails converting renewable energy into hydrogen or other synthetic fuels by 

utilizing available sources of CO2 and water. By doing so, the aim is to decrease the overall 

CO2 emissions associated with energy production. These fuels can be used as feedstocks in 

various applications, including the chemical industry and transportation. In this research the 

X in the concept is considered as methane or synthetic natural gas (SNG). On a national, as 

well as at the EU level, there have been many hydrogen strategies to ensure fast development 

in the field. For instance, EU hydrogen strategy and Energy system integration in 2020, have 

both implemented actions regarding support to investment decisions. Both have also 

implemented support for production and demand, creating a hydrogen market and 

infrastructure together with research and international cooperation (European Commission 

2023). 

 

Figure 1. PtX concept starts with renewable energy that is transferred into hydrogen and 

other fuels such as methane. 
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The development and implementation of PtX technology faces numerous challenges, 

including the energy efficiency and cost of the electrolysis process, the current amount of 

available renewable energy sources, and regulatory and policy frameworks that are falling 

behind the development. Previous studies have highlighted the potential of PtX technology 

to play a vital role in decarbonizing the energy sector by converting excess renewable 

electricity into hydrogen or fuels, but also the need for carbon capture technologies to reduce 

greenhouse gas emissions. However, there is a lack of comprehensive studies that compare 

different types of electrolysers and carbon capture technologies and analyze their impacts on 

the PtG process's efficiency and cost. The aim of this thesis is to provide a holistic overview 

of the various electrolyser technologies and carbon capture techniques, as well as methods 

for methane synthesis. Additionally, the thesis will analyze the efficiency and feasibility of 

PtG systems through a case study that considers different scenarios when retrofitting a PtG 

plant within an existing combined heat and power (CHP) plant. Furthermore, the thesis will 

examine the cost structure and general construction frameworks for the PtG technology. The 

findings of this thesis can be valuable for policymakers, industry stakeholders, and 

researchers working towards a sustainable energy future. 

1.1  Research objective, limitations, and methods 

The objective of this study is to find out best available technology (BAT) for a small-scale 

synthetic methane production. BAT is a term used in environmental policy and regulation to 

refer to the most effective and advanced technology that is currently available for a particular 

industrial process or activity. The term is also used in the EU's Integrated Pollution 

Prevention and Control (IPPC) Directive, which requires that certain industrial activities use 

the best available techniques to minimize their environmental impact.  

The need for this research was introduced by Finnish waste-to-energy (WtE) company that 

is in the project phase of investment regarding PtG installation in the premises of fairly new 

WtE plant. All estimates for the simulation and calculations were based on an average-sized 

power plant that provides electricity and heat to nearby residents. This means that the 

electrolysis would be at a one MW scale with the possibility of future production growth. 

As the project is in its early stages, there are not many initial limiting factors that have been 

identified. 
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Questions that the research is aiming to answer are: 

1. What are the different main components that should be installed in the PtG plant? 

2. What limiting factors are found for the PtG plant?  

3. What is the feasibility of the PtG system? 

First the technology and literature review were done from latest available sources as well as 

asking quotation from one of the largest electrolyser manufacturers in Europe. Literature 

review gave support and answers for the first two questions. For the third question, excel 

simulation model with three different options was made to support this thesis and for the 

customer to evaluate different scenarios. After the current situation of BAT’s was analyzed 

and case was selected, the study with cost estimations was conducted. 

This research will be focusing in technoeconomic research and does not consider different 

regulative mechanisms such as renewable energy directive (RED) or the amendment. It is 

still necessary to understand in the final decision making that different regulative aspect can 

help or weaken the feasibility of a PtG integration to a WtE plant. 
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2  Electrolyser Technology 

This chapter will first introduce current electrolyser technologies. Then fundamentals of 

electrolysis are covered to understand basis for the PtG simulation. In the end of chapter 

three of the main electrolysers will be compared. 

The main principles remain same with all types of water electrolysers. Water electrolysis 

uses direct current (DC) to split the water molecule into hydrogen and oxygen. The 

production is proportional to the amount of current directed into the electrodes (Buttler 

2018). 

H2O + Heat + Electricity →  H2 + 
1

2
O2 

 

Figure 2. water electrolysis principle (Rashid M. 2015) 

In other words, electrolyser is a device that converts electric and thermal energy into 

chemical energy stored in a fuel. Electrolysis fuel cell technology is not a new discovery. 

The first electrolyser was tested in the 1800s, which means the concept of splitting water 

into hydrogen and oxygen has been in use for centuries. Charles Renard created a water 

electrolysis mechanism in 1890 for generating hydrogen in French military airships. Within 

a decade, over 400 industrial alkaline water electrolysers were in use globally. In the 20th 

century, diverse forms of commercial alkaline water electrolysers were invented to generate 

hydrogen for manufacturing ammonia fertilizers with the help of low-priced 

hydroelectricity. Nevertheless, as the century advanced, the cost-effective steam reforming 
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of methane became more prevalent for hydrogen production, and in the end of the century, 

water electrolysis was mostly replaced by this process. (Smolinka 2022) 

It took almost two hundred years to fully recognize the potential of hydrogen as a chemical. 

Nowadays there are several potential options for hydrogen production. All the different 

electrolyser technologies that are commercially available within the next 5 years can be 

roughly divided in two main groups, low and high temperature electrolysers. Low 

temperature (below boiling point of water) electrolysers are currently the most common and 

already commercially available.   

Alkaline Water Electrolysis (AEL) or Liquid alkaline electrolysers are the most common 

and operate in low temperatures. There are AEL technology that can operate in ambient 

pressure as well as in high pressures. 

Membrane electrolysers are also part of the low temperature group. These can be roughly 

divided in Proton Exchange Membrane (PEM) electrolysers and Anion Exchange Membrane 

(AEM) electrolysers. These electrolysers can operate in very high pressures up to 100bar. 

The main difference between anion and proton exchange electrolysers is the type of ion 

exchange membrane they use, and the resulting purity of the hydrogen produced. However, 

AEM electrolyser technology is not covered in detail due to its early development stage. 

(Vincent I. 2018) 

Third group which is in a quite early development stage is the high-temperature electrolysis 

(HTEL). These can be also called Solid Oxide electrolysers (SOEC) and the operating 

temperatures can go up to 1000°C. These three technologies will be introduced in detail at 

the next chapters. 

It is necessary to mention that there are many other technologies for water electrolysis in the 

development stage that are not considered in this thesis. For instance, photoelectrocatalytic 

approaches for water splitting and membraneless electrolysers are in the laboratory phase. 

Tampere university has been developing Photovoltaic Applications of Porous Atomic Layer 

Deposited Metal Oxides (ALD atomic layer deposition), which means splitting water with 

direct power of the Sun and nanostructured catalyst coating (Hiltunen A. 2020). Thus, it is 

fair to say that there might be multiple more options for water electrolysis equipment to 

choose from in the next decade. (Yao T. 2018 & Swiegers G. 2022) 
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2.1  Alkaline Water Electrolysis 

A vast array of commercial AEL systems currently exist, and it is likely that they will 

become even more varied due to future advancements. The choice between different 

development paths involves numerous trade-offs, which introduces a significant level of 

uncertainty in predicting outcomes up until 2030. However, in this study, the emphasis is 

placed on advanced atmospheric systems within the alkaline electrolysers. This preference 

is based on several factors, such as the maturity of the underlying technology, the presence 

of established plants, experience with large-scale multi-MW applications, and the existence 

of supply chains ready to facilitate production expansion. (Holst et. al 2021) 

The AEL technology has achieved maturity and is widely used across the globe with 

hundreds of systems in operation. These systems are highly robust and safe, and can operate 

for up to 15 years, as confirmed by multiple sources. Therefore, AEL technology represents 

the majority of water electrolysis technology worldwide. The system sizes vary from a few 

kilowatts to megawatt scale, with hydrogen production rates of up to 1400 Nm3/h. Industrial-

scale commercial AEL plants have operated at capacities of up to 160 MW and 33,000 

Nm3/h. (Nils 2020) 

Alkaline water electrolysis has two electrodes immersed in a liquid alkaline electrolyte that 

is usually potassium hydroxide (KOH) but some other solutions are used as well such as 

sodium hydroxide (NaOH). Electrolytes are used to increase ionic conductivity of water 

which then helps with resistance of the electrolysis reaction. Between the immersed 

electrodes is a diaphragm that filters hydroxide ions through to the anode side. Zirfon is 

typically used as the separator with around 500µm thickness. The electrolysis cell is usually 

in stainless steel compartment and in general AEL do not require precious metals because 

even the electrodes use only nickel and cobalt. New AEL technology uses current density of 

approximately 0.5-1.2 A/cm2 and can operate in the range of 60 – 80% efficiency. (Koponen 

2021) 
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Figure 3. AEL electrolysis stack working principle (Koponen 2021) 

Splitting water occurs in two phases at anode and cathode as shown in Figure 2. Hydroxide 

ion goes through the membrane leaving hydrogen to the cathode and gives two electrodes at 

the anode to produce oxygen. Same reaction explained with chemical reaction as follows 

Cathode  2H2O(𝑙) + 2e− → H2(𝑔) + 2OH−(𝑎𝑞.)  

Anode  2OH−(𝑎𝑞. ) →
1

2
O2(𝑔) + H2O + 2e− 

Total H2O → H2 +
1

2
O2  

Typical AEL electrolysis stack operation principle is roughly just multiple anode and 

cathode stacks in a row as illustrated in Figure 4.  

 

Figure 4. AEL electrolyser typical stack design (Holst et. al 2021) 
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The operational principle of AEL electrolysis can be described as relatively straightforward. 

At the cathode, hydrogen ions (H+) utilize the electrons supplied by the DC power source to 

generate hydrogen gas. In order to maintain Kirchhoff's current law, the remaining hydroxide 

ions must traverse through the electrolyte to reach the anode, where they relinquish electrons 

and return to the positive terminal of the power supply, thus completing the circuit. 

Positioned between the two electrodes is a diaphragm membrane. These diaphragms are 

typically composed of materials such as ceramic oxides like asbestos and potassium titanate, 

or polymers like polypropylene and polyphenylene sulfide (Vincent, Bessarov, 2018). The 

membrane serves two main purposes. Firstly, it prevents the electrodes from making contact 

and causing a short circuit. Secondly, it selectively permits the passage of hydroxide ions 

while preventing the recombination of oxygen and hydrogen. As the hydroxide ions 

relinquish electrons, they undergo oxidation to form oxygen gas and water. (Max F. P. 2021) 

The electrolyte is not consumed in the electrolysis, but it is circulated together with water. 

Concentration of KOH is around 20 – 40wt% (Ursula A. 2012). Unipolar electrolysers have 

electrodes connected in parallel with a single bus bar, connecting all the anodes and another 

bar connecting all the cathodes. The bipolar alkaline electrolyser cells are connected in series 

so that hydrogen is produced on one side of each cell and oxygen on the other. (Nils T. 2020) 

AEL systems can be categorized as either high- or low-pressure equipment. Low pressure or 

atmospheric systems can achieve high current densities without requiring high temperatures, 

whereas pressurized systems need higher temperatures to compensate for the increase in 

reversible cell voltage caused by the pressure increase in the cells. The use of high-

temperature stacks in pressurized systems can affect the separators, necessitating the 

development of temperature-resistant separator materials. (Holst et. al 2021) 

The investment costs for a pressurized alkaline system can be up to 20 – 30% higher than 

for an ambient system, depending on its size. Also, from an operational perspective, these 

systems require more expensive maintenance because they need to comply with pressure 

equipment directives. Moreover, as the size of the system increases, the efficiency of the 

compressor also increases, resulting in lower costs for producing hydrogen in larger systems. 

Therefore, increasing the pressure limit may not be the most cost-effective solution for large-

scale plants with multi-MW capacity. (Holst et. al 2021) 
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Table 1. Summary of pros and cons of AEL electrolyser 

Advantage Disadvantage 

- Does not depend upon a noble metal catalyst  

- Hydrogen production and handling are easy 

due to the relatively low temperatures 

- Mature, robust, and therefore proven 

technology 

- Multi MW stack enable system with large 

capabilities already today 

- potential to use earth abundant and 

inexpensive materials. Without precious 

catalyst. 

- Low capital cost 

- Long lifetime 

- High stability 

- High material effort on system level by using 

highly alkaline liquid as electrolyte 

- Low power densities and large equipment size 

- Slow cold start-up time 

- Gas permeation 

- High maintenance cost (corrosion) 

 

2.2  Proton Exchange Membrane Electrolysis 

Polymer Electrolyte Membrane (PEM) electrolysis, also known as Proton Exchange 

Membrane or Solid Polymer Electrolysis (SPE), was first introduced by General Electric in 

the 1960s (Buttler 2018). PEM water electrolysis technology possesses several distinctive 

characteristics compared to AEL. It offers a wider control range, allowing for better 

adjustment to changes in input power. Additionally, it exhibits a faster response time, higher 

stack power density, and more efficient operation. When utilizing conventional Nafion 

membranes, PEM electrolyzers typically operate below 80°C. However, higher temperatures 

have the potential to enhance energy efficiency based on the thermodynamic state functions 

of the electrolytic cell's open circuit voltage. Another advantage of PEM electrolyzers is their 

compact stack design and high power density, as they do not require a liquid electrolyte. 

Consequently, they are capable of quick cold starts due to a smaller mass that needs to be 

heated to the operating temperature, in comparison to alkaline technology. (Koponen J. 

2020) 

PEM electrolysers main idea is that they use a solid polymer electrolyte membrane that 

allows hydrogen ions (protons) to pass through, but not electrons. This results in the 

production of hydrogen gas. This phenomenon is illustrated in figure 4. 
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Figure 5. PEM electrolysis stack working principle (Koponen J. 2020) 

PEM electolyser working principle is different from AEL because the water is supplied 

only to the anode side and the chemical reaction is as follows 

Cathode  2H+(𝑔) + 2e− → H2(𝑔) 

Anode  H2O(𝑎𝑞. ) → 2H+ +
1

2
O2(𝑔) + 2e− 

Total  H2O → H2 +
1

2
O2 

PEM electrolysis employs noble metal catalysts, typically using Iridium (IrO2) at the anode 

and platinum (Pt black) at the cathode. The electrodes are directly attached to the membrane, 

creating the membrane electrode assembly. This "zero-gap" design allows for higher 

operating currents than in alkaline electrolysers (Max F. P. 2021). Rather than using a liquid 

electrolyte, PEM electrolysis employs an acidic and corrosive membrane made of a solid 

electrolyte (such as Nafion from DuPont) located between porous electrodes. This 

membrane conducts H+ ions from the anode to the cathode, while also separating the 

hydrogen and oxygen produced during the reaction. (Buttler 2014) In the figure 6. is 

illustrated the cell design of a typical PEM electrolyser.  



14 

 

 

 

Figure 6. Typical stack design of a PEM electrolyser (Holst et. al 2021) 

Because PEM electrolyser requires the use of an electrode that is embedded with an exotic 

metal such as platinum and iridium as a catalyst, the cost of a PEM electrolyser is on average 

eight times more expensive than an alkaline water electrolyser. (Max F. P.2021) 

What assessing the compactness of electrolysers for instance, the physical size of a 3MW 

PEM water electrolyser is approximately 0.56m3 whereas an AEL stack with the same power 

has a physical size 28.3m3. Thus, the power density is one major difference between PEM 

and AEL since with these two examples it is 0.10MW/m3 against 5.36MW/m3, thus the 

overall material use is also lower for PEM (Koponen 2020).  

Due to the materials used in PEM electrolyser it allows high pressures to be used. There are 

positive and negative effects from the pressure increase but the main concerns is the 

increasing electricity consumption together with higher pressure. In doctoral research by 

Koponen it was found out that increasing the hydrogen outlet pressure from 20bar to 40bar 

did not result in a notable increase in electrical energy consumption in the PEM stack. 

However, at higher hydrogen outlet pressures, the specific energy consumption of the PEM 

electrolyser increased, compromising the effective production and supply of hydrogen to the 

gas storage. Within the range of 20bar to 40bar, the Faraday efficiency decreased, while the 

electrical energy requirement remained practically constant as a function of hydrogen outlet 

pressure. When compared to operation at 20bar hydrogen outlet pressure, the specific energy 

consumption was a maximum of 0.2 kWh/Nm3 higher at 40bar hydrogen outlet pressure. To 

maximize real hydrogen production in a PEM water electrolysis system without separate 
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post-electrolysis compression, it is therefore necessary to control the stack hydrogen outlet 

pressure as close to the storage pressure as possible. 

Pressure range of 1 – 130 bar also provides the option of directly storing hydrogen in 

pressurized vessels. 

Table 2. Summary of advantages and disadvantages of PEM electrolysis 

Advantage Disadvantage 

-Rapid system response 

-High power density 

-Compact cell design 

-Dynamic operation 

-Very high-power densities 

- Compact designs and small footprint 

- Fast cold start-up time, fast load changing 

capabilities, high dynamic operation 

- Suitable for high pressure operation 

- High intrinsic product gas purity 

- High current densities 

- Partial and overload operation possible 

- High cost of components 

- Acidic corrosive components 

- Stack size of MW scale needs to be proven 

- Use of expensive materials as titanium and 

critical platinum group metals 

- Long-term stability needs to be proven at 

MW-scale 

- Low durability 

- High cost of membrane 

- Fast degradation 

 

2.3  Solid Oxide Electrolysis 

Solid oxide electrolyser cells (SOEC) are often considered a new technology. However, the 

development of these high temperature electrolysers started already in the 70’s by General 

Electric and shortly after by Dornier in Germany. SOEC technology has increasing interest 

due to the development within solid-oxide fuel cells and the capabilities that comes with it. 

The possibility of high temperature operation (temperatures of up to 1000 °C) gives 

opportunity for results in higher efficiencies than AEL or PEM, but there is still remarkable 

challenge for material stability. The main improvement comes from improvements such as, 

kinetics, use of heat to reduce electricity consumption, and in general heat utilization at 

higher temperature with the conversion of steam. (Buttler A. 2018) 

In SOEC both steam and recycled hydrogen are fed to the cathode, where water is split to 

hydrogen and oxygen. The oxide anions produced in the cathode pass through the solid 

electrolyte to the anode, where they recombine forming oxygen. This working principle of 

SOEC is illustrated in figure 7. 
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Figure 7. SOEC electrolysis working principle (IRENA 2020) 

In the figure 6. the orange electrolyte is a dense ceramic membrane that separates the anode 

and cathode and conducts ions between them. The basic reaction at anode and cathode are 

as follows: 

Cathode  H2O(𝑔) + 2e− → H2(𝑔) + O2−(𝑔) 

Anode  O2−(𝑔) →
1

2
O2(𝑔) + 2e− 

Total  H2O → H2 +
1

2
O2 

SOEC has some advantages, including the use of low-cost materials like nickel for the 

electrodes, and a solid electrolyte, Yttria-stabilized Zirconia (YSZ) used in the stack. 

However, maximizing the surface area contact between the electrodes and gaseous chemical 

species is challenging, which requires porous electrodes. The cathode is typically made of a 

mixture of nickel and YSZ, while the anode is a composite of YSZ and perovskites like 

ferrites, lanthanum manganites, or cobaltites, which are partially substituted with strontium 

to improve structural and electronic defects, resulting in higher electrocatalytic activity. 

(Buttler 2018, IRENA 2020) 

When the SOEC runs endothermically, meaning energy is absorbed, the necessary heat for 

water vaporization can be obtained from alternative sources like waste heat from industries 

or concentrated solar power plants. A promising fully renewable alternative is to integrate 

SOECs with concentrated solar power, which could provide both the heat and electricity for 

the SOEC electrolyser. As per the thermodynamics of an electrolyser cell, as the temperature 
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increases, the total energy demand increases slightly, but the electrical energy required 

decreases significantly. Therefore, a portion of the energy required can be supplied as heat. 

For example, going from 25°C to 1000°C, the voltage increases from 1.48V to 1.52V with 

a thermoneutral cell voltage. However, the reversible cell voltage decreases from 1.23V to 

0.91V, providing a theoretical possibility of supplying 40.1% of the energy as heat at 

1000°C. With proper insulation, the SOEC system can maintain the desired temperature with 

minimal energy losses. (Buttler 2018, Ursula 2012, Hu K. 2022) 

Another way to further increase efficiency is by using SOEC with production plants that 

generate surplus high-temperature heat like nuclear plant. Alternatively, renewable sources 

like geothermal energy can be utilized as a heat source for steam electrolysis. (IRENA 2020, 

Ursula 2012) 

 

Figure 8. Simplified layout of SOEC system (Buttler 2018) 

Figure 8 is presenting a typical schematic picture of SOEC process. According to a study by 

Buttler, the SOEC system operates by pre-heating the feed water or steam in a recuperator 

using the hot product streams leaving the stack. The stream leaving the cathode is a mixture 

of hydrogen and steam that requires further processing which results in higher capital costs 

of SOEC compared to conventional liquid water electrolysis. To account for the heat of 

evaporation, the system also requires low temperature heat integration or electrical heating. 

The stack is typically composed of planar cells connected in series, with steam and recycled 

hydrogen being supplied to the cathode and partly converted to hydrogen. Sweep air can be 

used at the anode to remove product oxygen, despite the efficiency penalty due to the 

handling of high-temperature pure oxygen. After separation by cooling and condensing of 
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water, the steam and hydrogen mixture must be further superheated to reach the SOEL inlet 

temperature of 700 – 1000 °C. (Buttler A. 2018, Ursula 2012, Hu K. 2022) 

While operating at high temperatures offers benefits for efficiency and reduced cell voltages, 

it presents issues with material durability and electrolyser sealing. The mixing of hydrogen 

gas with steam as it exits the cathode side also complicates gas product processing, 

increasing the capital cost of SOE water electrolysis compared to other electrolyzing 

methods such as alkaline and PEM water electrolysis. Further research is needed to develop 

durable and cost-effective material options for SOEC. 

Currently, SOEs are at the research and development stage, with multiple centers and 

companies working towards industrial scale-up. Researchers have made progress by using 

proton conducting ceramics such as strontium zirconates, which can conduct protons at 

intermediate temperatures of around 700C. This allows for pure hydrogen to be obtained 

from the cathode, simplifying the electrolysis plant. The concept is seen to have great long-

term potential. However, the low long-term durability of electrolyser cell components, 

including electrolyte aging and electrode deactivation, is a significant obstacle that needs to 

be addressed in the short-term through further R&D. (Hu K. 2022, Ursula 2012) 

Table 3. Summary of advantages and disadvantages of SOEC electrolyser 

Advantage Disadvantage 

- High efficiency  

- Non-noble catalyst 

- Integration of waste heat possible 

- Low electricity consumption 

- Laboratory stage  

- Delamination of electrodes 

- Safety problems 

- Low durability 

- Expensive 

- Instability of electrodes 

- Not suitable for fluctuating systems 

 

2.4  Fundamentals of water electrolysis 

Splitting water molecules into hydrogen and oxygen is a chemical reaction that needs 

external energy to occur as explained in Figure 2. However, the electrolysis can be expressed 

with more detailed stoichiometric reaction 
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2H2O →  4H+ +  O2 + 4e−   (1) 

From the reaction Equation (1) we can see that oxygen is produced half of the volumetric 

production of hydrogen. Overall energy demand ∆H for the reaction is a sum of heat ∆Q and 

electrical energy ∆G (Gibbs energy) in Equation (2). 

∆𝐻 = ∆𝑄 + ∆𝐺    (2) 

Electrolysis is an endothermic (ΔH>0) and nonspontaneous (ΔG>0) chemical reaction. One 

mole of liquid water at normal conditions needs total of 285.8kJ of energy, which is 237.2kJ 

of electrical energy and 48.7kJ of heat energy, to overcome the attractive forces between 

water molecules in the liquid state in order to separate them and turn them into a gas. This 

is important to understand when reaction enthalpies are considered. From the reaction 

enthalpy can be then understood how much electricity and heat is consumed in the 

electrolysis process. 

Hence, electricity consumed in the electrolysis is depended in temperature, enthalpy and 

entropy changes of the substances. Equation (2.) can be written as 

∆𝐺 = ∆𝐻 − 𝑇 ∙ ∆𝑆    (3) 

Where ∆H is enthalpy change, ∆S is entropy change, and T is temperature (kelvin). To get 

∆G, first must be explained how to get ∆H and ΔS of the electrolysis reaction. Both changes 

can be expressed by distracting reactant values from reaction values as follows 

∆ℎ𝑟 = ∆ℎ𝑐(𝐻2 ) +
1

2
∆ℎ𝑐(𝑂2) − ∆ℎ𝑐(𝐻2𝑂)  (4) 

∆𝑠𝑟 = ∆𝑠𝑐(𝐻2 ) +
1

2
∆𝑠𝑐(𝑂2) − ∆𝑠𝑐(𝐻2𝑂)  (5) 

hr and sr are the enthalpy and entropy of the whole water electrolysis reaction. Standard 

temperature 25°C and pressure 1atm (STP) conditions Hydrogen and Oxygen has enthalpy 

of zero, so the reaction enthalpy for water splitting 286 kJ/mol can be derived 

∆ℎ𝑟 = 0 + 0 − (
−285.83 𝑘𝐽

𝑚𝑜𝑙
)   (6) 

Entropy sr is derived the same way except in STP conditions hydrogen and oxygen are not 

zero thus we get entropy for water electrolysis 163 J/molK 

∆𝑠𝑟 = (
130.68𝐽

𝑚𝑜𝑙∙𝐾
) +

1

2
∙ (

205 𝐽

𝑚𝑜𝑙∙𝐾
) − (

69.95 𝐽

𝑚𝑜𝑙∙𝐾
)   (7) 



20 

 

 

Since all the electrolysers are operating in different temperatures it is important factor for 

electrolyser to know the correct enthalpies and entropies. These can be solved for each 

compound in the reaction by using heat capacity cp 

∆ℎ𝑐 = ℎ0 + ∫ 𝑐𝑝
𝑇

298.15
𝑑𝑇    (8) 

∆𝑠𝑐 = 𝑠0 +  ∫
𝑐𝑝(𝑇)

𝑇

𝑇

298.15
𝑑𝑇   (9) 

Here sc and hc represent the entropy and enthalpy values of each compound. Meaning that 

∆hc is the formation enthalpy of a compound, ∆h0 is the reference value from STP conditions 

and heat capacity cp is calculated for each compound in the reaction separately. Hence, 

before calculating entropy and enthalpy the heat capacity is calculated from following 

equations (Harrison K.W. 2010 & Houcheng Z. 2010 & Chatenet M. 2022)  

𝑐𝑝(𝐻2) = 27,28 + 0.00326𝑇 +
50000

𝑇2    (10) 

𝑐𝑝(𝑂2) = 29,96 + 0.00418𝑇 +
167000

𝑇2    (11) 

𝑐𝑝(𝐻2𝑂 (𝑔)) = 30.00 + 0.01071𝑇 +
33000

𝑇2   (12) 

T is temperature in kelvin and for H2O the heat capacity is calculated in steam condition 

(>100°C) because in liquid form there are no significant change. From equations (10), (11) 

and (12) for instance in 400K (127°C) the cp values for hydrogen, oxygen and water are 28.9, 

32.7 and 34.5 respectively. 

When the cp values are substituted to the equations (8) and (9) it is possible to calculate exact 

enthalpy and entropy value for each compound in electrolysis. After this the calculated sc 

and hc values are used in equations (4) and (5). For instance, at temperature of 400K the 

enthalpy changes for the water electrolysis reaction ∆hr is  

∆ℎ𝑟 = 2943.1
𝐽

𝑚𝑜𝑙
+

1

2
∙ 3330.5

𝐽

𝑚𝑜𝑙
− (−

238 320𝐽

𝑚𝑜𝑙
)  (13) 

Same way reaction entropy is calculated to be 0.05 kJ/molK 

∆𝑠𝑟 = 139.22
𝐽

𝑚𝑜𝑙∙𝐾
+

1

2
∙ 213.82

𝐽

𝑚𝑜𝑙∙𝐾
− 198.79

𝐽

𝑚𝑜𝑙∙𝐾
 (14) 
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Finally, it is possible to calculate Gibbs energy by substituting enthalpy and entropy to the 

equation (3). Thus, with same example at 400K the reaction needs 224.99 kJ/mol electrical 

energy to split the water molecule. 

∆𝐺 = ∆𝐻 − 𝑇 ∙ ∆𝑆 =
243928.4𝐽

𝑚𝑜𝑙
− 400𝐾 ∙

47.34𝐽

𝑚𝑜𝑙∙𝐾
  (15) 

This value can be compared to the values in STP conditions of water electrolysis. The heat 

brought into the process lowers the amount of electrical energy needed from 237kJ to 225kJ. 

This decrease in electricity is achieved already when substituting low temperature steam 

instead of liquid water. When comparing different electrolysers, it is important to notice if 

the manufacturer presents the efficiency with higher heating value (HHV) which is the 

286kJ/mol or if they use lower heating value (LHV) which is 241kJ/mol.  

The theoretical thermodynamic potential required to split water into hydrogen and oxygen 

is 1.23 volts at standard temperature and pressure (STP). This value is known as the standard 

electrode potential of water or thermo-neutral voltage. This is again calculated from the 

theoretical Gibbs energy in water electrolysis 

𝐸 =
∆𝐺

𝑧𝐹
=  

237 000
𝐽

𝑚𝑜𝑙

2∙96 485
𝐶

𝑚𝑜𝑙

= 1.23 𝑉   (16) 

where E is the cell potential, G is the Gibbs free energy, z is the number of electron moles 

transferred per hydrogen mole (z = 2 = 𝐻+2) in the electrolysis reaction, and F is the Faraday 

constant which represents the charge on one mole of electrons (96 485 C/mol). From the cell 

potential it can be understood the importance of temperature. For instance, when using the 

value from equation (15) there is already decrease in cell voltage of 0.06V 

The lowest required voltage is important to understand since it is directly affecting the 

amount of electricity used in the electrolysis. The actual voltage required for electrolysis is 

typically higher than the theoretical value due to various factors such as resistance in the 

electrolyte, overpotential, and losses in the electrical circuit. The actual voltage required to 

split water molecules depends on the type of electrolyte used, the composition of the 

electrodes, and the operating conditions. 

The value of 1.481 volts is often cited as the minimum voltage required for water electrolysis 

because it considers the overpotential, which is the additional voltage required to overcome 

the resistance of the electrode surfaces and other losses in the system. This voltage can be 
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calculated by using the HHV of water in standard conditions. Next chapters will go into 

more details with the efficiency of the electrolysers. (Ursula 2012, Harrison K.W. 2010, 

Houcheng Z. 2010) 

2.4.1  Heat integration in electrolysis 

Electrolyser thermodynamics have been studied past years to find solution for the high 

electricity consumption and the most promising technology is the high temperature 

electrolysis (HTE). The process uses heat to boost the efficiency of the reaction and currently 

the only commercial option is Solid Oxide Electrolyser (SOEC). Instead of using liquid 

water the process is fed with steam. This has significant increase with the efficiency.  

As the temperature rises, the electric energy required for the electrolysis reaction, denoted 

as ΔG, decreases, while the thermal demand, represented by T⋅ΔS, increases. In the liquid 

state, the overall energy consumption, ΔH, experiences a slight decrease (between 298 K 

and 373 K) with increasing temperature. However, in the gaseous state, it slightly increases. 

It's worth noting that beyond 373 K, the total energy demand of the process must take into 

account the latent heat of water vaporization, which is approximately 40.8 kJ/mol. At higher 

temperatures, the consumption of electric energy significantly reduces, making steam 

electrolysis a promising technique. For instance, if the temperature is raised from 25 °C to 

1000 °C, the ΔG decreases from 237.2 to 177.5 kJ/mol, resulting in a 25.1% decrease in 

electricity consumption. However, it is important to have a heat source with a sufficiently 

high temperature to meet the thermal demand of the process. This means that increasing the 

temperature from 25 °C to 1000 °C corresponds to an overall T⋅ΔS increase from 48.6 kJ/mol 

to 112.9 kJ/mol, which represents a 132% increase. 
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Figure 9. Total (ΔH), thermal (Q) and electrical (ΔG) energy demand of an ideal 

electrolysis process as function of the temperature. (Buttler 2018) 

In the Figure (9) Buttler has concluded the potential of heat integration in the electrolysis. 

As we can see it is possible to use very low voltage with high temperature steam. By utilizing 

the heat of evaporation of 41 kJ/mol at standard pressure, the amount of electrical energy 

required for steam electrolysis can be decreased when compared to liquid water electrolysis. 

The overall energy consumption, which includes the energy required for evaporation, 

remains relatively consistent from 0 to 1000°C. However, in actual electrolysis systems, the 

cell voltage required for thermoneutral operation is slightly higher than thermoneutral 

voltage due to losses in heat and irreversible thermodynamic processes. The thermoneutral 

cell voltage is approx. 1.47–1.48 V (284–286 kJ/mol) feeding liquid water below 100°C 

while it reduces to 1.26–1.29 V (243–249 kJ/mol) in the temperature range of 100–1000°C 

if steam is supplied. This can give huge advantage for plants that produces either leftover 

heat or possibly even portion of district heating could be used. It is not necessary to use high 

temperatures above 600°C which gives the opportunity to use also low temperature excess 

heat such as heat from methanation. (Buttler 2018) 

The operational temperature plays a crucial role in electrolysis performance, but it is 

constrained by cell degradation issues and material limitations. Low-temperature 

electrolyzers typically operate within the range of 60-90 °C, while Solid Oxide Electrolysis 
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Cells (SOEC) function at much higher temperatures, around 700-900 °C. Consequently, low-

temperature electrolyzers such as AEL and PEM operate above the thermoneutral voltage, 

resulting in significant internal losses and overvoltages that cause the electrolysis cells to 

heat up and necessitate external cooling of the module. In contrast, high-temperature 

electrolyzers offer an advantage by eliminating the need for external cooling (Buttler 2018, 

Inkeri 2021). 

In terms of energy requirements, the overall energy demand ΔH remains relatively constant 

regardless of temperature variations. However, the potential for heat integration ΔQ 

increases with higher temperatures, leading to a reduction in the minimum electrical demand 

ΔG. Operating at elevated temperatures proves advantageous as the heat losses resulting 

from overvoltages can be utilized to decrease the reversible voltage of water splitting. 

Therefore, the efficient utilization of thermal energy is a crucial factor in achieving energy-

efficient water electrolysis processes. 

2.4.2  Pressure Demand in electrolysis 

Pressure is important factor in electrolysers since it has major impact in cost, construction, 

maintenance, efficiency, etc. The overall energy requirement ΔH will stay practically 

constant as a function of pressure in an ideal liquid water electrolysis process but the change 

in pressure will increase the demand for electrical energy ΔG. For instance, an increase from 

1bar to 100bar at a constant temperature increases the reversible voltage by 9%, but the 

demand for thermal energy TΔS is correspondingly reduced. Another example with ideal 

isothermal hydrogen compression from for example 1bar to 50bar would require 0.14 

kWh/Nm3 of energy. As a comparison, the higher heating value (HHV) of hydrogen is 3.54 

kWh/Nm3. Thus, the increase in energy consumed with 0.14 kWh/Nm3 corresponds to 4% 

increase compared to the HHV of hydrogen. (Koponen 2020) 

The pressure and concentration of the reactants have an impact on the Gibbs free energy and 

subsequently influence the voltage. This relationship is described by the Nernst equation, 

which can take various forms. For instance, when the reactants and products are specified in 

terms of pressures (in bar) and the water product exists as steam, the Nernst equation can be 

used as follows. 
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𝐸 = 𝐸0 +
𝑅𝑇

𝑧𝐹
∙ ln (

𝑃𝐻2 ∙𝑃𝑂2

1
2

𝑃𝐻2𝑂
)    (17) 

Where E0 is the reversible cell voltage or cell potential (1.23V), P for hydrogen and oxygen 

is the partial pressure and PH2O for water is saturated vapor pressure. To further explain the 

Nernst equation, it can be concluded that when the pressure at anode compartment is for 

instance 2bar at 70°C and at the cathode compartment the pressure increases from 2bar to 

50bar, the open circuit voltage increases from 1.302 V to 1.352 V (by 4%). And if the anode 

compartment pressure were lowered atmosphere pressure the voltage increase according to 

Nernst would be 5%. (O'hayre R. 2016, Koponen 2020, Larminie J. 2003) 

It was observed in Koponen doctoral thesis that there is decrease in Faraday efficiency when 

the pressure difference is high and thus the hydrogen stack outlet pressure should be 

controllable in order to minimize the outlet pressure close to the storage pressure. Based on 

the specific energy consumption tests in different sources, minimizing the differential 

pressure between the anode and cathode compartment to follow the gas storage pressure 

would optimize the specific energy consumption by maximizing the real hydrogen 

production rate during a hydrogen gas storage filling process. By contrast, a constant high 

hydrogen stack outlet pressure, selected to cover the highest gas storage pressure in a storage 

filling process, would continuously lose more hydrogen gas due to hydrogen gas crossover. 

The water inlet pressure can help reduce the difference between electrolyser outlet side, but 

the cost of water pump is probably higher than the reduction in voltage. 

In conclusion, the compression of liquid water is more efficient compared to compressing 

gaseous products. However, the impact of pressure on electrolyzer performance is relatively 

minor. Operating at higher pressures slightly increases the reversible cell voltage while 

decreasing internal heat integration. Pressurization in the electrolyzer leads to smaller gas 

bubbles on the electrode surface, thereby reducing the required overvoltage. On the other 

hand, electrochemical compression, achieved through PEM up to 70 bar followed by 

mechanical compression, proves energetically optimal for achieving high delivery pressure. 

If higher pressures are unnecessary, electrochemical compression can eliminate the need for 

a compressor, enhancing reliability and reducing investment costs and maintenance, 

particularly for small-scale systems. Nevertheless, increased pressure in the electrolyzer 

results in higher degradation, greater cross-permeation, and efficiency penalties, while also 
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posing safety concerns such as the presence of flammable gas and compliance with PED 

requirements. This leads to an expanded minimum load range and increased gas leakage. 

Additionally, high-pressure electrolyzers necessitate additional safety devices, further 

adding to investment costs and the complexity of the electrolyzer system. Hence, in most 

cases, the standard pressure for commercial AEL and PEM electrolyzers remains below 30-

50 bar. AEL is generally not employed for high-pressure applications due to issues with 

cross-permeation and poor gas quality (Buttler 2018) 

In this research it was also simulated and discussed if the high pressure from electrolyser 

could be utilized when there is no need for pressurized hydrogen. This could be achieved 

with turboexpander that is installed after electrolyser. In chapter 5. this will be discussed in 

more detail. 

2.4.3  Electrochemistry 

When a direct current (DC) is supplied to an electrolysis cell to produce hydrogen, the cell 

voltage (Ecell) increases with respect to reversible voltage (Erev). This is due to the cell 

irreversibilities, mainly overvoltage and parasitic currents, which generate energy losses and 

limit the cell efficiency. The Ecell can be expressed as the sum of the reversible voltage and 

the additional overvoltage that appear in the cell 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑟𝑒𝑣 + 𝐸𝑜ℎ𝑚 + 𝐸𝑎𝑐𝑡 + 𝐸𝑐𝑜𝑛    (18) 

Eohm refers to the excess voltage resulting from the resistance of various components in the 

cell, such as electrodes, current collectors, and interconnections, which impedes the flow of 

electrons. It also arises from the hindrance to the movement of ions in the electrolyte, gas 

bubbles, and diaphragm. The magnitude of Eohm is primarily proportional to the electric 

current that flows through the cell. On the other hand, Eact, also known as activation 

overvoltage, is caused by the energy required for charge transfer between the chemical 

species and the electrodes. This energy barrier largely depends on the catalytic properties of 

the electrode materials, causing an overvoltage across the electrodes. Concentration 

overvoltage, known as Econ, are related to mass transport. (Ursula 2012) 

In electrolysis, the cell voltage and the current density are critical operating parameters. The 

cell voltage determines the energy requirements and efficiency of the cell. The current 
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density is the result of the hydrogen production. A higher current density implies also a faster 

electrochemical reaction. Faraday’s law can be used to calculate these parameters in 

electrolyser reaction 

I𝑐𝑒𝑙𝑙 ∙ t = 𝑛 ∙ z ∙ F    (19) 

Icell is the current (A = ampere), t is time in seconds and n is moles. Thus, this formula gives 

the needed current for certain amount of compound. From the faradays law it can be solved 

what is the energy needed for hydrogen production. For instance, ideal reaction the needed 

electrical charge for one kilo of hydrogen is 26.6kAh regarding equation (20). With the Icell 

can be also solved production rate (ṅH2) in mol/s. There are other methods to solve 

production rate for hydrogen but the principle from faradays law of a single cell (if multiple 

cells, simply multiply with number of cells) is that the production rate is proportional to the 

current 

𝑛̇𝐻2
= 𝜂𝐹 ∙

𝑖𝑐𝑒𝑙𝑙∙𝐴𝑐𝑒𝑙𝑙

𝑧∙𝐹
= 𝜂𝐹 ∙

𝐼𝑐𝑒𝑙𝑙

𝑧∙𝐹
   (20) 

icell is the current density (A/cm2), Acell the effective cell area (cm2), and ηF is the faraday 

efficiency of the reaction. Therefore, commercial electrolysers apply relatively low voltage 

and high current. If we have current density and cell area available from the manufacturer, 

the theoretical production rate for hydrogen in STP conditions can be calculated from the 

Equation (20). (Koponen 2020, Buttler 2018, Harrison 2010 & Sakas et. al. 2022) 

At nominal current density, in Buttler’s research it was reported that the ηF of AEL, PEM 

and SOEC is close to 100% (98–99.9%). For AEL a strong decrease in Faraday efficiency 

is observed below a current density of 50–100 mA/cm2. Also, decrease of the ηF of a PEM 

electrolyser was 90% at a pressure of 130 bar. In the simulation done for this research the 

faraday efficiency was assumed to be 100%. 

At STP conditions the ideal electrolysis reaction uses 39.4kWh of electrical energy. This can 

be calculated from power equation with the electrolysis minimum voltage 1.481V and 

minimum electrical charge as follows 

𝑃 = 𝐼𝑐𝑒𝑙𝑙 ∙ 𝐸𝑐𝑒𝑙𝑙    (21) 

In the STP conditions, using a one megawatt electrolyser for one hour (theoretical 100% 

efficiency) 25.4kg of hydrogen is produced. This would take 648kWh of electrical energy 

regarding equation (20) and (22). Also, as an example of the DC voltage and current levels 
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in MW-scale electrolysers, for instance the Power-to-Gas plant by ETOGAS in Werlte, 

Germany, applies three 2MW alkaline water electrolysers, whose nominal input voltage is 

250V and current 9000A. (Koponen 2020)  

 

Figure 10. I-E curve illustrate the difference (Hu K. 2022) 

Figure 10 provides an example of the relationship between cell voltage and current or current 

density. The current-voltage (I-E) relationship is crucial for understanding the 

electrochemical behaviour of an electrolysis cell. SOEC has easily the highest current 

density compared to the cell voltage. According to Faraday's law, the current density is 

roughly proportional to the hydrogen production rate. However, the ideal electrolysis cell's 

Faraday's law needs to be modified by the ƞF (or current efficiency), which represents the 

actual to theoretical hydrogen production rate ratio. This deviation is caused by parasitic 

current losses along the gas ducts and cross permeation of product gases. Cross permeation 

increases with temperature and pressure, and this negative effect is more pronounced at 

lower current densities due to lower gas production. Parasitic current losses are particularly 

relevant for AEL. (Buttler 2018 & Hu K. 2022) 

2.4.4  Energy demand and efficiency of electrolysis 

The voltage and energy demand for water electrolysis in STP conditions is theoretically 

always the same. However, each electrolyser has different losses contributing. For instance, 

PEM electrolysers has ionic resistance of the polymeric membrane and the electrical 

resistance of the separator plate and current collectors that affects the most. In AEL these 

losses are mainly due to the ionic conductivity of the liquid electrolyte, thickness of the 
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electrolyte layer, the thickness and conductivity of the electrodes. Thermodynamic 

principles can be used together with chemistry to solve basic principles with Electrolysis.  

The efficiency of an electrolyser can be expressed in many ways. The efficiency of an 

electrolysis system, for example, can be calculated as the heating value of the hydrogen 

produced divided by the electrical energy input. In other words, volume flow of the hydrogen 

ṅH2 multiplied with higher heating value (HHV) and divided with electrical energy input in 

electrolyser Pel (kW). The HHV value is the total energy, heat and electricity, needed for 

water electrolysis to happen and in STP conditions it is 141.8MJ/kg or 285.8kJ/mol. 

𝜂𝐻𝐻𝑉 =
𝑛̇𝐻2 ∙𝐻𝐻𝑉

𝑃𝑒𝑙
    (22) 

The equation (22) and the resulting efficiency is often referred in literature when comparing 

electrolyser equipment. The current (or current density) is proportional to the theoretical 

hydrogen production rate as long as Faraday efficiency is close to 100%. It is not always 

100% in case at low current densities. The efficiency of low temperature electrolyser is often 

given based on the HHV as the higher heating value corresponds to the enthalpy of reaction 

at standard conditions from liquid water to gaseous hydrogen. The lower heating value 

(LHV) is better to use for steam efficiency calculations. However, for the evaluation of an 

overall process chain, the partial efficiencies of the process steps and fuel prices are usually 

referred to the LHV. When the faradays efficiency is not 100% the actual production rate of 

hydrogen is different from the theoretical or nominal production rate. Equation (23) can be 

used to so solve more detailed efficiency. (Buttler 2018) 

𝜂𝐻𝐻𝑉 =
𝜂𝐹∙

𝐼𝑐𝑒𝑙𝑙
𝑧∙𝐹

∙𝐻𝐻𝑉

𝐸∙𝐼𝑐𝑒𝑙𝑙
    (23) 

Efficiency is presented in literature and by manufacturers often referring the electricity 

consumption per produced amount of hydrogen kWh/kg or kWh/Nm3. This is also used to 

compare different electrolysers because the electricity consumption is often one of the main 

contributing factors towards investment decision. 

The efficiency of an electrolyser decreases (or the overpotentials increase respectively) with 

rising current density. This is illustrated in Figure (11) to see how much difference there is 

between the electrolysers even with very low current densities.  
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Figure 11. Efficiency comparison with rising current densities (Hu K. 2022) 

Similar curve with efficiency can be seen with decreasing temperature. Also, slightly smaller 

efficiency differences when increasing pressure. 

When the hydrogen production rate falls below roughly 100 Nm3/h, electrolysis systems 

experience a decline in performance at lower capacity, mainly because of the reduced 

effectiveness of utilities (Buttler 2018). Nevertheless, the rated specific energy consumption 

should only be interpreted in conjunction with the current density. Moreover, it's crucial to 

consider the performance degradation over the lifetime of the system.  

2.4.5  Concentration efficiency of water electrolysis 

Concentration losses in water electrolysers can occur when the concentration of ions in the 

electrolyte becomes depleted near the electrodes due to the electrochemical reaction. This 

can lead to an increase in the resistance of the electrolyte and a decrease in the efficiency of 

the electrolyser. 

In commercial water electrolysers, concentration losses are generally considered to be 

negligible due to several factors. Firstly, commercial electrolysers typically use high-quality 

membranes that can maintain a consistent concentration gradient between the anode and 

cathode compartments, which helps to prevent the depletion of ions in the electrolyte. 

Secondly, commercial electrolysers are designed with optimized electrode spacing, flow 

rates, and electrolyte circulation, which helps to ensure that the concentration of ions in the 

electrolyte is well-maintained and that concentration losses are minimized. 
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Finally, commercial electrolysers may also incorporate additional measures, such as 

recirculation and purification systems, that help to prevent the buildup of impurities in the 

electrolyte, which can also contribute to concentration losses. (Koponen 2020 & Milewski 

2014) 

Overall, the combination of high-quality membranes, optimized design, and additional 

measures to prevent impurity buildup helps to ensure that concentration losses in commercial 

water electrolysers are minimized and do not significantly impact the efficiency of the 

electrolyser. Thus, when the simulation was done for this research the concentration 

efficiency was neglected. 

2.4.6  Degradation and lifetime of electrolysers 

Degradation of electrolysers is important factor due to many reasons but mainly because the 

lifetime for current electrolyser stacks is short and the replacement cost is significant. 

Another important reason is the constant efficiency decrease over the lifetime of electrolysis 

stack. 

Degradation of electrolytic cells occurs due to aging of the cell and subsequent rise in 

resistance. There are three primary degradation phenomena that have been identified, which 

include passivation of components on the anode and cathode, deactivation of electrolyte and 

electrode performance due to impurities in the inlet water, and structural changes to the 

catalyst material. The cumulative effects of aging are referred to as the voltage degradation 

rate (mV/h). The voltage increase over time is significant for the efficiency and lifetime of 

the electrolyser stack, leading to decreased efficiency over the stack's lifetime. (Koponen 

2020) 

The cell degradation with different electrolysers occurs for different reason. Dynamic 

operation due to the fluctuating electricity has been noticed as one main affecting reason. 

For instance, electrolyser attached to solar, or wind power has higher degradation than steady 

operated, and grid connected electrolyser. Degradation issues are especially crucial for 

SOEC due to the thermal stresses. Currently the lifetimes for SOEC have been reported to 

be only 8 000 – 20 000h. For comparison, AEL stacks have been reportedly operated over 

90 000h. (Chatenet 2022) 
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2.4.7  Electrolyser materials 

Water electrolysis technologies rely heavily on various materials, including catalysts, 

electrolytes, separators, and the operating temperature and pressure. However, hydrogen 

production via water electrolysis is currently more expensive than other methods, like steam 

reforming and partial oxidation, due to high capital costs and dependence on electricity costs. 

Although there have been noticeable reductions in the capital and operating costs of 

electrolysers past decade, further improvements are necessary, especially for renewable 

energy utilization, to ensure commercial viability. 

The main objective is to improve the efficiency of the electrolyser system, reducing the cost 

and electricity consumed. As a general rule, new materials are needed that are low-cost, 

highly performing, and durable. These materials should focus on thinner membranes 

(electrolytes), more active and durable catalysts, and fewer critical raw materials. 

One of the main drawbacks of proton exchange membrane (PEM) electrolysis is the 

expensive materials used. For instance, PEM electrolyser materials require a large amount 

of Platinum Group Metals (PGMs), with a 100 MW PEM requiring approximately 50 kg of 

iridium. With today's iridium price, this would cost over US$10 million. The scarcity and 

price volatility of PGMs make it essential to reduce their loading by at least 40 times in the 

long-term and replace them with PGM-free catalysts. (Chatenet et. al 2022) 

SOECs require materials that can tolerate high operating temperatures to provide optimal 

ionic conductivity, which can lead to thermomechanical and thermochemical issues and 

shortened lifetimes. Sealing failure and electrode contamination are also common problems. 

Although SOECs are made of low-cost and abundant materials, the supply chain is at risk, 

with 95% of the supply coming from China. Research and development are focused on 

improving electrolyte conductivity, optimizing stability, and decreasing operating 

temperatures. 

For AEL, the material problems are not as apparent as for PEM and SOEC. AEL is a mature 

and commercial technology that mainly uses nickel-based materials, although some systems 

contain platinum and cobalt. However, further research and development in AEL materials 

are necessary to improve performance and durability. (Chatenet 2022) 
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2.5  Electrolyser comparison 

In this chapter three currently most promising electrolyser technologies are compared, AEL, 

PEM and SOEC. Summary and main parameters are presented in Table 4. where the data is 

collected from various sources. More discussion about the technologies can be found from 

the end of the chapter. Comparison for best fit in power to gas plant together with 

methanation and carbon capture can be found from chapter 5.  

In general, the majority of green hydrogen initiatives implement PEM and AEL technologies 

due to their well-established status. However, emerging technologies like AEM and SOEC 

are also being considered as viable options for large-scale hydrogen production. Water 

electrolysis stands as the foremost electrochemical method for generating hydrogen, and its 

significance is poised to grow substantially alongside the expansion of renewable energy 

production. Research suggests that a significant surge in electrolyzer installations, 

approximately 1000 times the current number, is projected by 2040. (Chatenet et. al 2022) 

Table 4. Summary of AEL, PEM and SOEC electrolysers (Chatenet et. al 2022, Buttler 2018, 

Moradpoor et. al 2023, Ghaib 2018, Karjunen 2022, Marius et. al 2021, Tenhumberg et. al 

2020, Vincent 2018 et. al, Chatenet et. al 2022, Hermessmann et. al 2021 & Hu et. al 2022) 

 
Low Temperature High temperature 

 
AEL PEM SOEC 

OEM AguaHydrex 

Aqualyzer 

Asahi Kesei 

Ener Blue 

Hydrogen Optimized 

Hydrogen pro 

HYMETH 

Hysata 

John Cockerill 

Linde Hydrogen 

Longi 

McPhy 

Metacon 

NEL 

Next Hydrogen 

Peric 

Stargate Hydrogen 

Sunfire 

Teledyne 

Thyssenkrupp 

Tianjin Mainland 

Verde Hydrogen 

Ballard 

Cummins 

Elogen 

Enapter (AEM) 

Giner Inc. 

HydroLite (AEM) 

Hystar 

ITM Power 

Linde Hydrogen 

NEL 

Plug energy 

Siemens 

BloomEnergy 

Ceres 

Convion 

Dyn Electro 

etcagen 

Fuelcell Energy 

Haldor Topsoe 

Kerionics 

Sunfire 

Toshiba 
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Yangzhou Chungdean 

Stargate Hydrogen 

Green Hydrogen Systems 

Advantage - Mature, robust, and 

therefore proven 

technology 

- Multi MW stack enable 

system with large 

capabilities already today 

- potential to use earth 

abundant and inexpensive 

materials. Without 

precious catalyst. 

- Low capital cost 

- Longer lifetime 

- High stability 

- High power and 

current densities 

- Compact designs and 

small footprint 

- Fast cold start-up 

time, fast load 

changing capabilities, 

high dynamic operation 

- Suitable for high 

pressure operation 

- Stacks in MW range 

available 

- High intrinsic product 

gas purity 

- partial and overload 

operation possible 

- High efficiency  

- Non-noble electro 

catalyst 

- Integration of waste 

heat possible 

Disadvantage - High material effort on 

system level by using 

highly alkaline liquid as 

electrolyte 

- Low power densities and 

large footprint 

- slow cold startup time 

- Gas permeation 

- Maintenance cost 

(corrosion) 

- Use of expensive 

materials as titanium 

and critical platinum 

group metals (PGM) on 

cell level 

- Long-term stability 

needs to be proven at 

MW-scale 

- Acidic environment  

- Low durability 

- High cost of 

membrane 

- Fast degradation 

- Laboratory stage  

- Delamination of 

electrodes 

- Safety problems 

- Low durability 

- Expensive 

- Instability of 

electrodes 

- Not suitable for 

fluctuating systems 

Electrolyte KOH (liquid) Solid polymer 

membrane (nafion) 

Ceramic (Solid)(ZrO2 

cheramic with Y2O3) 

Electrodes Coated nickel substrates 

(Ni, Ni–Mo alloys 

Noble metals 

(platinium, iridium) 

PGM and non-PGM, 

nickel substrates (Ni-

YSZ 

TRL 9 (mature) 7 – 8 (commercial) 6 (demonstration) 

Lifetime system (a) 20 – 30 10 – 20 n/a 

Lifetime stack (h)  90 – 120k 60 – 100k 8 – 20k 

degradation (%/a) 0.25 – 1.5 0.5 – 2.5 3.0 – 50 (n/a) 

Operating temp. °C 40 – 90 20 – 100 500 – 1000 

operating pressure 

(bar) 

1 – 30 30 – 80 1 – 20 

Voltage (V) 1.4 – 3.0 1.4 – 2.3 0.7 – 1.5 

Current density 

(A/cm2) 

0.2 – 0.4 / 0.5 – 1.2 0.6 – 3.0 0.3 – 2.0 

Cell area (m2) <4 <0.3 <0.06 



35 

 

 

Specific energy 

consumption (stack) 

[kWh/Nm3 H2] 

4.0–4.8 3.6–5.0 2.5–3.0 

Specific energy 

consumption (system) 

[kWh/Nm3 H2] 

4.5–5.9 4.5–7.0 3.7–3.9  

Cold start time 20 – 120min 5 – 20min >1h 

Warm start up time 1 – 5min <10s >15min 

Load flexibility (% of 

nominal load) 

20 – 100 0 – 100 30 – 100 

stack/module size 

(MW) 

0.5 – 6 0.1 – 2 0.01 – 0.025 

nominal system 

efficiency % (LHV) 

51 – 60 46 – 68 76 – 81 

nominal stack 

efficiency % (LHV) 

63 – 71 60 – 68 100 

H2 production per 

stack (Nm3/h) 

760 – 1400 100 – 400 0.5 – 10 

OPEX (% of 

investment cost) 

2 – 3 2 – 5 2 

CAPEX, Investment 

cost (e/kWh) 

200 – 1500 1200 – 2300 1300 – 3200 

Note. 

1. OEM, Original Equipment Manufacturer. Meaning that the company produces electrolysers. Current 

status worldwide but the situation is fast developing, and companies are merging all the time. 

2. Technology Readiness Level (TRL) is indicated as follows; 5 – Pilot or proof of function in 

simulated environment, 6 – Demonstration in simulated environment, 7 – Demonstration of 

prototype in operational environment, 8 – Qualified system with proof of function in operational 

environment, 9 – Commercial or qualified system with proof of successful operation. 

3. OPEX does not include electricity price in this table. Only maintenance and operational expenses. 

4. CAPEX includes electrolysis stack and main components but no buffer storage or other possibly 

needed equipment. 

The Table 4. values show that regardless of the age difference between different sources 

(some >15years old) the values within each technology were found to be fairly close to each 

other. However, it must be mentioned that even couple of years old studies have been proven 

to be conservative what comes to some areas of development. For instance, 15 years ago was 

estimated that electrolyser plants up to 5MW would be large scale in 2020s but today already 

100MW plants are under construction and even GW scale is in the coming. 

Over the past ten years, there has been a significant increase in global capacity, growing at 

an average rate of 32% annually since 2010. The list of original equipment manufacturers 

(OEM) in Table 4 summarizes companies that currently provide commercial electrolysers 
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and the list is developing constantly. AEL was the dominant technology with over 90% of 

the global capacity in 2010, but its growth has slowed down to 19% per year, while PEM 

capacity has grown rapidly at 80% per year, surpassing AEL's installed capacity in 2019. 

According to Aurora Energy Research in 2022, there are more than 200 GW of new 

electrolysis projects planned for delivery by 2040, with 85% located in Europe, indicating a 

potential market growth of 75% annually over the next decade. In 2018, there were only 33 

medium to large suppliers, with 20 AEL, 12 PEM, and 1 SOEC suppliers. However, due to 

market dynamism and acquisitions, the number of suppliers has increased to at least 47, 

including many small ones. (Chatenet et. al 2022) 

Recent research has demonstrated that both electric and thermal energies are crucial for 

water electrolysis to occur. As presented in this research SOECs achieve the highest current 

density due to the activation of electrodes and reduced electric demand at high temperatures. 

Proton exchange membrane (PEM) electrolysis ranks second due to the superior 

performance of the solid polymer electrolyte. 

However, research also indicates that SOECs have no significant advantage over PEM cells 

in terms of energy conversion efficiency and may even be inferior if there are poor heat 

management conditions. Despite this, it is possible to speculate that SOECs may outperform 

the others in terms of cost-efficiency if cheap or free heat sources are integrated. Therefore, 

the development and integration of SOECs with calorific devices are promising. (Hu 2022) 

The evaluation of the industrial operating parameters of AEL, PEM, and SOEC reveals some 

limitations and challenges for each technology. In the case of AEL, the promotion of cell 

performances is restricted by cell resistance, where the lye acts as the electrolyte. For PEM 

cells, the main limitation for increasing current density is the tolerant current density of the 

Nafion membrane. Additionally, both AEL and PEM technologies face the challenge of 

excessive hydrogen crossover during part-load operation, which could be addressed by 

improving the membrane's selectivity. For SOEC, the high temperature provides more 

thermal energy and effectively activates the electrodes. However, this becomes the 

bottleneck of the technology due to degradation issues. Despite this, further research and 

development are being conducted to overcome these challenges and improve the 

performance and efficiency of all three types of electrolysis cells. (Hu 2022) 
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The ability to operate dynamically is a crucial feature that eliminates certain technologies 

when only fluctuating renewable energy sources are available. In practice, large-scale 

electrolysis systems typically employ multiple electrolysers in parallel, allowing for a wide 

range of power consumption variation by selectively switching off individual units. AEL 

appears to be the most suitable option for low-carbon hydrogen production with fluctuating 

renewables, owing to its lower investment costs and lower specific energy demand. 

However, if the production costs associated with PEM technology can be reduced it could 

make PEM a competitive alternative to AEL even in large scale production in the future. 

SOEC may become an attractive option for steady-state conditions where external heat 

sources and low-carbon electricity are available, once it is commercially proven and no 

longer in the demonstration phase. (Tenhumberg 2020) 

When selecting an appropriate electrolyser for a Waste-to-Energy (WtE) plant, there are 

several characteristics to consider, and as discussed earlier any of the three electrolysers 

compared could be installed or retrofitted. Each technology has its own strengths and 

limitations. However, given the current status of the different electrolyser technologies, 

SOEC may not be a viable option as it is yet to be commercially proven and it does not suite 

well in small scale production with fluctuating green electricity but will be viable alternative 

in the future due to heat management benefit. Comparing AEL and PEM, it is evident that 

AEL is better suited for multi-MW scale production while PEM is better for smaller scale 

production. Nevertheless, further research is required to determine the best-suited 

electrolysis technology for each type of plant, considering various aspects such as plant size 

and target use of hydrogen. A comparison of electrolysis technologies with Power-to-Gas 

(PtG) plant applications is discussed in chapter 5. 
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3  Methane synthesis 

Methane synthesis is a process of methane production and is a key process in a PtG plant. 

Simply H2 and CO2 molecules are converted to CH4 and H2O molecules. The chemical 

reaction which is also known as Sabatier-reaction is as follows: 

CO2 +  4H2  →  CH4 +  2H2   (24) 

the conversion of carbon dioxide releases energy ΔH equivalent to 164 kJ per mole. For each 

1 m3 methane (STP) produced per hour this corresponds to 1.8 kW of heat. It is also possible 

to produce other fuels with chemical synthesis as illustrated in Table 5. These chemical 

reactions are often referred with the names of discoverer.  

Table 5. Different fuel synthesis processes for PtG applications 

 

H2 + CO2 

Sabatier CH4 e-methane (g) 

Fischer-Tropsch Diesel, kerosene, Gasoline (l) 

Methanol synthesis CH3OH e-methanol (l) 

H2 + N2 Haber-Bosch  NH3 e-ammonia (g) 

 

Most of the synthesis products are hydrocarbon-based fuels, except ammonia which is the 

only carbon free fuel which requires nitrogen that can be separated from air. In this research 

the CO2 methanation is in the focal point. 

In a PtG plant, electricity is converted into hydrogen gas through electrolysis of water. The 

hydrogen can then be further converted into methane or SNG. Methanation can produce 

either methane or SNG depending on the specific operating conditions, such as temperature 

and pressure. The methanation process can be carried out chemically or biologically and 

these can be divided in subgroups as shown in Figure 12. 
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Figure 12. Summary of different methanation technologies. CSTR is continuous stirred 

tank reactor. (Götz 2016) 

The biological method is well researched and known already from 1900s. It is widely used 

in biogas production in which two main reaction paths can be distinguished: the acetolactic 

methanogenesis and the hydrogenotrophic methanogenesis. The reaction process is 

biological thus it uses microorganisms and occurs typically in ambient conditions.  

Chemical methanation or catalytic methanation is the same Sabatier reaction as biological 

but there is chemical catalyst involved. This process typically requires high temperatures 

and pressures and is often performed in the presence of a catalyst such as nickel. Research 

into catalytic methanation processes focuses on two options, carbon monoxide (CO) 

methanation and carbon dioxide (CO2) methanation. (Rönsch 2016) 

In the research of current PtG projects by Thema in 2019, it was learned that among the 

current projects involving CO2-methanation, fifteen utilize biogas or sewage gas from 

wastewater treatment plants as their carbon source, while thirteen mainly rely on bottled gas 

at larger scales. Other investigated carbon sources include bioethanol/alcoholic fermentation 

plants, syngas from biomass gasifiers, closed circle processes, fossil power plants, capture 

from biomass combustion, and direct capture from air. Thus, there are no PtG plant in 

commercial operation yet, that uses methanation. 

3.1  Biological methane synthesis 

The production of methane through the methanation process involves the use of a biological 

reactor that contains an aquatic suspension of microorganisms. In this process, each 
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feedstock gas is dissolved in water before undergoing biochemical reactions to produce 

methane. However, the solubility of gases, particularly H2, can hinder this process, and the 

gas-liquid mass transfer rate is dependent on specific technological details. Therefore, when 

selecting a bioreactor type, it is crucial to consider the gas-liquid mass transfer, particularly 

for H2, and the required volumetric power input for optimal efficiency. (Rachbauer L. 2016 

& Šundrica 2021) 

The prevailing biogas upgrading methods involve the elimination of CO2 from biogas using 

various established full-scale techniques, including pressurized water scrubbing, chemical 

absorption, pressure swing adsorption, and membrane separation. However, these methods 

require significant energy consumption for CO2 removal. Alternatively, biological biogas 

upgrading uses specific microorganisms to transform CO2, along with H2 (preferably green 

energy), into methane, thus avoiding the energy-intensive CO2 removal process. 

The biological methanation has positive characteristics such as operation at moderate 

temperatures (30–60 °C) and atmospheric pressure as well as a high tolerance against 

pollutant substances in the feed gas. However, the process suffers from very slow kinetics, 

poor mass transfer, and low flexibility (Ghaib 2017). Raising the temperature within the 

optimal range for methanogenic bacteria accelerates the degradation rate of both liquid and 

gaseous substrates, resulting in the production of CH4 as the end product. However, the 

temperature increase does not affect the extent of substrate degradation. Instead, it enables 

the possibility of increasing the organic loading rate or selecting smaller bioreactors to 

achieve the same gas production. By improving the efficiency of the reactor system, smaller 

reactors can be utilized, leading to reduced investment costs. (Lecker 2018 & Ghaib 2018) 

Raising the operational pressure in bioreactors can significantly enhance the conversion 

efficiency of biological hydrogen methanation (BHM) systems. By increasing the operating 

pressure, the solubility of gases within the reactor improves, leading to smaller gas bubbles. 

This reduction in bubble size facilitates greater contact between microorganisms and gaseous 

substrates, resulting in slower gas upflow through the fermenter. Pressurization also 

increases the partial pressure of reactant gases relative to the product gas, thereby promoting 

higher conversion efficiency. Furthermore, the pressurization of BHM offers advantages 

when injecting the product gases into the natural gas grid, as it requires an elevated pressure. 

The increased pressure in the BHM system aligns well with the subsequent requirements of 

the gas injection process into the grid. (Lecker B. 2018) 
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Choosing the reactor type depends also on the variables from other process connected to the 

methanation. However, it is possible to foresee from current projects what are the most 

common reactors used. All the projects on biological methanation listed in Ghaib’s extensive 

research, about 46% examined trickle-bed reactors while about 36% investigated on 

continuously stirred tank reactors (CSTR).  

 

Figure 13. Main biological reactor concepts 

A trickle-bed reactor (TBR) provides a large contact area between microorganisms and gas 

as well as liquid phase. Another advantage of this reactor type is that no additional 

mechanical power input is needed. 

 

Figure 14. TBR reactor schematic picture (Catalano 2016) 

TBR is fed only with a little amount of trace elements for growth of biomass and moistening 

the packed bed. The liquid volume is also lower in the TBR compared to the other biological 

reactors. (Lecker B. 2018) 

In a Continuously stirred tank reactor (CSTR), reactants are continuously fed into the reactor 

and the reaction mixture is continuously stirred to ensure that reactants are well-mixed and 

that the reaction proceeds to completion. CSTRs are commonly used for chemical reactions 

that require longer reaction times or where the reaction rate is slow. For methanation, the 
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reaction rate can be slow at lower temperatures, so a CSTR can be used to ensure that the 

reaction proceeds to completion. CSTR enable equal heat distribution and ease the up flow 

of gas bubbles. 

 

Figure 15. CSTR reactor schematic picture (Lecker B. 2018) 

By accepting higher power consumption, stirring can surpass other types of reactors in terms 

of performance. When evaluating the efficiency of a reactor concept, it is crucial to consider 

all power inputs and energy outputs comprehensively. The geometry of the stirrer plays a 

significant role in determining the energy consumption. In continuous stirred tank reactor 

(CSTR) systems, the stirring speed has a direct impact on the mixing intensity, which, in 

turn, affects the maximum achievable methane production. Increasing the stirring speed in 

CSTR systems yields a positive effect on production. (Lecker 2018) 

Fixed Bed or packed bed reactor is the third main design option for biological methanation 

reactor.  

 

Figure 16. Fixed bed reactor schematic picture (Lecker B. 2018) 

The fixed-bed design effectively immobilizes microbes and prevents the loss of specialized 

microorganisms from the fermentation system. As a result, it provides a consistently stable 

operational environment, even when fluctuating process conditions are employed. This 

principle also applies to the Trickle Bed Reactor (TBR), a recently developed reactor concept 

based on the fixed bed system. Unlike the traditional fixed bed, the reaction chamber of the 
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TBR is not fully filled with liquid. Instead, a small quantity of nutrient liquid is continuously 

applied to moisten the surfaces of the microorganisms. (Lecker 2018) 

Compared to the chemical conversion the biological process has been proven extremely 

robust against impurities in the gas stream. It was also researched that Biological 

methanation can in fact operate quite dynamically between 20 – 100% load (Schlautmann 

et. al 2021). Although bioreactors that exclusively use substrate gases to generate storable 

methane gas have been extensively developed, they continue to encounter several obstacles.  

A close monitoring is inevitable for biological methanation of hydrogen and CO2 within the 

Power-to-Gas concept to avoid acidification in a reactor in order to maintain stable carbon 

conversion at high methane production rates. (Rachbauer 2017) 

3.2  Chemical methane synthesis 

Chemical methanation, also known as catalytic methanation, has been recognized since the 

1900s. Typically, catalytic methanation reactors are operated within the temperature range 

of 200 °C to 550 °C and at pressures spanning from 1 to 100 bar. Various metals, including 

Ni, Ru, Rh, and Co, can serve as catalysts for the methanation reaction. Among these options, 

nickel (Ni) is often regarded as the optimal catalyst choice due to its favorable combination 

of high activity, good selectivity towards CH4, and relatively low cost of raw materials. 

However, it is important to note that nickel-based catalysts necessitate a high purity level in 

the feed gas. (Götz 2016) 

Under standard STP conditions, the synthesis conversion efficiency is 83% based on the 

lower heating value at these conditions. The remaining 17% is released as heat. In contrast, 

the methanation reaction is exothermic and has a negative change in moles. As a result, the 

synthesis process is thermodynamically favoured to produce products at low temperatures 

and high pressures. The number of by-products, such as CO, carbon, and hydrocarbons, that 

may be generated depends on the pressure and temperature of the synthesis and is typically 

minimal. (Schaaf 2014)  
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Figure 17. Conversion rate of catalytic synthesis compared to temperature (Schaaf 2014) 

From the research done by Schaaf in 2014, it was reported that the conversion of carbon 

dioxide increases as pressure increases and temperature decreases. For instance, at a reaction 

temperature of 450°C and atmospheric pressure of 1 bar, a carbon dioxide conversion of 

78% can be achieved (Figure 17). By maintaining a temperature of 450°C and increasing the 

pressure to 20 bar, the conversion rate can reach approximately 93%. However, further 

increasing the operating pressure does not significantly enhance the methane yield. 

Regardless of the chosen reactor design, effective heat removal is crucial to manage the heat 

generated during the methanation reaction. In the carbon dioxide methanation process, even 

a 1% increase in the molar gas fraction of methane in the product gas can lead to a 

temperature rise of approximately 60°C. 

In addition to thermodynamic considerations, the selection of catalysts plays a vital role in 

the methanation reaction. Currently, state-of-the-art catalysts are based on nickel, valued for 

their high activity and relatively affordable price. Nickel catalysts must be capable of 

withstanding rapid temperature changes, ranging from 50°C to 100°C, occurring within 

seconds due to variations in operating conditions. Operating temperatures below 200°C are 

not suitable when utilizing a nickel-based catalyst to prevent the formation of highly toxic 

nickel carbonyl from carbon monoxide. Moreover, temperatures should not exceed 550°C 

to avoid catalyst deactivation caused by sintering or carbon buildup. (Schaaf 2014) 
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Figure 18. Main chemical methanation reactor concepts 

Adiabatic fixed-bed reactors are commonly utilized in chemical processes and consist of 2 

– 5 reactors operating without any heat exchange with the surroundings. To ensure smooth 

operation, intercooling and gas recirculation may be employed. As heat exchange is not 

possible, the catalyst used in the reactor must be able to tolerate a wide range of temperatures, 

ranging from 250 to 700 degrees Celsius. The primary concerns for the catalyst are cracking 

or sintering. Alternatively, cooled fixed-bed reactors can be utilized for methanation. These 

reactors contain cooling tubes or plates to regulate the temperature, simplifying the process 

compared to adiabatic reactors. However, the cost of the reactor itself is higher. (Götz 2016) 

A fluidized-bed reactor is a chemical reactor that employs a fluidized bed of particles to 

facilitate various chemical reactions. The reactor consists of a bed of solid particles that are 

suspended in a fluidized state by a gas or liquid stream flowing through it. As the fluid passes 

through the reactor, it transports and mixes the reactants and products. The particles behave 

like a fluid and are carried along by the fluid, resulting in better mixing, heat transfer, and 

mass transfer. This provides an environment where the particles can be in close contact with 

the reactants, allowing for efficient reactions. One significant advantage of fluidized-bed 

reactors is their nearly isothermal operating conditions, which allows for effective heat 

removal and simplified reactor design. However, mechanical stress from fluidization can 

lead to attrition processes affecting both the catalyst and reactor walls, resulting in catalyst 

deactivation. Incomplete CO2 conversion due to bubbling can also be a disadvantage, and 

the reactor's superficial gas velocity is limited - it cannot be too low to ensure minimum 

fluidization conditions or too high to avoid catalyst elutriation. (Catalano 2016 & Götz 2016) 

Structured reactors, such as monolith reactors, have been created to address the issues of 

adiabatic fixed-bed reactors, such as temperature hot spots and high pressure drops. 

Monolith reactors have an internal metallic structure that enhances radial heat transport by 
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two to three orders of magnitude by conducting heat through the metallic structure 

(depending on the metallic material). Micro structured reactors are another type of structured 

reactor that combines high heat transfer and a small pressure drop, thanks to their compact 

design and high surface-to-volume ratio. The disadvantage of structured reactors is the more 

complicated catalyst deposition on the metallic structure and the difficulty of replacing the 

deactivated catalyst. When the catalyst is deactivated, the entire reactor must be fitted with 

a new catalyst coating. (Götz 2016) 

Other chemical methanation reactor concepts involve three-phase reactors, which utilize a 

liquid phase that contains suspended catalyst particles due to the gas flow. The high heat 

capacity of the liquid phase allows for precise temperature control, even under high load 

variations. However, drawbacks of this concept include additional gas-liquid mass transfer 

resistance and the potential for decomposition and evaporation of the heat transfer fluid. 

(Rönsch 2016 & Götz 2016) 

3.3  Comparison of biological and chemical methane synthesis 

The power requirement for catalytic methanation processes is generally lower than for 

biological methanation processes, which often require a stirrer or agitation mechanism to 

introduce hydrogen effectively into the liquid phase. In biological methanation, the energy 

consumption of the stirrer can be up to 10% of the energy required to produce methane 

(approximately 1 kWh/m³). While chemical methanation is also subject to mass transfer 

limitations, it still has better mass transfer compared to biological methanation. (Götz 2016) 

Catalytic methanation is more sensitive to impurities such as sulfur, which can poison the 

nickel catalysts used. Therefore, the feed gas for catalytic methanation must be cleaned 

upstream of the reactor to ensure low sulfur content. 

Process flexibility and minimum load are also important factors to consider. A more flexible 

methanation reactor can reduce the costs of upstream hydrogen storage, which is a high-cost 

factor. For biological methanation, there is reportedly no minimum load based on biology, 

but if the energy consumption of the stirrer exceeds the energy content of the produced 

methane, operation of the plant is not reasonable thus the minimum load above 10%. 
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Chemical methanation has a higher minimum load of between 10 – 40% due to limitations 

in the process control system. (Götz 2016) 

The economic aspect is another crucial consideration when evaluating biological and 

catalytic methanation processes. In small-scale plants, the production costs for biological 

methanation are slightly higher than those for catalytic methanation. However, as plant sizes 

increase, the production costs for biological methanation become nearly 2.5 times higher 

than those for catalytic methanation. It is important to note that certain studies have reported 

higher costs for catalytic methanation when compared to biological methanation.(Götz 

2016) 

In terms of reactor volume, catalytic CO2 methanation in a fixed-bed reactor proceeds at a 

much faster rate than biological methanation, followed by three-phase methanation. To 

convert a certain feed gas flow, a biological methanation plant would require a reactor 

several orders of magnitude larger than an adiabatic fixed-bed reactor, for instance. This is 

characterized by the gas hourly space velocity (GHSV). 

𝐺𝐻𝑆𝑉 =  
𝐹𝑣

𝑉𝑟
      (25) 

Where Fv is the volumetric flow rate of the feed gas and Vr reactor volume. For biological 

reactors GHSV of < 1 h-1 while catalytic reactors can reach 5000 h-1 for similar methane 

content. The GHSV is a key factor in determining the contact time between the gas and the 

catalyst, which in turn influences the reaction rate and selectivity of the process. (Götz 2016) 

Table 6. Summary of 4 potential methanation technologies for PtG plant 

Reactors CSTR 3Phase 
Reactor 

Fluidized Bed 
Reactor 

Fixed Bed Reactor 

Backmixing High Moderate - Low 

Temperature °C 20 – 70 300 – 350 300 – 400 250 – 700 

Pressure (bar) <10 20  1 – 5 

GHSV <100 500 – 1000 1000 – 3000 2000 – 5000 

Price medium low-medium low medium 

Technology 
readiness 

pilot pilot Commercial Commercial/mature 

  

The conclusion is that at present, biological methanation is only feasible for small-scale 

plants. Lower temperatures can make the process simpler, but it limits the options for 
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utilizing waste heat. Biological methanation also requires larger reactor volumes, but it has 

a simplified gas cleaning process due to its high tolerance for impurities. 

For plants of average size, isothermal catalytic methanation techniques such as three-phase 

methanation and fluidized-bed reactors are the most suitable option. The process setup is 

relatively straightforward, and waste heat can be used in various ways. 

On the other hand, fixed-bed chemical methanation is ideal for large-scale methanation 

plants (over 100 MW). Although the process setup is more complicated, it can produce 

valuable steam. (Götz 2016) 

When considering the target power plant of this research the desired production rate small 

since the electrolysis is around 1 – 5MW. Thus, the methanation process for relatively small 

production rates should be considered which in theory would ideally be biological. 

Temperatures and pressures are low, and the gas purity is on a good level making it easy to 

maintain and use. This will make the whole process a little less efficient, but the capital cost 

would be lower since the process stays simple. However, further research would be needed 

to decide in more detail which type of reactor is the best fit. With the knowledge from this 

research, out of commercially available reactors the CSTR is a good option.  
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4  Carbon capture 

The carbon captured is either stored (CCS), utilized (CCU), or it can be a combination of 

both utilization and storage (CCUS). This is considered internationally as one of the most 

significant means of reducing carbon dioxide emissions. Carbon dioxide can be captured 

directly from emission sources, such as power plants, or direct air capture of carbon dioxide 

DAC. Carbon dioxide captured from emission sources is purified, pressurized, and stored or 

utilized. The greatest technical challenge of capture processes is to reduce energy 

consumption, which accounts for most of the costs of the CCUS chain. 

The environmental impact of utilizing CO2 as a feedstock for products and its benefit on 

decarbonization efforts depends on the source of the CO2. Although CCS can reduce 

emissions from the sector, using processed carbon to make synthetic fuels will ultimately 

emit the carbon back into the environment, limiting its contribution to reducing CO2 

emissions. Therefore, it is preferable to use biogenic sources for CCU. Additionally, Waste-

to-energy (WtE) plants are an inevitable source of CO2, but they are an efficient and 

ecological method of handling waste compared to landfills, which release methane 

uncontrollably. The WtE combined heat and power plant (CHP) incinerates municipal solid 

waste (MSW) of varying composition. (Wienchol 2020 & Kosonen 2020) 

In order to capture CO2, carbon capture (CC) technology involves separating it from a 

mixture of gases, which can either form before or after combustion. When the gas stream 

containing carbon dioxide is formed before combustion, it is referred to as precombustion 

carbon capture and consists mainly of CO2 and H2. On the other hand, post combustion 

carbon capture occurs when the gas stream is made up of CO2 and N2. Oxy-fuel combustion 

capture is another promising technology that falls between pre- and postcombustion 

techniques. This involves using pure oxygen instead of air for combustion, resulting in 

combustion products consisting mainly of CO2 and steam. Various separation technologies 

are currently in use and development for separating CO2 from gas mixtures, with most 

techniques applicable also to PtG processes. (Sifat 2019) 

The primary focus lies in post-combustion capture, primarily due to its potential for 

retrofitting in existing power plants that generate flue gases. The Electric Power Research 

Institute (EPRI) conducted a comprehensive evaluation of 125 post-combustion capture 
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technologies, spanning various stages of development from conceptual analysis (TRL1) to 

commercial availability (TRL9). Out of the evaluated technologies, 43% were based on 

absorption, 23% on adsorption, and 14% involved the use of membranes. However, it is 

noteworthy that only four absorption projects had progressed to the sub- or full-scale 

demonstration stage (TRL > 6), while the majority of the reviewed projects were still in the 

laboratory, bench, or small pilot scale (TRL < 5). The EPRI report also highlights the 

existence of 25 operational Waste-to-Energy (WtE) plants incorporating carbon capture, 

with the majority employing amine absorption techniques. (Zhang et. al 2019) 

The potential of advanced capture technologies in reducing CO2 emissions is promising. 

Nevertheless, there are several challenges that must be overcome before implementing them 

on an industrial scale. These challenges include dealing with impurities, coping with low 

partial pressure of CO2, absorption capacity and kinetics, regeneration energy requirements, 

cost, and adapting to existing plants. 

4.1  Carbon capture technologies 

Technologies for carbon capture can be divided in groups by their working principle. First 

is determined if the capture of CO2 is done before using the fuel (pre-combustion), after 

using the fuel (post-combustion) or during the use of fuel (oxyfuel combustion). Also, a 

fourth technology group exists, called direct air capture (DAC).  

In pre-combustion, carbon dioxide is extracted from the fuel before combustion occurs, 

during fuel gasification. This method has higher efficiency than post-combustion, but it 

involves complex and expensive handling steps during gasification. Thus, it is not very good 

option to retrofit in existing WtE combined heat and power plants. 

Oxy-fuel combustion (OFC) generates flue gas with the highest concentration of carbon 

dioxide due to the burning of fuel in a mixture of recycled flue gas and pure oxygen, which 

eliminates nitrogen present in combustion air. Even though this technology is the most 

energy-intensive of all the methods it is very promising if the oxygen from electrolysis could 

be utilized as well as the leftover water. 

DAC technology is the future of CCUS and involves collecting CO2 from the ambient air, 

where its concentration is much lower than in point sources like flue gas. DAC technology 
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utilizes a medium (solid or liquid) that is attracted to CO2. However, since the aim of this 

research is to reduce CO2 emissions from existing WtE plants, DAC is not applicable and 

therefore won't be further included in the research. 

In this study, we focus mainly on post-combustion carbon capture since it is the most mature 

process which is also easiest to retrofit in existing plants. The fundamental idea is to separate 

carbon dioxide from flue gas following combustion, with the ability to integrate the 

technology into current power plants. Post-combustion technology is the most developed 

and has been commercially employed for a considerable time. Its primary hurdles include 

the relatively low carbon dioxide concentration in flue gas (usually ±10%) and high energy 

demand (Magnelli 2021). Consequently, the driving force for CO2 separation, such as partial 

pressure, is low, and there is a significant amount of flue gas that needs treatment. 

All the different carbon capture technologies require integration of CO2 separation. The 

separation technologies in carbon capture processes can be divided various ways into a main 

category and then even more variations in them under categories as seen in the Figure 19. 

Different CO2 separation methods can be used in different carbon capture systems and for 

instance these could be divided in biological, physical and chemical method. From these the 

focus in this research is on the chemical absorption technique and the rest of the technologies 

are discussed more briefly. Oxy-fuel process will be discussed separately due to its 

promising future for new WtE plants. 
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Figure 19. Summary of carbon capture and CO2 separation methods (adapted from 

IEAGHG 2020 & Dubey 2022) 

From the technologies illustrated in Figure 18. the implementation of post combustion 

carbon capture using amine absorption is already established technology. Chemical 

absorption with amines was initially implemented at full scale on offshore plants and later 

became a commonly used post-combustion capture solution. The first full scale application 

of post-combustion capture was carried out in a coal-fired power plant, which involved 

capturing CO2 from flue gas. Monoethanolamine (MEA) is the most widely used amine 

solvent for post-combustion CO2 separation, mainly due to its effectiveness in low CO2 

partial pressure applications. (Magnelli 2021) 

There are other promising technologies under development that falls under the physical 

method. For instance, adsorption process where gas molecules are trapped onto the surface 

of a solid material called an adsorbent. Others like membrane separation and Cryogenic 

distillation are also extensively resourced technologies that may present part of the PtX 

concept in the future. In this research the focus is still on the chemical absorption technology.   
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4.1.1  CO2 absorption technology 

Absorption refers to the process where atoms or molecules are taken up by a bulk phase, 

such as a liquid or solid material. Absorption can be categorized into chemical and physical 

solvent techniques. In chemical absorption, the solvent undergoes a reaction with CO2 to 

form a chemical compound, which is later separated to remove the captured CO2. On the 

other hand, physical absorption occurs when the solvent, which is chemically inert, 

physically absorbs CO2. When capturing carbon from flue gases, chemical absorption is 

typically favored due to its higher absorption capacity at low CO2 partial pressure. 

Chemical absorption is a widely adopted method for capturing CO2 in the chemical and oil 

industries, with the amine-based process being the industrial standard for post-combustion 

carbon capture for over 50 years. Potassium carbonate (PC) utilization is another almost as 

widely used for over 600 different plants worldwide (Borhani 2015). CO2 separation through 

absorption is preferred to do through liquid solvents. The selection of the solvent is a critical 

aspect of the process, with the ideal solvent possessing high reactivity and absorption 

capacity for CO2, good stability under thermal and chemical exposure, low vapor pressure, 

easy regenerability, low environmental impact, and low acquisition and production costs. 

(Sifat 2019 & Magnelli 2021) 

Monoethanolamine (MEA) is a well-established and widely used amine absorbent in 

commercial-scale applications. MEA offers various advantages, including its rapid 

reactivity, high capacity for absorbing CO2, and suitability for low CO2 concentration 

scenarios. However, MEA also poses several challenges, such as its high energy 

requirements, corrosive nature, susceptibility to degradation, and the release of emissions 

derived from degradation byproducts. Moreover, the production of MEA from ammonia is 

energy-intensive and contributes to both direct and indirect CO2 emissions. To overcome 

these drawbacks, extensive research has been conducted to explore alternative technologies 

for CO2 capture. It is important to note that the cost of CO2 separation using MEA typically 

ranges from 40 to 60 € per ton of CO2. (Magnelli 2021) 

Potassium carbonate absorption is mature and well-known absorbent but due to the much 

slower rate of reaction and low mass transfer in liquid phase, the PC absorption is not 

considered as an option in this study. However, there are many advantages like easy 

regeneration, low degradation rate, and low solvent cost. Thus, in the future PC could be 
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valuable option for PtG systems if the future chemical promoters help increase the reaction 

rate. (Hu et. al 2016) 

The process of chemical absorption for CO2 involves two stages. Initially, the treated gas 

and the solvent stream are brought into contact in a counterflow configuration. In this stage, 

the solvent absorbs CO2 from the gas stream. Subsequently, the solvent is regenerated by 

heating it in a stripping column to release the absorbed CO2. The pure CO2 is then collected 

from the top of the column. The process is shown in Figure 20. 

 

Figure 20. Schematic picture of CO2 chemical absorption (Sifat 2019) 

Typically, 30 wt% aqueous MEA solution is used in the absorption plant. Prior to entering 

the absorption column, flue gas from the WtE plant must be cooled to around 40°C. Inside 

the absorption column, CO2 is absorbed from the flue gas by the amine solution, with the 

processed flue gas exiting from the top of the column after being heated to approximately 

120°C through heat recovery from the incoming flue gas. The CO2-rich amine solution is 

sent to a stripper connected to an overhead condenser and a reboiler. In the stripper, the CO2-

rich amine is separated into a lean solution, which is recirculated back to the absorber, and 

a CO2 gas stream, which is separated at the condenser. Although the absorption process 

releases heat, the regeneration process requires a significant amount of heat, which is 

provided by a steam flow in the reboiler. (Magnelli 2021) 

The capture process consumes a fair amount of energy (heat + electricity). At a coal fired 

power plant the needed energy is approximately 3.0 – 6.5 MJ/kgCO2, which is equivalent to 

0.9 – 1.2MWh/t CO2. (Dubey 2022) 
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The stripping column is operated with the aim of achieving high efficiency while 

maintaining the reboiler temperature close to the boiling point of water. Operating at 

temperatures exceeding 120 °C can result in thermal degradation of the MEA solution, 

leading to increased costs associated with fresh amine feed and capture. The captured CO2 

is recovered from the top of the stripping column and undergoes further treatment. The lean 

MEA solution is discharged from the bottom and recycled back to the absorption stage. A 

small amount of MEA and water is lost with the flue gas and captured CO2, necessitating 

the addition of a make-up feed to compensate for these losses. (2kg/tCO2) (Laaksonen et. al. 

2021) 

4.1.2  Oxyfuel combustion carbon capture 

The process of oxyfuel combustion involves burning fuel in oxygen rather than air, resulting 

in a flue gas consisting mainly of water and carbon dioxide. The absence of nitrogen in the 

combustion process leads to high flame temperatures, which can be mitigated by adding 

recycled CO2 or steam to the combustor with pure oxygen. While oxyfuel combustion and 

carbon capture with water as a solvent have potential as a solution for reducing CO2 

emissions, the technology is not yet mature and retrofitting existing plants can be 

challenging. Additionally, the process is energy-intensive and requires a significant source 

of pure oxygen. 

However, there are several potential ways to address these challenges with a PtG plant. For 

example, oxygen produced in the electrolysis process can be used to operate the oxyfuel 

combustion plant, eliminating the need for an Air Separation Unit (ASU). The stored oxygen 

can also be used in conjunction with the stored hydrogen in the methanation plant to produce 

synthetic natural gas. This approach has the potential to significantly reduce the energy 

demand and increase the efficiency of the oxyfuel process while mitigating its challenges. 

(Bailera 2017) 

The utilization of water as a solvent for CO2 separation appears as a promising technology 

for CCU. This approach holds particular significance in oxyfuel systems of future energy 

systems that emphasize high electrification. The water bubble column process offers 

advantages as it operates without the need for combustion or high temperatures, relying 

solely on electricity for pumping, compression, and cooling. While the absorption of CO2 
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into water is a commercially established technique in biogas upgrading, the subsequent step 

of CO2 capture (i.e., desorption from water) for final utilization is still in the early stages of 

development. Nonetheless, the initial design for this process has already been published. 

(Inkeri 2021)  

 

Figure 21. Oxyfuel combustion process adapted to PtG plant (adapted from Sifat 2019) 

Regarding the study by Manuel Bailera Small combined cycles are considered as the upper 

limit for PtG-Oxy applications, whilst subcritical power plants are prohibitive since they 

require between 330 and 420 MW of electrolysis capacity. It is also interesting that a total 

of 88% of the exothermal heat available from methanation is recovered with an optimized 

heat control. Hence, the absence of ASU unit, and the use of the methanation heat, allow 

increasing significant efficiency to increase over 10%. 

4.2  Carbon capture conclusion 

As mentioned earlier, post-combustion carbon capture is currently the most promising and 

only viable option for retrofitting in existing Waste-to-Energy plants or Power-to-Gas 

processes in general. The benchmark technology for post-combustion capture is the 

Monoethanolamine absorption (MEA). While studies on the dynamic operation of Power-

to-Gas have mainly focused on the flexibility of electrolysis and methanation, the CO2 

capture process has been overlooked. One reason for this might be the significant difference 

in storage costs between CO2 and H2. For instance, the estimated storage cost is around 1.4 

€/t for CO2, while the estimated cost for H2 storage ranges from 375 – 490 €/kg (Inkeri 2021). 
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Even though the amine absorption is currently ahead in the competition, it is expensive in 

terms of both capital and operating costs. The price of CO2 capture varies between 25 – 

135€/tCO2 and with MEA post combustion around 40 – 60€/tCO2 (Karjunen 2022). This 

could be significantly reduced by performing carbon capture only when excess heat is 

available, it is possible to capture 47% of the CO2 emitted by the WtE plant, while reducing 

the power production by only 5% (Magnelli 2021). Thus, efficient alternatives for carbon 

capture are highly desirable. When comparing different methods of capture, key factors to 

consider include their feasibility in PtG applications and their cost. The selection of 

construction materials is influenced by the corrosive nature of solvents and impurities 

present in flue gas, as this can significantly impact project costs. However, with meticulous 

process design, it is feasible to develop a capture process that demands lower energy 

consumption. 

IEAGHG's technology ranking in 2020 shows that post-combustion technologies have the 

highest potential for widespread deployment. Among these technologies, amine-based 

absorbents rank highest due to their high maturity, followed by electrochemical separation 

such as fuel cells and adsorption-based capture, which have yet to prove their feasibility in 

large-scale industrial operation. Membranes and solid sorbents have good potential in pre-

combustion applications, while the still immature oxyfuel processes rank notably lower 

compared to post- and pre-combustion technologies. IEAGHG identifies several challenges 

to widespread carbon capture deployment, including high cost, investment risk for initial 

projects due to weak investment returns, lack of infrastructure for transportation and storage 

of CO2, long project duration, lack of related legislation, and unclear policymaking regarding 

carbon capture. (Berghout et. al 2020) 
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Table 7. Summary of MEA and Oxyfuel carbon capture technologies (adapted from 

Magnelli et. al. 2021 & Plaza 2022) 

Process Post Combustion with MEA Oxyfuel combustion with bubble 

column separation 

Pros & Cons + Robust and mature technology 

+ Easy to retrofit 

+ No size limitations 

- Expensive and toxic chemicals 

used 

+ No toxic chemicals needed 

+  high purity streams 

+ All leftover streams from 

electrolysis and methanation can be 

benefitted 

- Only for small scale PtG plant 

- currently only pilot scale 

Fluegas CO2 

content 

5 – 20% >80% 

Temperature (⁰C) 90 – 120 60 – 120 

Pressure (bar) 1 – 10 2 – 70 

Retrofit WtE Yes No  

efficiency 55 – 70% 70 – 80% 

Fit for biological 

methanation 

Yes Yes 

CAPEX €/tCO2 40 – 60  N/A 

Technology 

readiness level 

9 (Mature) 1 – 2 (pilot) 

 

As seen from the summary MEA post combustion capture is well suitable for Biological 

methanation and PtG plant in general. Efficiency and energy intensity are the main 

characters to tackle in the future. 
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5  Power-to-Gas case study 

Power-to-gas technology converts electrical power from renewable sources such as wind 

and solar into chemical bond energy, stored in a combustible gas such as hydrogen, methane, 

or ammonia. The process involves splitting water molecules into oxygen and hydrogen using 

electricity, which is then stored or fed into a methanation process or similar to produce other 

fuels. However, further processing requires another material as reactant, such as carbon 

dioxide or nitrogen. 

The stored hydrogen or methane can be used to generate electricity on-demand through a 

fuel cell, or as a feedstock for other industrial processes, such as the production of synthetic 

fuels or chemicals. PtG is considered a key solution for energy storage and management, 

enabling the integration of intermittent renewable energy sources into the energy grid, 

providing a stable supply of clean energy. The primary processes involved in PtG plant, 

specifically focused on methane production, include water electrolysis, methanation, and 

CO2 capture. The origin of CO2, the method of capture, and the ultimate utilization of the 

product all impact the overall emissions of the PtG system. If the methane produced through 

PtG is simply combusted, resulting in the release of CO2 into the atmosphere, the potential 

for emissions reduction is not fully realized. However, by capturing the released CO2 and 

reintroducing it into the input stream of the PtG process, it is possible to create a closed cycle 

that minimizes CO2 emissions. In cases where the CO2 source is biogenic, PtG has the 

potential to achieve even negative emissions. (Inkeri 2021) 

 

Figure 22. PtG simplified process description. 
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Simplified PtG concept introduced in Figure 21. can have many variations regarding the 

different process components to get to the final product. From the recently made research by 

Fajardy almost 60% of PtG projects in Europe have focused on hydrogen only and the rest 

is also investigating CO2 methanation. Half of the methanation projects are using biological 

and the other half chemical methanation. Currently most of the projects are in Germany and 

Denmark. Electrolysis technology is currently divided between PEM and AEL quite evenly 

and only a few are with SOEC. Carbon sources and the utilization of those is the least 

developed part of the PtX concept and all the current projects that are above laboratory scale 

are using bottled CO2 gas. Meaning there are not many operational PtG plants with own 

carbon capture. (Fajardy 2022) 

The push towards carbon capture and utilization is gaining momentum globally, with plans 

underway for around 20 commercial capture facilities targeting CO2 use, mainly in fuels, 

chemicals and building aggregates. Ten of these are started alone in 2021. Norway's Norsk-

e fuel plant is leading the charge, with plans to combine point-source and air-captured CO2 

with electrolytic hydrogen to produce 25 million litres of sustainable efuel by 2024. 

Lanzatech and HIF Global are also exploring the feasibility of similar-scale projects, with 

air-sourced synthetic fuel plants in development in Canada, Chile, and the United States that 

could be operational as early as 2025. (Fajardy 2022) 

Efficient methane synthesis and CO2 capture are key elements but as we can see from the 

figure 4, the source of green electricity is also a key component of the PtG concept. One 

driving factor for PtG concept is to balance the fluctuating green electricity network. Thus, 

it is important to consider all options regarding the correct electrolysis method. It is also 

affecting the carbon footprint and efficiency of the whole system when correct electrolysis 

and electricity source is selected. 

5.1  PtG process fundamentals 

The primary source of the electrolytic product gases obtained from water electrolysis 

determines whether they are free from fossil fuels or not. As the proportion of variable 

renewable power generation, such as wind and solar, increases, it becomes necessary to 

consider specific design criteria for the power supply system. The intermittent nature and 

availability of electricity necessitate a certain level of dynamic operational capability for the 
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water electrolysis and menthane synthesis system and the inclusion of electrical energy 

storage within the overall system. (Koponen 2020) 

The overall efficiency of the PtG concept has been the subject of extensive research. This is 

crucial in determining the amount of usable energy that can be derived from renewable 

electricity sources such as wind turbines. The total energy output can be quantified by 

considering both the rate of methane production and the energy stored in the methane. In 

Figure 23, Inkeri has presented a Sankey chart that illustrates the breakdown of the overall 

energy consumption of a theoretical PtG process. 

 

Figure 23. Power consumption example of a typical PtG process. Efficiency of 48% is 

reached if the waste heat is not utilised. (Inkeri 2021) 

Methane synthesis can provide extra heat, and electrolysers can also offer residual heat. 

However, the temperature range of the residual heat from electrolysers and biological 

methanation is usually low, which limits its potential uses. Heat pumps can convert low-

grade heat into higher temperatures (even above 100℃), but this comes with a slight increase 

in electricity usage. Additionally, the seasonal nature of district heat demand can complicate 

the utilization of this heat. When power-to-X systems are used in large quantities, there may 

be a surplus of low-grade heat in the local area. (Karjunen 2022) 

Using the mass flows from the ideal process in Figure 24. for H2 and CH4, the resulting 

chemical conversion efficiency with Equation (26) becomes 78 % based on HHV (83 % 

LHV).  
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𝜂 =
𝐻𝐻𝑉𝐶𝐻4∙𝑚𝐶𝐻4

𝐻𝐻𝑉𝐻2∙𝑚𝐻2
    (26) 

Theoretical efficiency decreases when considering the total power requirements of the 

system. The overall efficiency of the PtG chain is influenced by the auxiliary power demands 

of the entire plant and the utilization of heat. 

 

Figure 24. Simplified ideal mass balance of a theoretical PtG plant. 

From the Figure 24. can be seen that the synthesis process produces a considerable amount 

of water as a by-product, which is separated from the process. This water can be reused in 

the water electrolysis process to reduce water consumption, or it can be utilized as steam in 

the CO2 capture process. For instance, in the case mentioned earlier, the water generated 

from the methanation process accounts for half of the water used in the electrolysis process. 

Feedwater is crucial reactant for hydrogen production and functioning of electrolysis 

systems, high-purity feed water is required to prevent damage to the electrolysis cells. 

Impurities present in the feed water can deactivate the catalysts, leading to the degradation 

of the electrolysis cells, resulting in higher cell voltages and lower efficiency. Thus, water 

purification units are usually integral components of electrolysis systems to ensure low 

conductivity of the feed water by purifying it to the level of fully deionized water. 

Technology for feedwater purification is robust and can be obtained in large scale. The cost 

of water treatment varies depending on the water source, transportation distance, and waste 

disposal (<1% of total PtG plant). Therefore, for the study, the water purification system 

considered comprises the purification components from standard tap water and included in 

the electrolysis system. (Holst et. al 2021) 

Lastly, in order to complete the PtG process, carbon dioxide is required. This can be obtained 

from the exhaust gases or flue gas of a waste-to-energy plant, and the process of capturing 
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carbon dioxide requires electricity but mostly just heat. To evaluate the energy consumption 

and the amount of methane produced, the entire process was simulated in Excel as part of 

this study. The selected process models and scenarios illustrate the PtG concept with 

variations in equipment. 

5.1.1  PtG mass balance 

The mass balance of PtG plant was simulated in the case study and all the masses are 

presented in kilograms or Nm3. All the final products are assumed to be in STP conditions 

to make the results comparable with other studies. The basic principle with an ideal PtG 

process balance is that all the input products will transfer to output products. In the PtG 

process, the mass balance involves inputting water and CO2, and producing oxygen, water, 

and methane as outputs. 

First step in the total mass balance of the PtG plant is to solve the balance within water 

electrolyser stack. Oxygen and water vapor are the only relevant impurities that must be 

considered, if hydrogen is produced by water electrolysis. The cross-contamination of 

hydrogen and oxygen is neglected in the simulation even though the crossover must be kept 

in certain limits to prevent efficiency losses and to prevent the risk of formation of explosive 

mixtures. The rule of thumb is that ideal electrolysis needs 9kg of water to produce 1kg of 

hydrogen and 8kg of oxygen. This can be solved with laws of chemistry by using mass 

balance of the electrolysis reaction and molar masses. 

 

Figure 25. Simplified ideal electrolysis mass balance 

However, when the energy balance is considered the actual mass flows of the electrolysis 

process can be calculated with the following equations 

𝑚̇ (
kg

h
) = 𝜂𝑒𝑙

𝐸𝑖𝑛

𝐸0
     (27) 
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𝑚̇ (
kg

s
) = 𝜂𝑒𝑙

𝑃𝑖𝑛∙𝑀𝐻2

∆𝐻𝐻2𝑂
    (28) 

where ηel is the electrolyser efficiency, Ein is the electrical input of electrolysis (kW), E0 is 

the theoretical electrical energy consumed in electrolysis (39.4kWh/kg), Pin is the electrical 

input of electrolysis in joules, M is the molar mass of hydrogen (g/mol) and ΔH is the HHV 

of water (285.84 kJ/mol). With the Equations (27) and (28) can be solved how much 

hydrogen is produced with certain electrolysis power and within certain time period. For 

instance, with one megawatt electrolyser (100% efficiency) in an hour can be theoretically 

produced 25.4kg of hydrogen. (Buttler 2018, Ursula 2012 & Frank E. 2018) 

The mass balance for AEL electrolyser stack is a little different than with SOEC and PEM. 

For the studied process model, the total mass flow of the electrolyte (KOH) in the inlet of 

the stack is an initial constant variable that is assumed not to affect the process. Thus, the 

electrolyte flow at the inlet is evenly divided between the anode and cathode and the parallel 

cells. The outlet cathode mass flow and the anode mass flow are assumed not to have any 

other products than Oxygen and Hydrogen. Consumption of electrolyze does not have major 

impact in the process energy or mass flow. 

For SOEC electorlyser the input is considered to be saturated steam. The amount of steam 

is the same as liquidwater flow in AEL and PEM. With PEM electrolysis the water inlet is 

purified water but could be in some cases pressurized before entering the stack. 

In this research the post combustion MEA technology for carbon capture (CC) was assumed 

and thus the mass balance is dependent in flue gas and MEA. A typical MEA solution 

contains 30 wt. % MEA and rest is water (Liu 2021). Average powerplant that uses waste 

material as fuel has flue gas with 10 – 15 wt. % CO2 content. In the case study it was assumed 

that flue gas has 12 wt. % CO2 content where 98 wt. % was assumed for capture rate and 

used in methanation. The remaining 2% goes through the CC to the flue gas stream.  In the 

simulation it is also assumed that there is constantly enough CO2 available for the process. 

In real life this could be done with separate storage for liquid CO2 which would be an 

advantage for WtE plant because there is some fluctuation in the production rates between 

winter and summer.  
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Figure 26. Simplified mass balance of CCU. 

Typical amine consumption for a conventional post-combustion capture process is about 1.5 

– 2.2 kg per tonne of captured CO2 (Laaksonen et. al 2021). Figure 26. illustrates that an 

average CCU system linked to a WtE plant requires 8.3 tonnes of flue gas to generate one 

tonne of CO2. The MEA system necessitates 3 – 6.5GJ/tCO2 of heat, which is supplied by 

steam (Dubey 2022). 3GJ is equivalent to roughly 0.9MWh, and when converted to heat as 

saturated vapor at 1bar and 100°C, it corresponds to approximately 1.2 tonnes of steam. 

Methanation reaction with recirculation produces > 99% pure CH4, thus the reaction is 

assumed 100% efficient stoichiometrically. Biological methanation does not need chemical 

feed or cooling thus the input is only CO2 and H2.  

 

Figure 27. Ideal and simplified mass balance of methanation. 

From PtG mass balances it can be noticed that even average size WtE plant produces CO2 

enough to meet the hydrogen demand in methanation.   
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Figure 28. Simplified mass balance of PtG process (ideal STP conditions). Amine and 

KOH are just illustrated as zero function because the production does not change. 

The mass balance in Figure 28 is again ideal process without any losses. In real life 

application there will be some losses during the process. The same mass balance simulated 

with 1MW PEM electrolyser (100% efficiency and 40bar H2 outlet), Biological methanation 

(CSTR and 100% mass transfer), and post combustion capture MEA. When this process is 

running 8760h (full year) the ideal total mass balance is illustrated in Figure 29.  

 

Figure 29. Ideal mass balance of PtG plant with 1MW PEM electrolysis, CSTR, and MEA 

CCU during a year of operation. 

The value in the middle is the produced hydrogen with PEM electrolyser. Values in Figure 

29. are calculated by using equation (17), (20), (27), and stoichiometric calculations.  These 

values are well in the same range with other research material and could be done even more 

accurately if input values are collected from manufacturers data.  
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5.1.2  PtG Energy balance 

The principle of energy balance in a power-to-gas plant is to convert renewable electrical 

energy into hydrogen gas, which is then synthesized into methane. The energy balance of a 

PtG plant is determined by the energy inputs and outputs throughout the process. Energy 

inputs include the electricity used for electrolysis, as well as the electrical energy required 

for compression and storage of the resulting fuel. Energy outputs include the energy stored 

in the fuel and additional products, water, oxygen, heat. The system follows law of 

conservation of energy and that is why the input equals the output. 

Most of the energy is consumed in the electrolyser as electricity and heat. The balance 

between heat and electricity is dependent on what kind of electrolyser is used. The total 

amount of energy required to split the water molecule is theoretically always the same but 

the losses in different type of electrolysers affect the actual energy consumption. For 

instance, SOEC with 800°C steam input can make up approximately 40 – 50% of the total 

electricity consumption. The average electrolyser electricity consumption is in the range of 

4 – 5kWh/Nm3 when the total system electricity consumption is around 5 – 6kWh/Nm3. 

Thus, the focus regarding efficiency and electricity consumption is often targeted in 

electrolysis. 

 

Figure 30. Electricity consumption in PtG system with different electrolysis. 
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From the simulation it was seen the difference in electricity consumption between different 

PtG systems with 1MW electrolysis during a full year of operation. This is illustrated in 

Figure 30. The total energy input and output including heat for simulated PtG plant with 

1MW electrolysis (70% efficiency) illustrated with block chart in Figure 31. 

  

 

Figure 31. PtG plant energy balance when operating 8760h with 1MW (70% efficiency) 

electrolysis, methanation and CCU. 

With each simulated system the input amount of energy is same but divided differently 

between heat and electricity. The heat required for CCU is marked with dots because it is 

mostly heat that is ideally brought into system from side streams within the plant. Waste heat 

stream is combination of produced waste heat in electrolysis and methanation. From the 

simulation it was seen that if 70% of waste heat produced in electrolysis (EHeatoutE) and 

methanation (EHeatoutM) processes could be utilized, the system efficiency would increase 

already over 80%. This can be calculated simply by dividing output energies with the 

electrical input energy 

𝐸𝐶𝐻4+𝐸𝐻𝑒𝑎𝑡𝑜𝑢𝑡𝐸+𝐸𝐻𝑒𝑎𝑡𝑜𝑢𝑡𝑀

𝐸𝑖𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

    (29) 

Where ECH4 is the energy in produced methane. The heat produced in methanation, and 

electrolysis is half of the total produced energy. Thus, heat management is crucial part of 

PtG plant operation. 
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5.2  PtG simulation and comparison 

A simulation model was developed in Excel to support this thesis, which can be utilized in 

a variety of ways to calculate mass and energy balances for a hypothetical power – to – gas 

plant. The model allows for selection of electrolyser type and size, including AEL, PEM, 

and SOEC. This research aims to compare these three technologies for their retrofitting 

potential in a waste – to – energy plant with CCU and methanation. Input values for the 

comparison will be taken from existing models, literature, and manufacturer data, which 

were presented in previous chapters. Discussion and cross – checking with manufacturers 

and existing research data will be conducted in Chapter 8. 

Several options and scenarios exist for small – scale methane production alongside an 

average sized WtE plant. For the examples provided in this chapter, it was determined in 

Chapters 3 and 4 that methanation would be conducted using a biological continuously 

stirred reactor, while carbon capture would be performed through monoethanolamine 

absorption (MEA) reaction. To simulate the electrolysers, initial input values were selected 

to closely represent current available technologies based on the newest resource data. The 

simulation model is flexible and can be adjusted to evaluate different equipment selections, 

including temperatures, pressures, voltage, current density, efficiency, electrical and 

material inputs, and other key parameters. These values are evaluated from previous data to 

meet current standards. 

5.2.1  Scenario – Electrolysis at full capacity 

The total electrical power consumption of theoretical PtG plant is mainly dependent in the 

electrolysis. Electric power is mainly used for electrolysis (90 – 98%) but also for power 

electronic losses and other auxiliary devices of the H2 production unit (2 – 5% of 

electrolysis), CCU unit (0.5 – 3%) and the biological synthesis unit mainly use electricity 

for stirring (0.5 – 3%) (Dubey 2022). Thus, the power for running the other equipment 

represents quite small part of the total electrical energy consumption of the plant. 

Under this assumption and assuming that this plant would be powered only by green energy 

like wind and solar. In real life situation there are some fluctuations in the power feed thus 

some kind of storage is needed along the system. It could be battery energy storage before 
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the electrolysis or hydrogen storage after the electrolysis or a methane storage in the end of 

the process. However, by optimizing the plant for variable energy production by adding a 

hydrogen intermediate storage, methane storage, over potential to the water electrolyser, and 

applying an intelligent dynamic plant control, the energy storage capacity could be 

significantly decreased. In this simulation it is assumed that electricity is constantly available 

enough to run the electrolysers at 100% capacity.  

It is also assumed that all losses of electrolysis and methanation are converted to heat. The 

excess heat from methanation can be calculated from the reaction enthalpy. In the other hand, 

CCU system is using heat and electrical energy around 1 – 9% and 0.5 – 2% respectively 

compared to electrolysis power. The power consumption of auxiliary components, or some 

sources refer to balance of plant, has been estimated for instance with 10 MW PEM 

electrolysis to be around 0.25 MW. In the simulation it was used assumption between 2 – 

5% (2% for 10 MW, 5% for 1 MW) of the electrolysis total consumption with all three 

electrolysis options. With thermal integration, part of the excess heat could be utilized for 

CO2 capture to increase the overall efficiency. However, the excess heat from electrolyser 

(AEL and PEM) is at temperatures below 90 ºC, thus the value of the heat is not very high. 

Also, biological methanation does not produce very high temperature heat and hence cannot 

be used as easily as the heat from chemical methanation. Steam produced in methanation 

can be utilized as steam or as condensate water. The enthalpy change from steam is 

approximated in simulation as 2441.6 kJ/kg (steam tables). (Butler 2018 & Dubey 2022) 

When the dependence on the source is minimal, the CO2 capture rate should align with the 

feed demand of the methanation reactor. Considering that the capture process requires a 

significant amount of energy, ranging from 3.0 to 6.5 MJ/kgCO2, it is important to capture 

only the necessary amount. Average size powerplant produces enough CO2 emissions to be 

utilized in large-scale methane production, in fact there are not currently any PtG plant 

operational that could utilize even close to the all CO2 captured from one average size WtE 

plant. CO2 production of only 50 000t/a would already require 50 – 60MW capacity 

electrolysers to meet the methanation demand. 

Efficiency of the system is better when using large equipment compared to smaller process 

equipment. In methanation the production rate is directly proportional to the hydrogen 

production because it is assumed that the reaction balance is approximately 100%. However, 

the higher production volume requires more electricity for the stirring. The amount of 
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electricity depends on the methanation equipment but in this case, it is considered to be 

between 1 – 2% compared to 1 – 10MW electrolysis. It is also assumed that methanation 

and CCU are not the limiting factor of the process. Methane production is dependent on the 

amount of hydrogen produced. 

The simulation was set to produce methane 8760h (full year) with 1MW, 6MW and 10MW 

electrolyser. AEL is operated in standard conditions and assumed to be using 1.481V and 

enthalpy of 286kJ/mol. PEM electrolysis is operated at 40bar pressure and feedwater is in 

standard condition which results in slightly higher electricity consumption than AEL (Nernst 

equation (17) results in 1.55V electrolysis for PEM. SOEC is fed with 800°C steam which 

allows the lowest electricity consumption compared to PEM and AEL. Results about yearly 

electricity consumption and electricity consumption per produced hydrogen are illustrated 

in figure 32. 

 

Figure 32. Annual electricity demand of PtG plant with specific electricity demand per 

produced Hydrogen. 

As predicted SOEC uses much less electricity than PEM and AEL alternative. In the 

simulation SOEC had input of 800°C steam but even with 200°C the electricity consumption 

was (3.4 kWh/Nm3 H2) 30% less than PEM and AEL. Total electricity consumption per 
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produced Nm3 of hydrogen progressively uses less electricity when the equipment and 

volume increase. This is due to the scale up effect where efficiency of large equipment 

increases compared to small ones. For instance, power electronics takes 2-5% of total 

electricity depending on the size of electrolysis due to different resistance factors and 

degradation (Koponen 2020 & Tichler et. al 2019). These are very promising values 

considering retrofitting PtG plant with WtE plant and when the high temperature electrolysis 

becomes more commercially available it could have great impact on the green hydrogen and 

methane development. 

 

Figure 33. Pillars represent total cost of electricity, lines going up represent sold methane 

and lines going down represent production cost of methane. 

When the price for methane is selected as an average 1.7€/kg and the electricity price is at 

46€/MWh, all three simulated production methods (Figure 33.) incur lower electricity costs 

than the revenue earned from selling methane. The cost of the sold methane exceeded the 

cost of the electricity used by 12 – 20%, and with SOEC, the difference was approximately 

50%. As a result, under these conditions, the sold methane when compared to electricity cost 

is profitable for any of the three options. It is also seen that production cost drops slightly 

about 0.1€/kgCH4 when the equipment size is elevated. 

Between AEL and PEM there is a small difference between hydrogen production due to the 

pressure difference and due to the assumption that AEL is used with theoretical 1.481Volts. 
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In real life the difference is a bit more depending on manufacturer. Mass balance (Figure 

34.) illustrate the flow of each compound with the assumptions made in this scenario. 

 

Figure 34. Simplified mass balance for 6MW PtG plant. 

As seen from the mass balance the electrolysis is limiting the process if not correctly chosen. 

If average sized WtE plant consumes 100 000 – 150 000tons of waste which means 

approximately 30 000 – 50 000tons of CO2 emissions fed into the methanation. With above 

simulation the mass balance would need at least 35MW electrolysis capacity running for full 

year to be able to meet the CO2 demand at the methanation.  

Based on the hypothetical maximum capacity scenario, it was observed that, even with 

conservative operational input values, it is possible to run the PtG plant quite efficiently. To 

answer if this scenario is economically feasible the equipment maintenance, stack 

replacements, and other associated costs need to be included. Economic feasibility will be 

discussed in more detail at chapter 6 and 7.  

5.2.2  Scenario – Dynamic operation  

In this scenario, it is assumed that the PEM electrolyser operates dynamically between 0% 

and 100% capacity depending on the electricity price, whereas AEL and SOEC are 

considered stable at 100% production because these systems are most efficient when the 

input and output are not fluctuating. It is assumed that 5000t of CO2 is captured and used to 

produce methane, which requires AEL and SOEC to be at 6MW for full – year production 

(8760 hours). In the case of PEM, it is assumed that production is at full capacity only when 

the electricity price is below 45€/MWh, because based on Nordpool data from 2020 – 2021, 

it was estimated that the electricity price is below 45€/MWh for approximately 4000 hours 
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per year. This assumption requires 13.5MW PEM electrolysis to meet the 5000t CO2 

demand. For SOEC and AEL, the average electricity price is assumed to be 50€/MWh. 

Figure 8 illustrates the difference between the electricity price of each system and the total 

electricity consumption. 

 

Figure 35. Total electricity consumption in a year with dynamic operation 

In Figure 35. the straightforward estimation shows roughly that with PEM electrolysis the 

total electricity consumption is the highest even though only 4000h operational hours was 

done, but with fluctuating power delivery the total price of electricity is less than with AEL. 

The next chapter will go on to more details about the cost structure but currently it is not 

economically sensible to invest in such a big overpotential. The difference in electricity 

consumption in a year between 13.5MW dynamic operation and 6MW stable operation was 

only 1%.  

In real life the dynamic operation needs to account also higher degradation if the fluctuation 

and start-up is frequent. However, there is a possibility to install buffer storages that could 

help balance the production and give more flexibility. Cost of green electricity and the price 

of SNG in the future will be in important role to decide whether it is feasible to prepare for 

high fluctuating system or stable system.  
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5.2.3  PtG with turboexpander 

Turboexpanders are old technology that is used in pressure reduction in various situations. 

Usually throttle valves or pressure control valves are used to reduce the pressure, where 

energy of the gas is spent without doing any work. The reason for possible use of 

turboexpander in PtG system is that the pressures and gas volumes are getting high enough 

to get other advantages than just high pressure storing in vessels. High pressure hydrogen is 

often stored right after electrolysis because it is more energy efficient to use the natural 

pressure from chemical reaction instead of compressors to pressurize the gas. However, 

biological methanation cannot use the high-pressure hydrogen thus, the pressure must be 

reduced and even from standard PEM electrolysis the pressure drop is from 40bar to 1 – 

5bar. This means that plenty of energy is wasted if the hydrogen is fed straight to the 

methanation reactor through valves. This lost energy can be recovered as electricity if 

turboexpanders coupled with generators are used instead of throttle valves. (Rahman M. 

2010 & Bielka P. 2022) 

 

Figure 36. Pressure reduction schematic with turboexpander (adapted from Rahman 2010). 

The amount of electricity or work done by the gas can be calculated as follows: 

𝑤 = 𝑐𝑝𝑇1 [1 − (
𝑝2

𝑝1
)

𝑘−1

𝑘
]    (30) 

Where, w is work done by gas per unit mass, cp is Specific heat of gas, T1 is Inlet temperature, 

p1, p2 are inlet and outlet pressures, and k is Isentropic exponent. Overall average efficiency 

for turboexpander installation is estimated at around 53 – 60%. Turboexpander is best suited 
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for large flow above 3000Nm3/h and if there is possibility for pre-heat it will give better 

efficiency for the system. (Rahman 2010) 

The simulation model was added with turboexpander to see what the electricity savings are. 

Due to the large flow rate demand a small-scale production must be ruled out. Which is also 

evident because turboexpanders are costly equipment and not feasible at all with small scale 

production. Turboexpander was simulated with 15MW and 30MW PEM electrolyser. 

Pressure reduction was tested with electrolyser outlet at 40bar and 80bar (pressure ratio 8 

and 10 respectively). Electricity consumption in both cases was 1.3% less in whole PtG 

system. Turboexpander could theoretically produce enough electricity to compensate 

biological methanation and some other BOP electricity in the system. The effect on total 

efficiency is very small but turboexpander could be considered especially if the electricity 

price is high and if the pressures and flow rates are getting higher in the future. 

5.3  Regulative aspects for PtG construction 

To construct any production plant the legal aspects must be considered. Since the PtG plant 

in general is new technology and there are no such plants in operation the legislative and 

regulative aspects are still developing. However, each project like this will go first through 

Environmental Impact Assessment (EIA). In Finland, it is regulated by the Act on 

Environmental Impact Assessment Procedure (252/2017) and by the Government Decree on 

Environmental Impact Assessment Procedure (277/2017). The EIA procedure applies to 

projects and their modifications that are likely to have significant environmental impacts. 

The obligation to carry out an EIA for PtG plant is based on Act 6c. integrated chemical 

production plants, where chemicals are produced on an industrial scale using chemical 

conversion processes, and where organic or inorganic chemicals are produced. (Finlex 

2017/252) 

The objective of the EIA Act is to promote environmental impact assessment and the 

uniform consideration of such assessments in planning and decision – making. At the same 

time, the aim is to increase the information and participation opportunities for all parties. 

The EIA procedure aims to prevent or mitigate harmful environmental. This will be done in 

the early stages of project planning while alternatives are still open. The authorities may not 

grant a permit for the implementation of the project or make any decision equivalent to it 
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before the assessment has been completed. The EIA procedure does not make decisions on 

the project itself, but rather aims to produce information for decision – making. (Finlex 

2017/252) 

When the EIA is over and ready the permits will be applied. It takes 80 – 240days to 

complete EIA and then permit process could take months depending on the project. An 

overview of currently needed permissions and legal activities for PtG plant are shown in the 

Figure 37. 

 

Figure 37. Overview of needed legal and regulative actions for PtG plant (Tukes, ELY – 

center, Energy authority, AVI) 

It is necessary to understand that each one of these takes time and should be considered in 

the prefeasibility phase of the project. Some of these might be quicker to get passed if the 

plant will be constructed at the premises of working plant. In total it is estimated that the 

permit process takes minimum a year. (ymparisto.fi and AVI)  

AVI (Regional State 
Administrative 

Agency)

•Environmental permit

•Prior notification of the construction site before the start of the 
construction work. The notification is made to the occupational safety 
authority responsible

Energy Authority

•Notification of the commissioning and modifications of a power plant

•Emissions traiding act 311/2011

•Requires emissions permit and monitoring plan

TUKES

•Chemical safety law (390/2005)

•Handling and storage of dangerous chemicals Act

•Hydrogen, SNG and Biogas production requires operational and 
storage permit

•Placement of the plant

•The placement of the plant is being examined from the perspective of 
the risk of accidents caused by chemicals, such as thermal radiation, 
pressure waves, health effects, and environmental impacts.

•Pressure equipment directive (law 1144/2016)

•All pressure equipment must CE marked and inspected

•ATEX (Directive 2014/34/EU)

•Explosion protection document for workplaces where explosive 
atmospheres may occur. The explosion protection document must be 
prepared before the premises are put into use.

•Will be monitored by tukes, Occupational Safety and Health 
Authority, Rescue authority

State Council (ELY 
center)

•Land Use and Building Act (132/1999)

•Building and land use permit

•Environmental Protection Act (527/2014) and Environmental 
Protection Decree (713/2014) 

Municipalities

•Municipality environmental permit

•Registration of operation

•Building permit

•Action permit (toimenpidelupa)
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After the whole permit process is over the construction can start. The construction itself 

needs to follow safety regulations set for construction site. And after the plant is ready to 

commission and operation the monitoring of permits will start. It is separately indicated in 

different acts that monitoring of operation, safety and equipment must be done constantly, 

such as pressure equipment maintenance and inspection must be done every 5 years. 

5.4  Sensitivity analysis 

Sensitivity analysis was carried out to illustrate how different parameters affect the PtG 

simulation. The first analysis is based on a 1 MW electrolysis efficiency and the amount of 

electricity consumed by the entire PtG system for methane production.

 

Figure 38. PtG system electricity consumption compared to electrolysis efficiency. 

This comparison in Figure 38. shows that the change in electricity consumption is not as 

crucial with SOEC as it is with PEM and AEL. The efficiency of different PtG systems 

depends heavily on the electrolysis process, and each electrolysis process has its own unique 

features. The analysis in Figure 39. illustrates the effect of these unique features on the 

overall efficiency of the PtG plant. 
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Figure 39. PtG system efficiency compared to each electrolysis special feature. Orange line 

illustrate the system with heat utilization. Blue line is only with electrical input transferred 

to methane (LHV). 

From these graphs, it can be observed that an increase in pressure has very little effect on 

the efficiency of the system. However, if the pressure is utilized, for instance, to put 

hydrogen in buffer storage or with turboexpander, the effect would be higher.  

Temperature increases results in over 100% efficiency with heat utilization (SOEC orange 

line), if the heat input for SOEC is considered as free energy from side streams. A rise in 

temperature during electrolysis has a positive impact on the efficiency; thus, the SOEC 

should be operated at the highest possible temperature.  

Voltage is a parameter that affects all the graphs, as higher pressure increases voltage in 

PEM electrolysis, whereas an increase in temperature lowers the voltage in SOEC 

electrolysis. The third Figure with AEL illustrates the direct effect of voltage increase on the 

PtG system's efficiency. Based on the sensitivity analysis simulation, one can obtain a good 

understanding of the main parameters affecting the PtG plant. 
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6   PtG system cost structure 

This chapter will cover the overall structure of capital expenditures (CAPEX) and 

operational expenditures (OPEX) for a PtG plant. The CAPEX includes project costs such 

as engineering, site preparation, and installation, as well as initial equipment investment 

costs and equipment replacement costs. The OPEX includes operation and maintenance 

costs, as well as electricity costs. 

6.1  Electricity 

Electricity costs cover the majority of operational expenses for the entire PtG plant, 

especially the electrolysis section. The price of electricity impacts the plant's operation and 

total payback time, and the source of electricity can determine the environmental 

sustainability of the end product. 

According to NorPool data, the electricity spot price fluctuates hourly, but for this research, 

an assumed price of 40 – 50 €/MWh was used, which corresponds to the average cost for 

company consumers in Finland in 2020. To take full advantage of lower spot prices, dynamic 

operation of the electrolyser between 0 – 100% of its full capacity would be necessary. It 

was also assumed that the electricity used for the PtG plant is produced using wind power. 

However, not all the generated electricity comes from renewable sources. Nevertheless, 

plant owners can ensure that the hydrogen produced is from renewable electricity through 

power purchase agreements (PPA) with a Guarantee of Origin (Nordpool). 

The assumed utilization rate of the electrolyser ranges from a minimum of 50% to a 

maximum of 100%, equivalent to 4000 – 8760 full load hours. It is important to note that 

this utilization rate is only achievable in a grid – connected system and is assumed to be in 

place where an existing WtE plant is operational. However, if the electrolyser is not grid – 

connected and is directly coupled to a variable renewable power source such as onshore 

wind, it can typically operate for only 3200 full load hours. (Tichler 2019 & Leeuwen 2018) 

For green hydrogen production to compete with hydrogen from fossil – based processes, the 

cost of production needs to decrease. A prerequisite to achieving this target is a low cost of 
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renewable electricity. For the system considered in this study, a cost of electricity as low as 

30 €/MWh would be required to produce hydrogen at under 2 €/kgH2 and methane at under 

1 €/kg, allowing for competition with fossil – based processes. (Tichler 2019 & Leeuwen 

2018) 

6.2  Auxiliary and AC/DC conversion 

The quality of power is another variable that can increase efficiency and electricity 

consumption in a PtG plant. The alternating current (AC) that comes from the transformer 

is converted to direct current (DC) in a rectifier, with losses in the form of heat. Although 

the electrolysis stack requires DC power, all other components need AC power supply. 

Typically, a transformer supplies electric energy from the grid (e.g. 20 kV) to the sub – 

system units, providing a specific voltage level for the electrolysis. The design of power 

electronic converters is characterized by the requirement of high DC currents and low DC 

voltages, which is usually achieved with thyristors in industrial applications. However, the 

use of thyristors generates harmonics that can cause additional heat losses in the water 

electrolysis process. Therefore, power quality is an important factor in optimizing the 

specific energy consumption of the PtG plant. (Koponen 2020) 

Total losses in the conversion from AC to DC can be significant, and other auxiliary 

components that use electricity within the plant should also be considered. In this study, it 

was assumed that the auxiliary components for whole PtG system, including the AC/DC 

conversion process, would take around 2 – 5% electrical energy of the process. The 

percentage will be lower for bigger equipments thus the 5% for small 1MW electrolysers 

and 2% for large over 10MW electrolysers. It is also important to note that poor power 

quality can accelerate the cell degradation rate and decrease the lifetime of the electrolyser. 

(Tichler 2019, Leeuwen 2018 & Koponen 2020) 

6.3  Electrolysers 

Electrolysers are a key component in PtG plants and the production of hydrogen. The overall 

cost of an electrolyser system includes several components, such as the stack, power 
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electronics, balance of plant, and installation costs. Understanding the cost breakdown of an 

electrolyser system is crucial for assessing the economic feasibility of a PtG plant. 

The cost of the stack depends on several factors, such as the size, materials, and design. In 

general, the stack cost represents a significant portion of the overall cost of an electrolyser 

system. With AEL electrolyser about 50% of the stack price is produced from anode and 

cathode material. In the other hand with PEM the membrane is over 40 % of the stack price. 

For each of the three electrolysis technologies, the stack price is estimated to decrease in the 

future, with the price of SOEC expected to come down fastest due to its technical readiness 

level. Regular replacements of the stacks and other balance of plant (BoP) components are 

not included, as replacement intervals are highly dependent on operational management, the 

application, and there is practically no reliable data available to date. However, it is almost 

certain that the stack must be replaced at some point before the whole system becomes 

outdated, typically within a 7 – 15 year interval. The stack contributes 30 – 60% of the total 

investment cost, depending on the type of electrolyser. Most of this cost comes from 

manufacturing the diaphragm/electrode package. Lower costs for the electrolysis stack and 

system are estimated for larger capacities. (Buttler 2018, Tichler 2019 & Leeuwen 2018) 

The cost of BOP components depends on the size of the system and the complexity of the 

design. In general, the cost of BOP components represents 30 – 50% portion of the overall 

cost of an electrolyser system. The breakdown of system costs is similar for PEM and AEL, 

with details shown in Figure 40. The breakdown is not reliable for SOEC due to its technical 

readiness thus not included here.  

 

Figure 40. Cost breakdown of AEL and PEM electrolysis system (adapted from Marius et. 

al 2021, Leeuwen et. al 2018 & IRENA 2020) 
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Engineering costs include design and other expenses associated with installing the 

electrolyser system. The cost of construciton depends on the location, size, and complexity 

of the installation. In general, the cost of construction represents approximately 20 – 25% 

portion of the overall cost of an electrolyser system. When efficiency and cost reductions are 

prioritized over technological development, it becomes more important to consider location. 

It is a major cost reduction if electricity is produced nearby, and gas grid injection or 

utilization of the product is also nearby the plant.  

Quantifying the cost of electrolysers poses several challenges due to various factors. Firstly, 

the technology is still in its early stages of commercial development, making it difficult to 

obtain readily available data. Secondly, costs vary significantly depending on technology 

type, design, materials, and production scale. Thirdly, there is a notable price difference 

between China and other countries. Finally, prices are rapidly changing due to the 

manufacturers' increased production scale. Electrolyser costs can range from even from 170€ 

to 3,200€ per kW of capacity, with AEL having the lowest estimated cost at 200 – 1500€/kW, 

followed by PEM at 1200 – 2300€/kW, and SOEC at 1300 – 3200€/kW. The minimum cost 

for alkaline electrolysers by Chinese manufacturers, which is 200€/kW and cited by several 

sources, is significant step concerning the future cost estimations. In recent years, 

electrolyser costs have been rapidly decreasing, with estimates of CAPEX within large – 

scale electrolysers dropping by 40 – 50% in the five years leading up to 2019. Specifically, 

during the same period, AEL costs decreased from an average of 1800€ to 1000€/kW, while 

PEM costs fell from 2500€ to 1250€/kW. (Böhm 2019, Buttler 2018, Moradpoor 2023 & 

Tichler 2019) 

6.4  Methanation 

Biological methanation cost structure is evaluated and similarities to the other components 

in PtG plant can be noticed. There are not much real data from running plants, so the share 

of costs are estimates. Out of all the investment costs in methanation 65 – 80% is for the 

equipment in BOP and reactor. Rest 8 – 18% for the construction, around 10% for planning 

and design and 4 – 8% for other things. Operational cost of biological methanation are rather 

small and estimated to be under 5% of total investment per year. For comparison the 

chemical methanation has twice as high operational costs. Total CAPEX for biological 
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methanation currently is in the range between 300 – 1100€/kWCH4. (Tichler 2019, 

Schlautmann 2021 & Leeuwen 2018) 

 

Figure 41. Scaling effect for methanation technology (Schlautmann 2021) 

As seen from the Figure 41 the investment cost is quite similar with both catalytic and 

biological methanation. It is estimated that in the future biological technology will be 

cheaper but the main decision between these two should be done after estimated what kind 

of the operation will be done and in what scale. 

6.5  Carbon capture 

Hydrocarbon based e-fuels are primarily derived from CO2 as their primary feedstock, which 

means that the cost of capturing carbon is usually included in the overall production costs. 

The cost of capturing carbon is affected by the concentration of CO2 in the flue gas, which 

typically ranges from 10 – 15% in WtE CHP plants. Higher concentrations of CO2 may 

reduce capture costs as they require less energy for the process, while lower concentrations 

may result in higher energy requirements and increased costs. 

This study focuses on MEA carbon capture and assumes that the size of the capture process 

exceeds the nominal demand by at least 20% to ensure a constant supply of CO2 without 

requiring large storage tanks. The cost of capturing CO2 varies between 25 – 135€/tCO2, but 

with MEA post – combustion, it is around 40 – 60€/tCO2. Additionally, estimates suggest 

that utilizing waste heat from other plants in the MEA process could reduce the cost by 

almost 30%. (Schlautmann 2021 & Tickler 2019) 
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Chapter 5 of this report reveals that the operational costs of the process mainly stem from 

electricity consumption, but since the process can be automated and operated remotely, the 

associated expenses remain low. However, it should be noted that the CCU system utilizes 

approximately 10% of the total energy of the PtG system, out of which only 1 – 3% is 

electricity. Moreover, CCU constitutes roughly 3 – 4% of the total investment cost of a PtG 

plant. (Schlautmann 2021 & Tickler 2019) 

The high cost of CCU is regarded as the main challenge in the widespread adoption of CCU 

technology. Therefore, reducing the cost of CCU as much as possible requires further 

advancements in CCU technology, in addition to governmental support through carbon tax 

and incentives. 

6.6  Construction of PtG plant 

According to this research, the construction of the PtG plant constitutes an estimated 10% 

of the total capital expenditure (CAPEX), which includes expenses related to piping, vessels, 

installation, engineering, and materials (Böhm 2019, Tickler 2019, Schlautmann 2021 & 

Leeuwen 2019). The location, whether onshore or offshore, as well as specific employee 

rates, are not taken into account in this estimation. 

The construction of the pipeline and pressure equipment attached to it must adhere to the 

Pressure Equipment Directive (PED) and ATEX Directive due to the hazardous nature of 

hydrogen and methane. Steel containers for gas are assumed to cost approximately 100€/m3. 

The cost estimation for pipeline construction that transmit methane through is approximately 

350k€/km, and for hydrogen, it is 600k€/km. Additionally, operational maintenance costs 

are estimated to be around 2% of the pipeline investment. Extra costs need to be considered 

for materials and construction regarding the nature of hydrogen gas that could cause 

embrittlement to the materials and weldings. (Böhm 2019) 

The construction of a plant like this also requires civil works, which are included in 

miscellaneous costs and the price of vessels and pipes. Labor costs vary depending on the 

location, and hence, are also included in miscellaneous costs. 
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6.7  Complete system cost analysis 

Firstly, the cost structure of each main component is divided in the major cost shares in Table 

8. With electrolysers the main cost is from stack, power electronics, BOP parts, construction 

and operational expenses. CCU and methanation investment is divided with the vessel and 

BOP components and yearly operational cost.  

Table 8. Summary of PtG plant main equipment cost structure 

 

To evaluate hypothetical 1MW PtG plant total levelized cost of energy (LCOE) and the 

payback time, equation (31) and (32) were used respectively. Simulation model was used to 

calculate specific energy and mass balance for the calculations. Input values for each 

electrolysis was set to 1MW with the same assumptions as in the scenarios in chapter 5. 

Average investment cost for AEL, PEM and SOEC was selected to be 1000€/kWh, 

1800€/kWh and 2800€/kWh respectively. For the biological methanation the investment 

cost was assumed to be 1000 €/kWhSNG considering HHV and assuming 90% efficiency 

 COST  

AEL 

 –  Stack 

 –  Power electronics 

 –  BOP 

 –  Construction 

 –  OPEX % of CAPEX per year 

200 – 1500€/kWh 

40% 

20% 

40% 

20% 

3 – 4% 

CAPEX, Investment cost  

% of equipment cost 

% of equipment cost 

% of equipment cost 

% of CAPEX 

doesn’t include electricity and stack 

replacement 

PEM 

 –  Stack 

 –  Power electronics 

 –  BOP 

 –  Construction 

 –  OPEX % of CAPEX per year 

1200 – 2300€/kWh 

50% 

20% 

30% 

15% 

3 – 4% 

CAPEX, Investment cost 

% of equipment cost 

% of equipment cost 

% of equipment cost 

% of CAPEX 

doesn’t include electricity and stack 

replacement 

SOEC 

 –  Stack 

 –  Power electronics 

 –  BOP 

 –  Construction 

 –  OPEX % of CAPEX per year 

1300 – 3200€/kWh 

30% 

20% 

50% 

20% 

3 – 4% 

CAPEX, Investment cost 

% of equipment cost 

% of equipment cost 

% of equipment cost 

% of CAPEX 

doesn’t include electricity and stack 

replacement 

CCU investment 

 –  BOP 

 –  Columns 

 –  OPEX % of CAPEX per year 

50€/tCO2 

70% 

20% 

6% 

CAPEX, Investment cost 

% of equipment cost 

% of equipment cost 

% of CAPEX (doesn’t include electricity) 

Methanation investment 

 –  BOP 

 –  Reactor 

 –  OPEX % of CAPEX per year 

340 – 1500€/kWhCH4 

70% 

15% 

5% 

CAPEX, Investment cost 

% of equipment cost 

% of equipment cost 

% of CAPEX (doesn’t include electricity) 
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(100% conversion). Small buffer storage for hydrogen and CO2 in total of 1200m3 and the 

price was assumed for steel vessels 100€/m3. Since it is not possible to order all the 

equipment as one package there must be some pipeline connections to do, and this was 

assumed to be 500m in total with 600€/m. Water cost was neglected from the cost calculation 

due to its very low cost. Also, price of other chemicals such as electrolyte and amines were 

neglected. 

To evaluate the cost of PtG plant full lifecycle the levelized cost of methane (LCOCH4) 

€/MWhCH4 was used. With the values collected in Table 8. and assumptions listed above, it 

was possible to use LCOE equation.  

𝐿𝐶𝑂𝐸 =  
𝐼0+∑

𝐶𝐴𝑃𝐸𝑋+𝑂𝑃𝐸𝑋

(1+𝑟)𝑡
𝑛
𝑡=1

∑
𝐻2𝑡

(1+𝑟)𝑡
𝑛
𝑡=1

   (31) 

Where 𝐼0 Investment expenditure in year 0 (€), 𝑛 Lifetime of the installation (20years), 

CAPEX in year t (€), OPEX in year t (€), 𝑟 Discount rate (%) and 𝐻2 or CH4 production in 

a year t (kg). 

Equation (31) provides a means to evaluate the methane production costs (in €/MWh) using 

the Higher Heating Value (HHV) as a reference. The CAPEX for a given year encompasses 

the expenses associated with essential equipment and construction. The annual OPEX 

accounts for both fixed operational costs and electricity expenses. 

The calculations do not include stack replacement during the system lifecycle because it 

would be difficult to compare since the SOEC is not commercially available and there is not 

enough data. Rough estimate can be made and during 20yrs lifecycle of the system the stack 

will be replaced every 10yrs, 7yrs, and 5yrs for AEL, PEM and SOEC respectively. The cost 

is around 30% of the total initial electrolyser cost. 
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Table 9. Summary of costs with 1MW electrolysis, methanation and CCU 

 AEL PEM SOEC  

Electricity total (€) 

Electrolysis 

CCU 

Methanation 

Auxiliary 

482 000 

90% 

2% 

2% 

6% 

482 000 

90% 

2% 

2% 

6% 

298 000 

90% 

2% 

2% 

6% 

From simulation (50€/MWh) 

 

 

 

Include AC/DC conversion 

OPEX 

 

Maintenance + Operation 

electricity 

129.3 

557 340 

14% 

86% 

143.1 

589 340 

18% 

82% 

103.8 

445 340 

33% 

67% 

€/MWhCH4 per year (8760h) 

total €/a 

own calculation 

own calculation  

CAPEX 

construction 

equipment 

2 442 500 

20% 

80% 

3 442 500 

15% 

85% 

4 692 500 

15% 

85% 

€ total 

% of CAPEX 

% of CAPEX 

LCOCH4 (€/MWh) 178.7 210.1 198.2 own calculation (eqn. 30) 

 

A discount rate of 6% was assumed, 20 years lifetime and full operation hours. Electricity 

consumption was concluded from the case study simulation with same base parameters as in 

the scenarios. To evaluate the feasibility for the three possible PtG options net present value 

(NPV) will be used.  

𝑁𝑃𝑉 =  
𝑟𝑒𝑣𝑒𝑛𝑢𝑒−𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒𝑠

(1+𝑟)𝑡
− 𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡  (32) 

Where revenue include sold methane and part of waste heat. Expenditures include electricity, 

maintenance and operation. Discount rate r is 6% and lifetime t is 20 years. The price for 

methane is assumed to be 150€/MWh. 90% of the waste heat from electrolysis was assumed 

to be sold as district heat with price of 40€/MWh (Fortum 2023) and the heat from 

methanation is used in the process. Water is neglected from the cost evaluation since it will 

be circulated in the process and the cost is very minimal. Oxygen production is used in the 

attached CHP plant and thus does not affect the cost and is neglected from the calculation.  
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Figure 42. NPV of 1MW electrolyser in 20year lifecycle 

It was predicated already in this research that it would be difficult to get PtG plant profitable 

with current electricity cost and SNG price. Only AEL was able to reach positive NPV during 

the 20 year lifecycle. The stack replacement is not in the calculation thus the profit would be 

close to zero if approximately two stack replacements would have been done in 20 years.  

As a comparison, for this research an offer was requested for 1.25MW PEM electrolyser to 

see how well the case study represents real life. The offer was 2300€/kW which sums up to 

3milj.euros for the total investment. The offer includes everything in the price such as project 

management, safety equipment, installation, training etc. Only buffer storage and civil work 

was to be done by buyer. This real-life example compared to the above calculations and 

estimations shows that the current status of cost with PtG systems is closer to the higher 

range of the estimations. If this particular offer would be added to the rest of the components 

that are needed for PtG plant the total CAPEX would be at least 20% higher than in table 8 

was summarized. Hence, it would not be profitable due to the small amount of SNG 

production.  
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7  Discussion  

The European target to reach carbon neutrality by the end of 2050 is an ambitious goal that 

will need actions immediately (European Commission – climate action 2020). To achieve 

this target many new challenges will be faced but also opportunities will be created. PtX 

concept among others is one of the top strategies to speed up renewable energy transition. 

Thus, in this chapter will be discussed about one of the main targets of this thesis, that was 

to understand techno and economic feasibility of the PtG plant. Feasibility is ultimately the 

leading factor if the production of synthetic methane will be invested in and by what quantity.   

7.1  Feasibility 

In this research one of the main targets was to get better picture on the different options for 

PtG plant that will be installed together with average sized waste to energy CHP plant. As 

stated, there were not many limitations in the beginning of work. However, the large cut 

between possible equipment was done due to the technical readiness of the technologies. In 

the table 10. is summarized best available technologies (BAT) for the PtG plant with 

electrolysis scale between 1 – 5MW. 

Table 10. Summary of BAT for PtG plant 

 Current BAT   Future 

Electrolyser 

Methanation 

CO2 capture 

PEM 

Biological (CSTR) 

MEA 

AEL 

Biological (CSTR) 

MEA 

SOEC 

Chemical 

MEA 

SOEC 

Chemical 

OXYFUEL 

Construction 

Retrofit and scale up 

Easy 

yes 

Complicated 

yes 

Moderate 

yes 

n/a 

Only for new plant 

Maintenance demand moderate 

 

High 

 

High 

 

n/a 

Operational Flexibility Good Moderate poor Moderate 

Cost High Moderate High High 

 

In Chapter 3, methanation was initially selected to be done using a biological CSTR system 

for the case study and cost analysis. This was because of its low temperature and pressure 

requirements, simple and mature technology, low maintenance costs, and no additional 

chemical requirements. Based on these advantages, especially for small-scale production, 
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the CSTR methanation system could be selected. This option is also one of the few systems 

that have been tested in a real-life PtG plant, such as the European Store&GO project in 

Solothurn (Böhm 2019). For future considerations, high – temperature operations would 

preferably use chemical methanation because waste heat could be utilized in the process, 

making it more efficient. 

Regarding the CO2 capture system, post-combustion MEA capture technology is the most 

straightforward option to choose. It is currently the only technology with the required 

technical readiness for use in ongoing projects. Post-combustion technology is also the best 

option for WtE power plants since CO2 separation from flue gas is the only viable option, 

considering that the fuel used is not always the same. For completely new power plants with 

PtG, high-temperature electrolysis (SOEC is a good option) and oxyfuel combustion should 

be considered. This is because both, waste heat (steam) and oxygen, can be utilized in the 

process, resulting in the best possible efficiency for the entire system. It is however expected 

that the oxyfuel is still expensive in the near future.   

The electrolysis options in this research were the three commercially available technologies 

AEL, PEM and SOEC. From these it was seen that SOEC is by far the most efficient 

electrolysis if there is excess heat available. AEL and PEM electrolysers are quite similar in 

terms of efficiency but the difference with operational flexibility gives advantage for PEM. 

The investment cost was calculated in chapter 6. which resulted that AEL is the cheapest 

and the only one with ability to get positive revenue. From the cost calculations it was seen 

that with current electricity and SNG prices it is very hard to get any of the small scale PtG 

systems profitable. However, to get more detailed answer for the profitability questions it 

should be considered that CO2 capturing lowers the tax paid, oxygen could be more 

profitable to sell than use in the process, cheap electricity PPA could be obtained, and 

governmental subsides could help. 

Construction of the electrolyser system is dependent on the manufacturer but from the 

literature and from the quote received for this research PEM is the smallest and most compact 

design that does not need much onsite engineering what comes to the building and 

installation. For AEL the footprint and external vessels is multiple times bigger than same 

power PEM and SOEC system (Koponen 2020 & Carmo 2022).  Construction of PtG plant 

in general takes approximately 3 years (source Environmental Impact Assessment (EIA) 

2023). The complexity of the system affects a lot in the schedule but also to the construction 
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especially due to the technology that is fairly new, and expertise is not at the same level as 

with traditional plants. Thus, for small scale production the selected components should be 

simple to reduce extra cost for delays, engineering, maintenance, etc. The revenue is limited 

and thus the system construction needs to be considered when estimating future revenues. 

The construction of an electrolyser system is subject to the manufacturer's requirements. 

However, based on available literature and the quotation received for this research, it is 

evident that the PEM design is the most compact and does not require extensive on – site 

engineering for installation. On the other hand, the AEL design has a significantly larger 

footprint and requires external vessels, which makes it multiple times bigger than the PEM 

and SOEC systems with the same power output (Koponen 2020 & Carmo 2022). While the 

system is built on site using existing infrastructure, and therefore there is no cost for land, it 

is important to note that the size of the system is still proportionate to the additional costs 

incurred for construction and maintenance.  

The construction of a Power-to-Gas (PtG) plant typically takes around three years, as 

indicated by the Environmental Impact Assessment (EIA) reports done past year in Finland. 

The complexity of the system can have a significant impact on the construction schedule, 

particularly since the technology is relatively new and the level of expertise is not yet 

equivalent to that of traditional plants. Therefore, for small-scale production, it is advisable 

to choose components that are simple, as this will reduce the costs associated with delays, 

engineering, and maintenance, among others. It is crucial to consider the construction of the 

system when estimating future revenues, as revenue is limited. 

Based on this research the best solution considering construction, schedule, cost and future 

scale up, the PtG plant should be installed with either PEM or AEL electrolyser Preferable 

PEM but more quotes should be observed), biological methanation and MEA post 

combustion capture. The revenue is not certain in current situation with electricity and SNG 

prices, expensive construction prices, etc. however, it is very likely that EU subsides, and 

regulations will change the path. Also, if the construction is done so that the scale-up is quick 

and easy, there should be good position on the market to get better revenue each year. 
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7.2  Future work suggestions 

There are several ongoing projects in Finland that will construct PtG plants using the same 

principles researched in this thesis. It is important to closely monitor these projects and 

research all lessons learned to further develop Finnish expertise in the field of Power to X. 

Also, development is currently fast which means that even during the project there could be 

breakthroughs in different aspects of the plant construction and design. Additionally, there 

are many important topics, such as regulations and market conditions, that were not covered 

in this research and that can change rapidly. To reduce costs and obtain detailed data on 

potential revenues, further research is necessary to investigate how the costs of SNG storage, 

liquefaction, and transportation affect the entire PtG system. Additionally, other components 

of the plant that can increase efficiency should be studied in more detail. For example, 

investing in a turboexpander with new high-pressure electrolysers could be a valuable 

addition. The study should also include different buffer storage and battery options, such as 

compressed air energy storage (CAES) and liquefied hydrogen storage. 
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8  Conclusion 

The aim of this thesis was to find out answers for technical and economic feasibility of a 

small scale PtG production in Finland. Furthermore, this thesis has explored the various 

aspects of electrolyser technology, methane synthesis, carbon capture, and the power-to-gas 

process. Through an in-depth examination of these topics, we have gained valuable insights 

into the current state of these technologies, their limitations, and their potential for 

contributing to a sustainable energy future. 

The study highlighted the different types of electrolysis, such as alkaline water electrolysis, 

proton exchange membrane electrolysis, and solid oxide electrolysis, while also discussing 

emerging electrolysis technologies. We examined the fundamentals of water electrolysis, 

including heat integration, pressure demand, electrochemistry, energy demand and 

efficiency, concentration efficiency, degradation, and electrolyser materials. Additionally, a 

comprehensive comparison of various electrolyser technologies was presented whereas 

outcome PEM electrolysis was most suitable for small scale production and SOEC had the 

most potential in the future integrations. 

The thesis delved into methane synthesis, exploring both biological and chemical methods, 

and providing a comparison between the two. Methane synthesis being in the heart of the 

PtG process needs more real-life data and proven technology before it can be said which 

technology is the benchmark in the future. However, the current research show that 

approximately half of the projects worldwide are using chemical and other half biological 

synthesis, thus the main impact for selecting right technology comes from the other 

components and process demands. 

The analysis of carbon capture technologies and CO2 separation techniques highlighted 

effectiveness for industrial process sustainability and efficiency. The principles, 

mechanisms, and efficiency of these methods were compared, and MEA technique rise 

above the others when considering small and fluctuating production. Additionally, the 

analysis of oxyfuel combustion carbon capture highlights its remarkable efficiency and 

potential application in future power generation. This technology, which utilize also heat 

and oxygen, demonstrates significant promise in capturing and storing CO2 emissions 
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generated during the combustion process. Its effectiveness in reducing carbon dioxide 

emissions makes it a leading contender among carbon capture technologies. 

Furthermore, the power-to-gas case study shed light on the PtG process, its fundamentals, 

energy and mass balances, regulatory aspects, and sensitivity analysis. Overall, it was 

calculated that SOEC with MEA carbon capture and biological methane synthesis, is 

currently the most efficient solution when retrofitting PtG plant into an existing WtE plant. 

When considering dynamic operation SOEC was using the least electricity, but PEM took 

advantage over AEL due to its good dynamic ability. Turboexpanders in the process was 

interesting addition and should be investigated more in the future when the pressures and 

volumes of PEM electrolysers increase since there could be a huge help for efficiency. 

Overall, the simulation made for this research was successful and will be useful tool for 

future studies in the PtG systems.  

The cost structure of a PtG system was analysed, considering components such as electricity, 

electrolysers, methanation, carbon capture, and overall plant construction. It was clear that 

from the calculations and compared source material the current cost structure of PtG plant is 

in the higher end. From the analysed LCOCH4 and NPV it was seen that currently in Finland 

it is very hard to have small scale production that would be economically feasible. From the 

three options compared, one megawatt PtG plant with AEL, was the only one that got 

positive NPV. Afterall, when considering economic and technical feasibility in this research 

it was conclude that currently the best option for retrofitting small scale PtG plant into 

existing WtE plant would be with PEM electrolysis, MEA carbon capture and utilisation, 

and biological methanation. 

Through this comprehensive analysis, we have gained a deeper understanding of the 

feasibility and potential of PtG systems in integrating renewable energy sources, storing 

excess energy, and producing synthetic methane. Also, in the prevailing consensus in Europe 

and in Finland, regarding PtX opportunities, it is important to research this topic as much as 

possible to provide greener future. The findings of this thesis contribute to the body of 

knowledge surrounding sustainable energy systems and provide valuable insights for future 

research and development. 
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Appendix 1. Example picture of the excel model made for the study (PEM electrolysis). 

 


