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Abstract

In recent years, Renewable Power to Fuels technology is becoming a vitally
important pathway from the value-added products point of view. This electricity-
to-fuel transformation is regarded as an efficient way not only to preserve
renewable energy (i.e. wind and solar) and to offset the fluctuating nature of these
sources but also to generate synthesis fuels with respect to the demand for, the
capacity limitation and the existing infrastructure of the targeted products. In this
sense, many E.U. countries are transforming CO, into clean and the carbon-free
products to achieve the targets of greenhouse gas (GHG) emissions. With regards
to the renewable energy action plan, each E.U. country has a contribution target to
reach by 2020: 1 t al yés overall target I's to reach
already surpassed this (it reached 17.5% by the end of 2015). Germany is aiming
for 35%, whereas Austria has a targeted of 34% [1].

In this study, two main scenarios through Power to Fuels conversion are
considered: 1) Power to Gas (PtG) technology (methanation process); 2) Power to
Liquid (PtL) technology based on Dimethyl ether (DME), a direct one-step
process, and Low Temperature Fischer Tropsch (LTFT) process. Therefore, the
conceptual design of all three processes based on a Solid Oxide Electrolysis Cell
(SOEC) is analyzed. In the optimized configuration of methanation, a methane
fraction of 95% at the outlet is achieved, which is compatible with the existing
pipeline network. The main challenge of this technology is the lack of accurate
and explicit kinetic data for its catalyst. Also, the heat released from methantion
and its utilization for providing the heat required for electrolysis is another issue
in the latest configuration of methanation. In DME synthesis, four explicit
Langmuir Hinshelwood Hougen Watson (LHHW) kinetics were implemented in
Software Aspen plus. The main challenge in one-step direct DME synthesis
(based on renewable energy) is the low value of yield and selectivity of the DME
product (15% and 78% in the once-through process, respectively). However, the
separation process and recycling of unreacted syngas in order to achieve high
purity of the DME product is quite complex due to the presence of the unreacted
syngas and the CO, produced in the one-step synthesis process. Above all, it leads
to higher operational costs. In the optimized configuration of LTFT based on
renewable energy, a comprehensive simulation was conducted. To model an FT
reactor, an external subroutine within an Excel spreadsheet through USER2
MODEL on the simulator was implemented. It was found that total efficiency of
the system was achieved at 76.6 %. However, the main challenge of this



configuration is the low value of liquid products due to the low capacity of the
SOEC.

Having considered the challenges and limitations of each process, it is
concluded that FT synthesis is more interesting to model due to the complexity of
the products and the more highly developed catalyst and reactor used. As a
consequence, this dissertation mainly focuses on the dynamic modeling of a
Fischer-Tropsch Slurry Bubble Column Reactor (FT-SBCR), which is considered
as the best candidate for Fischer-Tropsch synthesis. In the dynamic modeling of
FT-SBCR, a comprehensive computer model was developed to investigate
flexible reactor operation. This flexibility was performed by a step-change of
syngas flow rate load (3.5, 5, 7.5 m*h) in a low-temperature Fischeri Tropsch
synthesis. It was found that the dynamic simulation is not only able to predict all
Fischeri Tropsch components over the reactor bed but can also describe the
behavior of superficial gas velocity as a sub-model using the overall gas mass
balance. The effects of a step-change volumetric syngas flow on the performance
of the FT slurry reactor, CO ¢ o n v e r-gluepas wekh as idforrahtion about
the inside of reactor were investigated. The results show that the temperature
distribution of the slurry reactor remains constant under base load and change load
conditions. It is concluded that load change conditions do not have a negative
influence on the temperature distribution inside the reactor and the dynamic
model of the slurry reactor presented responds quite well to the load change
conditions.
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Chapter 1

Introduction

1.1 Overview

Many European countries are transforming CO; into clean and carbon-free
products to achieve the targets of greenhouse gas (GHG) emissions. This is due to
a number of factors: the proliferation of renewable energy, increasing CO;
emissions, dwindling oil resources and environmental issues. Concerns over CO,
reduction require a switch from Renewable Energy Sources (RES) to storable
energy initiating carbon capture and storage/usage (CCS/U) projects and ensuring
sufficient sustainable energy sources [2]. Potential CO, sources include biogas
facilities, biomass gasification, and blast furnace off gases or atmosphere [3]. In

this respect, the EUOGSs renewabl e energy ac
final energy consumption from renewable sources by 2020. Each E.U. country has
a contribution target: Italy 6 s overall target by 2020 [

contribution, and it has already surpassed its target (it reached 17.5% by the end
of 2015). Germany is aiming for 35% whereas Austria stands at 34% [1].

This transformation of electric energy-to-fuel can be considered as an
efficient way not only to conserve renewable energy (i.e. wind and solar) and to
offset the fluctuating nature of these sources but also to generate synthesis fuels
with regards to the demand for, the capacity limitation and the existing
infrastructure (transport and end-use) of targeted products. In this sense, installed
capacity and demand for hydrogen are moderately small compared with liquid
fuel such as gasoline, naphtha and diesel. Furthermore, increasing petroleum
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prices tend to promote more production of synthesis fuel from renewable
resources [4].

The basic challenge is how to deal with stable molecule CO; through
potential CO, dissociation technologies, preferably in zero-net carbon emissions
process. In general, there are three energy sources for CO, reduction: 1) heat 2)
electricity 3) light, each of which has several process pathways to obtain
sustainable liquid hydrocarbons. For instance, Artificial Photosynthesis is a
potential technology which has a capability to use light as an energy source for
CO, dissociation. However, this method is limited by low capacity and efficiency.
In this dissertation, we focus on Electricity source coming from Renewable
Energy (RE). Figure 1 illustrates a close CO, loop utilizing emitted CO, (and
water) back into synthetic hydrocarbons as fuel. [5] In this way, if hydrogen
comes from a carbon-neutral source i.e. electrolysis coupled with renewable
energy, then it is possible to assert a virtually 100% carbon conversion in the final
utilization. However, hydrogen produced from a carbon source such as steam
reforming of methane (SRM) is still an attractive and viable option due to its
capability for operation in large-scale production. Hydrogen from carbon-free
sources is hindered by the considerable investment cost attributed to solar panels,
wind turbines and electrolysis [6].

The product of this CO, dissociation is synthesis gas (syn-gas) which is
composed largely of H, and CO plus some impurities depending on the source of
syn-gas generation. After its generation, the downstream of fuel production is
required. The desired Products are methane, methanol, Dimethyl Ether (DME)
and other practical liquid fuels in the transport sector such as gasoline, diesel and
kerosene.

Atmospheric CO, cycle
Low carbon Directair  Dissociation Liquid fuel ~ Transportation
energy capture (DAC) synthesis sector
o, Gasoline

Electricity

H, and CO {or diesel,

(=syngas) dim. ether,

H,0 methanol)
(=0

>

Life cycle of fuel

Figure 1: A schematic view of Carbon-Neutral Free Process [5].
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These liquid products are referred towitht h e t e+ mThi% oheans they can
be directly used in the existing internal combustion engine hybrids and fuel cells
without any modification in the infrastructure of downstream of fuel production
[5]. The main process of drop-in fuel production from syngas with usage ratio
(H2/CO=2) under catalyst Co or Fe in low temperature range (between 220 to 260
C) is known as the Fischer-Tropsch process which was developed by two German
scientists named Franz Fischer and Hans Tropsch in 1925. In recent years, FT
synthesis gathered significant attention in reactor modeling, process design and
optimizing product selectivity.

In general, this variety of products (Gaseous and Liquid) arises from two main
scenarios through fuel conversions:

1) Power to gas technology (PtG) (Products: Methane during methanation
process)

2) Power to liquid technology (PtL) (Products: DME and drop-in fuels
respectively, during dehydration of methanol and Fischer-Tropsch
synthesis)

With PtG and PtL technologies, entire elements of the final energy mix
(feedstock, gaseous and liquid products, and electricity) at the final utilization can
be successfully obtained while substantially reducing CO, emissions [7].

The main challenge of renewable power grids arises from the fluctuating
nature of power generation e.g. wind power and photovoltaic and decentralized
capacities of the electricity distribution system. To overcome this intermittent
behavior, chemical storage and transport technologies are considered as
fundamental solutions for providing storage capacities and stabilizing seasonal
imbalances. One approach to improve the recovery of CO, and produce liquid and
gases fuel is to use this electricity. One highlight of this method is that the long-
time storage of high energy density resources is more feasible [2]. The major
benefit of PtG and PtL is the fact that they relax the main limit of large scale
transport by converting renewable energy into liquid and gaseous mediums [7].
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1.2 Power to Gas Technology (PtG)

PtG utilizes electricity to energize an energy carrier such as carbon or hydrogen
to manufacture hydrocarbon gas or pure hydrogen. As a case in point, coupling
high temperature electrolysis (SOEC*-based) with methanation is a promising
approach because it exploits heat released from exothermal methanation to supply
steam for electrolysis. Since the reaction is extremely exothermic the heat must be
managed in order to prevent catalyst degradation and thermodynamic limitation of
the process. At small scales of Power-to-gas processes isothermal reactors are
usually preferred due to coolant fluid which directly cools the reactors. However,
in large scale applications temperature control is achieved by a series of adiabatic
fixed bed reactors with inter-cooling of the stream between each reactor [8].
Amongst these technologies, the integration of methanation section with two
isothermal and adiabatic reactors in T=300 k and P=30 bar is considered as a very
efficient and cost-optimized process because the vaporization of heat required for
high-T electrolysis can be provided by the exothermal methanation. This project
(HELME T H) has recently been finan
Framework program. (http://www.helmeth.eu)

Figure 2 illustrates the schematic diagram of power to gas technology.
Electric power is employed in an efficient way if the available grid capacities are
sufficient. Electric power utilization can be elevated by producing higher
demands. If supply takes over power demand, renewable power stations (wind
and photovoltaic) need to be shut down and the proper full capacity of the plant
would not be met. Therefore, transport and storage technology becomes
indispensable by the continuous increase in usage of renewable energies. In a
practical way, analyzing total efficiency can be performed by reconversion of
Substitute Natural Gas (SNG) into power and heat. This shifting of electricity is
realized as Power to Power (P2P) in Combined Cycle Power Plant (CCPP) or
Combined heat and power (CHP) [9]. Therefore, repowering of hydrogen or
methane to electricity in Combined Cycle Plants closes the loop of power-SNG-
power and generates the potential to produce electricity power in regions not close
to the sources, however connected with a gas grid. The spread of this re-shifting
for providing electricity demand is hindered by loss of efficiency and high costs.
[10].

! Solid Oxide Electrolysis Cell

ced

by


http://www.helmeth.eu/
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Figure 2: Power to Gas technology Diagram including reconvention into electrical power

[9].
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1.3Power to Liquid Technology (PtL)

PtL technology has attracted a lot of attention in transforming syngas to synthetic
fuel products because there is no loss during long-term storage, it has wide-
ranging applications in the transport sector and high energy density with existing
infrastructures [11]. There are two main pathways in PtL scenario, the Fischer-
Tropsch (FT) pathway and the Dimethyl Ether (DME) pathway.

In the Fischer-Tropsch process, liquid fuel such as gasoline, diesel, naphtha,
jet fuels and other chemicals from synthesis gas are produced through an
appropriately engineered catalyst and reaction conditions. Conventionally,
synthesis gas is generated by biomass or coal gasification (CtL) or Steam Methane
Reforming (SMR). The former process generates significant amounts of CO,,
whereas SMR requires a considerable amount of heat energy input [7]. In this
conventional FT process Carbon Conversion Efficiency (CCE) reaches only from
25 to 50 % [12]. However, hydrogen produced from SOEC with the aid of
renewable energy and CO, reduction in reverse water gas shift (RWGS) can
achieve efficiency of up to 70 % in the Fischer Tropsch reactor [6]. The source of
CO;, can be provided from the atmosphere by the direct CO, capture equipment
(designed by Swiss firm Climworks AG [13]). Figure 3 demonstrates a rig
converting water and CO, into high purity liquid fuel (petrol, diesel, kerosene).
Firstly, hydrogen is produced using steam in SOEC with the aid of renewable
electricity then, the yielded hydrogen reduces CO, to reverse water gas shift
(RWGS). Afterwards, synthesis gas produced from RWGS enters the FT reactor
to produce transportation products.

The capability of this process is to obtain an almost-100 % conversion of the
carbon feedstock using hydrogen that has been derived from non carbon source.
This enables coupling RES power connected with electrolysis which provides
carbon free cycle in the final utilization [13]. Small scale FT facilities can cut
capital costs by reducing the capacity; however it could decrease productivity.
This trade-off relatively depends on the syngas sources. For instance, in biomass-
to-liquid (BtL) conversion the capacity of the plant is considered undersized due
to biomass transportation expenses, quantity constraints and logistic issues. It
could also be profitable to utilize smaller sized facilities for waste-to-liquid (WtL)
transformation, enabling decentralized solid waste processing. On the contrary,
syngas derived from autothermal reforming or gasification technology with air
separation unit must be employed in large scale FT facilities which have the
further benefit of generating a high syngas ratio (H,/CO) [14].
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In the DME pathway, the syngas generated is converted to methanol and its
dehydrated counterpart Dimethyl Ether (DME). The currently-used fuel delivery
system can be enhanced by integrating this pathway in an economical manner and
could be utilized for internal combustion engines as well as gas turbines and fuel
cells to generate power in combined cycle plants [15]. Details of this process
come in next chapters.

Figure 3: Power to liquid technology proposed by Sunfire Company [13].

Fuels derived from renewable Fischer-Tropsch technology has some
advantages compared to other processes such as crude oil-derived fuels and
Methanol-to-gasoline (MTG process). One is the absence of impurities, which
deactivates the catalyst quickly. Moreover, a large amount of energy is saved in
FT because it does not require the energy and hydrogen needed for heavy crude
oil [14]. There is also a significant advantage in the FT technology compared to
conversion of natural gas into liquid fuel, because more natural gas has been
discovered in far-off locations where gas pipelines are not cost-effective [12].
Another benefit of FT liquid fuels compared to H, production is the availability of
an existing market for these fuels. There are two costs involved in this process.
Firstly, the direct costs for producing drop-in fuels which involves more sub-
processes for conversion and upgrading leading to higher costs than producing
hydrogen from electrolysis. Moreover, the costs for transport to the end-user and
constructing the required transportation infrastructures could be a hindering factor
compared to the extra costs for gasoline and diesel fuels [16].
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1.4 Types ofFischer-Tropsch Reactor

Designing of all types of Fischer-Tropsch reactors deals with the complex nature
of FT synthesis as well as the difficulty to manage the thermophysical aspects of
the FT reaction blend. Since the reactor is considered as the heart of PtL process,
well-designed reactors make the process more efficient with higher productivity.
In general, there are four types of FT reactor: 1) Multi-tublar Fixed Bed, 2) Fixed
Fluidized bed 3) Circulating Fluidized bed, 4) Slurry Bed Reactors. In this
respect, each new design for an FT reactor aims to overcome weaknesses in
previous models. Figure 4 illustrates the schematic view of each reactor [17].

The first generation of FT reactors at industrial scale was the multitublar
fixed-bed reactor which faced major challenges of releasing reaction heat due to
highly exothermic reaction. This hurdle led to a new design to control temperature
profile over the reactor bed and remove heat efficiently by locating high capacity
heat exchangers to cool down the reactor length. This limitation made Sasol
Company introduce a Circulating Fluidized Bed (CFB) which operates under
bubbling flow pattern whilst the reaction heat is pulled out by cooling tube over
the catalyst bed (see figure 4-c). The improved version of FT fluidized bed
technology was designed by Sasol Company in 1991 which named it the fixed-
fluidized bed reactor, have several benefits over CFB [18]. In general, FT
fluidized bed helps to resolve difficulties surrounding temperature control.
However, the major drawback of the fluidized beds is wax formation during
fluidization process which creates catalyst agglomeration. To eliminate this
shortcoming, the fluidized bed reactor needed to be operated at high temperatures
causing low selectivity towards desired liquid products (middle distillate and
diesel fuel fraction). This constrained motivated reactor designers to take a step
forward over FT reactor technology to introduce one of the latest FT reactor
technologies known as the Slurry phase distillate (SPD) reactor. In general, there
are two types of operations for slurry reactors: 1) mechanically agitated reactors
which are mostly employed for semi-batch operation [19] have efficient mass and
heat transfer whilst their applications are hindered due to backmixing of the liquid
phase and catalyst attrition. 2) Slurry Bubble Column Reactors are normally
operated as semi-isothermal modes due to appropriate heat transfer within the
well mixed slurry phase. The dispersion of catalyst and liquid (slurry) is
performed by means of a gas distributor at the bottom of the column [20]. In
addition, this slurry type operates at relatively moderate temperatures which favor
the production of clean diesel fuel and middle distillate fraction. These main
benefits of slurry reactors with regards to the challenges of previous reactors,
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make the slurry reactor the best option in the application of power to liquid fuel
technologies.
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Figure 4: The scheme of four types of Fischer-Tropsch Reactor: a) Multi-tublar Fixed
Bed Reactor, b) Fixed Fluidized Bed, c) Circulating Fluidized Bed, d) Slurry Bed Reactor
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Table 1: Advantages and Disadvantages of different type of FT Reactor

[14][17][21].

Reactors

Advantages

Disadvantages

Multi-tublar
Fixed bed
reactor

Fixed
fluidized bed

Circulate
fluidized bed

1-easy to operate and scale
up

2-simple construction

3-easy separation wax from
catalyst

4- Being resistant to syn-gas
contaminants such as H,S.

1-Low construction,
operating and maintenance
cost

2-considerable  throughput
for a single reactor

3-low  overall catalyst
consumption compared to
CFB

1-continuous regeneration
of catalyst pellets when
catalyst is rapidly
deactivated

2-low possibility of thermal
instability, hot spot and
runaway

3-Efficient
contacting

solid & gas

1-High carbon

deposition

tendency  of

2-difficulty in temperature control
and poor heat transfer inside the
reactor

3-elevated pressure drop

4-low effectiveness factor due to
use of fairly large catalyst pellets.

1-Poor temperature control

2-Possibility of clogging the
reactor and sintering the catalyst
due to uniform & fairly large
catalyst particles

3-limited application (Generally
used for slow and non-deactivating
catalysts)

1-Back-mixing because of random
movement of particles leading to
loss of selectivity

2-Severe erosion of pipes, internals
and vessels due to particle abrasion

3-the entrainment of particles and
installation a cyclone for separating
purpose
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Reactors Advantages Disadvantages

1-Excellent heat transfer 1-Difficulty in scale up due to
and flexible temperature complex hydrodynamic features.

control.
2-High possibility of catalyst
2-Efficient inter-phase attrition and erosion
contacting resulting in a
Slurry Bed higher productivity 3-Back-mixing of gas phase
Reactor leading to significant drop in

3-Significant catalyst area conversion per pass.

which leads to better - _
catalyst utilization 4-Difficulty and elevating

separation cost of catalyst.
4-low pressure drop (Four
time less than in FBR)

Table 1 lists the advantages and disadvantages of each FT reactor. The main
challenge in Multi-tublar fixed bed reactor is the efficient removal of reaction heat
and maintenance of a suitable temperature distribution through the length of
reactor. To redress this drawback, there are a number of solutions which includes:
1) reducing the tube diameters in order to decrease heat transfer resistance; 2)
using catalyst dilution with inert materials [22]; 3) recycling off-gas which
increases reaction rate leading to higher overall conversion along the catalyst bed.
However, this solution tends to increase operating costs related to recycle reactors
e.g. advanced separation units, and high compressor energy demand [14, 23].

The concerning point in Slurry FT reactor is: 1) how to deal with scale up
because of the complexity of hydrodynamic features; 2) difficulty with
solid/liquid separation design. Above all, there is the issue of maldistribution of
the catalyst particles, gas and the liquid phases (back-mixing) affecting the mass
transfer and productivity of the reactor, which makes this type of FT reactor
attractive to design [14, 21].
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1.5 Possibility of flexible operation in FT reactors

In the field of power to fuel technology, flexible analysis of a Low Temperature
Fischer-Tropsch (LTFT) reactor under variable operating conditions presents
more challenges compared to other value-added processes such as methanation
and the Dimethyl ether process. These challenges involve more complexity in FT
product selectivity and lower feasibility in the dynamic analysis of an LTFT
reactor compared to methanation and the DME synthesis [24].

In this respect, the most suitable FT reactors for analyzing under flexible
operation are the Multi-tubular Fixed Bed Reactor and the Slurry Bubble Column
Reactor. In the Fixed Bed Reactor (FBR), dynamic analysis addresses the
feasibility of reducing the size of H, storage and optimizing the temperature
profile along the catalyst bed [23], whereas, in the FT Slurry type, the analysis is
focused on improving mass transfer phenomena (gas-to-liquid contact and
interfacial mass transfer area), leading to enhanced selectivity and catalyst
performance with regard to complex hydrodynamic features and scale up issues
[25]. During recent years, the Slurry Bubble Column Reactor has been identified
as the best option for Fischer-Tropsch synthesis due to its many advantages
compared to the other reactors. These advantages include 1) flexible temperature
control and excellent heat transfer; 2) efficient inter-phase contacting which
results in higher productivity; 3) low pressure drop leading to reduced
compression costs; 4) better use of catalyst surface (fine particles less than 100
um) allowing suitable liquid-solid mass transfer [23, 26].



Introduction 13

1.6 Motivations and Thesis Objectives

Given this framework, this dissertation presents the conceptual design of three
possible catalytic processes for renewable power to gaseous and liquid fuels
(Methanation, Direct Dimethyl Ether (DME) and Low Temperature Fischer-
Tropsch synthesis) which are independently simulated by Aspen plus commercial
software. This analysis highlights several challenges and limitations of each
process when integrating a Solid Oxide Electrolysis Cell (SOEC). With the aim of
improving these processes, using the Aspen plus software simulation of the last
optimized configuration of three processes based on renewable energy with aid of
an SOEC are performed. In methanation, by considering the main product
(methane) as a storable energy carrier to stabilize seasonal imbalances in
renewable power, the goal is to reach the desired value of methane fraction (95%)
at the outlet which is fully compatible with the quality requirements of the natural
gas grid. On the other hand, in DME and FT synthesis the objective is to obtain
green renewable products with the lowest amount of aromatics and impurities
within optimized configurations. In this context, the main focus of this thesis is
on an original rigorous dynamic model of a slurry bubble column reactor
(diameter 10 Cm, height 2.5 m) for the FT process under variable loads of
synthesis gas (3.5, 5, 7.5 m*/h) in Winddiesel technology. In fact, the reactor
model has the capability of coupling a set of PDEs in the form of mass transfer
and chemical reaction to appropriate hydrodynamic features. This methodology
was developed in MATLAB code reflecting the concentration behavior of all key
components of Fischer Tropsch over the reactor, and is validated with
experimental data. In fact, this transient analysis not only proposes the effect of
variable syngas load on sel ecti vity, -al@ ascwelhas
information about the inside of reactor; its results also address a complete Fischer
Tropsch framework thanks to this mathematical modeling.

Furthermore, the results of the modeling are in good agreement with the
experimental data. The experimental data is adopted from a Master of Science
thesis which was conducted using the Fischeri Tropsch research plant. The plant is
located in town of Gissing in Austria [27, 28]. Appendix reflects the experimental
setup and its measurements for both base load (syngas flow rate of 5 m%h) and
change load conditions (syngas flow rate of 3.5 m*h and 7.5 m%h) in one specific
run [28].

Based on what has been mentioned so far, the present dissertation is
structured as the follows:

A. In Chapter 2, Power to Gas technology i.e. Methanation and different
types of Electrolysis (Alkaline, PEM and SOEC) is analyzed. Furthermore,
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SOEC coupling with Methanation is simulated with two stages of isotherm
and adiabatic reactor in commercial simulator Aspen plus.

. In Chapter 3, Power to Liquid technology based on Low Temperature

Fischer-Tropsch (LTFT) process and the Dimethyl Ether (DME) synthesis
(direct one-step process) are discussed. Moreover, mathematical modeling
of low temperature Fischer Tropsch (LTFT) process and the DME process
are developed. Also, the performance and sensitivity analysis for the DME
process in order to realize optimum operating conditions is analyzed.

. In Chapter 4, the Fischer Tropsch Slurry reactor is introduced as the best

option in our application. The challenges, hurdles and all hydrodynamic
features are studied in more details. Also, a computer model of FT slurry
reactor pilot plant in MATLAB Code under specific assumptions is
developed.
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Chapter 2

Power to Gas Technology

2.1 Introduction

The chemical conversion of electrical power into Hydrogen or Substitute Natural
gas is defined as the concept of APower t
PtG and its advantages make this technology particularly attractive amongst
Electric Energy Storage (EES) systems [29]. The multi-functional capabilities of a
typical PtG plant encompass the exploitation of surplus energies in renewable
power sources, injecting produced fuels in the existing natural gas network, plus
long term carrier energy storage and fuel transportation production as a result of
conversion renewable power. Furthermore, the principal advantages of PtG
compared to other EES systems include the significant volume energy density of
the fuel precursor and the capability of linking the electric grid to other existing
infrastructures in energy transport and storage (see figure 5). [7, 10]
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Figure 5: Power to Gas based on methanation process and electricity storage in natural
gas grid [30].

In general, within the Power-to-gas process chain there are two possible end-
products: 1) Hydrogen 2) Synthetic or Substitute Natural Gas (SNG)

Hydrogen which is considered as the primary usable product in the PtG
process, plays an important role in the chemical and petrochemical industry, such
as in the Dimethyl Ether and Fischer-Tropsch processes, which require significant
volumes of hydrogen. However, its exploitation is constrained due to far-off
locations of consumers from electrolysis plants or poorly designed transport and
storage facilities. The storage option is also hindered because of buffering issues
from demand sections. For instance, the maximum allowable hydrogen content is
a limited value (0-12%) in the natural grid with respect to country standards and
regulations [10]. These challenges bring about the conversion of H; into other
valuable and more attractive energy carriers. Notwithstanding, from the electricity
storage point of view, H; is considered as the most effective and efficient fuel
precursor for reducing the costs and complexity through a one-step process. In
addition, hydrogen production does not need a CO, source [29].

The second PtG process is SNG through Methanation process, which consists
of two main processes: Hydrogen or syngas generation can be performed by steam
electrolysis or co-electrolysis of H,O and CO, respectively, and Methanation
occurs through chemically or biologically catalyzed reactions. In hydrogen and
syngas generation, in the case of steam electrolysis, the technologies of Alkaline
Electrolysis (AEL), Polymer Electrolyte Membrane (PEM) electrolysis or SOEC
can be employed whereas for the case of co-electrolysis, the only option is
SOEC:s.
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In methanation, the catalytic hydrogenation of CO,/CO produces methane
through the Sabatier reaction. The CO, required for the process could be provided
from several potential CO, sources, such as biogas plants, fossil power plants, the
atmosphere and process or exhaust gases from petrochemical complexes or from
sea water. The latter source can be quite energy-intensive. The SNG produced
includes considerable amounts of steam as a by-product and has to be upgraded to
meet the specific requirements of Natural Gas grids. In the stage of SNG
production, the reshifting to electricity can be conducted in power plants
connected to the Natural Gas grid or in Solid Oxide Fuel Cells (SOFCs), which
tend to achieve higher conversion efficiencies.
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2.2 Electrolysis Systems

The intermittency nature of renewable sources (such as wind and solar power)
makes this energy system difficult to integrate in the energy transformation
process. This trend brings about several challenges, such as the utilization and
storing of excess energy, distributed generation management and load leveling. In
this respect, water electrolysis can overcome these difficulties by producing
hydrogen, as it proposes the possibility of storing and transporting electrical
energy. This hydrogen production can be employed either in its basic form or as a
precursor in subsequent chemical processes. [9, 10]

Electrolysis technologies play a pivotal role in Power to Gas systems, as they
establish the connection between electrical and chemical energy. In fact, a water
electrolyzer utilizes electricity to disassociate water (or carbon dioxide) molecules
into hydrogen and oxygen (or carbon monoxide and oxygen). In general, the
electrolysis system contains a single cell, stack (consists of a set of cells) and all
the auxiliary attachments which are required to run the system.

The thermodynamics and efficiency of an electrolysis system will be mentioned in
the section of SOEC type. At present, there are three principal types of water
electrolysis in terms of operating temperature. For low temperature applications,
Alkaline electrolysis (AEC) on a large scale and Proton-Exchange Membrane
electrolysis (PEMEC) on a smaller scale are available. On the other hand, for high
temperature usage, a Solid Oxide Electrolysis Cell (SOEC) was proposed as a
promising technology [9].

2.1.1Alkaline Electrolysis

Alkaline Electrolysis is a standard highly developed electrolysis which is broadly
applicable for industrial hydrogen production at large scales. As illustrated in
Figure 7, an AEC is principally consisted of two electrodes completely immersed
in an aqueous electrolyte such as sodium hydroxide (NaOH) or potassium
hydroxide (KOH) electrolyte. The application of KOH is more common over
NaOH due to its higher conductivity. The operating conditions are normally set at
70-90 C and pressure ranges 30 bars with current densities in the range of 300-
500 mA/cm? and cell voltages in the range of 1.9-2.4 V. The ionic reaction
scheme in result of water consumption at the electrodes is as follow [10, 29]:
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Figure 6: A schematic view of Alkaline Electrolysis Cell [32].

Cathode: 2H,0+2e —— H; +20H 1)
Anode : 20H __, 1/20; +H,0 + 2¢ (2)

The two electrodes are separated by a polymeric micro-porous diaphragm in
order to prevent mixing of released H, and O,. One important design factor in
AEC is the space between the separator and the electrodes. The lower ohmic cell
resistance is achieved by making this gap smaller. Therefore, the zero-gap
systems (the gap size approach zero) can be beneficiary for AEC due to
preventing bubbles formation around electrode zone. An attractive method to
achieve zero-gap approach is to apply anion exchange membranes instead of
using conventional separators or liquid electrodes [31].

There are several advantages and disadvantages in employing AEC. The
advantages of AEC are endurance, maturation, availability and low investment
cost. Whilst, the low operating pressures and low current densities can be
considered as major hurdles and disadvantages.

2.2.2 Proton Exchange MembraneElectrolysis (PEME)

PEME is regarded as the second significant water electrolysis technology with
less developed compared to Alkaline electrolysis. Figure 7 is depicted a schematic
view of a typical PEME. The cells of PEME are housed in a Solid Polymer
Electrolyte (SPE) which is in charge of proton conductions, separation of released
gaseous (H, and Oy) and electrical insulation of the electrodes. The most common
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used electrolyte for PEME is Nafion which acts as a thin conducting membrane
normally based on a perfluorosulfonic acid. This membrane is in contact with
both electrodes where the following ionic reactions tend to initiate:

Cathode - + Anode

athode
Membrane

Figure 7: A schematic view of PEM electrolysis [32].
Cathode: 2H"+2e" —5 H, (3)
Anode: H,O — 5 1/20,+2H " +2¢"  (4)

The operating temperature for PEM electrolysis is usually kept below 80 C
because of using liquid water to enable enough proton conductivity. This system
can operate at high pressures (30-60 bar) without extra compression sections. The
current densities and cell voltages in the lab are set at 5-10 A/cm? and 2.5
voltages, respectively. The system efficiencies with respect to the HHV of H, are
in the range of 60-70 %.

There are plenty of strength points in employing PEM electrolysis. First of all,
considerable flexible mode of operation in start up and shutdown time makes this
electrolysis more compatible with PtG requirements. Then high current densities
and cell efficiencies at low voltages as well as ability to produce highly
compressed hydrogen can be other advantages of PEM electrolysis. On the
contrary, the weaknesses of that are the difficulties surrounding scale up issues,
expensive materials and low level of durability [32].
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2.23 Solid Oxide Electrolysis CellfSOEC)

Solid Oxide Electrolysis Cells (SOEC) is considered as the only electrolysis
operating at high temperature. It is established based on a dense, thin solid
ceramic electrolyte which is capable of ions conductions at elevated temperature
(650-1000 C). In this range of temperature, steam water is fed at the cathode
electrode where the reduction occurs and produced oxygen ions transfer to the
anode side where oxygen molecule evolves. These electrochemical reactions take
place according to the following reactions:

Cathode: H,O +2e —» H, + 0% (5)
Anode: 0% — 1/20, + 2¢” (6)

The overall schematic of a SOEC cell is illustrated in Figure 8. The operating
pressure is set as atmospheric. However, some SOEC system was designed to
pressure up to 10 and 25 bar [33, 34]. The current densities need to be maintained
at the level of 300-600 mA/Cm? (around AEC range) due to potential strong
degradation. The equivalent cell voltages is around 1.2-1.3 V.

H.0

H:

Figure 8: A schematic view of Solid Oxide Electrolysis Cell (SOEC) [9].

The single cells in SOEC are delivered in different geometries on market. They
are performed in two arrangements: 1) Tubular 2) Planar. Tubular based systems
create longer current paths leading to lower power density. It also has shorter start
up and higher mechanical strength. On the other hands, planar configuration
posses more effective manufacturability with higher electrochemical performance.
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The main benefits of SOEC systems includes its capability of operating in
high temperature leading to lower required electricity (Thermodynamic
advantage) and lower overvoltage without using precious metallic elements in
employed catalysts (Kinetic advantage). On the contrary, the degradation of sets
of cell (stack components) at high operating temperatures is considered as the
downside of SOEC systems. Meanwhile, the technical data of the SOEC studied
in this dissertation, which was designed by the Sunfire company, is as follows: 1)
the electrolysis system generates 40 Nm?®/h of H, with an input power of 150 kW;
2) the ability of reversing into fuel cell mode with an output power of 30 kW; 3)
max temperature of 850 °C; 4) max pressure of 30 bar; 5) dimensions
(HXWxD):116x168x182 mm>.

Since in this dissertation the simulation of PtG and PtL are conducted based
on the SOEC, the study of this type of electrolysis is described in more detail.
Therefore, other important features of SOECs including Co-electrolysis and
SOECsd6 thermodynamic are fd¥used i

2.24 Co-electrolysis ofH,O and CO, in SOECs system

The bi-functional feature of SOECs which relates to simultaneous dissociation of
water and carbon dioxide referred as Co-electrolysis system. It becomes more
attractive when the energy required for electrolysis is provided from renewable
energy sources instead of consuming fossil fuels. Therefore, SOEC system
proposes not only hydrogen generation but also producing wide variety of fuels,
solvents, fertilizers and other synthetic products with minimum emitting GHGs.
[10, 34]. In Co-electrolysis process, the Oxygen is represented at the anode
electrode, while carbon monoxide, hydrogen and other unreacted components are
produced at the cathode side according to equation (7). Besides, within catalyst
Ni/YSZ electrode several side reactions such as water gas shift and methanation
may promote. Water gas shift reaction (Eq. 8) tends to initiate above 650 C and to
reach equilibrium quite fast. In addition, Methanation is favored at high
concentrations of CO and H; plus low temperature and high pressure reflected in

Eqg. (9).

H,O+CO, —» H,+CO + 0O, (7)
H,O0 + CO—> H,+CO, (8)
CO +3H, —» CHy + H,0 (9)

On the other hand, catalyst Nickel also stimulates some side-reactions i.e.
Boudouard reactions (coke formation) which is detrimental for SOEC system. In

n

t
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case of high voltage operation accompanied high concentration CO, side-reaction
(Egs. (10) (11)) tend to increase to larger extent [35].

2CO — C(s) + 0.50, (20)
CO — C(s) + 0.50, (12)

The integration of Methanation in Co-electrolysis system causes mutual thermal
synergies between exothermic methanation and endothermic electrolysis and it
reaches the round trip efficiency of the system to more than 70 % [29].

2.25 Thermodynamic analysis of SOECs system

The thermodynamic parameters of a water electrolyzer are identified by making
energy balance over the SOEC system. In principle, total energy demand for
splitting water molecule in electrolysis cell is denoted by gH (T) based on Eq. 12.

This amount i's supplied by del ect
energygc ( T) plus Aheat ener gyo wqdbi(Tsh
oH (T) = g&MN(T) + (I2)

When this equation is defined in terms of voltage, new parameters turn out to
be defined as below:

Reversible voltage:

The minimum voltage for splitting reaction water into its constituents is referred
as Reversible voltage or Gibbs voltage which is calculated when we assume input
energy to drive electrolyzer is supplied by electrical component of required
energy:

6 Y

=123V (13)

Considering qiG equals 237.22 kJ/mol at standard conditions of 298 K and 1
bar, n denotes the number of transferred electrons in Egs. 13 and 14 and F which
is the Faraday constant equals 96487 C/mol. By assuming these values in Eq. (13)
the Gibbs voltage calculates as 1.23 V [10].

Thermo-neutral voltage:

Thermo-neutral voltage is attributed to the enthalpy change related to water
splitting reaction. And it is calculated when we assume the operating voltage
(Electrical input) is equal to total energy demand for electrolysis:

ri cal en
corresp
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Considering gH equals 28584 kJ/mol at standard conditions, plus above
assumptions the thermo-neutral voltage is achieved at 1.48 V. In fact, in thermo-
neutral state the heat generated by system irreversibility exactly equals the heat
captivated by the electrolysis reaction in a specific value of cell voltage. This is
the desired mode at which electrolysis system operates [10, 29].

In terms of operating voltage, there are three different operating modes: If the
operating voltage Ug (Electrical input which is employed for electrolysis cell) is
lower than Vi, heat must be absorbed as thermal energy for water splitting
(Endothermic operation). In this case, minimum degradation occurs since
electrolysis operates at lowest power densities. If Ug = V4, as already mentioned
no thermal energy is required or released (Authothermal operation). If Ug > Vi,
the difference (Ug-Vin) has to be properly removed as surplus heat to decrease
degradation of the system (Exothermic operation) [9, 10, 29].

These aforementioned thermodynamic parameters are strongly dependent on
operating temperature and pressure in electrolysis system which has to be
carefully selected [10]. As shown in figure 9, the required electrical energy (qiG
corresponding voltage V) continually decreases with rising temperature leading
to 30 % reduction by changing from 273 to 1273 K (see figure 9).
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Figure 9: Reaction Enthalpy and Gibbs energy with equivalent voltage as function of
temperature [10].
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On the other hand, total energy demand (gH, equivalent voltage Vth) remains
more or less constant with increasing temperature. This trend illustrates that in
case of employing steam electrolysis lower energy requires compared to water
electrolysis [10]. In addition, from this figure the ratio of qiG electrical energy
demand (giG) to total energy (gH) is about 93% at 100°C and about 70% at
1000°C, which illustrates that in elevated temperature electrolysis about 30% of
the required energy can be provided as heat. Thermal required energy of the cell
can be supplied either externally using a thermal source or internally through
Ohmic heating depending on whether the process function is autothermal or
allothermal. The requirements of decreased electrical energy facilitates the Solid
Oxide Electrolysis cells to work at lower voltages (around 0.95 to 1.33 V) than
those involved for other typical electrolyzers [36].

2.26 Electrolyzer Efficiency

The theoretical conversion efficiency of an electrolyzer system is typically
defined as the storable energy unit (heating value of hydrogen) per unit of
electrical energy input for electrolysis:

% AOOODOO (AACEATQEA
%l ABCWOO%I AAOGDREBLIDOO

) pu

The energy output is regarded as heating value of hydrogen. It is identified by
HHYV (higher heating value) or LHV (lower heating value) of H,. Their values for
hydrogen equals to HHV=3.54 k