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1 Introduction  

In consideration of climate destructive future scenarios by an unlimited exploitation of fossil 

resources, supranational organizations such as the European Union (EU) advocate interna-

tionally valid agreements on how the dependency on fossil fuels can be diminished.  

Europe plays a leading role in avoiding serious and irreversible damaging effects on nature 

and is therefore ambitioned to reduce greenhouse gas emissions like carbon dioxide (CO2) by 

increasing the share of Renewable Energy (RE) in energy consumption. 

At the end of April 2009 the European Council published the revised version of the European 

Directive 2009/28/EC [1] for the promotion of the use of energy from renewable sources. 

The members of the EU are requested to develop a national roadmap in order to fulfil their 

specific obligations to raise the percentage of RE in gross final energy consumption until 

2020. Based on the natural conditions, the country-specific targets vary from 10 % (Malta) to 

49 % (Sweden). The national overall target for Germany is 18 % and it is 38 % for Finland. 

At the present time Germanys contribution of RE is 12.4 % and 34.3 % for Finland. Directive 

2009/28/EC requires an ambitioned implementation of RE in the three energy sectors electric-

ity generation, energy for heating or cooling and transport energy consumption. To meet their 

obligation each Member State has to release appropriate national regulations.  

The main issues arising with a significantly high share of RE affect the electricity sector. The 

increasing share of electricity feed, in particular Photovoltaic (PV) and wind power plants, 

define new challenges which have to be faced in many countries of the EU. The effects of a 

high share of volatile REs can presently be seen in Germany. Due to the fact that the genera-

tion and consumption of electricity has to be in balance, a volatile feed implies grid imbalanc-

es which have to be compensated. A lower demand for base load and a limited operational 

flexibility of conventional coal and nuclear driven power plants make it essential to look for 

alternative solutions. Beside natural gas power plants which meet the flexibility challenges, 

three further options are being discussed [2]. 

An electricity grid expansion is able to match volatile generation and consumption that come 

up simultaneously. Decentralized RE from PV and wind power plants can be transmitted  

from regions with an overproduction to regions with a demand of energy if electricity links on 
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all voltage levels are built. But high costs and a lack of public acceptance lead to a delay in 

the national grid expansion plans in Germany. Furthermore this option reaches its limit if vol-

atile generation and consumption arise at different times. 

The second option is called generation and consumption management. On the one hand 

mismatches of demand and supply side can be balanced by a flexible generation of RE. It has 

to be kept in mind that the path of flexible RE generation is limited. Biomass can buffer mar-

ginal imbalances without notable energy losses. PV and wind generated electricity differ in 

that point. A reduction of RE feed by PV and wind plants is possible at any times but in fact 

CO2-neutral and free energy is wasted. 

On the other hand energy consumption could be synchronized with the variable generation. 

An intelligent network, a so called smart grid, could align the consuming behaviour of house-

holds by measuring the grid condition and vary the load switching electrical consumers on or 

off. If many smart grid systems are installed, intraday volatility could be balanced. Though, 

seasonal energy imbalances cannot be avoided. 

The third alternative to face the mismatch of energy supply and demand is the storage of RE. 

Both short and long term storages are necessary to balance the RE input. A short-term storage 

covers hourly and daily mismatches and the long-term storage assures seasonal compensation. 

The chart in Figure 1 visualizes the RE storage options which are currently in the centre of 

attention [3]. The options are classified according to their stored energy amount and the abil-

ity to perform as a short- or long-term storage. A short-term storage is able to store energy up 

to a maximum period of a few days. Long-term storages are operated in periods up to one 

year to provide seasonal storage of RE which is basically the main challenge for a renewable 

energy system. 

Flywheels belong to the ultrashort-term category of energy storage options. Electric energy is 

stored in the form of rotational energy of a spinning mass. Via integration of additional rotat-

ing masses to the electricity grid small frequency deviations can be diminished. Flywheels are 

characterized by high power performances but very low energy storage capacities. Thus they 

are not applicable for storing large amounts of RE.  

In the recent past a huge number of battery storage options were investigated. Large invest-

ments in research fields are made to promote the battery in different energy systems and in-

dustries. Electric energy is stored electrochemically in terms of charge carriers, which are 

absorbed or emitted in a redox reaction. 



Introduction  15 
  

 

 

 

 

 

 

 

 

 

 

 

From the perspective of the conversion performance batteries enable the charge and discharge 

of energy with a relatively high efficiency rate of 60 – 98 % depending on the technology [4]. 

Main disadvantages are the high self-discharge rate up to 20 % per month and a limited life-

time. Certain battery applications like domestic PV-island systems have their right to exist 

and can have a significant contribution to prevent an expensive grid expansion. If major ob-

stacles like the low energy density and high costs can be overcome, the mobility sector will 

certainly make a commercial use of batteries in electric vehicles. However, these barriers are 

still existing and comprehensive studies showed that even if all 42 million German cars are 

supplied with an application-oriented battery storage system, which are to 50 % accessible for 

storing RE, the total amount of stored energy is ten times bigger than the capacity of all hydro 

power plants in Germany but by far too less to provide a practical storage solution [2]. 

Compressed air energy storage systems are designed to store electrical energy in form of pres-

surized air in underground gastight salt cavern formations. The basic equipping includes a 

compressor, a turbine and a heating or cooling management system. If a surplus of generated 

RE in the national grid occurs, the system provides negative balancing power and the com-

pressor starts to fill the storage with pressurized air. If positive balancing power is required 

the pressure is released through a turbine and generates electricity. Two variations of that 

storage technology are in the center of attention. They differ in terms of their heat manage-

ment. The diabatic system inserts a gas heater to compensate the required heat during the re-

  
Figure 1: Short and long term options for RE storage [3] 
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lease of air. The adiabatic system is 100 % renewable by using a temporarily heat storage. 

The maximum efficiency of the entire system is between 40-55 %. The storage duration is 

limited by the intermediate heat storage, which allows a period of a few days. The caverns 

used in compressed air systems are strongly competing with natural gas storage technology. It 

is counted among the main disadvantages that the energy density of compressed air is signifi-

cantly lower than hydrogen or methane.  

The mostly established option of energy storage is hydro energy. If negative balancing power 

is required water can be pumped in higher level reservoirs and converting the potential energy 

into electricity by turbines when power is required. For medium-term storage purposes hydro 

power storages are technologically and economically more efficient than the options men-

tioned above. Their conversion efficiency of the entire system ranges between 75 – 83 % and 

provides an attractive short-term power balancing. The available storage capacity is more rel-

evant to assess the potential of hydro power. In Germany almost all geographical capabilities 

for hydro reservoirs are exhausted. Summed up, the energy capacity accounts far less than     

1 % of the required quantity for a RE dominated electricity sector. The exploitation of hydro 

potentials in Scandinavian countries like Norway or Sweden result in transport losses of up to 

20 % absolute percentage [2]. Additionally, an increasing international demand for long-term 

energy storage capacities cannot be completely covered by Scandinavians hydro potential. 

For the time being, converting fluctuating RE in a gaseous fuel is the most promising method 

for achieving long-term energy storage. The chemical process, well known as Power-to-Gas 

(PtG) technology, is accomplished in one or optional two conversion steps. The first step in-

cludes the production of hydrogen, which is the desired product in a water-split reaction of 

water electrolysis. Efficiencies of 82 % are achievable [5], but for some load conditions, low-

er performances can be considered. Hydrogen can be e.g. utilized for fuel cell applications in 

the transportation sector or can be stored in the national natural gas grid up to a certain limited 

concentration. This limit defines the capacity of a hydrogen based PtG storage system. A sig-

nificant higher capacity can be reached by implementing the second conversion step. In a 

methanation synthetic natural gas (SNG) can be generated. The entire system (PtSNG) in-

cludes a pre-conversion of electricity to hydrogen in a water-electrolysis and a subsequent 

reaction of hydrogen with carbon-dioxide (CO2) to SNG. An entire system SNG conversion 

efficiency of 60 % referred to the lower heating value (LHV) of SNG can be reached [6]. 

Chemically the generated methane is completely compatible with natural gas and can be used 

in the same applications and distribution grid like fossil methane. In Germany natural gas grid 
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allows a storage capacity of 220 TWh which is equal to a 120 TWh electricity-storage, assum-

ing an efficiency of 55 % for the re-conversion to electricity. This capacity exceeds the aspi-

rated amount of 40 TWh by far [2]. From a purely exergetic point of view the losses of 

PtSNG technology combined with a re-conversion to electricity are comparatively high and 

therefore the cost effectiveness is low but it has to be kept in mind that storage gas is currently 

and in the near future the only option to face a high share of RE in electricity sector. Further-

more the share of RE in transportation sector can be affected by expanding the SNG produc-

tion. Nowadays the combustion of compressed natural gas (CNG) is state of the art and vehi-

cles engines can easily be replaced to be fuelled with SNG instead of gasoline.  

Additionally, excess heat, which occurs along the entire SNG conversion process, may par-

tially cover the heat demand for nearby industries or households. Consequently the degree of 

utilization of the PtG system increases. 

1.1 Abstract  

In this work a technical pre-feasibility study is carried out for a small-scale Power-to-Gas 

device. Small-scale is meant here by a nominal power range up to 20 kW electrical input. The 

objective is to pre-design a small-scale device for solar energy based SNG production for 

transportation in short to medium term (2020->2030) when the majority of the road transpor-

tation fleet will definitely be based on internal combustion engines. Optionally the storage can 

be offered to the storage market for storing wind energy, too.  

If volatile PV- and wind-generated energies fed in large proportion into an electricity grid, it 

is inevitable that in large part of the year there is surplus of electricity in the grid, and also 

long periods when solar and wind energy are not sufficient to cover the consumption. Long- 

and short-term PtG-based storage solutions could be implemented to stabilize the electricity 

grid. If feasible compact PtG devices could be established in households and provide decen-

tralized storage systems as an alternative for feeding into the grid. It may well be an incentive 

to produce a RE fuel for a vehicle as fossil fuels are expensive for a consumer to purchase. 

As referred to above, one of the most promising large-scale and long-term energy storage op-

tion for solar and wind power is the production of hydrogen which is then used in synthesis 

with CO2 to form hydrocarbons such as SNG. The PtSNG technology provides most probably 

a feasible large-scale seasonal energy storage option, but in this work it will be assessed if 

there is a feasible concept to provide also household level producers with such technology 

that enables a decentralized production of SNG from a household`s rooftop PV plant.  
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A PtSNG system will be modelled that consists of two main components. Firstly an electro-

lyser has to be chosen that meet the challenges of a volatile energy input best. Secondly an 

appropriate methanation reactor will be suggested. The operational performances will be ex-

amined by static models or evaluated by literature reviews. Further essential system elements 

like an intermediate storage and power electronics will be taken into considerations as well.  

The SNG yield will be calculated by applying the developed PtSNG model to the real PV data 

of a reference site in Germany. The potential for excess heat integration in the domestic heat-

ing system will be determined. 

Finally, cost estimation is made for a single PtSNG unit and further in the context of learning 

rates for mass-produced units. 

1.2 Approach 

Section 2: After an overall view about the concept, each main component of the PtSNG-

system is introduced. Beginning with a description of a state-of-the-art PV rooftop system, 

this section focuses on the conversion process technology of water-electrolysis and methana-

tion, which includes the fundamental thermodynamics and chemical equations, implementable 

efficiencies and applicable types of reactors for a small-scale conversion system. 

Section 2 is mainly targeting the static model development of the components electrolyser and 

methanation reactor. The system model is carried out with Matlab®. Furthermore an interme-

diate storage option within the process chain is presented and the essential interconnectors 

between all components are described. In the end the SNG use options will be assessed ac-

cording to German gas standards. 

Section 3 presents the results of the model calculations. Each component calculation will be 

explained step by step and the important results will be shown graphically. For the calcula-

tions, the data input originates from electricity generation measurements over a two-year peri-

od of a real rooftop PV plant at a site in Lütjensee (Germany) and the yearly electricity con-

sumption of a German three-person household. The SNG yield of the reference site will be 

calculated, as well as the potential of excess heat to cover the domestic heating demand. 

Section 4: A sensitivity analysis is supposed to pinpoint the measures for optimization of the 

PtSNG system regarding dimensioning and the operational mode. Rough financial calcula-

tions are carried out to assess the range of system-related costs and the expected revenues. In 

the context of the intended small-scale PtSNG device, the technical feasibility, the potential of 
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system optimization, cost related aspects and outstanding issues of the previous section are 

summarized and discussed. 

Section 5: The relevant results and findings of the designed small-scale energy conversion 

system are summarized and a future prospect is given. Finally, recommendations for further 

research work are given. 
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2 Power-to-SNG Concept 

As referred to section 1, from the electricity sector`s point of view it can be valuable to inte-

grate RE storage options via conversion to a gaseous storage medium called SNG. According 

to temporal fluctuations of RE input, the grid frequency variation can be diminished and a 

long-term storage can be provided. Therefore, a system which enables the transformation 

from electricity to SNG has to be designed. 

In this thesis the focus will be on a compact PtSNG-plant, which may be installed in the gar-

age or the basement of a one-family house. The concept will be designed to maximize the gas 

output in a technological feasible environment but heat integration can also be applied. The 

system is intended to be composed of the main components: 

 

- Rooftop PV-plant (installed Power < 20 kWp) 

- Water electrolyser 

- Intermediate hydrogen storage 

- Methanation reactor 

Figure 2 visualizes the functional design of the PtSNG plant, which is partially based on a 

previous scientific work from Thilo Bocklisch et al. [4]. During the day a standard type roof-

top PV panel (a) converts solar irradiation to electricity in accordance to its efficiency per-

formance. The generated energy is optimized due its maximum power by a Maximum-Power-

Point-Tracker (MPPT) and is being customized for household electricity alternating current 

(AC) bus by an inverter (b). An intelligent energy management system (c) measures the gen-

erated electricity and determines the difference between generation and consumption. The 

components a, b and c are state-of-the-art technology and installed in large numbers in con-

ventional rooftop PV plants to cover the proprietary requirements of the house. In case the 

current demand cannot be covered, the energy has to be supplied from the grid. In case there 

is a surplus of energy, the PtSNG system can be patched in and act like an unidirectional stor-

age. If the surplus power exceeds the installed nominal power of the PtSNG device, the peak 

energy has to be “dumped” into the grid. Theoretically, the PtSNG system can be supplied by 

electricity from the grid, if there is a surplus of RE in the grid.  
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Figure 2: Proposed Power-to-SNG Conversion System 
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The electrical set-up for the PtSNG unit, which is modelled in this work, comprises an       

AC-DC inverter (d). The inverter is supposed to provide a constant voltage to the electrolyser 

(e). Within the electrolyser, water is split to oxygen, which is released to the atmosphere, and 

to hydrogen, at the operational pressure of the electrolyser. The electrolyser excess heat could 

be integrated in the domestic heating system. Hydrogen (H2) will be stored in H2-pressure 

bottles (f). The carbon dioxide is stored in pressurized bottles at 250 bar (g). A small-scale 

SNG methanation reactor (h) can be fed with the reactants to work in steady-state operation. 

A moderate temperature and a pressure level of about 8 bar assure the synthesis of Methane 

(CH4) from the gaseous educts H2 and CO2. The dried product gas SNG mainly contains me-

thane and a reduced share of hydrogen and carbon dioxide. The SNG can be compressed, 

stored and provided as a combustible fuel for car engines (i). In order to maximize the effi-

ciency an integration of methanation excess heat can be performed as well. 

For the implementation of a PtSNG conversion system, it is essential to examine the central 

performance characteristics of all components which are connected to a volatile power input. 

In the next section, the basics and state of the art of PV electricity generation are roughly ex-

plained and the term residual load is introduced. The main focus of the next section is the in-

troduction of the thermodynamics of the electrolyser and methanation unit, whose equations 

provide the basis for a static model of the entire SNG conversion system. 

2.1 Photovoltaic Electricity Generation 

A PV cell consists of a semi-conductor material. All suitable elements for solar energy con-

version belong to the IV main group of the periodic table. The most common used material is 

Silicon (Si) as semi-conductor material. Si is, compared to other group IV elements, relatively 

cheap and next to oxygen the second most occurring element on earth but the basic principle 

of converting solar energy to electricity is the same for all group IV elements. 

The ability of Si to convert solar energy into electricity is explained by the band model of 

semi-conductors, extensively described in [7]. Si is usually doped with high- and low order 

elements to form p-n depletion region. The material specific electrical potential difference 

between the conduction band and valence band defines the maximum cell voltage of a semi-

conductor configuration and the wavelength range of the solar spectrum that could be ab-

sorbed. The intensity of irradiation is proportional to the cell current. The internal photoelec-

tric effects within a solar cell are visualized in Figure 3. Incident solar radiation generates a 

separation of charges, so called electron-hole pair. When the negatively charged electron is 
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able to migrate to the front contact and the corresponding positive hole reaches the back con-

tact without the recombination within the p-n fields, an electrical current can be detected. 

 

 

 

 

 

 

 

 

2.1.1  Photovoltaic Rooftop System 

Fifty to hundred single cells are electrically connected to about 100 x160 cm solar modules to 

be more physically resistant and protected against weather. For achieving structural rigidity, 

solar cells are embedded in an arrangement of different layers (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

The transparent Ethylen-Vinylacetat (EVA) foil protects the cells against cracks. The PV cell 

active wavelengths of solar radiation are able to transmit the polymer foil as well as the glass 

pane, which stabilizes the module and prevents moisture penetration. The back cover is sup-

ported by polymeric foil or a second glass pane. The maximum module efficiencies of Si 

  

 

PV Cells

Aluminium Frame

EVA

Glass Pane

Rubber Gasket

Tedlar Foil s
Power cable

 Figure 4: Standard PV module system [7] 

Figure 3: Effects of irradiation within a solar cell [7] 
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based cells vary with the type of used cell technology from 12 % (amorphous silicon) up to  

20 % (crystalline silicon), measured under standard conditions [7]. 

Depending on the desired installed power of a rooftop PV system and the level of current and 

voltage, a few modules can be connected in series or in parallel. The PV system is completed 

by power electronics consisting of a MPPT, which assures pinpointing the maximum product 

of voltage and current for high efficiencies of approximately 99 % [8], and a DC-AC inverter 

for supplying the household with alternating current. 

Generally there are two common types of PV systems in use. Remote areas are predestined 

for PV island systems which are not connected to the grid and supposed to supply the energy 

demand of small households. Highly relevant is the dimensioning of the PV plant to assure a 

maximum of supply security but avoiding an unnecessary over-dimensioning. In the past a 

practical usage of island systems were demonstrated in remote areas in Africa for example. In 

the industrial countries most installed PV plants are directly connected to the national electric-

ity grid. The surplus generated electricity is fed into the grid and a lack of energy can be pro-

vided by the grid. Due to grid imbalances caused by volatilities, efforts were intensified to 

combine both types of PV systems [9]. 

A typical rooftop PV plant is installed decentralized connected to the low voltage distribution 

grid in a power range up to 20 kWp (kilowatt peak) according to the limited roof area per 

house. In the following section the electricity generation of a 10.8 kWp PV rooftop plant is 

discussed. 

2.1.2 Electricity Generation & Consumption – Residual Load Curve 

The daily and annual fluctuations of the residual load are plotted and discussed in this subsec-

tion. The residual load is the difference between rooftop PV electricity generation and house-

hold electricity consumption. The residual energy is the maximum potential of energy, which 

can be fed into the PtSNG conversion system. 

The PV electricity generation PPV,Load data was measured at a 10.8 kWp PV plant and is 

available for nearly two years at a reference site in Lütjensee, Germany (53° 3λ′ N, 10° 22′ E). 

The plant is commissioned at 26 March 2013 and the average electricity generation rate is 

about 828.0 kWh/kWp. Calculating the entire yearly energy conversion, the data from 01 Jan-

uary - 25 March 2013 is added from measured data of the following year 2014. 
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The common way to predict the energy consumption is to consider the German H0 synthetic 

standard load profile, which was developed over the past 20 years to display a normalized 

1000 kWh/a load curve depending on daytime and the season, represented through a dynamic 

polynomial [10]. The annual standard energy consumption (equation 1) is adjusted by a factor 

FH to compare it with the load profile of an average three- to four-person household, which is 

considered in this work. For each quarter of an hour the consumed power of the household 

PH can be calculated: 

, , , =  , ∙  , ∙  

 

(1) 

 

where PH0 is the quarter-hourly required power, normalized to 1000 kWh/a, changing due 

every quarter (i) of an hour per day, in weekly intervals (j). βd,s represents the dynamic poly-

nomial, which changes every day (d) in seasonal intervals (s). The fitting parameter FH adjusts 

the dimension of the household, which is done here by a value FH = 3.939, according to real 

data measured at a smart metering device for a three-person household. 

Finally, the residual load curve can be defined. As defined above, the residual load is calcu-

lated by the subtraction of PV-generated electricity and the consumed electricity of the house-

hold at the same time. The difference can either be positive for a surplus of generated energy, 

or negative for a lack of electricity and zero for a match of generation and consumption. The 

positive residual load curve of the year 2013 is depicted in figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Positive residual load curve of the reference site in Lütjensee 
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It is obvious that the residual load curve corresponds to the seasonal solar elevation which is 

the greatest during the summer months and the smallest during wintertime. The power volatil-

ity is explained by the day and night rhythm and by the rapid change of irradiation due to 

clouds. Figure 6 is an exemplary quarter-hourly plot of a cloudy day in summertime at the 

reference site. The sunshine hours at that day were reported as 4 hours. 

 

 

 

 

 

 

 

 

 

 

Clouds cause load volatilities over a power range of 6 kW during the day. A higher resolution 

of measured data would certainly reflect the reality more accurately. However, the character-

istic changes of irradiation need to be taken into account when a SNG conversion plant is 

connected to that variable energy flow. Facing those challenges, one of the two electrolyser 

technologies, which are introduced in the following section, meets the volatile energy supply 

best. 

  

Figure 6: Residual load on a cloudy day on 11. August 2013 
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2.2 Hydrogen Generation 

Considering a RE source, a technologically feasible way to generate a fuel is the water elec-

trolysis. If a direct current (DC) is applied to water, the molecule is dissociated into the gase-

ous products oxygen and the storable gas hydrogen. This chapter gives an overview of the 

basic electrochemical reaction of splitting water into hydrogen and oxygen, equations for 

modelling the performance of an electrolyser cell and the system efficiency. In the next step 

two commercially available technologies, the alkaline electrolyser (AEL), and the polymer 

electrolyte membrane electrolyser (PEMEL), are presented. Finally the suitability of both de-

vices to convert volatile RE to hydrogen efficiently is discussed. For this purpose both sys-

tems are compared due to their characteristic operational behaviours to get the maximum out-

put of hydrogen in a small-scale RE electrolyser connected to a PV plant. 

2.2.1  Thermodynamics of Water Electrolysis 

Applying a direct current to water the molecule is split into the gaseous elements hydrogen 

and oxygen. 

 →    +   

 

(R1) 

 

For isothermal conditions, reaction (R1) takes places when the enthalpy change ΔH (2) is 

reached. ΔH represents the total amount of energy which contains the Gibbs free energy ΔG 

for the reversible part, and the entropy change ΔS(T), representing the irreversible part of the 

electrolysis reaction. � =  � +  �  

 

(2) 

 

The free Gibbs energy can be described as the amount of electrical energy and TΔS represents 

the heat energy which has to be delivered for starting the electrolysis. It can be seen, that the 

enthalpy change is temperature dependent. At standard conditions (at 298 K and 1 bar pres-

sure) the total required energy per mol hydrogen is ΔH = 285.84 kJ/mol [11]. The value for 

ΔG is 237.22 kJ/mol and positive as well. It is appropriate to describe the fundamental energy 

equation (2) as electrical values. The transformation of enthalpy, reversible and irreversible 

energy to the thermoneutral voltage Vth is realized by factor nF (n, number of transferred 

electrons; F, Faraday constant) in equation (3): 
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ℎ = � =  � +  � =  +   (3) 

The minimum cell potential for splitting water by electrolysis is called the reversible cell volt-

age and is calculated by the Gibbs free energy ΔG. The reversible voltage Vrev can be ex-

pressed by the general Nernst equation (4) [11]. 

=  ∆ = +  ⁄
 

 

(4) 

Accordingly, Vrev is a function of temperature and pressure. E0 represents the reversible cell 

voltage at standard conditions (T = 289 K, p = 1 bar), R is the absolute gas constant in 

J/mol/K, pi are the partial pressures of oxygen and hydrogen and the activity of water aH2O can 

be assumed to be close to unity. The influence of pressure on the reversible voltage is signifi-

cantly smaller than the temperature impact. If the product gas pressure increases by a factor of 

X, the reversible voltage increases by the amount of (RT/2F)·ln(1/√X). Although a higher 

pressure level affects the reversible voltage adversely, it is common practice to operate an 

electrolyser as an electrochemical compressor to avoid a subsequent compression of hydrogen 

for pressurized storage [12]. 

For water electrolysis the transferred number of electrons is two resulting in a thermo-neutral 

voltage of 1.48 V at standard conditions. The share of the energy-representing voltage levels 

depending on the electrolysis temperature is visualized in figure 7. 

 

 

 

 

 

 

 

 

 
  

Figure 7: Temperature dependency of thermodynamics and cell voltage [13] 
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For a temperature less than 100 °C the thermo-neutral voltage is approximately constant. It 

changes abruptly when water is evaporated and then remains constant. If an ideal electrolyser 

cell is applied with an operating cell voltage of Vcell, three cases can be considered [13]: 

1) Vcell < Vrev: The electrolysis reaction cannot take place, because too less energy is ap-

plied to the cell. 

2) Vrev < Vcell < Vth: The electrolysis reaction takes place, but heat has to be provided 

from the environment.  

3) Vth < Vcell: The electrolysis reaction is exothermic and heat is released to the environ-

ment. 

Usually an electrolyser is operated above the thermo-neutral voltage and the system has to be 

cooled. In the following section the real cell voltage is introduced to define both the cell effi-

ciency and the system efficiency. 

2.2.2  Efficiency Losses 

In reality, different energy losses cause that the real cell voltage is higher than the thermo-

neutral cell voltage. Hence the minimum cell voltage to be applied for splitting of water is 

higher than the reversible cell voltage or in practice, the thermo-neutral cell voltage. The re-

quired cell voltage Vcell is the sum of several overvoltages occurring due to electrolyser spe-

cific properties [13]: = +  + ℎ +  

 

(5) 

 

As mentioned in the previous subsection, the reversible voltage is related to the temperature 

and the pressure level of the electrolyser cell and varies with the current density applied to a 

cell. It represents the ideal behaviour of a reversible water splitting reaction, in the proper 

sense it is no overvoltage. 

Activation losses occur due to limited electrode reaction in an electrolyser cell. Both,         

losses at the anode Vact,a and the cathode Vact,c can be summed up and cause an activation              

overvoltage Vact,: =   , + ,  (6) 

  

The overvoltages of both electrodes can be described by the Tafel equation [14]: 
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, = ⁄ � ℎ �· � �,�  

 

(7) 

 

where i is the current density (A/cm2), which is applied to the cell and i0 is the exchange cur-

rent density of the cathode and anode, strongly dependent on the electrodes material, rough-

ness and geometry. For platinum-coated electrodes the values for the charge-transfer coeffi-

cients αa, αc vary between 0-1, depending on the cell temperature. Biaku did a comprehensive 

analysis of temperature dependency on the electrodes charge transfer coefficients and the ex-

change current densities [14]. Except αa, which is slightly increasing with temperature, almost 

all parameters are approximately in the same range for temperatures up to 60 ̊ C. 

According to its name, ohmic losses result from electric resistances within the electrolyser 

cell. The membrane resistivity is described as the dominating resistance of a PEM electrolyser 

by Awasthi [15]. Hence it is reasonable to consider the influence of membrane resistivity for 

ohmic overvoltage Vohm exclusively: 

ℎ = �� ∙ � 
 

(8) 

 

δm represents the thickness of the PEMEL membrane, which in practice is within the range 

between 100–200 m [11]. The ratio between δm and σm is known as the ohmic resistance. 

The conductivity of the membrane σm can be described by (6a): 

� = . � − . e 8 −
 

 

(9) 

 

As can be seen, the conductivity depends on the temperature T of the electrolysis and the de-

gree of humidification of the membrane , which ranges from 14-21 molH2O/molSO3- [15]. 

Concentration losses relate to the mass transport limitations of the product gases in the gas 

channel. An optimized flow management of the gaseous products minimizes the concentra-

tion overvoltage Vconc which can be expressed by [16]: 

=  ( − �� ) 

 

(10) 

 

where iL is the limiting current density (A/cm2) of the specific electrolyser. It is the maximum 

current, which can be applied to the electrolyser cell. Concentration losses can be neglected 
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for low currents, but must be considered at high current densities. For a PEMEL iL can be 

assumed as 2 A/cm2 [13]. 

Figure 8 displays the polarization curve of a single electrolyser cell with a varying current 

density, which should be interpreted as a mathematical approximation to a real operating elec-

trolyser cell. The model was developed in Matlab® at a constant pressure of 30 bar and con-

stant temperature of 60 ̊ C. 

 

 

 

 

 

 

 

 

 

 

The polarisation curve can be divided into three sections along increasing the current density. 

The lowest cell potential is defined by the reversible cell voltage at the point of contact with 

the vertical axis. Within the first section up to 0.2 A/cm2 the influence of the activation over-

voltage is dominating all losses. At first the cell voltage is rapidly ascending but then flattens 

to the second section, a linear behaviour for a current density range between 0.2 – 1.9 A/cm2, 

which is mainly affected by activation and ohmic overvoltage. The third section is dominated 

by the concentration overvoltage which starts around 1.9 A/cm2 and diverges when close to 

the limiting current density iL, which is assumed to be 2 A/cm2 [13]. In order to run the elec-

trolysis at either high efficiencies or a higher hydrogen production rate, it is essential to select 

a constant operating cell voltage accordingly. Barbir estimates the operating cell voltage from 

1.6 V to 2.0 V [17]. The first value is used for optimized efficiencies and the latter for a high-

er hydrogen production rate. 

 
Figure 8: Polarization curve of a single PEM electrolyser cell 
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2.2.3  Electrolyser Efficiency 

In the previous subsection the losses of a real electrolyser cell are illustrated in detail. This 

section focuses on the definitions of cell and system efficiency. 

There are different definitions of efficiencies described in the literature. Millet is introducing 

a thermo-neutral efficiency ηTN which is the rate of free Gibbs energy ΔG to the reaction 

enthalpy ΔH or of reversible and thermo-neutral voltage [11]: 

� =  ∆∆ = ℎ  

 

(11) 

 

Lehner is defining a cell voltage efficiency ηV as a ratio of the ideal thermo-neutral voltage 

and the cell voltage Vcell applied to the real cell, that are both related to the temperature [13]. 

He also suggested relating the cell voltage to the higher heating value corresponding volt-

age VHHV, which is dependent on the temperature in degree Celsius [18]: 

 =  . + . ∙ −  + .  ∙ −8  

 

(12) 

Barbir simplified the model for the narrow the temperature ranges of commercially available 

electrolyser, assuming the minimum ideal operating voltage at 1.482 V as constant [14]. The 

simplified cell efficiency ηcell is therefore: 

� = .  V,  

 

(13) 

 

Figure 9 illustrates the Matlab® plot of the HHV cell efficiency distribution of a PEM electro-

lyser for a current density of 1 A/cm2 dependent upon temperature and pressure. The selected 

model parameters are summarized in annex 1. Figure 9 shows, that the efficiency rises with 

increasing cell temperature, whereas it declines with increasing pressure. The isolines expand 

significantly for temperatures above 50 ̊ C. The range of cell efficiency which can be reached 

in the illustrated field is in the range between 77 to 80 %. Considering the cell efficiency ex-

clusively it appears that high temperatures and low pressures are the optimal choice for an 

efficient conversion of electricity to gas, but one thing has to be kept in mind when including 

the worth of a pressurized hydrogen product gas for storage purposes. 
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Noting that the decrease of efficiency by increasing the pressure is comparatively low, a high 

pressure level could avoid a subsequent energy intensive compression of hydrogen, in order 

for a medium-term storage. 

 

 

 

 

 

 

 

 

 

 

 

Shapiro is highlighting the benefits of running a PEMEL as an electrochemical gas compres-

sor [12]. Hence research laboratories aim at increasing pressure levels. Considering the start-

up of an electrolyser, the cell efficiency is dominated by the transient heating of the stack. The 

start-up time depends on the material volumes, heat capacities and the internal heat source of 

the water split reaction. However, the cell efficiency ranges between a narrow band from 77 

to 79 % and can be neglected for a simple pre-design of a PtG system.  

Considering the entire electrolyser system, Barbir introduces module inefficiency due to hy-

drogen permeation losses via the polymer membrane of a PEMEL. Görgün quantifies the 

general hydrogen losses, represented through iloss, at a very low level less than 1 % of the op-

erating current density [19]. Finally there is some auxiliary equipment needed for electrolyser 

regulation during operation (pumps, fans, solenoid valves, instrumentation and controls), rep-

resented in the ratio ξ between parasitic power of auxiliaries and the net power consumed by 

the electrolyser [17], which can be assessed as 5 % of the actual load [20]. 

 Figure 9: Cell efficiency at 1 A/cm
2
 depending on pressure and 

temperature level  
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An electrolyser requires a nearly constant voltage at a specific level. An AC-DC coupler as-

sures the supply of steady voltage but also causes energy losses due to electrical switching. 

According to Barbir the actual system efficiency ηsys0 of a PEMEL can be calculated by equa-

tion 14. Index 0 describes here the adjusted data for neglected long term cell efficiency degra-

dation. The coupler efficiency ηDC is considered in section 2.2.9 in this work. 

� = .  � − �� �+ � 

 

(14) 

 

Simulating the operating conditions of a PV connected electrolyser, it is essential to assess the 

partial load performance, which is from great importance dealing with a volatile energy sup-

ply. The system efficiency and the corresponding specific energy demand for the production 

of hydrogen was plotted in Matlab® (figure 10). All assumptions for the PEMEL system mod-

el parameters are summarized in annex 2. 

 

 

 

 

 

 

 

 

 

 

The system efficiency reaches its maximum value of 75 % at 10 % of the PEM electrolyser`s 

nominal load. The efficiency below 5 % electrolyser load is strongly decreasing. This charac-

teristic drop is caused by the ac-dc rectifier performance, which is further explained section 

2.2.9. In the load range between 10 % and 100 % the PEMEL cell performance is dominating 

the efficiency behaviour. Ohmic losses cause a nearly steady decline from 75 % efficiency to 

62 %. The narrow efficiency drop at 98 % is caused by activation losses within the electrolys-

er cells. The system efficiency directly affects the volumetric energy demand for hydrogen 

 
Figure 10: PEMEL system efficiency and specific energy demand for hydrogen 

production 
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production. The red curve is depicted as the inverse of the blue curve. Referring to the higher 

heating value HHVH2, the volumetric energy of hydrogen is 3.54 kWh/Nm3. Due to efficien-

cy losses, the minimum energy demand for the electrolyser amounts 4.7 kWh/Nm3. Except for 

low loads the range is between 5.0 to 6.0 kWh/Nm3. The difference between the higher heat-

ing value energy demand and the required energy for the electrolysis appears as excess heat, 

which is removed by a fan, but could also be integrated in the domestic heating system. 

The current hydrogen flow rate fH2 in Nm3/h (standard cubic meters per hour) for an electro-

lyser stack with N cells can be calculated considering the higher heating value of hydrogen, 

the electrolyser load and the system efficiency: 

= � ∙ � ·  

 

(15) 

 

Ncell is the number of cells in the electrolyser module. Multiplying the number of cells with 

each cell voltage Vcell, assuming all cells are connected in series, results in the total voltage 

applied to the stack. The fraction denominator designates the electrolyser load, Δt is 1 hour. 

2.2.4 Electrolyser Lifetime 

When dimensioning an electrolyser the decay of efficiency over time has to be taken into ac-

count. The aging process relates to the cell voltage increase caused by degradation of the cata-

lyst, electrolyte and membrane. Barbir explains the increasing resistance of the cell compo-

nents by oxidation processes of catalysts and metallic component and the equilibration of wa-

ter in the membrane [17]. Barbir also analysed the lifetime performance of a HOGEN® PEM 

electrolyser [21] for 14 000 operating hours and concludes to an average cell degradation of   

5 V/h and mentioned a high initial voltage increase and medium voltage decay after 2 000 h 

in operation. These results are approximately consistent with manufacturer information about 

degradation rates. Lehner estimates the maximum degradation rate of a PEMEL up to           

10 V/h. Both exemplify the degradation process as nearly constant, hence the initial system 

efficiency ηsys0 has to be adjusted by a lifetime efficiency ηtime for long term hydrogen pro-

duction calculation. � = � �  (16) 

The effect of a dynamic electrolyser operation on the lifetime of a cell has not been investi-

gated sufficiently to obtain meaningful results [22]. 
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2.2.5 Polymer Electrolyte Membrane Electrolyser 

A polymer electrolyte membrane electrolyser (PEMEL) is characterized by a solid polymer 

proton exchange membrane (PEM), whereas the alkaline electrolyser (AEL) uses a liquid 

electrolyte for ionic transportation, as described in the next section.  

The operating principle and the main components of a PEMEL cell are depicted in Figure 11 

[5,23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The core element of a PEMEL is the solid polymer membrane (1). The most common materi-

al for the PEM is Nafion®, a polymer membrane based on perfluorosuflonic acid, which bene-

fits high proton conductivity and adequate mechanical and electrochemical stability. Due to 

polymer material the operating temperature is limited to 80 ̊ C. Elevated temperature levels 

result in a significantly higher thermal degradation of the polymer membrane. A major chal-

 

Figure 11: Cross-section of a polymer electrolyte membrane electrolyser [5,23] 
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lenge is to protect all cell components against corrosion due acidity of Nafion®. Furthermore 

the costs for Nafion® are comparatively high [13]. 

Both surfaces of the PEM are pressed with catalytic electrode layers and form the membrane 

electrode assembly (MEA). Materials for catalysts must meet the requirements that come 

along with the harsh conditions of high acidity. The thin-film electrode design is characterized 

by carbon supported catalyst particles, as the reactive surface is large and the porosity allows 

gas to escape. Platinum group elements are resistant against corrosion and assure high catalyt-

ic activity. However, platinum, iridium and others are scarce and therefore expensive, as they 

are commonly used in PEMELs and fuel cell applications. Ito describes a widely used cell 

thin-film electrode configuration which contains an iridium oxide (IrO2) catalyst for the anode 

side (2a) and a platinum catalyst for the cathode side (2b) [24]. 

The current collectors (3) serve two purposes. Firstly they assure a low resistant electric con-

nection to the catalyst layers, and secondly they supposed to remove the generated gas prod-

ucts from the active catalyst quickly. The current collectors are also called gas diffusion layers 

of flow fields. These porous layers are made of titanium and are often modified by protective 

coatings like gold or platinum to avoid negative influences caused by oxide precipitation on 

the collector surfaces. 

The last main components of the PEMEL cell configuration are the bipolar plates (4). Similar 

to the current collectors/ gas diffusion layers, bipolar plates are usually made of coated titani-

um. The plates serve two purposes. They should optimize the electrical contact to the current 

collectors by minimizing the electrical losses, and promote the efficient removal of product 

gases from the diffusion layer to the gas outlets of the cell via engraved flow fields. Ito inves-

tigated the influence of flow field arrangements and concludes that the parallel dimension, 

which is aligned to the natural gas flow, is the most energy efficient arrangement.  

A gasket on head and foot side, which is stressed by the pressure level of the cells inner life, is 

supposed to avoid leakage of process water (5). The inlet for ionized water (6) is on the anode 

side at the bottom and the outlets for hydrogen (7a) and oxygen (7b) are located at the top of 

the cell. If direct current applies to the cell, the partial reactions at each electrode take place: 

Anode H2O → ½ O2 + 2H+ + 2e- (R2) 

Cathode 2H+ + 2e- → H2 (R3) 
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Deionized water is fed by a circulation pump into to cell, but only on the anode side, where 

the oxidation reaction takes place. It flows through the engraved channels of the positive bipo-

lar plate and diffuses through the porous current collector to the anode catalyst layer. When a 

DC current is applied to the cell, two electrons of the water molecule are released and the 

molecule then splits into gaseous oxygen and two protons (R2). The solvated protons are able 

to migrate through the permeable membrane Nafion® to the cathode electrode. Each proton is 

accompanied by a couple of water molecules, assuring that the cathode side is also soaked 

with water, although the water is fed to the anode side exclusively. Nafion® guarantees that no 

gaseous elements can pass the membrane and therefore avoids the dangerous mixture to ex-

plosive oxyhydrogen. Two electrons are required to reduce the two protons to molecular and 

gaseous hydrogen at the cathode side (R3). On both sides of the cell the product gases migrate 

through the gas diffusion layer to the flow channels of the bipolar plates and escape the cell at 

the particular gas outlets. It is common to remove the liquid water in hydrogen product gas by 

an accumulator. The removed water can recirculate the electrolysis process and the dried gas 

can escape the PEMEL [24]. Usually the cells of a PEMEL are electrically connected in series 

(bipolar stack configuration). 
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2.2.6 Alkaline Electrolyser 

The alkaline electrolyser (AEL) is the most developed technology for electro-chemical split-

ting of water. Currently it is the only technology, which is used in large-scale industrial appli-

cations and is therefore discussed in short. The cell structure is visualized in Figure 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All cell components are installed within a steel container (1). It contains the two electrodes 

anode (2a) and cathode (2b), current distributors and a separator membrane (3) which allows a 

migration of hydroxyl ions from the cathode to the anode side. The porous separator mem-

brane is supposed to avoid an exchange of product gases between both sides of the electrolys-

er cell. The thickness of the membrane defines the ohmic losses. Hence the separator layer has 

to be dimensioned also for a minimum increase of the cell resistance. Typically the separator 

material is based on sulfonated polymers, polyphenylene sulfides, polybenzimides and com-

posite materials [13]. 

 

Figure 12: Cross-section of an alkaline electrolyser [5,23] 
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All electro conductive components, electrodes included, are made of low resistive and non-

corrosive nickel (Ni) or Ni-coated steel, which meet the requirements for basic milieu. Cath-

ode and anode are fully immersed in a solution of water and the aqueous potassium hydroxide 

(KOH) electrolyte with a concentration up to 40 wt%. The surface of the electrodes can be 

optimized by increasing the catalytic active areas mechanically and chemically. Established 

modifications are etching, sintering, sandblasting and additional coatings of the anode and 

cathode. In order to overcome the problem of deactivation of nickel catalysts, several stabiliz-

ing coatings can be applied to enlarge the lifetime of the electrolyser cell. 

The AEL cell is fed with water at both electrodes (4). Theoretically the electrolyte KOH is not 

consumed in the cell, but has to be refilled in practice due to physical leakages. If a direct 

current is applied to the electolyser cell the following cell reactions take place: 

Cathode 2H2O + 2e-
 → H2 + 2OH- (R4) 

Anode 2OH- → ½ O2 + H2O + 2e- (R5) 

On the cathode side two water molecules are reduced to gaseous hydrogen (R4), which can 

escape through the hydrogen outlet (5a) on the top. Two hydroxide ions are released simulta-

neously and migrate through the porous separator membrane to the anode side. The second 

half reaction takes place on the surface of the anode, where both ions are oxidized to liquid 

water and stoichiometrically to a half molecular of gaseous oxygen (R5), which escapes 

through the oxygen outlet (5b).  

Millet describes the general electrode membrane configurations in an AEL cell. In the gap-

cell configuration the massive electrodes are installed very close to the separator, but do not 

contact the membrane. This gap is only a few millimetres in size and the product gases can 

escape in between to the top. Due to very high resistances of closed gaseous films on the ac-

tive surfaces, this set up limits the maximum current density to 100 mA/cm2.  

The second more efficient configuration is called zero-gap configuration. Similar to the MEA 

of the PEMEL, both electrodes are pressed and laminated to the separator membrane. The 

electrodes are porous, the product gas can escape through the pores of their matrix and mini-

mal ohmic losses due to a zero-gap zone are assured. Thereby the maximum current density 

can be significantly increased [11]. 
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Single alkaline cells can be connected in series (bipolar stack configuration) or in parallel 

(unipolar stack configuration) but the latter is losing its importance according to relatively 

high ohmic losses. In a large-scale AEL up to 200 cells are connected in series [13]. 

2.2.7 Comparison of Characteristics  

This section contrasts the alkaline and the proton exchange membrane electrolyser for a deci-

sion making, which technology meets the PtG requirements of a volatile energy input best. 

Therefore key performance indicators, representing main characteristics of both systems, are 

listed in Table 1. 

        Table 1: Performance indicators of AEL and PEMEL [5,13,20,22,25] 

  AEL PEMEL 

Operating temperature 60 - 8   ̊C  - 8   ̊C 

Pressure level < 30 bar < 50 bar 

Cell current density [A/cm2] 0.2 - 0.4  0.6 - 2.0 

Cell voltage [V] 1.8 - 2.4  1.8 - 2.2 

Cell area [m
2
] < 4 < 0.03 

System efficiency (HHV) 62 - 82 % 67 - 82 % 

Operating range [% of PNominal] 30 - 100 5 - 100 

H2 purity > 99.5 % > 99.9 % 

Specific energy demand [kWhel/Nm
3
] 

Stack: 4.2 - 5.9 

System: 4.5 - 7.0 

Stack: 4.2 - 5.6 

System: 4.5 - 7.5 

Lifetime 
Stack: < 90 000 h 

System: 20 - 30 a 

Stack: < 20 000 h 

System: 10 - 20 a 

Degradatio  rate [μV/h] < 3 < 14  

Specific investment costs €/kW  

(MW-scale) 1000 - 2000 1900 - 2300 

 

As mentioned above and in contrast to the PEMEL, the AEL is both, the more mature tech-

nology and the more often installed electrolyser technology in MW-scale industry plants. To 

find a common basis to compare two technologies with fundamentally different maturity lev-

els is quite challenging. Especially investment cost estimations are affected by cost reducing 

consequences of the economy of scale. Even though, a technical comparison can provide a 

rough impression of pros and cons. Future trend assessments, carried out by Bertuccioli [22] 

may be helpful to align both maturity levels for a more even comparison. 
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As presented in table 1 the operating pressure level of the AEL is generally lower than the 

PEMEL. A pressurized hydrogen product gas is from great importance according to store vol-

atile RE effectively. Even small-scale PEMEL are available for operating at a pressure which 

exceeds 30 bar. Using the PEMEL as an electrochemical compressor is widely practiced on 

lab-scale plants and can avoid an energy-intense subsequent compression of hydrogen [13].  

Another major difference of both technologies is the operating cell current density which di-

rectly influences the hydrogen production rate and the system size. Especially the latter is a 

design requirement for compact, domestic applications. Due to the fact that the operating cell 

voltages are approximately on the same level, the power density, as the product of cell current 

density and cell voltage, is up to five times higher in a PEMEL cell which results in a higher 

hydrogen production rate per cell area and therefore a more compact design. 

To consider the maximum system efficiency, both technologies provide a gas conversion up 

to 82 %. The essential differences in electrolyser performances can be observed at partial load 

operation. The minimum load of an AEL is between 20 and 40 % of the nominal load, where-

as the PEMEL can operate almost to the entire load range. Serious disadvantages arise for an 

AEL at low loads, but they are typical for intermittent power supply of a PV generator. The 

lowest operating condition of an AEL is defined by the hydrogen gas crossover rate to the 

anode side. A low current density implies a diffusion of gases to the undesired electrode, 

which represents a security risk, if the explosion threshold of hydrogen exceeds 40 mol % in 

the oxygen gas. Hence the AEL has to be shut down if a certain gas crossover rate is reached 

[5]. The thin proton conducting membrane Nafion® is highly selective and avoids an unde-

sired gas crossover over the whole load range. The lower load limit is rather defined by 

switching losses of the AC-DC coupler [17]. Furthermore the greater dimension of an AEL 

stack results in a big thermal inertia which prevents an immediate tracking of energy fluctua-

tions and longer cold start times. 

At the present time, the lifetime of the AEL stack is significantly higher than the PEMEL 

stack, which is one of the great benefits of AEL technology. The lifetime is directly linked to 

the cell voltage degradation which results in an increase of resistivity over time. For domestic 

plants, it has to be assessed if a replacement of the stack is boosting the system efficiency so 

that it becomes economic, or the level of additional costs for a second stack is improvident. 

It is reported that the PEM stack lifetime will noticeably increase in the next decades due to 

advances in material technology [22]. 
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The increased use of noble metals reflects the high costs of a PEMEL compared to AEL. The 

investment costs depicted in table 1 include system control and gas drying [22]. Today, the 

average investment cost of a PEMEL is about twice as high as an AEL but is expecting to 

decrease significantly in the next decades. Carmo identifies the biggest PEMEL costs as the 

stack material, which is responsible for 53 % of the entire costs [5]. 75 % of the stack costs 

are accounted for current collectors, separator plates and the MEA, which consist noble met-

als like iridium and platinum. 

Moreover the handling of liquid chemicals is an important issue, designing a PtSNG system 

for households. Due to safety aspects the solid electrolyte of the PEMEL is to be preferred to 

the liquid KOH electrolyte of the AEL, which has to be replenished manually from time to 

time.  

Furthermore specialist literature agrees on the better dynamic behaviour of the PEMEL. The 

dynamic properties of electrolysers are measured by the so called step response time. It is 

defined as a period of time, which the electrolyser follows an electrical input step signal. 

Lehner reports a step response time of 100 ms and Andersen even states 50 ms, which is sig-

nificantly higher than AEL technology [13,25]. Bocklisch appreciates the low start-up times 

for PEM technology [4].  

2.2.8 Components of an Electrolyser Device 

Besides the cell stack, which is the central component of an electrolyser, some technical aux-

iliary equipment is necessary to run the electrolyser almost automatically. Every electrolyser 

comprises of the following components: 

- Power supply and electric conditioning 

- Water conditioning and supply management 

- Water circulation pump 

- Ventilation fan 

- Control system 

- Gas drying unit 

Focusing on the PEM technology it has to be taken into account that the dynamic performance 

of an electrolyser and finally the system response time to track a volatile power input is main-

ly depending on the dynamics of the auxiliary components [20]. 
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In figure 13 several components of the technical inlet from a fully automated PEMEL HO-

GEN® S40 are depicted [26]. The electrolyser unit is manufactured by Proton OnSite for hy-

drogen production rates up to 1 Nm3/h [21]. The dimensions of the HOGEN® S Series are 

79 x 97 x 107 cm (W x D x H). In order to enhance the lifetime of the cells, the tap water is 

deionized to the minimum required conductivity of 1 S/cm. A water circulation pump is 

feeding the anode side with deionized water and assures a certain water level at the anode and 

cathode side of all cells. The excess heat, which is generated within the stack, is removed by a 

ventilation fan. Phase separators on both gas outlets accumulate the liquid phase of the pro-

duct gas streams and let it recirculate to the anode. 

 

 

 

 

 

 

 

A gas detector measures dangerous gas impurities that can lead to explosive oxyhydrogen. 

Optionally a desiccant dryer can upgrade the hydrogen gas stream up to 99.9995 % in purity. 

Rough calculations for auxiliary equipment power demand 

As mentioned above, the parasitic power of all auxiliary equipment can be estimated of ap-

proximately 5 % of the actual load of a PEMEL. The largest consumer is the ventilation fan 

which is requires 250 W at nominal load of a 7 kW electrolyser [26]. The power demand for 

heating up the tap water is comparably low. Assuming a constant water consumption of 0.5 

l/h and a temperature spread of 60 ̊C, the required power for heating is far below 50 W, which 

is provided by the excess heat itself. 

The power supply and electric conditioning are of great importance, as they affect the electro-

lyser system significantly. Therefore a brief overview of the power converters and efficiency 

curves is given in the next section.  

 
Figure 13: System components of a HOGEN

®
 S40 PEM electrolyser [26] 
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2.2.9 Electric Conditioning & Converter Efficiency 

A power electronic system enables the exchange of energy between two electric systems with 

different characteristics by conditioning and controlling the energy flow [27]. The connection 

of an electrolyser to an energy source like PV electricity set demands in regards to high power 

volatility and an operation over the whole load range. The latter is of great relevance, being 

aware of the present power distribution of the residual load, which is significantly high for 

loads small loads, if the RE source is solar energy. 

Due to mostly existing alternating current domestic mains supply, this thesis focuses on the 

AC-DC power topology and efficiency considerations. Other topologies like a DC-DC cou-

pling [27] or a direct coupling of a certain type of connection of PV modules, matched to the 

electrolyser polarization curve, are also technically possible [17]. All systems have in com-

mon, that the power output for an electrolyser must be a DC power on a nearly constant volt-

age level, which fits to the polarization curve of the electrolyser stack. For the 5 kW electro-

lyser model, which consists 20 cells in series a`1.8 V, a DC voltage of 36 V is required. The 

general scheme of power conditioning is shown in figure 14. 

 

 

 

 

 

 

The DC-power output of the AC/DC rectifier is controlled to the reference value of the re-

quired DC-voltage. Supposing a switching without losses the current must take a value so that 

the product of constant voltage and volatile current is equal to the volatile AC-power input. 

In order to maximize the performance, power converters main switching component is a semi-

conductor, which either can be commuted naturally or forced by a controlled switching se-

quence. Passive energy storages like inductors and capacitors filter the output voltage and 

homogenize the DC-voltage against riffles. The losses occur mainly when switching the semi-

conductor on and off. Moreover losses are caused by internal resistances of the inductors and 

capacitors [27].  

 
Figure 14: Control scheme for power conditioning [27] 
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For power conversions up to 5 kW a single-phase converter can be used. The PV connected 

alternating current domestic mains is typically a 50–60 Hz source, which represents the power 

input. A low frequent transformer can be patched in, if a pre-conditioning of the voltage is 

required to reduce the grid voltage to an adequate value. 

In general there are two categories of AC-DC converters available, which perform different 

functions. 

 Uncontrolled natural commutation converters belong to the first category. Rectifi-

ers like that only use diodes, which cannot be controlled externally. It is not possible 

to reverse the power flow, which is in fact not necessary for the unidirectional opera-

tion of the electrolyser. A negative aspect of the diode-type rectifier is the comparably 

high riffle of the voltage output that has to be filtered. 

 The second category is the controlled natural commutation converter, which con-

sists of a thyristor. A thyristor can be switched on and this allows a controlled dc volt-

age output and a reverse of power flow as well. 

Ursua describes the latter rectifier technology as best fitted for a small-scale AC-DC rectifier 

[27]. Thyristors can withstand the high current output up to 200 A, and require less passive 

components which would result in higher costs, weight and efficiency losses, whereas high 

harmonic distortion lowers the efficiency.  

The topology of a commercially used set-up is depicted in figure 15 [27]. 

 

 

 

 

 

 

 

 

 

 
Figure 15: Half controlled three-phase rectifier set-up of a 

transformer and a thyristor-diode configuration [27] 
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Ursua mentions leading electrolyser manufacturers, such as Hydrogenics, NEL Hydrogen, 

Industrie Haute Technologie and Assa-Gen., using the three-phase half controlled bridge con-

figuration for the electric conditioning, especially for small-scale electrolysers [27].  

In order to display a realistic PEM electrolyser system performance a simple converter model 

could be synthesized according to suppliers measuring data of a certain 6 kW AC-DC con-

verter DELTA ELECTRONICS PCL [28] and performance analysis of AC-DC rectifiers in 

general [29]. 

The efficiency curve ηDC in % can be approached by the following equation: 

� = · .+ ⁄  (17) 

The output current Iout ranges from 0 A, which is equal to 0 % load to the maximum operating 

current of 140 A at 100 % electrolyser load. The efficiency curve is visualized in figure 16: 

 

 

 

 

 

 

 

 

 

 

The general characteristics of the curve can be displayed but it has to be noted, that this graph 

is based on assumptions and has to be considered as a rough estimation in order to approxi-

mate the converter performance. The partial load efficiency also depends on the input and 

output voltage levels. Over a broad region from 15 % to 100 % of PEMEL load, the efficiency 

of the rectifier is above 90 % and 93 % in average. For smaller loads the efficiency is signifi-

 
Figure 16: AC-DC converter efficiency curve 
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cantly declining due to switching losses and internal resistances of filtering components. The 

losses in electronic resistors generate heat, which has to be removed by an internal cooling. 

Especially the partial load behaviour has to be taken into account modelling electrolyser sys-

tem efficiency. The converter efficiency is comparably low for low residual loads, which oc-

curs the most.  

The above mentioned efficiency estimation ηDC of an AC-DC converter is also included in the 

Matlab® model for the system efficiency ηsys0, in section 2.2.3. 

2.3 Hydrogen Intermediate Storage 

An intermittent hydrogen feed affects the methanation process adversely in regards to the re-

action stability and heat management. Neither the required gas flow rates, nor the SNG yield 

in the product gas can be guaranteed. Hence a steady-state methanation process is aimed [13]. 

To ensure a constant feed gas flow in a volatile environment a hydrogen buffer can be ap-

plied. The intermediate hydrogen storage is connected in series between the electrolyser and 

the methanation reactor. It is charged with volatile generated hydrogen during the daytime, 

and is discharged if the maximum storage capacity is reached. 

Two hydrogen storage principles are being reported as state of the art [30]: 

- Cryogenic hydrogen storage 

- Pressurized hydrogen storage 

The thermodynamics of hydrogen need to be taken into consideration to store a sufficient 

amount of gas in a small tank. 

For a cryogenic temperature below - 253 ̊C the hydrogen can be stored in liquid phase. Due to 

high technological challenges and cost issues, the cryogenic storage path can be neglected for 

a small-scale PtG plant. 

The easiest solution to store the daily generated hydrogen is the pressurized storage principle. 

The intermediate storage is supposed to provide a daily storage of the generated hydrogen in a 

few 50 l gas bottles. The compressed hydrogen storage option takes advantage of the already 

pressurized PEMEL gas output. Avoiding an additional gas compressor, no intermediate stor-

age losses come up, as the PEMEL delivers a maximum operating pressure of 30 bar. If the 

storage capacity is reached, the hydrogen can steadily be released to the subsequent methana-
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tion process. The discharge of hydrogen finishes if the pressure level of the methanation reac-

tor is reached. 

Assuming hydrogen as an ideal gas, a constant gas temperature for charge and discharge and 

an atmospheric pressure pamb, the dischargeable hydrogen volume VH2 in Nm3 can be calcu-

lated: 

= · ∙ −
 

 

(18) 

 

where Vb is the gas bottle volume, nb is the number of gas bottles, pi is the initial pressure 

before gas discharge and pu is the ultimate pressure level, which is set by the operational pres-

sure of the methanation reactor. 

According to the requirements of a domestic conversion plant, the storage size has to be taken 

into account. The intermediate storage is dimensioned in section 3.3 in compliance with the 

maximum hydrogen volume produced by the PEMEL at a certain day in 2013 and the conver-

sion flow rates of the methanation unit. 
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2.4 Methanation 

The reduction of carbon dioxide (CO2) by H2 to methane (CH4) can be achieved in a methana-

tion process over a catalyst. In 1902 Sabatier reported about the conversion of hydrogen and 

carbon dioxide to methane which is now well known as synthetic natural gas (SNG). Thus the 

idea of the gas conversion is about 100 years old and methanation processes were mainly ap-

plied to produce SNG from solid biomass or coal. In the last decade, increasing research ef-

forts has been made to promote the gaseous methanation process for RE storage options. In 

this work it will be rather looked at the catalytic methanation than on biologic conversion pro-

cesses. As mentioned in the introduction, the SNG conversion step is optional for a PtG sys-

tem, as gaseous hydrogen could be used as a fuel as well. Though drawbacks like further effi-

ciency losses and higher investment costs for a subsequent methanation, CH4 as a product gas 

offers a broader field of applications, especially when feeding SNG into the existing natural 

gas grid or running established combustion engines with compressed natural gas (CNG). 

This section presents the basic reactions and thermodynamics appearing within a methanation 

device. Suitable steady-state reaction conditions will be found out for a small-scale methana-

tion reactor. A pre-design of a system set up will be carried out to provide both, a product gas 

with a sufficient quality, and excess heat integration. Finally a static model is developed to 

calculate the gas product flow rates and to manage the excess heat production. 

2.4.1 Basics of Catalytic Methanation 

The methanation describes a heterogeneous, catalytic reaction of CO2 reduced by H2 over a 

catalyst to CH4 and H20. The global reaction which was found in 1902 by Sabatier is reversi-

ble and exothermic [13]: 

� +  ⇌ � +           ∆ = − .  

 

(R6) 

 

under standard conditions (T = 298 K; p = 1 atm). The oxidation number of carbon changes 

from +IV to –IV, so eight electrons will be transferred during the methanation. Oftentimes the 

methanation reaction is described as partial reactions, which are formulated as follows: 

� +  ⇌ � +           ∆ = − .  

� +  ⇌  � +       ∆ = .  

(R7) 

(R8) 
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The CO-methanation (R7) and the water-gas shift reaction (R8) can be formulated as interme-

diate states of the global Sabatier reaction (R6). Considering a methanation reactor, the partial 

reactions (R7, R8) and their chemical compounds CO2, CO, H2O and H2 have to be taken into 

account. 

To avoid generating undesired compounds in the product gas, favourable operating conditions 

within the reactor have to be chosen. The product gas composition can mainly be influenced 

by an appropriate choice of: 

 Temperature level 

 Pressure level 

 Catalysts 

 Gas residence time/ feed gas flow velocity 

Schollenberger performs a calculation in Aspen PLUS® of the thermodynamic equilibrium of 

all reactions taking part, depending on the pressure and temperature level [31]. The results of 

a stoichiometric educt feed of 20 % vol CO2 and 80 % vol H2 are visualized in figure 17. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Methanation product gas composition dependent of the thermodynamic 

equilibrium [31] 
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Temperature level 

Reflecting the meaning of the principle of Le Chatelier, the thermodynamic equilibrium of an 

exothermic reaction moves to the product side for lower temperatures. Therefore is it im-

portant to guarantee an effective removal of heat. But weak kinetics of methanation reaction 

at low temperatures have to be taken in consideration [32]. Moreover the operating tempera-

ture level is restricted by the formation of toxic substances of CO and nickel, which is widely 

used as a catalyst. To assure safety and health, the temperature should be above 200 ̊ C [31].  

Brooks defines a suitable temperature level around 350 ̊C and Schollenberger selects a range 

between 200 and 475 ̊C [31,32]. Thermodynamically the water-gas shift reaction tends to 

dominate at higher temperatures and causes undesired impurities. Xingxing outlines that 

thermal stress is a significant drawback for nickel based catalyst, so a constant operating tem-

perature should be aspirated [33]. 

Due to the strong exothermic reaction, a proper heat management has to be provided to avoid 

built-up of hot spots. A local hot spot appears, if there is an imbalance of exchanged and gen-

erated heat. Xingxing proposes a product gas recirculation which is implemented next to the 

regular reactor wall cooling [33]. Chemically, the product gases behave inert. This procedure 

delivers a considerable advantage, so next to the prevention of hot spots, the fresh feed gas is 

preheated and therefore the gas quality can be boosted. The occurrence and management of 

hot spots is a dynamic process, which requires an appropriate control strategy for an efficient 

running of the methanation, which is investigated by Xingxing, but is negligible for the sys-

tem pre design in this work. 

Pressure level 

As can be seen from the global Sabatier reaction (R6), the number of molecules is reduced 

from five at the reactant side to three at the product side. Hence a higher pressure boosts the 

conversion rate of CO2 and influences the methane yield of product gas stream positively, as 

also depicted in figure 17. Due to the desired system set up without an additional compres-

sion, the operating pressure level has to be adjusted to the boundary conditions of pressurized 

hydrogen bottle storage. 

Catalysts 

The hydrogenation of CO2 implies an eight-electron process with kinetic limitations. To over-

come a low reactivity at moderate temperatures around 300 ̊C, a catalyst is required to achieve 

an acceptable methane yield, besides finding a suitable carrier material for the catalyst.  
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Some vital requirements of catalysts are listed below [34]: 

 Activity at the desired operating condition. 

 Selectivity towards methane. 

 Stability for long-term use. 

 Low material costs. 

 Health and safety issues. 

Wang reports that the research mainly takes interest in catalysts of Group VIII metals, which 

are supported on oxides [35]. Ni-based and noble metal-based (Rh, Ru, Pd, Pt, Ir) catalysts 

promise both, high reaction kinetics and a low degradation, affecting the stability. Nickel is 

the most studied and applied catalyst, due to promising performances and low costs. Various 

catalyst support materials can be used, which are all oxides like Al2O3, SiO2, TiO2, ZrO2 and 

CeO2. The supporting material provides a high specific surface (above 100 m2/g) to gain in 

high catalytic active areas. Figure 18 shows the reaction scheme of the catalytic CO2 methana-

tion. 

 

 

 

 

 

 

 

 

The gaseous carbon dioxide dissociates to the surface of the catalyst support and is intermedi-

ary adsorbed. Gaseous hydrogen dissociates to the metal and two elements form water togeth-

er with the first oxygen element of CO2. The remaining CO is still absorbed and bounded ei-

ther at the metal support interface or at the support matrix. CO then is transferred to the metal 

catalyst for the final methanation. Six further hydrogen elements are involved for a complete 

hydrogenation of metal dissociated CO to the gaseous products CH4 and H2O. 

 

Figure 18: Reaction scheme of catalytic CO2 methanation [35] 
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2.4.2 Carbon Dioxide Sources 

The PtSNG conversion requires a carbon source to perform the methanation. Carbon is 

bounded in CO2, which is theoretically unlimited available on earth. However the availability 

of different CO2 sources differs in the necessary process technology to capture the gas. There-

fore, the processes of making CO2 available for a hydrogenation to methane have to be as-

sessed in particular, regarding efficiencies, economic and environmental aspects. The latter is 

of particular importance as only a renewable CO2 source enables a 100 % renewable SNG 

product gas. 

Basically there is a distinction between biogenic and industrial CO2 sources [36]. Zuberbueh-

ler is reporting the relevant CO2 potentials in Germany for the production of SNG (table 2). 

      Table 2: Carbon dioxide sources and potentials in Germany [3] 

 

Carbon Source 

  

CO2 Potential 
SNG Production  

Potential 

x 10
6
 [t/a] [TWhSNG/a] 

Biogenic Sources 

  Biogas Plants 5.1 27 

Energetic Utilisation of Other Biomass 73 385 

CO2 from Air unlimited unlimited 

 
  

Industrial Sources 
  

Cement/ Limestone Production 17 92 

Non-renewable Trash 25 130 

Fossile Power Plants 309 1 618 

 

The reported quantities of CO2 exceed the required amounts by far [2]. Biogas plants by itself 

can deliver climate neutral CO2 for a couple of millions of domestic PtSNG plants in Germa-

ny. Combining all CO2 sources from biomass, no shortages in the gas delivery for competing 

future SNG industries can be assumed. In order to design a 100 % renewable energy source, 

the focus of CO2 supply is on the biogenic sources biomass and CO2 from air. 

In all cases CO2 has to be extracted from a gas mixture, either an exhaust gas or the ambient 

air. Principally there are four process technologies for an extraction of carbon-dioxide [6]: 

- Absorption - in different solutions 

- Adsorption - on solid sorbents like mol sieves 

- Condensation - in cryogenic distillation processes 

- Membrane separation 
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The three latter processes are energy intense due to a strong cooling for a condensation of 

CO2 or a high pressure for the adsorption and membrane separation. Though, the adsorption 

of CO2 is common practice for the purification of biogas to biomethane. 

A standard technology for gas cleaning is the so called pressure-swing adsorption (PSA). The 

PSA plant utilized the different adsorption behaviour of CH4 and CO2. The dry and pressur-

ized gas flow enters the adsorption unit which contains the adsorbent, a carbon molecular 

sieve. A defined pressure level allows a faster adsorption of CO2 than CH4 to the sieve sur-

face. If the sieve is saturated, the biogas stream is rerouted to a second adsorption unit where 

the purification can be continued. The saturated sieve is then desorbed by releasing the pres-

sure and its adsorbate CO2. So far the CO2 has been released to the environment since there is 

no utility of it. Implementing a PtSNG industry, CO2 can be utilized as a 100 % renewable 

reactant for methanation processes. Because the carbon molecular sieve is highly sensitive to 

fine dust this technology is unsuitable for CO2 extraction of flue gas from combustions [6]. 

The company Climeworks, which is based in Zurich developed in collaboration with ETH 

Zurich and the Swiss Federal Laboratories for Materials Science and Technology (Empa) a 

CO2-from-air capture plant using adsorption [37]. The size of the laboratory plant provides     

4 kgCO2/day. An upscale to a commercial demonstration plant for 20 kgCO2/h is planned for 

2015. 

The adsorption process is based on a similar cyclic process like the PSA technology, using 

thermal energy instead of pressure-swings to run a cycle. The working principle of the plant is 

depicted in figure 19 [37]. Ambient air enters the adsorption unit, which contains a filter sieve 

with a CO2 selective absorbent. The adsorption of CO2 takes place at ambient temperature and 

pressure level. Once the absorbent is saturated, the air flow is interrupted and the desorption 

can be performed. In order to obtain pure CO2 and to regenerate the unit, the capturing unit is 

heated with low temperature heat (T ~ λ5 ̊C). 

A benefit of combining this technology with PtSNG systems is the low temperature level of 

heat, which could be provided by the excess heat of the electrolyser and methanation reactor. 

Nevertheless a subsequent compression of CO2 is required to be fed in the pressurized 

methanation reactor.  

Schmid delineates the CO2 from air capture of a 25 kWel PtSNG plant at ZSW in Stuttgart [6]. 

The extraction principle is carried out by absorption of the gas in a scrubbing solution. 
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CO2 can be recovered by adding sulphuric acid, which together with the scrubber solution can 

be regenerated in a second stage. The energy demand for capturing and regenerating the 

chemicals is about 2.3 kWh/kgCO2 and 2 300 m3 air have to be processed. 

Due to a significant low concentration of carbon dioxide in the air, it is more efficient to cap-

ture concentrated renewable CO2 from biomass. Nevertheless, certain applications like energy 

island systems require a secure provision of CO2 from air, if the other alternatives are techni-

cally or economically not feasible. 

Hereinafter CO2 as a reactant for the proposed small-scale methanation reactor is provided in 

13.4 l gas bottles at a pressure level of 250 bar. 

  

 
Figure 19: Working principle of capturing CO2 from air by adsorption [37] 
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2.4.3 Small-Scale Reactor Concepts 

Methanation reactors can be subdivided in two general principles, the two-phase and three-

phase system [38]. In a two-phase system the educts are in a gaseous state and the catalyst is 

solid, whereas in a three-phase system the gaseous educts and solid catalysts are surrounded 

by a liquid heat transfer fluid. 

In the scope of this thesis, a two-phase reactor is considered to be integrated in the domestic 

PtSNG system. Basically there are three possible approaches for a two-phase methanation 

reactor: 

 Fixed-bed reactor 

 Fluidized-bed reactor 

 Metal comb reactor 

The fixed-bed reactor is the most widely used as methanation reactor. Solid particles contain 

the Ni-catalysts, which form the active fixed-bed catalyst. The powdery catalyst can simply be 

filled in a reactor tube which then is almost completed to be applied with the reactants. Once 

the bulk is packed, the catalyst particles rest on-the-spot during methanation. Hence, there is 

no threat of catalyst degradation via mechanical abrasion. 

Negative aspects of fixed-bed reactors are relatively high pressure losses, possible mass 

transport limitations and the risk of hot-spots due to ineffective heat removal [38]. 

The fluidized-bed reactor enables the hydrogenation of CO2 in a fluidized bed. A certain gas 

stream swirls up the catalyst particles within a defined reaction zone. The temperature level 

inside the fluidized bed can be assumed to be constant and the high turbulences improve the 

mass transport properties. Negative aspects of the fluidized-bed principle are the high me-

chanical forces on the catalyst particles and the limited ability to convert a variable gas 

stream. Inflexibility, a high maintenance demand and the undesirable noises occurring with a 

fluidized-bed of particles make this methanation principle uninteresting for domestic applica-

tions. 

An advanced system for a two-phase methanation reactor is represented through the metal 

comb reactor, which are under investigation for different designs. The metal combs are loaded 

with a catalyst-support washcoat dispersion, which has to be calcinated for 3 h at 450 ̊C after-

wards [32]. Compared to the fixed-bed reactor, the gas flow through the comb channels caus-

es no significant pressure loss and due to the high thermal conductivity of the metal comb 

structure the excess heat can be removed effectively. Furthermore the reactor inside can be 
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considered as isothermal. So the danger of hot-spots is diminished or can be avoided by a 

proper external heat management. Moreover, the metal combs provide a slightly better flexi-

bility property for varying gas flows and pressure levels respectively. However, the reduced 

proportion of volume regarding the metal comb structure and the inside volume of the reactor, 

causes a fast cooling if the methanation reaction is interrupted. 

In conclusion the metal comb reactor has to ensure both, an effective cooling system for the 

operational mode and a sufficient heat provision for transients when starting the methanation 

[38]. The characteristics and performances of different metal comb reactor designs are being 

discussed in the following section. Combining the different reactor concept benefits should 

result in a plant set-up, which is the basis for a subsequent reactor modelling in terms of heat 

transfer flows. 

2.4.4 Metal Comb Reactor Designs 

The metal comb methanation reactor seems to meet the purposes of a small-scale methanation 

device best, due to a radially isothermal inlet and a feasible heat management. The methane 

yield in the product gas will also be discussed in this section.  

Typically in a metal comb reactor, the reactor inlet is coated with the catalyst and the support 

material. Figure 20 shows three reactor designs:  

a) Metal honeycomb reactor inlet design from Karlsruhe Institute of Technology (KIT) in 

Germany [31].  

b) A related concept like the micro-channel reactor [32].  

c) The plate-type reactor (c) from ETOGAS, which differs in the channel shape and cool-

ing mechanism [39].  

The latter is the closest to commercialize a large-scale methanation reactor for PtSNG purpos-

es. 

The metal comb reactor is operated in a temperature range between 220-300 ̊C at 8 bar but 

designed for pressures up to 40 bar. The reactor consists of a double-walled pipe. In the inner 

pipe the metal honeycombs are installed, whereas in the outer double containment pipe the 

heat transfer medium is used for the heat management in a counter current process. The length 

of the pipe is 62 mm and the outer inner pipe diameter is 36 mm. Six 50 mm long honeycomb 

segments are arranged one behind the other in the inner pipe. 
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When starting the methanation process, the heat transfer fluid assures the heating of the reac-

tor on the one hand side, and on the other hand side while operating at steady-state, the excess 

heat can be removed. The cooling system aims at a constant temperature within the reactor so 

that the gas purity doesn’t vary along the SNG outlet. 

The micro-channel reactor described by Brooks is designed for a comparable low educt gas 

flow of 90 cm3/min at atmospheric pressure. Thirty channels with a length of 70 mm each 

form the reactor. The reactor delivers 16 g SNG per hour and excess heat of 46 W. The reac-

tor ensures an effective heat conditioning via active side-wall cooling, which is also an oil 

based counter flow heat exchanger. Because of metal walls the heat is evenly distributed and 

the wall temperature can be effectively controlled along the length of the reactor.  

 

 

 

 

 

 

 

 

 

 

The 25 kW plate-type reactor from ETOGAS is, among other locations, installed as a biogas 

treatment test plant in Bad Hersfeld/ Germany. Online publications show operating tempera-

tures between 250 and 550 ̊C and a system pressure of 7 bar [39,40]. The educt gas flow of H2 

and CO2 is slightly above 5 Nm3/h for a stoichiometric proportion of 4:1 (H2/CO2). 

The heat management in the plate type reactor is also realized by counter current heat flow. A 

catalytic active layer alternates with a heat exchange layer like in a sandwich construction. 

The heat transfer fluid can either be liquid like pressurized water and oil, or gaseous. 

  

 

Figure 20: Two-phase metal reactor designs [31,32,39] 
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2.4.5 SNG Yield Estimation 

In this section the conversion performance will be analysed. Therefore the SNG conversion 

rates of the above mentioned reactor designs are gathered in a table. 

A few assumptions have to be defined before assessing the SNG yield of the methanation pro-

cesses. The assumptions are listed below: 

 H2 and CO2 can be considered as educt gases without impurities that could affect the 

methanation reaction adversely. 

 The pressure level and the temperature distribution inside the reactor is constant at 

steady state. 

 The conversion reaction starts at steady-state conditions and at constant gas flow ve-

locities. 

The conversion performances of the three reactor concepts are listed in table 3: 

Table 3: Parameters of small-scale methanation reactor concepts [31,32,40] 

Reactor type Catalyst 
Pressure  

level 

Medium 

temperature  

level in  C̊ 

H2:CO2 

molar 

Gas flow/ 

residence 

 time 

CO2 con-

version  

rate in % 

SNG yield 
in % vol 

Metal comb  

reactor 
Ni-Al2O3 8 barabs 

300 3.9 

- 

86.0 - 

280 4.6 88.0 - 

300 4.6 89.0 - 

280 6.2 94.0 - 

Micro-channel  

reactor 

70 mm 

Ru-TiO2 
atmos-

pheric 

295 4.0 
16.30 cm/s 

 /439.5 ms 
89.4 - 

303 4.0 
32.29 cm/s 

/221.8 ms 
89.4 - 

319 6.0 
68.35 cm/s 

/104.8 ms 
99.8 - 

Plate-type 

reactor 

Biogas (43 % 

CO2) 

n.s. 7 barabs 485 4.0 5 Nm
3
/h - 92.0 

 

The medium temperature within the reactors ranges between 280 – 485 C̊. The metal comb 

reactor is operated at 8 bar, between 280 and 300 ̊C. For a stoichiometric proportion of H2 to 

CO2 the conversion rate is 86 %. A higher stoichiometric proportion causes an increase of the 

CO2 conversion, but it has to be taken into account that the impurities of H2 in the product gas 

will increase as a consequence.  

The micro-channel reactor shows high performances up to 89.4 % for a stoichiometric educt 
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ratio, which is quite close to the thermodynamic optimum (see figure 17). It is remarkable, 

that the CO2 conversion rate doesn’t change as the gas flow speed is doubled. Even for a 

quadruplication of the gas flow that is slightly overstoichiometric (H2:CO2 = 6.0), a conver-

sion up to 99.8 % can be reached. Designing a methanation reactor, the residence time can be 

optimized by adjusting the dimensions of the reactor or the gas stream speed respectively.   

Due to a small-scale PtG application the plate-type reactor from ETOGAS converts a compar-

atively high volume flow. The operating temperature differs significantly from the other reac-

tors. Despite a higher temperature level, a volumetric methane yield of 92 % can be achieved. 

The above presented performance data of the existing reactors allow an estimation of an im-

plementable small-scale reactor, which form the basis for the static PtSNG plant model. 

Considering the CO2 conversion rates, it is reasonable to assume a value up to: 

 ηconversion = 90 % CO2 conversion ~ 90 % vol. SNG for stoichiometric proportions 

Due to optimization even a higher conversion can be reached [32]. The inner wall and gas 

temperatures and the relative pressure level are constant at: 

 Twall = Tgas = 300 ̊C 

 preactor = 8 bar 

The impurities in the product gas are non-reacted educt gases H2 and CO2. According to a Ni-

based 100 kW fixed-bed reactor [40], the dry product gas can be composed as follows:  

 

 

 

 

 

 

 

 

 Figure 21: Estimated product gas composition according to [40] 
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It is hereby notified that the above shown product gas composition is an estimation which 

includes assumptions according to the performance data of table 2, estimations from methana-

tion experts of VTT [41] and the product gas composition of a 100 kW PtSNG plant at ZSW 

[40]. The accuracy of the percentages has to be evaluated at a test facility. 

2.4.6 Reactor Model Development 

The proposed static model, which is presented in this chapter, comprises the physical dimen-

sioning of a metal comb reactor design. 

The metal comb reactor of KIT institute serves a template for this model [31]. With regards to 

the model parameters, the excess heat production can be calculated. 

First of all the boundary conditions of the methanation reactor have to be defined. Therefore 

the following aspects have to be taken into account: 

- Steady-state operating conditions at constant chemical conversion rate. 

- The ideal gas law is valid for the gas state variables preactor= 8 bar and Tgas= 300 ̊C. 

- Constant gas-flow, which prohibits the appearance of hot-spots. 

- Radial isothermal temperature distribution. 

- Countercurrent heat management through a double wall pipe by thermal oil. 

- Physical dimensions of the reactor correspond to a small-scale plant. 

For achieving a high methane yield in the product gas an appropriate residence time of the 

reactants has to be chosen. The residence time is inversely proportional to the so called space 

velocity. 

In literature two common definitions of volumetric gas flow rates are mentioned [42].The first 

refers a gas flow to a volume of catalysts within the reactor and the second refers to the blank 

volume of inside of the reactor. The latter is considered for the proposed model in this work. 

The so called gas hourly space velocity GHSV can be described as follows: 

=  �      [ ℎ ]    ℎ   [ ] = � ·  

 

 

(19) 

 

where ΦV is the empty space share. This value describes the share of the reactor volume, 

which can be passed by the gaseous fluids. 
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Specht reports about a GHSV range between 2 000 and 5 000 1/h [40].Walspurger operates a 

methanation plant within that range at 2 500 1/h [43]. For a SNG methanation plant at ZSW, 

the GHSV is 1 365 1/h. 

For the following model development a GHSV value of 2 000 1/h is chosen. The reactor de-

sign of a metal comb reactor in a double-walled pipe is based on the reactor developed at KIT 

institute [31]. A cross section of the reactor is shown in figure 22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The main components of the reactor are the metal comb reactor segments, which are coated 

with the catalysts and their support material, as described in section 2.4.1. The segments are 

serialized in the inner pipe of the reactor. To improve the radial heat conductivity a thermal 

 

Figure 22: Draft of a double-walled pipe metal comb reactor acc. to [31] 
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paste can be applied in the narrow gap between the segments outer wall and the inner pipe 

wall. The heat transfer medium is pumped through the slot of the double pipe. It can be seen 

that the gas flow and the heat transfer medium flow is arranged as countercurrent. Before the 

reactants enter the catalytic active area, the inrushing gas is mixed and evenly distributed in a 

diffuser. 

The empty space volume of the metal comb reactor Vr,empty can be calculated as follows: 

, =  � ·  = � ·
� �,� ∙  

 

(20) 

 

with ΦV as the empty space share of the reactor segments which is assumed to be 0.9, din as 

the inner diameter of the inner pipe and Lreactor as the length of the reactor. Combining equa-

tions (19) and (20), the reactor gas flow fgas can be calculated. 

Assuming a recirculation of product gas, which in particular is described in the next section, 

the reactor feed gas flow fgasfeed in m3/h can be can be determined: 

= − ·  

 

(21) 

 

where RR is the recirculation rate, which in that case takes a value of 0.8. To compute the 

standard volumetric feed gas flow rate fgasfeed0 in Nm3/h, the state variables have to be re-

ferred to ambient conditions at Tamb = 288.15 K and atmospheric pressure by a factor 8: 

=  ∙ ·  

 

(22) 

 

The feed gas flow is composed of H2 and CO2 in stoichiometric proportions. Assuming the 

reactants as ideal gases, it means that 80 % of the feed gas flow is hydrogen and 20 % is car-

bon dioxide. 

The dry product gas flow rate can be calculated, supposing that the entire reaction water is 

removed. For stoichiometric proportions and a product gas composition of 90 % methane and 

10 % unreacted educts the standard volumetric product gas flow fproduct0 in Nm3/h is: 

 

The factor 1/5 describes the volume reduction of CH4 to the reactant gases. 

=  �  · + − � ·                        (23) 
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2.4.7 Excess Heat Production 

Feed gas entering the reactor inlet at the top is mixed and heated up to the temperature of ap-

proximately 300 ̊C, where the gas kinetics allow a comparable fast methanation reaction [31]. 

As explained in the previous sections the hydrogenation of CO2 is a strongly exothermal reac-

tion (see R6). The heat production within the reactor, which is equal to the molar excess heat 

production Qm,excess  in kJ/mol at steady-state conditions, can be calculated in order to dimen-

sion the heat removal properly.  

, =  � ∙ [� −  � ] (24) 

 

, =  � ∙ [( � + ∙ ) − ( ∙ + � )]     

    

 

The conversion efficiency ηconversion is estimated as 90 %. The reactants standard enthalpy has 

to be translated to the temperature level of the reactor inlet. The parameters and equations for 

the excess heat calculations can be found in annex 3. 

Performing the computation of the heat production for a temperature of 300 ̊C, the molar ex-

cess heat flow of the reaction amounts Qm,excess = -158.35 kJ/mol. Assuming the reactants as 

ideal gases, one mol of gas occupies a volume of 22.4 l, so that the volumetric excess heat 

production in kWh/Nm3 can be determined: 

 

The heat management can be realized by thermal oil, which flows through the outer pipe. 

Both, heating the reactor before starting the methanation process, and cooling the reactor dur-

ing the operation, can be performed in combination with a heating coil and an internal cool-

ing. The tubular heat exchanger can be introduced as a simplified model of the methanation 

reactor. Therefore the following assumptions have to be taken into account [44]: 

- The heat exchanger is operated at steady-state conditions. 

- Kinetic and potential energy, as well as heat losses to the environment are neglected. 

- No phase changes during the heat transfer. 

- Heat conduction in the direction of the flow is neglected. 

To calculate the required thermal oil flow rate for a countercurrent heat exchanger, the heat 

transfer balance has to be defined: 

, = − . = .  ℎ
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, = =  ∙ ∙ ∙ ∆       (25) 

The material values, density and specific heat capacity of the thermal oil, can be taken from 

table data. To avoid high temperature gradients within the reactor, the oil temperature differ-

ence should be as small as possible, but great enough to remove the excess heat efficiently. 

The volumetric flow of thermal oil foil is defined as follows: 

=  , − ,
 

 

(26) 

 

where uoil is the velocity of the thermal oil and do,in is the inner diameter of the outer pipe and 

di,out is the outer diameter of the inner pipe. 

Before starting a methanation process the steady-state condition has to be established, in order 

to avoid a low SNG product gas yield at the beginning. The reactor has to be tempered by the 

thermal oil and an additional electric heating coil. It is assumed that the internal energy of the 

previous methanation process is stored for the most part, so that the thermal oil provides an 

initial temperature of 250 ̊C. As a consequence the thermal oil and the reactor temperature 

need to be raised by ΔTstart = 50 K. 

The required amount of electrical power Pel,oil for heating the thermal oil up to 300 ̊C can be 

calculated as follows: 

, =  ̇ ∙ ∙ � = ∙ · � ,� − �, ∙ ∙ �  

 

(27) 

 

with ̇ oil as the oil mass flow, calculated by the product of foil and ρoil and coil as the specific 

heat capacity of the thermal oil. The data sheet of the thermal oil Mobiltherm605® from 

PONDUS Verfahrenstechnik GmbH [45] provides values for coil = 2 800 J/kg·K and            

ρoil = 680 kg/m3 at 300 C̊. Applying equation 27 with an initial oil velocity of 0.001 m/s the 

required electrical power Pel,oil amounts: 

 

For the determination of the required energy for tempering the reactor, the heat capacity   

Creactor has to be figured out. The value for heat capacity is dominated by the metallic pipe 

walls (V2A steel) and the catalyst inlet support material (Al2O3). The heat capacity of gas is 

neglected in the following calculation. 

, =  .   
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� =  � + � =  ∙ + ∙ �               (28) 

=  ∙ ∙ (( , ) − ( , ) + ( , ) − ( , ) ) 

 

      (29) 

 =  � ∙ ∙ − �               (30) 

 

with ρsteel= 8 000 kg/m3, ρAl2O3= 3 700 kg/m3, csteel= 477 J/kg·K, cAl2O3= λ00 J/kg·K, ΦV = 0.9 

[46,47]. All further dimensions are depicted in figure 22. The heat capacity Creactor of the 

reactor can now be calculated: 

� =  .  ∙  ⁄  + .  � ∙  ⁄  

� =  ⁄  
                 (31) 

The required energy for tempering Etemp the reactor from 250 to 300 C̊ can now be deter-

mined: 

=  � · � =  . ⁄ ∙  = .   = 15.3 Wh                 (32) 

The time for tempering the reactor with a 288.7 W electrical heater is less than 200 seconds. 

In fact the time is dominated by the slow oil flow rate of oil, which needs at least 600 seconds 

to fill the reactor with tempered thermal oil. In conclusion tempering the reactor from 250 to 

300 ̊C requires an energy amount of 55 kJ and takes at least 10 minutes to achieve the 

steady-state temperature. 

2.4.8 Reactor Plant Configuration 

The methanation set-up is aligned to the PtSNG Audi plant [3]. The simplified configuration, 

which is shown in figure 23, contains a product gas recirculation in order to achieve the re-

quired GHSV. 

Figure 23 illustrates the plant configuration of the methanation process. The feed gases H2 and 

CO2 are being fed with a constant flow rate at a stoichiometric proportion to the so called in-

jector (1). The injector is a mixing device on the one hand side, but also a type of a pump on 

the other hand side. Within the injector the feed gas streams through a nozzle, which is then 

accelerated and causes a low local pressure. Hence a defined product gas stream is sucked to 
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the injector gas inlet and is mixed with the feed gas stream in the diffuser throat of the injector 

[48]. 

 

 

 

 

 

 

In this way an efficient recirculation (3) of product gas can be performed, avoiding an electri-

cal driven pump. Xingxing describes the recirculation loop of product gas as a fundamental 

process to assure a nearly constant reactor temperature prevent local forming of hot spots that 

damage the catalyst. Simultaneously fresh gas feed is preheated in the injector to ensure a 

constant reactor temperature and to avoid the formation of nickel carbonyls at temperatures 

below 200 ̊C [33]. Due to a considerable smaller feed gas stream, the management of excess 

heat can be facilitated as well. Moreover a recirculation of product gases result in a longer 

residence time and therefore a higher CO2 conversion can be expected but has to be validated 

by experimental tests. 

As described in the previous section, the reactor is being cooled by thermal oil (2). The excess 

reactor heat is transferred in the double-walled pipe and can be stored, or removed by a heat 

sink like domestic heating, or an air cooler. The recirculation rate is set to 80 % of the volu-

metric flow, which is explained in section 3. The Audi SNG plant is equipped with an addi-

tional water injection at the reactor inlet [3,41]. It is known that a lack of steam within the 

reactor leads to deposition of elemental carbon at the catalysts. It is reasonable to assume no 

carbon deposition effects to the above depicted plant design, because the recirculating gas is 

wet, compared to the Audi plant, as the methanation is carried out in a single-stage process. 

Nevertheless further investigations should be performed on that matter. 

The wet product gas stream which is not recirculating enters a dry cooler (4). The temperature 

of the gas is being cooled down to ambient temperature and the condensed water is removed. 

The dry SNG can be compressed (5) and transported in a seasonal storage tank (6). 

 

Figure 23: Methanation plant configuration according to [40] 
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2.5 SNG Use Options  

The subject of SNG gas properties, with respect to a SNG use as an automotive fuel or a pos-

sible gas feed into the natural gas grid will be discussed in this section. All requirements for 

those two use options are extracted from German gas standards: 

- DVGW Arbeitsblatt G 260 - Gas quality 

- DVGW Arbeitsblatt G 262 A - Use of renewable energy gases at the public gas sup-

ply system 

- DIN 51624 - Automotive fuels - Compressed Natural Gas - Requirements and test 

methods 

The technical regulation G 260 defines the gas quality and requirements of fuel gases for the 

public gas supply in general [49]. Terms such as basic gas, gas for conditioning, additional 

and replacement gases are defined, which need to be understood dealing with an SNG gas 

mixture of methane, carbon dioxide and hydrogen.  

A basic gas is commonly supplied natural gas in the grid. Gases for conditioning can be added 

to the natural gas for adjusting its combustion properties. Air, nitrogen, or liquid gases belong 

to this category for example. Additional gases significantly differ in properties from the basic 

gas. The impact of change in properties of the basic gas defines the limit of the additional gas 

content. Hydrogen rich gases or liquid gas-air mixtures represent possible additional gases. 

Replacement gases can fully replace the basic gas due to its equal combustion properties. Bi-

ogas but also thermal catalytic SNG gases belong to this category, if their compositions fulfil 

certain requirements. 

Depending on the gas composition, the technical regulation G 260 categorizes a fuel gas in 

three gas types. The first type defines the composition of the hydrogen rich (< 12 % vol.) gas 

like town gas. Due to the fact that no town gas is distributed in the gas network, since the gas 

system has been changed to natural gas, the first gas family became less important. The third 

type defines the requirements for wet or liquid gases like propane or butane and will not be 

further described here. The gas quality and requirements for a categorization of a gas for feed-

ing it into the natural gas grid has to be taken in consideration. Within the second gas family 

the natural gas is categorized by the so called Wobbe index. The Wobbe index is the ratio of 

the calorific value of a gas per unit volume and the square root of its relative density for 

standard conditions. The determination of the Wobbe allows the assessment of the exchange-

ability of gases due to their heat impact in gas combustion applications. Certain limits are set 

for group natural gas L and group natural gas H. The Wobbe index limits and some other rel-
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evant characteristic values listed in table 4. The SNG higher heating value related Wobbe 

index WH,n for standard conditions can be calculated as follows: 

, =  √  (33) 

=   (34) 

with the HHVSNG as the higher heating value of the SNG gas components, the relative density 

d, which is calculated by the density of the SNG gas divided by the density of air at standard 

conditions. 

The technical regulation G 262 A applies for the feed in of renewable gases into the natural 

gas grid [50]. The requirements are primarily related to biogas from fermentation. It is pointed 

out clearly, that the standard requirements for renewable gases from other sources have not 

been investigated adequately due to their minor importance. The specified limits of hydrogen 

content in the gas are based on an insufficient state of knowledge for example. In any cases it 

has to be ensured that the feed in gas is dried to a maximum water content of 200 mg/m3. 

Thus, corrosion, uncontrollable flow processes and cross-section constrictions can be avoided. 

The required methane yield depends on the type of the gas grid. For a natural gas grid H, a 

minimum methane yield of 95 % molar is required, whereas a gas grid L allows at least 90 % 

methane. Nevertheless a differing minimum methane yield can be agreed with the gas grid 

operator, if more than 1 % molar other fuel gases exist in the feed in gas. Hence, the carbon 

dioxide yield is accepted when it is less than 5 or 10 % mol. respectively. 

An emerging issue in the PtG industry is the maximum allowed hydrogen content for a feed in 

gas, especially when dealing with PtH2 processes and also PtSNG systems. According to in-

vestigations, the technical regulation G 262 A states that a hydrogen content in a single-digit 

percentage area is uncritical, if the calorific characteristics of G 260 are fulfilled. Neverthe-

less, different hydrogen limits are defined depending on the field of application: 

- Some manufacturers of gas turbines define the hydrogen limit to 5 % vol. due to sensi-

tive premix burners, a few reduce the limit to 1 % vol. 

- For underground storage purposes, the hydrogen content must not exceed 5 % vol. due 

to the risk of sulphate-reducing bacteria growth and the initiated H2S-production. 

- DIN 51624 sets the limit to 2 % vol. as it is defined by the natural gas tanks of gas 

driven vehicles. 
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However, the objective of current investigations aims at enabling higher hydrogen content in 

the natural gas grid. 

Table 4: Relevant requirements for SNG as grid gas and SNG use as automotive fuel 

Description Parameter/ Equation Unit  
Value 

Reference 
Min. Max. Nom. 

Combustion characteristics for SNG as feed in gas  
   

     [49] 

Wobbe Index 
      

Natural gas group L WL,n kWh/Nm
3 10.5 13.0 12.4 

 Natural gas group H WH,n kWh/Nm
3 12.8 15.7 15.0 

 
        
Higher heating value HHVSNG kWh/Nm

3 8.4 13.11 - 
 

Relative density d - 0.55 0.75 - 
 

        Composition of dry SNG as feed in gas 
    

[50] 

Methane content 
      

Natural gas group L 
 

% vol 90.0 - - 

 Natural gas group H 
 

% vol 95.0 - - 
 

        Carbon dioxide content 
      

Natural gas group L 
 

% vol - 10.0 - 
 

Natural gas group H 
 

% vol - 5.0 - 
 

        Hydrogen content 
 

% vol - 5.0 - 
 

Water content 
 

mg/Nm
3 - 200.0 - 

 
        Requirements for SNG as automotive fuel 

    
     [51] 

Lower heating value 
      

Natural gas group L 
 

kWh/Nm
3 10.8 - - 

 Natural gas group H 
 

kWh/Nm
3 12.8 - - 

 
Density 

 
 

      kg/Nm
3 0.72      0.91            - 

  
        Methane content 

 
% mol 80.0 - - 

 
Methane number 

 
- 70.0 - - 

 
Sum of carbon dioxide and nitrogen contents % mol - 15.0 - 

 
Hydrogen content 

 
% mol - 2 - 

 
Oxygen content 

 
% mol - 3 - 

 
Water content   mg/Nm

3  - 40  -   

 

The German standard DIN 51624 defines the requirements and limits for the use of natural 

gas with an admixture of biogas as a fuel for combustion engines [51]. 

The standard also categorizes natural gas to natural gas H and L regarding to their heating 

value, the Wobbe index has no meaning. The absolute density of the SNG gas must be in a 

range between 0.72 – 0.91 kg/m3. A minimum methane yield of 80 % molar, as well as max-

imum molar shares of 2 % hydrogen, 15 % inert gases like nitrogen and carbon dioxide and   

3 % oxygen are mentioned. The water content must be below 40 mg/kg.  
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The essential limits for using SNG as an automotive fuel are mentioned in table 4. The me-

thane number is of great importance for assessing the combustion properties of an automotive 

gas. The methane number defines the knock resistance of a combustible gas. The higher the 

knock resistance, the better the combustion properties for a compressing gas. It can be calcu-

lated, knowing the composition of SNG gas in volumetric percentage. A gas with 85 % vol. 

methane and 15 % vol. hydrogen has a methane number of 85 for example. If there is 5 % 

carbon dioxide, 5 % hydrogen and 90 % methane in the SNG gas, the methane number rises 

up to 95. According to Bohatsch, a methane number of 100 corresponds to a RON (Re-

searched octane number) of 130, which is approximately 30 % higher than conventional gaso-

line (RON 95) [52]. The higher octane number is compensating the 30 % lower volumetric 

energy density of methane compared to conventional liquid fuels such as gasoline. Conse-

quently gaseous and liquid fuels for combustion engines need to be compared with their aver-

age fuel consumption in kilogram fuel per 100 km. 

In order to categorize the assumed SNG product gas the parameters of the assumed composi-

tion (figure 21) will be calculated applying inter alia equation 33 and 34:  

 = .   + .   = . ℎ
  

=  =  .  /.  / = .   

, =  ���√ = .  ℎ
    

According to DVGW Arbeitsblatt G 260 the assumed SNG gas lies within the upper limit of 

natural gas group L. 

= .   + .   = . ℎ
  

According to DIN 51624 the assumed SNG gas lies below the required lower heating value of 

natural gas group L for using SNG as a fuel. In order to fulfil the requirements of the stand-

ard, the SNG needs to be conditioned with small portions of propane or butane.  
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3 Power-to-SNG System Evaluation 

The model calculations are aligned to the system set up. In order to provide a complete guid-

ance for the evaluations made in this section, figure 24 illustrates a comprehensive overview 

of this section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 24: Chapter overview for the PtSNG system evaluation 
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In section 3.1 the focus is on the power input of the proposed PtSNG system. The probability 

distribution of residual load is highlighted, as it serves the basis for the calculation of the next 

section. In section 3.2 the results of hydrogen production calculations for a 5 kWel PEM PV-

connected electrolyser is shown. Daily hydrogen production rates, as well as the yearly hy-

drogen production volume will be computed for 2013 at the reference site. In the end the 

PEMEL lifetime is determined. Section 3.3 delineates the hydrogen intermediate storage in 

pressurized bottles. The dimensioning of the storage capacity is carried out and the operation-

al mode of both, the hydrogen intermediate storage and carbon dioxide provision are defined. 

Section 3.4 presents the dimensioning of the methanation reactor. The cumulated produced 

SNG volume and the excess heat occurrence, which result from the methanation plant design 

of section 2.4, are described subsequently. In section 3.5 the potential of energy utilization 

will be calculated. Firstly the driving range of the produced SNG is determined. Secondly an 

assessment of excess heat integration in hot water and domestic heating system of a single-

family three-person household is given. 

3.1 Residual Load System Input 

As the PV plant is connected to the 230 V AC bus, the input power to the system is the differ-

ence between the PV generated electricity and the electricity that is consumed by the house-

hold. The consumed power is synthesized by the German H0 power profile, which can be con-

sidered as an average electricity consumption of plenty of households. From a purely energet-

ic point of view, the profile represents an accurate energy consumption of the average German 

household. However, temporary load peaks are not displayed. Thus a realistic residual load 

curve certainly differs from the synthetic curve. Nevertheless, to represent an average house-

hold and calculate the energy conversion in a static model, a synthesized residual load curve 

is an accurate approximation for a typical German three-person household. 

Assuming the electrolyser`s electrical input as 5 kW, the yearly residual load cannot com-

pletely be converted by the PtSNG system. Particularly in summer time the residual load ex-

ceeds the threshold of 5 kW. In that case the surplus of power has to be fed into the grid. Fig-

ure 25 delineates the convertible residual load (positive, blue curve) and the power, which is 

fed into the grid (negative, yellow curve) for the reference plant in Lütjensee, Germany. 
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The negative part of the graph can be interpreted as an energy flow, which crosses the system 

boundaries of the domestic AC bus to the electricity grid. The electricity, which is demanded 

from the grid in times of no irradiation, is not depicted. 

By the installation of a 5 kW electrolyser, it can be observed, that mostly in summer time, but 

also in the late spring and early fall, the residual load power exceeds the nominal power of the 

PtSNG system. Nevertheless, the 5 kW conversion plant limits the grid feed to a maximum of 

4.5 kW, hence the distribution grid could be relieved by a minimum percentage of approxi-

mately 50 %. The grid relief is even higher in respect of the AC-DC rectifier efficiency. At 

nominal PEM electrolyser load (5 kW) the rectifier efficiency amounts 94 % in the proposed 

configuration. Thus, the actual residual load input can be about 5.3 kW due to the electricity 

coupling losses. For the following gas yield calculations, this fact is respected. 

Figure 26 visualizes the frequency distribution of the residual load. Most of the residual load 

occurs between 0 and 1 kW. Between a broad range from 2 to 8 kW, the residual load occurs 

nearly for the same probability. High loads above 8 kW are negligible seldom. 

Considering a 5 kW conversion plant, at 80 % of the occurring residual load (unequal to ze-

ro), a PtSNG conversion takes place without the necessity of feeding excess energy to the 

grid. For the remaining 20 % of the time, at which the 5 kW is exceeded, the excess load has 

to be fed into the grid.  

Figure 25: PtSNG conversion system related residual load curve 
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It can be summarized that the residual load curve of a PV plant typifies a certain characteristic 

like high shares of low loads. Hence it is reasonable to take those characteristics for a dimen-

sioning or system optimization measures into account. 

 

 

 

 

 

 

 

 

 

As mentioned above at 20 % of the time, when the residual load is greater than 5 kW, the 

PtSNG system operates with a connection to the grid to get rid of the surplus energy that can-

not be converted to gas. From an energetic point of view even 86 % of PV generated RE can 

be used in the household storage system and only 14 % of the energy necessarily flows to the 

electricity grid, mainly in summer time. 

3.2 Hydrogen Generation of PEMEL 

In the figure 27 above the occurrence of residual load is displayed again. Here, it is referred to 

the design case, in which a PtSNG unit with a 5 kW PEMEL is connected to the AC bus of 

the household. In the figure below, the system efficiency of the PtSNG unit is plotted accord-

ing to the developed Matlab® model, presented in section 2.2.3. In order to get an impression 

of the applicability of connecting the PtSNG unit to a PV power source it is worth comparing 

both graphs. 

As can be seen in both graphs, the upper power limit exceeds 5 kW. This can be explained by 

the switching losses of AC/DC rectifier, whose maximum efficiency is 94 % at nominal pow-

er. Hence approximately 5.3 kW can be fed to the PtSNG system to lie within the electrical 

limit of 5 kW nominal load of the PEMEL. 20 % of the residual load occurrence has the value 

Figure 26: Probability distribution of residual load 
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of 5.3 kW. This load level represents all conditions, in which the residual load is above the 

PtSNG electrical nominal power. For the remaining 80 %, the load profile is aligned to the 

natural load profile of a PV plant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The PEMEL system efficiency curve can be divided into two characteristic regions. The first 

region between 0 - 0.5 kW load is mainly affected by the rectifiers performance (1). As al-

ready mentioned, the low load performance of the AC/DC rectifier is negatively affected by 

its switching losses. Focusing on the residual load range below 200 W, where a major part of 

the residual load occurs, the system efficiency is strongly decreasing. 

However, the maximum power point of the PEMEL system lies in a favourable residual load 

range at about 0.5 kW. The linear decreasing region of the efficiency curve behaves due to the 

 

Figure 27: Comparison of residual load occurrence and PEMEL performance 
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characteristics of the PEMEL (2), which is mainly influenced by the ohmic losses (figure 8). 

Excluding the low residual load range, the PEMEL system efficiency mainly operates be-

tween 75 % and 60 % conversion efficiency. In times, the nominal power of the PtSNG sys-

tem is exceeded, the unit operates with an efficiency of about 60 % at nominal load. To sum it 

up, approximately 2/3 of the electric energy fed into the PtG unit is stored in chemical energy 

via hydrogen. 

Based on both, the PV-characteristic residual load occurrence and the PEMEL system per-

formance curve, a curve fitting can be performed in order to optimize the hydrogen conver-

sion efficiency. Similar to the annual yield of a PV plant (kWh/kWp), the conversion quality 

of a PtG system can be quantified by a hydrogen conversion quality value: 

 �  � =   (35) 

The conversion quality value is the ratio of the yearly cumulated volume of generated hydro-

gen per kW installed electrolyser power. It allows the beneficial adjustment of the PEMEL 

size.  

Furthermore the influence of the variation of electrical input can be analysed to assess the 

options of offering grid services. Electricity can be purchased from the electricity exchange. 

This external energy from the grid affects the residual load profile. The impact of the addi-

tional grid electricity can easily be analysed by the determination of the conversion quality 

value. 

In figure 28 the hydrogen production rates of two exemplary days in 2013 are depicted.  

 

 

 

 

3.2 

 

 

 

Figure 28: Hydrogen production rates for two exemplary days 
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The red plot visualizes the hydrogen production rate of a partly-cloudy day in the spring time. 

It is reported that the sun shone approximately 4 hours at that day. Due to the occurrence of 

clouds, the electricity generation is volatile, which is then fed to the PEMEL electrolyser 

system. The hydrogen production starts at 09:00 am Central European Time and ends about 

05:30 pm. Most of the daytime the upper residual load limit of 5.3 kW is not exceeded. At 

03:00 pm the upper limit is reached and electricity has to be fed to the grid. At that point the 

PEMEL operates at nominal point with a production rate of approximately 0.84 Nm3/h. 

In contrast, the blue plot visualizes the hydrogen production rate of the sunniest day in 2013. 

At that day the sun shone about 12 hours and except in the morning, no clouds came up. 

Hence more than half of the sunshine duration, the PtG plant works at nominal load. Due to 

less clouds and a higher solar altitude in summer, the generated volume of hydrogen is more 

than twice of the day in spring time. However, these plots are results of the static Matlab® 

model. The electrolyser conversion performance needs to be evaluated by series of real tests 

focussing also on the dynamics of a PEMEL,which is tracking a volatile electricity input. 

The necessity of a seasonal storage dealing with solar energy is shown in figure 29. The daily 

generated hydrogen volume is depicted for every day of 2013 at the reference site. As 

expected, the hydrogen production is weak in the winter time and considerably more 

productive in the summer time. 

 

 

 

 

 

 

 

 

 

Nonetheless, even in summer time periods of low hydrogen productions occur, but all in all 

the hydrogen yield behaves in accordance to the seasonal altitude of the sun. 

 
Figure 29: Daily hydrogen production volume in 2013 
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A fundamental assumption that is part of the hydrogen yield calculation is the efficiency 

losses due to cell degradation of the PEMEL stack, in other words the lifetime efficiency 

ηtime, which is further explained in section 2.2.4. According to the literature mentioned in that 

section, the cell degradation is expected to be almost constant at 7 V per operational hour of 

the PEMEL. Assuming the PtSNG system is designed for 20 years, an average value ηtime 

summarizes the cell degradation losses to a constant efficiency value, which is used for the 

above mentioned hydrogen production calculation.  

In figure 30 the average lifetime efficiency is plotted against the yearly operating time. The 

efficiency linearly depends on the time.  

 

 

 

 

 

 

 

 

At the reference site, the PEMEL operates approximately 2 800 hours in 2013. As a conse-

quence the average lifetime efficiency amounts 90.6 %, which is assumed to be constant for 

20 years of PEMEL operation for the yield calculation. Including the lifetime efficiency in the 

system efficiency, the average system efficiency ηsysave amounts 61.5 % for the reference 

site. The average system efficiency can also be consulted as an indicator to evaluate the 

PEMEL performance. 

A yearly operational time of 2 800 hours would result in an operational time of 56 000 hours 

after 20 years, which is remarkably higher than the specified stack lifetime of many 

manufacturers. However there is no universally valid rule, which defines the end of a PEMEL 

lifetime. Several literature report an unproblematic operation of 60 000 h [25] up to 100 000 h 

in military applications [53]. 

 
Figure 30: Average Lifetime efficiency of the PEMEL stack 
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Due to high costs of the electrolyser`s stack, it would be reasonable rather to operate the 

PEMEL with a lower efficiency, than changing the stack after a couple of years to gain a few 

percent more efficiency.  

3.3 Hydrogen Intermediate Storage & Carbon Dioxide Supply 

In order to provide a steady-state operation of the methanation reactor, the volatile hydrogen 

production flow needs to be buffered through an intermediate storage by pressurized bottles. 

If the storage capacity is reached, a constant hydrogen flow is released to the methanation 

reactor until the storage pressure equals the pressure level of the methanation reactor. At the 

same time the second reactant CO2 is fed in stoichiometric proportions to the hydrogen 

stream. The intermediate storage and the methanation reactor should be dimensioned proper-

ly. One possible option is that the storage discharge takes place after sunset, so that the stor-

age is emptied before the sun rises in the morning. Alternatively the methanation reactor can 

be sized in that way, that the required constant hydrogen gas flow is bigger than the maximum 

hydrogen flow generated by the PEMEL. The second option is preferable due to space savings 

and to lower costs. The final evaluation of the methanation reactor gas flows is the objective 

of section 3.4. 

For dimensioning the hydrogen intermediate storage, the daily produced hydrogen must be 

taken into consideration. It is reasonable to size the storage according to the hydrogen volume 

that is generated at the day of the highest gas conversion in 2013. Moreover an appropriate 

storage capacity should be provided to reduce the number of methanation operations and thus 

the energy expenditure for preheating the methanation reactor. 

According to equation 18 to calculate the hydrogen storage capacity, two parameters nb num-

ber of 50 l bottles, and the pressure difference between pi and pu have to be chosen. The latter 

is calculated with 30 bar for pi and 9 bar for pu. Pi results from the operating pressure of the 

PEMEL and pu is defined by the pressure level of the methanation reactor (8 bar). To avoid a 

backflow of reactor gases the hydrogen discharge stops at 9 bar bottle pressure. For a first 

approach five 50 l gas bottles are assumed. With the proposed values 5.2 Nm
3
 hydrogen gas 

can be stored in the intermediate storage. 

In figure 29 the highest gas yield can be determined on 3 June 2013. Approximately 8.1 Nm3 

hydrogen is produced at that day. Consequently it exceeds the capacity of the intermediate gas 

storage. In order to avoid a down regulation of the PEMEL, the methanation reactor should 

convert more hydrogen than the maximum hydrogen gas flow rate provided by the PEMEL. 
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The PtSNG model can now be extended by the intermediate storage component. For this the 

yearly cumulated hydrogen volume must be taken into consideration. Figure 31 visualizes the 

cumulated hydrogen and the intermediate storage discharge periods. 

 

 

 

 

 

 

 

 

 

 

In the end of the year 2013 approximately 1 120 Nm3 hydrogen is generated. Only 24 % of 

the hydrogen is produced in the first and fourth quarter of 2013. About 76 % is produced from 

late spring to fall, but it should be noted that the share could be even higher if the excess elec-

tricity in summer could also be converted to gas instead feeding it into the grid (see also fig-

ure 26). 

Each of the 154 red crosses stands for a full discharge of the hydrogen intermediate storage 

and a subsequent methanation process at steady-state. The charge-discharge cycle of hydro-

gen storage is at least one day in the summertime. But in the wintertime the hydrogen bottles 

are being filled over a much larger period of time up to four weeks. It needs to be examined if 

the whole PtSNG system keeps on working in wintertime or if the methanation unit should be 

shut down due to disproportional energy expenditure to preheat the cooled down methanation 

reactor. Then a certain amount of residual RE would be discarded and has to be fed into the 

grid.  

Figure 31: Cumulated hydrogen volume and hydrogen storage discharge periods  
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The methanation reactor is supplied with compressed CO2, which is stored in gas bottles at a 

pressure level of 250 bar. The replacement of bottles should be performed manually. Hence 

the bottle dimension and the weight matter. Due to the high pressure the CO2 bottle dimension 

can be selected small. Two 13.4 l bottles provide about 10.4 Nm3 carbon dioxide gas. Due to 

the stoichiometric proportion of 4:1 this enables the methanation of 41.6 Nm3 hydrogen gas. 

As a consequence the CO2 bottles need to be changed approximately 26 times in the reference 

year. The weight for one bottle is 18.2 kg.  

3.4 Methanation and Excess Heat Production 

In the first instance the focus of this section is on the feed gas flow rates, the SNG yield and 

the excess heat production of the methanation unit. The equations for all calculations regard-

ing the methanation process are explained in section 2.4.6 and 2.4.7. All assumed model pa-

rameters are summarized in annex 4.  

As explained in the previous section the methanation reaction starts when the hydrogen inter-

mediate storage is full. Then the reactant gases enter the reactor with a constant gas flow rate. 

This enables the reactor to operate at steady-state, which is essential for a consistent high 

quality of the SNG product gas.  

For the dimensioning of the reactor the GHSV is going to be used. This value characterizes 

the flow velocities of gases within the reactor. Assuming a GHSV of 2 000 and an empty 

space reactor volume ΦV of 0.9, the volumetric flow of gas within the reactor fgas can be 

described using equation 19: 

 

The volume of the reactor is sized according to the metal comb reactor of KIT institute [31] 

and can be computed by equation 20: 

 

Thus, the value of volumetric gas flow within the reactor is 1.36 m3/h, which is equal to a 

flow velocity of approximately 30.0 centimetres per second.  

Due to an 80 % product gas recirculation rate, the feed gas flow rate is considerably smaller 

than the reactor gas flow rate. The feed gas flow rate is computed by equation 21: 

 

= ℎ · . ·  

=· � �,� ∙ = � .  ∙ .  = 7.54 x −   

= − · = − . ) · .  ℎ  = 0.27 ℎ  



Power-to-SNG System Evaluation  84 
  

 

For reasons of a uniform format for calculation, the feed gas flow rate is converted to standard 

cubic meters per hour. According to equation 22, the standard volumetric feed gas flow rate 

fgasfeed0 can be determined: 

 

 

The feed gas stream is composed of the reactants H2 and CO2 in a stoichiometric proportion 

of 4:1. Considering the reactants as ideal gases, the volumetric proportion equals the stoichi-

ometric proportion. Thus, 80 % of the feed gas flow is CO2 and 20 % is H2. This results in 

feed gas flow rates: 

 

 

 

Consequently a full discharge of the hydrogen intermediate storage takes about 6 hours. The 

subsequent methanation is therefore completed in less time than the storage is charged during 

the daytime. 

The dry SNG product gas flow rate fproduct0 can be computed applying equation 23. The 

conversion efficiency ηconversion, which describes the reaction rate of CO2 to CH4, is assumed 

to be 0.9. Factor 1/5 describes the volume reduction that is happening during the methanation 

process. This factor refers to all reacted gases, so that it is multiplied with the conversion effi-

ciency and the feed gas flow rate. 10 % of the feed gas, which is not reacted, must also be 

taken into account, as is it a gaseous component of the dry product gas. 

 

 

 

The dry SNG product gas stream amounts approximately 300 litres per hour. This flow rate is 

constant at any time the methanation reactor operates. As already explained, the steady-state 

reaction conditions are ensured by the intermediate hydrogen storage.  

In Figure 32 one blue bar represents a hydrogen discharge or a methanation process respec-

tively. The height of the bars describes for the cumulated amount of SNG product gas, which 

=  ∙ · =  .  ℎ ∙ · .  .  = .  ℎ  

=  (�  · + − � ) ·  

=  ( .  · + − . ) · .  ℎ =  .  ℎ  

= .  ℎ  

= .  ℎ  
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is produced in 2013, beginning from January 1. The red crosses stand for the amount of ex-

cess heat occurring at the particular day, when the methanation process is operating. 

 

 

 

 

 

 

 

 

 

 

Considering the SNG gas volume first it can easily be comprehended that the productivity of 

the conversion system is generally the lowest during the first and last months of the year 

2013. After the first month, the methanation production gains weight and has the highest op-

erational frequency in late June and early July, where the methanation unit operates almost 

every day. Furthermore there is a period of high productivity in the late May, and even in the 

early May and short periods in March and late September the operation frequency is consider-

ably high.  

The maximum SNG product gas volume is produced at day 151 in late May (31.05.2013) with 

a SNG volume of approximately 4.3 Nm3. The day of the highest SNG yield differs from the 

day of the highest generated hydrogen volume which is about half a week later as depicted in 

figure 29. This fact can be explained by the way of how the intermediate hydrogen storage is 

operating. The storage is only discharged, if the maximum capacity is reached. If the storage 

is filled up to 90 % at the end of one day and the following day additionally generates a big 

amount of hydrogen, then the storage discharge takes place at the same time, the storage is 

charged. It is technologically feasible, as the hydrogen product gas flow rate of the PEMEL is 

smaller than the required hydrogen reactant gas flow rate for the methanation process. In per-

centage terms the gas flow rate is at least 3.5 % higher. 

Figure 32: Yearly cumulated SNG volume and excess heat production 
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The cumulated amount of excess heat of the methanation reactor is visualized by red crosses. 

The excess heat ranges from 3.6 kWh to 8.4 kWh per day. It can be seen that there is a certain 

lower quantity limit of heat. The lower limit is defined by the size of the intermediate storage. 

The excess heat usage is an essential aspect to improve the level of utilization of a PtSNG 

system.  

To examine the degree of fulfilment of heat demand of a household, the excess heat time 

curve needs to be compared with the heat load curve of an exemplary household. 

3.5 Energy Utilization 

This section contains the evaluation of SNG product gas utilization and the assessment of 

excess heat integration in hot water and domestic heating system of a single-family house-

hold. 

SNG as a fuel 

Main objective of this work is to estimate the potential of a domestic PtSNG system to replace 

fossil fuels in the transportation sector. It is proposed to calculate the distance that could be 

covered using SNG as a fuel for a conventional natural gas engine. The fuel consumption of a 

VW Passat is estimated as 4.4 kg/100 km [54]. Due to complexity, the evaluation is carried 

out neglecting the CNG refuelling unit, that includes the compression up to the required pres-

sure level of 200 bar. The covered distance can be calculated as follows: 

      Table 5: Evaluation of driving range with SNG as fuel 

SNG volume SNG density SNG mass 
SNG fuel 

consumption 

Driving 

range 

391.0 Nm
3
 0.75 kg/Nm

3
 293.3 kg 4.4 kg/100 km 6 665 km 

 

The driving range that is covered by the SNG gas is approximately 6 700 km, which is more 

than half of the yearly average distance of a single German car [55]. The reachable distance is 

supposed to be improved in a sensitivity analysis in section 4.2. 

Excess heat integration 

To evaluate the potential of excess heat integration in hot water supply and domestic heating, 

the occurrence of excess thermal energy has to be compared to the heat load profile of an ex-

emplary German household. Excess thermal energy shows up at both units, the PEMEL and 

the methanation reactor, as both reactions are exothermal. A significant difference is the tem-

perature level of heat. The PEMEL thermal heat occurs at a moderate temperature of 60 – 
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80 ̊C, whereas the methanation excess heat temperature is about 300 ̊C. In the following sim-

plified illustrations, the temperature level is solely reflected in the amount of thermal energy 

and the evaporation effect of water is not taken into account in this work. The results of the 

excess heat integration calculation are depicted in figure 33. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The consumption load profile (a) refers to a three-person household in Würzburg/ Germany. 

The data were provided on request by Thomas Staudacher, the author of an article in the 

German journal Energiewirtschaftliche Tagesfragen [56]. The assumptions underlying to the 

heat load curve are summarized in table 6. Staudacher states that the site Würzburg represents 

a comparably accurate mean value for a German average household, as the solar irradiance is 

close to the average German irradiation, in respect to solar heat gain. The heat demand is di-

 
Figure 33: Heat consumption (a), production (b) and coverage (c) curves 
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vided into two categories. The first category refers to hot water provision. The heat demand 

for hot water is almost constant for the whole year. The domestic heat demand is variable and 

strongly depends on the season as well as on the outside temperature. The overall heat de-

mand is approximately 45 kWh/day in the wintertime and 5 kWh/day in summer. 

Table 6: Assumptions for the heat consumption curve of an exemplary household [56] 

Single-family house,  Würzburg,  Living space 150 m
2
,  New building,  Low-energy standard 

Hot water demand Domestic heat demand Daily degree number Global radiation 

650 kWh/(person·a) 51 kWh/m
2
·a 3 167 °C 1 116 kWh/(m

2
·a) 

 

The heat production of the PtSNG system is depicted in figure 33 (b). According to the solar 

altitude, the heat production gains importance in summer. Particularly in the summer months, 

the heat production is significant high and oftentimes higher than 20 kWh/day. The major part 

of excess heat results from the PEMEL. Moreover the heat production is spread widely from 

the beginning of March to the end of September. Nevertheless, the excess heat occurrence is 

considerably more volatile than the heat consumption. 

Comparing the heat consumption of the household with the excess heat production of the en-

tire PtSNG system, the seasonal fluctuations between the heat demand in wintertime and the 

surplus heat in summertime become obvious. Between day number 150 and 240 the heat cov-

erage (c) is about 100 % due to low heat consumption and a high heat production. It has to be 

noted here, that a large amount of energy is dissipating to the atmosphere, as there is no heat 

demanded. A heat requiring carbon dioxide capture from air could be an option for an addi-

tional heat sink in the summer. As expected, the heat coverage in the winter months is negli-

gible low. Particularly during the seasonal changes not only the hot water demand is covered, 

but also a certain share of domestic heat requirements are served. 

All in all, assuming that PtSNG excess heat can be stored for one day, the average heat cov-

erage of the household is 22.5 %. The sensitivity analysis will indicate whether the heat 

coverage can be improved. Another efficiency indicator is the maximum share of excess 

heat usage, which is 59.9 % for the base case. In order to avoid energy losses, this value 

sounds promising. However it should be kept in mind that the calculated excess heat repre-

sents an upper limit, assuming that the entire excess heat can potentially be recovered. 

A user guidance for applying the developed Matlab® simulation model is provided in annex 5. 
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4 Results and Discussion 

4.1 Technology Readiness Level 

In order to assess an evolving technology according to its technological feasibility, the devel-

opment stage needs to be determined. Technology Readiness Levels (TRL) are measures that 

identify the maturity of an innovation that stands before the marketing stage. According to the 

European Commission, the 9 TRLs are defined as follows [57]: 

 TRL 1 - basic principles observed 

 TRL 2 – technology concept formulated 

 TRL 3 – experimental proof of concept 

 TRL 4 – technology validated in laboratory 

 TRL 5 – technology validated in relevant environment (industrially relevant environ-

ment in the case of key enabling technologies) 

 TRL 6 – technology demonstrated in relevant environment (industrially relevant envi-

ronment in the case of key enabling technologies) 

 TRL 7 – system prototype demonstration in operational environment 

 TRL 8 – system complete and qualified 

 TRL 9 – actual system proven in operational environment (competitive manufacturing 

in the case of key enabling technologies) 

Both main components of the proposed small-scale PtSNG system, the PEM electrolyser and 

the methanation, can be categorized separately. 

For the purpose of tracking a strongly volatile electricity input, the PEMEL technology is an 

extensively researched technology. All components for the electrolyser system set-up are 

technologically available. The PEMEL`s characteristic fast response time is an exclusive ben-

efit towards the alkaline electrolyser technology. Due to the stack configuration, the electro-

lyser cells` electrical resistance is comparatively low, that allows a high current density up to        

2.0 A/cm2. The low current density implies a compact stack design, which is important for a 

domestic small-scale plant. The simulation in this work shows an average PEMEL efficiency 

about 61.5 %. The product gas is high purity and compressed hydrogen, which fulfils the re-
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quirements of the subsequent methanation reactor. The maximum efficiency amounts up to  

75 % and it is expected that the lifetime of the electrolyser stack will last more than 20 years 

of operating time. More than 20 years of field experiences were made in military sector and in 

RE demonstration plants around the world. Even though the trend is towards a higher electri-

cal power per stack, the majority of demonstration plants doesn’t exceed the kW level. 

PEMEL technology manufacturers produce plug & play plants in mini-series, in order to meet 

the demand for research projects. Nevertheless the PEM technology shows a few drawbacks, 

as the demand of noble metals like platinum is high. Current research is carried out in the sub-

stitution of noble metals, increasing the current density, enhancing the chemical compression 

up to 200 bar output pressure and boosting the stack lifetime. The excess heat integration for 

small-scale electrolysers is from the view of efficiency desirable, but has not been implement-

ed yet. The implementation of MW-scale demonstration plants and the simultaneous devel-

opment of the PEM fuel cell promise an optimistic future. The technology readiness level is 

located between a demonstration technology stage TRL 7 and a completed and qualified 

technology, TRL 8. 

Compared to the electrolyser technology, the methanation reactor for RE is definitely not as 

advanced as the electrolyser technology, as the methanation unit is assembled to the evolving 

electrolyser technology. Methanation reactors and appropriate catalysts are well studied in 

biomass methanation plants. The challenge is to design a suitable reactor concept for the new 

environment of a domestic small-scale unit. From reaction engineering criteria the methana-

tion of the gaseous reactants H2 and CO2 is less complicated in case the gas feed is constant 

by a hydrogen buffer as proposed in this work. However the reactor design and an effective 

heat management have to be determined in order to achieve a high quality SNG gas, which 

can be used without an additional gas upgrade. In this work a metal comb reactor design was 

chosen according to a laboratory plant at KIT Karlsruhe and a heat management was integrat-

ed. But also related concepts like plate-type reactors and tube reactors show promise. The 

thermodynamic reaction kinetics holds out the prospect of a high quality SNG product gas, 

especially at high pressures. Demonstration plants from ETOGAS and ZSW in Germany have 

shown, that a small-scale and single stage methanation reactor in a PtSNG plant (25 kW elec-

trical input) delivers SNG gas, which fulfils the requirements of feeding it directly into the 

natural gas grid. Besides the above mentioned research efforts the focus is also on renewable 

CO2 sources and the influence of a varying hydrogen supply. The technology readiness level 

ranges between lab-scale validation (TRL 4) and demonstration technology (TRL 6) as some 
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research projects found out, that the methanation unit is easy to construct and comparatively 

low in cost.  

Both technologies, PEMEL and the methanation reactor, are at technology readiness levels 

that go beyond the lab-scale stage. The PEMEL technology is considered as more mature than 

small-scale methanation but due to a far less complex set-up, the methanation reactor will 

probably overcome the maturity gap soon. 

4.2 Sensitivity Analysis 

A sensitivity analysis is a commonly used approach for identifying important parameters that 

dominate model behaviours. The sensitivity analysis is carried out by defining promising cas-

es to improve the PtSNG performance with a primarily focus on the SNG gas yield and a sec-

ondary focus on excess heat utilization. To achieve proper results from the sensitivity analy-

sis, meaningful performance indicators have to be defined. Most of the proposed indicators 

were characterized in the previous section but on the following, the performance indicators 

will be summarized in short form. 

4.2.1 Performance Indicators 

SNG volume and driving range: The SNG volume is the sum of all SNG volumes in Nm3 

that is produced in one year at the reference site. With an average SNG density of              

0.75 kg/Nm3 and assuming a fuel consumption of 4.4 kg per 100 km, the potential range in 

km can be calculated. These performance indicators assess the PtSNG system in terms of 

conversion quantities. 

PtSNG system efficiency: The efficiency is the classical definition of a plant’s performance, 

which refers the energy yield of the system’s output to the residual energy input in %. The 

system efficiency compares the electrical energy of the residual load to the Lower Heating 

Value (LHV) of the cumulated product gas SNG. The LHV of SNG is preferred to the HHV 

as a car engine cannot use the calorific value effect. Considering the PtSNG system efficien-

cy, the quality of the conversion path -electrical energy to chemical energy- can be evaluated. 

However it has to be noted that the PtSNG system efficiency cannot be applied to calculate 

the potential excess heat production, as the definition includes a simplification of the 

methanation reaction in particular, where the reactant gas stream CO2 and the product water is 

not accounted. To involve the excess heat considerations the released reaction heat has to be 

calculated exclusively. 
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  � � =   �    (36) 

Household heat coverage: The household heat coverage refers the current usable amount of 

excess heat production to the current heat consumption of the exemplary household. The ex-

cess heat production is calculated by the summation of all reaction heat that occurs along the 

chemical conversion path. For the PEMEL unit it also includes the heat, which is produced 

due to electrical resistors. Matching the daily produced excess heat with the daily required 

heat for hot water and domestic heating the average share of heat coverage can be calculated 

in %. In other words, the household heat coverage represents the maximum share of fossil 

fuels which can be avoided by the heat integration of the PtSNG system. 

ℎ  ℎ  =     � �   ℎ  (37) 

Excess heat usage: This indicator is the share [%] of used excess heat to the total amount of 

excess heat, which is produced for one year. 

 ℎ  =       (38) 

Waste heat: The waste heat is the amount of thermal energy in kWhth which is released to the 

atmosphere. 

These six performance indicators are evaluated in the sensitivity analysis. In the following, 

three different cases are characterized in order to perform the sensitivity analysis and to point 

out the system optimization potential. The size of the PV plant (10.8 kWp) and the household 

heat consumption, that underlie the calculations of the sensitivity analysis, are not changed in 

the cases. All changes will be performed within the PtSNG system or the residual load input 

varied by input electricity from the grid. 

4.2.2 Case Descriptions and Results 

Case 0 and Case I: In order to analyse the influence of the system size on the PtSNG perfor-

mance, the nominal power of the PtSNG system is varied from 1 to 8 kW. Case 0 is the base 

case scenario, which includes the 5 kW PtSNG conversion unit that is exclusively fed by the 

rooftop PV plant. In the following case study the nominal power of the PtSNG system is var-

ied in 1 kW steps up to 8 kW. 

- Case 0 5 kW PtSNG system nominal power 
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- Case I 1 kW PtSNG system nominal power 

- Case I 2 kW PtSNG system nominal power 

- Case I 3 kW PtSNG system nominal power 

- Case I 4 kW PtSNG system nominal power 

- Case I 6 kW PtSNG system nominal power 

- Case I 7 kW PtSNG system nominal power 

- Case I 8 kW PtSNG system nominal power 

According to the varying nominal power, the plant dimension has to be adjusted in the 

Matlab® model as well. Therefore the cell area needs to be changed to the new load condi-

tions, as the current density must be the same. Due to the base case, every installed kW refers 

to 14 cm2 cell area. The results of the sensitivity analysis for case I are shown in figure 34 and 

table 7. 

 

 

 

 

 

 

 

 

 

 

The SNG volume and the corresponding driving range increases with an increasing nominal 

power. The gradient is slightly decreasing from low to higher capacities and seems to reach 

the highest level close behind 8 kW. This curve progression is caused by the natural load pro-

file of a PV plant. As already mentioned and described in figure 26, the low load occurrence 

is considerably high and it drops exponentially for higher loads. 

The system efficiency is rising at approximately 1.3 % per installed kW. Due to the fact, that 

the methanation efficiency is decoupled from the volatile input and its efficiency is constant, 

Figure 34: Variation of performance by changing the nominal power 
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the PEMEL system alone causes the efficiency increase with an increased nominal power. 

Apparently the PEMEL efficiency curve fits better to the PV load profile (see figure 27), if 

the nominal power is higher. 

Table 7: Results from the sensitivity analysis for case I 

Case 
SNG volume/ 

driving range 

PtSNG system  

efficiency 

Household heat  

coverage 

Excess heat  

usage 

Waste heat 

  [Nm
3
] / [km] [%]LHV [%] [%] [kWh]th 

I 1 kW 128 / 2 182 50.8 12.4 91.6 103.3 

I 2 kW 216 / 3 733 51.5 16.4 74.7 520.0 

I 3 kW 290 / 4 943 52.2 19.4 67.4 875.7 

I 4 kW 347 / 5 915 52.6 21.2 63.0 1 166.0 

0 5 KW 391 / 6 665 53.5 22.5 59.9 1 393.7 

I 6 kW 423 / 7 210 54.0 23.4 58.1 1 547.2 

I 7 kW 445 / 7 585 54.7 23.7 57.6 1 605.9 

I 8 kW 457 / 7 790 55.6 23.8 57.7 1 635.5 

 

By varying the nominal power from 1 kW to 8 kW the driving range changes from approxi-

mately 2 200 km to 7 800 km. It can therefore be ascertained that the residual load from a  

10.8 kWp PV plant cannot cover the average driving range of a single German car of about   

12 000 km at all. 

Focussing on the excess heat integration into the domestic heating system, the replacement of 

demand for fossil fuels in the household heating system can be diminished up to 23.8 % at     

8 kW. The curve progression corresponds to the SNG volume curve for low nominal power, 

but it remains constant for nominal power bigger than 5 kW, as an increase of the power 

mainly affect a surplus of operational time in the summer time, where the domestic heat de-

mand is considerably small. The same effect can be observed for the excess heat usage. From 

6 to 8 kW the excess heat usage stays almost at the same level of about 58 % and increases 

exponentially for a lower nominal power. The most variation can be observed for the waste 

heat. As the excess heat amount of the PtSNG system is low at a low nominal power and the 

heat demand for hot water is constant for the whole year (see figure 33), there is only a small 

amount of heat, that has to be released to the atmosphere in the midsummer. The waste heat 

amount significantly increases from 1 to 6 kW as the heat demand for domestic heating can-

not be covered due to a seasonal mismatch of demand and supply (see also figure 33).  

Case II: The second case is supposed to optimize the system efficiency by adding electricity 

from the grid at certain residual loads. The issue of a poor low load performance of the 
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PEMEL was already explained in section 3.2. Again, one drawback of the electrolyser is the 

large efficiency drop at loads below 5 % of the nominal load. Viewing figure 27, it becomes 

visible that a noticeable share of PV residual load occurs at low loads, when the weather is 

cloudy and during the time of sunrises/sunsets. Nevertheless it is advantageous that the point 

of maximum efficiency is quite close to the low load efficiency drop. Hence it is reasonable to 

boost the low load efficiency by adding electricity from the grid, so that at any time, the load 

is below the maximum efficiency load of 562 W, additional power is fed to the PtSNG con-

version system, understanding that the produced SNG gas is not one hundred percent renewa-

ble. 

- Case II: PtSNG system efficiency boost by adding grid power at low loads 

Figure 35 compares the performance indicators of case II to the base case of PtSNG system. 

 

 

 

 

 

 

 

 

By adding grid power at 5 % of the nominal power both, the SNG volume and the system 

efficiency, increase by 4 % compared to the base case. The growth of the SNG volume is due 

to the increase of the PtSNG system efficiency. 

Table 8: Results from the sensitivity analysis for case II 

Case 
SNG volume/ 

driving range 

PtSNG system  

efficiency 

Household heat  

coverage 

Excess heat  

usage 

Waste heat 

  [Nm
3
] / [km] [%]LHV [%] [%] [kWh]th 

0 391 / 6 665 53.5 22.5 59.9 1 393.7 

II 407 / 6 938 55.7 23.2 60.0 1 439.1 

Figure 35: Variation of performance by adding grid power at low loads 
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It is important to note that the household heat coverage as well as the amount of waste heat 

increases, whereas the excess heat usage remains almost constant. In general, a gain in the 

household heat coverage implies that more excess heat is produced in wintertime, which en-

tirely can be integrated to the domestic heating system. However, as low loads also occur in 

the summertime, the amount of waste heat increases too. The excess heat shows slight gains 

compared to the base case. 

In total the variation of the performance indicators are comparatively small in contrast to the 

variations in case I.  

Case III A-C: The third case is primarily supposed to increase the yearly generated SNG 

product gas volume and therefore the range in kilometres by adding electricity from the grid 

when there is a surplus of RE. Secondarily the PtSNG excess heat integration is considered, as 

the advantageous side effect is expected to be the most profitable in winter times. Due to the 

seasonal variation of solar energy, a grid support is desirable in wintertime. In contrast to so-

lar energy, the wind energy production has its peaks in autumn and during the wintertime. 

A German study from “Agora Energiewende” analyses the future potential of Power-to-Heat 

(PtH) in Schleswig-Holstein/Northern Germany for the year 2023, based on the yearly RE 

feed-in data from 2011 [58]. Annex 6 visualizes the expected RE excess grid power and the 

corresponding annual load duration curve for that year. It can be seen that there is surplus RE 

in the grid at approximately 3000 hours. Furthermore the majority of excess power occurs 

during the winter half-year. It is reasonable to assume that 60 % of the excess power occurs in 

the six winter months. Assuming that 200 000 PtSNG are installed in Germany and each of 

them offers grid services with up to 5 kW, one third of the excess power potential could be 

used. Hence the potential of PtSNG amounts 600 hours in 182 days. Theoretically the PtSNG 

unit can be fed with RE from the grid for about 23 hours per week at full load neglecting other 

storage technologies on the market. For analysing the SNG yield of a single PtSNG unit, that 

is fed by RE from the grid in six winter months, the following cases can be assumed: 

- Case III A: 5 kW grid power at 2 days per week for 5 hours 

- Case III B: 5 kW grid power at 4 days per week for 5 hours 

- Case III C: 2.5 kW grid power at 5 days per week for 5 hours 

The variations of case III to case 0 are shown in figure 36. Adding 5 kW grid power for two 

days in case III A, causes a SNG volume increase of about 19 % that covers a driving range of 
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approximately 8000 km. Doubling the time of grid supported operation is doubling the addi-

tional generated SNG up to 9 150 km, which is more than three-quarters of the average driv-

ing range of a single car. As expected the efficiency is slightly dropping in all cases, as higher 

loads than 500 W result in a lower PEMEL efficiency. Due to the fact that the grid power in 

case III A and B is constant, the efficiency change is doubled too. Case III aims at offering  

 

 

 

 

 

 

 

 

 

the grid operator an option for load management in the wintertime, when the majority of the 

surplus RE is wind energy. A valuable side effect of the grid connected operation in winter is 

that almost all excess heat can be integrated in the domestic heating system of the household, 

as the heat demand in the winter months is considerably high. In case III B approximately    

20 % more excess heat can be used than in case 0, so that the value for household heat cover-

age changes by 70 % to more than 38 % in total. At the same time the additional waste heat is 

comparatively low. 

Table 9: Results from the sensitivity analysis for case III 

Case 
SNG volume/ 

driving range 

PtSNG system  

efficiency 

Household heat  

coverage 

Excess heat  

usage 

Waste heat 

  [Nm
3
] / [km] [%]LHV [%] [%] [kWh]th 

0 391 / 6 665 53.5 22.5 59.9 1 393.7 

III A 466 / 7 943 52.5 30.7 66.7 1 428.1 

III B 536 / 9 136 51.7 38.3 71.0 1 472.8 

III C 487 / 8 301 52.9 31.9 67.4 1 439.3 

Figure 36: Variation of performance by adding grid power in wintertime 
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To sum it up, on the basis of the presented data in the cases I-III, the system sizing (case I) 

and the opportunity of adding grid power in wintertime (case III) have a big potential to gain a 

better performance in terms of driving range and excess heat integration. The influence of 

adding low loads to improve the system efficiency (case II) is relatively low. In case III the 

driving range can be boosted up to 9 150 km. The PtSNG system efficiency stays above 50 % 

for all cases. It turns out that the system efficiency increases with an increased nominal load. 

The heat integration can be improved most effectively by adding grid power in the winter 

months. However it has to be kept in mind that the excess heat integration is neglecting any 

heat losses, as it is considered as a potential estimation. 

4.3 Cost Estimation 

This section gives a rough estimation about the system investment costs and revenues. Firstly, 

the investment costs for the PEMEL are broken down into cost elements, as the electrolyser is 

the cost defining factor of the PtSNG system. Secondly, the actual investment costs for the 

entire PtSNG system will be estimated. Finally the investment costs and the revenues of the 

small-scale PtSNG unit will be compared in a break-even situation, where the investment 

costs is a function of the number of produced units. 

The cost breakdown of the PEMEL is considered as a rough determination of which com-

ponent subsystem contribute the most cost in order to provide a general overview of the sig-

nificance of the different cost defining aspects. The PEM electrolyser system includes the cell 

stack, AC-DC power electronics, the cooling system and a gas drying unit. Proton OnSite, a 

leading US manufacturer for military and laboratory applications, discloses their cost break-

down as follows: 
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Figure 37: Cost breakdown of a lab-scale PEMEL from Proton OnSite [25] 



Results and Discussion  99 
  

 

Almost half of the costs for a PEM electrolyser are accounted for the flow fields and separa-

tors. As explained in section 2.2.5, the flow fields and current collectors are supposed to min-

imize the electrical losses to the inside of the cell and they promote the efficient removal of 

the gaseous product. A big potential for cost reduction is given, as the flow field has a high 

mass percentage and contains noble metals like gold, iridium and platinum. Research efforts 

focus on mass reduction by nano-coatings and the replacement of noble metals with stainless 

steel alloys [25]. 

One quarter of the investment costs are labour costs. Small-scale PEM electrolysers for labor-

atory purposes are produced in small series up to a dozen of plants at once. The labour costs 

are significantly high for system components that are not standardized and require manual 

work. Cost reduction potential is expected according to standardization processes and automa-

tion of a high-volume production. 

The core of the PEMEL cell is the Membrane-Electrode-Assembly (MEA). The membrane 

Nafion® is a widely used proton conductor, as the gas crossover rates are close to zero. How-

ever the acidity of Nafion® is high, hence base metals need to be coated with a more noble 

metal. The research focuses on thin film catalyst layers, which are composed of a porous plat-

inum-carbon composite. Due to the small dimensions of the MEA (thickness~1.5 m), the 

material costs for noble metals are comparable low. However a cost reduction potential is 

given by reducing the acidity induced cell degradation that limits the lifetime of the electro-

lyser. 

The AC/DC rectifier and electrical balance of the electrolyser system is the third biggest cost 

portion. The power electronics can be considered as an advanced technology as the efficiency 

of the rectifier is close to 100 % for a broad power range. An optimization of the alignment to 

the requirements of a volatile operated PEMEL and a cost reduction potential according to an 

economy-of-scale can be expected. 

There are no further quantified information concerning the investment costs for a metal 

comb methanation reactor. In the following, a rough cost estimation is carried out based on 

the description of the laboratory set up at KIT institute in Karlsruhe/Germany [31]. Further-

more, the oil cooling system and hydrogen storage is accounted as well. The cost assumptions 

for a small-scale application are listed in table 10. The methanation reactor itself causes low 

costs. Double-walled heat pipes are produced in high volumes and therefore comparatively 

cheap, as well as commercially available Ni-catalyst. 
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Table 10: Cost estimations for the methantion reactor and other system elements 

Ni-

catalyst 

Double-walled  

pipe & metal  

comb seg-

ments 

Injector 

Heat 

transfer 

oil 

Oil circula-

tion pump 

Cylinder  

bottles 

SNG  

compres-

sor 

Control  

electron-

ics 

Labour 

costs 

 €  €  €  €  €  €  €  € 8  € 

[59] [60] [61] [62] [63] [64] [65] Own assumptions 

 

Other system elements like for the reactor cooling system and gas storage and compression 

technology is available on the market too. The labour costs constitute approximately one third 

of the system elements costs, as installation is manual work. All in all, the costs for the 

methanation reactor and system elements account about 3 000 €. 

Figure 38 depicts the size-dependent PtSNG system investment costs. The curve progression 

is based on an exponential function for the electrolysers` capital costs, given in a technical 

report from NREL (National Renewable Energy Laboratory/USA) [66]. 

 

 

 

 

 

 

 

 

 

Both, the PEM electrolyser costs and the costs of the entire PtSNG system, which is about   

30 % higher than the electrolyser costs, are depicted. The capital costs per kW are rapidly 

increasing for low nominal power. The curves fall moderately for a power level greater        

15 kW. However the system costs for the proposed 5 kW PtSNG conversion system tremen-

dously high. The capital expenditures (CAPEX) for the entire PtSNG system would 

roughly constitute 50 000 €, if operational, maintenance and depreciation costs are neglected. 

Figure 38: Correlation between system size and capital costs [69] 
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The revenues of the PtSNG system can be calculated for a lifetime of 20 years, assuming a 

price for natural L-gas that can be substituted in the transportation sector and saved energy for 

the domestic heating of a three-person household. For case 0, where the PtSNG plant is only 

fed by the 10.8 kWp rooftop PV plant, the revenues account as follows: 

   Table 11: Revenues of the PtSNG for case 0 

Case 

Operating 

Life 

SNG  

volume 

Saved heat 

energy 

CNG fuel Price  

[67] 

L-gas price  

[68] 
Total revenues  

[a] [kg/a] [kWh/a] [€/kg] [Cent/kWh] [€/a] 

0 20 294 2 160 1.00 6.9 443 

 

More detailed financial aspects, including a bank loan and a discount rate of 6 % are shown in 

annex 7. Comparing the roughly estimated investment costs to the revenues, the small-scale 

PtG plant is far away from being economically feasible. For the financial estimation the pre-

sent investment costs for a small-scale PtSNG plant supposed to be 10 000 €/kW. 

However, these costs are far too high for being economically, but as explained in section 4.1 

the technology readiness level of the PtSNG system has not reached the commercialization 

stage (TRL 9). In the light of past experience investment costs for prototypes are significantly 

higher than the proven technology that is produced in high volumes. The correlation between 

a decreasing product price per unit with an increased number of produced units is called learn-

ing curve, which was discovered by Theodore Wright (Wright`s Law) [69]. Wright`s empiri-

cal law says that if the volume of produced units is doubled, the costs is reduced by a constant 

percentage. The percentage is called Learning Rate (LR). The learning curve (figure 39) was 

verified for several technologies and increased its prominence by the significant price fall for 

semiconductor memories for computer, the so called Dynamic Random-Access Memory 

(DRAM).  

The LR for DRAM is 40 %. Other technologies like flat screens (LR = 35 %) [69] and photo-

voltaic modules (LR = 8.1 - 22.8 %) provide an outlook for a possible learning curve for PtG 

technology. The most recent example in the semiconductor industry is the learning curve of 

PV modules [70]. The average learning rate of PV technology is about 20 %, but the learning 

rate within the PV technology differs dependent on the cell type. The conventional crystalline 

silicon technology dominates the solar PV industry. The learning rate is about 22.8 % and 

promises a healthy outlook in the foreseeable future. In contrast the PV cell type CIGS, which 

refers to the thin-film technology, has a low learning rate, as the efficiency is lower and the 
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price per installed watt is too high compared to proven Si cells that are available on the mar-

ket. As can be seen in figure 39, the learning curves differ depending on the technology and 

the type of one technology as well. The break-even costs are calculated in annex 7. 

 

 

 

 

 

 

 

 

 

The learning rate for flat screens is considered as a rapidly growing technology. Assuming 

that industrial-scale MW plants reach their commercial stage if between 6 000 - 200 000 units 

are produced in, a learning rate comparable to that of crystalline Si-PV modules is necessary 

to lower the price per unit to 1 000 €/kW. 

Assuming that small-scale PtSNG applications have a bigger market, as the number of con-

sumers is significantly higher (~400 000 - 40 000 000 units), a learning rate between 12.4 % 

and 19.0 % has to be achieved, to reach the estimated break-even costs. 

 
Figure 39: Learning curves in the context of 5 kW PtSNG plant [68,70] 
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5 Summary and Outlook 

5.1 Conclusion 

The objective of this thesis was a technical feasibility study and development of a household 

scale Power-to-Gas conversion plant, in order to provide a long-term renewable energy stor-

age option. In a nutshell, the technical feasibility of converting PV electricity in a SNG stor-

age medium was confirmed.  

In the beginning of the work it was shown that a 10.8 kWp PV rooftop plant produces a lot of 

surplus volatile electricity that has to be fed to the national grid. A chemical conversion of the 

so called residual energy, that occurs primarily in the summer time, to a storage medium like 

methane (SNG) constitutes a seasonal storage opportunity of RE. SNG can be provided on 

site as a fuel for conventional car engines. A part of the excess heat from the conversion pro-

cess could cover the heat demand of the household. 

The PtSNG unit consists of two main components, an electrolyser and a methanation reactor. 

As the requirement of a small-scale conversion unit is a strongly volatile electricity input, the 

PEM electrolyser technology shows the most promising option. The PEMEL enables a fast 

response to load changes, a compact design, low maintenance and an operating range between 

0-100 % of the nominal power. A Matlab® model of the PEM electrolyser system was devel-

oped that shows the dependency of the PEMEL load on the system efficiency. It was ascer-

tained that the electrolyser system efficiency is strongly dependent on the AC/DC rectifier 

performance for loads smaller than 5 % of the nominal power. The maximum HHV related 

efficiency is about 75 % at 10 % of the nominal power and is linearly decreasing to 62 % at 

nominal load. Including the efficiency losses, due to cell degradation over time, the hydrogen 

product gas flow rate was calculated for the available residual load on site. 

The produced hydrogen is pressurized up to 30 bar and needs to be buffered, as the flow is 

volatile and therefore not compatible for the subsequent methanation. The system was mod-

elled with five 50 l cylinder bottles, in which the gaseous hydrogen is stored until the storage 

is full. Then the entire storage is discharged with a constant hydrogen flow rate, which enters 

the methanation unit together with the reactant carbon dioxide in stoichiometric proportions. 

Carbon dioxide is provided by compressed gas bottles, which have to be replaced manually. 
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As the idea of a small-scale methanation reactor is comparably new, there are very few con-

cepts available in literature. Core of the proposed reactor is a metal comb structure, which is 

coated with Ni-catalysts. Six metal comb segments are assembled in the inner pipe of a dou-

ble-walled pipe. The cooling is realized by a countercurrent flow of thermal oil through the 

outer pipe. Based on demonstration plants from ETOGAS, ZSW and KIT, the methanation 

process parameters as well as the expected SNG yield could be chosen for a Matlab® reactor 

model. According to the demonstration plants, a small-scale reactor is capable to deliver SNG 

product gas, which meets the quality requirements of natural gas group L and could be used as 

a fuel for combustion engines. However the usage of SNG gas in the networks of public gas 

supply is not clarified. Technical regulations and standards are specifically formulated for 

biogas from fermentation. These regulations need to be adjusted for the specifics of SNG gas. 

Both, the PEMEL and the methanation reactor model enable to calculate the yearly produced 

hydrogen and SNG volumes for the reference site. As the conversion steps in the PtSNG plant 

are exothermal, the excess heat production is also computed in order to assess the potential of 

excess heat integration for domestic heating. The results have shown that the produced SNG 

volume can cover a driving range of approximately 6 700 km in the reference year. Further-

more the domestic heating demand can be covered up to a maximum of 22.5 % by excess heat 

integration. A sensitivity analysis turned out that the influence of the PtSNG system size on 

the product gas volume is big for a nominal power from 1 kW up to 6 kW. A key factor to 

improve the produced SNG volume is the grid connected mode, in which surplus RE from the 

grid is fed to the PtSNG system in the wintertime. In concrete terms, the SNG volume could 

be increased by 38 % and the household heat coverage even about 70 %. 

Finally a rough cost estimation was carried out to identify the most cost-intensive components 

of the PtSNG system. Due to the fact that the PtG conversion technology has not reached the 

commercialization level the investment costs for the entire system are rather high. By far the 

most expensive component is the PEM electrolyser. The electrolyser is produced in small 

series and most system elements are handmade and not standardized. Moreover the stack con-

tains noble metals, which have to be minimized. The remaining components of the PtSNG 

system like the methanation unit, the cooling system and hydrogen storage are comparable 

low-cost as their elements are available on the market. However the entire system costs are 

too high for being economically feasible. If the PtSNG technology experiences the same 

learning curve like PV modules, the investment cost may be amortized for a number of 

around 1 000 000 units. 



Summary and Outlook  105 
  

 

Which role the small-scale PtG conversion technology in an emerging RE storage market 

takes is on the one hand side dependent on further technical and economic modifications of 

the plant itself, but on the other hand side it is strongly dependent on the advances of market 

competitors like electric motors and battery technology, which are serious alternatives in the 

transportation sector. 

The small-scale PtSNG technology may profit from the contemporary trend of upscaling the 

electrolyser units. If the MW-scale electrolysers prove their worth, learning effects and stand-

ardization processes will be transmitted to the entire industry and the high cost issues might 

be coped. Proceedings in the closely related PEM fuel cell technology promise findings in 

fields of substitution of noble metals, as well as better membrane materials and improving the 

stack lifetime. It is reasonable to assume that the methanation research is intensified, when 

problems in the electrolyser technology are overcome, as the methanation reactor is a subse-

quent conversion unit. Applicable small-scale reactor concepts like the metal comb design or 

a related structures, needs to be validated in order to guarantee a high quality SNG gas, which 

does not require any gas upgrade for a usage. Materials and components of the reactor set-up 

are commercially available on market and low in costs. The next step will be to develop an 

effective integration of excess heat to cover the consumers` heat demand, as approximately  

50 % of the system power input turns into heat. However it has to be pointed out, that even if 

the PtSNG system efficiency is comparably low the Power-to-Gas path provides the only op-

tion for a seasonal storage of surplus RE. 

5.2 Recommendation for Further Work 

Obtaining a more accurate PEMEL simulation model, further system efficiency dependencies 

can be added to the existing static model. Even though the influence of pressure and tempera-

ture differences within the cell stack are comparably low, a dynamic model could quantify the 

performance changes for start-up phases and rapid load variations. A second step can be to 

investigate the influence of a highly dynamic operation of the stack lifetime, as different 

PEMEL suppliers and operators mention very different cell degradation rates. Currently most 

electrolyser research projects mainly focus on the production of hydrogen gas, neglecting 

making the excess heat of a small-scale electrolyser available for heat integration. The system 

cooling could be achieved by water cooling as the low-temperature heat is suitable for domes-

tic heating or alternative concepts like the capture of CO2 from air. 
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The proposed metal comb methanation reactor needs to be validated in experimental tests due 

to secure operation mode and the real product gas composition, which is mainly affected by 

the temperature and pressure level and the residence time of the reactants within the reactor. 

The temperature could be varied according to the physical limits of the nickel catalyst. As the 

conversion efficiency improves at higher pressures, the pressure level could be raised up to  

20 bar, also to avoid throttling of hydrogen gas which is available at 30 bar. Reactor concepts 

like the plate-type reactor, tube reactors or microchannel reactors or a variation of all, could 

also be tested. In order to achieve a high quality SNG product gas, which is close to the max-

imum conversion potential of CO2, a recirculation of product gas can be implemented as pro-

posed in section 2.4.8. The main objective of the methanation unit must be to guarantee a con-

sistently high quality of SNG gas, so that the gas usage is not limited by the quality standards 

for feeding it in the natural gas grid or using it as a fuel for the engine of a car.  
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7 Annex 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annex 1: Equations and parameters for modelling a PEM electrolyser cell 
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Annex 2: Equations and parameters for modelling the PEMEL system efficiency 

 

Annex 3: Equations and parameters for modelling the methanation excess heat 
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Annex 4: Equations and parameters for modelling the methanation process 
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Annex 5: Guidance for the Matlab
®
 simulation model 

The script and functions, as well as the input data for simulating the entire PtSNG system are 

on the enclosed DVD. The main script (“PtSNGSystemMain”), from which the following 

program parts are extracted, can be found on the DVD too. 

 

 

 

 

 

The input data originates from an excel sheet (.xlsx). The fifth column of the excel sheet con-

tains the residual load of the household, which is supposed to be the input data. The data are 

filtered by a for-loop to values smaller than 5.3008 kW for a 5 kW system, as the AC/DC rec-

tifier has an efficiency of 94 % at nominal load. 

 

 

 

 

 

 

 

 

“IPVMatrix” converts the volatile power input into a volatile current flow, as the voltage of 

the PEMEL stack is assumed to be constant at 36 V. The main model calculations start with  

“Idcout”. The residual load current vector “IPV” is multiplied with the performance of the 

AC/DC rectifier. “Idcout” is the input vector for three functions “Fetacell”,”Fetasys0”and 

”FPEMLifetime”. The product of all vectors results in the system efficiency “etasys”. The 

volatile hydrogen production flow can now be calculated as follows: 
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The yearly cumulated SNG product gas volume of the methanation reactor can be calculated 

as follows: 

 

 

 

 

 

 

In the first step the cumulated hydrogen volume is computed. The function “FHydro-

genStoragePeriods” is including the hydrogen intermediate storage behaviour. The “Stor-

ageperiods” vector is inserted in the SNG production model “SNGvolsum”, which delivers 

the cumulated SNG volume as a vector for the reference year. The constants “SNGConver-

sion”and”H2Share” result from the assumptions made in the thesis, as a volume reduction and 

a CO2 conversion of 90 % is proposed.  

Furthermore the excess heat calculation of the methanation reactor can be calculated, assum-

ing an excess heat flow of 7.07 MJ/Nm3: 

 

 

 

In the end of the script, the model related figures are plotted. Figures 1-3 refer to the code that 

was mentioned above. Figures 4-7 also include a heat load profile (‘Heat-

LoadProfile_Wuerzburg.xlsx’) of a site in Wuerzburg. In general the principle for the heat 

considerations is the same as for the residual load excel sheet. The required data is imported 

from the excel sheet into the Matlab® script and is then being processed, which is not further 

explained here. 
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Annex 6: Renewable excess electricity in the Northern Germany grid (2011) [58] 
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Annex 7: Financial evaluation of a small-scale PtSNG unit investment via bank loan [71] 

 

 

 

 

 

 

 

 

 

 

 

 

s Capex Opex WACC N 

[€/a] [€] [€/a] [-] [a] 

443 50 000 80 0.06 20 

 

=  . ∙ + .+ . − = .  ⁄   

        =     € ∙ . +  € =  €/    

   =  €⁄ − €⁄ =  −  €⁄  

 

 

Costs and revenues differ from each other in an order of one magnitude. The capex for the 

break-even point of a 5 kW PtSNG plant is calculated as follows:         − =    

 

(ae) annualized earnings of an investment  

(si) annual revenues of component i 

(ci) annualized cost of component i 

(pi) specific price per component 

(qi) quantity of component i 

(capex) capital expenditures 

(opex)            annual operational expenditures 

(crf) capital recover factor 

(WACC) weigted average cost of capital 

(Ni) lifetime of component i 

(E) Equity. (D) Dept, (kE) return on equity, (kD) 
cost of dept 

Equations                                                 Descriptions 

Table A6: Investment parameters 
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The break-even costs per kilowatt are: 
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