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Abstract 
By increasing the share of renewable energy sources in the total power generation, the 
demand for storage technologies will raise in the near future. For instance, the 
worldwide production of wind energy enhanced from 17,400 MWh in 2000 up to 318,105 
MWh in the year 2013.  

In the immediate future a high percentage of electricity to be used into grids will come 
from renewable energy sources. The power generated from wind and photovoltaics is of 
fluctuating and intermittent nature and has to be balanced to guarantee grid stability. At 
the same time, long and short term energy storage systems are needed; furthermore, 
there are some challenges to transmit the surplus of renewable power from wind or solar 
fields to consumer.  

Power-to-Gas is a solution for renewable energy sources problems and seasonal energy 
saving difficulties which is based on conversion of surplus energy into first, hydrogen by 
water electrolysis and then synthetic natural gas (SNG) using methanation reactor. 
Natural gas is much more flexible than power itself. It is portable and storable in gas 
form and liquid form by producing LNG. It can be used as fuel for vehicles and other 
engines, residential utilization, industrial usage like petrochemical units as feed and 
other application as fuel and in a reversible cycle process (fuel cell) it can be converted 
to electricity.  

In this work first a theoretical introduction with the fundamentals of the Power-to-Gas 
system is discussed. A survey of a history about each part of a typical Power-to-Gas 
system is presented. After that, a transient simulation study on hydrogen production 
using solar energy is performed. Both advanced alkaline and polymer electrolyte 
membrane (PEM) electrolyzer performances were calculated using TRNSYS® simulator. 

The next step was a simulation investigation on the methanation process. Aspen Plus® 
V8.6 was chosen among the numerous simulators to calculate the carbon dioxide and 
carbon monoxide hydrogenation using plug flow and Gibbs reactor.  

In addition, for purification of SNG some post processing had to be considered to make 
the product ready for grid injection. For this purpose physical separation processes such 
as flash and gas permeation operations were implemented to enhance the methane 
concentration in the product stream. Then, the current cost status (investment and 
operating costs) of the main components of a typical Power-to-Gas system is discussed. 
Moreover, a summary of the whole process is represented in the conclusion and some 
recommendations and suggestions are expressed for further developments. 

To conclude, in hydrogen production, results show that, base on Vienna local annual 
average weather information, hydrogen can be produced via PEM and alkaline water 
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electrolysis system all over a typical year. With regard to methanation modeling, water 
gas shift reaction has an important role in the methanation performance. In addition, 
methanation performance is highly affected by temperature, pressure and feed ratio. For 
purification section, results of this study clearly indicate that water removal from product 
stream can be performed by a flash separation at the certain operating conditions. 
Furthermore, a two-stage of a gas permeation system is used for CO2 removal from the 
product stream and methane mole fraction reaches can be increased from 35 %vol up to 
98 %vol. 
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Kurzfassung 
Mit zunehmendem Anteil erneuerbarer Energien in der gesamten Stromerzeugung 
erhöht sich der Bedarf an Speichertechnologien. Zum Beispiel stieg die weltweit 
produzierte Windenergie von 17.400 MWh im Jahr 2000 auf 318.105 MWh im Jahr 
2013. 

In unmittelbarer Zukunft wird ein hoher Anteil an Elektrizität im Stromnetz aus 
erneuerbaren Energiequellen stammen. Dies birgt eine Reihe von Herausforderungen 
für die Netzbetreiber. Der erzeugte Strom aus Wind und Sonne ist schwankend und von 
intermittierender Natur und somit nicht synchron mit dem Verbrauch. Diese Instabilitäten 
müssen daher ausgeglichen werden, um die Netzstabilität gewährleisten zu können. 
Gleichzeitig ist dafür ein Lang- und Kurzspeichersystem für Energie notwendig. Darüber 
hinaus gibt es viele Herausforderungen, den Überschuss an erneuerbarer Energie aus 
Windkraftanlagen und Solarfeldern zum Verbraucher zu bringen.  

Mit den Power-to-Gas Technologien kann man zum Beispiel in zwei Prozessschritten 
diese Probleme lösen, die sich aus der Gewinnung von Strom aus erneuerbaren 
Energieträgern ergeben. Im ersten Schritt, der Elektrolyse, wird der Überschussstrom 
aus Wind- und Solarenergie in Wasserstoff umgewandelt. Im nächsten Schritt, der 
Methanisierung, erfolgt mit CO2 die Umsetzung zu Methan mit dem aus der 
Wasserelektrolyse gewonnenen H2. Erdgas ist viel flexibler als Strom. Es ist 
transportabel und als Gas bzw. in flüssigem Zustand speicherbar. Es ist vielseitig 
verwendbar, wie etwa im Wohnbereich, für Fahrzeuge und andere Motoren und für 
industrielle Anwendungen zum Beispiel als Ausgangsstoff für petrochemische Anlagen. 
Erdgas findet auch Verwendung als Kraftstoff und in reversiblen Prozessen als 
Brennstoff, um in Strom umgewandelt zu werden. 

Die vorliegende Dissertation beginnt zunächst mit einer theoretischen Einführung und 
den Grundlagen des Power-to-Gas Systems. Es wird eine detaillierte Übersicht über die 
einzelnen Stufen eines Power-to-Gas Systems präsentiert und diskutiert. Der Hauptteil 
der Arbeit beschäftigt sich mit der durchgeführten transienten Simulation zur Gewinnung 
von Wasserstoff aus Solarenergie. Hier werden die Leistungen einer weiterentwickelten 
alkalischen Elektrolyse sowie der PEM-Elektrolyse besprochen, die mit TRNSYS®, 
einem instationären Simulationsprogramm, untersucht wurden.  

Im nächsten Schritt wird eine Simulation des Methanisierungsverfahrens durchgeführt. 
Um die Hydrierung von Kohlendioxid- und Kohlenmonoxid unter Heranziehung von Plug 
Flow und des Gibbs Reaktors zu berechnen, wurde aus einer Vielzahl von 
Simulationsprogrammen Aspen Plus® V8.6 gewählt.  

Damit synthetisches Erdgas (SNG, synthetic natural gas) in das Erdgasnetz eingespeist 
werden kann, muss es entsprechend gereinigt und aufbereitet werden. Zu diesem 
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Zweck wurden physikalische Trennverfahren wie Flash und Gaspermeation 
implementiert, um die Methankonzentration im Produktstrom zu erhöhen. Anschließend 
werden die Kosten der Hauptkomponenten eines typischen Power-to-Gas Systems 
besprochen. Zum Abschluss wird der gesamte Prozess zusammengefasst und mit 
Empfehlungen und Anregungen für zukünftige Entwicklungen gegeben. 

Basierend auf typischen lokalen Wiener Klimadaten lässt sich zusammenfassend 
feststellen, dass im gesamten Jahresverlauf Wasserstoff mittels PEM und alkalischer 
Wasserelektrolyse hergestellt werden kann. Bei der Methanierungsmodellierung zeigte 
sich, dass die Wasser-Gas-Shift-Reaktion eine besonders wichtige Rolle für die 
Methanierungsleistung spielt. Zusätzlich ist die Methanierungs-Ausbeute stark von 
Temperatur, Druck und Feedverhältnis abhängig. Die Ergebnisse dieser Studie zeigen 
weiterhin, dass die Wasserentfernung in der Gasaufbereitung durch eine Flash-
Trennung mit gezielt definierten Betriebsbedingungen durchgeführt werden kann. Im 
Modell konnte weiters berechnet werden, dass mit einer zweistufigen 
Gaspermeationsanlage zur CO2-Abtrennung aus dem Produktgas der 
Methanvolumsanteil von 30 %vol auf bis zu 98%vol gesteigert werden kann. 
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1.1 Introduction 

Global electricity production over the last decade has increased. Until 2013, the 
annual net power production in European countries reached approximately 3101,3 
GW h [1]. Despite attempts to fade fossil fuels roles in power supply, they still 
contribute around 70% of worldwide electricity production (figure 1.1) [2,3]. To reach 
an important goal of decreasing CO2 emissions, a transition of fossil fuel which is 
mainly based on wind turbines and photovoltaic cells is needed. Renewable energy 
utilization in the European countries has grown rapidly in recent years. This has been 
prompted by the legally compulsive targets (figure 1.2) for renewable energy enacted 
by Directive 2009/28/EC. According to this agreement European courtiers promised 
to reduce reliance on fossil fuels, increase renewable energy utilization up to 20% till 
2020 and respect to environment as much as they can [2]. A part from green power 
generation capacity the match between renewable power supply and demand is 
becoming more challenging. Dependency of these technologies to weather 
conditions leads to fluctuating and intermittent nature in power production systems. 
Therefore, huge attempt have been carried out regarding energy storage system, 
demand management, interconnection with external grid, etc [4]. 

 

Figure 1.1: Fuel shares in world electricity production (2013) [3] 

For instance, in Germany a demand of 70 GWh for short-term storage (5 hour) and 
7,5 TWh for long-term storage (17 days) is estimated in case of 80% renewable 
energy production [5]. Thus, an energy saving technology with high energy density 
and low storing cost is needed.  
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Figure 1.2: Share of energy from renewable sources in gross final consumption of energy, 
EU-28, 2004-2013 [6] 

Different electrical energy saving method can be found in the literatures which are 
based on some clean mechanical and chemical technologies [7–10].  

According to desirable storage duration, function, cost and response time there are 
various applications for electricity storage [11]. 

1.2 Mechanical electrical storage systems 

1.2.1 Compressed air 

One of the most important methods in the mechanical electrical energy storage 
systems with power output over than 100 MW is compressed air. When power 
generators produces electricity much more than demand it can be used to drive a 
motor in turn to run compressors to inject air into vessel. By this way energy will be 
stored in high pressure air tanks. 

Whenever power generator production does not meet the load need, the compressed 
air will be released to produce power in a reversible system. 

In 1978, the first compressed air power plant was installed in Germany [12,13]. This 
plant was a backup system for a nuclear power generator unit. It had responsibility to 
fill the gap between generator production rate and load demands. 
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1.2.2 Flywheel energy storage 

Through this system, flywheel is accelerated by surplus power and it can be 
transformed to electricity using a generator. This tool can be categorized in low and 
high speed flywheel. Both cases involve a flywheel, a reversible generator, a vacuum 
chamber and a power electronic unit [14,15]. However, rotating speed of the first 
case is around 6000 rpm and in the second one is around 100000 rpm. Thus, some 
advanced composite material should be implemented to insure stability of the system 
frame. Therefore, carbon fiber in the high speed case and stainless steel for the low 
speed case are recommended [16]. 

1.2.3 Hydroelectric pump 

Hydroelectric pump is a well known technique with high bulk capacity which is used 
in all over the world [17]. Whenever extra electricity is produced, the water is pumped 
up to a high level storage and in case of peak demand stored water is released in 
lower level pool or tank. Using a turbine at the path line of water generates electricity. 
However, electricity which is produced by turbine is highly affected by storage altitude 
and amount. 

Hydroelectric pump storage system is used in many countries with flexible power 
range from 1 up to 3000 MW and efficiency of 75-85 % [18,19].  

 

 

 

 

 

 

 

 

 

Figure 1.3: Electrical energy storage technology classifications 
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1.3  Flow battery  

A flow battery is one of the important rechargeable batteries. This feature (recharge 
ability) is provided by two redox soluble contained in the system. The capacity of the 
system is affected by electrode size and cell number [20,21]. 

The most important disadvantage of flow batteries is their complicated system 
facilities such as pumps, sensors, flow and secondary containment vessels. 
Therefore, they are more reliable for large scale storage systems. High price of this 
application is another important issue. For instance the operation cost 80 $/kW/year 
was reported which was excluded a temperature controller [22]. 

1.4 Thermal storage system 

Thermal storage system normally requires facilities such as tank, packaged chiller 
system, pump and controller. This system provides excess thermal energy to be 
collected for further use, hours, days or many months later, for a building, district, and 
town base on the capacity [23–25].  

Latent heat storage application is one of the famous thermal storage systems which 
is based on the heat absorption/release when a storage material endures a phase 
change from solid to liquid or liquid to gas [26,27].  

Another thermal storage system calls sensible heat storage. By this method, thermal 
energy is stored by raising the temperature of a solid or liquid. This system uses the 
heat capacity and temperature changing of the material during the process of 
charging and discharging [4,10,28].  

1.5 Thermochemical energy storage 

Thermochemical energy saving system which is called solar fuel is an active topic in 
the chemical and other sciences. Many research groups and companies in all over 
the world aiming to deliver commercial prototypes to make a pioneer technology 
affordable within the last decade [29]. Different fuels can be generated by solar 
system such as hydrogen, hydrocarbons and heat pipes [29,30]. These products are 
storable and convertible to the electricity by using a back up unit.  

Solar fuel is currently at the development step however, it can be used commercially 
for few hours storage up to several months. Moreover, the specific energy estimation 
from 800 Wh kg-1 up to 100000 Wh kg-1 is potentially available for this type of energy 
storage system [4,31]. 
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1.6  Hydrogen system 

Hydrogen can be produced by different applications such as biomass, fossil fuel, 
solar systems and water electrolysis [32]. In a water electrolysis system hydrogen 
can be stored in high pressure tanks and electricity can be regenerated via fuel cell 
[33,34].  

Hydrogen can be stored: in high pressure container at pressures up to 350 bar in gas 
form which is applicable for long storing and large volume of hydrogen [32,35], or in 
metal hydrides which is appropriate for short storage time [34,36]. Electricity can be 
regenerated by reaction of H2 and O2 in a cycle which PEM fuel cell is involved in this 
system in connection with electrolyzer unit [37,38].  

1.7 Power-to-gas system 

By increasing share of renewable energy sources in the total power generation, the 
demand for storage technologies will increase. For instance the world produced wind 
energy enhanced from 17400 MWh in 2000 up to 318105 MWh in 2013 [39].  

In the immediate future high percentage of electricity to be used into grids comes 
from renewable energy source. In Germany, the German Advisory Council on the 
environment (Sachverständigenrat für Umweltfragen) reported that till 2050, 100% of 
electricity conversion can be produced by renewable energy sources [40].  

As it mentioned before, the power generation from wind and solar has fluctuating and 
has to be balanced for grid stability (figure 1.5). At the same time, long and short term 
of energy storage system is needed; furthermore, there are some challenges to 
transmit the surplus of renewable power from the plant fields to consumer.  

Power-to-gas technology (can be seen in Figure 1.4) is a system which is based on 
conversion of surplus energy into hydrogen production by water electrolysis system 
and then production of substitute natural gas (SNG)  

 

 

 

 

 

 

 

Figure 1.4: A schematics of a power-to-gas system 
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Figure 1.5: UK power production over the course of a day for a grid powered solely from wind 
turbines, and a typical UK power demand profile for the same day [41] 

The natural gas is much more flexible in utilization than power itself. It is portable and 
storable in gas form and liquid form by producing LNG. It can be used as fuel in 
vehicles and other engines, residential utilization, industrial usage like petrochemical 
units as feed and other application as fuel and in reversible process it can be 
converted to electricity. The world capacity of natural gas which is cheaper and 
cleaner than other hydrocarbons is more than 3600 TWh [42]. This valence will be 
more adorable if we know that the total power generated by solar and wind in the 
world is 639 TWh in 2012 [43]. The main aims of the power-to-gas system can be 
categorized as following: 

• Energy storage  

The main scope of using a typical power-to-gas system is the storing of energy. The 
energy that is produced in times of low economic value should rather be implemented 
for heating in winter times, as feedstock for industry or electrification via combination 
of technologies such as fuel cell or gas turbine. This storage involves both short and 
long term in addition of seasonal energy saving. 

Obviously while generated energy exceeds the demand, utilization of surplus power 
is needed. In 2012, strong winds in Ireland caused 2,2% of wind curtailment which 
had to save via an innovative application [44]. UK grid operators paid more than 11 
million GP for shutting off wind power in 2011 [45]. The main reason for that 
challenge was a big gap between the regional demands and generated power 
especially in pick load times. 

• Transportation  

According to higher accessibility of gas infrastructures in comparison to power 
infrastructures, it is preferable to use it for long distance. For instance the North Sea 
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is a suitable example to generate power from wind via an offshore plant. Another 
example could be Germany which had encountered increasing demand to long 
distance energy transport from northern to southern area. One region with the high 
demand of energy because of giant industries (south part of Germany) and another 
part with rich source of renewable energy sources (north) can be connected via the 
power-to-gas technology. 

• Production of gas or chemicals from renewable sources  

There is a significant amount of synergy which can be observed in the gap between 
renewable energy sources and chemical industries. By utilization of the PtG system 
at the same time, intermittent and fluctuation character of renewable energy sources 
and chemical industry demand to fuel will be solved.  
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1.8 Thesis organization 

This thesis is started with the first chapter which includes the background of the 
power-to-gas system and its importance for the solving seasonal energy saving 
problems and definition of its role in the future energy career.   

Chapter 2 gives a theoretical introduction starting with the fundamentals of the 
power-to-gas system. Through this chapter, a detailed technology overview of SNG 
production from renewable energy sources is studied. Moreover, some previous 
studies on each part which are involved in PtG system are evaluated. 

Chapter 3 provides a transient simulation study on solar-hydrogen production. Both 
advanced alkaline and polymer membrane electrolyzer (PEM) performance are 
presented using TRNSYS simulator. Focus of this part is on the seasonal energy 
production rate and its influences on hydrogen production rate base on annual local 
weather information. 

Chapter 4 contains a comprehensive simulation investigation on COx hydrogenation 
process. Aspen Plus® V8.6 is chosen to model two different built-in reactors at the 
same operating conditions and feed composition. Furthermore, a sensitivity analysis 
is carried out in order to indicate the best operating condition. At the end, some 
empirical cases are selected to verify the simulation results. 

Chapter 5 involves the different methods for the synthesis gas purification 
applications. Some physical separation such as flash and gas permeation operation 
are selected to enhance methane concentration in the product stream up to 98 %vol. 
Therefore, in addition of some built-in models, a user FORTRAN model is developed 
to corporate in Aspen Plus® V8.6 for hollow fiber gas permeation system. 

Chapter 6 is based on a cost analysis of each process. Moreover, a summary of 
whole process is discussed as conclusion. Then, some suggestions and 
recommendations for further development and studies relevant to this topic are 
presented. 
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Chapter 2 
Theory and background 
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2.1 Introduction 

Power-to-gas idea dates back to Japan in 1980-1990 [46]. It was based on 
production of chemical energy carriers by surplus power within peak power 
generation era. Because of the high percentage of renewable energy utilization, their 
fluctuation nature and seasonal energy saving issues during recent years, interest in 
integration of the power-to-gas (PtG) system has enhanced particularly in European 
counties [47,48]. This study is focused on methane production as final product (figure 
2.1). However, alternatively, liquid productions such as dimethyl ether, methanol and 
Fischer-Tropsch can be final product as well [49–51]. Such these term of arts which 
produce liquid fuel called power to liquid [52].  

Figure 2.1 illustrates the main components of a power-to-methane system. Through 
this application power is converted into hydrogen using water electrolysis application.  

Hydrogen itself is a clean and pioneer product and can be used as fuel or stored in 
high pressure container. Alongside direct H2 utilization, it can be used as raw material 
in complex synthesis industry such as hydrocarbons production units.  

 
Figure 2.1: A schematic of a power to methane system 

A power-to-gas (methane) system has three main parts. Hydrogen production unit 
which can be connected by renewable, methanation unit which is includes 
methanation of carbon oxide (CO2/CO) and then purification of methane as the final 
product. 

2.2 Hydrogen production unit 

The estimated hydrogen production volume was investigated around 50 million tons 
per year [53]. About 96 % of H2 is produced by fossil fuel (natural gas 48%, oil 30% 
and coal 18%) whereas only 4% of hydrogen is generated by water electrolysis 
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system [54]. One of the most important drawbacks of water electrolysis system is the 
high cost which makes it unreliable to utilize.  

Table 2.1: Some H2 production cases and its utilization 
Project  Electrolyzer Storage Utilization 
Name Country Type Size, 

[kW] 
Type Capacity, 

[Nm3 H2] 
Final Infrastruc

ture 
Nemo[55
] 

Finland alkaline 0,8 pressurized 
vessel 

200 electrici
ty 

PAFC 

SWB[56,
57] 

 alkaline 100 pressurized 
vessel 

5000 electrici
ty 

PAFC 

Solar 
Fuel 
Beta-
Plant 
Audi, 
Werlte[58
] 

Germany alkaline 1245 - - methan
e 

Gas 
distributi
on 

Phoebus[
59] 

Germany alkaline 26 pressurized 
vessel 

3000 electrici
ty 

PEM 

Trois[57] 
 

Canada alkaline 5 pressurized 
vessel 

40 electrici
ty 

PEM 

SAPHYS 
 

Germany 
, Italy, 
Norway 

alkaline 5 pressurized 
vessel 

120 electrici
ty 

PEM 

INTA[60] Spain alkaline 5,2 metal 
hydride 
and 
pressurized 
vessel 

24 electrici
ty 

PAFC 

Solar 
House 
[61] 
 

Germany PEM 2 pressurized 
vessel 

400 electrici
ty 

PEM 

Nowadays, renewable hydrogen system such as thermal process, photolytic process 
or photobiological and electrolytic systems are utilized in many countries [62]. There 
are some plants which are connected with public grid; however renewable energy 
facilities are used in the most cases (in table 2.1) [63]. Many hydrogen plants are 
based on renewable energy have been carried out during the last decade [48].  

Table 2.1 presents projects name and their locations; most of them are located in 
Europe. Moreover, electrolyzer type and capacity, storage system and capacity, and 
final product and utilization process can be found in table 2.1. Almost all of them are 
installed as the short term energy storage to balance demand and load; they tried to 
focus on energy efficiencies and the interplay between the H2 production unit and the 
photovoltaic array as a power supplier.   

Only Solar fuel Beta plant [64] which is located in Germany produced methane as 
final product. In those cases (except solar House [64]) alkaline electrolyzer was used 
at low pressure. Products were stored in gas form in tank containers or metal hydride 
solutions.  
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Table 2.2: Key electrolyzer parameters of alkaline, PEM and Solid oxide water electrolysis 
Type Alkaline PEM Solid oxide 

Change carrier OHˉ H+ O2- 

Reactant water water water, CO2 

Electrode Raney Ni Pt,Ir Ni-cermet 
Electrolyte sodium or potassium 

hydroxide 
polymer ceramic 

Cell voltage [V] 1,8-2,4 1,8-2,2 0,91-1,3 

Temperature 
[°C] 

40-90  20-150  800-1000  

2.2.1 Water electrolysis application 

Converting power to chemical carrier as it was discussed before, is one of the main 
part of the PtG system. This process is performed by water splitting which calls water 
electrolysis application. Water is split in two components O2 and H2 using electric 
potential differences at electrodes. Electrolyte is another main part of water 
electrolysis system which it conducts ions. Base on electrolyte type, electrolyzer 
categorizes in three different commercial types; Alkaline, Proton Exchange 
Membrane (PEM) and Solid Oxide (table 2.2)  

2.2.1.1 Alkaline water electrolysis 

Alkaline water electrolyzer has commercially used for many years. Through this 
system, a aqueous solution of potassium hydroxide or sodium hydroxide (KOH or 
NaOH) is implemented as electrolyte solution which conducts OHˉ  ions [65]. Table 
2.2 represents operating parameters of an alkaline water electrolysis system.  

Alkaline electrolyzer operates at atmospheric pressure and high pressure and with 
20% up to full designed capacity. However, lower pressure leads higher efficiency 
and  product purity as well [66]. Aspect of flexibility in capacity is very important 
especially in PtG systems when it connects with unpredictable power sources like 
solar or wind [67].  

Life time, cost and capacity are other main benefits of the alkaline water electrolysis. 
The most important drawback of this kind of electrolyzer is corrosion effects of 
electrolyte solution which increases maintenance cost. Although life time of an 
alkaline electrolyzer is estimated around 30 years, overhaul system is needed every 
7-12 years [68,69]. 

Recently, a big effort have been performed regarding water alkaline electrolysis 
development as the following [70];  

• Increment of the efficiency by reducing of operation cost and electricity 
consumption 

• Decrease of the investment cost by increasing of operating current density 
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In order to make alkaline water electrolysis more efficient and reliable for usage some 
improvements are needed.  

• Optimization of the electrodes distance due to decreasing of the ohmic losses 
• Working temperature above 100 °C; it leads to higher electrolyte conductivity 
• Advanced eletrocatalytic material in order to decrease electrode overvoltages 

2.2.1.2 PEM water electrolysis  

PEM electrolyzer is a new technology which is commercially available since 1978 
[71]. This water electrolysis system is based on solid polymer membrane with a gas-
tight thin electrode which is connected directly to the membrane [69].  

PEM electrolyzer module contains a bipolar configuration has the duty of the 
electrical connection between cells. Furthermore, bipolar plates play an important 
role in the discharge of the produced gases. PEM module is assembled as sandwich 
(figure 2.2) which is involved anode, cathode, and membrane set constitute the so-
called membrane electrode assembly (MEA). The electrodes typically consist of 
noble metals such as platinum or iridium. The main benefits of this electrolyze is the 
high starting speed and flexibility and good performance in connection with a 
dynamic system [72]. Another important advantage of PEM electrolyzer is the high 
product purity by comparison with alkaline water electrolysis [73]. In some empirical 
cases purity of hydrogen is reported more than 99,99 vol.% without post processing 
facility [74]. PEM water electrolysis operates at higher current densities than alkaline 
electrolyzer (above 1,6 A cm-2). 

The main disadvantage of PEM electrolyzer is still cost which is mainly because of 
the membranes and the metal noble-based electrodes. Furthermore, life time of PEM 
electrolyzer is shorter than alkaline electrolyzer.  
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Figure 2.2: Design of a PEM electrolysis cell [75] 

2.2.1.3 Solid oxide water electrolysis 

Solid oxide electrolyzer is one of the recent technologies with the high operating 
temperature (table 2.1) which contains a film of zirconia (ZrO2) doped with yttria 
(Y2O3) as electrolyte. The high electrolyzer operation temperature leads to better 
conductivity for charge carrier (O2-) and electricity demand [76–78]. However, it 
causes undeniable challenge on material stability as well as production price which 
makes this technology far from reliability for commercialization. 

In addition, the high operating temperature of this water electrolysis technology is 
desirable especially when an abundant heat source is available. A nuclear energy 
production system could be a good example because of its capability of providing the 
high temperature which comes from gas cooled reactors up to 950 °C [79–81]. 

As mentioned before, a big disadvantage of this system are degradation of the 
material and short term stability [68]. Moreover, the product stream contains a 
mixture of hydrogen stream and requires additional purity system and more 
investment as well.  

In general, solid oxide water electrolysis is not a good option against fluctuating and 
instability related to power sources, thus it is not logical to connect it with renewable 
energy sources [68].  
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2.2.2 Hydrogen production simulation 

There have been few attempts made in the water electrolysis system modeling. Onda 
et al. [82] has developed a mathematical modeling for PEM electrolyzer due to 
optimization of operating conditions. In this study, a two-dimensional simulation code 
was used in order to calculate single cell overpotentials.  

Kelouwani et al. [83] presented a model for a stand-alone renewable energy system 
with hydrogen storage. For this purpose, a complete model was developed by 
integrating individual sub-models of all unit operations. The model can be used in 
steady state or dynamic condition with different values of current, voltage and 
temperature.  

Yalcinoz and Alam [84] have dynamically simulated an air breathing PEM fuel cell 
with a feedback controller application. The analytical modeling and simulation of the 
cell system was verified using MATLABTM. 

A mathematical model for an alkaline water electrolysis  has been developed by 
Ulleberg [85] Which was based on a combination of fundamental thermodynamics, 
heat transfer theory, and empirical electrochemical relationships. This model has 
been made in corporation with a transient system simulation program. By this model, 
integration of alkaline water electrolysis and electrical renewable energy components 
was possible.  

Khan and Iqbal [86] demonstrated a wind fuel cell system simulation. The system 
contained a wind turbine for power supply, water electrolysis, power conditioning unit 
and fuel cell. SIMULINKTM was used for this simulation due to investigation of voltage 
variation as a function of different operating conditions. 

Hwang et al. [87] modeled a renewable hybrid system. The system includes a 
photovoltaic cell, a water electrolysis unit, hydrogen storage container and a PEM 
fuel cell. In this system, an auxiliary generator was implemented to supply the load 
demands when the PV energy was not sufficient during an era of low solar radiation. 

Busquet et al. [88] proposed a semiempirical model which was based on experiment 
parameters. The model can be used for electrolyzer and fuel cell simulation 
according to specific polarization curve (V-I curve) at the typical operating condition. 
In addition, it was adapted to regenerative fuel cell (RFC) simulation system. Through 
the modeling, four degree-of-freedom model and convergent near zero current was 
assumed. 

Gorgun [89] demonstrated a dynamic model of PEM water eletrolysis system. A 
MATLABTM model which was based on mass balance equations over anode and 
cathode was used. Four ancillaries were considered to investigate the best operating 
conditions. The model was capable of determining PEM water electrolyzer sensitivity 
analysis and specifying the best control strategy. However, no comparison between 
experiment and the simulation result has been performed.  
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Zhao et al. [90] presented analysis of wind–hydrogen storage energy system in a 
remote offshore area. A detailed dynamic model was proposed to predict storing 
procedures of the surplus energy produced by wind farm via the water electrolysis 
system. The produced hydrogen by a reversible process was used to regenerate 
electricity at low value of wind speed using a PEM fuel cell.  

Dale et al. [91] proposed a semi-empirical model of PEM water electrolysis system. 
Curve fitting method was used to fit the experimental data to determine various 
model parameters. The modeling results demonstrated that increasing electrolyzer 
temperature leads to higher exchange current densities in the anode and cathode. 

Santarelli et al. [92] analyzed the effects of temperature, pressure and water flow rate 
on the water electrolysis unit operation using a regression model. A experimental set 
up which was based on a pilot plant was built for investigation of the effects of the 
main operation factors (temperature, pressure, water flow) at different electric load.  

Marangio et al. [93] demonstrated a detailed theoretical model and empirical analysis 
of a PEM electrolyzer system. An electrochemical model of the water electrolysis is 
developed which was based on the theoretical open-circuit voltage by a 
thermodynamic analysis of the system and then calculation of the real voltage during 
operation by computing the different overpotentioals as function of the current 
density. The model results were compared with experimental data. Moreover, an 
analysis of operating parameters on electrolyzer performance was illustrated.  

Awastehi et al. [94] presented a dynamic modeling of a proton exchange membrane 
in order to investigate the effects of operating conditions changing and electrolyzer 
components on system performance. The model was based on 
MATLABTM/SIMULINK packages which involved anode, cathode, membrane and 
voltage block. The developed model aimed at characteristic the relationship between 
the cell current and cell voltage which is exactly polarization curves definition. At the 
end, dynamic behavior of the water electrolysis system was investigated and the 
effects of changing electrolyzer temperature and pressure on system performance 
and over-potentials were presented. 
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2.3 Hydrogen storage technology 

There are two popular options available for storing of hydrogen. Because of 
availability, low cost and capacity, in the most industrial cases pressurized container 
(tank) has been used. In addition, metal hybrid storage, underground storage and  
physical storage are other methods as hydrogen storage technology [95].  

Base on usage and application the containers can be utilized at pressure from 4 up 
to 400 bars. The pressurized container method has the main benefit of space saving 
[96]. However, using compressor leads to lower efficiency for whole system, this 
method still is the most interesting option in many industrial and pilot plants 
[95,97,98].  

Hydrogen can be stored in underground caverns. This method is the cheapest 
method among other hydrogen storage technologies and applicable for long term 
storage [99], but it is not reliable for power-to-gas system.  

Metal hybrid storage technology is another method which can be utilized in a typical 
power-to-gas system. There are some pilot plant cases which are implemented both 
metal hybrid and pressurized container at the same site [95,100]. Using metal hybrid 
which is in the development phase has a big challenge related to the safety. Miland 
et al. [97] reported that heat have to be supplied in order to keep metal pressure 
level. Moreover, Metal hybrid has to be cooled in summer time for safety reasons. 

The best option for hydrogen storage system in the power-to-gas application seems 
still pressurized container. However, metal hybrid is theoretically capable for 
utilization in a PtG system with 300-700 bar pressure [67]. 
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2.4 Methanation 

After hydrogen production unit, methanation process is an important part in power-to-
gas (methane) plant. Methane is the lightest hydrocarbon and the main component of 
natural gas. CH4 is abundant, it can be found under the earth or sea. Methane can be 
stored in pressurized container and it has 55,5 MJ kg-1 combustion heat [101].  

Methanation is the reaction by which carbon oxides and hydrogen are converted to 
methane and water. Methanation can be performed both in biological and catalytic 
reactors [102].  

2.4.1 Biological methanation 

Biological methanation (BM) is an option which can be used in power to methane 
process. In a biogas plant, simple monomers (monosaccharide, amino acids, and 
fatty acids) are produced by hydrolysis of an organic substrate (biomass). Then, 
these monomers are converted to carbon dioxide, acetate, and hydrogen. Eventually, 
the methane is generated by depletion of acetate and CO2 reduction with H2 
(hydrogenotrophic methanogenesis) [102]. Biological methanation takes place under 
anaerobic conditions at temperatures ranging from 20 to 70 °C (mesophilic and 
thermophilic) and at atmospheric pressure. However, the technical implementation is 
still a big challenge [102]. 

2.4.2 Catalytic methanation 

Because of oil crisis in 1973, the interest of methane generation has increased [103]. 
There are many methanation fixed bed reactor experiment studies with different size 
and operating conditions available in the background of this process [104–107]. 

A typical methanation process operates at temperature range 200-600 °C and 
pressure 1 to 100 bar. The methanation reaction is catalyzed mostly by nickel 
catalysts because of an acceptable CH4 selectivity value and the high activity and 
reliable price. However, some other metals such as Ru, Co and Rh can be used as 
methanation catalyst [108]. 

Purification of synthesis gas (by remove of CO2) and to methane production are two 
main methanation process purposes in the industry. But in recent years, methane 
became interesting and trustful product for energy saving. Therefore, power to 
methane process is very attractive new application in order to solve challenges 
related to renewable energy sources and seasonal energy saving.   
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2.4.2.1 COx sources 

Methanation is a reaction between COx (CO/CO2) and H2 as second reactant. 
Possible resources of carbon oxides can be found as the following: 

• Fossil power plants 

Capturing from fossil fuel power plant is very common method for COx production. 
Through this process chemical and physical absorption, adsorption, separation 
application are needed [109]. 

• Industrial processes 

There are some industrial processes such as cement and steel production where 
COx can be found in their outcome flow. COx existence in outlet flow stream causes 
emission. These emissions are unavoidable in many cases. Thus, the processing of 
capturing COx is an opportunity for these industries to enhance their carbon footprint. 
The post processing technologies for cleaning of the flue gas are similar to fossil 
power plant [110].   

• Biomass 

Biomass process can be categorized in gasification, fermentation and combustion 
application. In fermentation process of biomass to gas of ethanol, COx can be 
generated for free. Capturing COx from gasification or combustion process operation 
is quite similar to fossil power plant application [111,112].  

• Air 

The concentration of atmospheric CO2 has increased since the beginning of the 
industrial revolution mostly because of the burning of fossil fuels. Up to now, CO2 is 
available in air (400 ppm). Some technologies such as separation are needed to 
capture CO2 from the air [113].  

2.4.2.2 The methanation catalyst 

Producing methane from COx is a procedure with major kinetic limitations, which 
needs a catalyst to reach acceptable rate and selectivity for potential use. Having a 
certain stability, activity, reuse, selectivity, handling and recovery properties are 
required for a typical methanation catalyst. 

Generally catalysts for carbon dioxide hydrogenation are made up of group 8,9,10 
and 11 transition metals. While Nickel and Ruthenium based catalysts produce 
almost only methane, less reactive metal elements like Pd, Pr, Rh,Mo,Re and Au 
catalyze CH4,CH3OH and CO at the same time (by reverse water-gas shift reaction). 
Cu and Ag catalyze CH3OH principally [114]. Since Nickel based catalysts are active 
and inexpensive these catalysts have been used in the most cases, but properties 
like sintering at reactions decline their industrial viability [115,116]. 
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Eagerness of using multi metal catalysis is raised to implement different functions of 
metals at the same time. Park et al. [117] evaluated a Pd-Mg on Silica based on 
Palladium to dissociate molecule of hydrogen. Note that Pd/SiO2 is active in 
reduction of carbon dioxide to carbon monoxide and Mg/SiO2 is relatively inactive. 
The investigation indicates that when they combined the catalyst, selectivity to 
methane enhanced up to 95%.  

The main disadvantage of metal loading is dispersion. In fact, accumulation of 
species to a reduced surface area leads to micro-pores in the catalyst volume. 
However,  this factor (dispersion) will reduce by increasing loading of metal 
[118,119]. 

The type of the support layer which must be implemented in the heterogeneous 
catalysts is an important parameter. This support layer has an undeniable effects on 
catalyst performance in corporation with the metal [118]. This effects are mostly 
based on the catalyst activity and stability [120]. The common support material 
involve Silica base types (SiO2) [117], Aluminum Oxide (Al2O3) [121], Lanthanum 
Oxide (La2O3) [122], and composite supports layers (ZrO3-AlO3) [123]. 

Chang et al. [118] implemented an especial support layer to increase methanation 
performance and selectivity. They used an amorphous silica rice husk ash-alumina 
support layer (RHA-Al2O3) on Nickel as reactor catalyst. Moreover, Zhang et al. used 
Mobile Composition Matter (MCM) based mesoporous silica nanoparticle as a 
support layer for Nickel based catalysts for a carbon dioxide hydrogenation process. 
It was claimed that, MCM support layer increases thermal stability of the catalyst and 
its activity for methanation application [120]. Table 2.3 lists COx methanation 
catalysts survey in the literature including relevant conditions and results. More 
summary of the methanation of COx on various catalysts and the effects of catalyst 
on system performance can be found elsewhere [114]. 
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Table 2.3: Different catalyst which were utilized for methanation process  
Catalyst Temp 

[°C] 
Feed ratio CO2 

conversion, 
[%] 

CH4 yield 
[%] 

Reference 

Pd/SiO2 450 4:1 40,8 4,3 [117] 
Pd-Mg/SiO2 450 4:1 59,2 56,4 [117] 
Pd-Ni/SiO2 450 4:1 50,5 44,9 [117] 
Pd-Li/SiO2 450 4:1 42,6 37,6 [117] 
Ni/SiO2 450 4:1 36,7 30,1 [117] 
15% Ni/SiO2-Al2O3 600 4:1 63 19 [118] 
15% Ni/RHA-Al2O3 500 4:1 63 58 [118] 
NiFeAl-(NH4)2CO3 220 4:1 58,5 58,2 [121] 
NiFeAl-Na2CO3 220 4:1 55,7 55,4 [121] 
NiFeAl-NH4OH 220 4:1 54,5 54,2 [121] 
NiFeAl-NH4NaOH 220 4:1 49,1 48,9 [121] 
10% Ni/La2O3 280-380 4:1 76-100 - [122] 
12% Ni/ZA-IMP 380 3.5:1 42 43 [123] 
4.29% Ni/RHA-Al2O3 500 4:1 34 19 [124] 
4.1% Ni/SiO2 500 4:1 25 11 [124] 
10% Ni/Al2O3 350 3.5:1 69 - [125] 
15% Ni/Al2O3 350 3.5:1 71 - [125] 
20% Ni/Al2O3 350 3.5:1 76 - [125] 
15% Ni/Al2O3 300 4:1 45 - [126] 
15% Ni/Al2O3 250 2:1 14,5 - [127] 
LaNi4Al 400 4:1 91,5 - [128] 
8% Ni/zeolite 600 10:1 100 80 [129] 
Raney Ni-42 300 4:1 65 - [130] 
5% Ni-Ce0.72 Zr0.28O2 350 4:1 38,4 - [131] 
10% Ni-Ce0.72 Zr0.28O2 350 4:1 75 - [131] 
15% Ni-Ce0.72 Zr0.28O2 350 4:1 71,4 - [131] 
Ni20(Zr0.9Ce0.1)Ox 350 4:1 75 - [132] 
LaNiO3 300 4:1 77,7 - [133] 
5% Co/TiO2 260 25:1 1,1 0,75 [134] 
20% Co-TiMCM 220 10:1 34 - [135] 
Rh/Ni(30:70)Al2O3 200-400 4:1 43-90 - [136] 
0.8% Ru/TiO2 160 4:1 - 100 [137] 
Ni-40Zr 300 4:1 89 - [138] 
RuMnNi(10:30:60)Al2O3 220 4:1 100 - [139] 
50Ni-50(Zr0.833 Sm0.167)  350 - 95 - [140] 
10% Ni/CeO2 350 4:1 90 - [141] 
15% Ni/SiC 350 4:1 83 - [142] 
5% NiUSY 400 4:1 24,7 - [143] 
35Ni5Fe0.2RuAX 220 4:1 63,8 - [144] 
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2.4.2.3 Methanation reaction 

COx contains a blend of CO2 and CO in different composition. Converting CO2 to CO 
consumes energy and heat in order to break double C-O bound. At the atmospheric 
pressure and 25 °C temperature, CO2 can be associated into CO and O2 by the ΔH 
about 293 kJ mol-1. However, the higher Gibbs free energy in the reversible and 
exothermic methanation reaction leads to the conversion of CO2 [145,145]. 

Table 2.4 lists possible reactions involved in the methanation of carbon oxides. The  
calculations were based on gaseous compounds containing H2, O2, N2, CO, CO2, 
CH4, H2O and solid carbon [146].  

Table 2.4: Possible reactions involved in the methanation of carbon oxides [146–152]  
Reaction No Reaction ΔH298 [kJ mol-1] 

1 CO+3H2→CH4+H2O -206,1 

2 CO+H2O→CO2+H2 -41,15 

3 CO2+4H2→CH4+2H2O -165 

4 CH4+CO2→2CO+2H2 247 

5 CH4+3CO2→4CO+2H2O -330 

6 CH4→C+2H2 74,8 

7 2CO→C+CO2 -173 

8 CO+H2→C+H2O -131,3 

9 CO2+2H2→C+2H2O -90,1 

10 CH4+2CO→3C+2H2O 188 

In the catalyzed hydrogenation of carbon oxides to methane, three independent 
reactions are important (reactions 1-3). If the stoichiometric ratio of the reactants 
H2/COx be minimum three or more, carbon monoxide reacts with hydrogen to 
methane and water, accompanied by a molar reduction to 50%, this reaction names 
CO methanation reaction. Meanwhile CO methanation, the water gas shift reaction 
(WGS, reaction 2) takes place where the H2/CO ratio can be adjusted by converting 
CO with H2O to CO2 and additional hydrogen. 

Methanation of CO2 (reaction 3) as it was mentioned before performs by enthalpy of 
formation of -165 kJ mol-1. It has to be noted that The CO2 methanation does not 
occur in the presence of CO [103]. 

It can be seen that the exothermic CO2 methanation (reaction 3) is suppressed when 
temperature increases and it occurs because of the high equilibrium constant in the 
200-550 °C range [153]. Methane can also decompose by reversed reaction of 
carbon oxide hydrogenation (reaction 4).  
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Reaction 7 shows carbon generation by CO decomposition which has two important 
influences in methanation reaction. First, carbon on the catalyst surface can be 
considered as a necessary intermediate action during the reaction procedure; 
second, it leads to catalyst deactivation [154]. Furthermore, there are more probable 
reactions inside methanation reactor which can be found in table 2.4. 

2.4.3 Simulation of methanation process 

The industrial process of a methanation reactor is complicated.  Because of the 
importance of methanator issues like design, mass transfer, equilibrium, occurrence 
of secondary reactions such as water gas shift reaction and exothermicity, simulation 
and modeling of such a process before the industrial scale plant Design seems to be 
necessary. 

Recently a new wave concept of hydrogenation reactor model has been proposed by 
researchers. Khanna and Seinfeld [155] investigated a dynamic model incorporating 
all mechanisms for accurate description of an industrial case of packed bed reactor 
model. The model could use in process simulation due to operating parameter 
prediction. They tried to investigate the best parameter for design and operation of an 
industrial methanation unit. 

Sclereth and Hinrichsen [156] studied on basic understanding of a simple model of a 
fixed bed reactor using pure CO2 as feed with stoichiometric ratio. The model was 
based on the calculation of a homogeneous reactor in term of investigation of heat 
transfer and transport resistance on the pellet scale. 

Parlikkad et al. [157] developed a phenomenological model for methane conversion 
process. A one dimension simulation was investigated in order to predict the optimum 
operating conditions of a fixed bed reactor model. The result was based on 
performance of reactor with mixture feed and two different types of catalyst.  

Khorsand et al. [158] modeled a methanator for ammonia unit in petrochemical 
complex. It was based on calculation of mass balance and pressure drop in order to 
investigate product composition using MATLABTM. Eventually, predicted values were 
compared with an experiment case and they had a good agreement.  

Porubova et al. [159] was investigated a methanation process after gasification 
application due to produce biomethane as final product. For this purpose, an 
adiabatic and isothermal reactor model was specified. As result, influence of 
operating parameter on the system efficiency was determined. 

Er-rbib and Bouallou [160] modeled a CO methanator to investigate product stream 
specifications and the best operating condition. For this study an Aspen Plus built-in 
tubular reactor model was used. Through this model, only CO methanation and water 
gas shift reaction (reaction 1 and 2) took in account at the certain operating 
conditions. At the end predicted values were validated with an empirical case. 
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Nor Aishah et al. [161] developed one dimensional model to investigate the 
performance of a catalytic fixed bed reactor in order to simulate carbon dioxide 
methanation at atmospheric pressure. In this study, CO2 methanation reaction and 
water gas shift reaction were considered. The result involved the effects of different 
temperature on the reactor performance. Furthermore, the model was validated by 
empirical data obtained from the both a lab scale methanator and a pilot plant 
reactor. 

Sudiro et al. [162] simulated a catalytic built in reactor model in gPromsTM to specify 
steady state heterogeneous externally cooled methanation process. This simulation 
was based on two separate CO and CO2 methanator due to solving a problem 
related to temperature control system in fixed bed reactors. 

Jürgensen et al. [163] modeled a methanation reactor to produce bio methane. The 
simulation was based on a single reactor model including a certain kinetics model 
using Aspen Plus®. The process optimization was carried out to find the optimum 
feed flow and operating condition. 

There are some other literatures related to methanation reactor modeling field 
available such as [164] which was based on a transient process simulation of a 
methanation plant using Modelica fluid library [165].  
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2.5 Purification of synthesis gas after methanation 

Nowadays, there are many well documented methods for gas separation process. 
Thus, finding the appropriate and optimum technology are important issues. Fist 
evaluation to find the best application could contain some consideration like: 

• Contaminate concentration 
• Contaminate type 
• Volume of feed  
• System type (batch or continuous) 
• Investment issues 
• Feed condition (temperature and pressure) 
• Final products concentration demands 

Base on feed composition and operating conditions, about 10% of dry outlet stream 
after methanation reactor contains COx. Thus, it is important to purify syngas in order 
to decrease pollutant concentration of 2%. However, The main component in outlet 
stream is water, which it can be eliminated by condensing operation [159]. 

Here, some technologies of gas upgrading process will be discussed in order to 
utilize them in integration with the power-to-gas the system. 

2.5.1 Water removal  

Water vapor has the highest concentration of methanation reactor outlet stream. 
Typically, water contents in transmission line must be in range of 60 up to 110 kg per 
E6m6 [166].  

Physical and chemical absorption methods are very popular methods in water 
removal systems which they will be discussed later. However, in natural gas refinery 
plants dehydration is one of the primary applications. The most common equipment 
for such this process is glycol dehydration system [167] which is a physical 
absorption process. 

Another important method for separation of a liquid phase form a gas mixture is the 
physical separation which is based on Joule-Thompson method, calls vapor-liquid 
flash separation. By this method, liquid phase is separated by a sudden pressure 
and/or temperature change before a flash separator column. 
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Figure 2.3: Schematic of vapor-liquid flash separator [168] 

Flash separation is based on phase changing of components. In our case, after 
sudden changing of pressure or temperature, water in gas form (vapor) will be 
converted in liquid form and can be gathered in column bottom. At the same time, the 
vapor phase travels through the gas outlet (Figure 2.3).  

2.5.2 Adsorption application 

In gas separation system undesirable species can be removed by adsorbing material. 
Base on the strength and nature of the surface, adsorptive gas separation application 
can be categorized into two types: physical adsorption and chemical adsorption 
[169].  

2.5.2.1 Chemical adsorption 

Chemical adsorptions are less popular than physical adsorptions. This process can 
be specified as the formation of a chemical bond between the sorbent and the solid 
surface. Chemical absorption uses the different gases with sorbents to separate 
them.  

The reactions have to be reversible so that the spent sorbent can be recycled. In our 
case COx can be absorbed by many sorbent materials such as alkali carbonate, 
ammonia and alkanolamines [170]. 
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2.5.2.2 Physical adsorption 

Most of the separation processes was based upon equilibrium mechanism and the 
separation is accomplished by the adsorption equilibrium capacity difference of the 
adsorbent. 

Since the physical adsorption is a surface phenomenon, an adsorbent should have a 
high surface area to volume ratio. The main advantage of physical adsorption 
methods is its low energy requirement for the regeneration of the sorbent material. 

Physical adsorption at a surface is so fast, and the kinetics of physical adsorption is 
usually controlled by mass or heat transfer rather than by the intrinsic rate of the 
surface process [171]. 

The primary requirement for an economic adsorption separation process is an 
adsorbent with sufficient selectivity, capacity and service life. Adsorption selectivity 
may depend either on difference in adsorption equilibrium or, less commonly, on 
difference in kinetics. The major advantages of using adsorption processes are 
simplicity of operation, the relative capability of the molecular sieve beds to withstand 
mechanical degradation and the possibility of simultaneous dehydration of gases and 
acid removal [172]. 

2.5.3 Cryogenic  

Cryogenic system is a gas mixture separation method at very low (-73 °C) 
temperature. This process is based on low temperature distillation. Thus, 
contaminant freezes out and two phases can be separated easily. 

This method is appropriate for high contaminant concentration. Moreover, if 
contaminant be valuable it can be stored or export in liquid form. 

The main drawback of this process is related to operation cost which it comes from 
the system’s high energy demand. 

Acetylene and ethane are two most common cryogenic fluids which have flammable 
and toxic nature [173].  

2.5.4 Hybrid system  

The hybrid separation application is a combination of physical and chemical solvent 
in order to maximize the selectivity and efficiency of the system. Sulfinol process is 
one the common hybrid process which is based on physical-chemical solvent [174–
176]. The main advantages of this system can be expressed as following: 

• Low foaming and non corrosive material 
• Low energy requirement 

Despite of these benefits, dual solvent leads to high degradation of equipments.  
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2.5.5 Membrane process 

Membrane technology is commercially available for natural gas purification in order to 
eliminate water and CO2 from methane. Feed should dissolve in the high pressure 
side, after that diffuse through membrane wall then eventually, evaporate from low 
pressure side [173].  

Generally gas permeance through the membrane is function of membrane structure 
and components specification such as size and polarity. Each gas molecule form 
faces a particular transporting resistance by a certain membrane [177].    

The partial pressure differences between the retentate side (feed side) and the 
permeate side has an undeniable impact on membrane system performance. Thus, 
the driving force of gas permeation application comes from the pressure differences 
of both side [178].  

In industrial units the common material which is utilized in membrane separation 
process is polymer (Polysulfone, Polyethylene and Polytetrafluoroethylene) [179]. 
Moreover, because of the high thermal resistance of material such as metal and 
carbon, the inorganic membrane becomes more popular in the last decade [178].  

Important advantages of membrane application are: 

• Impact and efficient in weight and space  
• Compatibility with different contaminate concentration in feed stream 
• No additive usage makes membrane more environment friendly application 

One of the main disadvantages of membrane process is related to driving force 
creation (pressure difference) which enhances operating cost.  

2.6 Industrial membrane modules 

Industrial membrane units usually require a large scale of membrane area in order to 
reach suitable separation performance. There are several methods of packing 
membrane in industry which is called module. 

The interest of using membrane application in industrial scale systems and producing 
commercial membrane processes was one of the main researchers challenges in the 
1960s up to 1970s [178]. Those attempts were based on various type of membrane 
flat or tubular, different design and flow pattern and modules arrangements.  

Figure 2.4 illustrates various membrane module types which involves plate frame and 
spiral wound system in the category of flat membrane, in addition of tubular and 
hollow fiber that are tubular module configuration.  

The primary type of the commercial membrane module was flat and frame module 
which can be found in figure 2.4 a. After that, spiral wound module developed to 
perform separation in a higher value of efficiency indeed. The structure of this type of 
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module is based on wrapping of flat membrane around a collection pipe as sandwich 
roll.  

In addition, a majority of the gas separation membranes are formed into tubular 
shapes which are called spiral-wound or hollow-fiber modules. Those membrane 
modules are like tubes including a porous wall. 

A typical tubular module contains at least two tubes, the inner tube which is called 
membrane tubes and outer tube which is called the shell. The feed flow goes through 
active length of the module which can be found in figure 2.4 and it filters into outer 
shell. 
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Figure 2.4: Schematic of four membrane modules: (a) plate-and-frame; (b) spiral-wound; (c) 
tubular; (d) hollow fiber [180] 
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2.7 Hollow fiber membrane modeling and simulation 

In this study hollow fiber membrane is used due to purification of methane after 
methanation reactor. There were many studies in the past related to the modeling 
and simulation of this kind of gas separator. For better understanding of operation 
and finding the best performance with lower energy demand of such this system 
mathematical modeling is important prior to industrial application. A steady state 
simulation of a gas membrane separation system can be used for different purposes 
as following: 

• Scale up system from pilot to industrial unit 
• Sensitivity analysis, study on effects of different operation condition on system 

performance 
• Optimization, specify the optimum value of the process operation 
• Study on system alternatives 

As mentioned before, there are many publications available in the hollow fiber 
membrane field. Chern et al. [181] developed a binary mixture isothermal hollow fiber 
membrane module. Concentration dependence of permeability defined using dual-
mode adsorption and transport method. The effects of changes in fiber dimension, 
feed pressure, membrane area, feed composition and feed flow rate on the system 
performance were investigated. Three module arrangements for separation of 
CO2/CH4 mixture were considered. At the end, a complete conclusion regarding 
single separator and multi stage separator was discussed. 

Pan [182] illustrated a mathematical model of multi components hollow fiber 
membrane. This model took in account the permeate pressure distribution inside 
module. The driving force for permeation was considered to be independent on the 
local permeates concentration. Furthermore, a laboratorial scale result of multi 
component separator has shown that the model was accurate. The lab scale module 
contained an asymmetric cellulose acetate hollow fiber membrane for separation of 
H2, CO2 and H2S mixture. 

Marriott et al. [183] expressed a mathematical model of membrane modules for multi 
component gas separation base on rigorous mass, momentum and energy balances. 
Through this model contact pressure and temperature and steady state condition are 
disregarded. The main disadvantage of this method was demand of information 
about diffusivity and solubility. 

Petterson and Lien [184] studied a single and multi stage permeator using algebraic 
design model. It was presented that single stage membrane module without recycle 
leads more permeate purity as a function of pressure ratio. This model was validated 
using a binary system. 

Tessendorf et al. [185] modeled a membrane gas separation system base on an 
orthogonal collection to solve equations for counter-current and cross flow 
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configuration. This model was based on OPTISIM simulator in order to perform a 
complete cost analysis process. 

Mathews and Koros [186] focused on the mass transfer problem caused by the 
permeation process in hollow fiber membrane. A two dimension model in a radial 
cross flow module was studied. Furthermore, it was claimed that this model can 
calculate pressure, composition and temperature dependant of permeability. 
However, there was not any experimental case for model validation. 

Freeman et al. [187] developed a model for multi component permeator using hollow 
fiber membrane in co, counter-current and cross flow configuration. This model was 
based on investigation of parameters such as permeate sweep, pressure-dependent 
permeability coefficients, and bore side pressure profile. Simulation results were 
illustrated for separation of a multi component gas mixture using polymer permeation 
properties. 

Feng et al. [188] modeled an asymmetric hollow fiber membrane due to production of 
nitrogen and oxygen. Both co-current and counter-current flow configuration for a 
different stage cut ranges were studied. The results were shown that bore side feed 
with counter-current flow arrangement has the best configuration for design and 
utilization at the high stage cut. A mathematical model was developed for a binary 
system and an experimental result had a well agreement with model. At the end, 
sensitivity analysis was carried out to find the best operating conditions. 

Lim et al. [189] modeled a hollow fiber gas-vapor separation system in order to 
calculate pressure drop from continuity and momentum equations. Two different 
pressure model and effects of different operating conditions on pressure profile were 
studied. This model was used in case of separation of organic vapor from nitrogen for 
the counter-current flow arrangement. The result showed that the use of Hagen-
Poiseuille equation caused either an overestimation or underestimation of the 
membrane area.  

Kaldis et al. [190] studied on simulation of multicomponent gas separation system 
using hollow fiber membrane for H2 recovery in a refinery process. An orthogonal 
collocation was used to approximate differential equations and to calculate the 
system of non linear algebraic equation by Brown method. They claimed that, this 
numerical technique reduces calculation time and enhances solution stability. At the 
different feed flow rates and pressure values, simulation results were compared with 
experimental data obtained from H2 recovery unit in a typical desulfurization complex. 

Chung et al. [191] presented simulation and experimental study on CH4/CO2 system 
using hollow fiber membrane. The experiments study was based on measurement of 
both sides flow rates and compositions. The simulation model was developed in 
order to characterize the effects of pressure drop within the hollow fibers, non-ideal 
gas behavior in the mixture and concentration polarization.  
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Nakao and Takaba [192] studied a CFD evaluation on concentration polarization in a 
CO/H2 mixture using ceramic membrane in the steam reforming system. The CFD 
modeling results had a good agreement with the plug flow model when lower 
permeability was assumed (permeability of H2 less than 10−7mol m−2s−1Pa−1).  

Makaruk and Harasek [193] presented a algorithm for calculation of multicomponent 
gas separation process using hollow fiber membrane. This model which was 
developed in MATLABTM, was usable in co-current, counter-current and cross flow 
configurations. In addition of sensitivity analysis, computational time of single 
permeator and multiple permeators was measured. An experimental analysis of a 
biogas mixture (CH4/CO2/O2) was performed and the results were compared with 
calculated values. It was concluded that model predictions have a well agreement 
with empirical cases. 

Bouton [194] was developed a Aspen Plus® custom modeler (ACM) code in order to 
find an economical design and a good control strategy in a hydrodealkylation (HAD) 
process. For this purpose, a counter-current flow pattern with dynamics and steady 
state condition were chosen. Dynamic simulations results demonstrated that the 
control structure was effective in rejecting disturbances in throughput and hydrogen 
fresh feed composition. 

Mehdipourghazi et al. [195] developed a mathematical model for CO2 stripping from 
water using a hollow fiber membrane system. This model was based on a two 
dimension mathematical model with axial and radial diffusions in the membrane 
module using finite element method for solving equations. Finally, the results 
compared with experimental values for validation. 

Katoh et al. [196] studied on a dynamic model of gas separation using hollow fiber 
membrane. The relaxation method was used to solve the governing ordinary 
differential equations for transport across the membrane, mass balance and pressure 
distributions in a hollow-fiber membrane module with non ideal mixing flows. The 
dynamic simulation model was used in order to enhance hydrogen recovery process. 

Dong et al. [197] presented feasibility and simulation study on industrial gas mixture 
separation using polymeric hollow fiber membrane. The simulation was based on a 
mathematical model which was developed taking the often-neglected shell side 
pressure drop and non-ideal gas behavior into account to result in a more accurate 
simulation for thermal rearranged membrane module. 
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3.1 Introduction 

The consumption of fossil and nuclear fuels causes serious environmental threats 
such as natural sources exhaustion, pollutant gasses emission, waste generation, 
and climate change. As a result of the public awareness of these facts, an agreement 
has been reached in the sense that a novel, clean, sustainable and renewable 
resources-based energy system in Europe has to be considered [198]. Among all 
renewable energies, global wind power capacity increased the most in 2010, by 38 
GW, bringing the global total to 198 GW. The most important wind energy producers 
are the United States (40,3 GW), China (44,2 GW), Germany (27,2 GW), and Spain 
(20,8 GW). Furthermore, Global hydropower capacity reached an estimated 990 GW 
by the end of 2012 [199].  

Because of the increasing of gas emissions and the raising universal energy 
demand, new technologies for the generation of environment friendly power systems 
are needed. Renewable energy sources like solar and wind energy have undeniable 
potential, but their fluctuating and intermittent nature causes some challenges during 
usage. In electricity networks, renewable power sources with a low output can be 
balanced by a conventional power generator, however a higher percentage of 
renewable energy sources would need an improved energy storage system. Short-
term storage of electricity like batteries, flywheels compressed air, or capacitors are 
adequate, but long-term storage could be realized with hydrogen [200]. 

An electric system based on renewable energies gives rise to new challenges 
concerning storing and utilization of the surplus energy, operation, distributed 
generation management, energy supply reliability, and future integration with an 
automotive sector based on the electric vehicle. As mentioned before, converting this 
energy to storable and convertible chemical material is demanded afterward. Thus, 
hydrogen can play an important role for storing of surplus energy. Hydrogen is the 
simplest and lightest element of the periodic table. Its density as a gas (0,0899 kg 
Nm³) is 15 times lighter than air. It is a fuel with an inflammability range in air, from 4 
to 75 vol. %, and in oxygen, from 4 to 95 vol. %. It is also a fuel with the highest 
energy content per mass. Hydrogen has the high heating value (HHV) (39,42 kWh 
kg-1), that is 2,5 and around three times higher than methane and gasoline [201]. 

A hydrogen power system converts excess electricity from renewable energy in the 
system into hydrogen in the form of chemical storage. This chemical energy can be 
re-electrified in the system during deficit energy supply from the renewable energy 
sources. The hydrogen subsystem, also called a hydrogen-loop, comprises an 
electrolyzer for conversion of water and electricity to hydrogen. 

The present chapter is based on water electrolysis for producing hydrogen from 
water without the use of fossil fuels. Electrolysis is the most important method for 
generating hydrogen from water. It is a mature technology base on the production of 
hydrogen and oxygen by applying a direct electric current to water for dissociation. 
[202].  
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3.2 Modelling 

In this section, all components which are important in the PV-hydrogen system will be 
described. Transient calculation and implementation of the local weather information 
are the most important aspects of this simulation which is related to fluctuation 
problem of renewable energy sources. 

There are a few simulators which can be used for the PV-hydrogen system 
calculation. Vanhanen [203] developed a program to design a small scale PV-
hydrogen system in Finland which it called H2PHOTO. INSEL is another simulator 
which has a good capability with renewable energy sources modeling and simulation 
[204]. It was developed in the future in order to simulate a hybrid photovoltaic cell 
wind battery system.  

SIMELINT is another simulation tool which can be used for electrolyzer modeling, 
controlling strategy and process optimization [205]. 

Klein et al. [206] was developed a FORTRAN base simulator which is commercially 
available since 1975. This simulator contains different components and built-in 
models related to energy systems supplier and hydrogen applications. 

3.2.1 TRNSYS 

A part from those simulators, a powerful calculation tool which is more compatible 
with our system demands will be introduced. TRNSYS (TRaNsient SYstems 
Simulation tool) is a transient system simulator with a modular structure. It recognizes 
a system description language in which the user specifies the built-in components 
that involve in the system and the mode in which they are connected. The standard 
TRNSYS library includes many of the built-in components from pumps to single or 
multizone building wind turbines to electrolyzer, weather data reader to photovoltaic 
cells, and basic HVAC facilities to controllers.  

The modular structure of TRNSYS leads to the high flexibility Moreover, some 
programming facilities are provided for programmers due to development of 
mathematical models which are not available in the standard TRNSYS library. After 
over than 39 years, TRNSYS has become reference software for researchers and 
engineers in around the world.   

The TRNSYS is one the appropriate tools for dynamic simulations especially in 
renewable energy systems. It contains a variety of individual subroutines and the 
components, representing the mathematical model description of real physical 
devices. 
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Figure 3.1: A schematic of hydrogen production system by water electrolyzer using TRNSYS 

Figure 3.1 illustrates a schematic of the hydrogen system and main components 
which are considered in the system. These built-in models can be found in TRNSYS 
library which are located in the right toolbar of the TRNSYS interface and can be 
used easily by drag and drop on the flowsheet.  

For better understanding of theoretical background of those models, more 
information can be found as following; 

3.2.1.1 Weather data reader 

This component has capability to read weather data which is available in particular 
format. After TRNSYS installation, a separate weather packages have to be installed. 
In commercial package of TRNSYS, the weather data is offered in various ways: 
Typical Meteorological Year (TMY), Typical Meteorological Year version 2 (TMY2), 
Energy Plus Weather, International Weather for Energy Calculations (IWEC), and 
Canadian Weather for Energy Calculations (CWEC) [206].  

The weather data for certain area could be found in weather folder in TRNSYS 
directory and uploaded in a built-in model (type number 15). This model can be 
implemented for calculation data which are related to beam, sky diffuse, ground 
reflected solar radiation, the angle of incidence of beam solar radiation, the slope and 
azimuth of many surfaces. Moreover, this model includes calculation of water 
temperature and effective sky temperature for radiation calculations.  

In output parameter table, a number of indicators such as heating and cooling 
season, monthly and annual maximum, minimum and average temperature are 
provided. 
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3.2.1.2 Photovoltaic cell 

The built-in model type 194 characterized the electrical performance of a photovoltaic 
cell. It uses equations for an empirical equivalent circuit model in order to calculate 
the current-voltage specification of a single module. A DC current source, diode, and 
either one or two resistors contain that circuit. The strength of the current source is 
based on solar radiation and the I-V characteristics of the diode which is affected by 
temperature itself [206]. 

There are various choices of components particularly for photovoltaic in TRNSYS 
extended library. Type 194 which is used for this study, is the most common PV 
model [207]. Type 194 may be applied in transient simulations involving electrical 
storage batteries, utility grid connections and direct load coupling which is based on 
calculation method expressed by Soto et al. [208]. The model specifies power and 
current of the photovoltaic array at a determined voltage. 

This model was firstly incorporated into a TRNSYS built-in model by Eckstein in 1990 
[207].  

Type 194 is based on four parameter theory. Through the four parameter model, the 
slope of the IV curve was assumed to be equal to zero at the short-circuit condition 
[206]: 

�𝑑𝐼
𝑑𝑉
�
𝑉=0

= 0                                                                                                                3.1 

This is a rational approximation for crystalline modules system. The three from four 
parameters in the model are ILref, I0ref, and Rs. 

Where, they are experimental values which cannot be defined directly by physical 
measurement. This model takes in account these values using manufactures catalog 
data.  

The IV characteristic of a photovoltaic cell is function of both insolation and 
temperature. This model utilizes these environmental conditions along with the four 
module parameters in order to create an IV curve at each time step in a transient 
simulation model.  

The current-voltage equation can be presented by: 

𝐼 = 𝐼𝐿 − 𝐼0 �exp� 𝑞
𝛾𝑘𝑇𝑐

(𝑉 + 𝐼𝑅𝑠)� − 1�                                                                          3.2 

Rs and γ are constant values. However, the photocurrent IL depends on incident 
radiation: 

𝐼𝐿 = 𝐼𝐿,𝑟𝑒𝑓
𝐺𝑇

𝐺𝑇,𝑟𝑒𝑓
                                                                                                            3.3          

The reference insolation Gref is known as TRNSYS parameter 4. It is nearly always 
defined as 1000 W m-2. 
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𝐼0
𝐼𝑜𝑟𝑒𝑓

= � 𝑇𝑐
𝑇𝑐 𝑟𝑒𝑓

�
3
                                                                                                            3.4 

Equation 3.2 gives the current changes at the different voltage value. Once Io and IL 
are calculated using equations 3.3 and 3.4. Newton’s method is applied to calculate 
the PV current. Furthermore, an iterative search routine finds the current (Imp) and 
voltage (Vmp) at the point of maximum power along the IV curve [206]. 

A part from the quantity in Figure 3.2, the monthly power generated by PV is 
presented. The PV model specification is based on parameters in table 3.2. It can be 
seen that, because of the high solar radiation rate in summer the maximum power 
can be produced according to Vienna’s annual weather information.  

An electrolyzer controller implements a set of control functions for an electrolyzer 
which is integrated with mini-grid connected system (e.g. RE source, electrolyzer, 
hydrogen storage, fuel cell). The electrolyzer can operate in two power modes 
(constant or variable).  

Between power supplier and water electrolyzer a set of controlling and power 
cleaning tool is needed. The power conditioner which is a device that can invert DC 
power to AC power, and/or vice versa, or they function as DC/DC converters. Then a 
controller which offers an auxiliary power is considered. 

 

Figure 3.2: Power generated during a whole typical year by PV in Vienna, Austria 
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3.2.2 Water electrolysis 

As it was mentioned before, water electrolysis can be used in the hydrogen power 
plant as one of the important units in power-to-gas system. In this part a built-in 
model which describes a mathematical modeling of alkaline water electrolyzer is 
investigated. Furthermore, a user model for PEM electrolyzer is developed to utilize 
this type of electrolyzer in a transient process simulator. But first thermodynamics of 
water splitting will be discussed to give a clear view about the process. 

3.2.2.1 Thermodynamics of water electrolysis 

Thermodynamics provides a fully understanding about reaction equilibrium and 
thermal influences on electrochemical reaction. Water splitting into hydrogen and 
oxygen can be performed by passing an electric current between two electrodes 
separated by an aqueous electrolyte with proper ionic conductivity. Through this 
process, a molecule of hydrogen is generated in the cathode by decomposition of 
two molecules of water. Furthermore, a molecule of oxygen is generated in the anode 
and at the same time one molecule of water is regenerated. Equations 3.5-3.7 are 
presented to describe this procedure; 

𝐻2𝑂(𝑙) + 237,2 𝑘𝐽 𝑚𝑜𝑙−1(𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦) + 48,6 𝑘𝐽 𝑚𝑜𝑙−1(ℎ𝑒𝑎𝑡) → 𝐻2 + 1
2
𝑂2                 3.5 

𝐴𝑛𝑜𝑑𝑒 ∶ 2𝑂𝐻−(𝑎𝑞) → 1
2
𝑂2(𝑔) + 𝐻2𝑂(𝑙) + 2𝑒−                                                           3.6 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 ∶  2𝐻2𝑂(𝑙) + 2𝑒− → 𝐻2(𝑔) + 2𝑂𝐻−(𝑎𝑞)                                                       3.7 

For this study some assumption are carried out for calculation which can be found as 
the following; 

• Gas phase behave such as ideal gas 

• Liquid and gas phases are completely separated 

• Water is considered as incompressible fluid 

The electrodes must have good electric conductivity and they must be resistant to 
corrosion. The diaphragm should have low electrical resistance. At the standard 
conditions (25 °C and 1 atm) the reaction 3.5 is a non-spontaneous reaction, which 
means that the change in the Gibbs energy is positive. 

∆𝐺 = ∆𝐻 + 𝑇𝑒𝑙 × ∆𝑆                                                                                                    3.8 

LeRoy et al. [209] described the thermodynamics of water electrolysis. The enthalpy 
of water splitting is expressed as follows: 

∆𝐻𝑇,𝑃 − ∆𝐻𝑇0 = �∆𝐻𝑇,𝑃 − ∆𝐻𝑇0�𝐻2 + 0.5 × �∆𝐻𝑇,𝑃 − ∆𝐻𝑇0�𝑂2 − �∆𝐻𝑇,𝑃 − ∆𝐻𝑇0�𝐻2𝑂           3.9 

Similarly, the total changes in entropy can be expressed by; 
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∆𝑆𝑇,𝑃 − ∆𝑆𝑇0 = �∆𝑆𝑇,𝑃 − ∆𝑆𝑇0�𝐻2 + 0.5 × �∆𝑆𝑇,𝑃 − ∆𝑆𝑇0�𝑂2 − �∆𝑆𝑇,𝑃 − ∆𝑆𝑇0�𝐻2𝑂              3.10 

At the standard condition water splitting is a non spontaneous reaction. It means that 
equation 3.8 or a change in Gibbs free energy is positive. This fact is in contrary with 
formation of water by hydrogen and oxygen which is spontaneous reaction. The 
standard Gibbs free energy for formation of water ∆G0

f,water  is -237 kJ mol-1. Although, 
the total energy demand for water splitting is a function of change in enthalpy. Figure 
3.3 presents the thermodynamics of water splitting at atmospheric pressure and wide 
range of temperature.  

 In addition, pressure changes have effects on water splitting energy demand as well. 
At the constant temperature, the electrical energy demand (∆G) enhances with 
increasing pressure.  

The decomposition reaction of water by electrolysis is an endothermic reaction where 
energy corresponding to ∆G must be supplied in the form of electricity.  
For an electrochemical process at the constant temperature and pressure, the 
maximum useful work is equal with Gibbs free energy changes indeed.  

 

 
Figure 3.3: The standard state energy demand for water electrolysis at the different operation 

temperature values and atmospheric pressure [210] 
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3.3 Alkaline electrolyzer  

After power generator, an electrolyzer plays an important role in the PtG system 
(figure 3.1). An actual alkaline water electrolyzer consists of several single cell 
connected in series. The current electrolyzer model is based on the characteristics of 
individual cells. The calculations of the required operation voltage, mass flow 
production rate of hydrogen and oxygen, and internal heat generation are all carried 
out per cell basis, while the corresponding values for the whole electrolyzer stack are 
simply found by multiplying by the number of cells in series.  

The open circuit voltage which it calls also equilibrium voltage specifies cell voltage. 
This value is different with theoretical open circuit voltage which is calculated by 
thermodynamics relations. 

Faraday’s law relates the electrical energy (emf) demand to split water to the 
chemical conversion rate in molar quantities.  

𝑈𝑟𝑒𝑣 = ∆𝐺
𝑛𝐹

                                                                                                                  3.11 

Where n is number of moles of electrons transferred per mole of water, and F is 
Faraday constant (F = 96485 Cmolˉ¹) .The thermoneutral voltage (Utn) is defined by 
[211]; 

𝑈𝑡𝑛 = ∆𝐻
𝑛𝐹

                                                                                                                  3.12 

A part from deviation between thermoneutral voltage and equilibrium voltage, the cell 
potential reduces during discharging and increases in charging period due to 
irreversibility related to some different sources; 

• Concentration overpotential which is related to voltage changes which is 
caused by diffusion. This operpotential leads to some delay in order to 
reaching steady state condition. Some constructive parameters such as 
material porosity or permeability have effects on this type of overpotential. 

• Transfer overpotential which is a relation between the current delivered by 
an electrode and voltage change activation load condition. 

•  Activation overpotential which is a term of voltage difference that is based 
on limited speed of charge transfer. This overpotential is highly relevant of 
temperature and catalyst. 

• Resistance overpotential which is based on ohmic law that is causes by 
cell’s component resistance. This resistance is related to both electron 
conductor and electrolyte.  

The electrolyzer and fuel cell are characterized by semi-empirical temperature 
dependent current-voltage models. 
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For the alkaline electrolyzer, the following IU-model is applied [203]: 

𝑈𝑒𝑙 = 𝑁𝑠 �𝑈𝑟𝑒𝑣 + (𝐴 + 𝐵 × 𝑙𝑛𝐼) + 𝐶 × 𝑙𝑛 �1 − 𝐼
𝐼𝐼
� + 𝑅Ω × 𝐼�                                        3.13 

Where Ns is the number of cells connected in series; A, B, C, RΩ and II are 
parameters which are described temperature dependencies using a mathematical 
functions which correlate with empirical data. 

Equation 3.13 can be modified into a more detailed IU-model [212]: 

𝑈 = 𝑈𝑟𝑒𝑣 + 𝑟1+𝑟2
𝐴

𝐼 + 𝑆 × 𝑙𝑜𝑔 �
𝑡1+

𝑡2
𝑇 +

𝑡3
𝑇2

𝐴
𝐼 + 1�                                                               3.14 

Where S and t are parameters for overvoltage on electrodes and r for resistance of 
electrolyte. T, is electrolyte temperature (°C)  and A, is electrode area (m²). 

Table 3.1: Parameters in equations 3.14-3.15 obtained from U-I curve [212] 

 
 
 
 

 

 

The Faraday efficiency is defined as the ratio between the actual and theoretical 
maximum amount of hydrogen produced in the electrolyzer. The parasitic current 
increases with reducing current density. Thus, the fraction of parasitic current to total 
current rises by reducing current density. In addition, higher temperature leads to 
lower resistance, higher parasitic current losses and lower Faraday efficiency as well 
[212]. 

Since the Faraday efficiency is caused by parasitic current losses along the gas duct, 
it is often called the current efficiency [206]. 

𝜂𝑓 = � 𝐼/𝐴2

𝑎1+(𝐼/𝐴)2� × 𝑎2                                                                                                 3.15 

Where ηf, is Faraday efficiency, ai are empirical parameters, A (m2) an electrode area 
and I (A) is current. According to Faraday’s law, the production rate of hydrogen in an 
electrolyzer cell is directly proportional to the transfer rate of electrons at the 
electrodes. 

 Hence, the total hydrogen production rate in an electrolyzer, which consists of 
several cells connected in series, can be expressed in equation 3.16:  

𝑛̇𝐻2 = 𝑁𝐼
2𝐹
𝜂𝑓                                                                                                               3.16 

Parameter Value Parameter Value 

r1 8,05e-5 [Ω m²] t2 8,424 [°Cm² A-1]   

r2 -2,5e-7 [Ω m² °C-1] t3 247,3 [°C²m² A-1]   

S 0,185 [V] a1 250 [mA² c-2] 

t1 -1,002 [m² A-1]   a2 0,98 
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Where N is number of cells in series. The water consumption and oxygen production 
rates are simply found from stoichiometry. 

𝑛̇𝐻2 = −𝑛̇𝐻2𝑂 = 2 × 𝑛̇𝑂2                                                                                             3.17 

 
Figure 3.4: Predicted hydrogen productions with and without auxiliary power supplier 

Table 3.2: Main characteristics of PV electrolyzer system 

 

 

 

 
 
 
 
 
 
 

The electrolyzer can operate in two power modes (constant or variable power). In fact 
this feature comes from a specific controller which is connected with electrolyzer unit. 
The controller unit has two options, the difference between them occurs when the 
electrolyzer works (switch ON). Both of them have a set point power Pidle (minimum 
power), when the electrolyzer is ON mode 1 sends maximum power between PV 
generated and set point to the next component, so using auxiliary power supplier is 
necessary but mode 2 always sends PV power when the electrolyzer is ON. It means 
that in constant power mode, the controller allows the electrolyzer to operate at a 
power below the set limit for idling. Figure 3.4 shows the system performance with 
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auxiliary power (5000 W) or without auxiliary power. The main specifications of the 
alkaline electrolyzer can be found in table 3.2. 

All these mathematical simulations are repeated by MATLAB to valid the results 
obtained from TRNSYS. Figure 3.5 presents these two tool’s performances on a 
typical July 1st in Vienna and it shows that they have a good agreement. 

 

Figure 3.5: Single electrolyzer voltage changes versus working time, July 1st, Vienna 

It can be seen in figure 3.5 that, the polarization curve of a single cell electrolyzer 
over a typical day in July obtained from two different simulation tools have the same 
trend and values. However, TRNSYS calculation time was shorter than MATLAB.  
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3.4 PEM electrolyzer 

Solving alkaline electrolyzer disadvantages led researchers to another type of water 
electrolysis method which was first proposed by Nuttal et al. [213]. This method was 
based on a polymer electrolyte implemented by Grubb [214,215]. Polymer electrolyte 
membrane or proton exchange membrane (PEM) operates at the high current density 
and voltage efficiency by comparison with the old commercial water electrolysis type 
(alkaline) [216,217].  

PEM technology is quite similar with alkaline electrolyzer. Direct current is supplied to 
PEM electrolyzer to produce hydrogen and oxygen meanwhile the cell voltage 
increases with respect to the reversible voltage. It is because of cell irreversibility, 
parasitic currents and overpotential effects that causes energy losses and lower cell 
efficiency respectively [218].  

The PEM modeling is mostly based on expressing the relations between the 
electrolytic cell voltage and current density. The real cell voltage in an electrolytic cell 
is higher than the ideal open circuit voltage and can be presented by [219]: 

E = Urev + ηact + ηo                                                  3.23 

 
Figure 3.6: Calculated and experiment [220] current-voltage characteristic curve for 20- cell 

PEM electrolyzer  

Where open circuit voltage (Urev) is calculated using Nernst equation, which takes 
into account the effect of temperature and species concentration on the cell potential 
(Urev): 
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U0 is the Value for the open circuit voltage at the standard pressure and temperature. 
Temperature dependent value of reversible cell voltage is shown given by [221]: 

U0 = 1.229 − 0.9 × 10−3(T − 298)                                                                           3.25 

Activation overvoltage is changing of the electrode potential caused by overcoming 
the energy barrier of the slowest step of the electrochemical reaction which can be 
described as the amount of energy demand to begin the reaction. This energy loss is 
relevant of temperature and the catalyst material. The Butler Volmer equation can 
describe the activation overvoltage [221][220,222]:   

ηact = RT
αanF

arc sinh � i
2i0,an

� + RT
αcatF

arc sinh � i
2i0,cat

�                                                      3.26 

Table 3.3: The exchange current density for different models 

Reference i0,an [A cm-2] i0,cat  [A cm-2] 

Scott et al. [223] 10-13 - 

Dale et al. [224] 7,6e-6 1,8e-1 

Ni et al. [225] 10-9 10-3 

Agbli et al. [226] 1,5e-3 3,5e-2 

Garcia et al. [227] 10-7 10-3 

Lecauche and Lebbal [228] 1,3e-3 1,3e-3 

Choi et al. [229] 10-12 10-3 

Biaku et al. [230] 4,2e-3 10-3 

Harrison et al. [220] 1,65e-8 9e-2 

The exchange current density is affected by many physical parameters which make it 
difficult to be defined.  

There are different values for exchange current density which can be found in the 
references (table 3.3). Because of large range of the exchange current density in the 
literatures, many researchers have derived the current density value by fitting of their 
own polarization curve. 
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Table 3.4: Operating parameters of PV-PEM system 
Photovoltaic system  Eletrolyzer [220] 

2 modules in series  Contact area of membrane 
A: 25 [cm2]  

12 modules in parallel  Number of stacks in parallel 
per unit: 1  

Slope of surface 45º  Number of cells in series per 
stack: 20  

Exchange current density:  
i0,an: 1,65e-18 [A cm-2]  

i0,cat: 0,09 [A cm-2]  

Number of cells wired in 
series: 72  

Membrane thickness φ : 178 
[μm]  

Volumetric flow rate of 
cooling water: 0,25 [m3 h-1]  

Module area: 10 [m2]  Temperature of inlet cooling 
water: 15 [ºC]  

Modules current at the 
maximum power:35 [A]  

Cell conductivity σ: 0,075 [S 
cm-1]  

Pressure: 7 [bar]  

Ohmic overvoltage is based on Ohm’s law and it is because of electrical resistances 
in the electrolyzer cell. The voltage loss caused by bipolar plates (separator plates) 
and connectors is significant at high current density. It is noticed that at the constant 
activation overvoltage, an increment in current density causes sharp increasing in 
ohmic overvoltage, thus, improvement in electrolyzer performance is possible by 
using relatively low resistance electrolyte [220]. 

ηo = φm
σm

i                                                                                                                   3.27 

In the present study, is assumed that the anode chamber is treated as being well 
mixed.  The anode section has water as feed and it is consumed at the anode with 
the production of oxygen and protons. At the cathode side, hydrogen is generated by 
reduction of protons. The species generation and consumption rates are expressed 
by Faraday’s law as following [227,229]: 

nH2O,in − nH2O,out = I
neF

                                                                                             3.28                          

nH2,in − nH2,out = − I
neF

                                                                                             3.29                          

nO2,in − nO2,out = − I
2neF

                                                                                            3.30 
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3.4.1 MATLAB user model 

There is an option to implement a link from TRNSYS flowsheet with MATLAB. The 
connection uses the MATLAB engine, which is launched as a separate process. The 
FORTRAN routine communicates with the MATLAB engine through a Component 
Object Model (COM) interface. Type 155 can have different calling modes (e.g. 
iterative component or real-time controller).  

MATLAB must be installed to use this component and MATLAB's "bin\win32" folder 
must be on windows search path. All released versions of MATLAB such as 13, 14 
and 2006, 2007, 2008, 2009a, and 2009b are supported by TRNSYS. 

3.4.2 Thermal model 

The temperature of the electrolyzer can be defined using simple or complex thermal 
models, depending on the accuracy. A method for the electrolyzer’s temperature 
calculation is to assume a constant heat generation rate and heat transfer rates for a 
given time interval. If the time steps are chosen sufficiently small, the result is a 
quasi-steady-state thermal model [206].  

Figures 3.7-3.8 illustrate electrolyzer temperature related to one typical day in 
summer and winter. Obviously, the operating temperature in summer is higher than 
winter which has to be controlled via a cooling system. Figure 3.7 shows alkaline 
water electrolysis system and Figure 3.8 demonstrates PEM application. Both 
systems operate at the same trend of temperature profile but in different values. 

𝐶𝑡
𝑑𝑇
𝑑𝑡

= 𝑄𝑔𝑒𝑛 − 𝑄𝑙𝑜𝑠𝑠 − 𝑄𝑐𝑜𝑜𝑙         3.18 

𝑄𝑔𝑒𝑛 = 𝑛𝑐(𝑈 − 𝑈𝑡𝑛) 3.19 

𝑄𝑙𝑜𝑠𝑠 = 1
𝑅𝑡

(𝑇 − 𝑇𝑎) 3.20 

𝑄𝑐𝑜𝑜𝑙 = 𝐶𝑤(𝑇𝑤𝑖 − 𝑇𝑤𝑜) 3.21 

𝑇 = 𝑇𝑖𝑛𝑖 + ∆𝑡
𝐶𝑡
�𝑄𝑔𝑒𝑛 − 𝑄𝑐𝑜𝑜𝑙 − 𝑄𝑙𝑜𝑠𝑠� 3.22 

Where nc cell numbers in series, Ta ambient temperature (°C), Rt thermal resistance 
(KWˉ¹), Cw heat capacity of cooling water (JKˉ¹), Ct electrolyte heat capacity (JKˉ¹), 
Twi and Two temperature of cooling water in inlet and outlet (°C) are parameter of 
equations 3.18-3.22.  
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(a) 

 

(b) 

Figure 3.7: Alkaline electrolyzer temperature changes versus time, (a) Vienna, January 1st (b) 
Vienna July 1st 
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(a) 

 

(b) 

Figure 3.8: PEM electrolyzer temperature changes versus time, (a) Vienna, August 1st (b) 
Vienna, February 1st 
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Figure 3.9: Hydrogen production daily average using alkaline and PEM water electrolysis 

over a typical year  

 

Figure 3.9 illustrates the hydrogen production rate differences between alkaline and 
PEM water electrolysis systems. In general PEM application leads to higher 
hydrogen flow rate by comparison with alkaline system. This deviation raises when 
power is generated more in summer. 
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3.5 Result and discussion 

The hydrogen production base on a seasonal energy storage system has been 
described mathematically to identify possibilities according to the given Vienna 
weather data. Because of many renewable energy sources in Austria, saving is a big 
issue. Through the present work, a transient model of a photovoltaic hydrogen 
system has been implemented in the mathematical simulation environment and 
utilized to predict its operational behaviors through numerical simulation.  

In this study, TRNSYS was implemented as a tool to show the differences in 
hydrogen generation rate and power produced changes during a typical year. First, 
an alkaline water electrolysis system which is one of the built-in TRNSYS library 
models was chosen to use in the flowsheet for hydrogen production system in 
connecting with solar cell power supplier. As the seasonal energy storage system is 
quite sophisticated, it usually needs a separate system for controlling hydrogen 
production in the electrolyzer and the storage tank which it determines if the 
electrolyzer operates in a minimum set point power entry (figure 3.4). Figure 3.7 
showed electrolyzer’s temperature changing in two typical different working times in 
summer and winter. Moreover, TRNSYS calculation was compared with MATLAB 
using development of a user model related to alkaline electrolyzer. Figure 3.5 
showed that they have a good agreement. 

Then, a PEM water electrolyzer model was developed in MATLAB to work at the 
same flowsheet which was described before.  

The performance of electrolyzer under different operating conditions and the 
contributions of overvoltage were investigated. A polarization curve demonstrates cell 
potential as function of current density. Figure 3.6 illustrated the tack predicted 
polarization curve has a good agreement with experiment. The model was further 
used to study the effect of changing power input which it was result of the solar 
radiation changes itself on PEM water electrolyzer performance. Figure 3.8 
demonstrated electrolyzer’s temperature changing in different working time at the first 
day of August and February according to regional weather information (Vienna, 
Austria).  

Moreover, a variation of the hydrogen outflow rate with changing time was 
represented in Figure 3.9. The results represented the hydrogen outflow rate under 
transient power conditions during a whole typical year according to Vienna Weather 
information. The present developed model was capable of capturing the transient 
behavior of the PEM electrolyzer. As it was mentioned before, the renewable energy 
sources often involve transient current; therefore a green system including an 
electrolyzer which is connected with these sources can be applied in sustainable 
energy application. 
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4.1 Introduction 

The increase in global emissions of carbon oxide from fossil-fuel combustion and 
other different kinds of industrial sources, the main cause of global warming [231], 
reached the global average annual growth rate of 2,4 ppm in atmospheric (COX) 
concentrations.  

The carbon oxide emission trend mainly reflects energy-related human activities 
which, over the past decade, were determined by economic growth, particularly in 
developed countries. In 2012, a ‘decoupling’ of the increase in carbon oxide 
emissions from global economic growth (in GDP) took place, which pointed to a shift 
towards reducing fossil fuel intensive activities, higher use of renewable energy 
sources and implementation of energy saving systems [232].  

There are three main strategies for reducing COX emissions: reduce the production, 
storage of COX and the use of it. Hydrogenation of carbon oxide is an attractive C1 
building block for making organic chemicals, materials, and carbohydrates (i.e. foods) 
if considering reducing emissions by usage of COX. The hydrogenation into more 
useful fuels or chemicals uses hydrogen as the required high energy material for 
transformation. The products of the COX hydrogenation are currently being 
investigated including methane, methanol, ethanol and other alcohols, hydrocarbons, 
dimethyl ether, formic acid, formates and formamides. Some of these products can 
be utilized for internal combustion engines, raw materials, and intermediates in many 
chemical industries. Moreover, those products can be stored and transported musch 
easier than power.  

Methane is the main component of natural gas [233]. If a natural gas plant with 
carbon capture and storage technology is utilized to produce valuable chemicals, 
three strategies for reducing its emissions will be implemented.  

4.2 Simulation with commercial process simulator 

Most commercial simulators have built-in process models in their libraries and also 
optimization and analysis toolboxes. User can easily change specifications such as 
component, operating conditions, feed compositions and process flowsheet to 
evaluate new cases and analyze all process scenarios and alternatives. Furthermore, 
user can perform many other post processing tasks, estimating physical properties, 
creation of results in custom tabular, graphical form and validation of experiment data 
to simulation models and optimization process.  

The use of a process flowsheet simulator is beneficial in all the three stages of a 
plant: research and development, design and production. In research and 
development they help to cut down on laboratory experiments and pilot plant runs. In 
design stage they enable a fast development with simple comparisons of various 
alternatives. 

Eventually, in the production stage they can be used for risk-free analysis of various 
scenarios. 
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Manual solution of a problem usually forces someone to think deeper on the problem, 
find novel approaches to solve it, and evaluate and reevaluate the assumptions 
closer. A drawback of process flowsheet simulators may be cited as the lack of this 
detailed interaction with the problem. This might act as a double edged sword. On 
one side it mighthides the complexities of a problem so you can concentrate on the 
real issues.  

4.2.1 Selection of a commercial simulator 

For a process simulation project like methanation process, most of the simulators 
such as, Aspen Plus, Aspen HYSYS, PRO/2 and ChemCAD can meet the application 
needs. These tools have highly convenient user interfaces and on-line component 
databases. They are implemented in real applications from interpreting laboratory 
scale data to monitoring a full industrial scale plant. During doing this work, the 
Chemical Engineering Institute of Vienna University of Technology had licenses of 
Aspen Plus and HYSYS. Note that ChemCAD has been ignored because of the leak 
of built-in models in the library. 

The main two features which determine the selection of any simulator for specific 
process are: Simulation package capability of application requirement and cost. 
Some basic requirements which are the major part of a typical simulation tool can be 
seen as following: 

• Thermodynamic property databank and reliable thermodynamic models that 
account non-ideal behavior 

• Performing multiple case study 

• Built in unit operation models such as heat exchangers, reactors, distillation 
column, compressor and valves etc. 

• Chemical data bank 

• Economic and sensitivity analysis tools 
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4.2.2 Methanation simulation using Aspen Plus 

Engineers are constantly being called upon to predict the behavior of systems. 
Chemical engineers in particular must be able to predict the actions of chemical 
species which is very difficult task. As chemical engineering student, when 
confronted with a large chemical system, you might ask, "Where do I even begin? 
Mass balances? Energy balances? Thermodynamic properties? Reaction Kinetics?" 
Over the past few years as a student you've learned about each of these crucial 
topics separately, however, "real world" situations will require an engineer to 
incorporate all of these areas. 

There is where the idea of a process model is helpful. The process model is a 
complete layout of the engineering system including the following: 

a. Flowsheet 
The process model flowsheet maps out the entire system. The flowsheet 
shows one or more inlet streams entering into the system's first unit operation 
(i.e., heat exchanger, compressor, reactor, distillation column, etc.) and 
continues through the process, illustrating all intermediate unit operations and 
the interconnecting streams. The flowsheet also indicates all product streams. 
Each stream and unit operation is labeled and identified. 

b. Chemical component 
The process model specifies all chemical components of the system from the 
necessary reactants and products, to steam and cooling water. 

c. Operation condition  
All unit operations in the process model are kept under particular operating 
conditions (i.e., temperature, pressure, size). These are usually at the 
discretion of the engineer. 

can you imagine keeping track of all of those by hand, then solving all the mass and 
energy balances, determining thermodynamic behavior, and using reaction kinetics 
just to determine what reactor size to use, or how much product you'll achieve? 

Aspen Plus® allows you to create your own process model, starting with the 
flowsheet, then specifying the chemical components and operating conditions. Aspen 
Plus® will take all of your specifications and, with a click of the mouse button, 
simulate the model. The process simulation is the action that executes all necessary 
calculations needed to solve the outcome of the system. When the calculations are 
complete, Aspen Plus® lists the results, stream by stream and unit by unit, so you can 
observe what happened to the chemical species of your process model. 

The simulation of a process allows the engineer to evaluate the effects of the 
changing variables in the process, to find out new configurations and to conduct the 
optimization. The following manipulation can be performed using Aspen Plus® V8.6 
for a methanation process: 
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• Simulation of the methanation process by using different reactor models 

• Using different kinetic models at the same operating condition 

• Carrying out sensitivity analysis  

4.2.3 Reactor modeling in Aspen Plus® V8.6 

There are seven built-in blocks for reactor modeling in Aspen Plus that can perform 
calculations based on the stoichiometry, yield, equilibrium, and Gibbs minimization, 
plus the kinetics models for CSTR and PFR. In addition, a batch model is available 
for batch reactors. While rigorous simulation of reactors is needed, the RCSTR and 
RPlug are recommended. These two built-in components perform simulation of ideal 
reactors operated under defined conditions. Particularly For the CSTR, two main 
variables should be defined (pressure and temperature or heat duty), phases, and a 
reactor characteristic. Whereas, for the plug flow reactor, first of all specification of 
the reactor type is needed (isothermal, adiabatic, or cooled). Then, depending on the 
selected type, the specification will be selected. 

The configuration for the reactor can be defined in the Setup | Configuration form 
which includes the model specification.  

In the RPlug and RCSTR, specifications for the catalyst can be found in the Setup | 
Catalyst form. The pressure drop can be indicated in the Setup | Pressure form. 

For these reactor models in addition of reactor specifications reaction and kinetics 
should be defined. The new reaction can be created by the Reactions | Reactions 
folder and click the New button. The Create new ID window appears where a 
selection of type and name can be defined. The General type provides options for 
reaction kinetics models such as power law, equilibrium and LHHW which are very 
common. 

Equilibrium constants is very important for realizing the equilibrium of the main 
process reaction and additionally for thermodynamic stability of the rates (forward 
and inverse reaction), however when there are several probable reactions, the 
equilibrium is determined by minimizing Gibbs free energy.  

Most of the reactions have complicated equation rate particularly in industrial scale. 
The important reasons of that are expressed as followings; 

• Numerous industrial processes need mass transfer between vapor and liquid 
phases or between two liquid phases, defining rate expression that is related 
to mass transfer effects. 

• In the reality, there are many competing reaction which occur in side of the 
main reaction. Thus, the rate of feed consumption or product is the sum of 
each those reactions. 
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• Industrial applications which use heterogeneous catalysis (or enzymes), 
leading to Langmuir-Hinshelwood-Hougen-Waston (LHHW), or multitude 
Industrial reactions which involve  multi step mechanisms, which causes rate 
expressions that do not follow the reaction stoichiometry 

In cases where information on the stoichiometry is not known and, in particular, if 
phases changes, or there are numerous reactions and components available, the 
method of minimizing the Gibbs free energy of the whole mixture can be 
implemented.  

In this method, the total Gibbs energy of all species (reactants, products, and inerts) 
is minimized. For instance, the Gibbs energy for an ideal mixture is presented by:  

𝐺𝑚𝑖𝑥 = ∑𝑥𝑖𝐺𝑖 + 𝑅𝑇∑𝑥𝑖𝑙𝑛 𝑥𝑖                                                                                      4.1    

For species: 

𝜕𝐺𝑚𝑖𝑥
𝜕𝑥1

= 𝐺1 − 𝐺2 + 𝑅𝑇 ln ( 𝑥1
1−𝑥1

)                                                                                   4.2 

This equation must be set to zero in order to find the minimum value. Note that, a 
similar technique can be applied for more complicated systems with more 
components and multiple phases. 

The fourth block among Aspen Plus® unit operation library is called GIBBS reactor.  
The Gibbs block takes one or multiple input and one or multiple output streams, and 
also heat input and/or output streams (optional). The block can be implemented for 
calculation of phase and/or chemical equilibrium, and allows constraining the 
equilibrium value with specific heat duty and/or temperature approach in the Setup | 
Specifications form.  

If restricted equilibrium is selected by user, reactions and number of phases also can 
be specified, which species exist in each phase and, in case of multiple output 
stream, how to distribute the outlet stream in the Setup | Products and Setup | 
Assign Streams forms. Note that inert components can be specified in the Setup | 
Inerts form. 
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4.3 Methanation as catalytic reaction 

The catalysts being investigated for carbon oxide methanation are generally made up 
of Group VIII, IX, X and XI transition metals. Nickel and Ruthenium based catalysts 
produce almost exclusively methane, while less reactive metal constituents like Pd, 
Pt, Rh, Mo, Re and Au catalyst simultaneously methane, methanol and carbon 
monoxide by reverse water-gas shift reaction. Wambach et al. [234] showed that Cu 
and Ag catalyst mainly produce methanol. Nickel based catalysts are the most 
common used because of their high activity and low price, but sintering at reaction 
conditions diminishes their industrial viability [235,236]. Ruthenium has been shown 
to be the most active metal for methanation, but its high cost makes it less attractive 
for the industrial scale application [237].  

The published kinetic rate equations mostly assume rate-determining steps as they 
are expressed in table 4.1. Numerous studies for various assumptions of the rate-
determining steps and for many types of nickel catalysts are investigated. There are 
many studies regarding the kinetics of CO and CO2 methanation including water gas 
shift reaction. 

In this part, some kinetics models which are obtained from literature are used to 
model a plug flow reactor using Aspen Plus® V8.6. In the feed stream hydrogen and 
carbon dioxide (or monoxides) are reactants. Then in the methanation process, the 
CO2 hydrogenation (reaction 3) is a key reaction, accompanied by side reactions (e.g. 
water gas shift (reaction 2) and CO hydrogenation (reaction 1). Reactions 1, 2 and 3 
(table 2.4) are three primary reactions which play an essential role in a methanation 
reactor. The Xu and Froment [146–152] kinetics model equations 4.3 to 4.6 are as 
follows: 

r1 =  
k1

PH2
2.5 �PH2OPCH4 −

PH2
3 PCO
K1

� /DEN2 
4.3 

r2 =  
k2
PH2

�PH2OPCO −
PH2PCO2

K2
� /DEN2 

4.4 

r3 =  
k3

PH2
3.5 (DEN2)

�PH2O
2 PCH4 −

PH2
4 PCO2
K1K2

�,  
4.5 

DEN = 1 + KCOPCO + KH2PH2 + KCH4PCH4 + KH2OPH2O/PH2 
4.6 

Where k is rate coefficient of reaction, K is equilibrium constant of reaction, Pi is 
partial pressure of component i and ri is rate of reaction i. The equilibrium constants 
of equations 1 to 3 (table 2.4) are presented as Equations 4.7-4.9: 
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K1 = 10266.76 exp �−
26830

T
+ 30.11�  4.7 

K2 =  exp �
4400

T
− 4.063� 4.8 

K3 = K2K1   4.9 

k1 = 9.49 × 1016 exp �−
228879

T
�  4.10 

k2 = 4.39 × 104 exp �−
8074.3

T
� 4.11 

k3 = 2.29 × 1016 exp �−
29336

T
�   4.12 

The Xu and Froment [146] kinetics model was compared with other kinetic models 
which they were presented by Vanherwijnen et al. [238] and Ibraeva et al. [239] at 
the same operating condition.  
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Table 4.1: Some kinetics model of methanation process which can be found in references  

Rate equations Ref catalyst Tempera
ture 

range 
[k] 

Total 
Pressure 

range 
[atm] 

r =
k1PCO2PH2

0.5

PH2
0.5 + PCO2

 
[148,23
9] 

Ni 498-543 1 

r =
kPCO2PH2

4

�1 + K1PH2 + K2PCO2�
5 

[152] Ni 473-503 1 

r =
kPCO2PH2

1 + KH2PH2 + KCO2PCO2
 

 
r = kPH2

0.21PCO2
0.66 

[240] Nickel-
kieselguhr 

550-591 7-17 

r =
k1PCO2

1 + k2PCO2
 

[147,23
8] 

Ni 473-503 1 

rCOMethanation   

=  
k1

PH2
2.5 �PH2OPCH4 −

PH2
3 PCO
K1

� (DEN)2�  

   rWGS

=  
k2
PH2

�PH2OPCO −
PCO2PH2  

K2
� (DEN)2�  

  rCO2Methanation

=  
k3

PH2
3.5 �PH2O

2 PCH4 −
PH2
4 PCO2
K1K2

� (DEN)2�  

 
  DEN
= 1 + KCOPCO + KH2OPH2O + KCH4PCH4 + K  
 

[146,15
1,241–
243] 

Ni/MgAl2O4 300-550 3-15 

 

The result is presented in figure 4.1 which is based on the methane molar 
composition changing along the reactor length (diameter = 0,25 m). The used 
physical properties of the following compounds are provided in the Aspen Plus® 
component list: carbon dioxide, water, methane, hydrogen and carbon monoxide. For 
the thermodynamic model, the PRMHV2 is used. The PRMHV2 property method is 
based on the Peng-Robinson equation of state with modified Huron-Vidal mixing 
rules. This model can be used for non-polar mixtures and polar compounds, in 
combination with light gases in different system pressure. An isothermal RPLUG 
which is a rigorous model for plug flow is implemented. Figure 1a shows methanation 
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of CO2 performance in stoichiometric feed ratio (H2/CO2=4) and figure 1b presents 
methanation of CO performance at the same condition but different feed ratio 
(H2/CO=3). Total feed flow rate in both cases is 10 kmol h-1. It can be found that 
carbon monoxide methanation performance at the same operating condition is better 
than carbon dioxide methanation operation.  

  

(a) 

 

(b) 

Figure 4.1: Kinetic models comparison (model 1 [146], model 2 [238] and model 3 [239]), 
methane molar fraction versus reactor length, at 250 [°C] and 1 [atm] for (a) CO2 

methanation, H/C=4, and (b) CO methanation, H/C=3 
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Figure 4.1 demonstrates that different kinetics models which have been used in 
Aspen Plus® V8.6 have quit the same performance. Although, these models obtained 
at certain operating conditions which were compatible with certain system [244,245]. 

4.4 Gibbs reactor model  

The reaction equilibrium constant is related to the variation in Gibbs free energy of 
reaction:  

∆𝐺 = −𝑅𝑇 𝑙𝑛𝐾                                                                                                         4.13 

The Gibbs model provides reaction calculations without the need for detailed 
stoichiometry or yield. The method is based on minimizing the Gibbs free energy. 
Figure 4.2 demonstrates a schematic of the process which compares the Gibbs 
reactor model and the plug flow reactor model performance at the isothermal 
condition. A kinetics model is used in the plug block, derived by Xu and Forment 
[146]. 

 
Figure 4.2: A schematic of RPlug and Gibbs reactor models comparison 

Table 4.2 presents the differences between these two reactor models performances. 
This comparison can be found in stream 7 and stream 8 which are the reactor’s 
output. Both models work at the same operating conditions. Splitter divides feed flow 
in two equal streams and after the same increase in pressure (compressor) and 
temperature (pre-heater) travels to the reactor. For plug flow reactor diameter of 0,25 
m and length of 10 m are specified.  
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Table 4.2: Feed and outlet streams related to the figure 4.2 

 

 

 

 

 

 

 

 

 

4.4.1 CO methanation  

The hydrogenation of carbon monoxide is the simplest example of synthesis of 
hydrocarbon from synthesis gas. In this part of study, a complete sensitivity analysis 
of CO methanation is performed using Gibbs reactor model and at 1 bar operation 
pressure.  

 

Figure 4.3: Mole fraction of species at different temperature related to outlet streams of 
Gibbs reactor  
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Figure 4.3 demonstrates the product mole fraction at equilibrium calculation via the 
Gibbs free energy minimization method at 1 bar and temperature ranges 200-800 °C. 
The feed steam contains of hydrogen and carbon monoxide with a stoichiometric 
ratio of 3 (H2/CO=3).  

It can be seen that the product stream mostly contains CH4 and water with trace 
amount of other components by-product at a low temperature (200–300 °C). It also 
can be found that with raising temperature, the mole fraction of water and CH4 
decreases as well, whereas fraction of other reactants (CO, H2 ), and deposited CO2 
increase simultaneously. The operation temperature for CO methanation should be 
set at a low temperature to lead the best mole composition of the product, although 
for an empirical application of methanation in industry, some issues related to the 
catalyst stability and activity have to be considered. 

4.4.1.1 Effect of pressure and temperature 

Figure 4.4 illustrates the effects of pressure and temperature changes on CO 
methanation performance at stoichiometric feed ratio (H2/CO = 3). Methanation of 
carbon monoxide is a volume decreasing reaction (table 2.4, reaction 1) thus; a high 
pressure leads to a higher CO conversion (table 4.3) at the same reaction 
temperature (figure 4.4a). Another important issue about pressure changes of CO 
methanation is that in high pressure operation (30 bar) there is no changes in CO 
conversion at the temperature below 500 °C.  

Table 4.3: Definition of CO and CO2 conversion, methane yield and selectivity, where N is 
number of carbon atom, i refers to species and F is molar flow rate 

Name 
 

Definition 

CO conversion, [%] =
𝐹𝐶𝑂,𝑖𝑛 − 𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝑂,𝑖𝑛
× 100 

 
CO2 conversion, [%] 

=
𝐹𝐶𝑂2,𝑖𝑛 − 𝐹𝐶𝑂2,𝑜𝑢𝑡

𝐹𝐶𝑂2,𝑖𝑛
× 100 

 
CH4 yield, [%] =

𝐹𝐶𝐻4,𝑜𝑢𝑡

∑ 𝐹𝑖,𝑖𝑛𝑁𝑖𝑖
× 100 

 
CH4 selectivity (CO methanation system), [%] 

=
𝐹𝐶𝐻4,𝑜𝑢𝑡

𝐹𝐶𝐻4,𝑜𝑢𝑡 + 𝐹𝐶𝑂2,𝑜𝑢𝑡
× 100 

 
CH4 selectivity (CO2 methanation system), [%] 
 =

𝐹𝐶𝐻4,𝑜𝑢𝑡

𝐹𝐶𝐻4,𝑜𝑢𝑡 + 𝐹𝐶𝑂,𝑜𝑢𝑡
× 100 

 

Carbon monoxide methanation is an exothermic reaction (table 2.4, reaction 1) 
therefore, as can be seen in figure 4.4a at the constant pressure lower temperature 
leads higher conversion.  
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Figure 4.4b demonstrates CH4 selectivity as a function of temperature at different 
pressure values. The high pressure at lower temperature increases CH4 selectivity. 
Some carbon oxide is converted into other products like CO2 via carbon dioxide 
reforming reaction (table 2.4) at high temperature and low pressure. Therefore, 
methane selectivity scientifically increases by rising in pressure. 
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(c) 

Figure 4.4: Effects of different operating conditions on methanation of carbon monoxide 
performance (a) CO conversion, (b) CH4 selectivity and (c) CH4 yield 

Figure 4.4c presents the changes in methane yield as a function of temperature at 
different operation pressures. A high value of methane yield (100%) was achieved at 
low temperature (lower than 275 °C) at 1 up to 30 bar pressures.  

Generally, high pressure and low temperature will boost carbon monoxide 
methanation. However, two main factors have a great influence on operating 
conditions. First of all cost, as we know, high operation pressure and temperature in 
chemical industry are not economically recommended. Second, sufficient high active 
catalyst at the lower temperature is another issue which is an important challenge for 
developing catalysts. 
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4.4.1.2 Effect of H2/CO ratio 

H2/CO feed ratio has a big influence on the methanation performance. Base on the 
stoichiometric ratio of reaction 1 (table 2.4), H2/CO ratio is needed to be at around 3.  

In industrial application, it is very difficult to adjust feed ratio at the exact value, 
therefore, it is necessary to know the effects of this ratio on the methanation reactor 
performance.  

Figure 4.5 presents the effects of different H2/CO ratios at various temperatures and 
pressure 1 bar and 10 bar on CO conversion. For this purpose the minimum feed 
H2/CO ratio is specified in the range of 1 to the double value of stoichiometric feed 
ratio 6. 

Figure 4.5a shows that CO conversion at pressure 1 bar is not significantly varied at 
the different H2/CO ratios. At 10 bar (figure 4.5b), by comparison with 1 bar 
conversion operation seems has the same trend but in higher value.  
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(b)  

Figure 4.5: H2/CO ratio effects on CO conversion in different temperature (200-800 °C) 
values at pressure (a) 1 and (b) 10 bar 

Figure 4.6 illustrates the methane yield changes as a function of H2/CO ratios at the 
different temperature and pressures. Figure 4.6a shows methane yield at pressure 1 
bar is markedly changed at the different H2/CO ratios. It can be seen that higher 
H2/CO ratio leads much higher methane yield till stoichiometric value (H2/CO=3) in 
low temperature (200 and 400 °C). After stoichiometric value at the high temperature 
a change in feed ratio have obvious influence in methane yield.  

At 10 bar (figure 4.6b), by comparison with 1 bar operating pressure, every things 
seems the same but in higher value. It can be seen that a high H2/CO, pressure, and 
low temperature lead to relatively high methane yield.  

Figure 4.7 demonstrates the H2/CO ratio changes effects on the CH4 selectivity at 
different pressure and temperature. It is found that a higher H2/CO ratio leads to a 
higher methane selectivity value at both 1 and 10 bar. 
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(a) 

 

(b) 

Figure 4.6: H2/CO ratio effects on CH4 yield in different temperature (200-800 °C) values at 
pressure (a) 1 and (b) 10 bar 
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(a) 

 

(b) 

Figure 4.7: H2/CO ratio effects on CH4 selectivity in different temperature (200-800 °C)  
values at pressure (a) 1 and (b) 10 bar 
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4.4.2 CO2 Methanation 

Methanation of carbon dioxide is a recommended process due to decreasing CO2 in 
the atmosphere and also producing energy.  

Figure 4.8 demonstrates the product mole fraction of carbon dioxide methanation at 
equilibrium calculation via the Gibbs free energy minimization method at 1 bar.  

The feed gas contains hydrogen and CO2 with a stoichiometric ratio of 4. It is found 
that the products are mostly methane and water at low temperature (200–300 °C).  

Raising the temperature upon 500 °C leads high value in the CO fraction as by-
product, due to reversed water gas shift reaction activation (reaction 2, table 2.4) and 
at the same time, unreacted hydrogen and carbon dioxide mole fraction also 
increase, along with a decrease in methane and water mole fraction as the main 
products.  

Generally, increasing temperature because of exothermic nature of CO2 methanation 
is not desirable. Figure 4.8 shows, at the temperature about 550 °C, the CO2 mole 
fraction gets level the maximum value and after that decreases because of the 
reversed water gas shift reaction activation.  

 
Figure 4.8: Mole fraction of species as a function of temperature in outlet streams of Gibbs 

reactor for the CO2 methanation process 
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In the carbon dioxide methanator a set of reactions take place, in the beginning water 
gas shift reaction (WGS), and then rapidly methanation of carbon monoxide are the 
main side reactions after CO2 methanation as the main desirable reaction.  

4.4.2.1 Effects of pressure and temperature 

Figure 4.9 illustrates the effect of pressure and temperature changing on carbon 
dioxide conversion. It was found that the CO2 conversion reduces with raising 
temperature and reducing of operation pressure. 

Similarly to carbon monoxide, carbon dioxide methanation process is decreasing 
volume and exothermic. At 1 bar pressure, conversion of carbon dioxide increases 
after 550 °C. It would be the main difference between CO and CO2 methanation. And 
it is because of activation of water gas shift reaction (reaction 2, table 2.4) at 550 °C. 
However, it can be seen that in the higher pressure values, the water gas shift 
reaction has a slight effect on the CO2 conversion. 
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(b) 

 

(c) 

Figure 4.9: Effects of different operating conditions on the methanation of carbon dioxide (a) 
CO conversion, (b) CH4 selectivity and (c) CH4 yield 
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Figure 4.9c presents the effects of operating condition changing on CH4 selectivity. It 
is found that the general trend with variations in the pressure and temperature is quit 
the same by comparison to CO methanation.  

Another result which can be obtained by comparison of figure 4.4 and 4.9 is that CO2 
hydrogenation in more difficult than CO at the same operating condition.  

Figure 4.9b presents CH4 variation as a function of temperature and pressure in CO2 
methanation application. It can be found that low temperature and high pressure 
enhance CO2 methanation performance. Moreover, by comparison with CO 
methanation (figure 4.4) it can be observed that both applications have the similar 
performance to temperature and pressure changes.  

It can be found that in order to reach a high CH4 yield value at 1 bar pressure, the 
operating temperature should not exceed 300 °C.  

4.4.2.2 Effect of H2/CO2 ratio 

A part from temperature and pressure, feed ratio has undeniable effects on the 
methanation performance. Base on the stoichiometric ratio of reaction 3 (table 2.4), 
H2/CO2 is required to be at around 4. However, in industrial applications it is very 
difficult to adjust feed ratio at the exact value; therefore, as it was discussed in the 
last section it is important to know the effects of this ratio changes on the CO2 
methanator performance.  

Figures 4.10-4.12 illustrate the effects of changing in feed ratio on methanation 
system. Conversion of carbon dioxide (figure 4.10), methane yield (figure 4.11) and 
methane selectivity (figure 4.12) present that  

CO2 hydrogenation performance is highly affected by feed ratio. 

It can be found that the high H2/CO2 ratio generally leads to high CO2 conversion and 
CH4 selectivity at different operating condition which are chosen for this part. For 
instance, when feed ratio is specified as 2, the conversion of carbon dioxide is just 
35-55%. 

These results are based on temperatures 200 to 800 °C and pressures 1 and 10 bar 
as operating conditions.  
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(a) 

 

(b) 

Figure 4.10: H2/CO2 ratio effects on CO2 conversion in different temperature (200-800 °C) 
values at pressure (a) 1 and (b) 10 bar 
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(a) 

 
(b) 

Figure 4.11: H2/CO2 ratio effects on CH4 yield value in different temperature (200-800 °C) 
values at pressure (a) 1 and (b) 10 bar 
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(a) 

 

 

(b) 

Figure 4.12: H2/CO2 ratio effects on CH4 selectivity value in different temperature (200-800 
°C) values at pressure (a) 1 and (b) 10 bar 
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Figure 4.11 illustrates the changing of methane yield in different H2/CO2 ratio. It can 
be seen that methane yield rises up when feed ratio is higher than stoichiometric ratio 
value. For example, at 400 °C CH4 yield is 40% at 1 bar and 45% at 10 bar when 
feed ratio is equal to 2. Furthermore, methane yield increases significantly in higher 
H2/CO2 ratio at the same operating conditions. 

Figure 4.12 shows methane selectivity value variation at different operating 
conditions and feed ratio. It can be seen that methane selectivity in high temperature 
is affected by H2/CO2 ratio.  

To summarize, high pressure, low temperature, and suitable H2/CO2 ratio value for 
optimized CO2 methanation is needed. 

4.4.3 COx Methanation  

Since carbon oxides with both CO and CO2 sometimes are available in syngas, 
simultaneous methanation of carbon oxides (COx) would be often faced in industrial 
scale applications. 

4.4.3.1 Effects of temperature and pressure  

A sensitivity analysis based on different operating conditions was executed. Figure 
4.13 illustrates the effects of pressure and temperature changing on the methanation 
performance. It can be seen that in Figure 4.13, a high pressure leads to a higher 
methane yield at the same reaction temperature. This study is based on Temperature 
range of 200 up to 600 °C and pressure 1 up to 20 bar. Gibbs reactor model was 
used for this analysis with certain value as feed ratio (H/C=CO2/CO=4) 

Carbon oxide methanation is a volume reducing reaction; a high pressure (20 bar) 
does not have significant influence on carbon oxide conversion.  

At the constant operation pressure, a lower temperature results in higher methane 
yields and also carbon oxide conversion because of the exothermic reactions of the 
COX methanation. However, it is required sufficient high active catalysts at the lower 
temperature, which is the challenge for producing catalysts.  
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Figure 4.13: COx conversion at different temperatures and pressures changing range 

4.4.3.2 Effects of H2/COX ratio  

Since syngas has a variable ratio of H2/COX, according to the stoichiometric ratio 
(reaction 3, table 2.4), it is required to be at around 4, which is normally controlled 
through a water-gas shift reaction (reaction 2, table 2.4). However, according to the 
carbon monoxide methanation (reaction 1, table 2.4) the stoichiometric ratio is 
around 3. As it was mentioned before, it is very hard to define this value at the exact 
number in the methanator in the industrial scale application.  

Figure 4.14 is presented to show effects of the feed composition in the methanation 
process. A higher H2/COX ratio generally leads to more carbon oxide conversion. It is 
found that the carbon oxide conversion is remarkably affected by the H2/COX ratio.  
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Figure 4.14: COx conversions in different feed composition as function of pressure and 
temperature values 

It can be seen that the lowest conversion of COx reaches when low feed ratio is 
chosen (H2/COX=1). By increasing feed ratio methanation performance enhances 
respectively. 

It can be found that as much as carbon monoxide contains in the feed, the 
performance of hydrogenation increases. For that study (figure 4.15) at the same 
H2/COx ratio (=4) and fixed pressure (10 bar), different CO2/CO ratio values were 
considered.    
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Figure 4.15: Effects of CO/CO2 ratio at different temperatures and at pressure 10 bar, A=0, 
B=0,25 and C=1 
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4.5 Validation 

4.5.1 Case 1  

For a comparison with the thermodynamic calculations, the carbon oxide 
methanation was carried out on commercial Ni-based catalysts (Ni/MgAl2O4) 
obtained from Khorasan petrochemical complex report [242]. A methanator with 4,8 
m length and 2,68 m inside diameter in an Ammonia unit is considered. Table 4.4 
shows the main characteristic of the methanator. 

Table 4.4: The main characteristic of a methanator in Amonia unit in khorasan petrochemical 
complex [242] 

 

 

 

 

 

 

 

 

 
 

Table 4.4 demonstrates the comparison of the thermodynamic calculations with the 
industrial results for methanation at 316 °C and 28,8 bar. It can be seen that the 
simulation results have a good agreement with the experiments. 

 Table 4.5: Comparison of methanator outlet stream of industrial data [242] with calculation 
result 

 

 

 

 

 

 

 

 

 

Methanator characteristic 

Length of methanator [m]  4,8  

Inside diameter of methanator 
[m]  

2,68 

Shape  Spherical  

Diameter [m]  0,00494-0,00476  

Porosity   0,625  

Bulk density, [kg m-3]  1014  

Catalyst length [m]  0,0010583  

Case 1 
 Input Output 
Component Industrial 

[kmol h-1] 
Industrial [kmol 
h-1] 

Simulation [kmol 
h-1] 

CO2 20,5 0 Trace 
CO 3,4 0 Trace 
H2 4186,7 4111,5 4111,6 
CH4 26,1 50,1 50,0 
H2O 58,0 85,3 85,30 
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4.5.2 Case 2 & 3 

For further verification of the simulation result two different cases were chosen from 
the literatures.  

Table 4.6- 4.7 demonstrate the calculated results together with the empirical data 
reported. The feed gas in these cases contains H2, CO, CO2, CH4, H2O, and N2 (or 
Ar) with a certain composition which can be found in IN column.  

Case 2 [246] is chosen from reactor 1 of the ADAM I system, which was proposed in 
March 1979, in which methanation reactions including water gas shift reaction are 
considered. It can be seen that in outlet stream calculated value of compositions 
have a good agreement with ADAM pilot data at the certain operating conditions.  

Table 4.6: Comparison of methanator outlet stream of industrial data with calculated result 
related to case 2 

Case 2 
 IN OUT [EXP] OUT [CAL] 
Temperature [°C] 300 604 604 
Pressure [atm] 27,2 27,1 27,1 
Mole frac    
CO 0,0428 0,0117 0,0111 
CO2 0,0613 0,0446 0,0437 
H2 0,3688 0,2096 0,2031 
H2O 0,1919 0,2982 0,3029 
CH4 0,2812 0,3744 0,3785 
N2 0,054 0,0615 0,0607 

Case 3 comes from another methanation application which was performed in 
England [247]. It is clearly found that the product mole fraction calculated surprisingly 
approach closely to reported values, for example, the outlet CH4 fraction as the main 
desirable product is 41.96% for experiment and for 42.02% calculated. 

Table 4.7: Comparison of methanator outlet stream of industrial data with calculated result 
related to case 3 

Case 3 
 IN OUT [EXP] OUT [CAL] 
Temperature [°C] 398 729 729 
Pressure [atm] 30 30 30 
Mole frac    
CO 0,1861 0,084 0,0795 
CO2 0,1474 0,233 0,2369 
H2 0,2564 0,206 0,2033 
H2O 0,4023 0,4196 0,4204 
CH4 0,0004 0,0494 0,0517 
N2 0,0072 0,0079 0,0079 

86 
 



4.6 Summary 

To conclude, a detailed CO2 and CO Methanation base on built–in reactor models in 
Aspen Plus® V8.6 was investigated. These models are based on thermodynamic 
equilibrium analysis of the methanation reactions (using minimization of the Gibbs 
free energy method) or kinetics base reactor models of carbon oxides (CO and/or 
CO2).  

First, a plug flow reactor was used to investigate different CO and CO2 methanation 
process at the stoichiometric feed ratio and the same operating conditions. It was 
found that CO methane hydrogenation process led to high methane mole fraction at 
the product stream. Moreover, performances of two built-in models which perform 
calculation of a reactor by different methods at the same conditions were compared. 

The result showed (table 4.2) that if every parameter is defined appropriate, the 
results of plug flow reactor and Gibbs reactor are the same. After that, a sensitivity 
analysis which was involved the influence of temperature (200-800 °C), pressure (1– 
30 bar) and feed ratio on the methanator system were completely investigated. The 
result showed that a high CH4 yield can be obtained from CO methanation at low 
temperatures, high pressures, and high H2/CO. by comparison to CO2 it is relatively 
difficult to be hydrogenated at the same operating condition. However, the 
performance of CO2 methanation is highly affected by temperature and pressure like 
CO system. 

In addition, mixture of CO and CO2 was considered to be as feed stream. The result 
showed that as much as carbon monoxide existed in the feed methanation 
performance enhanced significantly. 

At the end, for validation of the simulation a comparison of experimental data in the 
three case studies with the calculations indicated that the calculated results were 
significantly effective for analysis of the methanation application.  
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Chapter 5 

Methane Purification 
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5.1 Introduction 

Nowadays, syngas production from renewable energy resources and particularly by 
methanation application has taken great interest due using surplus energy which can 
be converted to a truthful chemical product as an energy saving system.  

Methanation application was completely discussed in Chapter 4. It shows that (table 
5.1) product stream contains about 50% water, 33% methane as the main product 
15% carbon dioxide and 2% the rest (CO and H2).  

Purification allows a wider variety of utilization of syngas, either for heat and 
electricity, or as vehicle fuels. For use as a fuel, purification to eliminate of carbon 
dioxide (CO2) and water is needed, because water affects on mechanical 
components within engine generator equipments and vehicle engines. Moreover, 
CO2 should be removed in order to enhance heat quality of methane and less 
pollution in the atmosphere. 

This gas mixture is not feasible to directly be used in distributing grids, in which the 
methane purity is essential for obtaining the highest power density. Thus, after 
methanation reactor, purification of methane is needed to make usable for grid 
connection. The goal of the purification section is that achievement of methane 
concentration around 98% and carbon dioxide less than 2%. 

Table 5.1: Methanation process product stream component’s composition 

Subtract Symbol Percentage [%] 

Water H2O 45-55 

Methane CH4 27-35 

Carbon dioxide CO2 5-15 

Hydrogen H2 1-5 

Carbon monoxide CO 0-1 

Table 5.1 presents probable subtract concentration in methanation product 
application base on different operating conditions. It was shown that at the best 
operating condition most of the reactants (H2 and COx) convert to the products, (CH4 
and water). However, as it can be seen in table 5.1, CO2 still is available in product 
stream at the CO2 methanation process.  
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5.2 Flash separation (water removal)  

One of the common methods of water removal from a gas mixture is flash separation. 
This application can be more useful when gas components have completely different 
thermodynamic properties with water. Through this method, gravity is implemented in 
a vertical cylinder to lead the liquid phase to settle at the bottom of that, where it is 
withdrawn (see figure 2.3).  

The feed to a vapor–liquid separator either be a liquid or gas that is being flashed 
into a vapor and liquid as it enters the separator. Then, the vapor phase passes 
through the gas outlet valve in top of the flash column excluding liquid droplet.   

 

(a)             (b) 

Figure 5.1: Mole fraction of component (a) CH4 and (b) H2O in vapor phase, 50 bar pressure 
and various temperature values 

Figure 5.1 presents effects of temperature changes on water removal performance of 
methanation product stream using a flash separator column at 50 bar pressure. It can 
be found that lower temperature leads to less water mole fraction in vapor phase 
which is more desirable. Moreover, mole fraction of methane as the main product 
rises up when flash column operates in low temperature.  

Figure 5.2 illustrates pressure changes influences on purification performance in 4 °C 
temperature.    

It can be seen that at the constant temperature upper operating pressure leads to 
lower water mole fraction and higher methane mole fraction in vapor stream which is 
what exactly is needed in this process.  
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(a) 

 

(b) 

Figure 5.2: Mole fraction of component (a) CH4 and (b) H2O in vapor phase, 4 °C 
temperature and various pressure values 
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5.3 Membrane gas separation  

After water removal process which is primary purification and based on differences in 
liquefying point temperature methane composition enhanced up to 80 %( see table 
5.2). 

Table 5.2: Component’s fraction percentage after water removal 

Subtract  Symbol Percentage [%] 

Water H2O 0-1 

Methane CH4 75-85 

Carbon dioxide CO2 5-15 

Hydrogen H2 1-5 

Carbon monoxide CO 0-2 

Membrane gas separation technology overspread within the last three decades. 
However, the study of gas separation has a very long background in chemical 
engineering [248]. Easy plant operation, low environmental impacts, low maintenance 
cost and light weight, are the most important advantages of the membrane gas 
separation process [249,250]. 

A complete overview of industrial membrane system can be found in [251]. 
Membrane process is utilized in environmental applications like organic vapor 
removal from polluted air and the methane recovery from landfill gas [252] natural 
gas processing, biogas purification, enhanced oil recovery and flue gas treatment 
[253].   

There are numerous mathematical models and calculation methods for 
multicomponent gas separation systems available so far in the literature. There are 
various models which are widely accepted as the most practical representation of 
multicomponent gas separation in hollow fiber membranes [254,255].    

This study is based on a mathematical model and a numerical solving technique for a 
asymmetric hollow fiber membrane gas module for separation of multicomponent 
mixtures and its implementation in a commercial simulator (Aspen Plus® V8.6).  
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5.3.1 Mathematical Modeling 

Pan [254] presented a mathematical model for asymmetric hollow-fiber membranes. 
The driving force for permeation was assumed to be dependent on the local 
permeates compositions rather than bulk permeates compositions. It was claimed 
that the present technique is applicable for different flow and module configurations 
(i.e. co- and counter-current flow, and bore and shell side feed). The concentration of 
the local permeates stream leaving the membrane surface, yi is generally different 
from that of the bulk permeate stream.  

For the asymmetric membrane, however, gas separation performance is virtually 
independent of the flow pattern. Because the porous supporting layer prevents the 
mixing of local permeate fluxes, giving rise to a cross-flow pattern with respect to the 
membrane skin, irrespective of the flow direction of the bulk permeate stream outside 
the porous layer [256].  

The solution of the pan model equations was obtained by iterative method. The 
assumptions in the mathematical model are as follows:  

• Back-diffusion effect from bulk permeate to local permeate is negligible 

• Steady state condition and isothermal operation  

• Deformation of the hollow fiber under operation pressure is negligible 

• Pressure changes in the module sides are negligible 

• Permeability of membrane is independent of pressure and concentration 

 

Figure 5.3: A schematic of gas permeation through a hollow fiber membrane module  
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Figure 5.3 schematically shows a co-current membrane module. The permeation of a 
multicomponent gas mixture through a hollow fiber module can be described by the 
following equations [256]: 

𝑑(𝑢𝑥𝑖)
𝑑𝑧

= −𝜋𝐷𝑁𝐽𝑖(𝑃𝑥𝑖 − 𝑝𝑦𝑖)                                                                                     5.1 

𝑑(𝑢𝑥𝑖)
𝑑𝑢

= 𝑦𝑖                                                                                                                    5.2 

Taking the sum of the Equation 5.1 for each component yields: 

 𝑑𝑢
𝑑𝑧

= −𝜋𝐷𝑁∑ 𝐽𝑖(𝑃𝑥𝑖 − 𝑝𝑦𝑖)𝑛
𝑖=1                                                                                     5.3 

After considering of the product rule in the left hand side, equation 5.1 will be 
rearranged as following: 

𝑑𝑥𝑖
𝑑𝑧

= − 1
𝑢

(𝑥𝑖 𝑑𝑢 𝑑𝑧⁄ + 𝜇𝐷𝑁𝐽𝑖(𝑃𝑥𝑖 − 𝑝𝑦𝑖))                                                                    5.4  

Where u is feed side flow rate (mol s-1), xi is feed side concentration of component i, z 
is hollow fiber length (m), D is diameter of hollow fiber (m), N, Number of fibers in the 
module, P, feed side pressure (Pa), p, permeate side pressure, Ji, permeance of 
component i (mol/m2 sPa) and yi, permeate concentration of component i. 

Equations (5.1-5.4) are key equations which are applicable to bore and shell side 
feed configuration for both flow patterns (co-current and counter-current) [254].  

The feed flow is defined to be in the direction of positive value of Z. It can be 
assumed that: 

𝛾 = 𝑝/𝑃 5.5 

After some rearrangement of equations 5.1 and 5.2: 

𝑑𝑢
𝑑𝑧

= 1/𝜆[𝜋𝐷𝑁𝑃(1 − 𝛾] 
5.6 

Where,  

𝜆 = �
𝑦𝑖
𝑗𝑖

𝑛

𝑖=1

 
5.7 
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Figure 5.4: The numerical system procedure 

Rearrangement of equations 5.1, 5.2 and 5.6 lead to equation 5.8 which is related to 
local permeate concentration: 

𝑦𝑖 =
𝑗𝑖𝑥𝑖𝑌

1 − 𝛾 + 𝛾𝑗𝑖𝑌
 5.8 

Enter the initial values, p, P, xfi. uf, 
D, L, N 

Calculate local permeate eq 5.6 
concentration (yi) then satisfy 

∑𝑦𝑖 = 1 

Calculation of u and xi by solving 
differential equations 5.3 and 5.4 at 

z=0  

Calculate bulk permeate 
concentration (𝑦�) eq 5.9 

Continue integration by using 
update values for u, yi and xi up to 

z=L 

Calculate residual feed flow rate 
and permeate flow rate and stage 

cut 
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Calculation of bulk permeates concentration needs material balance and species 
balance: 

𝑢𝑓 = 𝑢 + 𝑣 5.9 

𝑢𝑓 × 𝑥𝑓𝑖 = 𝑢 × 𝑥𝑖 + 𝑣 × 𝑦𝚤�  5.10 

𝑦𝚤� =
𝑢𝑓𝑥𝑓𝑖 − 𝑢𝑥𝑖
𝑢𝑓 − 𝑢

 5.11 

5.3.2 Integration of a user model in Aspen Plus  

There are different simulators related to chemical engineering systems. Using those 
packages has various benefits for better realization of the processes. 

The steady state modeling of a gas membrane separator can be utilized; 

• To investigate the effect of different operating conditions on the process 
performance  

• To optimize the process in order to determine the best values of the process 
operating conditions 

• To scale up from pilot plant to industrial units  

• To investigate other processes as alternative for the system 

There are many built-in unit operation models available in Aspen Plus component 
library, although there is no model related to gas permeation process. Thus, a user 
model has to be developed for gas upgrading application.  

There are some methods provided by Aspen Plus® V8.6 to create a user model or 
user property which is based on process demands as following; 

• Excel 

• COM (Component Object Models) based on CAPE-OPEN 

• Aspen Custom Modeler (ACM)  

• FORTRAN  

FORTRAN user model is chosen for present study. The main reason is that more 
compatibility of this tool with Aspen Plus® V8.6. Note that all the Aspen Plus® V8.6 
built-in models are based on FORTRAN codes. Moreover, FORTRAN is very well-
known, light (low calculation time) and has user friendly programming tool. 
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5.4 FORTRAN user model 

FORTRAN user model might contain one or more subroutines. FORTRAN 
environment can be implemented for different purposes in Aspen Plus; 

• Unit operation model  

• Physical property models 

• For sizing and cost 

• Special streams 

• As calculation box to perform different purposes, such as pressure drop, rate 
of reaction and heat transfer rate 

The model equations can be numerically solved using initial value problem despite 
the boundary value nature of the problem for both co-current and counter-current flow 
configurations. Aspen Plus® V8.6 provides utilities for convenient reading and writing 
access to name user-defined variables within the Intel FORTRAN XE 2011 user 
model routine.  

For solving non-linear (equation 5.6) a numerical trial and minimization error with 
initial value was considered. Then the upwind first order method was used for 
calculation of differential equations related to flow and concentration (equations 5.3, 
5.4). Figure 5.4 shows the solving algorithm related to described mathematical 
modeling. In this numerical method, using FORTRAN solving library (IMSL) is 
avoided and all solving subroutines are existed inside executable part of code. 

FORTRAN user models can call available Aspen Plus® V8.6 routines to perform flash 
and physical property calculations. Aspen Plus® V8.6 dynamically loads and 
executes FORTRAN user models during the run but before beginning a simulation, 
refers FORTRAN user models. The detailed options and procedures can be found in 
Aspen Plus user manual [257], however short form of the process is listed as 
following: 

• Write the user models  

• Compile the user models using the aspcomp procedure  

• Link the user models into a FORTRAN shared library using the asplink 
procedure (optional)  

• Supply the object files or shared library to the Aspen Plus® V8.6 system  

• Solving subroutines are existed inside executable part of code 

The user defined unit operation model has one inlet and two outlet streams. The 
parameters related to feed condition such as temperature, pressure, composition and 
total flow are specified in the flowsheet and they are transferred to the source code 
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automatically. This user block operates like other built-in models in Aspen Plus® V8.6 
library. User can easily drag and drop it on the flowsheet and by double click on it the 
model specification box appears. Then, block parameters such as number of fibers, 
active length, permeate pressure, permeance of species and diameter can be 
defined. 

Table 5.3: Main Characteristics of the hollow fiber module obtained from empirical cases 

5.4.1 Model validation 

To confirm the FORTRAN user model incorporation into Aspen Plus® V8.6 which is 
created to simulate hollow fiber membrane gas separator, different empirical cases 
are chosen in this part. Table 5.3 shows these cases main characteristic in different 
operating conditions and components.  

 

 

 

 

 

 

 

Module parameter  2 component 
case [258] 

3 component 
case [259] 

4 components case 
[254] 

Membrane type composite hollow 
fiber 

cellulose triacetate 
hollow fiber 

cellulose acetate 
hollow fiber 

Flow pattern co-current co-current co and counter-
current 

Inner diameter [μm] 389 63 80 
Outer diameter [μm] 735 156 200 

Fiber No 6 270 20 
Length [cm] 15 26 15 
Feed molar 
composition 

xCO2 = 0,6 
xCH4 = 0,4 

xCO2 = 0,5 
xN2 = 0,395 
xO2 = 0,105 

xCH4 = 0,1957 
xN2 = 0,2469 
xH2 = 0,5178 
xAr = 0,0396 

Feed pressure [bar] 7,4, 2 15,7 69,64 
Temperature [K] 298 303 298 

Permeate pressure 
[bar] 

1,013 1,013 11,23 

Permeance [10-10 
mol/s m2 Pa] 

CH4: 8,81 
CO2: 31,6 

 

CO2: 204,2 
N2: 13,1 
O2: 60,2 

CH4: 2,84 
N2: 2,95 
H2: 284 
Ar: 7,7 
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5.4.1.1Two components 

For validation of two components system, an empirical case was chosen from 
literature [258] which was a hollow fiber composite membranes manufactured by 
SNIA.  

  

(a) (b) 

 

(c)  

Figure 5.5: Experimental values [258] and calculated curves in different pressure (P-p: a=1 
bar, b=3 and c=6 bar) of CO2 content in the permeate stream (y) as a function of stage cut 

(ratio of permeate flow rate to feed flow rate) at 25 °C 
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The main characteristics of the membranes are indicated in table 5.3. The fibers were 
assembled in a stainless steel cylindrical module of 15 cm active length. The 
pressurized gas was fed at one end of the shell side of the module and discharged 
from the other end. The permeate stream flowed either co-currently or counter-
currently through the fiber’s lumen. The separation unit performances were measured 
for the CH4/CO2 system [259]. 

Figure 5.5 shows simulation result at the different operating pressure values. Three 
curves present CO2 mol fraction changes in permeate side as function of stage cut 
values. Comparison of calculation with experiments shows that they have a good 
agreement at the different driving force ranges. 

5.4.1.2 Three components  

Permeation behavior CO2, O2 and N2 and separation characteristics of carbon 
dioxide-air mixtures were investigated by Sada et al. [259]. For this purpose, an 
asymmetric hollow fiber module of cellulose triacetate was produced by Toyobo Co. 
Ltd., Japan. The module specification can be seen in table 5.3.  

 

Figure 5.6: Comparison between calculated CO2 mole fraction in the permeate stream and 
stage cut with empirical values reported by seda et al. [259] model for CO2-Air mixture 

Figure 5.6 demonstrates calculated values of carbon dioxide concentration versus 
stage cut. It is found that, empirical and predicted data reported by seda et.al [259] 
have good agreement with our simulation result. 
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5.4.1.3 Four components 

The present model has been used to compare with the original empirical and 
mathematical model reported by Pan [254]. In Pan’s experiment, a reverse-osmosis, 
asymmetric, cellulose acetate hollow-fiber membrane was implemented. A gas 
mixture of methane, hydrogen, nitrogen and argon separation experiments was 
performed in a Lab-scale set up to verify the mathematical model. The main 
characteristics of the module can be seen in table 5.3. 

Figure 5.7 shows hydrogen concentration and other components (figure 5.8) 
concentration in the permeate stream versus stage cut values. Over the large range 
for stage cut, simulation results have a good agreement with empirical data [254] 
(reported by Pan, 1989). However after 0,55 stage cut value, differences between 
predicted values and empirical values raises. It might be because of one of primary 
assumptions related to back diffusion effects on porous supporting layer of the 
membrane. 

 

Figure 5.7: Comparison of model predicted values for H2 concentration in permeate side at 
different stage cut values with experimental and calculated data reported by Pan [254] 
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Figure 5.8: Comparison of model predicted values for N2, Ar and CH4 concentrations in 
permeate side at different of stage cut values with experimental and calculated reported by 

Pan [254] 
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5.5 Design Strategy  

The design of process is one of the important assessment parts in chemical systems. 
Design of a gas permeation process contains an appropriate operating condition and 
modules arrangement. 

A single stage arrangement without any recycle stream is a common and the 
simplest design of a gas permeation separator for purification of methane after water 
removal step (figure 5.9). Although industrial scale systems usually involve sets of 
single stage separator in parallel, in many cases multi stage arrangements including 
a recycle flow were utilized [179,260].  

 

Figure 5.9: Schematic of a single stage permeator 

The design of multi stage application usually contains two or three modules which are 
connected in different schemes in order to increase the main product purity in lower 
loss values. There are many cases in the literatures which are based on CO2 removal 
from natural gas in various flow pattern, applications and designs [261–265]. 

For calculation of a module some parameters such as inner and outer diameters, 
active length, permeance of species, actual pressure values in both sides are 
needed.  

Table 5.4 presents recommended characteristics for a typical module which can be 
implemented in a gas upgrading system. Using Aspen Plus® as a commercial and 
user friendly tool helps user to define all operating condition parameters in the 
flowsheet. In our case permeance of components are chosen from our pilot plant 
system fact sheet. However, in further researches these data can be specified base 
on system demands and desirable product condition and feed composition. 

 

 
103 

 



Table 5.4: The module characteristics for gas upgrading system 

Module 

Membrane type asymmetric hollow fiber membrane 

Flow pattern co-current flow 

Inner diameter [µm] 300 

Outer diameter [µm] 500 

Active length [m] 0,5 

Permeance [10-10 mol/s 
m2Pa] 

CO2: 311,4 

CO: 12,8 

H2: 971,0 

CH4: 12,4 

H2O: 3348,2 

Sets of parameters related to the module specification, have high influence on 
system behavior. Thus, if one parameter changes some other parameters might be 
changed as well. That is the main reason of membrane sensitivity analysis. For 
instance, effects of number of fiber on methane and CO2 mole fraction can be found 
in figure 5.10. 

 

Figure 5.10: Number of fibers effects on methane and CO2 mole fraction in product stream 
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Figure 5.11: Schematics of design configuration of two stag permeator system with (b,c) or 
without recycle stream (a) 
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Four process designs were chosen for the simulation to evaluate the performance of 
methane purification processes for the power-to-gas system using membrane. A part 
from single stage permeator, design of multi stage system is very vital when 
separation strategy is not chosen yet. 

Figure 5.11 shows three different arrangements of two stage permeators. In the first 
one (figure 5.11 a) there is no recycle flow which is the simplest configuration in order 
to enrich the main component in retentate flow. It can be seen that in figure 5.11 b 
and c a recycle flow is used to reduce valuable product losses in the permeate 
stream.   

All the process layouts presented in figure 5.11 has been implemented in Aspen Plus 
to calculate post processing of methanation process in a power-to-gas system. This 
part of study focuses on purity of methane as the main product and low carbon 
dioxide concentration in outlet stream and low methane losses.  

All process face table can be seen in appendix B for those three different designs. As 
summary, the first design (without recycle) leads to good methane fraction in outlet 
stream at the same time it has the highest methane losses rate between other 
designs. The second design has a lower methane fraction in outlet and the worst 
overall performance by comparison with other configurations.   

The survey on different schematics shows that the two stages separation system has 
the highest loss for valuable product. Moreover, the first permeate stream contains 
high amount of CO2 which can be injected in fresh feed for methanation process. In 
addition, permeate stream of the second module can implemented as recycle stream 
before the first permeator.   

Table 5.5: Comparison between different two stage permeators designs (figure 5.11) 

Design 
configuration 

CH4 fraction [%]  CH4 loss [%] CO2 mole fraction [%] 

a 98  8,5 0,1 

b 96 7,05 0,13 

c 97,8 7,1 0,14 
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5.6 Complete flowsheet 

An integration of gas upgrading system after methanation process is carried out in a 
complete flowsheet. This system involves different models and specifications which 
have to be considered. 

5.6.1 Specifying property methods  

PENG_ROB method has been implemented as the base property method which can 
be chosen in Properties section of Aspen Plus® V8.6. This property method is 
comparable to the RK-SOAVE property method. It is highly recommended for gas-
processing, refinery and petrochemical systems.  

In addition, the PENG-ROB property method can be utilized for non-polar or mildly 
polar mixtures. Examples are hydrocarbons and light gases, such as carbon dioxide, 
hydrogen sulfide and hydrogen.  

This property method is particularly appropriate for the high pressure and high 
temperature operating conditions. For instance, hydrocarbon processing applications 
or supercritical extractions are famous systems in those operating conditions regime. 

5.6.2 Specifying streams  

Only one input stream has to be specified i.e., fresh feed stream, FFEED (figure 
5.12). Feed flow rate and the compositions number can be specified via this stream 
specification box. For this study, base on our pilot methanation complex 14 m3 h-1 for 
H2 was defined in a stoichiometric relation with CO2. Component list contains only 
CO2, CO, H2, CH4 and H2O which can be found in Properties ribbon, Components, 
Specification. 

5.6.3 Specifying blocks  

The flowsheet (figure 5.12) consist of the following blocks: Pre-heater, a pre heater is 
used to increase temperature of feed flow up to operating set point conditions. It was 
implemented using an isentropic single stage compressor unit operation model, 
COMPR to raise flow pressure up to 10 bar.  

COMPR model can be specified as a compressor or turbine. For the turbine, only the 
isentropic type is allowed. While, for the compressor, the following types are 
available: 

• A polytropic centrifugal compressor 

• A polytropic positive displacement compressor 

• An isentropic compressor 

Compressors are used in different part of system, for methanation 10 bar pressure is 
needed, for flash separation and for providing driving force in permeators is also 50 
bar pressure are demanded. For this purpose an isentropic type of compressor is 
defined. 
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Heat exchanger for the process plays vital role in the flowsheet. Before reactor in 
order to prepare reactant a pre heart application is needed. However, after 
methanation process, product stream temperature has to be reduced to 4 °C for 
water removal. HEATER block performs these types of single phase or multiphase 
calculations: 

• Bubble or dew point calculations 
• Add or remove any amount of user specified heat duty 
• Match degrees of superheating or sub-cooling 
• Determine heating or cooling duty required to achieve a certain vapor fraction 

Heater produces one outlet stream, with optional water stream. The heat duty 
specification may be provided by a heat stream from another block. 

HEATER can be used in different purposes as following: 

• Heaters or coolers (one side of a heat exchanger) 
• Valves when you know the pressure drop 
• Pumps and compressors whenever you do not need work related results 

If user enters one specification (temperature or pressure) on the Specifications 
sheet, HEATER uses the sum of the inlet heat streams as duty specifications. 
Otherwise, Heater uses the inlet heat stream only to calculate the net heat duty.  

The RGIBBS reactor model is chosen for methanation process. As it was mentioned 
in chapter 4, this model verified very well for CO2 and CO hydrogenation application.  

As default, RGIBBS distributes all solution species among all solution phases. In the 
Setup specification, Products sheet can be defined to assign different sets of 
species to each solution phase. Furthermore, different thermodynamic property 
methods to each phase can be selected. 

This model needs the molecular formula for each component that is present in both 
feed and product stream. RGIBBS retrieves this information from the component 
databanks (if available). For non-databank components, the Components | 
Molecular Structure | Formula sheet can be used to enter: 

• Atom (the atom type) 
• Number of occurrences (the number of atoms of each type) 

250 °C temperature and 10 bar pressure are the main operating condition for this 
model which calculates at the phase and chemical equilibrium point. Through this 
study, both vapor and liquid phases are considered. In addition, it is assumed that 
the model considers all components as products. 
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MIXER is another important block which is used in the flowsheet (figure 5.12). Mixer 
combines material streams (or heat streams or work streams) into one outlet stream.  

In addition, an outlet pressure or pressure drop for material streams can be defined 
using the MIXER block. The mixer model performs an adiabatic phase equilibrium 
flash calculation on the composite feed streams in order to specify the outlet stream 
temperature and phase condition. 

After methanation process water removal is very important. FLASH2 is provided in 
Aspen Plus library to perform rigorous 2 (vapor liquid) or 3 (vapor liquid liquid) phase 
equilibrium calculations. As outlet stream, one vapor outlet stream, one liquid outlet 
stream, and optional water decant stream are produced by FLASH2. 

This model can be used to model flash separations, evaporators, knock out drums, 
and any other single stage separators especially vapor-liquid deputation with different 
evaporation point. This separation will be performed by suddenly changes in 
operating conditions (mostly pressure and temperature). In our study water must be 
removed from the natural gas stream. Thus, high pressure and low temperature is 
needed to liquefy big amount of water which is involved in product stream (60 %). 
Flash separation performs in pressure of 50 bar and temperature 4 °C and then 
waste water stream can be found from bottom and the enriched vapor product from 
the top. 

 

Figure 5.12: A schematics of methanation process and purification of natural gas using 
Aspen Plus® V8.6 flowsheet 

USER model which can be found in CUSTOMIZE ribbon Manage Library is the last 
block for purification. As mentioned before through this chapter two stage module 
purification including recycle stream from the first block to methanation process and 
from the second block to the first module were chosen which can be seen in figure 
5.12.   
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Table 5.6 is related to the result streams of the flowsheet (figure 5.12). 

Table 5.6 a: Streams specification related to figure 5.12 
Stream No 5 6 7 13 22 23 

To (block) B14  B7 B1 B12 B13 

From (block) B2 B3 B3 B7 B11 B12 

 VAPOR LIQUID VAPOR VAPOR VAPOR VAPOR 

Mole flow   
[kmol h-1]       

            

  CO2                      3,51E-03 2,88E-03 6,28E-04 7,86E-04 8,05E-01 8,05E-01 

  CO                       1,00E-06 1,92E-07 8,11E-07 8,39E-07 3,27E-08 3,27E-08 

  H2                       4,17E-02 5,06E-04 4,12E-02 5,16E-02 3,25E+00 3,25E+00 

  CH4                      8,21E-01 3,20E-01 5,01E-01 5,18E-01 1,95E-02 1,95E-02 

  H2O                      1,60E+00 1,60E+00 7,35E-05 9,70E-05 2,76E-05 2,76E-05 

Mole Frac                              

  CO2                      0,00141963 0,00149409 0,00115568 0,00137844 0,197684 0,197684 

  CO                       4,0618E-07 9,956E-08 1,4932E-06 1,4706E-06 8,0396E-09 8,0396E-09 

  H2                       0,016882 0,00026273 0,0757987 0,0905651 0,7975284 0,7975284 

  CH4                      0,3324852 0,1659383 0,9229088 0,9078848 0,00478085 0,00478085 

  H2O                      0,6492128 0,8323048 0,00013525 0,0001701 6,7847E-06 6,7847E-06 

Total flow  
[kmol h-1]        

2,46935 1,926049 0,5433006 0,5702819 4,072455 4,072455 

Total flow  [kg 
h-1]          

42,29071 34,1346 8,156108 8,446627 42,29071 42,29071 

Total flow  [l 
min-1]          

179,01 0,70 4,17 4,88 2936,93 2952,29 

Temperature 
[°C]              

250,00 4,00 4,00 35,62 247,28 250,00 

Pressure    
[bar]            

10,00 50,00 50,00 50,00 1,00 1,00 

Vapor Frac                 1,00 0,00 1,00 1,00 1,00 1,00 

Liquid Frac                0,00 1,00 0,00 0,00 0,00 0,00 

Solid Frac                 0,00 0,00 0,00 0,00 0,00 0,00 

Enthalpy   [cal 
mol-1]        

-41577,99 -60249,26 -16717,73 -16209,31 -16982,13 -16960,97 

Entropy     [cal 
(mol K)-1]      

-11,51 -37,75 -25,56 -24,30 5,32 5,36 

Density     [mol 
cc-1]         

0,00 0,05 0,00 0,00 0,00 0,00 
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Table 5.6 b: Streams specification related to figure 5.12 
Stream No 24 28 FFEED PER2 PER1 RET2 RETE 

To (block) B2 B7 B11 B16 B11   B10 

From (block) B13 B16   B10 B1 B10 B1 

 VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR VAPOR 

Mole flow   
[kmol h-1]       

              

  CO2                      8,05E-01 1,58E-04 0,804664 1,58E-04 3,95E-04 2,33E-04 3,91E-04 

  CO                       3,27E-08 2,74E-08 0 2,74E-08 3,27E-08 7,78E-07 8,06E-07 

  H2                       3,25E+00 0,010466 3,218656 0,010466 0,029243 0,011939 0,022405 

  CH4                      1,95E-02 0,016333 0 0,016333 0,01947 0,481947 0,498281 

  H2O                      2,76E-05 2,35E-05 0 2,35E-05 2,76E-05 4,59E-05 6,94E-05 

Mole Frac                                

  CO2                      0,197684 0,005864 0,2 0,005864 0,00804 0,000471 0,00075 

  CO                       8,04E-09 1,02E-06 0 1,02E-06 6,66E-07 1,58E-06 1,55E-06 

  H2                       0,797528 0,387901 0,8 0,387901 0,595147 0,02416 0,042992 

  CH4                      0,004781 0,605362 0 0,605362 0,396249 0,975275 0,956123 

  H2O                      6,78E-06 0,000872 0 0,000872 0,000562 9,28E-05 0,000133 

Total flow  
[kmol h-1]        

4,072455 0,026981 4,02332 0,026981 0,049135 0,494166 0,521147 

Total flow  
[kg h-1]          

42,29071 0,290518 41,90152 0,290518 0,389185 7,766924 8,057443 

Total flow  [l 
min-1]          

566,88 0,62 291,67 11,54 21,02 4,23 4,46 

Temperature 
[°C]              

831,83 561,59 250,00 35,62 35,62 35,62 35,62 

Pressure    
[bar]            

11,00 50,00 10,00 1,00 1,00 50,00 50,00 

Vapor Frac                 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

Liquid Frac                0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Solid Frac                 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Enthalpy   
[cal mol-1]        

-12220,10 -5971,61 -
17094,75 

-11292,22 -7760,62 -17317,83 -17005,87 

Entropy     
[cal (mol K)-

1]      

6,66 -8,02 0,83 -9,95 -5,91 -25,98 -25,48 

Density     
[mol cc-1]         

0,00 0,00 0,00 0,00 0,00 0,00 0,00 
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5.7 Summary 

Purification of methane after methanation process is the main aim of this chapter. 
The goal was enrichment of natural gas which makes it usable for gas grid 
distribution. Low carbon dioxide and carbon monoxide fraction and the highest value 
for methane and water removal process were discussed in this chapter.  

First of all, a flash separation which is based on the physical property difference of 
components was chosen in order to remove water from product stream. After this 
part, demand of CO2 removal, the necessity of using a membrane gas separation 
showed up.  

There was no built-in model related to gas permeation application in Aspen Plus 
V8.6®. Thus, a new FORTRAN user model has been developed for multi-component 
gas permeation asymmetric hollow fiber membrane system. The mathematical model 
which has been incorporated with the Aspen Plus® V8.6 was used. The presented 
solution technique has been applied to simulate and compare the simulation and 
experimental data for 2, 3 and 4 components system. The module design and 
operating parameters were given in table 5.3. Figures 5.5-5.8 show calculated values 
at various stage cut values have a good agreement with empirical data.  

This model worked like other built-in models in Aspen Plus® V8.6 library and can be 
used for design, optimization and sensitivity analysis of single gas permeation and 
multi stage systems as well.  

Using the created model was another part of this study. This module can be utilized 
in multi stage separator system in a complete flowsheet, before that, three various 
module designs were chosen and compared to have clear view for multi stage 
purification with or without recycle steam. The result of different design and 
arrangements showed that the two stages separation system without recycle has the 
highest loss for valuable product. In addition, the first permeate stream contained 
high amount of CO2 which can be injected in fresh feed for methanation process. 
Whereas, the second module permeate stream can be implemented as a recycle 
stream before the first permeator because of the high fraction of CH4.  

Then a complete flowsheet including methanation of carbon dioxide and purification 
of product was designed (figure 5.12). The result can be found in table 5.6 which was 
contained a summary from all streams.   
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6.1 Introduction 

Power-to-gas system is a reasonable solution involving required functions such as 
dynamic operation, power storage or demand response. It is very interesting method 
because of its potential to provide flexibility in energy management and facing 
fluctuation nature of many energy sources  

As it was mentioned before, power-to-gas system involves hydrogen production via 
water electrolysis and utilization it into the CO2 hydrogenation infrastructure. The first 
aim of this study was dividing process to separated application which are 
incorporation but with different responsibilities and sub purposes.  

Power-to-gas application combines intermittent nature of electricity from renewable 
energy sources with the seasonal demand of gas which can be stored in the special 
equipments in order to utilize them in cold season or transported to other gas market 
regions.  

This chapter is based on an overall conclusion about the whole process in addition of 
some system cost analysis. Moreover, some outlook related to each part of study will 
be presented in order to recommend some suggestions for further development.  

6.2 Power to methane cost analysis 

Cost analysis of a power plant which contains several separate parts is very 
important section in process evaluation. One of a key financial risk for investments in 
a power-to-gas plant is power and gas price. This risk can be minimized while power-
to-gas links with renewable energy generator at the same frame. Moreover, storage 
options give flexibility to utilize intermediate or final product base on system and 
consumption demands. Note that H2 is intermediate product which requires quit large 
storage volumes that raises investment costs. In the contrary, CH4 requires around 5 
times less storage volume than hydrogen for the same amount of chemical energy.  
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6.2.1 Solar energy 

Although Germany has still the largest cumulative installed capacity of solar energy 
(38 GW), China and Japan have grown installation rate of photovoltaic power 
generator installation especially since 2013. Most of the developed countries have 
raised their PV capacity rate in recent years that this strategy leads to reducing the 
solar energy’s price gradually [266].  
Figure 6.1 illustrates average monthly solar PV module prices by technology and 
manufacturing country from 2009 until 2014 in Germany, china and Japan.  

PV module price reduced during recent four years but with different ranges. In 2011, 
the reductions of 39% to 49% were occurred. In 2012, module price declines slowed 
down, to between 15% and 29%, after that, in 2013 price reduction were between 
12% and 18% [266]. 

In recent years, higher-cost module producer in Europe and Japan reduced sharply 
in PV module costs than China as one of the low-cost module manufacturer in the 
world (figure 6.1). Moreover, international market for solar PV modules was grown 
significantly.  

There is a significant change in module price in different countries which is due to 
different local conditions such as taxes. 

 
Figure 6.1: Average monthly solar PV module prices by technology and manufacturing 

country sold in Europe, 2009 to 2014 [266] 
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6.2.2 Water electrolysis 

Water electrolysis application is a primary operating unit in the power to methane 
system. Figure 6.2 presents the differences between water electrolysis equipment 
price till 2014 [267]. It can be seen that alkaline system has significantly lower price 
than others. Up to now, PEM water electrolyzer price is around two times higher than 
alkaline electrolysis system [268–271]. 

Although, for alkaline water electrolysis system 5000 € h m-3 is needed which is equal 
with 1000 €/kW. However this value is highly affected by system size and operating 
pressure [272].  

PEM technology is proceeding toward reduction of price in the immediate future. 
Siemens company anticipates PEM water electrolysis price to decrease to 1000 € 
kW-1 until 2018 [272,273].  

 

Figure 6.2: Comparison of the current selling prices of alkaline, PEM, and SOEC 
systems of different companies [272] 

It can be found in figure 6.2 that the highest price of hydrogen production from water 
is for SOEC equipment. However, this cost will decrease down to 1000 € kW-1 until 
2030 [268]. 
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6.2.3 Methanation 

Chemical methanation is well documented system which can be found available 
commercially. As mentioned before through this process, the reaction takes place by 
utilization of a catalyst.  

Nickel is usually chosen as the methanation catalyst because of the low cost rather 
than other metals. The methanation reaction takes place at various operating 
temperature ranges: low temperature in the range of 200–550 °C and high 
temperature between 550–750 °C. The carrier metal is often a metal oxide such as 
alumina oxide, because of its high specific surface [274]. The energy efficiency of the 
methanation process is usually in the value of 70% up to 85%. 

Generally, the different characteristics of methanation system present wide ranges of 
parameters values which it is caused by complexity of the technology.   
In addition, the lifetime of a catalyst is strongly affected by operating conditions. Load 
catalyst value is fixed by feed ratio. 

 
Figure 6.3: The costs analysis of methanation reported by Zwart et al. [275], Grond L. et al. 

[276] 

Figure 6.3 shows methanation estimated price base on the capital and operation 
cost. These costs are based on cases with a capacity of lower than 10 MWh. This 
must be noted that the total investment costs seems to be quite high, which is related 
to a fact that small scale (lower than 20 MWCH4) units are currently not being offered 
off the shelf [276].  

Through this survey, it is assumed that the annual operation and maintenance costs 
to be 10% of the total fixed capital costs per year. 
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6.3 Conclusion 

There is a main reason that leads researchers to investigate power-to-gas systems in 
recent years. The problem of limits of large-scale electricity storage technologies 
which are currently in use is one of the important reasons. However, hydropower 
energy saving technology has more than 90% usage in the world but other pioneer 
method such as power-to-gas storage method is increasing. Thus, there is a great 
interest in developing new storage technologies with attractive prices and operating 
characteristics.  

A power to methane system converts surplus generated electricity during periods of 
the high production and low demand via water electrolysis technology. Hydrogen and 
oxygen will be produced through previous section can be used in industrial 
application such as methanation application.  
A complete power to methane system simulation was investigated using different 
methods and simulation tools. First, hydrogen was produced using solar energy 
system as electricity supplier with alkaline and PEM electrolyzer applications. After 
that, a methanation reactor was modeled using plug flow and Gibbs reactor in Aspen 
Plus® V8.6 simulator. Eventually, a set of purification methods including flash 
separation and gas permeation system were used in order to purify syngas for 
injection to the grid base on standard conditions. 

In this part, a short summary of each part is expressed as following; 

6.3.1 Hydrogen production 

The hydrogen production was based on a seasonal energy storage system has been 
described mathematically to show possibilities according to the given Vienna weather 
data. In chapter 3, a transient model of a photovoltaic hydrogen system has been 
implemented in the mathematical simulation environment to predict its operational 
behaviors through numerical simulation. 

TRNSYS was used as a simulator to present the differences in hydrogen generation 
rate and power during a whole typical year. The result graphically showed that 
electrolyzer’s temperature changing in different working time. Obviously from March 
to the end of October, there is high solar radiation and it would be enough for the 
electrolyzer to work by PV power supplier directly and without any auxiliary power 
supplement. 

Alkaline water electrolysis model was used as one of the built-in models which was 
available in the TRNSYS components library. The performance of electrolyzer under 
different operating conditions and the contributions of overvoltage were investigated 
over a typical year base on Vienna weather information. 

There was no built-in model for PEM electrolyzer in TRNSYS library. Thus, a typical 
PEM was modeled in MATLAB calculation software which was based on a particular 
template that made it readable for TRNSYS. For this purpose, some empirical 
parameters were needed which obtained from the literature. 
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The model was further used to study the effects of changing power input which it was 
the result of the solar radiation changes itself on PEM water electrolyzer 
performance. After that, temperature changing in different season at the typical day 
of August and February according to regional weather information (Vienna, Austria) 
was presented. Obviously electrolyzer works at high temperature in summer. It was 
consequence of the high generated heat in August which was related to operation 
power consumed by electrolyzer, in addition of higher ambient temperature.  

6.3.2 Methanation process 

Methanation is one of the main parts in a power to methane system. In this study, 
different simulation methods of methanation system were investigated. There are 
various built-in reactor models in Aspen Plus® V8.6 which are mostly based on 
kinetics or equilibrium calculations. 

First, a detailed CO2 and CO hydrogenation using kinetics base reactor models were 
used. The results showed that CO methanation leads to more CH4 mole fraction in 
outlet stream as the main product. It is because of lower reaction heat of CO 
hydrogenation and CO molecule specification itself. The simulation was based on 
stoichiometric feed ratio for both models at the same operating pressure and 
temperature. 

After that in the same flowsheet, plug flow reactor model performance was compared 
with Gibbs reactor model. Plug flow reactor is based on kinetics model and Gibbs is 
based on minimizing of Gibbs free energy. The result indicated that they perform 
quite the same operation if reactants have enough time in the reactor to participate in 
reactions comprehensively. 

Gibbs reactor model is very useful when either number of reactions in the reactor is 
too much or reaction kinetics is not available.  

After that, sets of sensitivity analysis were carried out. The results showed that a high 
CH4 yield can be obtained from CO methanation at low temperatures, high 
pressures, and high H2/CO. by comparison to CO2 is relatively difficult to be 
hydrogenated at the same reaction condition. However, the performance of CO2 
methanation is highly affected by temperature and pressure like CO system. 

Eventually, some industrial cases were selected from the literature to validate the 
simulation results. Three methanators from Iran, England and Germany which 
performed COx hydrogenation at different operating conditions and feed composition 
were chosen. It was represented that calculation values have a good agreement with 
empirical cases. 
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6.3.3 Purification 

Purification of methane after methanation process was the main aim of chapter 5. 
The goal was enrichment of natural gas which makes it usable for gas grid 
distribution. Low carbon dioxide and carbon monoxide fraction and the highest value 
for methane and water removal process were important purpose of purification of 
syngas which were investigated in chapter 5. First of all, a flash separation which was 
based on the physical property difference of components was chosen in order to 
remove water from product stream. Then a membrane gas separation process was 
chosen to enhance CH4 content in product stream. 

There was no built-in model related to gas permeation application in Aspen Plus 
V8.6®. Thus, a new FORTRAN user model has been developed for multi-component 
gas permeation asymmetric hollow fiber membrane system. The mathematical model 
which has been incorporated with the Aspen Plus® V8.6 was used. The presented 
solution technique has been applied to simulate and compare the simulation and 
experimental data for different systems. The result showed that the model 
performance has good agreement with empirical cases and other simulation studies 
which were obtained from the literature. 

This model worked like other built-in models in Aspen Plus® V8.6 library and can be 
used for design, optimization and sensitivity analysis of a single gas permeation or 
multi stage systems as well. 

Using the created model was another part of this study. This module can be utilized 
in multi stage separation system in a complete flowsheet, before that, three module 
arrangements were chosen and compared to show clear view for multi stage 
purification with or without recycle steam.  

Eventually, implementation of two permeators was performed in a connection with 
methanation section in a complete flowsheet in Aspen Plus.  
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6.4 Outlook and suggestions 

This study was based on specific simulation and modeling of the power-to-gas 
system. Various simulators were used in order to visualize a typical power to 
methane system. Undoubtedly, still there are many methods and tools which can be 
used for further developments. However, here some suggestions and outlook offered 
by author can be found as following; 

Hydrogen production, There are different tasks which can be performed for the 
development of hydrogen production simulation. In general, in this study TRNSYS 
was used for the prediction of PEM and alkaline electrolyzer performance. One of the 
most important issues is the lake of TRNSYS which related to property data absence 
in this simulator. Thus, it is not possible that user takes component fractions and 
diffusions ratio in account. 

In PEM water electrolysis system modeling an empirical investigation is needed to 
obtain experimental parameters such as anode and cathode exchange current 
density reference values. Those parameters can be derived using polarization curve 
fitting method for single stack of PEM electrolyzer. 

In this study, power supply sensitivity analysis and optimization was not considered. 
A typical 4 parameters photovoltaic array was used as default to be in connection 
with electrolyzer unit whereas there are many options in the extended TRNSYS 
library which can be compared with in further studies. 

Methanation process, as mentioned before in chapter 4, Aspen Plus® V8.6 was 
used for calculation of methanation reactor. This simulator is well known tool among 
chemical engineers community. Through this research different built-in reactor 
models performances were compared. Moreover, sets of sensitivity analysis were 
performed to investigate effects of different operating conditions on system 
performance. For further development, a transient simulation can be achieved using 
Aspen dynamics. For this purpose, a kinetic model which is obtained at the best 
operating condition is needed to import it in Aspen Plus in steady state simulation. 
Then, it should be converted into Aspen dynamics using specific format. By that 
implementation, the effects of space velocity changing on system performance can 
be investigated. 

In this study was assumed that reactor works at gas phase only. However, in reality 
Carbon solid is produced when lots of reactions take place in the methanation 
reactor. For further study solid-gas phase which is more compatible with the reality 
can be considered. By this method, carbon solid effects on catalyst deactivation can 
be examined. 

Purification, purification of product stream which is connected with methanation 
reactor was performed in Aspen Plus® V8.6. Thus, for water removal the best 
reasonable option was flash separation. But for more enrichment of methane in 
syngas other separation application was demanded. In this study hollow fiber 
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membrane was used to enhance methane mole fraction up to 98% vol. but as 
mentioned before in chapter 2, there are many options for gas upgrading system 
such as adsorption which base on budget and system demands can be chosen. 

Hollow fiber membrane is chosen for methane purification in the Aspen Plus® V8.6. 
As it was mentioned before, there is no built-in model as prepared component for gas 
separation in Aspen Plus library. Thus, a unit operation user model had to be created 
to calculate hollow fiber gas membrane application. There were many methods and 
mathematical algorithm for this purpose; however a particular method was selected 
by author. Therefore, different methods and models can be considered in the future. 

For the development of user model, permeability of membrane dependence on 
temperature and pressure can be considered in the future. Moreover, determination 
of flow pattern effects on separation factors is recommended.  
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Appendix A 

M-file structure for TRNSYS  

PARAMETERS  

• Parameter 1 is a Mode reserved for future use.  
• The number of inputs and outputs are set by Parameters 2 and 3  
• Parameter 4 (Calling Mode) describes the iterative behavior of this component. The 
values 0 and 10 are defined:  
 0: Standard Iterative component (called at each call of each time step). In this 
case Type 155 sets INFO(9) to 1 (See Volume 08, Programmer's guide)  
 10: Non-iterative component called at the end of each time step, after 
integrators and printers - This is suitable for a controller that calculates its outputs for 
one time step based on the converged ("measured") values of previous time step. In 
this case Type 155 sets INFO(9) to 2 (See Volume 08, Programmer's guide).  
 

MATLAB M-FILE  

The path and filename of your MATLAB file are provided in a LABEL statement. Type 
155 will understand the following kind of pathnames (Note that MATLAB m-files 
cannot have spaces or special characters in their names):  

 Relative to the deck (default if no path is specified)  
E.g. "My_M_File.m"  

Absolute (if the path starts with "\" or if the second character is ":")  
E.g. "C:\Program Files\Examples\Data Files\Type155_CallingMATLAB.m"  

Relative to the TRNSYS root directory (if the path starts with ".\")  
E.g. ".\Examples\Data Files\Type155_CallingMATLAB.m", which is equivalent to 
the second example here above if TRNSYS is installed in "C:\Program 
Files\Trnsys17"  

The same m-file will be called at each call to MATLAB. Hence, the m-file must handle 
the different TRNSYS calls, very nuch like what a TRNSYS Type is doing (Note that 
very simple components will not have to perform any special operation).  

An example is provided here below and in .\Examples\Data Files\Calling MATLAB. 
There is also a more complex example in .\Examples\Calling MATLAB.  

A few points are worth noting:  

• The m-file called by Type 155 is a MATLAB "batch file", not a function (variables are 
created by TRNSYS in the main workspace).  
• MATLAB does not only receive the inputs in trnInputs but also other information 
about the simulation:  
 trnInfo (a copy of the INFO array)  
 trnTime (simulation time)  
 trnStartTime (simulation start time)  
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 trnStopTime (simulation stop time)  
 trnTimeStep (simulation time step)  
 mFileErrorCode (see here below)  
 
• MATLAB must return outputs in trnOutputs. In order to prevent memory access 
violations in case the m-file fails, TRNSYS creates the output array (trnOutputs) with 
the correct size before running the m-file. As long as you do not reduce the size or 
delete the output array in your m-file, all errors will result in nice error handling and 
not a memory access violation.  
• Another mechanism is implemented to prevent TRNSYS from continuing a 
simulation in case the m-file fails:  
 Before running the m-file, TRNSYS creates a variable called mFileErrorCode 
which is initialized to 1  
 If the value of that variable is not zero when MATLAB returns, the simulation 
will stop and TRNSYS will display en error message with the value of 
mFileErrorCode. This can be used by the m-file to give a hint about what happened if 
the value of mFileErrorCode is incremented at different places in the m-file. In the 
example here below, if the m-file returns an error code of 200, something happened 
during a post-convergence call.  
Each time a new version of MATLAB is released, the TRNSYS developers need to 
recompile and relink the Type155.dll file against the latest MATLAB libraries. If you 
have MATLAB installed and the Calling MATLAB example does not run, it may be 
that you have a version of Type155.dll that does not correspond to your version of 
MATLAB. DLLs compatible with various versions of MATLAB are located in 
.\SourceCode\DLLs\ 
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Mfile: 
% ---------------------------------------------------------------------------------------------------------------------- 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Michael Harasek,Seyedmehdi Sharifian% 
% Chemical Eng Institute              % 
% Vienna Universuty of Technology     % 
% Dec 2013   
% last modify Feb 2014                 % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% ----------------------------  
% 
% trnTime (1x1)        : simulation time  
% trnInfo (15x1)       : TRNSYS info array 
% trnInputs (nIx1)     : TRNSYS inputs  
% trnStartTime (1x1)   : TRNSYS Simulation Start time 
% trnStopTime (1x1)    : TRNSYS Simulation Stop time 
% trnTimeStep (1x1)    : TRNSYS Simulation time step 
% mFileErrorCode (1x1) : Error code for this m-file. It is set to 1 by TRNSYS and the m-file should set it to 0 at 
the 
% end to indicate that the call was successful. Any non-zero value will stop the simulation 
% trnOutputs (nOx1)    : TRNSYS outputs   
% 
%  
% Notes:  
% ------ 
%  
% You can use the values of trnInfo(7), trnInfo(8) and trnInfo(13) to identify the call (e.g. first iteration, etc.) 
% Real-time controllers (callingMode = 10) will only be called once per time step with trnInfo(13) = 1 (after 
convergence) 
%  
% The number of inputs is given by trnInfo(3) 
% The number of expected outputs is given by trnInfo(6) 
% WARNING: if multiple units of Type 155 are used, the variables passed from/to TRNSYS will be sized 
according to   
%          the maximum required by all units. You should cope with that by only using the part of the arrays that is  
%          really used by the current m-File. Example: use "nI = trnInfo(3); myInputs = trnInputs(1:nI);"  
%                                                      rather than "MyInputs = trnInputs;"  
%          Please also note that all m-files share the same workspace in MATLAB (they are "scripts", not 
"functions") so 
%          variables like trnInfo, trnTime, etc. will be overwritten at each call.  
% 
% ------------------------------------------------------------------------- 
% --------------------------------------------- 
% 
 
% TRNSYS sets mFileErrorCode = 1 at the beginning of the M-File for error detection 
% This file increments mFileErrorCode at different places. If an error occurs in the m-file the last succesful step 
will 
% be indicated by mFileErrorCode, which is displayed in the TRNSYS error message 
% At the very end, the m-file sets mFileErrorCode to 0 to indicate that everything was OK 
 
mFileErrorCode = 100    % Beginning of the m-file  
 
% --- Operation parameters---------------------------------------------------------------------------------------- 
% ------------------------------------------------------------------------- 
 
% Intercept efficiency [-] 
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eta0 = 0.8; 
% Negative First order loss coefficient [kJ/h-m^2-K] 
eta1 = 15; 
% Specific heat [kJ/kg-K] 
Cp = 4.19; 
ic0 = 0.001; 
ia0 = 0.000000000001; 
alphaA = 0.5; 
alphaC = 0.5; 
L = 25; 
tick = 0.0178; 
A = 100; 
R = 8.314; 
F = 96485.309; 
Pan = 100000; 
Pca = 1000000; 
EtaF = 0.99; 
N = 1;%Cell Number 
vh = 12.1;%%specific valume 
vo = .764;%%M^3/kg 
Ti=25; 
cpo0=29;%J/kmol 
cph0=29;%J/kmol 
cpw0=75;%J/kmol 
tref=25;%C 
dhhf0=0; 
dhof0=0; 
dhwf0=-286000;% J/mol 
X1=7;%Parameter for heat exchanger w/h 
X2=0.02;%Parameter for heat exchanger w/h A 
Rt=0.167;%thermal resistance k/w 
Tau=29;thermal%time constant 
 
mFileErrorCode = 110    % After setting parameters 
 
 
% --- Process Inputs --------------------------------------------------------------------------------------------------- 
% ---------------------------------------------------------------------------------------------------------------------- 
 
I = trnInputs(1); 
mdot = trnInputs(2); 
Tamb = trnInputs(3); 
Gt   = trnInputs(4); 
 
mFileErrorCode = 120    % After processing inputs 
 
 
% --- First call of the simulation: initial time step (no iterations) -------------------------------------------------- 
% ---------------------------------------------------------------------------------------------------------------------- 
% (note that MATLAB is initialized before this at the info(7) = -1 call, but the m-file is not called) 
 
if ( (trnInfo(7) == 0) & (trnTime-trnStartTime < 1e-6) )   
     
    % This is the first call (Counter will be incremented later for this very first call) 
    nCall = 0; 
 
    % This is the first time step 
    nStep = 1; 
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    % Initialize history of the variables for plotting at the end of the simulation 
    nTimeSteps = (trnStopTime-trnStartTime)/trnTimeStep + 1; 
    history.Tamb    = zeros(nTimeSteps,1); 
    history.Gt      = zeros(nTimeSteps,1); 
    history.To      = zeros(nTimeSteps,1); 
    history.Quseful = zeros(nTimeSteps,1); 
 
    % No return, we will calculate the solar collector performance during this call 
    mFileErrorCode = 130    % After initialization 
     
end 
 
 
% --- Very last call of the simulation (after the user clicks "OK"): Do nothing ---------------------------------------- 
% ---------------------------------------------------------------------------------------------------------------------- 
 
if ( trnInfo(8) == -1 ) 
 
    mFileErrorCode = 1000; 
     
    % Draw a plot of efficiency versus (To-Ta)/Gt 
    isOk = find(history.Gt > 10); 
    plot( (history.To(isOk)-history.Tamb(isOk))./history.Gt(isOk) , history.Quseful(isOk)/A./history.Gt(isOk) , 'r.' ); 
    title('Collector Efficiency'); 
    ylabel('Efficiency [-]'); 
    xlabel('(To-Tamb)/Gt  [°C.m².h/kJ]'); 
         
    mFileErrorCode = 0; % Tell TRNSYS that we reached the end of the m-file without errors 
    return 
 
end 
 
 
% --- Post convergence calls: store values ----------------------------------------------------------------------------- 
% ---------------------------------------------------------------------------------------------------------------------- 
 
if (trnInfo(13) == 1) 
     
    mFileErrorCode = 140;   % Beginning of a post-convergence call  
     
    history.Tamb(nStep)    = Tamb; 
    history.Gt(nStep)      = Gt; 
    history.To(nStep)      = To; 
    history.Quseful(nStep) = Quseful; 
     
    mFileErrorCode = 0; % Tell TRNSYS that we reached the end of the m-file without errors 
    return  % Do not update outputs at this call 
 
end 
 
 
% --- All iterative calls ---------------------------------------------------------------------------------------------- 
% ---------------------------------------------------------------------------------------------------------------------- 
 
% --- If this is a first call in the time step, increment counter --- 
 
if ( trnInfo(7) == 0 ) 
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    nStep = nStep+1; 
end 
 
% --- Get TRNSYS Inputs --- 
I = trnInputs(1); 
mdot = trnInputs(2); 
Tamb = trnInputs(3); 
Gt   = trnInputs(4); 
 
mFileErrorCode = 150;   % After reading inputs  
 
% --- Calculate solar collector performance --- 
i = I/A; 
t = ((0.168*I)+12.3); 
Tem = t+273.13; 
s = (0.005139*L)* exp(1268*((1/303)-(1/Tem))); 
Eohm = i*(0.0178/0.075); 
ua = i/(2*ia0); 
uc = i/(2*ic0); 
To = (eta0*Gt+mdot*Cp/A*Ti+eta1*Tamb) / (mdot*Cp/A+eta1); 
Quseful = mdot*Cp*(To-Ti); 
Eac1 = ((R*Tem)/(2*0.5*F))*(log(ua+((1+ua^2)^0.5))); 
Eac2 = ((R*Tem)/(2*0.5*F))*(log(uc+((1+uc^2)^0.5))); 
Eact = Eac1+Eac2; 
Erev0 = 1.5241-1.2261*0.001*Tem+1.1858*0.00001*Tem*ln(Tem)+5.6692*0.0000001*Tem*Tem; 
Pw = 47.34*1000; %% saturated vapor at given temrature 
Ph = Pan-Pw; 
Po = Pca-Pw; 
Enernst = 1.229-(0.9*0.001*(Tem-298))+((2.3*R*Tem)/(4*F))*log10((Ph^2)*Po); 
Etotal = Enernst+Eact+Eohm; 
P = Etotal*i; %%power density 
Ere = Etotal*A;%%Voltage back to the convertor       
O2 = N*I*EtaF/(4*F); 
H2 = N*I*EtaF/(2*F); 
Fvh = (vh/2)*H2*3600;%%M^3/s 
Fvo = (vo)*O2*3600;%%M^3/s 
%%%%%%%%%%%%%%%%%Energy Balance%%%%%%%%%% 
dho2=cpo0*(t-tref)+dhof0; 
dhh2=cph0*(t-tref)+dhhf0; 
dhw=cpw0*(t-tref)+dhwf0; 
dht=(dho2*0.5)+dhh2-dhw; 
 
sh2=cph0*log((Tem/(tref+273.13)))-R*log((pel/(pref*100000)))+shf0; 
so2=cpo0*log((Tem/(tref+273.13)))-R*log((pel/(pref*100000)))+sof0; 
sw=cpw0*log((Tem/(tref+273.13)))+swf0; 
ds=sh2+0.5*so2-sw; 
dG=dht-Tem*ds; 
Utn=dG/(2*F); 
 
 
dgas=100000/(R*(273.15));  
Fvh=H2/(dgas*3600);%%Nm^3/hr 
Fvo=O2/(dgas*3600);%%Nm^3/hr 
 
% --- Set outputs --- 
 
trnOutputs(1) = To; 
trnOutputs(2) = mdot; 

144 
 



trnOutputs(3) = Quseful; 
trnOutputs(4) = i; 
trnOutputs(5) = Fvo; 
trnOutputs(6) = Ere; 
trnOutputs(7) = Etotal; 
mFileErrorCode = 0; % Tell TRNSYS that we reached the end of the m-file without errors 
return 
 

 

 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

145 
 



Appendix B 
User and User2 FORTRAN Subroutine Arguments Description  
 

 

  

The unit operation models User and User2 allow user to interface their own unit 
operation model with Aspen Plus by supplying a subroutine and entering its name in 
the Model or Report field on the User or User2 Input Specifications sheet. The only 
differences in the argument lists for User and U ser2 are:  

• User can have up to four inlet and four outlet material streams, one 
information inlet stream, and one information outlet stream.  
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• User2 has no limit on the number of inlet or outlet streams.  
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FORTRAN Code for Hollow Fiber Membrane Module (2 components) 

C 
C     User Unit Operation Model (or Report) Subroutine for USER2 
C 
      SUBROUTINE me2c (NMATI,  MSIN,    NINFI,   SINFI,  NMATO, 
     2                   SOUT,   NINFO,  SINFO,   IDSMI,  IDSII, 
     3                   IDSMO,  IDSIO,  NTOT,    NSUBS,  IDXSUB, 
     4                   ITYPE,  NINT,   INT,     NREAL,  REAL, 
     5                   IDS,    NPO,    NBOPST,  NIWORK, IWORK, 
     6                   NWORK,  WORK,   NSIZE,   SIZE,   INTSIZ, 
     7                   LD   ) 
 
      IMPLICIT NONE 
#include "ppexec_user.cmn" 
#include "dms_plex.cmn" 
      Real*8 B(1) 
      Equivalence (B(1),IB(1)) 
#include "dms_ncomp.cmn" 
 
C  Include files pass additional variables via COMMONs. 
C  Ppexec_user.cmn passes USER_NHSTRY. (1) Dms_plex.cmn passes 
C  arrays containing component data such as molecular weight. (2) 
C  Dms_ncomp.cmn passes NCOMP_NCC. (3) 
 
C ------------------- Declare arguments ------------------------------------- 
 
      INTEGER NMATI, NINFI, NMATO, NINFO, NTOT, 
     +        NSUBS, NINT,  NPO,   NIWORK,NWORK, 
     +        NSIZE, NREAL 
 
      INTEGER IDSMI(2,NMATI),      IDSII(2,NINFI), 
     +        IDSMO(2,NMATO),      IDSIO(2,NINFO), 
     +        IDXSUB(NSUBS),ITYPE(NSUBS), INT(NINT), 
     +        IDS(2,3),     NBOPST(6,NPO), 
     +        IWORK(NIWORK), INTSIZ(NSIZE), LD 
 
      REAL*8 MSIN(NTOT,NMATI),     SINFI(NINFI), 
     +       SOUT(NTOT,NMATO),    SINFO(NINFO), 
     +       WORK(NWORK),  SIZE(NSIZE),REAL(NREAL) 
 
C --------------- Declare Local Variables --------------------------------- 
 
      INTEGER OFFSET, IERR, LDATA, KDIAG, IDX(10), NCP, I, J, INDEX, 
     +        LMW, N, IPERM, IRET,IFAIL, k, NU, h, o, NN 
 
      REAL*8  DI, L, DIFF, G(11), PP,J1, J2, la, y0, P(1001), 
     +        Dz, RHO, MU, FIN, CIN, PIN, UAVE, RE, SC,X(10), 
     +        CP, CR, KM, JM, FP, PRET, XMW, xf(1001,2), FLOW, u(1001), 
     +        y(1001,2),f, uf,  yn, fl, R, v(1001),nin, 
     +        m2, m1, eps,DU,g1,g2,g3,g4,m3,m4,LEN,J3,J4,yb(1001,2) 
 
C ----------------- Declare Functions -------------------------------------- 
 
      INTEGER USRUTL_GET_REAL_PARAM, ! These functions allow access to real 
     +        USRUTL_GET_INT_PARAM, ! and integer parameters using named 
     +        USRUTL_SET_REAL_PARAM ! references, and to write results data 
 
      INTEGER DMS_IFCMNC !Determines offset to universal constant data. (5) 
      REAL*8  DLOG !Standard Fortran function. 
C ----------------- Begin Executable Code ---------------------------------- 
C ----------------- Get configured REAL variables from Aspen Plus. --------- 
      IFAIL = 0 

148 
 



      INDEX = 0 !Used for passing a structure. (6) 
       IERR = USRUTL_GET_REAL_PARAM('L', INDEX, L) !Put Configured 
! Variable called "L" in local variable DI. (7) 
      IF (IERR .NE. 0) THEN !Write to History file if error. (8) 
         WRITE(USER_NHSTRY,*) ' ERROR FETCHING Lenght' 
         IFAIL = 1 
      END IF 
           IFAIL = 0 
      INDEX = 0 !Used for passing a structure. (6) 
       IERR = USRUTL_GET_REAL_PARAM('J1', INDEX, J1)  
      IF (IERR .NE. 0) THEN !Write to History file if error. (8) 
         WRITE(USER_NHSTRY,*) ' ERROR FETCHING Permeance of methane' 
         IFAIL = 1 
      END IF 
       IERR = USRUTL_GET_REAL_PARAM('J2', INDEX, J2)  
      IF (IERR .NE. 0) THEN !Write to History file if error. (8) 
         WRITE(USER_NHSTRY,*) ' ERROR FETCHING permeance CO2' 
         IFAIL = 1 
         END IF 
        IERR = USRUTL_GET_REAL_PARAM('PP', INDEX, PP)  
      IF (IERR .NE. 0) THEN !Write to History file if error. (8) 
         WRITE(USER_NHSTRY,*) ' ERROR FETCHING permeant pressure' 
         IFAIL = 1 
      END IF 
         IERR = USRUTL_GET_REAL_PARAM('DI', INDEX, DI)  
      IF (IERR .NE. 0) THEN !Write to History file if error. (8) 
         WRITE(USER_NHSTRY,*) ' ERROR FETCHING Inside Diamtere' 
         IFAIL = 1 
      END IF 
         IERR = USRUTL_GET_REAL_PARAM('DU', INDEX, DU)  
      IF (IERR .NE. 0) THEN !Write to History file if error. (8) 
         WRITE(USER_NHSTRY,*) ' ERROR FETCHING outside Diamtere' 
         IFAIL = 1 
      END IF 
C ---------------- Get configured INTEGER variables from Aspen Plus -------- 
 
      IERR = USRUTL_GET_INT_PARAM('N', INDEX, N) 
      IF (IERR .NE. 0) THEN 
      WRITE(USER_NHSTRY,*) ' ERROR FETCHING NUMBER OF TUBES' 
      IFAIL = 1 
      END IF   
C ---------------- Calculate viscosity ------------------------------------- 
      CALL SHS_CPACK(MSIN(1,1), NCP, IDX, X, FLOW) !Pack stream data.  
      KDIAG = 4 
      CALL PPMON_VISCL(MSIN(NCOMP_NCC+2,1), MSIN(NCOMP_NCC+3,1), X, NCP, 
     + IDX, NBOPST, KDIAG, MU, IERR) !Calculate viscosity, 
                                     !put result in MU. (9) 
        IF (IERR .NE. 0) THEN 
         WRITE(USER_NHSTRY, *) ' ERROR EVALUATING VISCOSITY FOR FEED' 
      IFAIL = 1 
       END IF 
        IF (IFAIL .EQ. 1) RETURN 
C ---------------- Model Equations ----------------------------------------- 
      P(1) = PP*100000 
      R = 8.314 ! universal Gas constant  
      NN = 100. 
      NU=NN+1 
      Dz=L/100 
      y0 = 100. 
      Pin = MSIN(NCOMP_NCC+3,1) 
      eps=0.001 
      xf(1,1) = (MSIN(1,1)/(MSIN(2,1)+MSIN(1,1)))!CH4 !Methane mol fraction 
      xf(1,2) = (MSIN(2,1)/(MSIN(2,1)+MSIN(1,1)))!CO2 mol fraction 
      la = P(1)/Pin 
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      u(1)=(MSIN(1,1)+ MSIN(2,1))*1000 
 100  yn=1/((xf(1,1)*J1/(1-la+la*J1*y0))+(xf(1,2)*J2/(1-la+la*J2*y0))) 
      if (ABS(yn-y0)>eps) then 
          y0=yn 
       GO TO 100  
      end if 
      y(1,1) = (xf(1,1)*y0*J1/(1-la+la*J1*y0)) 
      y(1,2) = (xf(1,2)*y0*J2/(1-la+la*J2*y0)) 
      fl =DI*N*(J1*(xf(1,1)*Pin-y(1,1)*P(1))+ 
     +J2*(xf(1,2)*Pin-y(1,2)*P(1))) 
      u(1) = -3.14*fl*Dz+u(1) 
      m1=(xf(1,1)*fl*(-3.14)+3.14*DI*N*J1*(xf(1,1)*Pin-y(1,1)*P(1))) 
      m2=(xf(1,2)*fl*(-3.14)+3.14*DI*N*J2*(xf(1,2)*Pin-y(1,2)*P(1))) 
      xf(1,1)=((-1/u(1))*m1)*Dz+xf(1,1) 
      xf(1,2)=((-1/u(1))*m2)*Dz+xf(1,2) 
      v(1)=(MSIN(2,1)+MSIN(1,1))*1000-u(1) 
           do h=2,NU 
          o=h-1 
      xf(h,1)=xf(o,1) 
      xf(h,2)=xf(o,2) 
      y0=100. 
200   yn=1/(xf(h,1)*J1/(1-la+la*J1*y0)+(xf(h,2)*J2/(1-la+la*J2*y0))) 
      if (ABS(yn-y0)>eps) then 
          y0=yn 
       GO TO 200  
      end if 
      y(h,1) = (xf(h,1)*y0*J1/(1-la+la*J1*y0)) 
      y(h,2) = (xf(h,2)*y0*J2/(1-la+la*J2*y0)) 
      fl =DI*N*(J1*(xf(h,1)*Pin-y(h,1)*P(1))+ 
     +J2*(xf(h,2)*Pin-y(h,2)*P(o))) 
      u(h) = -3.14*fl*Dz+u(o) 
      m1=(xf(h,1)*fl*(-3.14)+3.14*DI*N*J1*(xf(h,1)*Pin-y(h,1)*P(o))) 
      m2=(xf(h,2)*fl*(-3.14)+3.14*DI*N*J2*(xf(h,2)*Pin-y(h,2)*P(o))) 
      xf(h,1)=((-1/u(h))*m1)*Dz+xf(h,1) 
      xf(h,2)=((-1/u(h))*m2)*Dz+xf(h,2) 
      v(h)=(MSIN(2,1)+MSIN(1,1))*1000-u(h) 
      yb(h,1)=(u(1)*xf(1,1)-u(h)*xf(h,1))/(u(1)-u(h)) 
      yb(h,2)=(u(1)*xf(1,2)-u(h)*xf(h,2))/(u(1)-u(h)) 
      g1=(128*R*MSIN(4,1)*MU*(u(1)-u(h)))/(3.14*(DI**4)*N*p(1)) 
      p(h)=P(o)-Dz*(g1) 
       
           end do 
            
C --------------- Assume PERMEATE stream is first, switch if not. ---------- 
 
      IPERM = 1 
      IRET = 2 
      IF (IDSMO(1,1) .EQ. 'RETE') THEN !IDSMO is an argument passed to the 
       IPERM = 2 !subroutine. It contains the outlet 
       IRET = 1 !stream ID’s. (12) 
      END IF 
 
C --------------- Fill SOUT array for PERMEATE stream. --------------------- 
 
      SOUT(1,IPERM) =v(NU)*yb(NU,1)/1000 !Approximate methane flow 
!in kmol/s. (13)  
      SOUT(2,IPERM) = v(NU)*yb(NU,2)/1000 
      SOUT(3,IPERM) = SOUT(1,IPERM) + SOUT(2,IPERM) 
      SOUT(4,IPERM) = MSIN(4,1) !Temp. unchanged from feed (K). (13) 
      SOUT(5,IPERM) = P(1) 
 
C -- Fill SOUT array for RETENTAT stream using values from PERMEATE stream. 
 
      SOUT(1,IRET) = MSIN(1,1)-SOUT(1,IPERM) !methane flow in kmol/s. (13) 
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      SOUT(2,IRET) = MSIN(2,1)-SOUT(2,IPERM)!co2 flow in kmol/s. (13) 
      SOUT(3,IRET) = SOUT(1,IRET) + SOUT(2,IRET) 
      SOUT(4,IRET) = MSIN(4,1) !Temp. unchanged from feed (K). (13) 
      SOUT(5,IRET) = MSIN(NCOMP_NCC+3,1) 
 
C -- Now set values of the two variables designated as output parameters. -- 
 
      end 
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Appendix C 

Result related to design and arrangement of two membrane modules with or without 
recycle flow. 

Figure 5.11 a 

 Feed PER2 PER1 RET2 RET1 
Substream: MIXED                     
Mole Flow   [kmol h-1]                  
  CO2                      1,40E-03 2,91E-04 6,70E-04 4,40E-04 7,31E-04 
  CO                       1,50E-06 5,11E-08 6,04E-08 1,39E-06 1,44E-06 
  H2                       0,032599 7,04E-03 0,016822 8,73E-03 0,015777 
  CH4                      0,473923 0,015542 0,018352 0,44003 0,455572 
  H2O                      6,84E-05 1,62E-05 2,00E-05 3,21E-05 4,84E-05 
Mole Frac                            
  CO2                      2,76E-03 0,012702 0,018673 9,80E-04 1,55E-03 
  CO                       2,96E-06 2,23E-06 1,69E-06 3,10E-06 3,06E-06 
  H2                       0,064172 0,307673 0,46906 0,019441 0,033416 
  CH4                      0,932933 0,678914 0,511706 0,979504 0,964929 
  H2O                      1,35E-04 7,09E-04 5,58E-04 7,15E-05 1,02E-04 
Total Flow  [kmol h-1]        0,507993 0,022892 0,035863 0,449238 0,47213 
Total Flow  [kg h-1]        7,731684 0,27662 0,358156 7,096907 7,373527 
Total Flow  [l min-1]          3,901924 8,791706 13,77345 3,450621 3,626455 
Temperature [°C]              4 4 4 4 4 
Pressure    [bar]            50 1 1 50 50 
Vapor Frac                 1 1 1 1 1 
Liquid Frac                0 0 0 0 0 
Solid Frac                 0 0 0 0 0 
Enthalpy    (cal mol-1]        -17047,1 -13485,7 -11056,8 -17706,8 -17502,2 
Entropy     [cal (gm 
K)-1]       

-1,6949 -1,01458 -0,88495 -1,7094 -1,7041 

Density     [mol cc-1]         2,17E-03 4,34E-05 4,34E-05 2,17E-03 2,17E-03 
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Figure 5.11 b 

 Feed PER2 PER1 RET2 RET1 
Substream: MIXED                     
Mole Flow   [kmol h-1]                  
  CO2                      3,51E-03 6,70E-04 2,11E-03 7,31E-04 1,40E-03 
  CO                       1,57E-06 6,05E-08 6,89E-08 1,44E-06 1,50E-06 
  H2                       0,099462 0,0168231 0,0668631 0,0157757 0,0325989 
  CH4                      0,4948092 0,0183399 0,0208855 0,4555837 0,4739236 
  H2O                      8,76E-05 2,01E-05 1,92E-05 4,83E-05 6,84E-05 
Mole Frac                            
  CO2                      5,88E-03 0,0186894 0,0235151 1,55E-03 2,76E-03 
  CO                       2,63E-06 1,69E-06 7,67E-07 3,06E-06 2,96E-06 
  H2                       0,1663593 0,4692223 0,7439028 0,0334133 0,0641719 
  CH4                      0,8276132 0,511527 0,232368 0,9649331 0,9329326 
  H2O                      1,46E-04 5,60E-04 2,13E-04 1,02E-04 1,35E-04 
Total Flow  [kmol h-1]        0,5978749 0,0358532 0,0898815 0,4721402 0,5079934 
Total Flow  [kg h-1]        8,294906 0,3579892 0,5632159 7,373701 7,73169 
Total Flow  [l min-1]          229,6156 13,76954 34,51924 3,626535 3,901926 
Temperature [°C]              4 4 4 4 4 
Pressure    [bar]            1 1 1 50 50 
Vapor Frac                 1 1 1 1 1 
Liquid Frac                0 0 0 0 0 
Solid Frac                 0 0 0 0 0 
Enthalpy    (cal mol-1]        -15463,09 -11055,2 -6510,978 -17502,15 -17047,13 
Entropy     [cal (gm K)-

1]       
-1,119638 -0,884750 -0,586419 -1,704102 -1,694896 

Density     [mol cc-1]         4,34E-05 4,34E-05 4,34E-05 2,17E-03 2,17E-03 
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Figure 5.11 c 

 Feed PER2 PER1 RET2 RET1 
Substream: 
MIXED           

          

Mole Flow   
[kmol h-1]        

          

  CO2                      1,76E-03 3,58E-04 8,76E-04 5,25E-04 8,83E-04 
  CO                       1,56E-06 5,28E-08 6,29E-08 1,44E-06 1,49E-06 
  H2                       0,0412224 8,62E-03 0,0223915 0,0102073 0,0188309 
  CH4                      0,4899355 0,016012 0,0190795 0,4548439 0,470856 
  H2O                      8,99E-05 2,15E-05 2,55E-05 4,29E-05 6,44E-05 
Mole Frac                            
  CO2                      3,30E-03 0,0143265 0,0206795 1,13E-03 1,80E-03 
  CO                       2,92E-06 2,11E-06 1,49E-06 3,09E-06 3,04E-06 
  H2                       0,0773392 0,3447271 0,5284408 0,0219221 0,0383806 
  CH4                      0,9191885 0,640086 0,4502772 0,9779324 0,9596853 
  H2O                      1,69E-04 8,58E-04 6,01E-04 9,22E-05 1,31E-04 
Total Flow  [kmol 
h-1]        

0,5330087 0,0250155 0,0423729 0,4656203 0,4906358 

Total Flow  [kg h-

1]        
8,022107 0,2904229 0,3902518 7,341432 7,631855 

Total Flow  [l 
min-1]          

204,7035 9,607284 16,27344 3,576455 3,768601 

Temperature 
[°C]              

4 4 4 4 4 

Pressure    [bar]            1 1 1 50 50 
Vapor Frac                 1 1 1 1 1 
Liquid Frac                0 0 0 0 0 
Solid Frac                 0 0 0 0 0 
Enthalpy    (cal 
mol-1]        

-16855,05 -12954,69 -10152,51 -17674,55 -17433,9 

Entropy     [cal 
(gm K)-1]       

-1,17521 -0,9855822 -0,8293721 -1,708129 -1,702112 

Density     [mol 
cc-1]         

4,34E-05 4,34E-05 4,34E-05 2,17E-03 2,17E-03 
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