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Abstract

The detrimental effect of increasing global emissions of @©Othe environment has
prompted action to be taken to improve the envirorieldmpact of hydrocarben

based processes and fuel use. Therefore, producing hydrogen as an alternative fuel
for vehicles fitted with fuel cells through solid oxide electrolyser cells (SOECs) has

been considered.

Coal fired power plants are major energpy\ders and are operational all day.
Introducing SOECs into the plant to utilise hot steam and electricity during times of
low energy demand may provide a step to large scale hydrogen production. Through
modelling and experimentation of power plants af@ESs, this project aims to
evaluate the feasibility of an integrated system based on the thermodynamic; techno
economic and SOEC performance analyses.

Results show that SOECs, which operate between 600 and 1000 °C, take advantage
of the heat of the steamhich increases electrolyser efficiency. Steam from before
the intermediate pressure turbine at 560 °C and 46 atm was located from a
simulation of a coal fired power plant. The intermedia®perature steam of the

plant was applicable to less us&@ttdoped CeQ (CGO) than yttria stabilised

zirconia (YSZ) electrolyte that performs best at 900 °C, as shown experimentally.

Modelling showed SOEC efficiency was improved by 25.2 % through an integrated
system rather than traditional methods of heating watestdam, due to redude
energy requirements. Furthermore, the thermoneutral point of 4,644 @.81 V)
formed a guide for the design and operation of SOECs. Analysis on the integrated
system showed th&50 MW (7500 kg h*) and290 MW @700 kg ht') H, can be
produced with SOECs sized at 43,300 and 50,1%)0espectively, for scenarios of 7

% steam extraction and a purely Broduction plant, at a cost of 3.76 $:KQ
Although an integrated system shows promise for large scale hydrogen production,
further development for suitable electrolytes and hydrogen storage and infrastructure

is required.
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1. Introduction

1 Introduction

In this chapter, an overview of this thesis is given. The motivation behind integrating
solid oxide electrolysers iata coal fired power plant will be outlined together with
the aims and contributions of this work. Finallgn outline of the subsequent

chapters igresented.

1.1 Overview

Concerns over the dependence on hydrocallamed fuels worldwide are growing

due to tle environmental concerns over high carbon dioxide emissions, where
32,600 Mt of CQ was emitted globally in 2011. Asia was seen to be the largest
contributor to CQ emissions, as shown Figure 1-1, with China entiting 27 % of

the total emissions, followed by US, Russia and India emitting 17, 5.5 and 5.3 %,
respectively (the UK contributed 1.5 % of €@missions)1]. Throughchanges in

the energymarket, an increase of carbon emissions of almost 25 % was seen in Asia

where as a decrease in 7 % was seen in the US based on figures frgi] 2007

The reason for Asia contributing @ity to CQ emissions is due tthe dramatic
growt h of Chi na anddhe bssotiatdauinber e coavanbiomal e s
power plants that have been buittis predicted that 3% of both countries power

will be produced by coain 2035 [2]. Since 2002, China has been constructing
conventional coal fired power plants as part of an energy restructuring3plarhis

has enabled the country to utilise their large coal reseras China holds around
1.04 x 16* kg of coal[4]. In addition, conventional power plants were built between
2005 and 2008 to supply 50 GW of power per year and this is expected to rise to a
total of 563 GW in 202(6].

As a result of this rapid growth, approximately%0of the power produced in China

in 2006 was produced from cof;4]. As the powermlants were not built with
carbon capture and storage (CCS) processes, the amount of carbon dioxide and
greenhouse gases released into the atmosphere is increasing and will continue to do
SO as there are no plans to implement CCS with the conventionat piants[6].

Without CCS in place, there are also environmental implinatéue to emissions of

SO, NO, and particulatefrom the release of flue gas. Furthermore, it has been
predicted thatvithout CCS processes in place, £gissions will increase to 10.8 x

10" kg by 2020, even with China meeting their emission tafgéts
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I North America
I Central and South America 5
I Europe 52%
B Africa
P Asia
[ Oceania

4%

19% \

4% 20%

Figure 1-1: Percentage of carbon dioxide emissions by continent in 20111.

The growth of development in Asiaombined with the consistent use of coal fired
power plants in other parts of the wqrths had gylobalenvironmental impacilThe

reason for the incese in CQ emissions lies in the increasing demand and use of
fossil fuels[8;9]. In the UK, the three largegtimary fuels used are hydrocarbon
based coal, petroleum (oil) and natural gas, and these fuels are used extensively for
producing electricity, fuels and chemicads shown irFigure 1-2. The total energy

consumption of primary fuels in 2011 beih88.3Mt of oil equivalent10].

Based on the negative effects of climate change due to both the global reliance on
hydrocarborbased primary fuels and growing carbon dioxide emissions, the United
Nations Framework Convention on Climate Change weveloped, which is an-on

going international treaty to reduce the impact of climate chilrigeA milestone in

the reduction of carbon emissions was the Kyoto Protocol Treaty, 147
Through discussions, the agreed treaty outlined action points for reducing the
environmental impact of waste released into the atmosphere. The targets set for each
country were a total 05.2 % of greenhouse gas emissions were to be reduced by
2012 based on the levels in 1901;13]. Since then, a second phase of emission
reduction targets began in January 2013 for a duration of seven years based on the
Cancun Agreements from 2010. Tl&ancun Agreements aims to keep global

temperature increases to less than 2 °C abovengustrialised levels and for
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industrialised countries to develop lesarbon plans to mitigate carbon emissions

and provide support t hr odeaydopingltantriésGineen C
addition, developing countries have decided to limit increasing carbon emissions and

to create lowcarbon plans. Though objectives for the second phase have been
outlined, actual figures for targets have not yet been agiééd

Currently, primary fuels (coal, petroleum products, natural gas, bioenergy and waste

and primary electricity) are used for a range of applications as showebla 1-1.

The 6otheré primary fuels include second:;
It can be seen that coal is used almost in its entirety for electricity production, with
natural gas and bioenergy and waste also contributing to producing electricity.
Natural gas is also used for domestic purposes. The products from refining
petroleum are used mainly as road and air transport fuels and chemicals production
and natur al gas is also used for domest
market is heally reliant on hydrocarboibased fuelshowever, refineries and power

plants tend not to have carbon capture facilities and they therefore contribute to

carbon emissiond.4].

Based on the data iRigure 1-2 and Table 1-1, coal is almost solely used for
electricity generatioiin the UK. However, through combining electrolysis with coal
fired power plants coal can also be used for fuel production, thereby changing the
way that primary fuel is used in order to achieve cleaner and more sustainable fuels

such as hydrogen.

Hydrogenas an energy vector is considered a promising alternative to fossil fuels,
particularly for transport applications when used with fuel cell techndldgly In

such a configuration, there are no £€nissions at the point of use and the only

waste product is water. Hydrogen as a fuel benefits from a high gravimetric energy
density (140.4 MJ K§ compared to 48.6 MJ Kgfor gasoline)[15]. Hydrogen is

used extensively for the synthesis of chemicals such as ammonia and methanol
however, it is not found in its pure, uncombined form on Earth. Therefore, it is

cosmi dered an energy <carrier or Oenergy V.

compounds.
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(a) Coal (b) Petroleum products
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Figure 1-2: The percentage of primary fuels used in the UK in 2011 is shown on the left
[10]. The application of each primary fuel is shown in figures (a) t¢d) on the right.

Hydrogen, combined with fuel cell technology, is of interest as a way of reducing

our reliance on hydrocarbdrased fuels. Plans have been made to reach short and

long term goals towards reducing €©mi s si ons ahydtoganeomdmyps i ng a
such as the recent UKMIobility project[16]. It was suggested by the Department of

Energy and Climate Change (DECC) thattlelysis would be the preferred choice

for large scale hydrogen production for use in vehicles by PUHO

Table 1-1: The applications of primary fuels in the UK[10].

Application (%)

Primary Fuel Electricity generatior Industry | Rail | Air | Road| Domestic| Other
Coal 78.6 3.4 1.6 16.4
Petroleum products* 6.0 09]|17.1| 51.8 3.5 20.7
Natural gas 33.9 6.6 32.3 27.2
Bioenergy & waste 65.8 7.2 15.1 7.6 4.3
Primary electricity 100
Other 100

*As petroleum oil is refined into various fuels, it has been shown as petroleum

products.
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In light of thedevelopments in Asia of coal fired power plants and the move towards
cleaner telknology in the UK this thesis focuses on the feasibility of large scale
hydrogen production through integrating intermedigi@perature solid oxide
electrolyser cells (SOECs) with conventional coal fired power plants as an
alternative to petrol and didseels for vehicles. Coal fired power plants have been
chosen as both the steam and electricity needed for SOEC operation can be obtained
from the plants. The study ainte establish any possible improvements in plant
efficiency through an integrated sgst, as well as the feasibility of large scale
hydrogen production from SOECs.

1.2 Fundamentals of electrolysers

Electrolysers in this work are electrochemical systems that use water or steam with
electricity to separate hydrogen and oxygen molecules. Inhbssst the focus is to
produce hydrogen to be used as fuel.

1.2.1 Thermodynamics of water electrolysis
Understanding the thermodynamics of the electrolysis reaction enables the correct
choice ofelectrolyte to be usetbr the relevant applicatioriThe overall raction

which takes place in a water electrolyser is:

05 © 0 SU (1)

The enthalpy YO of a reaction represents the minimum amount of energy required
for a reaction to occur. In this case, the enthalpy és tttal amount of energy
required for the steam to dissociate. In electrolysis the energy is supplied by heat (

and electrical powerg ) where the heat is brought in by the stda8j:

YO 0 YO "WYY (2
The Gibbs energy)(Q represents the amount of energy available within the system
at constant temperatiand pressure, which governs whetiienotthe reaction will
take place. Therefore, at a certain temperature and pressure, the amount of heat
energy U , in the steam will be constaas there is no change in conditions to drive
the reactionThe difference in the heat energy available at a certain condition and the
enthalpy (minimum energy requiremeritjen identifies the amount of electrical
energy required to ensure that the minimum energy needed for the reaction is

available.
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For a steam electrolgs operating with one mole of steaper unit time two
electrons are required and the associated chgjgeisfer between the electrodes is
shown in Equatiof3) [18]:

n ¢ Q ¢O ©)
wherel i s Avogadr@ad&s Fraunmbdery,6 Qis theahaageaman and
electron.

For an electrolyser where there is a potential differei@ehetween two electrodes
and charge transfer through the circuit, electrical work is being done on the
systen18]:

o n 0 ¢ 00 YO (4)
where¢ relates to the number of electrons per mole.

Therefore Y"Ocorresponds td  and theé"¥"Yterm coresponds t@ :

YO &'00 (©)
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Figure 1-3: Effect of temperature on thermodynamic properties
of the water electrolysis process.
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By considering the variation of state fuiocts (V’OY'Q7 W'Y with temperature, the
overall change in Gibbs energy, and thus the electrochemical potential of the
reaction, can be determinedrigure 1-3 shows the change of each of these
parameters withemperature. It can be seen that the total energy requirement is
relatively insensitive to temperature variation. However, due to the positive change
in entropy associated with the reaction, the heat required increases with temperature.
Consequently, the ®bs energy (electrical energy required) decreases with

increasing temperature.

1.2.2 Definitions of electrolyser modes

There are three main types of electrolysers: alkaline, proton exchange membrane and
solid oxide.Table1-2 summarises the main characteristics of each electrolyser type.
In this study, the electrolyser efficiency is described as:

- 00 O 0
0 Q0H VR D pTLT (6)
Whae' O andO are the operating voltage and overpotentials, respectively,

0 is the molar flowrate of hydrogen produced &islthe current density.

1.2.2.1 Low temperature electrolysis

Low temperature electrolysers refers to sowhich operate at below 100 °C;
alkaline and proton exchange membrane o#lEM). In alkaline electrolysis, the
water enters at the cathode side and decomposes amdHOH. The operation is
shown inFigure1-4(a). The OHions migrate through the KQk, electrolyte, which

is typically 25 to 30 wt% KOH [19;20]. Increasing the concentration up to 47 %t
enables a higher conductivity; however, the components of the cell corrode much
faster at higher concentratiof20]. At the anode, the OHons gain electrons and
produces KO and Q. The hydrogen needs to bepaeated from the water at the
cathode side which can be done through dehumidific§2ioj

Alkaline electrolysers have been in operation for decades and are considered to be a
mature technology. They produce With efficiencies between 64 and 9[21] and

are mainly used in industry for small-gite applications where the need for high
purity H, is important. Thee are a range of electrolyssizes available with the
capabilityof producingfrom 10 to 100 rhh™ of hydroger{22].
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Table 1-2: Reactions and data for alkaline, PEM and solid oxide electrolyser
technologieq15;19;20;23;24]

Alkaline PEM Solid Oxide
Electrolyser Electrolyser Electrolyser
Operating 707 90 257 100 500i 1000
Temperature (°C)
Electrolyte ion OH H* o”
and material KOH(aq), NaOH(aq) Sulfonated polymers e.qg| Yttria, Yttria
Nafion™ stabilised zirconia
(YSZ), Scandia
stabilized zirconia
Cathodereaction 2H,0 +2eY  k# 20H 2H" +2eY H H,O +26Y O
and material Nickel with platinum Platinum black, iridium | NickelYSZ cermet

catalytic coating

oxide (IrQy,), ruthenium
oxide (RuQ)

Anode reaction
and material

20HY | .8 H0+2¢é
Nickel or Copper coated
with metal oxides

H:O Y J+OH +2¢
Platinum black,
iridium oxide (IrG),
ruthenium oxide (Rug)

o'y 1.0 26
Perovskite oxides
(e.g. lanthanum
manganate)

Although generally small in size, the alkaline electrolysers are used in a wide range
of production processes, including the food industry for increasing saturation in oils
and fats, their melting points and resistance to oxidation. In addition, theanucl
industry requires Kfor removing Q as it can cause stress corrosion cracking and
power stations use jJHas a coolant for its generators due it its high thermal
conductivity. Hydrogen is sometimes used in the pharmaceutical and plasma
industries as wel[15]. Oxygen, normally considered a-pyoduct of electrolysis,

can be used in many chemical processes.

In PEM electrolysers, the electrolyte is made gfraton conducting material that
enables the Hions to travel through the electrolyte to the cathdtigufe1-4b). The

water enters at the anode side of the cell and decompose$ &mdHQ. The
advantage of thisype of electrolyser is that pure hydrogen can be obtained without
the need for a further separation process. At low temperatures there may be some

water molecules present in the hydrogen as water is required for conduction to occur.

Proton exchange mendne electrolysers have the advantage that only hydrogen is
produced at the cathode due to the proton conducting electrolyte. In PEM
electrolysers, water is required for conduction and therefore there may be some
water molecules in the hydrogen output. Heer, at higher temperatures the
hydrogen is drief20;25]. Furthermore, the ionic resistance has been seen to be

lower in PEM electrolysers, which increases efficiency compared with alkaline
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electrolysers. Téd PEM electrolyser has been shown to have efficiencies between 55

and 70 %419].

1.2.2.2 High temperature electrolysis

1.2.2.2.1 Steam electrolysis

High temperature electrolysis in solid oxide electrolyser cells (SOECSs) operates by

steam entering at the cathode side where it dissociates into protgran(Hoxide

ions (0. The solid oxide electrolyte is an oxide ion conductor and so thie

are the transported through the electrolyte where they lose electrons and oxygen is

formed at the anode. This can be seerfFigure 1-4(c). The hydrogen can be

separated from the steam in another stage after leavirBR€E.

A2e

"L r— Anode

+——=>»%0;

<+«———H0

Hx 2e %0, _
lI Y A 2e ZIL 2e'Y
e cleoH] | H, &— |
O HO-

Cathode—————o . Anode
............... Cathode —
L T ...................

Electrolyte Diaphragm

Solution, KOH (aq)
(a) Alkaline Electrolyser
r |
- I| .
2e y A2¢
- +
Hoe————— |
ot
s A3
—=—

Cathode —

(c) Solid Oxide Electrolyser (SOEC)
Figure 1-4: Schematic of different electrolysers and their operation.

+— =% uo,

— Anode
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SOEC technology provides advantages compared with low temperature cells due to
the elevated operating condition&s described previously, high temperature
operation imparts higher electrical efficiency to the water or steam electrolysis
process based on thermodynamic considerations. Furthermore, high temperatures
also favour the kinetics of the electrode reactions.

It has also been shown based on a life cycle assessment for manufacturing SOFC
(and by extension SOEC) materials, that the environmental impact is fairly small; the
emissions from manufacturing SOFCs contribute 8 df lifetime CQ emissions

for both panar and tubular geometrigs].

One of the advantages of a solid electrolyte is that they can be manufactured to any
shape, the two most common is planar or tubular designs; the preferred choice is
usually theformer. Tubular cells were designed as a way of reducing sealing
problems commonly seen in planar cells, large active area and have shown quick
start up[27]. However, planar designs are now being used to allow a high packing
density and lower volume in the system and are also cheaper to manujia¢iure

Extensive research is being performed to identify the best matdomluse in
SOECs, as the conventional materials used in solid oxide fuel cells (SOFCs) are not
optimised for these reactions. However, SOFC analogues are being used as the
starting point, with typical materials for the cathode, electrolyte and anodg Mein

YSZ (nicketyttria stabilised zirconia) which is a ceramic metal mixture, YSZ and
perovskite oxides (e.g. lanthanum manganate), respecfi2|¢5] . Laboratory

scale SOEC operation has demonstrated hydrogen production efficiencies of
between 70 and 9% [28]. As the electrolyte dictates the operation, electrode choice
and performance of the cell, a number of studies of various electrolyte materials have
been published, such as strontium and manganate doped lanthanum gallate (LSGM)
and samarium dopedexda (SDCjcarbonate composite, which showed good
performancg29]. Research is also being carried out into the strength, toughness and
durablity of LSGM. However, results have shown that it is stable with a current
density of 700 mA cif for 350 hourg20]. At the moment, this is not a commercial
option as research continues in order to find a material suitable for the electrodes as

well.

SOECs are versatile as they have been shown to be a viable method of reducing

steam, carbon diode and a steawarbon dioxide mix to hydrogen, carbon
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monoxide and syngas, respectivgB80;31]. It has been noted that power plants
operate with steam at elevated temperatures. The ability of the SOEC ttecera
elevated temperatures and the improvement seen in electrolyser efficiency of such
conditions makes SOECs the most suitable option for integrating with power plants.
Therefore, this thesis will focus on SOEC electrolysis for hydrogen production.

1.2.2.2.2 Carbon dioxide electrolysis

Early research of carbon dioxide electrolysis was in the area of oxygen production
for undersea uses, space travel and exploration to [ar84]. However, more
recent research is beigne on using carbon dioxide from industrial sources for the
production of syngal32].

As with steam electrolysis, the thermodynamic characteristics are shokiguire

1-5, where it can be seen that increasing temperatures results in a significant
reduction of electrical energy requirement. Therefore, high temperature electrolysis
is the preferred option for G@lectrolysis.

There have only been two types of electrolytes that have shown to manage the
electrolysis of carbon dioxide, which are solididex and molten carbonate

electrolytes at high temperatur@gl].

300
_ (AH total energy)
_ L 1.4
~ 2504 Tt~ -
- : S 1.2
S ] T T~ ~ < _(AG electrical energy) S
2 200 T 103
- [0}
§ 1501 L
-5 . - o
E : |06 %
- 100-_ - - §
- _ 0.4
: : (Q heat energy) =
L 50 4
1 -0.2
O- T T T ! ' I I -

— . . . . . . —
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Temperature (°C)

Figure 1-5: Effect of temperature on thermodynamic properties of
the carbon doxide electrolysis process.
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The reactions that occur in these electrolytes are shown in the following Equations
[34]:

Solid Oxide Electrolyte Molten Carbonate Electrolyte
Cathode: ¢6 0 T1TQ© ¢60 ¢U T00 T1TQO ¢60 60
Anode: cO ©° 90 1Q cOb ©¢60 0O T1Q

Overall: cOVO coU O cO0O% gL O

Molten carbonates work best at temperatures of°&€5and have proven to produce
oxygen efficiently over long periods of time. Combining molten carbonates with
platinum electrodes have produced results which correlate closely with theory based
on Faradayds Law. Due t o go oscatupated iiitb r ma n ¢
carbonate electrolytes were being developed for space explorations. Solid oxide
electrolytes of YSZ combined with platinum electrodes have also shown high
efficiencies with a transference number of 1. The transference number represents the
ratio of actual oxygen produced to the oxygen that would have been produced if the
total current was ionic. Furthermore, the cell endurance was seen to be high after
tests were carried out for over 3600 hours and results showed very little deterioration
[33;34]

This shows that both the electrolytes are suitable for carbon dioxide electrolysis at
high temperatures as they produce goodltesHowever, there are still problems
with overpotentials in the solid oxide electrolyte, which may reduce the efficiency of
the cell[33].

1.2.2.2.3 Co-electrolysis
Research into ceelectrolysis of carbon dioxide and steam was prompted by large
carbon emissions from industrial processes such as power plants, which included

high steam and carbon contents such as flu¢3géds

The watergas shift reaction occurs under -electrolysis of ©, and steam
electrolysis[36;37], which requires control to obtain the ratio of syngas required. It

is further complicated by side reactions whereby methane is produced occasionally
at intermediate temperatwe and high potentials[38]. Comparing the

thermodynamics of celectrolysis fromFigure 1-6, it can be seen that at lower
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temperatures, the steam reawtis favoured as less electrical energy is required for
the process. As with both steam and carbon dioxide electrolysis, at higher

temperatures the carbon dioxide electrolysis is favoured to producing syngas.

Patents have also been released based ars¢hef flue gas in electrolysis. One such
patent considered the use ofaectrolysis for methanol production using alkaline
electrolysers, which enables the electrolyser to be used for more than just hydrogen
production[39]. Co-electrolysis using the heat genechfeom gasification plants has

also been patented whereby a solid oxide electrolyser can be used to produce syngas.
This shows that there is potential in the market for such processes to be implemented
[40].

Therefore, the operating temperature and energy input has a direct effect on the
products to be produced. Controlling these variables will enable suitable hydrogen to
carbon monoxide ratios to be achieved in order for the ptedwacbe used in

processes such as Fischer Tropsch.

It has been noted that power plants operate with steam at elevated temperatures. The
ability of the SOEC to operate at elevated temperatures and the improvement seen in
electrolyser efficiency of such nditions makes SOECs the most suitable option for
integrating with power plants. Therefore, this thesis will focus on SOEC electrolysis

of steam for hydrogen production.
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Figure 1-6: Electrical energy requirement for steam and carbon dioxide ceelectrolysis.
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1.3 Research Aims

The overall aim of this thesis is to assess the feasibility of integrating solid oxide
electrolyser cells (SOECs) into a conventional coal fired power plant by considering
thermodynamic pnciples, economic viability, and SOEC and power plant efficiency
variations. This study aims to offer an engineering perspective on the operation of
SOECs as well as propose steps toward SOEC commercialisation. Furthermore, the
study seeks to examine tharent situation of the fuel and energy sectors and to
create a pathway toward producing hydrogen as an alternative fuel by utilising
existing technologies.

The aims are further described as follows:

1 To carry out a thermodynamic and teckewmnomic analys to assess the
viability of solid oxide electrolysers for commercial hydrogen production.

1 To identify the key characteristics of high temperature operation through
experimentation of conventional SOECs.

1 To assess the performance of an integrated systempared with
independent operation of SOECs and power plant with varying operating
conditions through modelling.

1 To evaluate other factors that may facilitate or limit the success of an

integrated system.

1.4 Thesis outline

The outline of the thesis is aslds:

Chapter 2 considers the current technologies available for hydrogen production and
outlines the research that has been published on such technologies including steam

methane reforming (SMR) as well as low and high temperature electrolysers.

Chapter 3 identifies and assesses the current state of conventional and new
technologies for hydrogen production and provides a teelsnaomic analysis of
solid oxide electrolysers. The chapter also shows the major economic limitations of

commercialising solid ase electrolysers (SOECS).

Chapter 4 is focused on the design of an experimental facility for SOEC testing.
Through testing on both symmetrical cells and SOECs, the behaviour of SOECs

based on traditional materials is discussed.
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In Chapter 5, a conventiohaoal fired power plant simulation is presented. The
analysis identifies possible areas of the plant where high temperature steam can be
extracted with the intention of being used in SOECs. The chapter also provides a

description of the role of coal firggbwer plant in the energy market.

Chapter 6 presents a model of SOECs with the aim of evaluating the extent to which
efficiency is affected by the overall energy requirements of electrolysis. Two general
cases A and B are considered for a system corgsigtia heater and SOECs. Case A
examines the effect on SOEC efficiency with water/steam being fi teystem at
varying temperatures between 25 °C and 700 °C at 1 atm. Case B considers the
energy consumption of producing hot and pressurised steam feden sourced at

25 °C and 1 atm.

In Chapter 7 an integrated system of SOECs with a coal fired power plant is
analysed. The changes in system efficiency when using steam from before the high
pressure (Case 1), intermediate pressure (Case 2) and low p{€mssee3) turbines

is shown. The analysis in this chapter also considers the factors affecting SOEC size
and economics of hydrogen production. Consideration is given to storage,

infrastructure and social factors.

Finally, Chapter 8 concludes the thesisl atiscusses the results obtained in this
study. Possible steps for future work to further this project for implementing an

integrated system are also outlined.
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2 Literature review

An overview of the literature representing current methods of hydrogetugiion

and electrolyser technology is discussed in this chapter. The literature has shown a
range of technologies, both commercially available, such as steam methane
reforming and those still in research development such as biological methods. The
review outlines hydrogen producing technologies and shows the current trends in

research.

2.1 Hydrogen production

Hydrogen is currently produced predominantly from hydrocarbons. Approximately
48% of the worl dobés hydr og é&mnfromcudgoilB8tuced
from coal and only 46 from electrolysis. Electrolysis of water is currently the main
way of producing hydrogen in a sustainable wa$]. The following section
describes industrial and researched methods of hydrogen production, which are
alternatives to electrolysers. As SOECs are not yet commercial they must be able to
meet current standards in order to be competitive in the market. Thereforeriadust
processes used at the moment, such as steam methane reforming (SMR), partial

oxidation (POX), autothermal reforming and gasification are discussed.

Syngas, a valuable gaseous mixture of hydrogen and carbon monoxide, is widely
used for synthetic fueproduction through the Fisch&ropsch processlt is a
product that can be generated from a variety of sources such as coal, biomass, waste
materials and sewage sludge.]. Current technologies which use hydrocarlfiosl
produce syngas first, which is then further processed to generategémdro
Therefore, SMR, POX, autothermal reforming and gasification are all methods of
syngas production. Though hydrogen is considered as an alternative fuel, syngas can
be useful for synthetic fuel production. Furthermore, pyrolysis can be used, where
the el is heated until it decomposes to syni@ds. Pyrolysis of sewage sludge has
shown to give high efficiencies where 9% of the gases produced were syngas when
using multichambered microwave ovens. The mualiambered oven enables both

conventional and microwave heatif].

The most efficient and versatile method of syngasdgpction is seen to be
gasification as the process is able to cope with a variety of carbon based materials
rapidly. The most significant waste produced is slag, with negligible amouritg of

ash at high temperatures and pressures. This reduces thentarobicleaning
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required and is more cost efficient. In addition to hydrocarbon based hydrogen
production, the following section also includes research of alternative hydrogen
production technologies via plasma reforming, photolysis, anaerobic digestion,

fermentation and electrolysis.
2.1.1 Hydrogen production from hydrocarbons

2.1.1.1 Steam methane reforming

The majority ;3 produchdeusing steaimdanétsaneHeforming (SMR)
as illustrated inFigure 2-1 [15]. Depending on the purpose of the SMR plant (i.e.
whether it is primarily for the production of eithep BIr syngas, where syngas is a
mixture of CO and b); hydrogenwill be produced at varying purities and

compositional amounts.

In SMR, methane first undergoes a tatage desulphurisation process to remove
sulphur to acceptable levels compatible with the downstream catalytic processes,
which are liable to be poisonéy sulphur containing compounds. Typically, aiCo

Mo catalyst is used to produce$! For sulphur removal the,8H gas is then reacted

with a bed of ZnO in a scrubbing proc¢®%]. The treated methane is then reacted in
the reformer with steam to produce &hd CO using Ni as the catalyst, as shown in

Equation(7).

CO+00 Y o0 o0 (7)

r

— ) H2
Ch Desulphurisati co
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H,O —»
S, H,0O
H, Low H,, CO High B H, CO
+— ; CcO
Hz Absorption | CO2 Temperature < 2 WTetmpgratlgre].ft

CO; —| b Water-Gas Shift ater-Gas shi Steam

Figure 2-1: Flowsheetof the steam methane reforming process.
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The syngas calbe used as a feedstock for other processes, such as the -Fischer
Tropsch reaction, or can be passed through vgatershift reactors to produce more
hydrogen:

8000 © 80 'O (8)

The process has a higlretimal efficiency(Equation(9)) of around 83% and has the
best ratio for hydrogen production of 3:1 (hydrogen: carbon mongxidejever, it
is a very large producer and emitter of cardarxide[19].

0" Q"Q QGO QA G Gy 9)

where® , is the net work output and , is theenergy supplied to the system.

2.1.1.2 Partial oxidation

The partial oxidation (POX) process combusts larger hydrocarbons such as oils in a
controlled environment to produce synd&gure 2-2). The syngas then undergoes

the shift reaction (Equatioi8)) and the H is separated from the GQOn an
absorption process. The process requires high operating temperatures, between 1250
°C and 1500 °C, and pressures of between 29 and 118wdtith means that a
catalyst is not required. Due to the exothermic nature of the process, additional heat
is not required as the heat produced is sufficient to maintain the operating conditions
within the reactor. However, unlike SMR the process prodgoes, which means

that an additional cleaning process is necessary to remove solid particulates from the
gas[15;19]. The process is illustrated frigure2-2.

Air
i N H.>S Sulphur
Air —»{ ASU 2 Waste 2 > Ren?oval S
Steam gas >
(@)
\ 4 ? + \ 4 y T
) Partial Water- gas H.S/ CO2 .
Oil —»  Oxjdation > Shift removal Methanation |—— H2
(POX) Reactor
. Waste
Soot A 4 > Stripper water
Removal

Figure 2-2: Flowsheet of the partial oxidation process (ASU air sepaation unit).
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Although POX can be more versatile as larger hydrocarbons can be used, it produces
hydrogen at a higher cost and SMR is therefore usually favoured forsleatge
production of hydrogei?2]. Furthermore, a hydrogén-carbon monoxide ratio of

3:1is produced using SMR in comparison to only 1:1 or 2:1 from ROK

2.1.1.3 Autothermal reforming

Autothermal reforming (Equatio(iL0)) can be separated into two main reactions.
The first, partialoxidation; where heat is produced due to tketleemmic nature of

the reaction, creating a thermal zone. The second is the endothermic steam reforming
reaction, which occurs using the heat produced from partial oxidation in the catalytic
zone. The catalysised in the bed is normally alumisapported N[15;19].

The process rpiires pure oxygen though less than that used by partial oxidation
only. This makes the process more economically viable as legeQunit of B
produced is required. However, to ensure the efficiency does not decrease, tight
control is required on thexggen to fuel ratio, as well as the steam to carbon ratio,
for the reactions. Due to the control on the st¢awmarbon ratio, the syngas

produced can be used directly in tlikéscherTropsch process without further

processing.
o v~ P. v« o 0,
00 P (O]} -0 060 -0 (10
C T C
Hio O,
CHy— ¥ CH.
Desulphurisation ——p| Heater »| Autothermal
H,O—» Reformer
S, H0
H, | H, CO
Hz < | Absorption - CO2 | water-Gas
CO, sorption Shift Steam

Figure 2-3: Flowsheet of the autothermal reforming process.
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2.1.1.4 Plasma reforming

Plasma, the ionised gas generated by elestraci heat, provides the energy needed
to reform hydrocarbons, which undergfte reaction in Equatiof7). The plasma
created from stearonsistsof H, OH and O radicals and electrofi®]. Plasma
reforming can be either thermal or nthermal, where the difference lies in the
operating temperature of the proc¢43]. The process is claimed to overcome the
disadvantages of the conventional reforming process irstefimost, the short life of

the catalyst and size and weight requiremgtté

Thermal plasma reforming requires a large amount of electric dischaegeeigthan

1 kW [44]. The power is required to increase the temperatures of electrons and
neutral species to temperatures of aroujd®® °C. Power islao required to ensure

that the electrodes do not deteriorate at the high temperdt®@9]. Figure 2-4(a)

shows a thermal plasma reformer, where free radicals of H, OH and O are formed as
well as electrons which act as catalysts for the reaction. The schematic-of non
thermal plasmaeaforming can be seen iRigure 2-4(b). In this type of plasma
reforming the temperature of the electrons alone is increased to abo@°6. The
temperatures of the ions, radicals and neutral species are genatratbom
temperaturd45]. The poweris used to heat up the electrons only and not the bulk
speciefl5;19] As the bulk of the plasma is at room temperature, the power
requirement is significantly lower than for thermal plasma reforming as only a few
hundred watts of power is needed. A reduced amount of power is also required to
cool the electrodes compared witletimal reforming, which saves space and enables
the reactor to be smaller. The electric discharge produces electrons, ions and

radicals.

_ Electrode Discharge
Discharge Insulation connectors

1|I|I|

l

Electrodes Vessel with
Cathode H,, CO insulation

(a) Thermal plasma reformer (b) Non-thermal plasma reformer (gliding arc type)

Anode

Figure 2-4: Schematic of a simplified plasma reforming unif15].
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2.1.1.5 Gasification

The gasification process operates by combusting either coal or biomass at high
temperatures and pressures to produce syngas (Equétbn® (15)). There are

three main types of gasification reactors; fixed bed, fluidised bed and entrained flow
reactors. Gasifiers operate at different conditions and haveetitfefficiencies, and
biomass gasifiers are usually smaller in size than coal gagifess].

Fixed bed reacrs were favoured when the technology was first introduced;
however, fluidised bed and entrained flow reactors are more commonly used in
industry today47]. A fluidised bed reactor operates at temperatures of 88D °C

and pressures of around atm This process involves the introduction of either
oxygen or air into the reactor with the coal/biomass particles until the particles act

like a fluid. The entrained flow gasifier operates at temperatures betv&@h dnd

1,500 °C and pressures beeme30 and 40 atm. The feed is milled to small particles

of ~100 em diameter and dried before ent
oxygen and steam that is also fed to the reactor.

The syngas produced can undergo the wgdsrshift reaction téurther improve the
hydrogen vyield, as shown in Equatigh3) [15]. Gasification is a much faster
reaction than bitn POX and SMR; however, the capital costs are greater as there are
more pretreatment processes required for coal than for methane, and the syngas

needs more cleaning temove particulateld9;21].
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Figure 2-5: Biomass gasification with integrated steam electrolyser,
adapted from Ref.[46].
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In addition, SMR has been shown to be 65 and®Bthermally efficient, based on
small and large plants, respectivEil]. In contrast, gasificatioaf coal and biomass

are only 53 and 606 efficient, respectivel\J18]. Biomass gasification is not as
simple as coal gasification and therefore, to improve biomass gasification the use of
electrolysers to produce ,Ofor combustion rather than air has been studied,
represergd in Figure 2-5. Due to the complexity of biomass gasification, SMR
provides more kifor the same energy input and is less costly than other hydrocarbon

processes.

2.1.2 Alternative technologies for hydrogen production

Other options for hydrogen production, which do not require hydrocarbon
combustion, have also been studied. The studies have focused on techniques using
biomass and catalysts for hydrogen production. These processes are currently in the
research and devgdment stage and are not yet ready for commercialisation on a

large scale.

2.1.2.1 Photolysis

Photolysis is a process which uses solar energy and microbes such as green algae and
cyanobacteria and takes advantage of photosynthesis. The photosynthesis process
uses elar radiation and separates water, wheyésk byproduct. The process takes

place in the thylakoid membrane in the chloroplast of the algae, where light energy is
converted to chemical energy. The electrons produced in the membrane when water
is splitare transferred to a soluble protein called ferredoxin. Under normal situations,
enzymes (ferredoxiNADP* oxidoreductase) accept the electrons which are used to
form NADPH,, which is an enzyme used to enable the @Qonvert to glucose and

starch. Howeer, at times when the conditions are anaerobic or when too much light
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has been absorbed, the light energy can be released by converting the hydride ions in
the ferredoxin to kigas[15;19;48]

Photolysis reques large surface areas and also a way for the microorganisms to
produce hydrogen, and not only undergo photosynthesis. So far, results have not
shown this to be a commercially viable process and significant research is still
needed to reduce the amountoalygen produced and to find a suitable organism to
work with [19].

2.1.2.2 Anaerobic digestion

A process which uses microorganisms (bactetia)break down biodegradable
materials has also been studied and is known as anaerobic digestion, where the
anaerobic digestion takes place in an oxygen free environment. Biofuel (a mixture of
methane and C£) can be produced from a twatage process. InéHirst reactor ki

is produced from acidogenic bacteria breaking down biomass ntacketic acid and

CO,. The second reactor uses methanogenic bacteria to convert two acetic acid
molecules or Hand CQto methang49;50]. The process can be used to optimise
hydrogen production over that of methane. However, the process requires specific
bacteria depending on the type of material used, as well as very good control to
ensure that the optimum conditions are raired within each reactgbl]. There

are currently over 200 anaerobic digestion plants operating in the UK and are
combined with combined heat and power plants to produce bver MW of

electricity[52]. Therefore, changes to plants are necessary to obtain hydrogen only.

2.1.2.3 Dark fermentation

A similar technology to anaerobic digestion is dark fermentation which uses
anaerobic bacteria on carbohydrate rich substrates grown in the daek. T
carbohydrates are produced from biomass such as cellulose agricultural waste, waste
sludge from wastewater treatment plants, starch agricultural and food industry waste,
which are hydrolysed by the microorganisif&3]. The biomass requires pre
treatment to remove unwanted materials and to biodegrade some of the material.
This is then added to the fermentative bacteria which use the sugar such as glucose
to produce hydrogen. Other products such as CQ, @@ HS are also produced
depending on the feed. To obtain purg B cleaning step is required which adds

costs to the processhib process is a fairly new one and more research needs to be
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carried out to reduce the amount offmpducts as well as to improve the efficiency
[19].

2.1.2.4 Photocatalysis

Solar energy has also been considered for splitting water using photocatalysts for
hydrogen production. The light is used to provide energy to the catalyst, which forms
electronhole pairs. The electrons are transferredodgh a band gap to the
conduction band where the electrons can be used for splitting water. Many potential
catalysts have been studied such as,TRuQy/zeolite Y, RuQ/PbWQ,, cadmium
sulphide and zeolitbased catalyst from TiQheteropolyacid and colbdb4]. It has
however, been shown that cadmium sulphide based photocatalysts have been
oxidised and corroded due to photogenerated Hbéks Although the studies iat

this area have been increasing, the current technology is not efficient for large scale

H, production.

It has been shown that there are a number of technologies at different stages of
research and development and those which are commercially avaikblate the
potential to produce hydrogen. The most advanced technologies such as SMR and
gasification use hydrocarbdrased fuels to extract hydrogen, however producg CO
which has detrimental consequences to the environment. Alternative technologies
tha use bacteria or algae require more research and control in order to kmit by
products, improve efficiency and scale up for large scale hydrogen production.
Therefore, this study focuses on using electrolysis as a sustainable option for

producing hydrogen
2.2 Electrolysis of water and steam

2.2.1 Low temperature electrolysis
Research into alkaline electrolysers includes developing new electrode materials,
testing variables of temperature and pressure and creating pilot plants in order to
reduce costs and improverfimance. Electrode materials have been tested based
on Ni, such as TNi, Ni-Co-LaNis and NiFe to reduce the costs of expensive
traditional electrode materials such as Nickel andPtd56]. To reduce costs
alternative electrodes such as NiekéblybdenumResorcinolFormaldehyde (Ni
Mo RF) carbon catalyst have been ¢gistThe results showed a promising reduction
in cell | oss e%swithfGPom t301 02 B76r.NiMadrfF [67in Ni-
Mo alloys developed for electrodes have shown significant cost iraprents of up

40



2. Literature review

to 20 %[58]. Further testing of Ni electrodes by means of mechanical polishing and
electrochemical deposition was conducted in a 0.5 M KOH solution at 30 °C. Results
show a reduction in overpotential by polishing the Ni electrode with sandpaper P400,
thereby achieving ovpbtentials of 422 mV at 750 A f{59].

The main variables of electrolysis operation are temperature and pressure. The
performance of alkaline cells with increasing pressure from 5 to 25 atm reduces
efficiency from 82.4 % to 80.5 %, respectiveljue to the energy consumption
increasing. However, increasing temperature with constant pressure shows
increasing efficiencies. The temperature and pressure results show that increasing
temperatures provides better electrolyser performance, and agrees witl{@bgory

Alkaline electrolysers have also been used for a number of pilot projects globally for
continuous hydrogen production. The pilot projects consist of alkaline electrolysers
in combination with PEM fuel celland a renewable energy source such as solar PV
cells and wind technologig$1]. Although temperature improves the electrolyser
performance, it was seen that for an integrated system ambient temperatures were
favourable as the demand on diaxy equipment was lower and the efficiency of
hydrogen production improved by 12 % from 80 °C to 23[8C]. Combining
alkaline electrolysers with solar PV cells shows that the system is limited to times of
the day with high solar irradiae and has the ability to produce 20.5 | in a 9 hr
period [62]. Further research is required in the area to further these preliminary

results.

The use of alkaline electrolysers to enhance hydrogen production from a coal
gasification power plant witbarbon capture technology has been studied by Herdem
et al [63]. By introducing alkaline electrolysers to the power pland using
electricity directly from the power plang, system egrgy efficiency of around 58 %

was achievednd a 4 % increase in hydrogen produc{i®8]. The study does not
consider the use ofater from the plant, only the use of electricit@.ombning
alkaline electrolysers to create a hybrid wltbtovoltaic (PV) system has also been
considered as a way of producing hydrogen from renewable sources of power. The
study indicates that the production rate of hydrogen is dependettieopower
produed by the renewable energy sources. For a hybrid-Rinadystem combined

with a 10 kW alkaline electrolyser, 10,462 mol of hydrogen can be achpared
week by combining nominal power of 10 and 6.1 kW from the wind turbines and

solar photovoltaic cells, spectively[64].
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Alternative low temperature electrolysers to commercially available alkaline cells
are proton exchange membrane (PEM) tetdgsers. The electrolyte is based on a
polymer, which conducts protons and therefore produces hydrogen at one electrode
and has water and oxygen at the other, as discussed in chaji®gy. As with
alkaline cells, temperature is a key factor to improving PEM performi&é¢eThe
operating pressure of between 30 and 45 atm for PEM electrolyser has shown to
reduce costs as the need for hydrogen compression for stisragé necessary.
Furthermore increasing temperature and pressure has shown improved performance
of the electrolysef67;68]. However, increasing pressure above 100 atm may result

in crosspermeation, which lints the use of PEM cell[§5].

Recent research conducted intermediataperature tests &olid OxidePEM cells,
operating at a range of between 500 and 800 °C. The electrolytes, which were made
of doped barium cerates, Ba§e# 0103 (BCY10) and doped barium zirconates,
BaZrp oY 0.103.5(BZY10) showed promising preliminary results. BY@was noted to
perform well asa reversible electrolysg®5]. However, intermediateemperature

PEM cells are far from commercialisation as further research into improving the
hydration of tle cell for more efficient proton conduction is needed. Furthermore,
platinum was used as the electrode material which is suitable but costly and
therefore, further work is being done to find a suitable material for the electrodes
[20;25].

Due to the expensive precious metals used in the electrodes an electrocatalyst
support has been implemented to increase the number of crystallisation sites to create
a uniform distribution of electrocatalyst particles as vasllto increase the surface
area[69]. Furthermoe, the support enhances electrocatalytic activity and size of the
electrocatalyst particles. Usually the support is formed of cathmmever carbon

tends to corrode quickly. Solutions to the carbon support have beendmch can
improve performance,dwever, also increases ohmic overpotentid®71]. Using
materials such as Ig&supported on TaC, which are conductive, reduces the ohmic
overpotentials and allow for enhanced PEM electrolyser perforn{@&dgelt was

shown that 70 wt% IrO, on TaC can immpve PEM electrolyser performance by 36

% compared with unsupported k@hrough optimising the precious metal Id&d].

Using bi-metallic (Ru dlro.10;) rather thartri-metallic (Ruo sslfo.05Ti0.102) oxidesfor
electrodedhas shown improved PEM electrolyser performance. At 25 °C and 5,000

A m?, voltages of 1.8 and 2.2 were seen withntetallic and trimetallic oxides,
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respectively[72]. Through further electrode development, PEM electrolysers may

become more cost effective.

Combining PEM electrolysers with renewable electricity produdess been
researched and results showed successful output of 2 kW of power from a stack of
14,100 crh area[73]. The results show the possibility of utilising renewable energy
sources for hydrogen producti@md ke into acount the balancef-plant, which

focus on not only the source of electricity but the ancillary units needed for
electrolysis as well. For a 1 kW, @l stack PEM electrolyser, it was seen that
system efficiencies of 60 and 65 % can be achieved at 73@f@, respectively.
However, the stack efficiency decreased from 88 to 86 % at electrolyser
temperatures of 75 and 40 °C, respectively. The improvement in system efficiency
with decreasing temperatui® due to a reduced energy requirement of heating the
system[74]. Therefore, using low temperature electrolysershiydrogen production

is feasible, more study is necessary to improve the cost of materials and system

efficiency.

2.2.2 High temperature electrolysis

High temperature electrolysis refers to solid oxide electroly§@@ECs) which
operate at temperatures otween 500 and,000°C, as discussed i@hapterl. The
advantages of reduced electrical enedpe to the elevatedperatingtemperatures
and therefore improved efficiency compared with low temperature digsdre has
createdfurther options for producing hydrogenat a cost competitive with steam

methane reforming

Many studies have considered SOECs for hydrogen production through steam
electrolysig75-77]. Studes have shown that a SOEC with a 10 mm dense YSZ film
on porous NIGYSZ support operating at 85 produces an open circuit voltage
(OCV) of 1.069 V. Furthermore, current densities of 681M™ can be achieved at

1.5 V [78]. However, such results are dependent on variables such as sintering
temperature of the YSZ electrolyte, whiaffectsthe density of the electrolyte. At

low sintering temperatures of 130C, the electrolyte cannot be densified atd

high temperatures of 1500 the pores of the electrodes are minimif&8]. The
preparation of the cell, including electrode thickness, sintering temperature and

porosity can impact the performamnof the cell.
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The elevated temperatures of SOECs require specialised ceremt@bcomposites
suitable for the operating temperature. Studies have developed suitable electrolytes
such as yttria stabilised zawia (YSZ), the most common as well as cerantiased

on ceria and scandia. 4.510.4C0F&sOs 7 (LSCF) anode with GRCey 021 &
(GDC) as an interlayer, combined with YSZ electrolyte was studied to understand
the stability of the materia[g9]. Operating the SOEC at 80C for 100 hs at 8,000

A m? showed that delamination generally seen with electmeetrolyte interface

can be reduced by introducing an interlayer and sintering at appropriate temperatures
of 1,400 °C [79]. Introducing a GDC interlayer can also provide more stability for
long term SOEC usfB80]. For an SOEC consisting of WiSZ (cathode)y YSZ /

GDC (electrolyte) / LSCF (anode) and operating at ?Z6and 10,000 A i a
degradation rate during the first 7,600 hrs @®00 hrs) was 3.0 % kh [80].
Degradation occurring in SOECs need to be investigated further to enhance the life
of the cel§ in order to become a commercially viable option to meet future hydrogen

production targets.

Although high temperature SOECs can produce good performance, heatingcsteam
elevated temperatures and producing materials to meet the conditions can be costly
Therefore, intermediate temperature operation using-386Z (cathode) / ScSZ
(electrolyte) / LSCRCGO (anode) SOEC can provide an alternative to high
temperature SOEC operation. The SOEC system consisting of the electrolyser,
pumps, heat exchangers dtglblower gave an overall efficiency of 83 [@il]. Such
efficiencies show that intermediatemperature SOECs may be able to produce

hydrogen in a cst effective manner.

Stacks, which are many electrolyser cells connected together in a modular
arrangement, have been developed and tested to produce large amounts of hydrogen.
A 30-cell SOEC stack operating at 800 and at a current density of 1,500 Am

based on traditional NYSZ (cathode) YSZ (electrolyte) LSM-YSZ (anode) has

shown to achieve an efficiency of 87.4 % from a study by Zletra [82]. Based

on an active area of 0.18% the SOEC was able to produce 1038 of hydrogen.
However, degadation occurred due to delamination while carrying out durability
testing, which resulted in poor performance. Improvementiardurability of the
SOECsmay provide a suitable option for large scale hydrogen producditatk

testing carried out by Zhgnet al, on a Niceria (cathode) / scandistabilized

zirconia (electrolyte) / LaCoFe oxide based perovskite (anode) has shown an
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improvement in stack operatioto over 1000 hrs through improving SOEC
materials, interconnect coating and electrofectode interface microstructures.
Degradatiorof 5.66 % khi* was seen at low current density of 2,500 A amd 4.62
% khr' at 3170 A nif [83].

More recent studies have focused on using SOECs to electr@iggseor a
combiration ofsteam and C©known as ceelectrolysis have also been studied for
producingCO andsyngas respectively One study used CO& Gy 10,.; (cathode)

| CeygGo 005 (electrolyte) / BaysSto.sC0p.eFe.203.5-CeeGth 0.5 (anode) at
intermediateemperatures (600 700 °C) and showed tha€O can be produced
without deactivating the catalysht 700 °C and 780 A i, an SOEC efficiency of

32 % was seenThough the study has developed a pathway toward syngas
production from electrolysis at intermediatemperaturesthe amount of syngas
producedand efficiency were lowlmprovementsn the systemand operatiorat
intermediate temperaturase needetb increase syngas yiel@4].

The use of C@ electrolysis was initially investigatedor use in space and
expedtions to Mars; it is now being investigated for the producing syngas for
synthetic fuel production. Based on standard SOEC materials suchY&ZMiYSZ

/ GDC / LSCF operating conditions of greater than 7@ resulted in improved
performance and elimited the problem of coking seen at 68D; furthermore,
concentration of over 50 % G@ required to enhance performarj8g]. However,
concerns over pressure buig, which can lead to delamination of electrodes may

hinder progress ofaammercialising SOEC technology.

Using flue gas or Cofrom industrial plants with steam for @edrolysis has been
studied. An SOEC comprised of LS¥SZ (cathode) / YSZ (electrolyte) / LSFSZ
(anode) was tested at 800 under steam, CQand ceelectrolysis (CO/C®(30 %

H,0)) conditions. It was seen that the best performance of the SOEC was produced
under ceelectrolysis conditionandsteam electrolysis. Therefore, using SOECs for
dry CQO electrolysis requires further research to enhance perfornj@6&r]. The

steam electrolysis reaction was also sdengive a better performance with
conventional materials (N\WSZ (cathode)/YSZ (electrolyte)/LSM (anode) over

CO; electrolysis; with OCV of 962 mV for steam and 959 mV for,@®@ctrolysis

[31].
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Studies have focused on developing the materials for solid oxide electrolysers as
well as @timising operating conditions and cell preparatisnaddition, the trend
toward utilising captured COnas been studiedhe focus of research to date has
been optimising the SOEC itself rather than the overall system. This study aims to
source hot wateand steam from industrial sources to provide a way of alleviating
SOEC energy requirements and thereby reducing costs. It further seeks to combine
SOECs with coal fired power plants to utilise the steam and electricity needed for
SOEC operation from orsource.The focus of this study is to assess the feasibility

of an integrated system for hydrogen production. However, it should be noted that

the technology can also be used to support syngas production.

2.3 Products of electrolysis

Electrolysisof steam shown in the above sections produce valuable products of
hydrogen, CO and syngas from steam, carbon dioxide andlectrolysis,
respectively; with oxygen as a usefuljpgoduct[38;88].

Hydrogen is used in a viaty of applications other thaas aralternative fuelsuch as

the food industry for increased saturation in oils and fats which increases their
melting points and resistance to oxidation. The nuclear industry usdsrHD,
remowal as Q can cause stregrrosion cracking and power stations useasia
coolant for its generators due it its high thermal conductivityisthlso used in the
pharmaceutical and plasma industries. Therefore, pure hydrogen is a valuable

resourcgl15].

Syngas produced from @azlectrolysis of CQ@ and steam can be used to produce
ethanol and methanol or in the Fischer Tropgcbcessfor the production of
synthetic hydrocarbond5;89]. The process is very well known and has been used
to produce synthetic fuels in South Africa for over 50 yda6. The Fischer
Tropsch reaction requires a feed of t&¢ CO with a ratio of 2:1 which can be
achieved from electro$ys with controls in place. The process can be used to produce
synthetic diesel, which can be used in place of diesel itself. The fuels produced are
cleaner than fossil fuels as it has been seen that the nitrogen dioxide, carbon
monoxide and particulate mtar emissions are less than diesel. Using fuels produced
by the FischerTropsch process would mean that the use of fossil fuels can be

extendedand therefore may seeraduction in emissions. Furthermore, the current
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infrastructure can be used without theed for chang§90]. Therefore, providing
syngas for this purpose would be beneficial.

2.4 Conclusions

In condusion, literature has shown that there is a trend away fopumising low
temperature electrolysamaterialsand towards high temperature SOECs to take
advantage of thehermodynamic characteristics. For SOECs to become competitive
with SMR and hydrocadn-based fuelsan improvement ifSOEC efficiency is
needed. Furthermore, the usfcfuels such as coal for electricity generation could be
furthered by introducing SOEC technology to industrial processes to create a way for
hydrogen to be produced and ds&s an alternative fuel to petroleum produbts.

order to understand the commercial viability of electrolysers the economics
associated with the process must be analysed; especially to indicate whether

hydrogen can be produced competitively.

The more reent research has focused on hybrid electrolyser systems using the more
established alkaline and PE®ectrolysers andombining with renewable energy
sources. Howevelto take advantage of thermodynamic properties of the process,
alkaline and PEM electroders are not suitable to be used in chemical ptuntsto

their low operating condition®f 80 °C. SOECs show promisehowever the
literature has focused very much on the materials development at high temperatures.
Therefore, this study aims to use attgaleveloped materials favoured in literature
and assess the viability of usiOECs as part of an industrial applicatidrhe

study aims to understand the positive aspects and limitations of the materials as well
as to seek areas for development in otddacilitate hydrogen production on a large

scale.
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3 Techno-economic analysis

Understanding the economics of available fuel production processes is essential in
order to provide a profitable and competitive contender in hydrogen for alternative

fuels. ®lid oxide electrolysers combined with renewable technologies have been
studi ed as a way t o produce 6cl eanb fo
combinations compared with available hydrogen production technologies will be
considered in this chapter. Thechneeconomic analysis aims to identify suitable

heat and electricity generators as options for integration with solid oxide
electrolysers and considers the costs associated with the technologies in order to

assess the economic situation of the currestket.

3.1 Supplying power and heat to electrolysers

In addition to steam, electrolysers rely on electrical power for their operation;
running costs are therefore directly related to the electrical efficiency and the cost of
power. The source of the power wdictate the operating costs as well as the
environmental impact, depending on the carbon intensity of the techndibgy.
source of power is therefore important if electrolyser technology is to compete with
steam methane reforming (SMR), which has beesduss the baseline; where,
hydrogen is produced at 2.50 $7kgThe following describes the possibility of

integrating electrolysers with power generation sources.

3.1.1 Electrical power from renewable and nuclear sources

Integrating electrolysers with powerrggators has been considered by a number of
researchers. The most frequently discussed has been the use of electrolysers with
nuclear, wind and solar power. Many renewable sources of power generation rely on
unpredictable sources, such as wind and solkichwpose problems as the amount of

energy that can be produced varies with season, location and time of day.

3.1.1.1 Wind

Power produced from wind turbines is currently the fastest growing renewable
energy industry with 283 GW of wind total installed capacitybglty in 2012
which is expected to rise to 540 GW by 20[Bad]. In parts of Europe such as

Denmark, almost 2% of energy is produced from windrhines.

The technology harnesses wind to do mechanical work by rotating blades on a

turbine, which rotates a generator for pow&b]. Although growth has den
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significant, problems such as loading, intermittency and integration with the grid,
still remain. Research has been carried out into the use of combining electrolysis
with wind power generators. There are two main scenarios for using electrolysers;
oneis to produce klin times of high power generation and low electricity demand,
and the other is to continuously use the energy fempitdduction[15;92] This
provides a solution to the problems being experienced. In addition to improving
efficiency, flexibility and dispatchability, surplus;Han be sold as fuel or as a
process component. However, the costs associated witbrdduction have been
shown to be prohibitive compared to mature déneration technologies such as
SMR[92].

The combination of electrolyser with wind generators works by controtig
energy produced in the wind turbine to ensure the requirements for electrolysis are
met and excess power can be supplied to the grid. Flearndbe stored using metal
hydrides as it does not have an effect on the load consumption and can be used in
fuel cells to meet grid requirements or can be sold. The auxiliary power supply,
which can be a hydrogen internal combustion engine or a fuel cell, is necessary to
ensure that the electrolyser is supplied with the correct amount of energy at all times.
The sbred hydrogen can be used to generate power for the electrolyser during times
when the wind turbine is not producing sufficient energy. This is shovwigure

3-1. The dotted lines represent connections that @ssiple but not necessdtyb].

The continual and predicted growth of the wind technology market shows that there
is promise for wind plants to be a viabdgtion longterm for combining with
electrolysers for hydrogen productif®3]. Furthermore, wind generator efficiency,

flexibility and dispatchability can be improved in such combinations.

Thecosts associated with the technology have been assessed by a number of sources.
Jorgensen and Ropeni@2] showed that the cost of producing té be a minimum

cost of 6i 6.6 $ kg', based on buying electricity from wind at an average cost of

5.1 US¢ kWH and taking into account the capital, variable and operating and
maintenance (O&M) costs of 234 x3® MW™. These costs are based on using low

temperature electrolysis with deminksad water as the feed.
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Figure 3-1 Integrating a stand-alone wind energy generator with an electrolyser,
adapted from Ref.[15].
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Further studies have been carried out on the variation in cost of producing electricity
depending on the wind speed. The cost of electricity in this case is 4.5 and 1.89 US¢
kWh™ at average wind speeds of 6.7 and 8.9 Inrespectively{94]. The cost of
producing H based on the operating costs of the electrolyser is simoWwable 3-1.

It can be seen that the higher the wind speed, the lower the cost of electricity which
is beneficial for a process such as electrolysis where costs are directly dependent on
the cost of electricity. bwever, the wind speeds cannot be predicted accurately,

which poses a problem when costing power for the use in electrolysis.

As wind energy production grows it will be possible for electrolysers to be integrated
with the wind plant as a flexible way ofqu@ucing hydrogen and storing energy. It

has been predicted that in places such as Scandinavia, wind energy will become the
predominant source of power once nuclear and conventional power stations have

been decommissiong€s].

Table 3-1: Costs associated with producing klifrom electricity
produced by wind energy, adapted from Ref[94].

SOEC Voltage Cost of producing H,
Temperature at0.1 A cm? ($ kgt
cC) )
25 1.60 3.17
25 1.60 1.89
1000 1.00 2.84
1500 0.63 2.11

#Wind speed of 18nph,”Wind speed of 2tnph
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3.1.1.2 Solar

The use o solar power has been investigated as a renewable power generation
source for providing electricity for both alkaline and solid oxide electrolysers.
Concentrated solar energy using a central receiver system made of honeycomb
structured ceramics has beerogosed. The ceramic enables solar radiation to be
absorbed as well as being a reactor for energy genefaéan

Although solar photevoltaic (PV) cells have been investigated as an energy
provider, they are currently not able to compete with other technologies due to the
low efficiencies and high costs; thereforeg thse of solar towers with large fields of
heliostats is the preferred choice of utilising solar energy in combination with

electrolyserg97].

The analysis given ifiable 3-2 shows the costs of producing Based on operating

costs obtained from Ref94]. It shows that as the efficiency of solar technology
increases, the costs will decrease and the cost of producingilld therefore,
become more competitive. Once again it can be seen that at higher temperatures the
cost for B production decreses, due to the thermodynamics of the electrolysis
reaction. Therefore, the use of high temperature SOEC would be a suitable option in
economic terms for integrating electrolysers with power sources for more

competitive H production.

Further research hatiown that hydrogen can be produced at a cost of 9.15 fhkg

the current market by using an alkaline electrolyser with solar energy at the scale of
50 MWe. This cost takes into account the investment and operating costs of the
electrolyser as shown imable 3-3 [96]. This is asignificant improvement from
earlier studies which have concluded that the cost of hydrogen would be aroiund 14

15 $ kg" using solar PV panels due to the very low efficiencies %f[88].

Table 3-2: Costs associated with prducing H, from electricity
produced by solar energy, adapted from Ref94].

SOEC Voltageat Cost of producing H,
Temperature 0.1 A cni? ($ kgh
¢C) V)
15 % efficiency | 20 % efficiency
25 1.60 8.01 6.19
1000 1.00 6.40 5.04
1500 0.63 5.31 4.22
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One of the main reasons for the high cost of producing hydrogen with solar power is
due to the add@nal equipment required for processes such as solar PV panels,
where AC converters are required to connect to the grid as well as power lines for
providing energy to the electrolysers. Removing AC converters and operating the PV
panels at the same voltage the electrolyser has shown to improve the efficiency of
standalone P\felectrolysers, thereby making renewable energy sources much more
competitive and thus reducing the cost of hydrogen produf@®jn Furthermore, it

has been shown that increasing the temperatur@®g&M electrolyser and combining

it directly with PV solar panels would increase the efficiency of the overall process
[98]. However, this only resulted in hydrogen production efficiencies of %2 . #his

Is a marked improvement in efficiency but not enough to become compatitihe

current market.

3.1.1.3 Heat and power from nuclear fission

Nuclear power stations have been proposed as a source of both power and heat to
raise steam for high temperature electrolysers, as showhigimre 3-2. High
temperature gasooled reactors (HTGR) are considered to be the most appropriate
type of nuclear reactor for this purpose due to their high temperature of operation as
the HTGR can produce steam required for electrolysis at temperatures 08600
°C[15;23].

HTGR using helium operates by heating helium in the reactor to 900 °C, from where
it then goes on to the turbines and does work. Some of the heat &dmalilim can

be used to raise steam to service a high temperature electrolyser, with the high
temperatures available increasing the efficiency of the process. In addition, the water
used in the nuclear plant would be demineralised and therefore pure dnydang be
produced without impuritieg23;99]. However, such reactors are not currently
available although plans are still being made for pilot plants in the USA.
Commercially available HTGRs using either watercarbon dioxide can achieve
temperatures of around 500 °C, which can enable intermediate temperature
electrolysig100].
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Table 3-3: Comparison of costs based on solar and nuclear power generatprs
adapted from Referenceg$96;99;101]

Investment Operating Electricity Water H, Production
(M$) and (M$ year) | (M$ year?) ($ kg
Maintenance
(M$ year™)
Solar PV°[96] 13.00 38.68 22.55 0.05 9.15
Nuclear’[99;101] 5.82 2.09 0.12 0.03 3.23

% Values are based on alkaline electrolyser producing 2,464,000 kg of hydrogen per year in
2008

® Values are based on SOEC electrolyser hade been amended for comparison for
producing 2464000 kg of hydrogen per year in 2009

OO0 Bret a (2010), suggested that if a 600 MWth heloooled HTGR is used in
combination with an SOEC, hydrogen generation can be achieved at 3.23 &t kg
this cost, the process starts to become competitive witprbiduced from SMR at
around 2.50 $ K§ which is significantly less than that for low temperature
electrolysis where His priced at around 4.15 $ kgThe majority of the costs are
associated with #h capital investment (2.36 $ Kg the costs of fuel and
maintenance were shown to be 0.57 $ lamd 0.28 $ kd, respectively, based on
fixed and variable cos{89]. The electrolyser unit itself has been priced at 200,000 $
MW™ for a unit with around 4,000,000 cells tvieach cell having an active surface
area of 225 cAf101].

When compring the economics of an alkaline electrolyser combined with solar
energy, and a SOEC with nuclear, it can be seen that using nuclear energy is much
more economical as power generation is chedadsle 3-3 showsthe costs based on
producing 2,464,000 kg of Hper year. It does not take into account the size of the
electrolysers. However, these values show that SOECs require less electrical energy
to produce the same amount of per year than alkaline electrolyseFurthermore,

the overall operating costs of a SOEC are lower in comparison to alkaline cells,
mainly due to the reduced costs of power generation from nuclear plants. Therefore,
the SOEC is shown to be potentially more economical than alkaline elsen®ly

when combined with nuclear power.
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Figure 3-2: Nuclear power plant with electrolysis of steanj23].

The possibility of the integration of electrolysexith nuclear power stations is a

step towards the scalled hydrogen econonjt02]. It is advantageous as the costs
predicted for the future have shown that electricity from nuclear power plants will
become far less expensive than other technologies. Furthenotams,for building

new nuclear power stations are being made across the world enabling electrolysers to

be included in future designs.

3.2 Techno-economiccomparisonof hydrogen generation technologies

The cost of hydrogen production directly from hydrocagbisrgoverned by the price

of the feedstock. The main cost associated with electrolysers is the cost of electrical
power, which varies significantly depending on the source of the electricity.
Currently, carborbased power production from coal or gas fipgints are cheaper

than renewable energy sources. The increasing costs of hydrocarbon fuel,
implementation of carbon taxes, and the volume of manufacture of renewable
technologies will act to narrow this margin. The relative cost of-davibon
hydrogen poduced by electrolysis of water powered by renewable electricity will

therefore decline.
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3.2.1 Cost of electricity production

There are many power generation technologies that can contribute to the energy mix
of a country and these are essentially divided ihts¢ which use fossil fuels and
those which are renewable technologies. The fossil fuel based technologies include
coal fired power generators such as pulverised fuel (PF), circulating fluidised bed
(CFB) and integrated gasification combined cycle (IGCQ)gr plants. Gas fired
generation include open cycle gas turbine (OCGT) and combined cycle gas turbine

(CCGT) power plants.

Renewable sources of power include nuclear, wind (onshore and offshore), biomass,
wave, marine and solar energ{@®3]. The cost of producing power is based on a
large number of factors such aapdal, finance and operating costs. Due to the
nature of some power generation plants, such as those burning fossil fuels, these

costs are also affected by carbon tgi€gl].

Table 3-4 shows the cost of generating electricity from differesaturces, as
described by various reports. The study carried out by the Royal Academy of
Engineering in the UK in 2004, shows the cost of generating power at the site and
does not take transmission and distribution costs into account. The data provided by
the Energy Information Administration (EIA) represents predictions of the future
costs of various technologies in 2016 ,and shows that costs will increase in the future
in the USA[104]. The data takes into account financial incentives given by the US
government such as tax credits étevant power plants as well as around 0.015$ kg

! carbon taxes. These data also include transmission costs; however, they do not take
into account the costs for stabg and storage units for intermittent resources such

as solar and wind energy. The co$tpower generation as stated by the National
Research Council (NRC) takes into account financing, capital, fuel and operating
costs. The data shows a range of costs where the low level costs indicate plants
which benefit from t baegulranteeapragrajBOfltTheof Ene
data is based on predictions and therefore, the uncertainty in the value of carbon
taxes, changes in cost of raw materials and the effect of changes to the energy market

may have an effect on the predictions.

The higher end values of the range represiem costs associated with carbon taxes
estimated at $5f¢er tonne of C@for the coal and gas fired proces$&83]. The

taxes increase the cost of power generation on these technologies so much that
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renewable energies become competitive. Therefore, the investment in carbon capture

and storage processes would be idrt@relieving the taxes.

It can be seen frorfiable 3-4 that wind power is close to being competitive with
mature technologies as it is one of the fastest growing energy generators in the UK.
However, the problerof intermittency has meant that staogl power generators are
necessary to ensure that wind energy can be integrated with the grid.

The prices of wind power vary significantly once stdoydyenerators are considered.

The integration of electrolysers angef cells will enable the power generated to be
stored as hydrogen, which can be converted back to electrical power when required.
Therefore, a stantdy power generator is not required. Furthermore, costs will be
reduced as the impact on the environmengasiced103].

Using power for electrolysis from coal fired gas fired power plants is one of the
most cost effective options as both the feed (i.e. steam) and power can come from
the same source. As seenTiable 3-4, the costs in terms of power would only be
economical byusing nuclear in the future; however, the source of the feed will need
to be found for electrolysisCurrently, producing hydrogen from renewable energy
sources is not economically viabkestudy has shown that the production costs,of H
using electricitygenerated by nuclear, wind, hydropower, geothermal, solar PV and
solar thermal are 3.68, 8.14, 7.63, 9.33, 76.30 and 13.56" $régpectivelyj21].

This data shows that solar PV cells are not currently competitive; however, sourcing
electricity from wind and nuclear energy may be economically vidideeover,if

waste streams from chemical plants were to be used as the feed to the electrolyser,
then industrial prices for electricity will need to be paid to the grid. Currently, the
average cost of electricity for large, medium and small industrial comparfiés9is

12.2 and 15.6 US¢ kWh respectively in the UKLO05].

As the economic viability of electrolysis is dependent on the cost of electricity, it has
been shown that the most suitable fornetafctricity is from hydrocarbebased or
nuclear plants. Until electrolyser technologgyproves or the costs of renewable
energy decreases, combining electrolysers with renewable energy is not cost

effective.
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Table 3-4: Cost of producing power from various sources.

Power Plant Royal Academyof EIA [104] National Research
Engineering [103] Council [104]
US¢ kWh' US¢ kwh' US¢ kWh'
PF 4579 9.5 579
IGCC 5.87 9.4 12.3 9i 15
OCGT 5.61 8.7 8.4 107 16
CCGT 47 6.2 11.6 147 21
Nuclear 4.2 10.7 61 13
Biomass 12.3 10.7 81 10
WindT1 onshore 6.71 9.8 14.2 47 10
Wind1 offshore 107 13 23.0 57 18
Solar Photo Voltaic N/A 39.6 147 30

" Costsinclude carbon taxes estimated at $84 tonne of C@

3.2.2 The cost of producing hydrogen from hydrocarbons

The cost of producing hydrogen based on steam methane reforming varies depending
on the size of the plant, price of methane as well as whethgylghte has carbon
capture and storage options. The costs associated with hydrogen production from
SMR and conventional hydrocarbon gasification is predicted to rise as shown in
Table3-5. This is predominantly du® the carbon taxes imposed on such industries

in order to meet carbon emission tarddt®]. IncludingCCS would add to costs as
more stages are required than conventional SMR; however, implementing CCS has

shown a reduction in costs over time as the tax burden is refiitjed

Other than the increasing costs, concerns over energy security have risen over the
use of natural gas. This means that having a mix of technologies limits the
dependency on the suppbf natural gas. Thus, the addition of electrolysis for
hydrogen into the energy industry will contribute power generation without the need

for relying on the supply of raw materials from other countries.

Table 3-5: Costs of producing H from conventional methods,
adapted from Referencd21].

Cost of H, Production ($ kg™
Conventional Conventional | Conventional Coal Advanced
SMR SMR SMR Gasification Coal
(medium scale) | (large scale) (with CCS) (large scale) | Gasification
(with CCS)
2007 3.68 1.46 1.70 1.46 1.78
2020 3.90 1.71 1.88 1.42 1.47
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3.2.3 Comparison of hydrogen generation as a function of technology type and
cost

From the analysis above, it can be seen that the costs of operating an electrolyser is
directly related to the price of electricity. The efficienafythe water electrolysis
process can be implied from the ASR of a cell. The overpotential of a process is
determined by the resistance of the electrodes and electrolyte and the resistance
between the electrode and electrolyte. To account for the resistantarger amount

of voltage above the open cell voltage is required for the process to occur, which

therefore dictates the efficiency.

A summary of the results from studies of electrolysis based on different technologies
and variables such as the typé electrolyte, temperature, pressure, materials,
voltage and current is given in Append¥d. It can be seen that operating an SOEC

at high temperatures generally gives the lowest overrah specific resistance
(ASR) and, therefore is likely to be more electrically efficient than PEM and alkaline

electrolysers when realised at a practical technological scale.
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Figure 3-3: The relationship between the costs of elettity, efficiency of the
electrolysis process (values around periphery of graptgnd the resultant cost of
hydrogen production.

Analysis neglects capital, maintenance and the cost of water feed.
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Currently SOECs are not commercially available; howep&ans for integration

with nuclear power are driving market penetratj@@2]. This is due to the higher

electrical efficiencies that can be attained in comparison to the current alkaline cells

with efficiencies of up to 706 [21]. Electrical efficiencies of up to 9% have been

published for SOECR4],

The relationship beteen electrolyser efficiency, cost of electricity from different

but

t hi s, of

cour se, r el

es

generation technologies and the resultant cost of hydrogen production is summarised

in Figure 3-3. The cost of electricity from different technologiés based on the

values inTable 3-3 [103]. As shown in previous sections, the largest contributor to

O&M costs is the electrical power. In comparison, the cost of maintenance and feed

(i.e. water) is significantly smaller. Therefore, water feed and capital costs are not

takeninto account in this analysis.

It can be seen frorkigure 3-3 that the standard representative cost of producing
hydrogen is 0.04 $ kWhfor SMR. Therefore, for an electrolyser to be competitive

the most suitalel options are currently SOEC with high efficiencies (up td¥90

using power sources such as CCGT and nuclear, where the cost of prodwcing H

would be 0.07 and 0.05 $ kWhrespectively.

However, the high cost of most renewable technologies means that abbsence of

a tax/incentive mechanism to reward lgarbon generation/hydrogen production

cannot be cost competitive regardless of the efficiency obtainable from the

electrolyser.

Table 3-6: Investment coss of electrolysers based on electrolyser type.

Reference Electrolyser Type | Capital Investment | Electricity Source
($ MW
Meuller-Langer [21] Alkaline 4,663,000 General
Sorensen106] Alkaline 334,000 Renewable
PEM 752,000
Jorgensen[92] Low Temperature 234,000 Wind
Karlsson [95] Alkaline 147,000 Wwind
PEM 587,000
SOEC 734,000
Jensen[107] SOEC 350,000i 550,000 General

*Costs include ancillary units and system inputs
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3.3 Capital costs

It has been seen that the main cosbasased with electrolyser operation is that of

the electrical power. However, the capital costs associated with electrolysers
contribute towards costs and thus need to be taken into account when assessing the
overall cost efficiency of an electrolysis pess. The investment costs based on the
electrolyser alone have been analysed by a number of researchers and a summary is

shown inTable3-6. The capital cost of electrolysers varies with scale and type.

Alkaline ekctrolysers are the most commercially mature of the technologies and
their costs are therefore likely to be more accurate. SOEC costs are based on targets
and estimates. From 2020, SOEC electrolysers are forecast to have an investment
cost of 235,000 $ MW/[94].

3.4 Conclusions

The economic viability of electrolysis is crucial to implementing electrolysers for
large scale production of hydrogen. It has been seen thamdlmecosts associated

with the production of hydrogeat the momentare the costs of natural gas and
electrical power for steam methane reforming and electrolysis, respectively.
Although the mois economical and widely used technology is steam methane
reforming, producing hydrogen at around 2.50 $'kthe negative social and
environmental impact from the process is significant. The greatest concern is the vast

amounts of C@emissions from plastwithout carbon capture and storage.

Furthermore, without retrofitting carbon capture and storage processes to the existing
steam methane reforming plants, the amount of €Qissions in the atmosphere

will continue to grow. In the near future, thesenpéamay be able to produce
hydrogen competitively. However, as carbon taxes are implemented and the pressure
increases by both the government and the public for more environmentally friendly
methods of power production; steam methane reforming is likehet@me more

expensive.

Research into high temperature electrolysers has shown that solid oxide electrolyser
cells have the possibility to produce hydrogen with electrical efficiencies of up to 90
% [28]. The most costly aspect of the process is buying the power, where combined
cycle gas turbine plants have the lowest cost at 4 US¢'k@fid solar PV power the

most expensive, costing around 30 US¢ KWh has been shown that SOEC have

an advantage over alkaline electrolysers as the power requirement is lower due to the
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high electrical efficiencies afforded by high temperature operationorder to
produce hydrogen cost effectively, it is vital to smurthe electricity needed for
eledrolysis at a competitive rate. The improvements of renewable technology will
allow cost effective hydrogen to be produced without detrimental implications on the
environment.At the moment, combining electrolysers withatdired plants makes

the most economic sense as electricity can be bought at a cost of 9 USdakih

the steam can also be sourced from the plant itself. Therefore, this study focuses on

the integration of coal fired plants with electrolysers.
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4 Experimental verification and analysis

As well as being economically viable, the electrolyser must also be suitable for an
integrated system. It has been shown that there is significant research on materials
development; therefore one of the aims of #tigly is to assess the feasibility of
current material combinations for large scale hydrogen production. Experimental
verification and analysis is an important technique, which allows the physical solid
oxide electrolysis reaction to be characterised ieahtime, and shows
characteristics thamay not be possible to assess through computational modelling.
This chapter seeks to understand the extent of variation in performance to changes
in SOEC operating conditions as well as to show the suitabilityeofrthterials for

an integrated system. Furthermore, the data gathered will be used to validate the
SOEC model. This chapter shows the design and setup of the experimental work
station as well as the results of electrolysing steam through polarisation and

electrochemicalmpedancespectroscopyechniques.

4.1 Experimental verification in literature

Solid oxide electrolyser cells (SOECs) can be seen to be the opposite of fuel cell
technology and thereforexperimentation is based on reversible fuel cgIBS].
Research focus has been on studyifigces of steant hydrogen ratios, temperature,
pressure and electrode and electrolyte thickness on SOEC performance; however
unlike modelling, experimentation has also focused on the composition of electrodes

and electrolytes in order for enhanced SOE@Ggrmance and understanding.

YSZ based electrolytes and-ME5Z cathodes have traditionally been used for SOEC
experimentatio109]. Research has not only focused on using YSZ for electrolysis,
but also optimsing preparation methods such as sintering temperature and
combining YSZ with other materials for enhanced performdB86¢75;78;110] It

was seen that the sintering temperature of YSZ was paramount to pgpdetdm

which have suitable density and psity for good SOEC performance, as low
temperatures YSZ would not be strong and too high a temperature would reduce the
porosity of the material;, 400 °C provided conditions for complete sintering giving
OCV (open circuit voltage) of 1.069 V at operating temperature of 85078

Therefore, the preparation method is an important factor to SOEC performance.

It has also been seen that composite cathoddslsernative cermet materials may

offer better SOEC performance. Nickel has been the favoured metal for combining
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with ceramic for cathode fabrication due to Ni being both chemically stable at
general SOEC operating temperatures as well as econoffith112] though
copper has also been considered as an alternative to improving oxidation resistances
and has shown improved conductivities with high métakramic ratios[112].
Composites for anodes have also been studied as an extension of the electrolyte
through combimg LSM and YSZ, which has shown improvements in SOEC
performance, with OCV close to theoretical val{(£53].

Optimising the electraes and electrolyte materials and finding suitable, more cost
effective and efficient alternatives to YSZ and Ni have been suggested by a number
of researchers[114]. Lay et al, investigated the use of CeLSCM
(CelLag . 7 $K.25Cro.sMnp s03) both as an improvement to LSCM and a more stable
alternative to the microstructural changes seen #Y$# [115]. It was shown that
introducing cerium to LSCM improves the stability of the material compared with
pure LSCM, though CeLSCM can only be usedadsydrogen electrode rather than
oxygen electrode. Furthermore, CeLSCM showed improved electrical conductivity
to 35 S crit from 26 S crit with LSCM at 900 °(115].

Though YSZ is a good oxide ion conducteith high mechanical strength it cannot

be used above, 100 °C due to phase changes from monoclinic to tetrahedral, which
can cause cracking of the ceherefore it can be doped with materials such #3;Y

and SeO; [28]. High temperature SOEC operation poses problems with sourcing
suitable materials for other parts of the electrolyser such as interconnects. Therefore,
intermediate temperature (betw®ye500 and 700 °C) has been studied.

Intermediate temperature operation, rather than high temperature operation, offers
advantages such as shorter stgrttimes and durability as well as allowing a range

of more costkeffective materials to be us¢tll6;117] Therefore, it has been studied
more recently in the literature, with the most common materials being ceria

combined with gadolinium agamariun{118].

Lap oSrh.1Gap sMgo 03 (LSGM), an eletrolyte at intermediate temperatures show
improved ionic conductivity of 0.17 S ¢hrcompared with YSZ at 0.026 S &m
therefore showing an improved performance at lower temperatures. However, unlike
YSZ, LSGM reacts with Ni of the electrode and mustuéher researched to find a
solution. Studies have noted gadolinium doped ceriad&@ekd Ce®@ (CGO) and

Smdoped Ce®@(SDC) as more appropriate due to the lack of interactions with the
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electrodes and high ionic conductivi38;119;120] Another solution to preventing
reactions occurring between YSZ and electrodes such as BSCF (Eztriointiun:
CobaltFerro) is to introduce a barrier layer between the electrode and electrolyte
such as SDC (SmCe g0;1.0). Emplying SDC as a barrier layer has shown good
chemical stabilities and hydrogen production three times that of a traditional LSM
YSZ/ Ni-YSZ SOEC configuratiofil21].

Electrode materials such as-NCe10ScSZ have been developed showing promise as

a hydrogen electrode with miniimdoW r esi
degradation and robust microstructyi0]. Literature has shown NEGO to be

stable with large ceramic grain size as well as suitably conductive for use in
electrochemical devicg422] with small changes seen in conductivity based on the
contact electrodg123]. Furthermore, materials such as-INECM-CGO shows

promise as a way to improve overall cell performance through improved electro

catalytic performancfgl14].

It is well known that cell fabrication and grain sizes are important factors to cell
performancehowever thermal management has been shown to also be a factor for
system performanceWang et al. reported system efiencies of 98 %for an
intermediate temperature SOEC operating at 5,000%%and 1.52 V when thermal

energy recovery was Uségil].

Symmetrical cei, where the same material is used for the anode and cathode are
now being considered as a more cost effective way of producing SOFCs and SOECs.
The challenge that is faced is optimising current cermets such as ceramics with
lanthanum, strontium and mangse to work under both oxidising and reducing
conditions. Results have shown that symmetrical cells are promising, especially with
the introduction of CGO layer or composite to the electrode mixture, though

resistances may increase under large oxidisimglitons[124-127].

In addition to material optimisation, testing SOECs at varying temperatures, steam
concentrations, purities and for durability have been carried out. It was seen for a
conventional SOEC dfli-YSZ/ YSZ / LSM stack that the cell started to degrade in
steam environment after 150 hrs and passivation levelled off after 500 hrs of
operation; showing promise for commercialisation though steps are still required for
increasing performandd28]. Doping zirconia withscandiaand ceria for enhanced

electrolyte performance has shown promising results of current densities of 450 mA
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cm? and 1.5 V at 900°C [29]. Experimental studies have also shown that the
concentration of gases to the SOEC has a significant effect on the OCV and
performance of the cell drop in the OCV is seenith decreasg H,. Providing
steam under 10 voP6 showed an increase in overpotentials and charge transfer
resistances of around 1.69cn? compared with 1.12| cnf at 40 % steam at 750

°C [129]. Kim-Lohsoontornet al, noted similar trends, with increasing resistance
with decreasing steam content, thereby showing that steam content is an important
factor to @od output from the SOE[36]. It has also been shown that ASR can drop
from 0.34t0 0.3@ ¢ for a Ni'YSZ / YSZ / YDC (yttriadoped ceria) cell at 0.25

A cm? by changing the concentration of steam from 65 to 80 %, which indicates an
optimum concentration before rapid oxidation of Ni to NiG30].

The range of temperatureser whichSOEC can operate, wther intermediate or
high temperaturess dictated by the electrolyte materidbo high temperature can
cause phase changes and reduce stability of the material and too low would reduce
ion conductivity[28]; thereforethe effect of temperature on SOEC performamas

been focused on through material development as well as experimditeésature

Due to the temperature dependency of the materlbas been shown that
performance varies significantly with temperature variations. ForaS¥i/ YSZ /
LSM-YSZ cell operating at 0.2 A cfirequires potentials of 1.5 V and 1.08 V at 700
and 850°C, respectively. For the same materials and conditiatis avcathode of
BSCF, at a potential of 0.98 V and 1.39 V at 700 and°85@re seen, respectively
[36]. A symmetrical cell of SFM LSGM / SFM (SkFe sM0gs0s.5) at absolute
humidity of 40 vol. % has shown that increasing temperature from 800 t&Coa0

1.3 V can improve the current density from 0.48 to 0.59 X,amspectively; and by
using a higher steam concentration of 60 vol. % absolute humidity thevempent

is furthered to 0.88 A cfhat 900°C [131]. Basel on the above studies it can be seen
that not only is the material important, but also the correct operating conditions for

improving performance.

Many of the studies have focused on conventional YSZ and3¥i as well aghe
improvement of materials toneance the three phase boundaries and create better
electracatalytic performance.Though the understanding of the fundamental
materials is important, it can be concluded that small changes in composition of
metals, grain size of ceramics, sintering terapges and preheating can make a

large difference to SOEC performance. This study does not aim to create new
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materials or optimise thosthat exist; it aims to find the most suitable material
available in research at the moment for large scale commeaitimtiisand production
of hydrogen.

Therefore, t he experimentation I n t his
procedures to understand the effect of temperature on the performance of SOECs for
model validation purposes and understanding of the matenalgdable for this

project.
4.2 Experimental setup

4.2.1 Workstation

A workstation was designed and built at UCL to run experiments and is shown in
Figure4-1. It comprises oEL-FLOW® mass flow controllers (Bronkhorst UK dLt

UK) mounted on a board, to maintain gas flow to the required set point up to 100 mi
min™ of nitrogen and hydrogen gases (BOC, UK) in zero grade purities of 9%998
and 99.99%%, respectively.

The SOEC operating condition is maintained wah THH11/®/4572408CP
horizontal tube furnace (Elite Thermal Systems Ltd., UK) controlled by 2408
temperature controller (Eurotherm UK, UK)he power required for the SOEC
system is supplied bg potentiostat PGSTAT302N/FRA Metrohm Autolab B.V.,
The Netherlandsjunning NOVA 1.10 softwareThe unit has a potential range of
+10 V and current range of 1 Ato 10 nA.

The humidification system, designed at UCL, consists of silicone insulated heater
(Chromalox UK Ltd.) wrapped around a stainless steel bottle. A diffagsnnected

to the end of 1 0 stainless steel pipe b
stainless steel bottle to provide good flow and dispersion of nitrogen and hydrogen

gas to be saturated with water.

A K-type thermocouple@mega Engineering &, UK) placed at the top of the bottle
measures the temperature of the humidified gas and the CB 7523 PID controller
(Omega Engineering Inc., UK) is used to control the silicone insulated heater
accordingly. The gases leaving the humidifier enters a dthdiateto heat the vapour

to steam prior to entering the -Srhbosg; whi
flexible piping FTI Ltd., UK) with FGR0O80 Omegalux® rope heaters (Omega
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Engineering Inc., UK) surrounding the pipe and ceramic wool insulation. tBeth

humidifier and heated lines are insulated by flexible insulation.

The thermocouples are connected td @08 Thermocouple Data Logger (Pico
Technology, UK), which is connected to the computer. The electrical connections
are 0.25 mm diameter Pt wireg&k Sensors Ltd., UK), which was spot welded onto

a 20 mm x 20 mm and nominal aperture of 0.25 mm, Pt mesh (Goodfellow

Cambridge Ltd., UK) current collector.

1. Mass flow controllers mounted on a board 7. Potentiostat

2. Humidifier 8. PID Controllerbox
3. Heated line 9. Computer

4. SOEC Rig 10.  Monitor

5. Furnace 11. Extraction

6. Schott water bottles

Figure 4-1: Experimental workstation.
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4.2.2 Rig design

The rig, designed and drawn in Rhinocerog®sion 4, and built at UCL holds the
SOEC. The rig itself is formed of a 70 mm (outer diameter) quartz glass tube
(Cambridge Glassblowing Ltd., UK), chosen for its ability to withstand high
temperatures and houses tteramic tubes, ceramic holder, et@l connections

and electrolyser cell as shownRigure4-3.

The cell holder was designed to form two separate sections to ensure no mixing of
the gases from the cathode and anode side of the cell, enable lgotracad
connection and to be reusable for all experimefRigufe 4-2). In order for the
holder tohandle the cycling of temperatures for SOEC operation, 60 mm diameter
Pyrophyllite @luminium dicate) (CeramicSubstrates & Components Ltd., UK) was

cut usinga computer numerical control (CNC) machine to the desired form from

diagrams drawn in Rhinoceros.

Four pieces were produced; two end plates to hold the ceramic tubing in place and to
protect the silicone bygs from the heat spreading from the heated zone, and two as
the holder in the centre of the rigigure4-3). The ceramic discs once cut, were fired

in a furnace at,200 °C for 2 hours at a ramp rate of 1 °C Tin

Air Inlet Air and Oxygen
outlet

Nickel Chrome wire to hold
the machinable ceramic
together

Pt Wire

SOEC will sit in the gap with Pt
mesh on top and bottom of
electrolyte

Steam Inlet
Product Outlet

Figure 4-2: The cell holder design, Mark 1; creating two separate regions for the
hydrogen and oxygen sides.
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Figure 4-3: Solid oxide ekctrolyser rig setup: Mark 2.
(a) The whole rig, (b) ceramic holder for tubes to be positioned at the inlet of steam, (c)
ceramic holder for the cell to sit in (left side where steam enters), (d) ceramic holder for
the cell to be held in place where oxygeran leave the rig, (e) ceramic holder for the
tubes to be positioned for air to enter and oxygen to leave.

The gases to the cell flows through 9%7alumina (ceramic) tubes (Mulab, UK),

which are able to tolerate temperatures of up to 1700 °C asdchsare more than
suitable for use with SOEC operating temperatures created in the furnace. The
ceramic tubes are used as inlet (6 mm OD) and outlet channels (40 mm OD) for
gases as well as for providing casing for the Pt electrical connections (4 mm OD)

and K-type thermocouples (Omega Engineering Ltd., UK), as showigure4-4.

In Mark 2, all but one ceramic tube are placed inside the large ceramic tube used for
gas outlet on the hydrogen side. However, andkygen side, two 6 mm OD tubes

were placed as sweep gas inlet and oxygen outlet. Mark 2 of the rig and holder adds
ceramic tubes to house thermocouples and all Pt wires to eliminate any chance of a

short circuit.

H2 outlet

Pt wire
Thermocouple

Steam inlet
Nichrome wire

Machinable
ceramic for tube to
sitin

Rubber stopper

Figure 4-4: CAD of hydrogen side ceramic tube positioning, Mark 2.
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(a) (b) (c)

Figure 4-5: CAD drawings of the changes to SOEC holder design, drawn in
Rhinoceroses, Mark 3 (a) Cell holder secured withichrome wires hooks, (b) area to
place the cell and allow gas flow, (c) deeper holes in the bottom of the holder to support
ceramic tubing, (d) a side view of the top piece showing greater thickness for support
and reducing has leaks.

The electrolyte igplaced in the middle of the holder and connected to the platinum
mesh and wires through the holes made in the ceramic, similar to that $éguare

4-7. The whole rig is held together with nichrome wires ancrave and spring
system. The glass tube is sealed at the ends with natural solid rubber bungs (VWR
International Ltd., UK).

Through preliminary testing, issues arose with sealing and ease of assembling the
rig. Therefore, changes to the rig design were @amanted and shown Figure4-5

and Figure 4-6, where for the most part the same materials were used. Preliminary
testing presented a lot of noise in the symmetrical gpkkements, which were only

seen at furnace temperatures at or above 700 °C, and was found to be due to the
rubber bungs melting after prolonged use of the workstation. Thereftioen

bungs (VWR International Ltd., UK) replaced the natural rubber baht end of

the glass tube. The temperature discrepancies of around 50 °C between that
measured from the furnace controller and of the Pico logger were seen. Introducing
two thermocouples to the rig, one to read the temperature at the cell and one to
control the furnace temperature improved the system, where differences of 5 °C were

measured.
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Oxygen outlet

For housing

Thermocouples For housing Pt

electrical
connections

Gas inlet

Gas outlet

Figure 4-6: A top view of the solid oxide electrolyser rig setup, Mark 3. Changes made
to the gas outlet on thénydrogen side and ceramic tubing to house all thermocouples
and electrical connections.

It was also found that the spring loaded seal was effective to some extent for keeping
the holder togethehowever,did not create a seal enough to stop air enteasysgem
via the silicone bungs and therefore, the ceramic tubing was extended to start outside
the silicone bungs, which removed the sealing problems experienced on the inside of
the rig and allowed easy access to theSitroset 152 (ACC Silicones LtdJK), a
high temperature silicon sealant, was used on the exterior of the rig to prevent gas

leaking.

In addition, the assembling of the rig became far easier as the tubes were tightly
fitted in the silicone bungs as well as held in position by the modieamic plates.
Furthermore, the grooves made in the cell holder to position the ceramic tubes were
made deeper to provide more support, as sedrigare 4-5. It was decided to

remove the tubes on the oxygen saahel have an open anode for electrolysis.

It was also noted that for electrolyser testing, the spring loaded setup was not
sufficient to create two environments without cracking the cell prior to use.
Therefore, to seal the SOEC inside the holder Omeg&b@@D (Omega
Engineering Ltd., UK), a high temperature cement was uUsgdre4-7(b)).
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Figure 4-7: Solid oxide electrolyser cell holder machined on the CNC, MarB; (a)
holder with Pt current collector and electrical connections, (b) placement of sealed
SOEC within the holder, (c) silicone bung with sealant.

4.3 Solid oxide cell preparation

The solid oxide cell is composed of YSZ electrolyte-QGO cathode and
lantranum strontium manganatieqy sSto ,MnO3 (LSM) anode. These materials have

been chosen as they have been seen to be the most commonly used materials for
intermediate to high temperature operation.

YSZ-8 (8 mol % yttria) electrolyte (fuelcellmaterials.comexTech Materials Ltd.,

USA) with a diameter of 20 mm and thickness of around 0.30 mm was chosen due to
the ability of the electrolyte to operate at high temperatures as well as showing good

mechanical strength and oxygen ion conductivity of 0.13 $ [@8]. SOECs have

the ability to produce hydrogen, carbon monoxide and syngas; each reaction

produces ® ions, which makes YSZ electrolyte a suitablatemial. This is because

one set of materials can be used with a number of reactions and therefore can be

implemented within industrial plants while allowing flexibility.

The electrodes require properties such as high porosity and good electrical
conductvity so as to form high density TPBs. In order to achieve TPBs, porous
electrodes are needed for the gas to reach the active site for electrolysis to take place.
In addition, the electrodes need to be able to handle the oxidative and reductive

environmentghat the materials will be subjected[i32].

72



4. Experimental verification and analysis

Figure 4-8: SOEC cells after sintering; (a) NiCGO cathode,
(b) YSZ electrolyte, (c) LSM anode.

Commonly used materials for the cathode areY8¥ have shown to perform well

with steam at high temperatures. However,OBO was shown to allow a better
reduction of CQ when used as a cathode at intermediate temperdtl88sl34]

The nickel provides an electrical connection as it conducts electrons whereas the
CGO provides an ion condting surface, which provides more possibilities for

active sites.

The most commonly used materials for anodes are oxides with perovskite structures,
which provide better electron conductivity over pure oxides such as [1SS].

LSM has been shown to be a suitable matasahe cathode of SOFCs and therefore
was chosen as an electrolyser anode for this investigf2®i36] LSM paste
(fuelcellmaterials.com, NexTech Materials, Ltd., USA) with a composition of
(Lao.ssSlo.20MnOs and surface area ofi48 nf g™ used in the experiments, have a

conductivity greater than 200 S ¢nwhich is suitable for the electrolysis process.

The N+CGO produced in collaboration with Imperial College London, UK, was
painted onto the YSZ elecdlyte in a thin layer, dried at room temperature and
sintered at BOO °C in a furnace for 1 hour at a ramp rate of 5 °C'mifsM was

the painted on the other side of the YSZ electrolyte and sintered 4C for 1

hour also at a ramp rate of 5 °Crhi The cells are shown ifigure 4-8; the
inconsistencies seen in the cells are due to the painting process and possible

impurities in the furnace when sintering.

4.4 Methodology

The experiments were carried out both symmetrical and full electrolyser cells.
Prior to all testing and once the cell operating temperature was stieadNiO-CGO
was reduced in a hydrogen environment tea@dO to ensure that the floof gas to
the active sites wasot restricted by thdarge sized NiO. To reduce the cell,

hydrogen was introduced stepwise at percentages of 4.9 % for 30 mins, 9.8 % for 15
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mins, 14.7 % for 15 mins and 24.5 % for 30 mins in a total flowrate of 100 i min

with the remaining percentage of the flow beingagen[137].

For symmetrical cell testing, the cell consisted of YSZ electrolyte ar@G0O
cathode painted on both sides. The workstation and rig was set up as shown in
Figure4-9. Once the cell had been reduced, hydrogen was introduced at the desired
testing concentrations to assess the effect on such changes on the electrolyte and
electrodes. Furthermore, the tests carried out on varying temperatures and
concentrations were used validate the methods used to prepare the cells and the
design of the rig, through comparison to previous work carried out in the lab on the

same cells.

Mass Flow Controller

%

KEY
No/H;
1ol D&l A %

Filter Ball Valve ~ Mass Flow Controller

Water Bottles

Figure 4-9: Process flow diagram for symmetrical celtesting.

Mass Flow
Controller
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Gas
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i Water Bottles G %
ég Humidifier

N/ O,
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N Electrical
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Figure 4-10: Process flow diagram for SOEC testing with steam.
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Figure 4-11: Process flow diagram for SOEC testing with CQ.

Figure 4-10 and Figure 4-11 show the experimental setup for the SOEC testing for
Ni-CGO / YSZ | LSM electrolyser shown Figure4-8, and can alstbe employed

for SOFC testing. The cell was sealed w@megabon@l 300 and left to dry in air

for 24 hours and then heat treated at “8 and 105°C for 4 hours at each
temperature. Once the cells were reduced, steam was introduced slowly to the system
by passing a mixture of nitrogen and hydrogen through the humidifier and was
allowed to reach steady state before steam electrolysis testing. For carbon dioxide
electrolysis, a mixture of COand N was introduced after the reduction of the

cathode side andtaf flushing with nitrogen.

4.5 Techniques

There are two main techniques employed in the experimental analysis; linear sweep
polarisation and impedance spectroscopy. Through polarising the SOEC voltage
current (\i) curves can be obtained which show the extd#nbverpotentials. To
further analyse the overpotentials at different points along the cdrve,

electrochemicalmpedancespectroscopys used.

4.5.1 Linear sweep polarisation

Linear sweep polarisation is a technique by which a flow of current is passadtthro

a cell and creates a shift in the potential away from the open circuit voltage; voltage
T current density (M) curves are produced as a result, an example showigume

4-12. By analysing the extent of thénif from the equilibrium potential and the

75



4. Experimental verification and analysis

shape of the curve, the result can show the types of overpotentials occurring. The

overpotentials are described in detail in Secéon

Figure 4-12 shows a general situation, where at higher current densities
concentration overpotentials are dominant whereas at lower current densities
activation overpotential dominates. The black line is a general shape, usually
expected in lowtemperature alkaline and PEM cells. At high temperatures,
concentration overpotentials are minimal and are insignificant compared with
activation and ohmic losses and therefore the shape of the curve changes
[113;138;139] The \4i curves will be used to assess the performance of the

electrolyser.

4.5.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique used to describe an
electrical circuit and further assess the factiwet restrict the flow of electrons
produced by electrolysis at various points along the polarisationiccuwe. EIS

can provide information on the interface, structure and reactions taking place.

Electrolyser Fuel Cell
2.5 1

2.0+

Concentration
overpotential

overpotential /

region  Ohmic
Activation-®

overpotential
region b

Activation
overpotential
region Ohmic
overpotential
regjon

region

E 1.0 4

w -4

% Open circuit

o 0.5 voltage Concentration

> overpotential
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Figure 4-12. A general voltagei current density curve.
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EIS imposes an AC potential over the DC signal to the electrolyser and measures the
response and changes in the AC current at a range of frequencies. The AC potential
Is a sinusoidal voltage of knowmplitude and frequency described[240]:

06 ©O O0glo — (16)

Where,O 0 is the applied AC voltagé) is the maximum amplitude of the wave,

1 is the angular frequency ( ¢* "Q—is the phase angléjs time andQs the
frequency. Simildy, the AC current can be written Hs10]:

0 OO0BTo — (17)

Where,"00 is the AC current an@® is the maximum value of the sinusoidal current
wave.

There are three main componeafsn electrical / electrochemicalstem resistors,
capacitors and inductors, each of which can be described mathematically and
respond to the AC perturbation imposed on the cell in different viRgsistors are
defi ned by Tablddm)) andthemfare iy combining Equatio$6) and

(17), the resulting equatiorid O is frequency independent. Therefore, purely
resistive materials such as electrolytes are considered resistors.

c
=’ A :
I\ll d ! ZRe (Q) |
v 1 I
High iL I
frequency | | Low
intercept ' f_requency
| ¥ intercept

Figure 4-13. An example of aNyquist plot representing the Real (%) and Imaginary
(Zm) terms, where L is the inductance, Ris the high frequency resistance, Ris the
charge transfer resistance.
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Table 4-1: Relationship between circuit elements and impedance.

Element Equation AC Impedance Equivalent circuit
equation symbol

Resistor 0 'OY O oY NN\ —

. Q0O " p
Capacitor 0 66— W oz v
p O o ,99 o6 _| |_
Inductor 0 0%60 A ) — YNV

Materials can also have capacitive properti@&s (hich represent the capability of
storing energy through opposing changes in voltagesiRg an AC voltage through

a pure capacitor produces an effect on the current; as capacitance is based on the
change in voltage, when the voltage is at its maximum the change in voltage is zero,
therefore the current is zero. As a result of passing @sasidal wave through a
capacitor, the voltage lags current by a phase angle bfl8@uctance §) in a

system behaves the opposite of capacitance. With an AC voltage on a purely
inductive system, the current lags the voltage by a phase anglé.dh30 system

like electrolysis with a combination of elements, impedance can typically produce
Nyquig plots, an example is shownkigure4-13.

The impedance measured is a complex value as the system is not purely resistive and
therefore the current produced is oupbase with the applied voltaf41]. EIS ()
can be denoted ahe real part ) and imaginary part’Qé&a(where, (s the

imaginary operator) as follows:
h O @ xEADAQ W p (18)

The electrolyser can be written in terms of an equivalent circuit, whmlesents
different parts of the process as shownFigure 4-14.°Y represents the ohmic
resistance of the systef¥, is the charge transfer resistance énd ® the constant
phase element, which actlike a capacitor however, takes into account

inconsistencies in the systdt#0].

Rctl RCIZ
A\ c
Ro
CP El CP E2

Figure 4-14: An equivalent circuit for a two electrode and electrolyte cell.
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4.5.3 Scanning electron microscopy

Scanning Electron Microscopy (SEM) used to create admensional appearance

of a sample using a focused beam of electrons which scans the incident beam
horizontally over the sample to produce various signals at the surface of the sample.
The electron beam is usually created using astemgfilamen{142]. The secondary
electron and baeckcattered electron signals released from the scan are of greatest
interest & they are the most sensitive to variations in the topology of the sample,

with x-rays providing elemental informatigh43;144]

Back-scattered electron (BSE) signals are produced through elastic interactions of
the electron beam with the sample, which changes the trajectory of the electrons. It
has been suggested that the bsckttering isreases with increasing atomic number

as the larger atoms tend to have a larger surface area. Therefore, the larger atoms
produce more signals and so heavier atoms show up in a lighter colour on an image
[143]. BSE is useful to show different atoms based on their mean atomic number
[144].

In the context ban electrolyser, using a combination of all SEHMergydispersive
X-ray spectroscopyEDS) and BSE allows the changes in morphology with reaction
to be assessed and to show the difference in material porosity as well as elemental

composition of variousamples.

4.6 Experimental method development and results

The experimental tests that were carried out aimed to examine the workstation and
rig in addition to the electrolyser. Preliminary tests were carried out on the electrical
connections to ensure that the&, while sealed provided adequate electrical
connection. Impedance carried out on the Pt wires and mesh is shéwuarie4-15

for SOEC operating temperature range of betwa@h and 800 °C. The electrical
conrections are shown in purely the imaginary axis, which represent inductance
[145].

Inductance is expected in conducting materials such as electrical connections. The
impedance can beeen to increase as the temperature increases due to the
temperature dependency of the resistance in the wires. During tests of the
symmetrical and electrolyser cells, the resistance of the wires can be discounted from

the overall result.
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Figure 4-15: Impedance spectroscopy of the electrical connections
at temperatures of between 500 and 800 °C.

4.6.1 Symmetrical cell
The symmetrical cell, as discussedSiection4.3, is comprised of NCGO cathodes

painted on to an YSZ electrolyte and is described by the equivalent cirEtigure

4-14. The tests carried out on the symmetrical cells initially aimed to validate the
workstaton, rig and process as well as to assess the changes in conductivity of the
electrolyte and charge transfer resistance to temperature and concentration

variations.

In order to differentiate between degradation of the cell and changes of resistance to
operaing conditions, a standard test was carried out in both hydrogen and steam
environments and is shown Figure 4-16. The degradation of the electrolyte and

electrodes are consistent over time and follow the seand.t

Under steam conditions the cell degraded slightly more than in a hydrogen
environment, as the system had been running for a much longer period of time to
allow for the reduction of NiIGCGO before steam was introduced to the system. In

addition, intoducing steam creates an oxidising environment, which reverses the

reduction process, this leads to the formation of NiO and can cause the cell to crack
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if steam is introduced too quick[{t46]. In more complex experiments, where there

are a number of variables, the trend can be useful to provide a thorough analysis of
the @Il behaviour. The peak seenkigure4-16(b) andFigure4-16(d) at around 90

mins of being in a steam environment is due to possible changes in the system such

as inconstencies in steam concentration due to water build up.

Impedance analysis was carried out on the symmetrical cell at varying temperatures
and concentrations to assess the impact of such variables on the electrode and
electrolyte. The impedance spectroscomf a symmetrical cell in a hydrogen
environment shows that there is a significant impact on the operation of the cell by
changing temperature, as shownFigure 4-17, a sample of the data collected is

shown in tke figure to represent the characteristics of the cell.
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Figure 4-16. Changes to electrolyte resistance over time of symmetrical Ni
CGO/YSZ/Ni-CGO cell at 650 °C, with H and N, mixture at 50 %:50 % (a) residance
of the electrolyte, (b) resistance of the cathode, and 50%,50% N, mixture at 40

%:50 %:10% (c) resistance of the electrolyte and (d) resistance of the cathode.
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4. Experimental verification and analysis

Assessing the impedance kigure 4-17 further, the results show the effect on the
electrodes and electrolyte individually. It can be seen fiGigure 4-18 that
temperature has a significant impact on the operation of the electrode and electrolyte.
Thoughthe difference in ohmic resistance is small with temperature, it can be seen
from Figure 4-18 that the behaviour is as expected and the reason for the small
changes can be attributed to the large resistances thersman in the electrical
connections. The increase in resistance at around 5 hours into testing is due to the

degradation of the cell. Similar characteristics are seen for 30 electrodes.

H,N,=0.50.5

——600 °C
—8—650 °C
—4&—700°C
—¥— 650 °C
—4—-600°C
—4—700°C

' “ 45
‘___|_:(—___ Z' (Qcmd)

Figure 4-17: Impedance of the cell to variations in temperaturgfrom 600 °C to 700°C
and then back down again to 600C) under 50% H,: 50 % N..
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Figure 4-18: Sensitivity of electrolyte and electrodes resistande changes in
temperature. At 50 % H.,: 50 % N, resistance of electrolyte (left) and resistance of
cathode (right).
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Figure 4-19: Impedance of the cell to variations in hydrogen concentration at 60%C.
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Figure 4-20: Sensitivity of electrolyte and electrode resistance to changes in

concentration at 600°C; resistance of electrolyte (left) and resistance of cathode (right).

The effect of concentration of hydyen on the cell is shown iRigure 4-19 and

Figure 4-20. It can be seen that the electrolyte is generally unaffected by

concentration and the trend seen follows closehhwiéggradation. The impedance

results inFigure 4-19 show small changes in the high frequency arc and larger

Concentration of Hydrogen (%)

variations in the low frequency arc; the variation represents the relationship between

the concentration ral mass transporfl129;147] It was expected that a more

prominent change would be seen with concentration changes; however, the curves

shown inFigure4-19 show unexpeted changes in the real axis, which indicates cell

degradation. Trends in literature have shown significant changes in the low

frequency arcs with little change in the high frequency arc due to concentration

affecting only the charge transfer of the cellhe results in the hydrogen
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environment confirmed that the design of the rig and cell making were suitable for
the proposed testing as the results correlate with trends in the literature and with

previous work carried out in the gro{g#9;147]

The symmetrical cell was used to study®&O as a SOEC cathode and the effects

of the cell with varying temperature in a steam environment. Temperature was the
focus of the experiments in a steam environment as greaté&tions due to
temperature rather than concentration were seen on the performance of the cell in the

hydrogen environment.

Figure4-21 shows the impedance of a symmetrical cell at varying temperatures in a
steamenvironment. It can be seen from bdétigure 4-21 and Figure 4-22 that the
materials are temperature dependent, though the temperature dependency of the
electrolyte doesat follow the trend that would be expected, where in this case the
ohmic resistance increases as the temperature increases, which could be due to the
oxidising environment of steam at the cell, creating faster degradation. It can be seen
however, that theverall resistance does decrease with temperature. The cathode
material, NtCGO, did however follow the expected trend and so it can be assumed
that there were irregularities with that particular YSZ electrolyte used in thisloase
addition, he resistaces seen in the steam environment are larger than in the
hydrogen environment, which could be due to longer operation of the cell as well as

a more oxidising environment.

24 —l—600 °C
. —@-5650°C
0 - —A—700°C
] —W¥—650°C
2 —@—600°C
i —4—700°C

-4 . . . : : : : : : : : : :
30 35 40 45 50 55 60 65

Z' (©cmd)

Figure 4-21: Impedance of the celko variations in temperature under 100 ml miri* (50
% H,: 50 % N,) and steam relative humidity of 75 % environment.
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Figure 4-22: Sensitivity of electrolyte and electrode resistance to changes in
temperature at 100 ml min* (50 % H.: 50 % N,) and steam relative humidity of 75%.
Resistance of electrolyte (left) and resistance of electrode (right).

The conductivity of a material is important to the overall performance of the cell as it
represents the extentf @wharge transfer through the material; the greater the
conductivity, the more likely the cell will perform efficien{l¥48]. The conductivity

of the symmetrical cell in a hydrogen environment was seen 50 esmaller than
those in literature; this could be due to the differences in operating conditions and

electrolyte preparain [149;150]
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Figure 4-23: Conductivity of electrolyte at varying temperatures at 100 ml mirt (50 %
H»: 50 % N,) and steam relative humidity of 75 %.
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Figure 4-24: Impedance of the symmetrical cell to variations in temperature in 50 %
CO,: 50 % N environment.

The conductivity of the YSZ in a steam environment is showRiguare 4-23 and

shows the dependency of temperature on the operation of the cell. YSZ is known for
high temperature operation and therefore, an improvement in ionic conductivity is
seen at temperatures at and above 700 °C. It has been suggested tioathéue
manufacturing process, the conductivity of the YSZ is dependent on the inherent
resistance of the grain, the grain boundary resistance and the effective interface
bonding ratig{151].

Therefore, the nofinearity of the ionic conductivity oFigure 4-23 corresponds to
possible changes from the resistivity of the grain boundary to the grain dominating at
increasing temperaturg¢$50]. The change in conductivity dependence occurs after
700 °C, which is the lower limit for YSZ @pation. The full range of conductivities

is shown inTable4-2. It can be seen that in general, the conductivities do not vary
significantly at different operating environments and are smaller than those in
literature[119;152]

As the project aims to use streams from power plants, a carbon dioxide environment
was also considered. The impedanceFigure 4-24 shows that the trels were
similar to that of the steam environment where the high frequency arc increases with
increasing temperature. After the 650 °C curve was taken, the system developed a
leak and therefore created a more oxidising environment, which is shown by the

larger curves at 650 and 700 °C.

The symmetrical cells have shown that the cathode and electrolyte are dependent on
temperature and dictate the resistances exhibited by the cell. Concentration changes

have small effects on the performance. Furthermorecdhductivity of the YSZ in
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steam isdss conductive than in hydrogen, which maylbe to the greater oxidising
environment, which degrades the cell at a faster rate.

In order to further understand the reasons for the poor performance of the cells
comparedwith literature, SEM was carried outigure 4-25 shows the difference
between the cell before and after being exposed to a steam environment. ¢t can b
seen that the electrodes haweall pores throughotlhe suface however as the cell

is both reduced and ox&hd there is little difference. The changes to the electrodes
may cause structural weaknesses in the cell, however further study is required to
fully assess the structure.

4.6.2 Electrolyser cell

The SOEC (NICGO / YSZ | LSM) was tested to investigate the variations in
electrolyser performance with changing temperature and to assess the typical
operating conditions required for the cell.

A number of experiments were carried out in potentiostatic mode, whidiheout
critical issues with the setup and methodology. One of the greatest problems was
seen with sealing the cell, which is a common problem and researckg@nonto

find a suitable materidll53]. Other problems that arose were due to poor electrical

contact with the Pt mesh and electrodes and delamination of the cell.

The salant initially used wa®Dmegabon@ 300; with uneven distribution of the
sealant, cracking of the cell was seen as the sealant dried, resulting in very low
current densities as shown kigure 4-26. It can be seethat the ohmic resistance
dominates as the electrolysis is unable to occur in such a system. The impedance
(Figure4-27) measured at the OCV of 0.1 V shows very high resistances of the cell
with large amounts of nge, which is attributed to poor electrical connections and

cracking of the cell.

Table 4-2: Conductivities of the YSZ electrolyte at a range of temperatures under
steam, hydrogen and carbon dioxide environnas.

Temperature Conductivity in H , Conductivity in H,0 Conductivity in
(°C) environment environment H,0 environment
(50% H,: 50 %N,) | (10% Hy: 90 %N,, RH: 75%) (50% CO, : 50
( ¢em?) ( ¢em?) %N 2)
(dcm?)
600 1.01 x 1C° 3.11 x 1d 7.91 x 1¢
650 1.03 x 10° 3.18 x 10 5.40 x 10
700 9.99 x 10 2.85 x 10
750 1.15 x 10"
800 3.50 x 10°
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Figure 4-25: SEM of the hydrogen electrode at 15 kV anc5,000 (5¢m) (a) before
sintering and using the cell, (b) After using the cell sintered at,B00°C and operated at
650°C in a humidified gas with 50% H, and 50% N..

To improve the sealing issues, 3500N Insulating Glaze (DuPont (U.K.) Ltd., UK),
which is a dielectric paste was used asig¢glas a glassy substance and should allow
for the expansion of the cell when heating up. To set the sealant, it is suggested that
the sealant be allowed to dry for 15 minutes (or until dry to the touch) at 150 °C and
then fired for 10 mins at 850 °C atramp rate of 100 °C mihand cooled at the

same rate. However, the maximum recommended ramp rate for heating the cell
without cracks forming is 5 °C niinand so the dielectric paste was allowed to dry

over a longer period of time.
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Figure 4-26: Voltage-current (V -i) density curves of SOEC (NiICGO / YSZ / LSM)
operating at 650 °C with humidified gas at 75 % RH and 20 % bkt 80 % N,.
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Figure 4-27: Impedance atOCV of 0.1 V at 650 °C with humidified gas at 75 % RH
and 20 % H,: 80 % N,, based orFigure 4-26 of SOEC (NFCGO / YSZ / LSM).

However, it was found that sealing at a lower rate was not a suitable option based on
the result shown inFigure 4-28, where low current densitiesontinued to be

produced. Furthermore, it was seen that the sealant had not sintered thoroughly
enough ng O h aihtdred pateathereliy allowing gxlygars s y

to enter the cathode side, which reduces the performance of the cell as well as

creat.

encourages NiO to form. The impedance spectroscogimre 4-28 shows large
overpotentials, which is osistent with the small current densities and is a direct
result of leaks in the system. The large defect seen at around a cell potential of 1 to

1.3 Vis due to instability of the cell while scanning.
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Figure 4-28. Impedance at OCV of 0.2 V at 650C
after 1 hour of SOEC (NFCGO / YSZ / LSM).
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Figure 4-29: Impedanceof SOEC (N+CGO / YSZ / LSM) at OCV of 0.004 V at 700°C
with humidified gas at 75 % RHand 20 % H,: 80% N..

A slower scan rate was used in later experiments to allow the system to adjust to the
changing potentials. Based on the impedance results of a similar systgguiia

4-29, a difference b&teen poor electrical connection and a crack and leak in the seal
can be seen. Poor electrical connections give low current densities, with large
resistances in the impedance; however, a crack or seal break gives noisy curves,

which represent an unsteady®m such as changes in concentration.

Based on the results obtained above, it was clear that a suitable option for providing
good electrical connections was needed, especially at the anode. Therefore, the Pt
mesh used as a current collector was seauned the anode of a prepared cell using

the same LSM paint as the anode and sintered at°T2@gr 1 hour at a ramp rate of

1 °C min?, after being held at 100C for 1 hour to ensure that the binder had
evaporated. It was found that though a good etmdtconnection was made, the

LSM had delaminated off the YSZ electrolyte, resulting in poor electrolysis.
Delamination occurred possibly due to high oxygen pressure-bpilt the anode
electrolyte interfac§83;154]
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Figure 4-30: Impedance of SOFC (NiCGO / YSZ / LSM) at
OCV of 0.14 V at 700°C with 90 % Hj: 10 % N.,.

Operating in fuel cell mode showed large polarisation results, which reflect large
resistages in the cell and correlates well with the impedance resukgofe 4-30.

It can be seen frorRigure 4-30 that there is mass transport limitations in the cell,
with instability and poor flow of oxygen to the anode of the cell. As fuel cells rely on
good flow of hydrogen and oxygen to the cell, the mass transport limitations seen

suggest that a change in the rig is required to achieve improved cell performance.

In orderto discount problems with the LSM paste, studies were carried out on
NextCell™ Electrolyte Supported Button Cell, manufactured cells. The cells
consisted ofscandiastabilised zirconia (ScSZ) electrolyte, -RGO cathode and
LSM anode fuelcellmaterials.om, NexTech Materials Ltd., USA ScOs, is a
doping material used in combination with zirconia to stabilise the structure in the
same way that XOs is used[28]. Therefore, the behaviour of a ScSZ electrolyte is
similar to that of YSZ but with larger conductivity; aD@0 °C the conductivity of
ScSZ and YSZ is 0.1§™ cm* and 0.13q " cm?, respectively[28]. ScSZ is a
popular material as it can be used at both intermediate and high temperatures;
however ScSZ use has been limited due to the large costs associatedhavith
availability of scandig155;156]

The cell was tested in both electrolyser and fuel cell mode and the result is shown in
Figure4-31. There is a distinct difference in the performance of gieas a fuel cell

with dry and wet H input. The wet His produced through passing the bas
through a water bottle at room temperature. Though the wet hydrogen showed a
decrease in cell performance due to the oxidation of Ni, it provided a less harsh
operating condition within the cell, which enabled the cell to operate for a longer

time, rather than the dry,Hlow.
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Figure 4-31: Voltage-current (V -i) density curves of bought(Ni-CGO / ScSZ/ LSM)
operating at 750°C with SOEC at humidified gas at 75 % RH and 10 % H: 90 % N,
and SOFC at 90 % H: 10 % N,.

Operating in SOEC mode showed improved performance of the cell compared with
operating in fuel cell mode. One reason is that unlike the fuel cellhwkiguires

good mass flow of both reactants, the electrolyser only requires one reactant to the
working electrode. The anode acts as a way of removing oxide ions. Poor ion
conductivity and removal of oxygen can limit the performance of the electrolyser. In
the case shown iRigure 4-31, poor electrical connection has caused small current

densities.

In order to improve electrical connections, the Pt meshes were sintered onto the cell
using N+tCGO and LSM pastes at2b0 °C for 1 hour and can be seenHigure
4-32. To discount problems with LSM, Pt paste was also used on some tests and was

sintered for 1 hour at,a00°C at a ramp rate of IC min™.

Figure4-33 shows the polarisation of an SOEC at 780 Due to the size of the rig,
the resistance from the electrical connections were large and therefore, resistance
was corrected for using impedance results. It has been assumed tHaghhe

frequency intercept represents the resistance along the polarisation curve.
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Figure 4-32: NextCell™ Electrolyte Supported Button Cell
(a) Ni-CGO cathode painted onto the bought cell (insert), (b) LM anode painted onto
the bought cell (insert), (c) NiCGO cathode after sintering at 1250C and (d) LSM
anode after sintering at 125CC.

Thegapseen inFigure4-33is due to the sealant cracking due to pro&hgxposure

at high temperature and therefore created a leak in the system. The impedance results
of Figure 4-34 were taken at the OCV of 0N for SOEC. It can be seen that the
resistance increases with SOEC opera due to an increased oxidising
environment. Furthermore, less defined curves are produced, which suggest an

unstable system due to changing concentrations because of the cracked seal.

The seal was improved by using Ceramabond 552 (Aremco Producid,)8k) a
ceramic based paste. The seal was fixed by leaving to dry in air at room temperature

for 2 hours and then heating at 93 °C and 260 °C for 2 hours at each temperature.
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Figure 4-33: Voltage-current (V-i) density curves ofcommercial Ni-CGO / ScSZ/ LSM
operating at 750°C. SOEC conditions humidified gas at 75 % RH.
Resistance correctiorshown is based on impedance.
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Figure 4-34: Impedance at SOEC(Ni-CGO / ScSZ / LSM)OCV of 0.8 V at 750°C
based onFigure 4-33. SOEC conditions humidified gas at 75 % RH.
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The cells were operated at various temperatures and witH,Natio of 90 %: 10 %

and relative hundity of 75%. The results with varying temperature can be seen in
Figure4-35. As the temperature increases the performance of the cell imptoges

to improved conductivity of the cell. According to the shape efdtrve it can be
noted that the concentration overpotentials are small and that ohmic and activation

potentials dominate.

Impedance spectroscopies carried out at various potentials along the polarisation
curve figure 4-35 are shown inFigure 4-36 to Figure 4-40. As with the
symmetrical cell, the operating temperature is a significant variable to the
performance of the SOEC. At tperatures of 750 and 800 °C, it can be seen from
Figure4-36 andFigure 4-37 that at low potentials charge transfer dominates, where
high frequencies show the charge transif oxide ions and low frequency resistance

is due to the diffusion of ions through the electroljg87]. The variations from a
common Nyquist plotin the mpedance curvesnay be due tooxygen surdce
exchange and transpgits4].
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Figure 4-35: Voltage-current (V -i) density curves ofcommercial Ni-CGO / ScSZ/ LSM
operating at 750, 800, 850 and(® °C with humidified gas at 75 % RH and 10 % H: 90
% N,. Insert shows real and IR corrected data.
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Figure 4-36: Impedanceof SOEC (NFCGO / ScSZ /LSM )at 0.91, 1.2 and 1.4 V at 750
°C based orFigure 4-35, with humidified gas at 75 % RH and 10 % H: 90 % N.,.
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Figure 4-37: Impedanceof SOEC (NFCGO / ScSZ / LSM)at 0.86, 1.2, 1.5 and 1.8 V at
800°C based orFigure 4-35, with humidified gas at 75 % RH and 10 % H: 90 % N..

The decrease in the polarisation resistance at high potenagli$edue to reduction
of the cathode occurring at low potentials and at high potengldstrolysis
dominates and the reduction process is miniha8]. The two distinct curves with
increasing potential ifrigure 4-36 and Figure 4-37 suggesthat reductiormay still

beoccurringat high potentials, however with electrolysis dominating.

Increased temperatures of 850 °C and 900 °C show significant improvements in the
charge transfer resistance (showrfigure 4-38 and Figure 4-39) as the activation

and diffusion terms are reduced and electrolysis rather than reduction of the cathode

occurs[159].
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Figure 4-38: Impedanceof SOEC (N+CGO / ScSZ /LSM )at 0.77, 1.2 and 1.8 V at 850
°C based orFigure 4-35, with humidified gas at 75 % RH and 10 % H: 90 % N..
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Figure 4-39; Impedanceof SOEC (NFCGO / ScSZ /LSM)at 0.73, 1.3 and 1.8 V at 900
°C based orFigure 4-35, with humidified gas at 75 % RH and 10 % H: 90 % N..
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Figure 4-40: Impedance at OCV of 0.91, 0.86, 0.77 and 0.73 V for temperatures of 750,
800, 850 and 900C, respectively. Based ofrigure 4-35, with humidified gas at 75 %
RH and 10 % H,: 90 % No.
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Figure 4-41: Impedance at 1.8 V for temperatures of 800, 850 and 90C, respectively.
Based onFigure 4-35, with humidified gas at 75 % RH and 10 % H: 90 % N..

It can be seen faall the impedance curves that the ohmic resistance (high frequency
resistance) remains constant and the changes that occur are dominated by changes to
the electrolgis reaction. The improvementnasistance can be clearly seerfrigure

4-40 andFigure4-41, which shows the impedance at OCV of the SOEC operating at

a temperature range of between 750 and 900 °C. The shift in the OCV follows
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similar trends to that shown iRigure 4-15 and suggests that there the electrical
connections are influencing the results of the ohmic resistance.

The polarisation resistance has improved from 16.2ht to 0.31q cnt at 750 °C
and 900 °C, respectively. The ohmic resistance has changed due to the differences
seen in cells, electrical connections and degradation of the cell due to the length of

SOEC operation before the scans were taken.

To further @sess the limited performance of the cell SEM was carried out before and
after the experiment. The SEM of the cathode shows differences in the porosity and
grain size of theommercialcells Figure4-42(b)) and tle ones that were made
house(Figure 4-42(c)). The cells that were made show finer particles with smaller
pores compared witRigure4-42(b). It was also seen that thegtste used to secure

the Pt mesh to the cell was far more porous than the@® paste and therefore is a

suitable option for further experiments.

The cathodeHRigure4-42(a)) was seen to be layered on to the SeB£trolyte with
Ni-CGO composite and Ni layer on the top. This contrasts with the cell made in the
lab (Figure 4-42(c)), which shows a large amount of ceramic to Ni and is uniform

throughout.

Figure 4-42: SEM of the hydrogen electrode (NMICGO) (a) before sintering and using
the cell, (b) After using the cell sintered with Pt painted to secure the Pt mesh current
collector and operated at 750C and (c) After using the cell sintered with N\CGO
painted to secure the Pt mesh current collector and operated at 90C.
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Figure 4-43. SEM of the oxygen electrode (LSM) (a) before sintering and using the cell,

(b) After using the cell sintered with Pt painted to secure the Pt mesh current collector

and operated at 750C and (c) After using the cell sintered with LSM painted to secure
the Pt mesh current collector and operated at 908C

75 ™
Figure
electrolyte (a) before sintering and using the cell, (b) After using the cell sintered with
Pt painted to secure the Pt mesh current collector and operated at 758G and (c) After
using the cell sintered with LSM painted to secure the Pt mesh current collector and
operated at 900°C.

The LSM anode showed instability throughout the experimentation, which was seen

in the noisy second arcs of the impedance curVes. fird arc follows the same

trend as those of the symmetrical cell and therefore, it can be assumed that the
second arc characterises the electrolyser andte. instability resulted in poor
electrolyser performancerigure 4-43(a) shows the SEM of the LSM anode as
received and before being used. It can be seen that there is an even surface and EDS
showed that there was a uniform consistency of LSM throughout. AfEntering

at 1,250°C, the particles become lessidefl as seen iRigure4-43(b).

Problems with delamination of the LSM electrode were experienced throughout the
investigation. It was found that the anode had turned to a powder on the electrolyte
and was coming aay from the cell after SOEC testingelamination can be caused

as a result of huild-up of oxygen at the electroadectrolyte interfac83].
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Figure 4-45: SOEC (Ni-CGO / ScSZ / LSM)testing with 50% N,: 50% CO, at 850°C.

As seen with the impedance curves, oxygen saréachange and oxygen transport
may be seen through the slant of the curve. The slant was not seen with symmetrical
cell testing of the catide and therefore, it is assumed to be a result of the anode.
Delamination may also be caused by an uneven aeled&olyte interface, which is
possible as the electrode is painted on to the cell. Polarising the SOEC forms oxygen
at the anodelectrolyteinterface and can react with the zirconate to form lanthanum
zirconate (LZ)[154]. Small amounts of LZ were seen using SEM and EDS. The
SEM and EDS results suggest that the large resistances seeninwvdstigation is

partly caused by delamination and accounts for some of the degradation in the cell
after polarising[154]. Figure 4-44 shows the surface lve¢en the LSM anode and
ScSZ electrolyte. It can be seen that there is a distinct difference in the dense

electrolyte and the porous electrode.

With a use needed for the large amounts of €issions and syngas being a focus
for future energy solutions,lextrolysis of carbon dioxide has been studied in
literature [128]. The electrolysis of carbon dioxide was also carried out with the

setup described above and the results showigure4-45to Figure4-47.
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Figure 4-46: Impedanceof SOEC (N+CGO / ScSZ / LSM)at OCV of 0.63 and 0.18 V
before and after leak, respectively aB00°C with 50 % CO,: 50 % No,.
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Figure 4-47:. Impedanceof SOEC (NFCGO / ScSZ / LSM)at OCV of 0.5 V and 850°C.
Based onFigure 4-45, with 50 % CO,: 50 % N,.

It can be seen that the electrolysis of GOmore complex to operate as the system
struggled with maintaining a constant OCV. This can be due to instabilities in the
system such as cell degradatja60]. After the test, large cracks in the sealant were

seen suggesting that the performance could be improved with a more suitable setup.

Through the particular test shownkigure4-46, a drop in the OCV was seen due to
crossover of gases; however, the resistances and operation of the cell remained the
same at OCV of 0.63 and 0.18 V. Atemperaturef 850 °C the performance of the
SOEC and resistaneeas reduced@ompared with operation at 80 (Figure4-47).
However, quick degradation of the cell was seen, which led to an unstable system.
Introducing CO to the CQinlet would prevent such rapid degradation and enable
the sysem time to stabilise before testing. It is noted that the performance of the

SOEC is greater with steam rather tharp,G@&hich agrees with literatu81;37].

Electrolysis of CQ though promising to producgyngas from waste GQequires

more research and development of materials and systems in order to enhance SOEC
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performance. The rig and sealant in this investigation requires attention in order to
achieve improved outputs from the electrolysers.

4.7 Conclusiors

SOEC experimentation in literature has focused on developing materials suitable for
high temperature electrolysis as well as the effect of variables on performance. This
investigation designed a complete workstation and rig to assess the performance of
an SOEC in the range of between 700 and 900with standard materials of Ni

CGO, YSZ, ScSZ and LSM.

It was seen that the temperature was a significant factor in the performance of the
cell, with conductivity of the YSZ ranging from 3.11x1q " cm* and3.50 x 10°

q™* cm' at 600°C and 800°C, respectively. It was also seen that the polarisation
resistance at OCV significantly decreased with increasing temperature, frongl0.21
cnt to 0.31q cnf at 750 °C and 900 °C, respectively. This correlated wigtroved

SOEC performance seen when polarising the SOEC. Therefore, using YSZ or ScSZ
electrolytes requires high temperatures in excess of 850 °C to generate low
resistance, high performance results. Similarly, electrolysis of i@Proved with
increasing émperature, howeveshowed reduced performance compared with steam

electrolysis.

In order to further improve performance a redesign of the rig is necessary to reduce
delamination effects, such as including a sweep gas of air to ensure oxygen is
removed fom the anode, as well as conditioning the cell prior to testing.

Improvements made to the system and the cell can enable electrolysis for hydrogen

productionto become feasible in the long term.

Using alternative sealant that is thermally and electricadgulating or a high
temperature gasket can prevent sealing problems in the fiit6ig¢ Issues wih

oxygen buildup and known problems of delamination of LSM anode can be
rectified through a change in the experimental rig to allow a steady flow of air to the
anode, which will create a partial oxygen environment to enable diffusion as well as

a Oswvaesep tgp remove oxygen that i s produce

as an electrode as delamination has not been seen during [tEstihg

It has also been shown in literature that the methed ts produce cells affects the
SOEC performance. Therefore, carrying out tests for identifying the conductivities

and exchange current densities at the conditions used in this investigation would
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allow for a more accurate model. Testing pellets of eaettrelde with Pt current
collectors and connections using a four point DC technique would enable the
conductivities to be gathered experimentfll?2;162] Further testing of the pellets

to acquire the exchangmirrent density of each electrode would also allow a more
accurate model to be developed. Adesign of the experimental rig is required for
additional testing to obtain variables for the model.
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5 Modelling and analysis of coal fired plants

Coal fired power plants are relied on throughout the world to meet growing
electricity demands. Most plants do not have carbon capture facilities and therefore
are large emitters of carbodioxide The plants are operated in a cyclical manner
where they are turnedown at night when energy demand is bowd turned up when
demand is highDuring the night there isthereforea possibility of extracting steam

from the plant foan electrolyser.

This chapter aims to understand whether steam extraction is possibla fyeneral
coal fired powerplant and the extent of efficiency loadich wouldresult from
extraction It further assesses the role of coal fired power plants irltiketesergy

mix.
5.1 Modelling and analysis of power plants in literature

5.1.1 Review of energy narket

As with many nations, the UKOs energy mi
coal and nuclear sources, with increasing amounts of renewable p6%e164]
Although there is a move toward a low carbon economy by 2050 in thid &5
which is stimiated by the Climate Change A&O008 [165], the reliance on
hydrocarborbased fuels such as coal, which currently contributes &b 29 annual
energy production, has been predicted to increase glopbi§]. It is thereforevery

likely that conventional technologies such as coal fired power plants will still be
operational in the near to medium fut@erosshe world Projections from 2008 to
2035 indicate that the use of coal in the US andwilkremain generally constant
however, a marked rise in coal use is predicted internationally, especially in

countries such as China and Infli&6].

In the UK, coal, combined cycle gas turb{@&CGT), nuclear, wind, hydro, pumped
storage together with French, Irish and Dutch interconnéselectrical energy
exchange between countriesye regularly used for producing elégty. Though

there are a number of new technologies being used in the current configuration, it
can be seen fromigure5-1 that the largest power output in a 24 hour period is from
coal fired plant$163].
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Figure 5-1: Power generation in the UK by different technologies per settlement period
from 09:30 on 19.03.2012 to 09:30 on 20.03.2012,
adapted from BM reports (2012)[163].

Figure5-1 also shows that technologies such as nuclear, which are not dispatchable,
produce power constantthroughout the day. However, others such as coal, which
are more dispatchable, are called on in times of higher power demand. During times
of low demand, the power station is operated at its minimum base load, normally
from 22:00 until 06:00 the next day.

Hydrocarborbased fuels, especially coal, will continue to be used innda to
mediumfuture. Furthermore, the cost of coal has been seen to be more attractive
than gas or oil, which has resulted in plans for the construction of coal fired plants

arownd the world with a significant growth of construction in CH#hA 67].

5.1.2 Review ofpower stations

There are currently over,20 coal fired power plants operating globally68];
around 75% of these operational coal firedower plant aresubcritical [169].
However between 2000 and 20130 % of the newbuild power plants have been
the stateof-the-art high efficiency and low emissiosupercritical power stations
[169]. Supercritical power plant®perate with steam above the supercritical
temperature andressure,374.15 °C and 20.87 atm, most of which are used in

Europe due to increased efficiencies compared with subcritical plants. In general,
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efficiencies wary between 36i88.6 % and 39.P41.3 % for subcritical and
supercritical plants, respectivel/70;171]

As illustrated inFigure 5-2 a conventional codired power plant operates by
combusting coal with preheated air, which heats water into superheated steam. The
superheated steam drives the steam cycle, also known as the Rankine cycle, where
the high pressure turbine (HP), intermediate pressure turbine (IP) arutdssure
turbine (LP) are driven, which in turn rotates the shaft for power generation
[172;173] The steam once leaving the LP turbine is condensed into water and
pumped back to the boiler where it is reheated into superheated steam once more.
The general operating conditions for the main coal fired power pdaiatshown in
Table5-1.

As power plants are operated cyclically, i.e. turndown (but not shut down) in the
night, and turrup during times of peak energy dematitey are a possible option

for integrating with solid oxide electrolyser cells (SOECs), a#$ latectricity and

steam can be sourced from the plant. Unlike renewable sources of power such as
nuclear, wind and solar energy where iffeastructure is not in place and therefore
water needs to bpurchaseddemineralised ahheated prior to use in &Ts; the
infrastructure is already in pladé®m thepowerplantand produes steanat suitable
conditions. Therefore, combining SOECs with power plants rather than renewable
technologies at the moment means that electrical energy requirement needed to
cordition the water should be lower. In order to assess the conditions of each stream
of the plant and whether they are suitable for integration with SOECs, a power

station model has been developed.

Table 5-1: Typical operating conditions for different types
of coal fired power plants[169].

Type of coal fired Main steam Main steam Typical maximum
power plant Temperature (°C) Pressure (atm) efficiency (%)
Subcritical 538 167 39
Supercritical 54071 566 250 42

Ultra-supercritical 5801 620 2701 290 47
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Figure 5-2: A schematic of a conventional coal fired power plant.

The power plant model that has been developedsimalation, which is based on
thermodynamic principles. Generally, power plants are turned down by reducing the
amount of coal put into the boiler and reducing the flowrate of the steam cycle. If the
plant is to be coupled with SOECs, the power plant rstilstoe fully operational in

order to extract both the steam and electricity needed for SOEC operation. Therefore,
turndown of the plant in this study refers to steam extraction from the plant rather
than a reduction in coal input. It is important to assne extent of the reduction in
power plant efficiency of steam extraction to fully understand whether an integrated
system (power plarBOEC system) is a viable option for meeting future hydrogen
fuel needs. Therefore, the model is being used to adsessutcome of turndown

through steam extraction on the overall efficiency of the plant.

5.1.3 Literature review of modelling of power plants

Based on future projections of an increase in coal use across the world, together with
climate change objectives of tgring CQ emissions from industrial plants, a variety

of recent research has been conducted, which model coal fired plants and carbon

capture, storage and utilisation options.

Although most coal fired plants currently operational operate at subcritical
conditions, the most efficient coal fired power plants are supercritical, - ultra
supercritical and gasification power plants. Ubktgercritical power plants aim to

operate at 700 °C and 350 atm, which can provide power plant efficiencies of around
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50 %. These plants operate at above supercritical conditions and have driven the
progress in materials engineeridg4]. As a result of improved efficiencies in boiler
and power plant technology, many studies have investigated supercritical plant
models.

Modelling of a supercritical pulverised coal fired power pleased on mass and
energy balances and thermodynamics using Monte Carlo simulstionwed the
extent of waste produced and optimised power plant operating condititsid76]

The results show the optimum plant conditions were a main steam temperature and
pressure of 600 °C and 250 atm, with reheat conditions of 600 °C at 32.5 atm. The
exit pressure at the low pressure turbine (LP) was 0.089 ath®Gat’C. These
optimised conditions for a 429W supercritical plant produced a net efficiency of

43 % [175]. These correlate with typical power plantimhation in literaturg176].

Recent concerns over reducing £€missions have motivated the development of
carbon capture, storage and dxgl technologies. Therefore, the focus of recent
work has been to assesBe effect of includingthese technologies on plant
efficiencies. It is generally accepted that carbon capture and storage (CCS) requires
steam to be extracted from the plant for regenerating the solvent from the stripper,
and some electrical energy toespte the compressofs67;176178]. These studies

have focused on suitable points of extraction from the steam cycle so as to ensure
maximum net plant efficiency. In general, the consensus has been to usdrgtea

the LP turbine, which provides suitable temperatures for solvent regeneration as well
as having a limited impact on the plaBanpasertparnicét al (2010), modelled an

800 MW, coal plant with CCS through an amibased process with 250 atm and

600 °C main steam and reheat at 54 atm and 620 °C in ProMax®. Several streams
from the plant were identified to be used for the reboiler of the CCS process to
separate the COfrom the solvent. These were shown to be the crossover pipe
between IP and LP tuires, at a pressure of 9 atm, and two LP ports giving
pressures 4.5 and 3 atm, respectively. As a result of steam extraction, it was seen that
the smallest impact on the plant was extraction from the LP port at 3 atm, which
provided 90% CQO, capture efficency with a plant efficiency loss of around 12 %

[167]. The efficiency in this case is describes as:

. .0
00QRHQQE & (9)
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Extracting steam from the IP/LP crossover pipe for CCS technology has also been
Il nvesti gat e d-Driggsetilt, and slowe@shat dhe post combustion
chemical absorption process to capture,@€quires large amounts of heat to
regenerate the solvent and compress the @@se processes ultimately reduces the
efficiency of the plant. Furthermore, the pressure of the steam in the crossover pipe
was seemo be a significant factor in overall plant efficiency; a drop of the crossover
pipe pressure from 5 to 3.3 atm gives an efficiency improvement of 0.75 % for a
plant with single rehedtl74]. Therefore, maintaining the conditions of the steam at
each stage is necessary to achieve the highest possible efficiency while still capturing
CO,. Furthermore, the energy requirements of additional equipment on the plant

need to be as low as possible to ensure the greatest overall energy efficiency.

Other sudies have focused on improving the efficiency of the plant through

combining oxyfuel and air to the combustion process. The modelling results for an
800 MW, supercritical pulverised coal fired plant operating with main steam

condition of 290 atm and 60 and a reheat of 60 atm and 622 °C, showed that

introducing air to the combustion process reduces efficiency from 36 to 34 %, with
further losses to 30 % with G@apture[179]. The reduction in efficiency may be

considered necessary in order to meet carbon emission targets.

Many of the studies have concentrated on implementing CCS antuelxgs a
method of reducing carbon emissions and imm® power plant efficiency,
respectively. Alternatively, methods of hydrogen production from gasification have
been simulated. One method was a high purity-fogy coal gasification process

with an aim of producing hydrogen at high pressures. The plaerttated a three
turbine system with HP, IP and LP steam at 103, 38 and 3.9 atm, respectively. It was
shown that recycling the GGrom the syngas and using it as the coal carrier gas to
the dry feed gasifier, as well as increasing thg@ity from the A%J, produced H

with purity of 96 % vol. at 63 atm. The overall plant efficiency was improved from
53 to 58 94180].

A parametric study of coal gasification foydrogen production by Huanet al
(2014) assessed the stetoycarbon ratio to provide the maximum amount of
hydrogen. As gasification has shown higher plant efficiencies than conventional coal
fired plants, gasification allows for a greater yield of @g@nd hydrogefi81]. It

has been showttat for a gasifier operatingt 1,350 °C through combusting coal in

oxygen, with a steasto-carbon ratio of 0.9gives the maximum hydrogen yield.
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Therefore, around,296 kg hi* of hydrogen can be produced with 0.855 MW of
power from the nitrogen turbine, thereby giving 53.8 % plamérgy efficiency
[181]. Furthermore, studies have shown that usin® Nupported on modified
dolomite catalyst rather than Ni catalyst during gasification would increase yield of
hydrogen by 106 as well as eliminating the tar produd¢&82].

To enable further efficiency improvements in powed &ydrogen generan, as

well as reducing C@emissions, a coal and supercritical steam gasification process
has been studied. Unlike conventional gasification, using supercritical water enables
faster and more complex reactions and therefore enables the steam reforthing an
water gas shift reaction to occur in one reactor. Furthermore, impurities in the coal
which normally created NQOand SQ are deposited as N and S inorganic salts. As
CO; has a different solubility to Hwith supercritical water it is much easier to
sepaate without the need for expensive recovery processes. The process itself
produces coatlectricity efficiencies of over 6% [183].

Through CCS and oxfuel technologies, coal power plants can be made more
efficient however, utilising the plantdés high
hydrogen production through SOEC ogitwn may provide greater energy efficiency

for the plant. In order to assess the suitability of combining a power plant with
electrolysis technology, a coal fired power plant has been modelled in CHEMCAD

6.0 to assess the conditions of the streams almikdyoss the plant. This type of

plant was chosen as a case study as both the electricity and steam needed for SOEC

operation can be sourced from the plant. The model is described next.

5.2 Power plant modelling and simulation

A steadystate simulation of acal fired power plant based on the Rankine cycle
with reheat was developddr this studyin CHEMCAD 6.0, and the flowsheet is
shown inAppendix, A2, with stream and unit details 83 and A4, respectively

[184]. The model simulated the congiion process of coal with air and the steam
cycle, which is superheated by the heat released from the exothermic combustion
reaction The steam is then uséal drive the high pressure, intermediate pressure and
low pressure turbines (representedrigure 5-2). In this model, a secondary reheat

of the steam is simulated in order to achieve a greater efficiency of the power plant.
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5.2.1 Model validation

The model was validated against data compiled by the US DepartinEntergy,
based on a supercritical pulverised coal (PC) plant producing 400 MW of power and
commercial data provided by International Power on a 800 MW [186t186] The

aim of the model validation was to assess thasiimellations in this study delivered

the same efficiency as the published stud#siulations were carried ousing the
information inTable5-2 and the results given in the same table for comparison.

The data oequipment settings as well as steam and coal conditions and flowrates
from the publications were used as the inputs to the model developed in this study
(shown inTable5-2). Due to unavailable data from the laéure such as the turbine
efficiency, temperature of the preheated air and air ratio, these parameters have been
assumed; the HP turbine has been assumed to operate at 79 % and the IP and LP
turbines at 90 %4172]. The results show a good correlation between that of the
literature and the model in this study, with errors in overall plant efficiency of 2.2
and 4.7 % in the overall efficiency. Due to the low error in plant efficiency, the

power plantmodel is considered to be validated.

Table 5-2: Coal fired plant model validation based on literature values.

DOE, 1999| DOE, 1999 | International International
[185] (this study) Power plc., Power plc., 2003
2003[186] (this study)

Coal type lllinois #6 lllinois #6 - Indonesian coal
Coal flowrate (kg hr) 147,550 147,550 - 446,973
Air flowrate (kg h') 1,234,884 | 1,234,884 - 2,298,717
Main steam flowrate (kg H) 1,350,000 1,220,000 2,590,224 2,723,483
Main steam temperature (°C) 566.0 566.0 537.8 537.8
Reheat steam temperature (°C 566.0 566.0 566.0 566.0
Main steam pressure (atm) 242.3 242.3 166.5 166.5
Reheat steam pressure (atm 42.8 42.8 38.3 38.3
Low pressure steam pressure 0.26 0.26 0.30 0.30
out (atm)
HP turbine efficiency (%)172] - 79.0 - 79.0
IP turbine efficiency (%)172] - 90.0 - 90.0
LP turbine efficiency (%)172] - 90.0 - 90.0
Net Power (MW) 427.1 436.7 855.0 895.4
Coal fuel power (MW) 1135.1 1135.1 2234.8 2234.8
Plant efficiency (%) 39.9 38.5 38.3 40.0
Percentageerror in plant 2.2 4.7
efficiency (%)
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5.3 Power plant simulation and results

In this study, a steaestate simulation of a simplified conventional 350 MW

supercritical coal fired power plant was developed in CHEMCAD[683] using
data in Table 5-3 (further details are shown in Appendicd2 to A4) . The

conditions for the superheater are 250 atm at 560 °C and reheat conditions of 46 atm

at 560 °C with LP operation 42.9atm. The exit temperature of the fluasgunder

standard operation is 340 €85;186] The simulations were run with the power

plant operating at full capacity.e., the coal and make up water input remained

constant.The coal type used in this study is importadonesian steam coal, with

the higher heating value 80.68 MJ kg and the breakdown of the composition of

the coal is shown iable5-3.

The results from the simulations aim to show the operating conditiotine glant

and the extent of the reduction in efficiency as the plant is turned down through

steam extraction. A schematic of the plant is showRigure 5-3 and represents

three main areas thhtive been ideniéd as possible points fotemam extradon for

use in solid oxide electrolyser cel®ne of the aims of this work was to gain an

understanding of the options available for extracting steam and the conditions of said

streams, as well as to further examihe extent of turndown via steam removal on

the plant és

operation,

rat her

t han

Table 5-3: Parameters used in modelling a coal fired power station in this study.

reduc.i

This study Indonesian coal data

Coal type Indonesian coal| Proximate Analysis (wt %)
Coal flowrate (kg hr) 175,000 Volatile material 30 min. (dry basis)
Air flowrate (kg h) 900,000 Total moisture 10 max.
Main steam flowrate (kg Hj 1,160,000 | Specific Energy 18 MJ kg" min.
Main steam temperature (°C) 560.0
Reheat steam temperature (°C) 560.0 Ultimate Analysis of Indonesian coal (wt %)
Main steam pressure (atm) 250.0 Carbon 73.93
Reheat steam pressure (atm) 46.0 Hydrogen 4.65
Low pressure steam pressure out 0.05 Nitrogen 1.50
(atm) Sulphur 1.08
HP turbine efficiency (%}172] 70.0 Oxygen 5.85
IP turbine efficiency (%)172] 70.0 Ash 13.01

. .- 5
hzttggov'c; ?&'&?ncy (%6)172] ;%'8 Higher Heating Value (HHV) 30.68 MJ kg
Coal fuel power (MW) 875
Plant efficiency (%) 40.0
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Steam or flue gas extracted from the power plant

» To the electrolyser

A "~~~ T~ TTTTTTTTTTTTTTTTI T f ___________________ A~ "7
] Casel | Case2 . Case 3 :
| 1
! ' ' : Coolin
| y | Cooling 00iing
| Superheater ' . — water in — water out
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Pump 15 Make up
water
Flue gas

O Possible areas for steam/flue gas to be extracted

Figure 5-3: A flowsheet to represent the coupling of streams from the power plant with
the SOEC. The diagram refers to cases 1, 2 and 3 from the power plant.

Table 5-4: Results obtained from CHEMCAD simulations of steam extraction

for cases 1 to 3 for full and 50% load.

0% turndown 50% turndown

Casel | Case?2 | Case 3| Case 1| Case 2| Case 3
Power plant efficiency (%) 40 20
Steam extraction (% Fjigure5-4] 0 27 35 40
Temperature (°C) 560 560 409 560 560 409
Pressure (atm) 250 46 12.9 250 46 12.9
Flue gas exit temperature (°C) 276 276 276 785 660 681
Steam flowrate extracted (kg Hr 0 0 0 229,000 270,000| 228,000
Steam flavrate before extraction (kg Hr | 1,160,000 1,160,000 928,000| 834,000| 777,000 571,000

Possible streams from the plant which can provide high temperature and pressurised

steam were seen to be before the HP, IP and LP turbines, which have been assigned

asCases 1, 2 and 3, respectively. Utilising flue gas is also an option {gase

should be noted that extraction from the turbines itself is possible; however, it is not

considered in this study for simulation simplificatid®7;176] However, extracting

steam directly from the turbine would mean that a reduced pressure and temperature

was available, which may allow for a greater range of SOEC electrolytes to be used.

However, directly taking steam from theltine may create greater efficiency losses.

The available steam extraction points are shown in the dashed lifigsiia5-3.
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Figure 5-4: The extent of efficiency loss of the power plant with varying
fractions of steam extracted for cases 1 to 4.

Based on the results from the extraction of steam, it is shown that high temperatures
and pressures can be obtained. A temperature rar®dd 560 °C can be obtained

from the plant at pressures of up to 250 atm. The extractioteamst each point

had an effect o n(based en Byuato®)) as shovenfinFiguei e ncy
5-4. It can be seen that the largest impact on the plant is Case 1, as the main steam,
which has the capacity to do the most work, is removed. When the extracted steam

or flue gas is used as reactants in SOECs, hydrogen and syamgée produced,
respectivelyThe gas extracted from the flue gas will require cleaning to remoye SO

and particulates, which further reduce the temperature of the gas to aroihcdd

therefore will not be considered in this stufyr2].

5.4 Conclusions

The goal of 6cl eaner technologi esod req
production such as coal fired power plants. The suitability of using a power plant to
provide steam and electricity to lisb oxide electrolyser cells was investigated

through modelling. It was seen that power plants operate the steam cycle at a range

of temperatures of between 560 and 409and pressures of between 250 a@d

atm.
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Due to the cyclical nature of the opévat where turndown occurs at night, an
option of extracting up to 50 of steam for hydrogen production at night was
identified. The results of the simulations show that 27, 35 and 40 % of steam can be
extracted from the steam cycle before the HP, IP laAdurbines, respectively.
However, the steam extraction results in a drop in the overall plant efficiency, with
the extent of efficiency loss being the greatest for case 1 (before the HP turbine) as
the steam with the greatest enthalpy is extracBtddes have shown that steam
extraction from the steam cycle for carbon capture and storage technologies is
possible from between the IP and LP connecting pipe. Therefore, steam extraction in
this study from various connecting pipes is possible. Furthernfmeegxtraction of

the steam showed a similar drop in efficiency as this study.

The steadystate simulation was limited by obtaining results after the system was
steady. Further testing of a more complex coal fired power plant dynamically would
allow the clange over time to be determined for a more thorough understanding of
efficiency loss. A more complex system would provide alternative options to steam
extraction points, which may be suitable. These studies can be carried out in the

future.

In order tolimit the efficiency loss of the power plant by extracting energy while
enabling hydrogen production, it is essential to understand the operation of the
electrolysers and possible ways of providing the most efficient configuration for an
integrated system.herefore, the next chapter considers the operation of solid oxide

electrolyser cells.
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6 Modelling and analysis of solid oxide electrolyser cells

Solid oxide electrolyser cells (SOECs) are a promising alternative to low
temperature electrolyseells. In ader to assess whether SOECs are feasible for use
in a large scale industrial application, the effects ey kariables are investigated.
Furthermore, this chapter focuses on the effects of inlet steam variations on the

efficiency of the electrolyser andgsible ways of improving efficiency.

The model has been developed to assess the behaviour of SOECs with variations in
the inlet conditions for large scale hydrogen production. The effects of differences in
temperature and pressure of the entering steatneoperformance of the cell will be
characterised through modelling the resistances and resulting heat which evolve from
the steam reduction reaction. Combining the results from the electrochemical and
thermal analysis gives the performance of the cdlicivcan be seen graphically in

polarisation curves as well as in efficiency data.

In the following, the SOEC modelled is based on a reversible planar solid oxide fuel
cell. A planar configuration was chosen over a tubular design due to ease of

manufactue and greater performanf28].

6.1 Modelling of solid oxide electrolysers in literature

With the growing interest in SOECs, several models have beerogedednd shown

in the literaturd24;99;187;188] As SOECs are currently only available at lab scale,
model ling of cells, stacks (a number of
more recently systen{several stacks combined with current technologies e.g. wind
turbines), has been carried out in order to estimate the behaviour of the cells under
varying conditions. SOECs operate as the reverse of solid oxide fuel cells (SOFCs);
therefore modelling ofan electrolyser cell effectively follows the same principles
[159;189;190] Many studies have shown that variables such as temperature, steam
ratio and thickness of the components havggnificant impact on @formance,

with pressure having a relatively minor eff¢24;76;187;196193].

Results presented in the literature have highlighted factors such as the need for thin
electrodes and electrolytes, intheranfeo50 e m, whi ch enabl es
kept to a minimum[190]. The overpotentials refer to ohmic, activation and
concentration resistances formed from electronic and ionic conduction, electro
kinetics and reactant and product flow limitations. Furthermore, reducing

overpotentialsenables greater SOEC efficiencies and reduces the temperature
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gradients that are generated through operdti®8]. The focus in the literature has
mainly been on t understanding of the electrolysis process and the components
within it. Variables such as steam temperature and composition have so far been
controlled variabls, both experimentally129;194]and computatically [190;193}
however there is very limited studies dihe energy required in order to produce
steam for SOECS\i et al. (2007)[195] studied the energyequirement®f a SOEC
hydrogen planand results have shown that the system is dependent on the operating
conditions of temperature and currennsigy. At a low SOEC temperature of 600

°C, heat from the overpotentials was shown to be produced at current densities above
500 A mi?%; however at 1,000 °C this was increased to 17,000 A.rin order to meet
SOEC energy requirements, additional electre&gergy is requiredlt was shown

that the most energy losses occurred in the SOEC and the heat exchangers, therefore
to improve the overall system efficiency SOEC overpotentials need to be reduced
[188;195] A similar assessment was studied by Stemmeral (2012), which
assessed a possible £@itigation device. The study showed that an SOEC system
with flue gas as the inlet can produce JG@th system efficiencies of 50 %. The

most energy intensive procesas shown to be the electrolysis process ifd€16].

This study aims to assess the sensitivity of SOEC efficiency to variations in the
temperature and pressure of the stéaet. The integration of SOECs with a power
station is then considerad the next chaptewith a view to identifying the options

and potential for efficiency optimisation.

Limited research has also been presentettharliterature examining systenrisvel

operation and integration. Combining SOECs with nuclear technologies has been of
great interest due tiie high quality heat available from gas cooled reacasrsteam

at 800 °C and 4 atm can be producklydrogen production efficiencies of 5%

were reprted with such a combination by Fujiwagtal [197], where the efficiency

is related to the electrical requiremie of the system. Thermtd-hydrogen
efficiency (heating value of hydrogérotal thermal input) of around 5%, with

current density and temperature being influential variables, slmenby O&6 Br i e n
et al [99].

Studies have also been reported that examine the corobinaitiwind and solar
technologies with low temperature electrolysers. The modelling has focused on
assessing the controls required on provigiogver to the electrolyser with variations

in power load from wind turbines as well e control of the power atput to the

118



6. Modelling and analysis of solid oxide electrolyser cells

grid from the electrolysef wind turbine hybrid systenil98]. Solar photovoltaic
cells were shown to produce hydrogen from electrolysers at thermal efficiencies of
10.9 %[199] and around 8 %00].

6.2 Solid oxide electrolyser cell model

The simplistic model of a planasolid oxide electrolysecell is describedand the
SOEC is represented iRigure 6-1. Although there are more complex models
available in the literaturéhat consider 2D and 3D electrolysethis study has
considered a simplistic model as a basis for an integrated system arfdigsefore,

this model has used appropeianodels available in literature as a basis to develop a
suitable model to meet the objectives of this investigafids model has focused

on the work by Niet al, which is based on the mass balance of the electrolyser.
Furthermore, the work by Udagawet al has been used to represent the cell
potentials; although this study has not taken into account variations across the
thickness of the celllThe aim of the SOEC model is to assess the main variables that
have an impact on overall cell efficiency asll as the energy requirements of the

electrolyserThe SOEC model applied here assumes:

1. The electrolyser operates under steatife condition$190;201] with most
of the steam reduction reaction occurringaa2D interface between the
electrode and electrolyte, rather than at distributed three phase boundaries
(TPBs) within a 3D porous electrofle90;191]

2. The system is assumed to be well mixed.

3. The model consiers the movement of material across the 1jidaxie only.

4. The temperature gradients across the electrodes have been neglected as it has
been assumed that the operating temperature of the cell is constant. A
sufficient pressure gradient is produced at tredarside for the ©produced
to permeate through the anddéo0].

5. Ideal gas behaviour has been assumed for the gas s{g&2dms

6. This model considers the resistances from the electrical connections and

contacts to be negligible.

The equations governing the performance of the SOEC model is composed of mass
balances energy requirements and ceglbtentia] as shown in Figure 6-2. The
thermodynamiequations calculatthe enthalpy YO, and Gibbs free energyO,

to determinethe minimum amount of total energy and electrical energy, respectively,
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needed for the reaction (Equatior(1)). Enthalpy sets the theoretical energy
requirement which is used to calculate the SOEC efficiency. Gibbs free energy is
used to calculate both the Nernst (the voltage when curreeta$ and the reversible

O  potentials.

050 0 2p (1)
C
The reversible potential0 , which is based onY'O, together with ohmic
0O , activation O  and concentrationO |  overpotentials account for

the operating potentialD . The operating potential is used to find the heat energy
produced by electrolysis (Joule heating and overpotentials).

The analysis considers the power necessary for rasteam to the desired SOEC
operating conditions and the power required for the electrolysis process. The
resistances occurring during electrolysis, which are affected by temperature and
pressure, generate therrpalwer 0 . In addition, heat is introduced to the
system by the entering steah . The total thermal poweD , as part of

the thermal analysis shows the total thermal power needed to meet SOEC operating

conditions, which varying badeon the condition of the entering steam.
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Figure 6-1: SOEC operation and a epresentation of the basis of the energy model.
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Figure 6-2: An overview of the inputs and outputs to the SOEC.
The links between each section of the model in relation to physical inputs are shown.

Furthermore, a basis for optimisation can be found at the thermoneutral voltage
‘O , the point at which the heat for the reaction (endothermic) is equal to the heat
produced by Joule heating and electrode overpotentials. The SOEC efficiency
combines the equations based on the amount of energy from sthmroHuced
compared with e energy required to meet the operating conditions of the cell. A

summary of the electrochemical equations is shown in Appekislix

6.2.1 Conservation of mass

The mass transport of components to and from the electislgi@mplex due to the
porosity of the electrode material and the diffusion at the cathode and permeation at
the anode through the three phase boundaries, which refers to the regions in the

porous material of the electrode where the ceramic, metal artdmtsameet.

6.2.1.1 Cathode

At steady state, the mass transport of a component can be represda@ 292}

.10 M- o
' 19
YT o T (19

which represents the change in the flow of congnt in directions, y andz
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Steam is suppliedotthe cathode via convection; however, once at the electrode
surface, diffusion occurs to the active sites for reaction. Due to the complex nature of
porous materials, an average effective diffusivity term is used, which takes into
account Knudsen and maldar diffusion. Knudsen diffusion takes into account
gases passing through the smaller pores of the cathode and molecular diffusion
accounts for mass transport through larger pores.

The concentrations at the t hr eoédiffpsibmase b o
[202]:

10

1 @ (20

U O

where is the diffusion flux of HO flowing through the electrode in the
direction andO is the average diffusivity, which varies with temperature.

Generally, a small amount of hydrogen is included in the inletamtain redcing
conditions in the cathode

The molar flux,0 , describes the diffusion and flow of components in stey
based on the diffusion flux and the convective flux, which is the product of

concentration)  and molar average velocity; , [202]:
0 ] 0’0 (22)

For a system such as electrolysis, where steam in the gaseous phase reacts to produce
another gas, hydrogen, at constant pressure and at steady state, molecular diffusion
of steam occurs. Assuming that the reaction at the boundary is fast, which results in a
small mole fraction and hence a small concentration of steam; the convective flux

can be deemed negligibfi202].

Equation(21) can therefore be simplified to:

10
1 ®

0 U (0] (22

By substituting Equatiorf22) into (19) and considering the difsion through the
electrode only occurring in thedirection through the thickness of the electrode
w f [190]:

NG m (23)
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The flow of components to the celrigure 6-1) can be expressed by the current

density, i:

Substituting Equatio(24) into (22) gives:
Q 16
— ' 2
=0 © o (29

Across the electrode there are variations in the concentration of components. The
fixed boundary is the thickness of the electrode and therefore concentration profiles
can only occur within this layer, i.ehe boundary condon for Equation(23) is
given by:
16 Q
1 €0

(26)

The amount of steam at the surface of the cathode can be denoted as the
concentration of steam at the point where the thickness ix-directionis zero and

is as follows:
6 0 (27)

Solving Equatiorn(23) with the boundary conditions in Equatiof@6) and(27) gives
the concentration of steam at tiheee phasboundariegTPBs)[24]:

o (28
The rate of the production of hydrogen is equal to the rate of ogt&n of steam,
which means that the pressure remains constant; and a similar equation can therefore

be written for the hydrogen produced at the catljadg

(0] (0] T (29)
The average effective diffusivityQ takes into account both the Knudsen

diffusion for the gases through the smaller pores of the cathode as well as the

molecular diffusion, which takes place when the pores are larger.
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p , p P
(@] - 0O (@]
(30)
p , p P
(@] - 0 (@]
whereO represents the molecular diffusion ar@, andO are the
Knudsendf usi on for hydrogen and st eam, resp
tortuosity and porosity, respectively.
The Knudsen diffusion for each componddt, is given by{190]:
Y
o L ¥ (31)
o U W

whered w is the molecular weight of each component anis the pore radius.
The radius of the pore, his given by[203]:

. C-
! N (32

where"Y represents the surface area of the por€’and the bulk density.

The molecular diffusion of the gases through large pores in the electrodes is given by
[204]:

. " p
0 TBLTLP YUY O — = (33

where 0 represents the total pressure (atm),is the collision diameter and

LI is the collision integral.

The collision integrall , can be interpolated from knowh* valuesas

shownby Geankopli§202], and is a function of the Lennard Jones Potential, which

includes the operating temperature and the characteristic energy for each component,

(34

whereT* refers to the Lennardones Potential an@ is the Boltzmann constant
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R - R (35

The collision diametér , is given as:

1 1

_ 36
1 c (36)
where the average diffusivityO , of the gas mixture at the three phase
boundary is:
0 1o 1o (37)
V) V]

wheren is the partial pressure of componentsadd HO.

6.2.1.2 Anode
The flow of thecomponents leaving at the anode side is assumbd only oxygen
and thereforenly permeation occurd he gasviscous flow is usually characterised
t hr ou g heqixaon20%].06 s
0 N
YUYt

n (39

whered is the flow permeability and is the dynamic viscosity given in Equations

(39) and(40), respectively.

_ qd 39
cp ¢ (39
®» Y (40
where,
"YZ YU (41)
PTTT
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Recall Equatiorf19) applied tooxygen:

10 16 10
) 19
TS To 7a " (19

Combining Equationg19) and (38), we can describe the oxygen transport in the
anode a$190]:

i 6n 1N
1 @ Yvt 1 ®

T (42

At the electrolyteelectrode interfaceshown in Figure 6-1, where the oxidation
reaction occurs, the rate of oxygen product®givenin terms of the current density
[190]:

0 — (43

Q
T0

where the number of electronsneeded to form one mole of an oxygen molecule is
4.

The boundary conditions at the thickness of the electrode can then be represented by:

N Yy
N, G (44)

The amount of oxygen at the surface of the anode boundary can be denoted by:
g g (49)

Based on the boundary conditions in Equatigt®y and(45), Equation(42) can be
solved to find the partial pressure of oxygen at the three phase bounti@®ies

YYR

OB (46)

wheren  is the partial pressure of oxygen at the three phase boundaries (TPBS)

andn is the partial pressure of oxygen at the inlet.

6.2.2 Cell potential
The potential bthe cell dictates the performance of the electrolyser and takes into

account the theoretical potential as well as resistances created by electrolysis. As
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discussed irChapterl, the electrochemical equationsepented in this section aims
to find the overpotentials and operating potentials, thus estimating the efficiency of
the cell.

In reality, the system will have resistances, which produce overpotentials. The total
overpotentials include that of ohmi®© |, activation O j and concentration

O  losses. The overpotentials need to be overcome in order for the SOEC to
function effectively therefore a larger voltage is required for the operation of an
electrolyse above the Nernst potential, which is accounted for by the operating
potential O [24]:

O O O O O 0O O (47
For an electrolyser where there is a potential differé@cdetween two electrodes

and charge transfer througktethircuit, electrical workw is being done on the
systen18]:

® n'o ¢ 00 YO (4)
where¢ ¢ relates to the number of electrons per mole.

For the reaction in Equatiofl), the change in the Gibbs free energy can beemrit
as[15]:

yo ¥yd vy "YdJal— (48

whereY'Jis the Gibbs free energyt atandard temperature and pressure of 25 °C
and 1 atm, respectively andis the activity of each component involved in the
reaction. The activity of an ideal gas is the relationship between the partial pressure

of the gas relative to standard cdiudis (i.e. 11 ).

The Nernst potential or reversible potenti@l, , can be obtained by combining

Equationg4) and(48) andwritten in terms of partighressurg15]:

e \ L8
Yrnn (49)

© eSn

whereO represents th potential between the electrodes at a constant pressure and

temperature at zero current, andis the partial pressure of components. The
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reversible potential represents th@en circuit voltage@CV) (when there is no flow
of current between elagaides, at the SOEC operating temperature.

At standard conditions, the equilibrium voltage for electrolysis of the reactant is

represented b@’:

E
Q
&K

. , 0
o’ 0 o (50)

M‘l

0

m-

For each onenole of steam, two electrons are required and the associated aijarge (

transfer between the electrodes is shown in Equ&Boji8]:
n ¢ Q ¢O (51)

whereD i s Avogadr@ioéss Fnau nabdeary,6Qis the chargd anran and

electron.

6.2.2.1 Ohmic overpotential
The ohmic overpotential®) hare produced as a result of the resistancén¢o

current through the electrodes and ions through the elect[@#je

T
(@) Q T T (52
where,, h, and ,, is the conductivity,t T and
T are the thickness of the anode, cathode and electrolyte, respectngily

is the current densityThe model considers the resistances from the etadtr

connections and contacts to be negligibsed on assumption 6

6.2.2.2 Activation overpotential
Activation overpotential,lO  is derived from the ButleW¥olmer equation
assuming the charge transfer coefficients of the anode and cathodmguake
(AppendixA6) [24;191;193]

~ YN . o Q YN o r e, Q 53

O » T)(.OI wQCQQT ,.—Owl wQCQ,T (539
The overpotential is related to the charge transfer process and kinetics of the reaction
at each electrodelectrolyte interface and accounts for the energy required to
overcome the activation energy constraint of the elgaeolreaction (Equatiofl))
[191;206] The activation energy needs to be overcome both thermally and

electrically [207]. The activation werpotential is also a function of the exchange
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current densitiest, andQ, which represents the catalytic behaviour of

the electrode to determine the rate of oxidation or reduction of the reaction.

6.2.2.3 Concentration overpotential

Concentration (mass transport) overpotentials are formednas when there is
resistance to the flow of reactant to, and product away from, the three phase
boundaries, which are the regions in the porous material where the ceramic, metal
and reactants meet and which is where the steam reduction reaction obeurgall
concentration overpotential takes into account the concentration overpotentials

occurring on both electrodes of the SOEC and is given by:

0 0 O i (59
The concentration overpotenti&®, at the cathode is given py87]:
o YY.0 O c
h c"Oa & 0 0 (59)

where6 ,0 ,0 andd are the concentrations of steam and hydrogen at

the surface of the electrode and at the three phase boundaries, respetiigely.
concentration overpotential at the anode side assumes that pmdyp@esent and
thus permeation takes plaiteough the electroda 90]:

0o —0a

Y'Y
T0

N
E— 56
5 (56)
wheren andry  are the partial pressures of oxygen at the surface of the electrode

and at the TPBs, respectively.
6.2.3 Energy requirement

6.2.3.1 Thermodynamic

The thermodynamic equations represents the total minimum energy requirements for
the electrolysis reaction (Equatigid)), which is comprised of the sum of the
electrical YO and ttrermal 0 energies needed for the reaction to octufYis
equivalent to the heat energy of the system and at a certain temperature and pressure,
with no changes in the system the available heat in the system is constant. At a stable

temperature and pssure, the enthalpy remains constant and so does the available
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heat, which thereby identifies the amount of electrical energy required to meet the

minimum energy needed for the reaction.
The total minimum energy required for the reaction is governedebgrithalpyy O
[18]:

YO YO "¥Y YO 0 (57)
where"Yis the operating temperature a¥itYis the entropy change of the system.

The Gibbs free energy’Q represents the amount of energy available within the
system at constant temperature anelssure and governs whetloemotthe reaction
will take place[18]:

. . Y . . N "
yo YO ~ yo yd v T'Q"Y YY —— (59)

Enthalpy can also be written in the following form:

VT /S

yo Yo v vy (59
whereY'O'is the enthalpy &ty the standard temperatuaed R is the universal gas

constant.

For each component in the reactignjs the stoichiometric coefficient amd, 0

0 andO are heat capacity constants.

~ v v v

¥ o t6 Y8 t6 ¥ 6 Yo  £0O (60)

The reduced temperatubgis defined as:

ok - (61)

I

The enthalpy is dependent tamperature and ¢hcomponents involved, which can

berelated to the specific heat capacity of system Y67 by [18]:

%J'Q Y Y0 "Y o ¥5 Y 0O Y0 Y ¢
v p c P S YO p

(62
o)

(0]

<
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Equation(63) is the second integral of Eqtion (62) and is based on the second law
of thermodynamics.
iy . YO o p

——— YoatoYdY YO — —
Y Y 0"Y C

0O p (63

6.2.3.2 Additional energy requirement

In addition to the thermodynamic requirements, energy is also necessary to
overcome overpotentials and for heating and cooling the cell in order to maintain its
operating conditions. It is important to identify the thermoneutral dimthich the

heat produced by the overpotentials is equal to the heat required for the reaction.
Current densities above this point would require cooling of the system as the
overpotentials dominate, and current densities below this point would reqaineghe

to service the endothermic reaction (Equa(iby). The extent of heating or cooling

required must therefore be considered.

Figure 6-1 illustrates the power neededr fproviding the heat associated with the

processD is the power needed to raise the feed to the operating temperature

and pressure of the system:

0 a o0 Y’y (64

whered is the mass flow rate ofestim andY is thetemperature of the feed

inlet. If the feed is water rather than steam, then the total power requirement needed
for heating water to the operating conditions is the sum of Equaiigindo (66).

The power required to heat the water to 100 °C is:

o a o0 Y 5 Y (65

where”Y , is the temperature of water, which is @0I°C.
The power required to heat the water from 100 °C to steam at100 °C:

0 & O (66)
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The total power required for electrolysis) , IS the sum of theower
generated bythe overpotentialsp , and thepower needed for the

endothermic steam electrolysis reaction,

~ — YO
0 Qz0O 0 (67)
0 )] (69
. Y0
V) QFO (69)

Finding a balance between driving the reaction and maintaining the operating
conditions is essential to avoidverheating or reducing efficiencies. A balance can
be found through creating a control system and applying it to the process. The total
amount of thermapower available for electrolysis based on thewer from the

steam inlet and the heat from the ovegpoils is given by:

0 0 0 (70)

6.2.4 Efficiency
The energy efficiency of thBOEC is given by208]:
¢o0, O 0

0"QQQM Qe - T 71
% = P (71)

The efficiency takes into consideration the theoretigaltage required for
electrolysis, O 0O , compared with the totgowerinput to the system

)] 0 fwhich is related to the amount of hydrogen produced. The
theoretical power required is calculated from the operating potential used to operate
the SOEC and thoverpotentials (resistances produced by the movement of species
and reaction). The totglower required to operate the cells is accounted for by
considering the power input for electrolysis as well as the additional power

consumed for conditioning thel@t steam.
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The model takes into account the operation of solid oxide electrolyser cells and the
effect of temperature and pressure on the efficiency. In addition,poeer
requirement of producing steam at the appropriate conditions andotker for
SOECoperation can be studied. The model is similahtse published in literature
however a simplistic approach has been taken as a basis for assessing an integrated
system.The effect on the overall efficiency of the SOEC, based on the amount of
power required for producing suitable steam, is the main objective of the
computational study.

6.3 Solid oxide electrolysermodelling results
6.3.1 Model validation

6.3.1.1 Validating through experimentation

The results from the experimentation discusse@apter4 were compared with
predictions using the SOEC model to assess the suitability and limitations of the
model. In order to compare the model and experimentation, exchange current density
and conductivity variables for the ScSEdarolyte and LSM anode, which have
been widely researched, were used from literafi2;209] Although ceria has
been studied in fuel cell mod@10-212], dataavailable for the characteristics of
CGO and NIiCGO as electrolyser material is limitEtR2;213;214] The parameters

that have the most significant impact on the results of the model are the conductivity
and change current densitiewith the latter varying in orders of magnitude with
changing temperatures’lhe majority of experimental studies have investigated
electrolysis using YSZ electrolytes and more recently, detailed studies on the
properties of the ntarial have been test¢d15-218]. With little information on the
conductivity and exchange current density ofQGO and in order tgrovide a
realistic representation of the changes in material performarbetevhperature, it

has been assumed that-GGO, the chosen material for this study, has a similar
operating behavir with changes in operating conditions such as temperature and
pressure to NY¥SZ as NiCGO is also a ceramic metal mixture (cermet) like N
YSZ, which has been widely research2il9-222].

In particular, it has been assumed that the conductivity fe€®D (this work)
follows the same trend in terms of temperature dependency-#SA[223;224]
From the data on conductivity in literature for-W$6Z by Arunaet al [215], a
polynomial fit was madeRigure6-3). A known value of 6 x 10 Y* m™ at 650 °C
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for Ni-CGO [122] was used as a basis from which to extrapolate basedheon t
polynomial fit for NFYSZ. A 10 % sensitivity analysis on the parameters obtained
from the literature was carried out. It was seen that the change to the graph is in fact
negligible as the trend line remains unchanged. Therefore, the uncertainties in th
conductivity for N+tCGO can be viewed as negligible.

A similar analysis for estimating the changes in exchange current density is with
varying temperature was also carried out. It has been assumed that the exchange
current density for NCGO follows thesame trend as that forNiSZ. A correlation

in literature, based on an experimental study fol¥SZ by Leonideet al [225], was

fitted to an exponential equation, which is in the format of the Arrhenius Equation
used for the activation overpotentials. The data used to estimate the exchange current
density of NiCGO was then fitted to a simildunction. The fit Figure 6-4) was

used to extrapolate from a known value (8D A m? at 650 °C for NiCGO [226].

A 10 % sensitivity analysis was studied on the effect on the efficiency of the SOEC.
The results showed that the effect on changing the exchange current density was also
negligible.All parameters and variables used in the model are shoWwabile6-2.

5.8 2
]
5.6
5.4
P'E ]
= 52 -1
g : Known conductivity of Ni-CGO
S ] (Muecke, UP. 2008)
L2 50
4.8 = Ni-YSZ obtained from Aruna, et al. (1998)
i polynomial fit of logo
J —— Ni-CGO (this work)
4-6 | T T LS T | T T T T I
0.001 0.002 0.003
1T (K

Figure 6-3: The conductivity () of Ni-YSZ and the estimated values for
Ni-CGO extrapolated from6 0 0 0'0m™ &t 650 °C[122;215]
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100000
= E = Ni-YSZ obtained from Leonide, et al. (2009)
‘\-'E Exponential fit of i,
< —— Ni-CGO (this work)
- 10000 -
% ] y = 5.82303x10° ¢ 1256557245
S R?=1
(0]
©
E, 1000—E
5 -
o
(0]
(o))
&
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X 3 .
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of Ni-CGO (Offer, GJ. 2009)
L e e L  m e s m e
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Figure 6-4: The exchange current density of NiYSZ and the
estimated values for NICGO extrapolated from 1580 A nt [225;226]

The estimated parameters, along with those showhabie 6-2 were used in the
model shown in Sectio8.2 and soled in gPROMS Modelbuilder 3.5.3. The model
was used to produce polarization curves based on mass transfer (Eqi@)cns

(46)), cell potential (Equationgt7) to (56)) and thermodynamic (Equatiofs7) to

(63)) equations. The conditions used in the expentation and the parameters
estimated for conductivity and exchange current density were used as inputs to the

model to generate the model results.

Figure 6-5 shows the results of validating the model with theezknental data
discussed in Chaptet. It can be seen frorfigure 6-5 that the model does not
represent the experimentation completely. According to theory, repredantibe

model, the concentration losses are minimal and the activation losses dominate with
increasing temperature. This is clearly showrFigure 6-13 to Figure 6-15 in the

results section of this Chapter. The experimental data showed large ohmic
resistances due to the electrical connections and activation overpotentials due to poor
gas flow to and from the cell with increasing current density. However, it can be
seen fromFigure 6-5 that the open circuit voltage (OCV) of the model and the

experimentation are close in value. The difference lies in the resistances being larger
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in the experimentation due to the electrical connectimhg;h have not been taken

into account in the model.

As discussed in Chaptel, many challenges that cannot be accounted for in the

model were experienced such as cracking of the seals and cells at elevated
tenperatures and problems with delamination due to poor mass transfer, which
resulted in poor model validation. Future developments in both the experimental and
modelling studies may enable a more accurate computational representation of

SOEC performance.

Due to the variations in the system and unforeseen complications, the performance
of the SOEC did not conform to theory. Making changes to the experimental setup in
order to carry out focused experiments would provide more accurate data for model
validation.Due to time and resource restrictions, changes to the experimental setup

and additional testing were not carried out. Therefore, the model developed in

Section6.2 has been validated against studies from liteea
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Figure 6-5: Comparison of model and experimental results at
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6.3.1.2 Validating against literature

The SOEC model was validategjainst results from literaturand the values are
shown inTable6-1. The ohmic overpotential validation is shownHFigure 6-6 and

are generated based on using bothpammeters and Equati¢62) shown in the
study by Udagawat al. [24]. The study focused on the modelling of SOECs and the
effect on individual overpotentials across the thickness of the cell, thereby providing
a benchmark for validation of the model in this studye Btuly presented a SOEC
operating at 750 °C and 1 atm, and comprised oY 8 cathode, YSZ electrolyte
and LSGM anode with thicknesses ®£10%, 2x10°, and 5x1G m, respectively.
The conductivity values used bjdagaweet al [24] were also used in the validation
of the model in this study; the values were 80,008,116 and 800q™ m™ for the
cathode, electrolyte and anode, respectively. By usiagparameters outlined in the
paper in Equation52) and solving in gPROMS, the result Figure 6-6 was

obtained and showgoodagreement

Table 6-1: Values taken from literature to validate the model.

Overpotential Values from literature
Ohmic[24] t (m) 500 x 10°
t (m) 50 x 10°
t (m) 20 x 1¢°
( gmh 8 x 1d
) (dm?h 8.4 x 16
, ( gmh 1.416
“Y(°C) 750
Activation[191] Q; (A m?) 5300
0 (A m? 2000
"Y(°C) 800
Concentration: Cathodg4] | t (m) 500 x 10°
6 (mol md 10.58
6 (mol m®) 1.17
0 (m’sh 1.416
“Y(°C) 750
0 (atm) 1
Concentration: Anodgl90] | 1 (m) 500 x 10°
6 (M) 1.28 x 10'°
i (m) 5 x 10’
‘* (Pas) 5.13 x 10
, 6
- 0.3
“Y(°C) 800
n 0.2
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0.15 1 = \Validation, Udagawa et al. 2007
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Figure 6-6: Validation of ohmic overpotential with values
from Udagawa et al. 200724].
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Figure 6-7: Validation of Activation overpotentials
with values from Chanet al 2002[191].
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A = Anode Validation, Ni et al. 2006 .
0.06

0.05
0.04

0.03 +

Concentration Overpotential (V)

0.02 +

s e B L
0 2000 4000 6000 8000 10000
Current Density (A m™)

Figure 6-8: Validation of concentration overpotentials
with values from Udagawaet al 2007[24] and Ni et al. 2006[190].

The activation overpotentials for an SOFC operating at 800 i€ an LSGM
electrolyte was studied by Chanhal [191;203] The modellingstudy carried out by
Chanet al was one of the first of its kind and has been used in several studies in
literature. As the study fases on particular overpotentials, the study was used for
validation of overpotentialsThe parameters for the validation of the activation
overpotentials assigned in the study as well as Equéif)rwas used fowvalidation

of the model in this workl91]. The result of the validation is shownHigure 6-7.

It has been assumed by Chetral [203], that the exchange current density 300

and 2300 A ni* for an LSM cathode and MSDC anode, based on experimental
results presented by Marét al. [227], and Huanget al. [228]. The uncertainties in

the experimental data of the exchange current densities were not noted in the
literature. Through solving Equatidb3) in g°PROMSs using parametegrsm Chanet

al. [191], a good fit can be seen Kigure 6-7 for the validation of the activation

overpotentials.

The validation of the concentration overpotentials of the anode assumed permeation
of O, through the anode. It hasreddy been stated that the collision integral and
dynamic viscosity do not have a significant impact on the results of the SOEC
model, as the model considers a small electrolyser area and therefore lateral

temperature gradients will not be formed. For made thickness of 5x1tim, mole
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fraction of G of 0.2, flow permeability of 1.28x1% cn¥ (calculated from Equation
(39)), and dynamic viscosity of 5.13x¥0Pa s (calculated from Equatiq#0)),
Equation(53) was used to validate the concentration overpotential. By solving the
above equations in gPROMS, it can be seen frayure 6-8 thatthere is a good fit
and therefore, the concentration overpotential part of the SOEC model is validated.

6.4 Solid oxide electrolyser results

One of the greatest challenges related to SOECs is improving the efficiency in order
for the cost and quantity of prading H to become competitive with steam methane
reforming (SMR). The largest operating cost has been sho@whapter3 to be the
electricity required for electrolysis, and improving SOEC efficiency woulcethes

enable the cost of producing; tb decreas¢218]. In addition, some studielsave
highlighted that pressurised systems improve efficiency, especially as pressurising
water prior to use requires less energy than pressuring hydrogen after the electrolysis
procesq99;229;230] However, résing the pressure of water initially requires more
energythan at atmospheric pressuaned therefore a traef is required231].

One of the greatest impacts on the efficiency gfprbduction from SOECs is the
erergy required to raise the steam to the required operating temperature, and
potentially to pressurise the system as well. Making use ofdratle stearsuch as

from a coal fired power plans onepossibility for improving the overall efficiency

of the syptem.

In order to move SOEC technology towards commercialisation, the efficiencies seen
in lab scale systems need to be maintained through-gpaleteam for electrolysis is
commonly produced from a reservoir of water and heated to the temperatures
required for the SOECE/5;232] Efficiency and cost have been noted as barriers to
commercialisation, and therefore to improve efficiency, heating water to operating
conditions using hot streams from nuclear plamd solar energy has been studied
[197;216;233;234] The extent of the improvement in SOEC efficiency by using hot

streams rather than raising steam from water will be assessed in the following.
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(Case A)
Hzo HZO(g) H2, 02
Tteeq = 25 - 700 °C T=500-700°C T =500-700°C
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Figure 6-9: Process flow diagrams showing modelled systems: (Case A) The entering
feed is heated and then used to operate the SOEC. (Case B) The entering feed is
pressurised, heated and then used to operate tiOEC.

In the following, integrating an existing power plant with an SOEC system has been
considered. Case A assumes that inlet water or steam (streafidluia 6-1 and
Figure6-9) for the SOEC could be sourced from a number of locations in the power
plant at temperatures ranging between 25 and 700 °C at 1 atm, as sheyarén

6-9 (Case A). In order for the feed stream to btafle for use in the SOECs at an
assigned operating temperature, the inlet stream would have to be either heated or

cooled. It has been assumed that the heater is operated at 100 % efficiency.

Though there are advantages to using pressurised steamdivolgéer operation,

such as a reduction in area specific resistance and the ability to carry a larger flow
rate, the energy consumptifar both pressurising and heating the steam prior to the
SOECmay outweigh the benefi{99]. Case B considers the energy consumption of
producing hot and pressurised steam from water sourced at 5°C and 1 atm. The
power requirements for both these two Cases are calculatg®ROMS using
Equations(64) to (66) to investigate the power requirements of the SOEC and

Equation(71) effect on the efficiency of the cell.

This study is focused on intermediate temperature SOEC operation, which generally
refers to temperaturesf between 500 and 700 °Cl16;235] Intermediate
temperature operation offers advantagedissussed in Sectiof.1; conventionally

used intermediate temperatumaterials have been chosgadolinium doped cerium
oxide (CGO) electrolyte, lanthanum strontium cobalt ferrite (LSCF) anode and Ni

CGO cermet cathodes in a planar configurationC8IO and CGO have shown
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good conductivities in SOFCEL17;236] The parameters that have the most
significant impact on the model are the conductivity and exchange current densities
and were estimated through a fit based ofYSZ in Section5.2.1 Values fom
literature have been used in the model for the exchange current densities and
conductivities of LSCF at varying temperatu[287], and all thgparameters used in

the model are shown ihable6-2.

6.4.1 Case A: Producing hot steam at 1 atm

The results presented are based on a general Case A whereb) steden is fed to

the system at varying temperatures between 25 and 700 °C at 1 atm, as shown in
Figure6-11 (Case A). The first stage is heating the water or steam to the operating
conditions.Figure6-10 shows the energy required to raise steam to 500, 600 and 700
°C, respectively, which represents the gibke range of operation for CGO
electrolyteqd119].

The graph Figure 6-10) shows that there is a decrease in power requirement as the
temperature of the inlet increases to the SOEC operating temperature. The sudden
drop in the power requirement is due to the change of phase from water to steam.
Using a feed steam close to thygerating temperature of the SOEC, and particularly
above the phase transition to steam, is clearly energetically beneficial. The benefit of
increasing temperature is shown by the decrease in power requir@hgeme 6-10)

and the increase in efficiency (moving toward the red zonEigofe6-11.

Figure 6-10: Energy required to heat water or steam to the SOEC operating
temperature (500, 600 or 700C) at SOEC operating pressure of 1 atm.
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