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Abstract

ABSTRACT

In this work the author discusses the fundamental aspects of modelling Solid Oxide
Electrolyzer Cell. The discussion is performed in order to motivate and guide the design
of an improved model of SOEC capable of predicting the experimental results in greater
accuracy and wider scope. The author proposed a new model including the effects of
operating the electrolyzer under the extreme oxygen chemical potential difference, the
establishment of equilibrium potential under the co-electrolysis conditions and the
effects of electrode’s microstructure on cell performance. The proposed model: predicts
a new mode of loss if the cell is run with insufficient fuel, i.e. the short-circuiting of the
electrolyzer; decreases prediction error of Open-Circuit Voltage from ~20% to <2% and
allows for accurate calculation of OCV for co-electrolysis operation; allows to analyse
effects of electrode’s porosity, tortuosity, pore and grain radiuses, thicknesses and active
areas on cell’s performance. As defined, the model was applied to analyse several energy
conversion systems formulated by the author to address current issues in the energy
sector, i.e. mitigation of CO> emissions, alleviation of renewable energy intermittency,
grid balancing, synthetic hydrocarbon fuel production (major fraction of end-user
energy consumption). Formulated systems were analysed and optimized with the use of
author’s developed model. The systems are divided into two groups, the first designed
for CO2 mitigation and grid balancing and the second purposed for synthetic fuel
production from renewable electricity and seawater. The first group of systems included
analysis of exhaust gases recycling which is crucial for viable operation of SOEC
systems without the need for constant external hydrogen delivery. The systems were
predicted to achieve ~50% energy conversion efficiency and ~70% CO: conversion
potential. The second group of systems was predicted to achieve efficiency from ~60 to
~90% depending on the produced synthetic fuel and 100% of CO> conversion. The lower
number relates to methanol production and the higher to hydrogen production, other
investigated fuels were syngas (89%), methane (81%) and Fischer-Tropsch fuels (67%).
The produced Fisher-Tropsch fuels where 31% C1-C4, 36% C5-C17 and the remaining
long chained hydrocarbons contributed 33%. The ratio between saturated and
unsaturated hydrocarbons for light-distillates was 7.5, for mid-distillates was 11, and for
heavy-distillates was 28. The research concluded in this thesis has been disseminated

into 7 peer-reviewed journal papers and 1 conference poster.
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1.1 Brief overview of the energy sector

Growing demand for energy, environmental concerns and the finite amount of fossil
fuels are major elements shaping the future energy sector. The increase in energy
consumption is following the growth in population and economic progress of the world
(Fig. 1-1). In 2012, the average energy consumption per capita in the member states of
Organisation for Economic Co-operation and Development (OECD) was 120.49 GJ,
whereas in non-OECD countries it was only 39.28 GJ (IEA 2014), thus suggesting that
indeed the human progress is requiring increasing amount of energy. This trend is
especially dangerous in developing countries, where state-of-the-art technologies are
often unavailable and are substituted by older and more energy intensive and polluting
ones. Populous countries, like China, India or Indonesia, have experienced rapid growth
in their Gross Domestic Product (GDP), this was followed by the quick decline in air,
water and soil quality. Economic growth based on fossil fuels has pulled millions out of
poverty, however created new problems linked to the environment and climate change.
Carbon dioxide (CO2) emissions trend closely follow that of energy demand (Fig. 1-2).
This is not surprising given that current energy sources are mostly of fossil origin (89.1%,
IEA 2014). Atmospheric concentration of carbon dioxide is closely related to the amount
of heat trapped in earth atmosphere and thus leads to the global average temperature rise.
According to the recent report by Intergovernmental Panel on Climate Change (IPCC)
(IPCC 2013), the anthropogenic generation of CO- can be considered as a driving force
behind increased rate of the temperature rise (Fig. 1-3) observed over the past few
decades (IPCC 2007).
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Fig. 1-1 — Primary energy demand time-series and forecast (IAE 2014) compared with GDP per
capita (World Bank 2014). Close correlation can be observed between the data suggesting

causality between economic and population growth and energy demand.

The consequences of the temperature rise are (IPCC 2014):

e Altered hydrological systems affecting quantity and quality of water resources,

e Shifting geographical ranges, abundance, migration patterns and species
interactions of terrestrial and freshwater species. Few recent species extinctions
are attributed to anthropogenic climate change,

e Negative impact on crop yield,

e Increase in heat-related mortality in some regions,

e Higher vulnerability to climate change of people who are socially, economically,
culturally, politically institutionally, or otherwise marginalized,

e \ery high vulnerability to climate extremes of some ecosystems and many

human systems.
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Fig. 1-2 — Relation between carbon dioxide emissions (World Bank 2014) and primary energy
demand (IEA 2014).
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Fig. 1-3 — Estimated actual global mean temperature (IPCC 2007) and carbon dioxide
emissions (World Bank 2014).
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Needless to say, it is imperative to mitigate the consequences of the climate change. One
of the ways of doing so is by limiting CO2 concentration in the atmosphere. Moving
from wood burning to coal, oil and finally natural gas can limit the amount of emitted
CO2 and other pollutants. However, these resources are finite and cannot be relayed upon
indefinitely.

Despite the ratio of reserve-to-product (R-to-P) for fossil resources remained relatively
constant over past 30 years, these are the finite resources and are deemed to be
supplanted by more advanced, sustainable energy sources. The number for R-to-P for
natural gas remained relatively constant, slightly increased for oil and dramatically
decreased for coal over the surveyed period (British Petroleum 2014). Current estimates
indicate reserve for 53 years, at current consumption level, for oil, 57 for natural gas and
112 for coal (Fig. 1-4). Nevertheless, the emissions following from the combustion of
all the available resources would amount to a temperature rise above the safe levels, thus

is undesirable.
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Fig. 1-4 — Reserve-to-production ratio of coal, oil and natural gas (British petroleum 2014).

Besides the environmental concerns and availability of the resources, the energy cost is
an important socio-economic factor in energy future considerations. According to the

historical data the prices of oil and natural gas are constantly growing for the past twenty
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years (Fig. 1-5).
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Fig. 1-5 — Prices of fossil fuels in 2014 US$ per GJ of energy (British petroleum 2014).

These trends can be summed up in three bullet points creating the broader context of
this PhD thesis:

e The fossil fuel based economy growth model is resulting in undesirable
consequences of the climate change,

e The amount of fossil fuels is limited and currently estimated to suffice for the
next 50 — 150 years, the lower number is for oil and natural gas, whereas the
higher is for coal,

e The price of fossil fuels (ergo, energy price and progress in general price) is
difficult to forecast and subjected to large number of complex factors and
constantly growing over the past 20 years.

The future energy system is required to meet a list of criteria:

e Low cost of end-user energy,

¢ Instant availability of required quality and quantity of energy,

e Environmental sustainability and benignity.

Only two of the above criteria are partially met by the current, fossil based energy system.

Current research efforts are focused on energy sources that are essentially infinite and
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free, these include the energy of solar radiation, the gravitational energy of the solar
system and the geothermal energy. The amount of energy available on earth from these
three sources exceeds current and projected needs, thus, being free can in principle
satisfy the first criteria posed to the future energy system. Second criteria can only be
met on small scale by certain renewable technologies, i.e. hydro electricity, geothermal
heat, etc. Other investigated technologies require energy storage to be employed in order
to be instantly available. Third point can be in principle secured by renewable
technologies, if certain precautionary steps are taken, e.g. limit of the hydropower
retention tank capacity, clean manufacturing technology, etc.

Technologies able to harvest renewable energy include photovoltaic cells, wind turbines,
solar-thermal cells, biomass, hydro power, etc. The most popular ones are the
photovoltaic cells and wind turbines, which can produce electricity via photo-
electrochemical reaction and mechanical energy conversion respectively. Except
biomass-related processes, geothermal and solar-thermal, the product of these

technologies is an intermittent electricity.

Biofuels and
waste Natural gas
12% 15%

Electricity
18%

Other
4%

41%

Fig. 1-6 — Final energy consumption shares in 2012 (IEA 2014).

However, according to International Energy Agency (IEA) (IEA 2014), only 18.1% of
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the final energy consumption is in the form of electricity (Fig. 1-6). This, combined with
energy intermittency and lack of required infrastructure causes a major obstruction in
the introduction of renewable energy to the global energy mix. The amount of electricity
generated by renewable sources was only 21.2% in 2012 (IEA 2014), that is 3.9% of
final energy consumption came from a renewable electricity source. The number for bio-
derived fuels is slightly larger, at <7% in 2012 (IEA 2014). This sums up to a
contribution from renewable resources at <10.9%.

There are several ways to tackle the existing issues preventing introduction of renewable
energy. These must address the problems of supply intermittency, final energy
consumption structure and infrastructure requirements. Currently the researchers focus
on biofuels production, introduction of electrical and fuel cell cars, energy storage, etc.
Another, alternative way is the introduction of renewable, sustainable synthetic fuels.
The synthetic fuel pathway carries the benefits of retaining the current energy
infrastructure, does not compete with the food industry, is industrially proven
technology and can be used as energy storage technology. The issue connected with the
synfuel production is the emission of CO, thus modifying the traditional process by
CO- recycling and use of renewable energy to drive the electrolysis is a closed cycle and
no new emissions are created. Synthetic fuel production technologies are currently based
on transformation of solid or gaseous fossil energy sources to liquid transportation fuels.
It is, however, possible to use sequestrated CO. and seawater to produce liquid or
gaseous fuels. In the long term, it is possible to exclude carbon from the loop and

produce renewable hydrogen out of seawater.
1.2 Introduction to electrolysis

The technology making the synfuel production a renewable process is called the
electrolysis. The electrochemical reaction transforming electrical energy into chemical
energy in an environmentally benign way. The history of electrolysis dates back to 1800
(Nicholson & Carlisle 1800) when Nicholson and Carlisle performed water electrolysis
for the first time, decomposing it to its constituent elements of hydrogen and oxygen.
Over the past two hundred years the technology was developed tremendously, however,
it is still used only in marginal cases for the production of hydrogen (4% of total
production, rest from fossil resources). The reason behind this is the much lower cost of

production in large scale plants and without the use of electricity (IEA 2007).
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Currently available electrolysis technologies include Alkaline electrolyzers, Proton
Exchange Membrane (PEM) electrolyzers and Solid Oxide Electrolysis Cells (SOEC).
Only the first device is commercially available, whereas the PEM electrolyzer is in
precommercial stage and SOEC is in R&D stage. Summary of the technologies is
presented in Table 1-1.

Table 1-1 — Comparison of state-of-the-art electrolysis technologies (IEA 2007).

Technology Alkaline Alkaline Advanced PEM SOEC

large-scale | high- Alkaline

pressure

Status Commercial | Commercial | Precommercial | Precommercial | R&D
Temp °C 70-90 70-90 80 - 140 80 - 150 600 - 1000
Press bar Upto 25 Up to 690 Up to 120 Up to 400 Up to 30
Hydrogen-to-Electrical | 55 - 70 55 - 60 70-79 55-83 85-119
energy ratio [%]

The beginning of Solid Oxide Electrolyzer Cell technology can be traced back to 1899,
when Nernst (Nernst 1899) reported on the possibility of enhancing ionic conductivity
at high temperatures by doping certain oxides. The material was called the Nernst mass
and in 1962 was used by American scientists to construct the reverse of the electrolyzer,
the Solid Oxide Fuel Cell (Weisshbart & Ruka 1962). Later R&D efforts came from
Germany in the 1980’s under the project Hot Elly (Doenitz et al. 1980, 1988, Doenitz &
Schmidberger 1982, Doenitz & Erdle 1985, Erdle et al. 1986, Erdle et al. 1990, Doenitz
et al. 1990). However, the project was shut down due to low prices of oil in the 1990’s.
Currently, the area is experiencing considerable attention both from science and industry
due to increasing fossil fuels prices and environmental concerns (Fig. 1-7). Materials
typically used for SOEC are YSZ for electrolyte, Ni-YSZ cermet fuel electrode and
perovskite based air electrode, typically LSM or LSCF. Some popular alternatives
include GDC for the electrolyte and other La-based perovskites. Good review on
materials used in SOEC was given by Ni et al. (Ni et al. 2008). Using ceramics is a
distinct feature of SOEC technology, compared to other electrolyzer technologies. It
brings a benefit of rigidity and allows to produce cells of various form. However, the

problem with ceramics is its underdeveloped production techniques. Majority of the
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materials are still being prepared inside R&D labs only on a small scale. Some of the

research groups see future of large scale SOEC production in additive manufacturing.
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Fig. 1-7 — Number of new publications in Elsevier and Web of Science with a keyword
‘SOEC”.

A keen reader will notice that over 100% efficiency is claimed for the SOEC, the large
number of conversion efficiency is due to its ability to operate in endothermic mode,
where part of the energy required for the electrolysis is supplied in form of heat (not part
of efficiency calculation). In this view, it is important to stress that the electrolyzer is an
equivalent of a heat pump, not a heat engine. Thus, the conversion efficiency can be in
principle higher than 100% (Fig. 1-8).

There are, of course, other technologies offering hydrogen production. These include
natural gas reforming, coal gasification, thermal water-splitting, biomass processes
(pyrolysis, gasification, anaerobic digestion, etc.), photo-electrolysis, biological
processes involving microalgae or bacteria. Natural gas reforming is the most popular
process of hydrogen production, however it is based on non-renewable resource, hence
it is not desirable for application in the future energy system. The same reason
disqualifies coal gasification. Thermal water-splitting was investigated extensively in
the past, however, no commercially available technology arose. Biomass related
processes carry the same limitations as biofuels and other biomass based technologies,
i.e. they compete with the food market, are generally limited to small scale applications

and are heavily dependent on the supply chain of the biomass. Photo-electrolysis and
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biological processes are very interesting alternatives, however, still require large R&D
efforts. Thus, electrolysis seems to be the sole process able to produce renewable
hydrogen or synthetic fuels when combined with renewable energy source. In the future
it should be supplanted by the photo-electrolysis and biological processes. Out of
possible technologies, SOEC can provide the highest conversion efficiency and high
energy density. Moreover, it is the only technology which allows the co-electrolysis of
steam and carbon dioxide, a very important factor in the view of production of synfuels,
resulting in process simplification. The product of co-electrolysis is the mixture of
hydrogen and carbon monoxide, i.e. the syngas, an important reagent gas for synthetic
fuel production. Another benefit of high temperature operation is that the
hydrogen/syngas generation rate is higher and combination with other industrial

processes is more attractive.

Electrochemical process

Electrolyzer
(electrochemical pump)

Fuel cell
(electrochemical engine)

Energy source
(chemical fuel)

Energy sink
(chemical fuel)

'|..""|'.,TD rk @ WD I’k
Energy sink Energy source
(exhaust gases) (exhaust gases)
Thermodynamical process
Heat engine Heat pump
Heat source Heat sink
I|_."'|'.,"|:| rl.;; @ WD I’|'{

Heat sink

Heat source

Fig. 1-8 — Thermodynamic classification of the fuel cell and the electrolyzer.
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The minimum amount of energy to electrochemically convert steam and/or carbon
dioxide to hydrogen and/or carbon monoxide can be estimated from the Nernst equation

(Nernst 1899) which for the general reaction
a1A1 +azA2 +"'+aiAi _)blBl +b2B2 ++b]BJ (1'1)

can be written as

b.
[1;B,’
Ep=—"%_Kpy <#> (1-2)

ai
zZF zF IT; 4;

where a; is the stoichiometric coefficient of reagent Ai and bj is the stoichiometric
coefficient of the product Bj z is the number of electrons transferred in the
electrochemical reaction, F is the Faraday constant (96485,337 C mol™?), AG,is the
Gibbs free energy change of the electrochemical reaction, R is the universal gas constant
(8.314 J K'* mol™) and T is the temperature.

The actual operation of an electrolyzer is always at a voltage difference higher than the
one following from the Nernst equation. The additional energy requirement is dictated
by several losses occurring during the operation of the cell. More detailed description of
the physical basics of SOEC operation will be provided in Chapter 3.

Another important parameter of the cell is its thermoneutral voltage. It describes the
theoretically required voltage to operate the electrolyzer in energy self-sufficient mode,
i.e. with no heat leaving or entering the cell, i.e. with 100% efficiency. It can be

calculated from following formulae

__AH

Een = — (1-3)

where AH is the enthalpy change of the electrochemical reaction.
The reactions occurring in a typical SOEC are those of dissociation of steam and carbon

dioxide, they can be written in the net form as
H,0 + electricity — H, + %02 (1-4)
CO, + electricity — CO + %02 (1-5)

The enthalpy of the above reactions and the change of the Gibbs energy is depicted in

11
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(Fig. 1-9) as a function of temperature. As follows from equation (1-2) the electrical
energy to perform the dissociation reactions is dropping with the increase in temperature.
This is the physical basis behind the higher conversion efficiency of high temperature
cells.
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Fig. 1-9 — Gibbs energy and enthalpy differences for electrolysis of steam and carbon dioxide
as a function of temperature.

Having the expressions for thermoneutral voltage and Nernst voltage, one can define
two more parameters, i.e. theoretical conversion efficiency of the cell and the maximum

of this parameter. The first indicator can be written as
Etn
EEET = —* (1-6)

where EEET stands for Efficiency of Electrical Energy Transformation and E is the
voltage applied to the cell.

The maximum conversion efficiency can be calculated from
_ Etn
Ep

and is only the function of temperature and composition.

12
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1.3 Project goals

Current situation in the energy sector and the great interest of social benefit of the
sustainable energy future, calls for developing methods for energy conversion that will
provide cheap, easy to store, accessible and desired quality energy that is benign to the
environment. One of the pathways towards this future is using the Solid Oxide
Electrolyzer Cells combined with other upstream technologies.

Prospects of using SOEC include hydrogen production, renewable energy intermittency
mitigation, energy storage, CO2 mitigation, CO. recycling, synthesis of sustainable
hydrocarbon fuels, refinery waste upgrading or water desalination. However, much
research is still needed to allow commercialization of this technology. Many phenomena,
especially those connected with co-electrolysis are still not entirely understood.

In this work the author investigates possible applications of SOEC in different energy
systems aimed at reducing the CO2 emissions from power plant and production of
synthetic fuels. To this end the author explores fundamental, physical understanding of
co-electrolysis process and provide with an accurate model able to simulate the SOEC
working in such systems.

Proposed micro-level model is used on a system-level scale to analyse a few systems
aimed at providing energy systems for the future generations.

1.4 Objectives of research project

The motivation for this research is the need for multi-scale model allowing engineers to
design and optimize energy systems which are environmentally friendly. Currently
available models allow for accurate prediction of cell performance on a macro or micro
level, additionally only for well investigated experimentally conditions. The
applicability of the available models for the analysis of co-electrolysis is imperfect. To
improve this limitations model must allow: to be applied for scales ranging from micro
to system level; to be able to investigate industrially relevant systems; include the
accurate description of co-electrolysis process.

Objectives of this research can be summarized as follows:

1. Micro model enhanced thermodynamic analysis of co-electrolysis Solid Oxide
Cell (SOC).

13
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Physical co-electrolysis model based on thermodynamics and electrochemistry
considerations validated with in-house data is provided to assess influence of
changes in macro- and micro-scale design of system on its overall performance.
System level considerations are to be easily performed with availability to
change: materials used in the model; electrodes and electrolyte thicknesses;
electrodes ionic and electronic particles sizes; operating temperature; pressure;
inlet gas composition; product stream recycling; and more. Simulation also
provides possibility to investigate behaviour of a cell in both SOEC and SOFC

modes.

2. Design structure optimization of a system aimed at limiting the industrial CO>
emissions,

Formulate, design and optimize a comprehensive solution in the form of robust
design of system capable of limiting emissions of CO. by transforming it to
usable syngas fuel. System is also applicable with the intermittent energy sources,

i.e. wind and solar energy.

3. Design structure optimization of a system aimed at producing a range of
synthetic fuels and balancing the grid demand fluctuations.

Formulate, design and optimize the operational parameters of a system
composed of the SOEC and a catalytic conversion reactor producing hydrogen,
syngas, methanol, methane or the Fischer-Tropsch fuels (gasoline, diesel,
kerosene). The system can simultaneously recycle transportation-generated
CO2 back to usable hydrocarbon fuels and stabilize energy production curve by
using surplus electricity to produce fuel and transforming it back to electricity
in peak hours.

1.5 Scope of research project

e To perform thorough literature review,
e To prepare and validate adequate model for the co-electrolysis electrolyzer
system,

14
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e To provide with thorough analysis of designed systems,
e To suggest future solutions for sustainable growth.

1.6 Thesis layout

Chapter 2 provides the reader with the literature review on topics associated with SOEC

modelling for different purposes and on various levels.
Chapter 3 presents fundamental theoretical aspects of operating SOEC in the co-
electrolysis mode. Based on the physical principles, a model is developed and proposed

allowing the multi-level modelling of SOEC.

In chapter 4 results of analysis and optimization of a proposed system aimed at CO>

mitigation with use of SOEC are presented.

In chapter 5, proposed systems aimed at synthetic hydrocarbon fuel production, grid

balancing and energy storage are analysed.

Chapter 6 concludes, recommends and gives outlook for the future energy system.

15
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Solid Oxide Electrolyzer Cells have many potential applications, ranging from
production of hydrogen, production of carbon monoxide, production of syngas,
production of oxygen through utilization of CO», water desalination to energy storage,
synthetic fuels production, renewable energy intermittency mitigation, etc. Studies of
such predestined systems include experimental investigations of new materials as well
as different operational set-ups, mathematical investigation of possible mechanisms of
operation, computational optimization of cell structure ranging from nano- to macro-
scale analysis of systems involving these cells.

After discovery by Nernst (Nernst 1899) of ionic conductivity of doped oxides the
material was proposed to use as a base for oxygen generator and CO> utilization during
extra-terrestrial missions (Weissbart & Smart 1967). The research at NASA continues
until today (McKellar et al. 2010). First report aimed at commercial use of the SOEC
was followed shortly after the initial NASA report and was prepared by researchers from
General Electric R&D department (Spacil & Tedmon Jr. 1969). The paper investigated
the SOEC as a potential technology for cheap and pure hydrogen production.

Several reviews are available on progress in the SOEC technology (Ebbesen et al. 2014,
Ni et al. 2008, Laguna-Bercero 2012, Uhm & Kim 2014, Nechache et al. 2014), thus in
this chapter the author only focuses on the review of modelling of cell and systems. The
first published review on the modelling is the early version of this chapter (Stempien et
al. 2013), it is the only published review focusing on the modelling of SOEC. The
models of SOEC are most often based on the available models of SOFC, a review of
modelling techniques of SOFC was performed by Kakac et al. (Kakac et al. 2007).

In this review the author focuses on cell modelling in the first subsection of this chapter

and on the system level modelling in the second subsection of the chapter.
2.1 Cell-level models

It was briefly mentioned in chapter 1, that major research effort in Solid Oxide
Electrolyzer Cell technology came mostly in recent decade. This may seem strange,
given that the technology was investigated as early as in 1960’s. The reason for this is

that the low prices of fossil fuel at a time were not very favourable for further exploring
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of this technology. The progress in SOEC technology was nevertheless made, however,
under the domain of Solid Oxide Fuel Cells. As mentioned already, the models of SOEC
a largely based on those developed for SOFC, thus it is important to briefly mention
major areas and contributions made in the field before moving on to the more detailed
review of models dedicated to SOEC.

The first part of chapter 2.1 will deal with modelling of electrode electrochemistry. The
progress made in this area is directly applicable to SOEC. Moreover, it is still an active
research topic, with most recent publications appearing just at the year of this writing.
Second subsection of the review deals directly with the models of SOFC and is just a
short mention of most important contributions.

The third section is dealing with the modelling of SOEC and is given in more detail in
order to identify and highlight the research gaps and directions.

The last part focuses on few less popular areas of research in modelling of Solid Oxide
Cells, including impedance spectroscopy modelling, degradation modelling and

composite electrode microstructure modelling.

2.1.1 Chemistry and kinetics of the electrodes’ processes

Multiple authors have proposed different mechanisms of the reaction occurring on the
cell’s electrodes. Thus far, there is no agreement on what is the actual mechanism of
SOEC operation. Schouler (Schouler 1983) suggested electrocatalytic effect of the
electrolyte surface as an important phenomena dictating the rate of electrochemical
reactions. The author suggested that the concentration of oxygen vacancies and
electronic conductivity of the interface are directly proportional to the reaction rate.
Mizusaki et al. (Misuzaki et al. 1994) proposed to use the patterned electrodes with well-
defined Triple Phase Boundary (TPB) in order to elucidate the mechanism of the
reaction on the nickel electrode. The authors suggested that the rate of anodic reaction
is limited by reaction between adsorbed oxygen on the nickel surface and gaseous
hydrogen (fuel cell operation), whereas the cathodic reaction is limited by either surface
diffusion of adsorbed hydrogen or the first order reaction of the hydrogen. Primdahl and
Mogensen (Primdahl & Mogensen 1997) studied the oxidation of hydrogen on cermet
Ni/YSZ electrode by means of impedance spectroscopy suggesting that the reaction is
limited by three different processes depending on gas composition and cermet

microstructure, also they proposed that the reaction zone spreads to 20 um or less from
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the interface. Jiang and Badwal (Jiang & Badwal 1997, 1999) also studied the hydrogen
oxidation by means of spectroscopy. The first study was conducted on metal electrodes,
the second on cermets. Similarly, they concluded that there are at least two processes
controlling the reaction. The first is the adsorption/decomposition of hydrogen and the
second being spillover of hydrogen followed by charge transfer at the YSZ surface.
Holtappels et al. (Holtappels et al. 1999, 1999) studied the hydrogen oxidation on cermet
electrodes at different temperatures and applied potentials, concluding that charge
transfer is the rate limiting step at low temperatures and adsorption and chemical
reaction of adsorbed species is dominant at high temperatures. Important contribution to
understanding of the reaction mechanism was contributed by Mitterdorfer and Gauckler
in a series of three papers (Mitterdorfer & Gauckler 1999, 1999, 1999). The authors
proposed a model derived from a system and control theory to investigate the
mechanism of oxygen reaction on Pt air electrode. The model is referred to in the
literature as the space-state model. The resulting mechanism was limited by charge-
transfer and surface diffusion for temperatures above 800°C and high oxygen partial
pressure, whereas at lower temperatures and/or partial pressures the surface diffusion
takes on more determinant role. Bieberle et al. continued the work with the space-state
model analysing the reaction on the Ni patterned fuel electrodes (Bieberle et al. 2001,
Bieberle & Gauckler 2002,) proposing that the reaction rate is limited by one process
only at low overpotential and by two at high. The water was found to have a catalytic
effect on the cell performance. However, no clear mechanism was found in the study.
Williford and Chick (Williford & Chick 2003) used a simulation technique to question
the common assumption that the electrochemical reaction is localized at the TPB,
contrary, they proposed that the oxygen spillover on Ni surface is limiting the cell’s
performance. Goodwin et al. (Goodwin et al. 2009) explained experimental results of
Mizusaki et al. (Mizusaki et al. 1994) to prove the hydrogen spillover as the mechanism
of hydrogen oxidation on the patterned electrode. Large volume of research in reaction
mechanism came from Germany (Bessler 2005, Bessler et al. 2007, Bessler et al. 2007,
Gewies et al. 2007, Bessler et al. 2007, Rossmeisl & Bessler 2008, Vogler et al. 2009,
Vogler & Bessler 2009, Bessler et al. 2010, Yurkiv et al. 2011, Bertei et al. 2012, Yurkiv
et al. 2012, Yurkiv et al. 2012). The authors proposed to simulate the impedance
spectroscopy based on the reaction kinetics and surface diffusion. The model was an
alternative to state-space model. It was later expanded to allow of modelling I-V
characteristics without the need of using Nernst equation, or Butler-Volmer equation.
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The authors suggested that previously reported ‘catalytic’ effect of water is barely due
to water concentration impact on the equilibrium potential, rather than any special
catalytic or kinetic effect. Moreover, by comparing the standard equivalent-circuit
impedance model with the proposed kinetic-diffusion model the authors linked the
impedance features with their physical origins. The authors, performed quantum
mechanical simulations to identify preferred materials for SOFC electrode and
confirming the limiting character of oxygen spillover on the cell performance. However,
in further publication the authors claim that the two hydrogen spillover steps are more
plausible as rate determining, this was further confirmed in later publications for
patterned electrodes. The authors also analysed a pathway of interstitial hydrogen,
suggesting that it may be possible if there are some impurities in the electrode material.
The authors analysed the mechanism of CO/CO: reaction on Ni/YSZ electrode
suggesting that it follows two charge transfer processes and oxygen spillover step, later
the authors suggested two different mechanism depending on the ratio of CO to CO..
These findings were checked against the DFT simulation and suggested that it is possible
to oxidize CO on bare YSZ surface without the metallic catalyst, given enough
concentration of oxygen atoms on YSZ surface. The authors also proposed a model for
mixed ionic conductor fuel cell, performing structure optimization of the cell.

More DFT study on hydrogen oxidation was contributed by Anderson and Vayner
(Anderson & Vayner 2006). The authors suggest the mechanism based on hydrogen
spillover from Ni to YSZ and later charge transfer as the limiting step. Mukherjee and
Linic (Mukherjee & Linic) investigated the reaction on Cu, Co and Ni suggesting the
oxygen spillover path. Alternative mechanism was proposed by Shishkin and Ziegler
(Shishkin & Ziegler 2010) including the oxidation of hydrogen by an oxygen atom
bound to both, the metal and zirconium (or yttrium). The proposed mechanism was later
validated via experimental/kinetic modelling study by Yao and Croiset (Yao & Croiset
2014). Gorski et al. (Gorski et al. 2011) used DFT and temperature-programmed
desorption (TPD) to analyse the reaction. The authors proposed refined
adsorption/desorption and surface reaction kinetics data based on oxygen spillover
mechanism.

Interesting modelling tool was used by Dar et al. (Dar et al. 2012) to investigate the
oxidation of hydrogen on the cermet electrode. The authors used reaction route method
to elucidate the reaction mechanism. The method is different to previously used, as it is
not comparing different pathways (i.e. rate determining step is not apriori assumed),
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rather it assumes that all of them are possible and later investigate which one has the
lowest resistance. The authors suggest two hydrogen spillover mechanism and hydrogen
spillover to oxide ion as the rate determining step.

Matsuzaki and Yasude (Matsuzaki & Yasuda 2000) where the first to analyse the
mechanism of syngas oxidation on cermet electrode. The study was conducted at 800 °C
and 1000 °C. The authors observed much faster kinetics (1.9 — 3.1 times faster) for
hydrogen oxidation, than for CO oxidation. Much slower diffusion of CO and slower
charge transfer were suggested as possible explanations. This research direction was
later motivated by the ability to feed SOFC with natural gas. Zhu et al. (Zhu et al. 2005,
2006, 2012), proposed a model able to predict the performance of cell operated on gas
mixture undergoing chemical reaction. Later, the authors extended the model to allow
for modelling of the impedance spectra and analysed the effects of the surface chemistry
on behaviour of impedance spectra. Hecht et al. (Hecht et al. 2005) investigated the
kinetics of internal methane reforming within the cermet electrode support. Sukeshini et
al. (Sukeshini et al. 2006) analysed the mechanism of syngas oxidation on patterned Ni
electrodes suggesting that adding water to the mixture can lower the overpotential for
CO oxidation. Janardhanan and Deutschmann (Janardhanan & Deutschmann 2006)
performed a CFD analysis of SOFC including the electrochemical and catalytic
processes. Shishkin and Ziegler (Shishkin & Ziegler 2008, 2009) performed a DFT study
of the process. The authors found that hydrogen and methane can be oxidized on YSZ
surface only if it is enriched by oxygen. The authors suggested that the reaction can
occur either by spillover of hydrogen atoms from nickel to YSZ or by direct adsorption
on oxygen enriched YSZ, contrary to previous findings suggesting oxygen spillover.
Kleis et al. (Kleis et al. 2009) conducted DFT study of hydrogen, CO and methane
oxidation over several transition metals. The authors suggested oxygen spillover as the
mechanism of the oxidation and judge the performance of different materials by its
adsorption energies towards the oxygen. Alternatively, they correlated the performance
to the carbon adsorption energy. A group from Tsinghua University is the most recent
contributor to the topic (Li et al. 2010, Shi et al. 2011, 2013). The authors proposed
elementary reaction kinetics model for SOFC fuelled with syngas and CO/CO2 mixture.
They also proposed a model of reduction of CO2 in SOEC. Xie and Xue (Xie & Xue
2012, 2012) proposed two models based on multi-scale electrochemical reaction model.
The first model is used to predict the performance of hydrogen fuelled SOFC, later

authors use the same model to predict the syngas production performance of SOEC.
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2.1.2 Brief overview of Solid Oxide Fuel Cell modelling

One of the most profound early contributions to modelling of the SOFC was done by
Achenbach (Achenbach 1994). In his paper, the author presented three-dimensional,
time-dependent model of the SOFC stack. The model was aimed at optimizing the flow
arrangement, gas recycling and heat interaction with surroundings. Another milestone
was achieved by Costamagna at el. (Costamagna et al. 1998, 1998) with the first model
of the cells composite electrode. The authors used the theory of the particle coordination
number in random packing of spheres and percolation theory to investigate the optimum
composition of the composite and the effects of electrode’s microstructure on the cell’s
performance. Chan et al. (Chan 2001, 2001, 2002, 2004, Chen et al. 2004) proposed a
complete polarization model based on Butler-Volmer equation, as well as Fickian and
Knudsen diffusion. The proposed model is to date the most widely cited and forms the
base of current state-of-the-art modelling. In later work, the authors combine their model
with the technique proposed by Costamagna et al. and developed micromodels of anode
and cathode. The authors also contributed an electrolyte model based on Nernst-Planck
equation, rather than typically used Ohm’s equation. The authors also analysed the
mechanism of oxygen reduction on YSZ-LSM composite air electrode including two
charge transfers and ion spillover to the YSZ. Zhu and Kee (Zhu & Kee 2003) extended
the model proposed by Chan et al. to analyse performance of fuel cell’s designed for
direct oxidation of hydrocarbons. Suwanwarangkul et al. (Suwanwarangkul et al. 2003)
compared available models for concentration overpotential of fuel electrode (the
SOFC’s anode) concluding that the Dusty-Gas Model is the most accurate model,
however, can be supplanted by mathematically simpler Fick’s law or Stefan-Maxwell
law in some cases of simple H2/H2O or CO/CO; operation. Hernandez-Pacheco et al.
(Hernandez-Pacheco et al. 2004) performed similar comparison of available activation
overpotential and concentration overpotential models. The authors suggest the use of
Butler-Volmer equation to predict the activation loss, however they note that Tafel or
linear expression give only 5% error. The Dusty-Gas Model was suggested for
concentration overpotential calculation. Noren and Hoffman (Noren & Hoffman 2005)
further clarified the use of appropriate activation overpotential model suggesting that
the Butler-Volmer equation should be used in modern cells operated at temperatures
<800 °C. Deng and Petric (Deng & Petric 2005) proposed a model connecting the

electrode’s microstructure with the resulting Triple-Phase Boundary (TPB), the model
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was based on that by Costamagna et al.. Nam and Jeon (Nam & Jeon 2006) combined
the micromodel developed by Costamagna et al. and Chan et al. with the chemical
kinetic models to comprehensively analyse intermediate temperature SOFC. Jeon (Jeon
2009) later implemented his model into commercial CFD package, Comsol. Ni et al. (Ni
et al. 2007) proposed a simplified micromodel of SOFC by incorporation of Deng and
Petric relation into exchange current density model, thus linking its value directly with
electrode’s microstructure. Ni et al. (Ni et al. 2007) later proposed the use of micro-
structurally graded electrodes based on the results of their micromodel. Similar idea was
analysed by Andersson et al. (Andersson et al. 2013). The authors used CFD approach
to investigate the performance of SOFC with graded amount of electrochemical active
sites along the flow direction. Shi and Xue (Shi & Xue 2011) proposed an algorithm to
extract properties of porous electrodes from cell’s polarization curve. Recently, Henke

etal. (Henke et al. 2013) proposed a model for SOFC stack operated at elevated pressure.

2.1.3. Modelling of the Solid Oxide Electrolyzer Cell

The first modelling study on Solid Oxide Electrolyzer Cell was conducted at the end of
1960’s when Spacil and Tedmon Jr (Spacil & Tedmon Jr. 1969) simulated the cell
behaviour considering the ohmic and concentration losses. The authors suggested to
connect the cells in series in order to limit the heat loss from the electric connection
ending. Developments in the 70’s and 80’s were focused on experimental side, whereas
the modelling effort of 90’s was focused on the fuel cell. The next major contributions
in SOEC modelling came only in 2000’s. Hawkes et al. (Hawkes at al. 2005, 2009)
implemented an electrochemical model of SOEC stack into commercial CFD package,
Fluent. Later, O’Brien et al. (O’Brien 2005) compared the 3D results with 1D model
concluding only small deviations in accuracy of predicted characteristics. The same
group reported a syngas production equilibrium model (Stoots et al. 2009).

Ni et al. (Ni et al. 2006, 2006, 2007, 2007, 2007, Ni 2010, 2012, 2012) contributed
largely to modelling of SOEC and is one of the most cited authors in the field. In 2006
the authors published a study on concentration overpotential in the SOEC developing
formulae for use in both, the fuel cell and the electrolyzer. Between 2006 and 2007 the
authors developed electrochemical model for hydrogen production, coupled it with the
mass transport model suggested by Costamagna et al. (Costamagna et al. 1998) and

Chan et al. (Chan et al. 2001) for fuel cells. They later performed the optimization of the
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cell structure and energy and exergy analysis of hydrogen production system. Ni then
proposed an electrochemical model of CO: electrolysis and later combined it with the
H>0 electrolysis to report first electrochemical model for co-electrolysis in 2012. The
model was later implemented in a CFD in-house developed code.

Another important contribution comes from Imperial Collage London group of N. P.
Brandon (Udagawa et al. 2007, 2008, 2008, Cai et al. 2010, lora et al. 2009, 2012).
Udagawa et al. proposed a dynamic model for steam electrolysis and used it to propose
a control strategy for heat management of the cell. The results of the dynamic model
were compared with the steady-state model. This research was later continued by Cai et
al. who performed a parametric study of the system. lora et al. extended the proposed
cell model to the stack level including detailed heat transfer modelling and used it to
study a system for high purity oxygen production. Similar study was conducted by Dillig
and Karl (Dillig & Karl 2012) who analysed heat management of SOEC/SOFC system
with integrated heat pumps in order to thermally balance the cell. The authors concluded
that integration of heat pipes can dramatically improve the temperature distribution
throughout the stack.

Several modelling papers were published in Franco-German cooperation (Grondin et al.
2010, 2011, 2013 Laurencin et al. 2011, Lay-Grindler et al. 2013). Grondin et al.
proposed a model based on Butler-Volmer equation to predict the polarisation
characteristics of the cell, however, the estimated values of exchange current densities
are much higher than usually reported. In the later research the authors substituted the
use of Butler-Volmer equation with the chemical kinetic equations. The substitution
resulted in better reproduction of polarisation characteristics. In their next paper the
authors proposed to use artificial neural network to describe the surface chemistry on
fuel electrode of SOEC. Laurencin et al. proposed a 2D model with the use of the Dusty-
Gas model for diffusion and focused on thermal aspects of the cell’s operation. Lay-
Grindler et al. combined percolation and coordination number theory based micromodel
with surface chemistry of oxygen formation on LSM-Y SZ cermet electrode. The authors
analysed several possible degradation mechanisms by manipulating respective
conductivities and electrode microstructure to assess their impact on the performance
drop.

Dumortier et al. (Dumortier et al. 2012, 2012, 2014) proposed a CFD model of
SOEC/SOFC. The proposed model included the effects of gas velocity, suggested using

the gas composition in calculation of activation overpotential, and use of cermet surface
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ratios rather than volumetric ratios. The authors also analysed the effects of electrode
parameters and energy transport on parameters distribution. The authors, later linearized
their model to predict the thickness of reaction layer inside the cermet electrode.

The group from Tsinghua University contributed several papers (Li et al. 2013, 2014,
Luo et al. 2014). Li et al. proposed elementary kinetics model of co-electrolysis cell
based on reaction model developed by Janardhanan and Deutschmann. The authors
proposed a micromodel of co-electrolysis based on percolation and coordination number
theories and adopted it to be utilized for both SOEC and SOFC simulations. Luo et al.
proposed a 2D model for co-electrolysis in tubular SOEC.

Kazempoor and Braun (Kazempoor & Braun 2014, 2014) proposed an electrochemical
model of SOEC/SOFC operated in co-electrolysis or fed with natural gas, respectively.
Demin et al. (Demin et al. 2007) proposed a simple model for co-ionic electrolyte based
SOEC. The authors later analysed the performance of the cell operated in co- and
counter-flow as well as the impact of the electrolyte proton transfer number. Jin and Xue
reported a dynamic 2D model of SOEC/SOFC and analysed the switching between the
modes. Garcia-Camprubi et al. (Garcia-Camprubi et al. 2014) utilized CFD model of
SOEC/SOFC to compare different techniques of fitting the parameter values for

exchange current density and charge transfer coefficients.

2.1.4. Modelling of impedance spectroscopy

One of the most utilized experimental technique to investigate the performance of the
Solid Oxide Cells is the impedance spectroscopy. However, the use of this method can
only provide a qualitative analysis. In order to quantify the resistance of the processes
influencing the impedance spectra it is necessary to use the model systems. A review of
the proposed models was done by Sunde (Sunde 2000), Fleig (Fleig 2003) and most
recently by Nielsen and Hjelm (Nielsen & Hjelm 2014).

Modelling of impedance spectra is not very popular method in SOC modelling, however
few works require to be mentioned. Sunde (Sunde 1997) was one of the first authors to
take on the topic of impedance modelling. The author used artificially generated three-
dimensional impedance network consisting of electrode and electrolyte particles and
then applied Kirchhoff’s current law to calculate the impedance of the created networks.
More recently Mortensen et al. (Mortensen et al. 2014) proposed an analytical 1D model

of impedance of composite fuel cell cathode. The authors succeeded in reproducing large
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amount of impedance spectra covering impressively wide range of conditions.

2.1.5 Modelling of degradation

Solid Oxide Cells degradation is the most serious barrier preventing the technology from
the commercialization. Several mechanism of degradation have been successfully
identified and efforts are being put to develop new generation of cells resistant to
degradation (Kim et al. 2013, Mocoteguy & Brisse 2013, Hjalmarsson et al. 2014, Keane
et al. 2014).

Most of the modelling work investigates the reason for critical cell failure by means of
air electrode delamination. The largest contribution in this area can be attributed to
Virkar et al. (Virkar 2007, 2010, Virkar et al. 2014) who suggested that the delamination
is a result of developing of extremely high pressure in the cavities between the air
electrode and the electrolyte. In his first paper, he suggested this mode of degradation
for fuel cells operated in stack and derived all the basic formulae relating the oxygen
pressure with the applied voltage. This theory was criticized by Jacobsen and Mogensen
(Jacobsen & Mogensen 2008) who misinterpreted some assumptions and actually ended
up supporting the Virkar’s theory and proposing this mechanism to occur in SOEC.
Virkar later applied his qualitative model to analyse the delaminations in electrolyzers,
however, due to lack experimental parameters no solid proof was given. Moreover, for
the mechanism to be valid, certain degree of electronic conductivity in YSZ was
essential. A requirement usually dismissed as negligible. Recently, Virkar et al. have
presented the validation of Virkar’s theory with experimental data. Jin and Xue (Jin &
Xue 2010) performed simplified CFD study analysing operation of the SOEC with crack
between the air electrode and the electrolyte. The authors suggest that the delamination
may occur due to thermal expansion mismatch between the air electrode and the
electrolyte. Rashkeev and Glazoff (Rashkeev & Glazoff 2012) performed a DFT study
of LSM/YSZ interface suggesting that high temperature atomic migration across the
interface can significantly affect its structural stability, thus allowing for delamination
due to oxygen pressure build up.

Jensen et al. (Jensen et al. 2013) modelled degradation in SOEC’s impedance spectra
and concluded that the long term degradation only occurs in Ni-YSZ electrode and
relates to electrochemical reaction resistance evolution at the TPB.
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2.1.6 Modelling of 3D structures and its influence on cell performance

The use of complex composite electrodes greatly enhances the performance of the Solid
Oxide Cells, mostly because of densification of the Triple Phase Boundary (i.e. the
reaction zone). However, the use of composite electrodes introduces the modelling
problem, as it is very difficult to reproduce those complex geometries, moreover they
tend to vary from case to case. Recent advances (Grew et al. 2010, Cumming et al. 2013,
Kennouche et al. 2013) in 3D imagining techniques promises interesting prospects in
the modelling of the composite electrodes, however this branch of research is still in its
infancy. Hertz and Tuller (Hertz & Tuller 2007) proposed a model for constriction of
current due to narrowing of the current passage path at the Triple Phase Boundary of the
ionically-blocking electrodes. Choi et al. (Choi et al. 2011) proposed an algorithm to
calculate effective transport properties from 3D reconstructed image of the SOC
electrode. Holzer et al. (Holzer et al. 2013) also combined the effort of Hertz and Tuller
and Choi et al. by developing an algorithm linking effective transport properties with
the constrictivity, tortuosity and volume fraction of electrode’s constituent materials.
Nelson et al. (Nelson et al. 2011, 2012) analysed the effects of varying cross-section of
charge transfer path on the charge transfer resistance by means of model derived from
heat transfer’s fin approximation model. The authors performed 1D and 2D analysis of
different designs giving a handy tool to judge the quality of sintering process and
suggested using it instead of generally used approach of effective parameters. Synodis
et al. (Synodis et al. 2013) performed similar analysis on recently popular infiltrated
electrodes to link the percolation threshold and effective conductivity with infiltrate size,
pore size and porosity. More recently Usseglio-Viretta et al. (Usseglio-Viretta et al. 2014)
used microstructure description derived from 3D reconstruction to simulate Ni-YSZ
electrode polarization. The authors demonstrated the usability of the 3D reconstruction

in extraction of effective parameters for micro-level models.
2.2 System-level models

Cell-level models are aimed at understanding the principles of operation, optimizing the
microstructure and materials choice or testing different configurations of cells. The
system-level models can provide information on how the cell can be used, what benefits

can it bring or simply how much money a system composing of those devices can earn.
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The papers published on Solid Oxide Cells usually focus on analysing new possible
applications, comparing the technology against its competitors or to evaluate the

economics of a system composing of the SOCs.

2.2.1 Economic analysis

Damen et al. (Damen et al. 2006) compared several electricity and hydrogen production
systems with CO- capture and storage. They included analysis of SOFC as a potential
electricity generation device in two variants. The first assumed combining the fuel cell
with a gas turbine and feeding it with gas produced from coal gasification, the second
considered combining SOFC with a gas turbine and feeding it with natural gas. The
authors performed economic analysis and predicted that the coal gasification variant
could be price competitive with existing technologies. The variant with natural gas feed
was predicted to be the most expensive among the electricity generation variants. The
authors did not analyse the production of hydrogen via SOEC. Gahleitner (Gahleitner
2013) envisaged a production of renewable hydrogen and focused on reviewing existing
pilot plants of power-to-gas. The report covers all existing and planned plants based on
utilizing renewable electricity in conjunction with electrolyzer technology. The majority
of analysed systems were based on alkaline and PEM electrolyzers. None of the
investigated system utilized the SOEC thus far, however, the author mentions in the
outlook the benefits of storing renewable energy in form of synthetic hydrocarbons. In
such scenario, SOEC carry an advantage over other technology due to its ability to
produce syngas, a feed in most hydrocarbon synthesis processes. Ridjan et al. (Ridjan et
al. 2013, 2014) analysed the feasibility of synthetic fuels in 100% renewable energy
system with special focus on fuels production by means of the SOEC. The authors
compared the prices of producing methanol and methane in SOEC with prices of
production of biofuels. The conclusion was that the production cost of synthetic fuels is
comparable to that of petrol production cost if the cost of CO2 emissions is included in
the price of petrol. Ferrero et al. (Ferrero et al. 2013) compared the production of
hydrogen via the SOEC and PEM electrolyzer. The authors performed energy and
exergy analysis concluding that SOEC is better choice if operated at current densities
over 0.25 A cm and that the efficiency is increased up by 14% in the case of SOEC. Fu
et al. (Fu et al. 2010) assessed the economics of syngas production via the SOEC

concluding that the process is economically competitive with biomass-to-liquid

27



Chapter 2. Literature review

processes given the source of electricity to drive the electrolyzer is nuclear energy or the
surplus wind energy. Manage et al. (Manage et al. 2011) conducted a techno-economic
analysis of hydrogen production linking the price of electricity and efficiency of
hydrogen generation to resulting price of hydrogen. The authors predict that if SOEC is
operated at 100% efficiency and coupled with nuclear power source it can be already
competitive with steam-methane reforming technology. Patyk et al. (Patyk et al. 2013)
performed a life cycle assessment of hydrogen generation from the SOEC and compared
it with large scale steam-methane reforming (SMR). The author predicts that in all
analysed cases of electricity source to the electrolyzer the life cycle emission of CO: is
lower than for the SMR. However, only coupling with the wind power gives lower
overall energy requirement for the process. The results were most sensitive to
manufacturing cost of the SOEC and cost of electricity supply to the electrolyzer. Becker
et al. (Becker et al. 2012) provided a techno-economic analysis of combined Fischer-
Tropsch and SOEC systems. The authors utilized a simplified model of both processes
to predict an overall system efficiency of 51% and possible price of liquid fuel at 4.4

$ per gallon of gasoline equivalent.

2.2.2 Technical analysis

First purely technical system analysis of SOEC systems was performed for NASA by
Sridhar et al. (Sridhar et al. 2004). The authors analysed the possibility of resource
utilization for Mars missions. They compared the SOEC-based system with other able
to perform similar functions and concluded that the Solid Oxide system has the highest
power density and is easy to scale. O’Brien et al. (O’Brien et al. 2009) used simple linear
model of co-electrolysis to evaluate a large scale syngas production plant. The authors
predicted overall power efficiency of up to 55% when combining SOEC with a nuclear
reactor. McKellar et al. (McKellar et al. 2010) compared three closed-loop atmosphere
revitalization systems for application in space exploration missions. The authors
concluded that incorporation of co-electrolysis into existing processes based on Sabatier
and Bosch reaction can reduce the requirement for energy. They identified the combined
hydrogenation and co-electrolysis as the best candidate for NASA application.
Perdikaris et al. (Perdikaris et al. 2010) analysed a tri-generation system producing
electricity, heat and hydrogen in a carbon free manner via combined SOEC/SOFC fed

with natural gas. The authors used linear model of the electrochemical cell and predicted
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efficiency of ~28% for electricity, ~18% for hydrogen and ~26% for heat generation, i.e.
overall natural gas conversion efficiency of ~72%. A similar system was proposed by
lora et al. (lora et al. 2010), the authors reported the value of overall efficiency which is
almost identical with that reported by Perdikaris et al.. Zhang et al. (Zhang et al. 2013,
2013) used a simple overpotential model of SOEC to investigate the efficiency of two
systems, the first combining solar energy with the SOEC to produce hydrogen, the
second aimed at reducing the COx. In the first study authors predict the overall efficiency
of solar hydrogen system at ~45%. In the second study authors proposed five systems
aimed at CO; reduction based on the amount of heat generated in the cell, no efficiency
number was reported, however. Peters et al. (Peters et al. 2013) analysed SOFC system
concepts including anode gas recycling in order to increase the fuel efficiency and the
water requirement for reforming. The authors used simple thermodynamic model and
concluded that recycling is a viable option resulting in overall energy efficiency of 50 —
66% depending on configuration. The fuel electrode gas recycling is also important in
the electrolyzer in order to provide sufficient amount of hydrogen to prevent the
electrode reduction. Petipas et al. (Petipas et al. 2013) analysed operation of SOEC at
various loads. The authors used simple thermodynamic model and predicted that the
system can achieve constant 91% efficiency (HHV) of hydrogen production for loading
above 60% and thermoneutral operation. Below that utilization, external heating is
required. The authors also analysed the case of supplying steam to the electrolyzer,
rather than water (Petipas et al. 2014). The modification resulted in jump of efficiency
to ~110% vs hydrogen (HHV).

2.3 Summary

To summarize the trends in modelling of Solid Oxide Cells, a few points are brought
forward:

e Models making use of 3D reconstruction of electrodes have started to appear in
open literature. This method can disambiguate the actual chemical,
electrochemical and surface reactions occurring inside the cell’s electrodes,

¢ Analytical solutions of transport and electrochemical phenomena have enhanced
the understanding of complex impedance spectra and its evolution during the
cell’s lifetime,

e First-principle studies are used to identify the possible future materials for cell’s
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electrode and to clarify the reaction mechanisms. However, ambiguity still exist
in modelling electrostatically polarized materials.

e Non-linear models linking the gas composition, operating temperature and
pressure, etc. are more commonly used in system level studies, making it viable
to optimize systems for desired performance.

Future direction in modelling of SOEC may include, first-principle models including
externally applied electric field, reaction mechanism investigation under the electrical
bias, use of 3D reconstructions with elementary physical equations and highly non-
linear system level models.

The research gaps identified and filled by the author include:

e co-electrolysis micro-model of SOEC,

e extreme oxygen electrochemical potential difference model and its consequences,

e investigation of fuel electrode gas recycling effects on SOEC performance,

e complex multi-level models of CO> mitigation, load balancing/energy storage

and sustainable fuels production systems.
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Chapter 3. Fundamental aspects of Solid Oxide

Electrolyzer Cell operation and modelling

3.1 Introduction

In this chapter the author briefly introduces fundamentals of operation of SOEC and its
mathematical modelling based on these fundamental physical principles. In sections 3.2
to 3.4 state-of-the-art modelling approach is presented as reported in the open literature
and most commonly used. Sections 3.5, 3.6 and 3.7 are the author’s own input to
modelling.

The author’s contribution includes analysing the operation of electrolyzer under extreme
oxygen potential difference and proposal of appropriate modelling approach (chapter
3.5). The author of this thesis also analysed the physical principles behind establishment
of equilibrium potential in SOEC operated in co-electrolysis mode and proposed a
physically based model of the phenomena (chapter 3.6). The author also proposed
modelling of activation overpotential with inclusion of electrode’s microstructure
(chapter 3.7). The contents of chapters 3.5 and 3.6 were published as two international,
peer-reviewed journal papers. The model from chapter 3.7 has been first reported in two
system level peer reviewed journal papers on CO2 mitigation system.

3.2 Physical fundamentals of the Solid Oxide Electrolyzer Cell

Solid Oxide Electrolyzer Cell (SOEC) or Solid Oxide Steam Electrolyzer (SOSE) (Fig.
3-1) is an electrochemical energy conversion cell which allows transforming electrical
energy of passing current to chemical energy of fuel. Typical SOEC is capable of
producing carbon monoxide, hydrogen and mixture of both by electrochemical reactions.
It continues to deliver the fuel as long as steam and/or carbon dioxide and electrical
energy are supplied.

In reality lifetime of the cell is limited by degradation of its components (see chapter
2.1.5). Cell is based on semi-permeable properties of mixed (doped) solid oxides. The
most commonly used is Yttrium Stabilized Zirconium (YSZ), which allows transporting
oxygen ions when polarized with electrical field. There are also other, less popular kinds

of SOEC: i.e. co-ionic cells and proton conducting cells, where both oxygen and
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hydrogen ions or only hydrogen ions are transported through the membrane. This work
is limited to oxygen ion conducting cells (not necessarily based on YSZ).
Aforementioned doped oxide is playing the role of electrolyte, which is sandwiched
between two electrically connected porous electrodes and thus creates closed electrical
circuit. Beside Positive Electrode-Electrolyte-Negative electrode (PEN) assembly, cell
consists of interconnects and gas channels. Present design of the cell follows directly
from that of solid oxide fuel cells, thus description of it is omitted in this work and reader
is referred to any review article or book on SOFC available on the market (e.g. Milewski
et al. 2011). It is worth mentioning, though, that since the cell is made of solid

components, it is possible to shape it according to desired specification.
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Fig. 3-1 — Solid Oxide Electrolysis Cell schematic.

Like SOFC, electrolysis cells can be connected in series to form a stack. SOEC shares
design flexibility and high operational efficiency with SOFC. Current status of cell
development allows using one cell both, as SOEC and SOFC, depending on polarization.

This presents interesting possibilities of application of the Solid Oxide Cell (SOC).
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Operation of SOEC, as complicated as it is in detail, is relatively simple to explain in
general. On cathode side of the cell steam and/or carbon dioxide is delivered, mixture
of gases penetrates through porous electrode to reach triple phase boundary where it
reacts with electrons to split to hydrogen and/or carbon monoxide and oxygen ions.
Oxygen ions, then, are being transferred to the anode side through an electrolyte, where
another Faradic reaction occurs splitting anions to electrons and oxygen molecules.
Oxygen permeates to the anode gas channel and out of the cell, while electrons follow
the electrical circuit back to the cathode, thus closing the cycle. If the cell is operated
with high enough voltages (over the thermoneutral threshold, Equation 1-3) it produces
not only synthetic fuel, but also heat. The cell can operate in temperature range from
450 °C to 1000 °C, with atmospheric or elevated pressures.

While the exact steps of the reaction are under speculation (see chapter 2.1.1), scientists
have been using several relatively uncomplicated laws to predict behaviour and

performance of the single cell or stack design.
3.3 Introduction to modelling

Modelling of any physical process can be done in several ways (Fig. 3-2) depending on
the purpose of the simulation. One of the basic distinctions is between empirical and
phenomenological modelling. Empirical modelling has developed recently alongside
with rise of computer capabilities. It does not require full understanding of the physics
behind the process. It is even possible to model a phenomenon without any knowledge
of its mechanism. Such models are called “black boxes”, they are based on artificial
intelligence, genetic programming, etc. Process or device is recognized literally as a box
with i-th number of inputs and j-th number of outputs (Fig. 3-3). Large amounts of
experimental data are necessary to calibrate them. Phenomenological models are based
on laws of physics and they provide good explanation to why process behaves the way
it does. All of the parameters in such models have physical meaning, unlike in empirical

or semi empirical models.

33



Chapter 3. Fundamental aspects of Solid Oxide Electrolyzer Cell operation

Modeling
// Levels
State
Type Mlcro System

Phenome-| Semi-
-nological -empirical

DlmenS|ons
A/ \\ Steady Tran5|ent 0 \

. 0D 1D 2D 3D
Empirical (Lumped)

Fig. 3-2 — Possible distinctions of modelling.

Nowadays, due to low availability of material properties, combinations of both models
are used. To authors best knowledge there has not been fully empirical model of SOEC
developed to date. It is worth mentioning that there are few empirical models of SOFC
available (Grondin et al. 2013). Nevertheless, they did not gain any popularity, probably
due to in significant contribution towards understanding of the physical fundamentals

of the electrolysis phenomena.

1 4 S 1
2 Black > 2
box
I —3 > |

Fig. 3-3 — Black box model.

Modelling study in the early stages of device development is usually done in steady state,
meaning time independent. These kinds of models are used to evaluate general, design
parameters of the process. Transient, time dependent models are useful for safety
considerations, control strategy design and any other system dynamic properties or
responses.

Another way to divide models is by scale used. When energy processes are being
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considered a system level scale is very important, where SOEC is just small part of a
bigger plant. If optimization of design is considered, then macro- and micro-scale
models are used. Available literature is either on one or the other scale. There is in
general no universal model combining two or more scales, thus allowing speculation on
performance of SOEC in some abstract, far from experimentally studied, plant.

When system level modelling is considered SOEC electrochemistry is usually modelled
by one linear equation combining voltage with current. In general performance of cell
is fixed and independent of operating conditions. Such models can be used for some
basic feasibility studies, however with a limited applicability.

Macro- and micro-level models are much more sophisticated. In micro-level simulations
complex statistical theories are used to assess the performance of cermet electrodes.
Macro-level models are in between system and micro-level, they are most commonly
used. They provide decent trade-off between choice of control parameters and
computational efficiency.

The last type of distinction proposed in this work is by number of analysed dimensions.
This division can be associated with previous one, system-level models are usually zero
dimensional, macro-level models are 1D, 2D or 3D. Micro-level models are usually 1D
or 2D. In general, the lower the number of dimensions involved, the faster the
calculations. Considering geometry of the cell one can easily notice that one of the
dimensions, i.e. thickness, of the cell is much smaller than all others, hence one-
dimensional models should be effective for cell modelling. Three dimensional models
are usually used for stack configuration design and thermal balance studies.

Vast majority of available models aim at predicting electrical performance of the cell,
fuel conversion & output and cell/system efficiency, thus are electrochemistry-based.

It is generally advised to become acquainted with a review paper or a book on SOFC

modelling before approaching this work (Kakac et al. 2007, Milewski et al. 2011).
3.4 Theory of the Solid Oxide Electrolyzer Cell modelling

Performance of Solid Oxide Electrolysis Cell depends largely on reaction rates
occurring on Triple Phase Boundary, operating temperature and pressure, applied
potential difference, and microstructure of the cell. These need to be included in the

modelling. Net reactions for the cathode are
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H,0(g) + 2e™ - H,(g) + 0~ (3-1)
CO,(g) + 2e~ - CO(g) + 0= (3-2)

whereas for the anode

0% =20, + 2e” (3-3)
The overall co-electrolysis reaction can be written as

H,0 + CO, - H, + CO + 0, (3-4)

In reference to electrolyte process mechanism, these reactions can be written in the

following form. For the cathode:

H,0(g) + 2™ + V; = H,(g) + O} (3-5)
CO,(g) + 2™ +V; —» CO(g) + OF (3-6)

whereas for the anode:

0F +2h > 2 0,(g9) + Vs (3-7)
For electron — electron hole pair:

Z(e‘ + h) <0 (3-8)

As already mentioned real reactions mechanisms are complex and still not well
investigated, above reactions are used as simulation simplifications. Reaction rates
depend on temperature, pressure, concentration of products, time in the reaction zone
and catalyst used. Unfortunately, models developed to date lack the sufficient
consideration of kinetics of reaction. They are based on assumed, constant value of
product conversion. Such models are unable to predict performance of the cell for
conditions which were not investigated experimentally.

Limiting processes involved in cell operation are discussed to be:
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e Porous Gas Diffusion.

e Adsorption/Desorption.

e Surface Diffusion.

e Reaction Kinetics.

e Charge Transfer.

e Electrolyte Transport.
These processes, excluding adsorption/desorption, surface diffusion and reaction
kinetics, are usually modelled with use of Butler-Volmer equation, Ohm’s law, Faraday’s
law and one of several gas transport laws.
Modelling of SOEC focuses on predicting current-voltage curves, electrical losses
sources, fuel production yield and several thermodynamic parameters of operation, i.e.
efficiencies, fuel conversion, etc. Typically, different level models are capable of
predicting different data and accuracy of predictions usually drops with increasing the
scale of model.
In this section two most popular types of models will be discussed, micro- and macro-
level models. System-level design is skipped due to its simplicity.
Macro-model design is based on Faraday law, Butler-Volmer equation, Ohm’s law and
gas transport equations. Faraday law is connecting applied current to flow of oxygen
ions through the electrolyte. Ohm’s law corresponds to the loss associated with the flow
of oxygen ions in between triple phase boundaries on each side of electrolyte (often
assumed electrolyte thickness). Most commonly it is assumed that electrodes have
negligible electronic resistance, thus Ohm’s law is limited to electrolyte. Butler-Volmer
equation is modelling the increase in potential to activate the reaction on each of the
electrodes. Gas transport law links drop of performance with concentration gradients
across electrode gas channel and Triple Phase Boundary (often assumed thickness of
electrode). Dusty gas model has been proved as the most appropriate and is most widely
used to model diffusion process. Other applied models are Fick’s law and Stefan-
Maxwell’s law.
Micro-models additionally use percolation theory to describe processes occurring on
cermet electrodes.
Due to compactness of the following work all derivations are limited and reader is being
introduced mostly only with results, necessary assumptions and boundary conditions

where applicable.
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3.4.1 Classical approach — macro-model.

The most common way to model SOEC is when limiting processes mentioned in
previous section are described by introduction of overpotentials. This nomenclature
follows from electrochemistry and can be categorized in few subgroups. Namely:
concentration overpotentials occurring in both electrodes, activation overpotentials
occurring in both electrodes and Ohmic overpotentials occurring in all electrolyte and
both electrodes (Fig. 3-4).

Concentration
loss

Activation
loss

Ohmic loss

Voltage /V

Current density /A m™

Fig. 3-4 — Classical 1-V characteristics of SOEC.

Some researchers also considered so-called offset overpotential which is assumed
mainly due to contact resistance and is constant. All other overpotentials are functions
of operating conditions. In this approach potential difference at the cell electrical

terminal is expressed as follows

E = EO + Nact,an + Nact,cat + Nohm,an + Nohm,cat
+770hm,elec + 77con,an + Ncon,cat + 77offset (3'9)
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where E; is the electrochemical potential or electromotive force equation (1-2).

3.4.1.1 Open circuit voltage

At the open circuit, electrochemical potential is the minimum potential difference
required to split steam/carbon dioxide, or in SOFC mode maximum electromotive force
possible to obtained from converting the fuel gases. It can be calculated by considering
minimum work concept of thermodynamics. For an open system operating in steady

state first law of thermodynamics implies following:

0=H,—H,+Q—-W (3-10)
The second law can be expressed as:

0 =S; = S5+ 2 + Sgen (3-11)

The concept of minimum work requires assumption of reversible operation, hence Sgen

is equal zero and heat from Equation 3-11 can be written as:
Q=T(S, =S (3-12)

Now substituting Equation 3-12 into Equation 3-10 and realizing that reversible system

requires minimum work input to operate:

0=H;—H, +T(S, = S;) — Wpin (3-13)
Realizing the definition of Gibbs function, one can write

Wopin = —AG (3-14)
To calculate the minimum work input to the system, change in Gibbs potential for overall

reaction is needed.

Minimum work can also be written as the integral over time of power consumed:
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Winin = [, E@I(t)dt (3-15)
If the applied voltage is constant (E(t)=const), then Equation 3-15 can be written as:

Winin = Eo [, 1()dt = Eoq (3-16)
Amount of charged transferred for 1 mole of fuel can be expressed as:

q =zF (3-17)

Putting Equation 3-17 into Equation 3-16 and back to Equation 3-13 yields basic
electrochemistry relation:

Ey=—— (3-18)
Gibbs potential for ideal gas mixtures can be calculated using:

G; = G+ n;RTIn (L) (3-19)

Dstd

Where, n; is the number of moles of gas species i

From the definition of chemical potential:

k= (50) (3-20)

T=const,P=const,nj=const

One can obtain relation for standard Gibbs potential G°=#.°, using this Equation 3-19

can be written in the following form

G; = nuu® + nRTIn (”—) (3-21)

Dstd

If the reaction of ideal gases in the ideal mixture is considered, the change in Gibbs
potential can be expressed as:
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AG = ¥, G;(products) — ¥, Gj(reactants) (3-22)
In the simplest case, when the cell is fed with steam the overall reaction follows

H,0 - H, +0; (3-23)

Using Equations 3-21 and 3-22 change of Gibbs potential can be written as:

Pu 1 1 Po
AG = uf +RTln(—2) + = ud +—RTln( 2)
o Pstd 2 02 2 Psta
P
0 — RTIn(*22) (3-24)
At equilibrium it can be written in the form:
1
AG® = g, + 5 Ho, — Hito (3-25)
Putting Equation 3-25 into 3-24 gives:
1
2
AG = AG® + RTIn [ 222252 (3-26)
szopztd

Similar derivation can be applied to the reaction of carbon dioxide electrolysis and then
substituting Equation 3-26 into 3-18 and using the relation between partial pressure and

molar fraction yields:

EH20 _ _AGrpo(T) RT o || 220 P\z2 or
° 2F 2F 2 \Psq
Yu,¥%,/) °
1
EC0z — _ AGf.glzz(T) _ g In Kyc_of> (PL) 2] (3-27)
YCOYZOZ std

Note that Equation 3-27 is only valid for non-reacting gas mixtures, hence for co-
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electrolysis mixture must be brought to the chemical equilibrium or to quasi-equilibrium
before applying the equation. Moreover, as will be shown in chapter 3.6 a superposition
of above potential differences is actually observed. Reaction occurring in steam/carbon
dioxide mixture is the Water Gas Shift Reaction (WGS) or the Reversed Water Gas Shift
(RWGS) reaction depending on the temperature of mixture. Equilibrium temperature is
about 827 °C. Below this temperature the former reaction proceeds, above it the later.
Reaction follows formula according to Equation 3-28. One may wonder why there is
hydrogen in the feed mixture of SOEC. The reason for that is to prevent Nickel particle
in the cathode from oxidation. By adding the hydrogen, the resulting oxygen partial

pressure of the mixture, ergo ability to oxidize, is greatly reduced.

CO + H,0 =2 CO, + H, (3-28)

3.4.1.2 Activation overpotential

Activation overpotential on both electrodes is due to two phenomena. First one is
chemical, the chemical equilibrium state of ions at the electrode-electrolyte interface.
The second is electrical, overcoming of the electric field due to the transfer of charged
particles across interface by ions. Free energy of activation has two constituents:
chemical energy of activation (Gibbs energy) and electrical contribution to it (electrical
bias). Activation overpotential can be mitigated with increased temperature, active

surface area and activity of catalyst used. Free activation energies of electrodes can be

written as:

E~ =G° + aFA¢ (3-29)
and

Et=G°— (1 —a)FA¢ (3-30)

where, aFAg¢is the electrical contribution, which amounts to lowering the energy
barrier towards electrode-to-ion transfer (for SOEC, SOFC it is ion-to-electrode).
Electronation is the process of transferring electrons (charge transfer) from electrode to

oxygen to form ions. Electronation current density can be expressed as follows:
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0
FKT _G _aFi¢
f:—h Cme RTe RT (3-31)

where, k is the Boltzmann’s constant, h is the Planck’s constant, F is the Faraday’s
constant, R is the universal gas constant.

De-electronation is process opposite to the electronation and describes process of
transferring electrons from oxygen ions to electrode. De-electronation current density

can be expressed as:

0
« Fkr G (-oFA$
1 = T(;je RTe  RT (3-32)

At the equilibrium electronation and de-electronation current densities are equal
representing the rate of charge transfer reaction and they are called exchange current
density io. This value varies with temperature, electrode materials, gas composition, etc.
Difference between Equation 3-31 and 3-32 represents net current flow. Defining

overpotential as difference between non-equilibrium and equilibrium potentials
n=A4¢ — A¢eq (3-33)

one can arrive with following expression:

] FKT _G% (-a)FAp\ (1-a)Fny _G% aFA¢\ _aFy
l=T Cje RTe RT e RT —|cnue RTe RT e RT (3_34)

Utilizing definition of exchange current density more compact expression can be

obtained:

This equation is called Butler-Volmer equation. Often used in modelling is assumption
of charge transfer coefficient equal to half (i.e. electronation and de-electronation rates

are equal), and then following form can be used:
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i = 2i, sinh (“1) (3-36)

When the overpotential is large the linear approximation is valid and can be written as:

RTi

Nacti = 7 (3'37)

zFig i

where i = {anode, cathode}, the exchange current density has been confirmed to obey

Arrhenius exponential dependence on temperature

io = v exp (— 2t) (3-38)

3.4.1.3 Ohmic overpotential
Ohmic overpotential of the cell can be computed using following formulation of the

Ohm’s law

Nohm = — (3'39)

where ¢ is combined ionic conductivity of the cell and ¢ is the electrolyte thickness.
Most commonly only ionic resistance of the electrolyte is considered, other resistances

are assumed to be orders of magnitude lower.

3.4.1.4 Concentration overpotential

Concentration overpotential is the last from the three major constituents of cell
polarization. It is modelled in several different ways in the literature. In general, it
follows from the mass transfer limitations of the porous electrodes. Concentration of
species in the electrodes is the same as concentration in free stream only when no current
is passing through the cell. Naturally when current starts to pass concentration of fuel
species at the interface, cx=0, is decreasing from free stream value, co. Due to this

concentration decrease respective voltage drop is present.

Nconcentration = 4¢P — A¢eq (3-40)
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For the equilibrium state Nernst equation for the electrode states:
Aoy = A9° + %ln(co) (3-41)
Respectively, when current flows through the cell Nernst potential can be written as:
A = Ap° + = In(cy—0) (3-42)
Combining Equations 3-41 and 3-42 yields:

Neoncentration = Ap — Apeq = == In (252) (3-43)
To calculate the concentration at the interface several methods can be applied: Fick’s
model, Stefan-Maxwell’s model or Dusty Gas Model (Suwanwarangkul et al. 2003).

In this section only Dusty Gas Model (DGM) is highlighted since it has been proved as
the most appropriate for multi-component gas transport (Suwanwarangkul et al. 2003).
Nevertheless, it is important to note that for many applications simpler models are
accurate enough.

According to DGM transport of the species can be summarized in Equations 3-44 and
3-45.

a .
Lo _py i, (3-44)
N n YiNi=yiNj _ P dy; -

Solutions to these equations are partial pressures (concentrations) of involved gases at
electrode-electrolyte interface. Concentration losses for each of electrodes is later
calculated using Equations 3-46 and 3-47.
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1
_ kT, |Phy(b,)’

Neoni = ;l pfizo (3'46)
)l
RT , |Pto(pb,)?

Neoni = 3F n COp(IC—OOzz (3'47)

Another approach to predict concentration overpotential is by combining
electrochemistry, mass transfer and boundary layer theory. This consideration results in

introduction of limiting current density. It can be shown that:

L-n(%)_, =02 e

where, D is the diffusivity
Current density from the above relation will be equal to the limiting current density

when ¢x=0 is equal to zero:

L= lim [-p(&2=)| = -p< (3-49)

zZF - Cx:o—)() 8

Substituting Equation 3-48 and 3-49 to 3-43 yields:

RT i
Nconcentration = ;ln (1 - i) (3-50)
Calculation of limiting current density follows from mass transfer analysis, several

formulae are used to derive this value.

3.4.2 Statistical approach - micro-modelling.

When micro-modelling is considered, slightly different approach is utilized.
Overpotentials are not divided between activation, concentration and Ohmic. Rather
than that, balances of charge, Ohm’s law and the mass balance are evaluated for each
electrode and Ohm’s law is applied for electrolyte.

Therefore, one can write Ohm’s law for electronic conductor as:
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Vo = pe' i, (3-51)
Respectively for ionic conductor:
Voi = pi; (3-52)

Since both electrodes are mixed conductors charge balance must incorporate both ionic

and electronic current densities
Vie = =S,i = —=Vi; (3-53)
I is the transfer current density calculated from Butler-Volmer equation as in classical

model (A m?), Vj,is given in Am=2. S, is electrochemically active area per unit volume

of the electrode (m2 m™), it is computed according to statistical consideration

. Z.Z.
S, =zsin &’nn.n, ——-P.P, (3-54)

e 6 e 1

For the meaning of all the symbols reader is asked to check the nomenclature. Following
formulae are based on theory of particle coordination number in random packing of
spheres and percolation theory firstly used by Costamagna et al. (Costamagna et al. 1998)
and further enhanced to use in a complete cell model by Chan and Xia (Chan and Xia
2001).

Total number of particles per unit volume can be considered as:

1-¢

n; = (3-55)

gnrg [ne+(1—ne)(:—i)3]

Note that only allowable particles are ionic or electronic conductors, hence:

n=1-—n, (3-56)

Number of electron conducting particles can be obtained from:
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Ny = ——— (3-57)
d>+(1—d>)(i)

Coordination number for electronic conductor can be expressed as:
3

Z,=3+—3 (3-58)
ne+(1_ne)(i)

Respectively, coordination number for ionic conductor can be written as:

(3-59)

Probability for the connections between the same type particles can be calculated for
electronic conductors and ionic conductors respectively, from Equations 3-60 and 3-61:

_ 4236-7,_\251%*

Fe = [1_(W) ] (3-60)
_ 4236-7;_ 1\ 251>

P = [1 -(*55) ] (3-61)

Average coordination number of electronic to electronic particles and ionic to ionic

particles can be written as

Zpoog=— 2 (3-62)

netG-no)(Z)

Z = —H (3-63)

At this stage it is necessary to mention that most of the parameters in this model are

difficult to obtain, thus often require fitting.
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3.4.2.1 Cathode model

Cathode overpotential can be expressed by

e = (@7 — ¢&) — (¢i — Pe) (3-64)

Potentials can be evaluated using Ohm’s law Equation 3-51 and 3-52 for both types of

conductors. Effective resistivity can be obtained by applying Equation 3-65 for
electronic and 3-66 for ionic conductors.

eff _ § -
pe - d)(l—S)O'e (3 65)
o= (3-66)
Pi (1-@)(1-€)o;

Next step is to take second derivative of Equation 3-64, which results in following
expression

d?n . ,
dxzc = Svlo,c(pieff + p:ff)l

(3-67)

where i is calculated according to Equation 3-35. Boundary conditions are defined as
follows

ijc=0at x=0
le,c=ltotql at x=0

dnc__  eff; =
E__pe,c itotal at x=0

lic=teotal at x=6¢ (3-68)
iec=0atx=4;

dnc__ eff; =
dx = Pic ltotarat x=8¢

Last step of derivation is conservation of species. Since DGM model was already
decided to be most appropriate, only resulting equation is provided.

-1
d?y; B 1 1-By; dy\?  SyiRT( 1 1-Byi | _
dx? +D.eff pflf + pélf (E) ~ 2FP pefT + peff | — 0 (3-69)
i,j i, i,j i

iLj
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Boundary conditions are defined as follows

( yi=ylatx =0
M;
uYi
V&= _RThowa | 1 N (3-70)
dx 2FP Di‘:’,/:f Di‘f{f
\

Solving Equation 3-67 and 3-69 with respect to appropriate boundary conditions yield

total cathode overpotential.

3.4.2.2 Anode model

For the anode similar reasoning can be applied to obtain equation in same form as
Equation 3-67.

The difference between modelling of anode and cathode lies in the choice of model
equation for species conservation. In the anode, only a binary gas mixture of nitrogen
and oxygen exist. Moreover, the physical phenomena occurring in the anode regards
only one of the gases in the mixture, the oxygen. In the negative electrode, one observes
oxygen permeation, rather than non-binary diffusion of three or more species. As a result,
instead of using DGM equation to solve Equation 3-44, much simpler Darcy law can be

applied, Equation 3-71.

Po,B
No, = — R;ﬂg Po, (3-71)
The resulting governing equation is
d’po, | 1 (dpoy\* | SyiRTu _
dx? POZ( dx ) 4FBgPg, 0 (3-72)
Appropriate boundary conditions are:
Yo, = Y6, atx =0
dpo, — __ RTitotaitt atx =0 (3_73)
dx 2FPg,By
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3.4.2.3 Electrolyte model
Electrolyte is modelled with use of Ohm’s law Equation 3-39.

3.5 Modelling of the Solid Oxide Electrolyzer Cell operated

under extreme oxygen chemical potential difference

This chapter has been published in a modified form as JP Stempien, Q Sun, SH Chan.
Theoretical consideration of Solid Oxide Electrolyzer Cell with zirconia-based
electrolyte operated under extreme polarization or with low supply of feedstock
chemicals, Electrochimica Acta, 130, 2014, 718.

3.5.1 Introduction

Pure Zirconium oxide (ZrO2) is an amphoteric semiconductor with transition from n-
type to p-type conductivity under decreasing oxygen partial pressure difference (Vest et
al. 1964). The conductivity in ZrO> is due to defects in its lattice structure (Kingery et
al. 1959). Doubly charged oxygen vacancies allow an ionic transport of oxygen, whereas
electrons and holes allow an electronic transport. Altering the defect concentration
influences conductivity of a given type. It is known that substituting ions in a
semiconductor changes the defect concentration (Wagner 1933). Adding higher valence
cations to an n-type semiconductor causes a decrease in the ionic defect concentration
and increase in the electronic defect concentration. The opposite is true for a p-type
semiconductor. Doping Zirconium oxide with Yttrium oxide replaces Zr ™" cation with
Y cation and thus increases the ionic conductivity.

Yttria-doped Zirconia, or Yttria-stabilized Zirconia (YSZ), membranes are most
commonly used in oxygen sensors (Akbar et al. 2006), oxygen pumps or separators
(Yuan & Kroeger 1969), solid oxide fuel cells (Singhal & Kendall 2003) and solid oxide
electrolyzer cells (Elikan et al. 1972). Apart from changing the oxygen partial pressure
difference across the membrane, the lattice defect concentration of YSZ can be also
altered by variation of electrostatic potential difference, thus it can be used to relate

oxygen partial pressure difference! with the electrostatic field, given constant doping

! Throughout the text the author uses oxygen partial pressure as a traditional approach. However,

sometimes oxygen chemical potential when referring to SOEC is used. SOEC is essentially
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level. In the oxygen sensors, concentration of oxygen in investigated gas mixture is
estimated from the observed open circuit voltage across the YSZ membrane. Fuel cells
generate electrostatic potential difference and current flow, when exposed to difference
in chemical potentials of oxygen. Oxygen pump or electrolyzer works reverse to the fuel
cell. When exposed to high enough electrostatic potential difference, they generate
oxygen partial pressure difference or chemical potential difference, respectively. An
electrolyzer additionally facilitates chemical and electrochemical reactions to create
oxygen (i.e. hydrogen evolution).

Solid Oxide Electrolyzer Cells (SOEC) attracted an increased attention in recent years
due to their ability to recycle combustion products back into usable fuels (Xie et al. 2011,
Fu et al. 2010, Wachsman et al. 2012, Zhan et al. 2009). YSZ electrolyte is the most
common choice for high temperature electrochemical cells or sensors. Fuel cells and
electrolyzer, regardless still being in the development stage, pose great opportunities for
the energy security and sustainability. However, due to the nature of their operation, it
is possible to run them in abnormal conditions characterized by extremely high oxygen
partial pressure difference (Mendybaev et al. 1998, Sridhar & Blanchard 1999, Pham &
Glass 1988, Schefold et al. 2009). Specifically, this refers to the oxygen pumps and the
electrolyzers, moderately to the fuel cells. It is hypothesized here that such conditions
may occur in SOEC if it is designed incorrectly.

In the SOEC it is traditionally assumed that YSZ is a pure ionic conductor (Stempien et
al. 2012, 2013, 2013, Petipas et al. 2013, Ni 2012, Cai et al. 2010), thus its Faradic
efficiency is always 100%. This assumption is often true in fuel cell mode of operation.
However, when operating electrolyzer or oxygen pump? with either high electrostatic
potential difference or low feedstock chemicals’ supply, one can create extremely high
oxygen partial pressure difference across the cell. Consequently, switching to mixed or
dominantly electronic conduction mode and hence running on low or zero Faradic
efficiency. This can be due to the improper design, or when SOEC is coupled with an
intermittent energy source without proper safety measures against rapid surges in

generated power.

creating oxygen chemical potential difference, rather than partial pressure difference.
2 Electrochemical pump refers to oxygen pumps and electrolyzers, as from electrolyte point

of view they are the same device.
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Most representative works investigating either running on low feedstock supply or
extreme polarization were published by two independent groups in 1998 and 2009. The
first group, Pham and Glass (Pham & Glass 1998), investigated the operational
characteristics of an oxygen pump based on 8Y SZ (zirconium oxide doped with 8-moles
of yttrium oxide). The experimental setup considered pumping oxygen from an enclosed
volume of gas mixture with low initial oxygen partial pressure. Due to the experiment
arrangement, authors arrived in a region of mixed and dominantly electronic
conductivity. The second group, Schefold et al. (Schefold et al. 2009), performed
experiments on several 8YSZ-based SOECs. The group presented that it is possible to
operate SOEC fed with steam with the injected electric current exceeding theoretical
value required to convert 100% of the steam, thus with Faradic efficiency < 100%.
Moreover, the group showed that it is even possible to run the cell with no steam or CO;
supply at all (Faradic efficiency equal zero). They investigated cases of excessive
polarization and insufficient feedstock supply. Both groups indicated existence of a short
circuit voltage (SCV) in all of the experiments. The values were in the same range of
1.6 — 1.8 V. Similarly, our in-house experiments showed possibility of injecting electric
currents larger than that required for 100% electrochemical conversion of feedstock
chemicals, though, no saturation potential difference was observed. Up to date literature
investigated probability of electrochemical decomposing of the electrolyte, however,
arriving at mixed conclusions. None of the efforts examined consequences of running
the cell under mildly mixed conduction mode. Such effort is made here.

Few models are available in the open literature, describing the transport in a mixed
conducting electrolyte. Naefe (Naefe 1997) authored a good review of modelling mixed
ionic-electronic conductors. Chan et al. (Chan et al. 2002) proposed an electrolyte model
for oxygen pump and a solid oxide fuel cell. They analysed the effects of multiple
parameters on oxygen permeation in YSZ and doped Bi,O3 electrolytes. Jacobsen and
Mogensen (Jacobsen & Mogensen 2008) analysed the course of oxygen partial pressure
across the electrolyte in view of delamination process occurring in the solid oxide fuel
cells. The above models focused solely on electrolyte processes. Modelling studies on
complete cells based on mixed conducting membranes are only handful and limited to
membranes conducting protons and ions, not electrons (Virkar 2012, Demin et al. 2007,
Bertei et al. 2012). An interesting approach was undertaken by Milewski et al. (Milewski
et al. 2012). In their book, the authors proposed an equivalent circuit model for SOFC
based on an assumption that YSZ has small electronic conductivity. Nevertheless, after
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close inspection, the model simplifies to a linear equation when electronic resistance is
set to infinity. This makes the model non generic, and thus limits its applicability.

In the following chapter the author theoretically confirms that operating an SOEC in
extreme polarization conditions or insufficient feedstock supply results in switching
from dominantly ionic to dominantly electronic conduction mode, consequently
lowering the Faradic efficiency to near 0%. The author proposes a theoretical framework
for the prediction of polarization curves, calculation of OCV and feedstock chemicals’
conversion in such conditions. Proposed model is reducible to a widely accepted form
for the pure ionic conduction and, thus, is proved generic. The author concludes that the
assumption used to derive the relation between oxygen partial pressure and electrolyte’s
conductivity is not valid for extremely low oxygen partial pressure (or extremely high
oxygen partial pressure/chemical potential difference). Furthermore, the common
practice of estimating hydrogen, carbon monoxide or syngas production rate in SOEC
using the Faraday’s law is questioned. Lastly, the author suggests that the proposed
mechanism of switching to electronic conduction may occur in all pumping
electrochemical cells, not only in those based on 8YSZ electrolyte. Proposed model is

expected to be able to model such cells reliably.

3.5.2 Theory

3.5.2.1 Electrolyte material properties

The detailed mechanism of conduction in YSZ is well studied (Park & Blumenthal 1989)
and will not be discussed. Here only the main points are briefly presented.

Using the Krdger—Vink notation the following defect reaction holds for doping of ZrO>
with Y20s:

Y,03; = 2Y'z + Vg + 305 (3-74)
Where Y, is a charged Yttrium atom on a Zirconium site, Vg is a doubly negatively
charged oxygen vacancy and OF is a neutral oxygen on an oxygen site.

It can be written in a nonstoichiometric form for low oxygen partial pressure (Patterson
etal. 1971):

0% > 2e + V; + %Oz(g) (3-75)
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where e’ is a negatively charged electron and 0,(g) is an oxygen molecule in gaseous
form.
Reaction equation (3-75) is used to derive the reaction constant from the law of mass

action.

K = [V;1[e1?[0,(9)z (3-76)

Gaseous oxygen concentration may be replaced with oxygen partial pressure3,p02 =
Pmixture|02(g)], or fugacity?. It is assumed that the concentration of oxygen vacancies
is constant (Brook et al. 1981) and therefore, electron concentration is only a function
of oxygen partial pressure. This assumption holds when [Vg] > [e’]. This assumption
will be revisited later in this section.

From Equation 3-76 the electron concentration can be written as:

1

[e] = K[V5]™"p,” (3-77)

Using the well-known relation, electron conductivity can be calculated if mobility of the
carriers does not depend upon its concentration (Patterson et al. 1971, Minh & Takahashi
1995).

1

oo = [e1lqlue = Klqlue[Vs]1'p,* (3-78)
2

where we is the carrier mobility and it can be calculated from diffusivity using the Nernst-
Einstein relation (Van Zeghbroeck 2011), while the diffusivity can be obtained

3 The reaction constant and following conductivities are function of pressure ratio across the
membrane, rather than absolute pressure. However, it is conveniently assumed that pressure on
the air side of YSZ membrane is constant and equal to 0.21 atm. In real electrolytic cell this is
true given sufficiently large air flux on the air electrode side.

* Despite that fugacity is the proper parameter in most of the formulae presented, the author

decides to use oxygen partial pressure as is traditionally accepted.
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experimentally (Park & Blumenthal 1989). Following similar treatment hole
conductivity is proportional to the oxygen partial pressure via power law with exponent
Ya,

1

oy pgz (3-79)

From the assumption of the constant oxygen vacancy concentration arises the constant,
independent of p,,, ionic conductivity.

One may expect the air side of the electrolyte, due to high concentration of oxygen from
air, to be permanently in ionic conduction mode. However, as seen from Equation 3-76
and due to equilibrium of Fermi level at electrode/electrolyte interface, any electrolytic
bias will affect conductivity four times stronger than oxygen partial pressure.

Above assumptions are experimentally confirmed for oxygen partial pressures in the
range 1 — 102 atm, temperature 600 — 900 °C and ZrO, doped with 8 mol Y203 (8YSZ)
(Park & Blumenthal 1989). Literature reported conductivity data are presented in the

second column of Table 3-1.

Table 3-1 — Literature (Park & Blumenthal 1989) and fitted conductivity data. The formulae

follow the Arrhenius type expression.

Parameter Literature data Fitted data

lonic conductivity Q'cm™ | 1.63x10%exp(-0.79eV/KT) 1.31x10%xp(-0.79eV/KT)

1

Electron conductivity

Qlem?a

1

1.31x107exp(-3.88eV/KT)p,* | 9x10%%exp(-3.88eV/KT)p,

Hole conductivity Q*cm™ 2 L

1

2.35x10%xp(-1.67eV/KT)pg | 2.35x10%xp(-1.67eV/KT)pS,

Electron diffusivity 2.30x10%exp(-2.00eV/KT) 2.30x10%exp(-2.00eV/KT)
cm?s?

Hole diffusivity cm?s™ 0.23 exp(-1.15eV/KT) 0.23 exp(-1.15eV/KT)
Electron mobility 8.02x10%xp(-1.89eV/KT) 8.02x10%xp(-1.89eV/KT)
cm?styvt
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Table 3-1 continued

the simulated electrolyte 2

Parameter Literature data Fitted data
Hole mobility cm?st v 0.85 exp(-1.05eV/KkT) 0.85 exp(-1.05eV/KT)
Electron concentration in L E

1.04x10%%exp(-1.99eV/kT)p,,* 7x1028exp(-1.99eV/kT)p;2E

Hole concentration in the L

simulated electrolyte @

1

1.72x10?'exp(-0.62eV/KT)p}, 1.72x1021exp(-o.62eV/kT)pgz

& oxygen partial pressure is given in atm
One of important characteristics of an electrolyte is a ratio of ionic/electronic

conductivity to total conductivity. It is a definition of transference or transport number.

ty = —%&— (3-80)
k

oij+0etop

In the case of YSZ it is most often assumed that t; is equal to 1 and ten is O (Stempien et
al. 2012, 2013, 2013, Petipas et al. 2013, Ni 2012, Cai et al. 2010), where subscript i
stands for ionic and eh for electronic. However, as shown in the experiments (Pham &
Glass 1998, Schefold et al. 2009), it is possible to operate the cell with ti<1.

The experimental results of Schefold et al. (Fig. 3-5), Pham and Glass, and our in-house
experimental data all present the same sigmoidal shape indicating existence of three
distinctive processes. In the low current region, the cell works in the dominant ionic
conduction mode, a slight increase in potential difference is observed with increasing
current. In the mid current region, a sharp increase of current is observed, this is related
to transition between ti=1 to ti=0. When tj goes below 1 an increase in total current is
needed to sustain the ionic current equal to the number resulting from established
electrolysis rate. The third region features only a small increase in the potential
difference with the increasing current, it is related to a dominant electronic conduction
and the potential difference increase is due to an ohmic loss and a concentration
overpotential. Sharp increase in potential difference at high current densities is typically
assigned to mass transport limitation. However, use of modern electrodes is expected to
minimize such loss. It seems reasonable to explain the commonly observed potential

difference surge by a combination of drop of ionic transport number and mass transport
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loss, rather than the later alone.
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Fig. 3-5 — Experimental data from Schefold et al. and simulation results from YSZ properties
extrapolated from reported literature conductivity values (Park & Blumenthal 1989).
Temperature was set to 810 °C, pressure 1 bar, oxygen partial pressure on fuel side ~102 bar
and 0.21 bar on air side. Literature conductivity data used to simulate continuous line are

reprinted in Table 3-2. Simulated cell parameters are given in Table 3-3.

Fig. 3-5 shows experimental data of Schefold et al. and simulation based on the
conductivities reported in the literature (Park & Blumenthal 1989) (Table 3-2). Used
model equations are derived and described in a later section. Large discrepancies are
observed between the experimental and simulation data. This indicates inapplicability
of the conductivity data. Quick analysis of the reported open circuit voltage reveals that
initial pressure on the fuel electrode side is of the order of magnitude 102° atm, therefore
the cell was operated in the region outside the confirmed dominant ionic conduction.
Conductivity data for oxygen partial pressure below 102° atm is required. Due to the
lack of such data in the open literature it is here fitted for the purpose of further analysis.
The sigmoidal shape of the I-V curve is influenced by two parameters. The power
exponent of the pressure in conductivity data controls the slope of the transition or

medium current part. The pre-exponential constants of all three conductivities influence
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the magnitude of maximum potential difference (short circuit voltage, SCV). Such
dependence allows for relatively easy fitting of extrapolated conductivity data.

After conductivity data adjustment, defect concentrations must also be amended. It is
assumed that diffusivity of the charge carries is unaffected. It is worth revisiting
assumptions regarding the power exponent of pressure term in conductivity data. From
the theoretical point of view, increased electron conductivity means that the
condition [V;] > [e’] is no longer valid at the extremely low oxygen partial pressures.
Therefore, the power exponent of the pressure term should be changed. From the
experimental results, it follows that the absolute value of the power exponent should be
decreased in order to stretch the transition between dominant ionic and dominant
electronic conduction. Indeed, recent results by Pietrowski et al. (Pietrowski et al. 2013)
showed that diffusivity of oxygen isotope is constant with oxygen partial pressure.
However, surface exchange coefficient showed power law dependence on oxygen partial
pressure with exponent of 0.1 and 0.7 for two different YSZ faces. Later the author
showed that the first value is closer to value fitted for experiments of Schefold et al..

In the above formulations and in the conductivity data oxygen partial pressure is a
ubiquitous parameter. However, some readers may be confused as there should be no
oxygen on fuel side of the cell. The values used for calculations are derived from
thermodynamic equilibrium of the feedstock chemicals. It is obtained by minimizing the
Gibbs function of a given gas mixture at a given temperature and pressure (i.e. the
chemical potentials of mixture constituents are equilibrated).

Such universality of one parameter suggests using it as an indicator of design
performance. Therefore, a map can be created to relate the oxygen partial pressure of
the feedstock chemicals with their conversion (an equivalent of fuel utilization in fuel
cells). Such a map can be used to judge if any given design conditions meet requirement
for operation with 100% Faradic efficiency and therefore, the use of simplified SOEC

model to calculate the electrolysis yield and polarization curve.

3.5.2.2 Electrolyte modelling
A current injected into an electrolyte can be divided into an electronic (electrons and
holes) and an ionic part.

I =1+l (3-81)
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The ionic and the electronic contributions to the total current can be calculated by

multiplying the current with respective transport number, i.e.:
Ii = tl'I Ieh = tehl (3'82)

The ionic current is due to a movement of oxygen ions through the YSZ membrane,
whereas the electronic current is due to a movement of electrons and holes. In the fuel
cell mode oxygen ions’ flux is in the opposite direction to the electrons’ flux, while in
the electrolyzer and the oxygen pump contrary is true. When respective molar flux is
multiplied by the charge it carries and Faraday constant (charge of a mole of particles),

a current term can be obtained.
I = zyFNy, + z,FN, + z;FN; (3-83)

where F is the Faraday constant (96485.33 C mol™), I is current A, Nk is a molar flux
mol st. Charge, z, of a hole is equal to 1, an electron is equal to -1 and an oxygen anion
is equal to -2. A molar flux of the carriers can be calculated by Nernst-Planck equation
with the convective terms omitted (Naefe 1997, Chan et al. 2002).

D —_
Nk = —ﬁckVﬂk (3-84)

where Dy is diffusivity of charge carriers m? s, R is the universal gas constant (8.31 J

K mol?), T is the temperature K, cx is concentration of charge carriers and [ is

electrochemical potential of charge carriers. Diffusivity of charge carriers can be
obtained experimentally by a time lag method (Park & Blumenthal 1989). The
concentration of charge carriers can be obtained by comparing the steady state
conductivity measurements with the non-steady state time lag mobility measurement,

Equation 3-76 (Park & Blumenthal 1989). By splitting the electrochemical potential into

chemical and electrical term, [, =ux + ¢/F (Broensted & Laerebog 1943), one can obtain

a flux expression in terms of concentration gradient and applied electrostatic potential

difference.
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Nk = —DkVCk - %chkV(p (3'85)

where ¢ is the applied electrostatic potential.

Equation 3-85 can be used to calculate electronic current through the electrolyte. To do
so, it must be put into an equivalent form of Equation 3-83 for the electronic current
(last term is omitted). Presented solution follows the one given by Jacobsen and
Mogensen (Jacobsen & Mogensen 2008), alternative solutions were reviewed by Naefe
(Naefe 1997) or proposed by Chan et al. (Chan et al. 2002).

2
ten = —F(DpVep — DeVee) — % (Dpcp = Dece)Ve (3-86)

Assuming that the oxygen reaction occurs only outside of the electrolyte in its vicinity
(only partially applicable to modern cermet and composite electrodes), follows that the

ionic current must be constant throughout the electrolyte.
i, = —0;Ve = const (3-87)

The above is not true for electron current and hole current. However, due to the
electroneutrality condition, their sum must remain constant within the electrolyte (above
assumption is not valid if an electronic double layer develops near electrode/electrolyte
interface). Moreover, the product of electron and hole concentration must be constant

within the electrolyte.
K =c.cp (3-88)

With the above assumptions, equation (3-86) has an implicit 1D solution for the
electrons concentration along the location within the electrolyte (x) in the form taken
from Jacobsen and Mogensen (Jacobsen & Mogensen 2008).

ﬂ ce(x) + 1 %

FVeo ce(0) \/1_4DkK(FV(pDeF)2

De \ RTig
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\
2
FV@DeF 4DpK (FV@DeF\? FV@DeF 4DhK FVq;DeF |
2 RTi,), ce(X)+1+ \/1 De \ RTiy, 2 RTi,), ce(0)+1+ |1— RTleh
In (3-89)
FV@DeF _ |, _4DpK(FveDeF\? FV(pDeF _ 4DhK FVq;DeF
lz RTigp, Ce(0)+1 \]1 De \ RTigy 2 RTi, Ce(a)+1- [1- RTleh J

where x is 0 at the fuel electrode interface and ¢ (electrolyte thickness) at the air electrode
interface. The method for solving this equation is described by Jacobsen and Mogensen.
Originally, Jacobsen and Mogensen proposed to assume a value for ce(), as it is not, in
principle, known. However, the total concentration of the electrons is reported in
literature (Park & Blumenthal 1989). An extra iteration step is required in order to get
real values of cex). After obtaining Cey), it is integrated over the thickness of the
electrolyte in order to get the total concentration of electrons. This value is compared
against experimentally obtained electron concentration. Adjustment is made to Ce() until
satisfied convergence is obtained.

The above approach shows the method for simulating Solid Oxide Cell’s (SOC) or
oxygen pump’s electrolyte without the assumption of pure ionic conductivity. Despite
the electron and hole distributions are calculated in all simulation cases, they are not
presented in this chapter for the sake of reporting clarity. In the remaining of this chapter,
the author models the whole cell operated in all conductivity modes and with Faradic
efficiency lower than 100%. To the best of author’s knowledge such model was never
reported in the literature.

3.5.2.3 Solid Oxide Electrolyzer cell modelling

In the case of operating SOEC in a mixed conduction mode classical formulae should
be evaluated for ionic current only. Extra terms are required to account for electronic
transport. These terms take an equivalent form to the previously discussed.

The equilibrium potential difference no longer consists only the open circuit term, but
also a short circuit term (due to an electronic conductivity and electrostatic potential
difference). To calculate the short circuit voltage, one must realize that the full short
circuiting of the cell occurs when ti=0, i.e. electronic transport is dominant. From the
conductivity data, it is possible to estimate oxygen partial pressure, pscv, at which ti=0

and this pressure must be used in the denominator of the short circuit voltage expression.

1

Pscy = lim (M)E (3-90)

t;i—0 tive
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where m is the power exponent of conductivity and ye is thermally activated pre-
exponential factor for conductivity. The above formula is valid only at low oxygen
partial pressures. Rigorous form of the equilibrium potential difference is given as:

Ey = t;0CV + t,,SCV = t; %ln (pl—fd) + tehgln (”l—fd) (3-91)

Pfuel electrode Pscv

The concentration loss due to the flow of electrons from electrolyte/electrode interface
to current collector is calculated from Ohm’s law and is assumed negligible. Conversely,
one must consider the concentration loss due to oxygen transport in the fuel electrode.
It can be conveniently described by Darcy’s law or Fick’s law.

The activation loss for the electrodes can be adequately described with Butler-Volmer
equation for electron transfer. Though, due to transferring the charge in form of an
electron, it can be neglected.

The ohmic loss should be calculated for ionic and electronic currents respectively:

Nonm = 2 + el (3-92)

O Oeh
Following the above treatment, the equation for the total cell’s voltage takes the form:

E= EO + Nonm + tinact electrodes + tehncon oxygen (3'93)

where the first term describes equilibrium potential difference, which includes OCV and
SCV, the second term describes ohmic loss in the electrolyte due to ionic and electronic
carriers, the third and fourth describe concentration and activation loss due to ionic
transport, the fifth term describes concentration loss due to oxygen transport in the fuel
electrode.

When ti is equal to one and the ten is equal to zero Equation 3-93 is reduced to classical
and represents the case for pure ionic conduction. In the opposite case, Equation 3-93
represents the case of pure electronic conduction. Such feature makes the proposed
model generic.

The Faradic efficiency indicates how much current injected into the cell is actually used
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to mobilize oxygen ions, and thus convert the chemicals. It can be calculated directly

from the ionic transport number with the following equation.

Nraraaic = 7225 X 100% = 2L 5 100% = £; X 100% (3-94)

total total

In the present study conductivity data from the literature is used in the p,, range of 0.21
— 5x102° atm and fitted data is used for partial pressure corresponding to ten=1. In the
gap between above regions linear interpolation is used to calculate ti and ten. It is worth
noting that an alternative approach would consider fitting the transport numbers, rather
than the conductivity. The benefit of such approach would be a much simpler fitting and
solution for the problem. Nonetheless, exact distributions of charge carriers within the
electrolyte would be more difficult to obtain.

In (Nasarallah & Douglass 1974), Nasarallah and Douglass proposed a model for ionic

transport number in low oxygen partial pressure region with the following expression.

t; = L . (3-95)

1+const><p;§[Y2 03] 2

where the constant is thermally activated with activation energy equal to 21.8 kcal mol
1

3.5.3 Results and discussion

The above equations were solved using Aspen HYSYS® V7.2 (Aspen HYSYS) with
Peng-Robinson’s equation of state (Robinson et al. 1985). The summary of the simulated
cell’s parameters is presented in Table 3-2. In the simulation it is assumed that both
steam and carbon dioxide undergo electrolysis and additionally both inlet and outlet gas
compositions are brought to chemical equilibrium. The electrolysis reactions are
assumed to be simple and to follow Arrhenius type Kinetic constants. Pre-exponential
factor, y, refers to frequency of molecules’ collisions and typically decrease with increase
of molecules mass. Energy of activation, Eac, refers to probability of reaction’s
occurrence and this probability typically decreases with the strength of chemical bonds,
resulting in increased energy of activation. The reaction volume is calculated as a triple

phase boundary (TPB) volume (assuming the TPB area of 2 A?, the value is based on an
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average size of involved atoms, i.e. Nickel, Yttrium and Zirconium). TPB length density

is taken from 3D imaging study (Guan et al. 2011).

Table 3-2 — Summary of the parameters used in the simulation.

Parameter Value

Electrolyte material ZrO; doped with 8 mole of Y203 (YSZ)

Fuel electrode material Ni-YSZ cermet

Air electrode material LSM-YSZ composite

Operational pressure 1 bar

Operational temperature 810, 895 °C

Cell active area 45 cm?

Fuel flow rate 230 sccm (validation), 5 sccm (simulation)

Air flow rate 1500 sccm (secures constant composition on air

side) (validation), 5 sccm (simulation)

Electrolyte thickness 10 pm

Fuel electrode thickness (+ | 200 um

support)

Air electrode thickness 35 um
Porosity 30 %
Tortuosity 5

Average pore radii 0.5 um

TPB length density 4x10%° m cm®
TPB area 2 A?

H20 electrolysis kinetic data y=1.2x10°% Eat=1.2 k] mole™

CO: electrolysis kinetic data y=5%10°, Eact=1.3 kJ mole™
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3.5.3.1 Validation of the electrolyte properties at poy, < 1072°

The experimental results of Schefold at al. were used to fit and validate the electrolyte
properties. The experimental results obtained by the group are most representative to the
case discussed in this section. The operation of the SOEC with a feedstock of hydrogen
and nitrogen was reported at two temperatures, 810 °C and 895 °C. The first set of the
results was used to fit the electrolyte properties, while the second one was used to
validate it (Fig. 3-6).

Cell potential/V
-

0.8
0.6
® Simulation fit (810C)
0.4 1 = Experimental results used for fitting (810C)
02 - ® Simulation validation (895C)
= Experimental results used for validating (895C)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Current density/A cm-

Fig. 3-6 — Fitting and validation curves as compared to experimental results from Schefold et
al., fitting curve obtained at 810 °C and validation curve obtained at 895 °C.

In the presented simulation results, there is a certain change of trend. In the fitted curve
(810 °C) at low current densities simulation underestimates the performance (i.e.,
predicts higher potential difference), whereas at high current densities it overestimates
the performance. Opposite trend is observed in the validation curve (895 °C). The
discrepancy is due to running the fitting case entirely below p,, = 10~%%ar, i.e. it uses
the fitted electrolyte conductivity properties for all points. The validation case is run
partially on the literature conductivity data and partially on the fitted conductivity data.
Moreover, in the fit curve, it seems like operation in dominantly ionic conduction mode

has little overpotential at all. It is owing to the lack of detailed description of the
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experimental cell in (Schefold et al. 2009). The parameters used in the simulation were
the same as obtained previously (Stempien et al. 2012). Nevertheless, the exact match

in the region above p,, = 10729 is irrelevant for the purpose of this study.

3.5.3.2 Discussion of the extrapolated electrolyte properties

The electrolyte properties reported in the open literature as compared to the fitted
properties are presented in Table 3-1.

Fig. 3-7 shows on the left axis the estimation of short circuit oxygen partial pressure as
a function of temperature. The difference between the fitted properties and the literature
properties reaches several orders of magnitude. The values based on the literature data

is outside of the validated range, the same is the case for the fitted data.
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Fig. 3-7 — On the left axis: Short circuit pressure estimation as a function of 1/RT for literature
conductivity data (Park & Blumenthal 1989) and fitted conductivity data. On the right axis:
Short circuit voltage, as a function of temperature, observed from experiments (Pham & Glass
1998, Schefold et al. 2009), literature conductivity data (Park & Blumenthal 1989) and fitted

conductivity data. Points refer to experimental short circuit voltage.

In the range of temperatures 700 — 900 °C the short circuit oxygen partial pressure varies
from 10 to 103! atm for the fitted data. The value for 800 °C is about 106 atm.
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However, infinitesimal these values may seem, it is important to underline that they
correspond to the Faradic efficiency of 0%, and the change between 100% and 0% is
expected to occur over a wide range of orders of magnitude. Therefore, the deviation
from 100% Faradic efficiency is expected to start at much higher oxygen partial
pressures. According to the literature data the change of ti, and thus the Faradic
efficiency, occurs over 15 orders of magnitude at 800 °C, hence starts at 103 atm. It
was highlighted in the previous section that the change in Schefold et al.” experiments
was observed to occur over a wider segment. The drop of the Faradic efficiency from
100% to 0%, with use of the fitted data at 800 °C, occurs over roughly 30 orders of
magnitude, hence starts at 101® atm®. Luckily, this indicates that drop of the efficiency
IS not as severe as expected from the literature conductivity data (Park & Blumenthal
1989). However, it starts at much higher oxygen partial pressures.

The short circuit voltage observed in the experimental results of Schefold at al. and
Pham & Glass are shown together with the values estimated from fitted and literature
data on the right axis of Fig. 3-7. It is seen that fitted data represents the short circuit
voltage well.

Interestingly, Schefold et al. (Schefold et al. 2009) suggested that short circuit voltage
can be altered by electrolyte thickness adjustment, however, our theoretical
consideration yields that it is only a function of temperature. Pham and Glass (Pham &
Glass 1998) observed partial oxidation of electrolyte after operating at the short circuit
voltage, whereas in Schefold et al. paper (Schefold et al. 2009) it was not observed.
Discrepancy may be due to the different simulation setups, i.e. plug flow in Schefold et
al. work (Schefold et al. 2009) and constant volume in Pham and Glass work (Pham &
Glass 1998). According to Weppner (Weppner 1977), a reduction potential of ZrO-
doped with 10 moles of Y20z is 2.32V at 800 °C. If so, one may expect that the operation
at short circuit voltage for extended period of time will lead to a permanent reduction of
the electrolyte. Schefold et al., however, suggests that the observed short circuit is a
“self-defence” mechanism of YSZ against reduction. It seems that plug flow design

allows for operation at short circuit potential for extended time without noticeable

°> Note that the value is inside the range of literature data. Caution is recommended when using
the data at the around 10-%° atm. In this section, literature data is used up to 5x10% atm, later

linear interpolation is done between literature and fitted data.
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electrolyte reduction. Nevertheless, the electrolyte is thought to eventually undergo
irreversible reduction, if given sufficient time. Similar would be the case for other
electrolyte materials, as the behaviour is due to the nature of ‘pumping’ operation of
SOC, rather than properties of material used. Such theoretical observation may be
difficult to validate experimentally, due to expected premature failure connected with

other high potential difference degradation mechanisms (Chen et al. 2013).

3.5.3.3 Conditions for operating SOEC in dominantly ionic conduction mode. Simple
map of oxygen partial pressure for SOEC feedstock chemicals mixture®

Fig. 3-8 shows the equilibrium partial pressure of oxygen at 700, 800 and 900 °C and
pressure 1 bar. Three feedstock chemicals’ mixtures were chosen to represent operating
the cell on steam, carbon dioxide, and combination of both. Investigated cases include
H2/H20 with molar ratio 5/95, H,/CO> with molar ratio 5/95 and H2/H>O/CO> with
molar ratio 5/50/45. The calculation is done at the open circuit conditions. Operating the
cell at high temperatures gives higher oxygen partial pressures for carbon dioxide
electrolysis. Opposite is the case for operation at low temperature. The switch occurs at
827 °C, which is the equilibrium temperature of Water-Gas Shift reaction. Comparing
the slope of short circuit pressure as a function of temperature on Fig. 3-7 and feedstock
chemicals’ oxygen partial pressure on Fig 3-8, it seems that lowering the temperature
will decrease the short circuit pressure faster than the feedstock chemicals’ oxygen
partial pressure. Therefore, lowering the temperature may secure wider operational
window for SOEC. It should be noted that the slope of the feedstock chemicals’ oxygen
partial pressure is expected to decrease with increasing injected current, due to mass
transport in the porous electrode and oxygen pumping through the electrolyte. Operation

at high current densities will diminish gains associated with lowering the temperature.

® To create the fuel map, the mixtures’ Gibbs function is minimized and assumption is made on

equal rate of reduction of steam and carbon dioxide. The full model is not solved.

69



Chapter 3. Fundamental aspects of Solid Oxide Electrolyzer Cell operation

(1000/RT)/ mol kJ*

0.133 0.143 0.153 0.163 0.173
1E-13 : . . :
1E-14 -

3

o]

D

5 1E-15

wn

)

S

= 1E-16 -

<

o

§7 1E-17 -

2 e CO2

X

o
1E-18 {  =====H20/CO2

H20

1E-19 -

Fig. 3-8 — Equilibrium oxygen partial pressure of different fuel mixtures at OCV conditions.
827 °C is temperature of equilibrium between hydrogen/steam and CO»/CO mixture. Line at this

temperature would be straight.
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Fig. 3-9 — Exemplary calculation of bulk equilibrium oxygen partial pressure of fuel mixture at
700, 800 and 900 °C. Presented results do not consider partial pressure of oxygen at the interface
between electrode and electrolyte, and thus cannot be used directly to calculate transport
numbers, or Faradic efficiency. The mixture is being balanced with 5% hydrogen. 827 °C is the
temperature at which hydrogen/steam and CO,/CO mixture is at equilibrium, i.e. non-reacting

conditions.
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Next the author analyses the effect of feedstock chemicals’ conversion on the
equilibrium partial pressure of oxygen. Exemplary calculations at 700, 800 and 900 °C
as a function of feedstock chemicals’ conversion are presented in Fig. 3-9. Again, near
827 °C the curves nearly interlay each other. At feedstock chemicals’ conversion of

about 90% and 800 °C the cell has p5“** < 1072 and electrolyte’s conductivity data

is unknown. Similarly, at 700 °C almost entire operation of the cell is in the region
outside of the experimentally identified YSZ electrolyte properties. It is important to
stress that the reported partial pressure is in the bulk not at the interface, i.e. it does not
consider pressure drop due to mass transport through porous electrode and pressure drop
due to oxygen transport through the electrolyte. It is expected that the effective pressure
at the electrolyte/electrode interface is lower. Therefore, at high fuel utilization,

assumption of pure ionic conduction may be invalid.

3.5.3.4 Simulating SOEC operated in excessive polarization conditions or with low
feedstock chemicals supply

Results for SOEC simulation operated in excessive polarization conditions are presented
in Fig. 3-10. The temperature of operation was set to 810 °C, the ambient pressure to 1
bar and the flow to 50 sccm (83% molar H20, 13% molar CO2, 4% molar Hz). The
summary of the simulation parameters used is given in Table 3-2. The presented
calculations include the influence of applied electrostatic potential difference on the
oxygen partial pressure. Darcy’s law was used for fuel electrode to model drop of
oxygen partial pressure at high feedstock chemicals’ conversion, and thus calculation of
concentration loss. The results show that at feedstock chemicals’ conversion greater than
80% the Faradic efficiency rapidly drops below 100%. This corresponds well to the data
from Fig. 3-9. The consideration of mass transport and electrolyte influence restricted
the allowable conversion to 80% from previously expected >90%. Respective surge in
potential difference is due to combined effect of concentration loss and switch to mixed
conduction in YSZ. It is worth noting that Faradic efficiency is reaching ~5%, not 0%.
This is due to a constant supply of steam and carbon dioxide irrespective of polarization.
Zero efficiency is expected in the case of finite volume setup, like in the experiments by
Pham and Glass. Moreover, in such setup it is expected to observe a drop in conversion
due to depletion of the feedstock chemicals at high charge densities (note use of charge,
rather than current in this setup). Feedstock chemicals’ conversion is calculated from

ionic current density and therefore, it departs from linear when ionic transport number
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departs from unity. Maximum feedstock chemicals’ conversion 1is achieved
simultaneously to short circuit voltage. Increasing injected current density further may

result in YSZ reduction and cell failure as described in the previous section.
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Fig. 3-10 — Exemplary results for SOEC operating at 810 °C in the dominant ionic, mixed and
dominant electronic conduction modes. The cell was fed with 83% molar H,O, 13% molar CO,
and 4% molar H.. On the left axis: The continuous line represents the cell potential difference.
On the right axis: The dashed line represents Faradic efficiency and the dashed-dotted line

represents feedstock chemicals’ conversion.

3.5.4 Conclusions

The above chapter theoretically explores the possibility of operating Solid Oxide
Electrolyzer Cell based on zirconia electrolyte in conditions with extreme oxygen
chemical potential difference. Such circumstances result in decreased Faradic efficiency,
hence are not desirable. Moreover, they can occur if the cell works with improper design
conditions or is exposed to polarization surge from an intermittent energy source.

A theoretical model is extended from ‘standard’ model in order to simulate SOEC
working in the abnormal conditions, as well as in normal conditions. Material properties

required for running the simulation are extrapolated and fitted from the reported
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literature data for 8-mol YSZ. Validity of the model is confirmed alongside experimental
results. Proposed model can be simplified to a generally accepted form constructed on
the assumption of pure ionic conductivity.

Fitted conductivity data is analysed and predictions are made to assure operation with
high efficiency. Simple fuel map is reported, showing the allowable design conditions
for operating SOEC. Moreover, the assumption of power law exponent for conductivity
data is revisited and judged invalid in extremely low oxygen partial pressure gas
atmospheres. A correction for the value is suggested.

Sharp increase of potential difference at high current densities in modern electrodes is
judged unlikely to be triggered only by the concentration loss. Drop of ionic transport
number is suggested as an explanation of the potential difference rise. That is especially
reasonable in electrolyte supported cells.

It is shown, that commonly used practice of estimating hydrogen/syngas production rate
from Faraday’s law cannot be applied unambiguously. Presented model could be used
to correctly calculate the electrolysis yield.

Lastly, it is suggested that similar loss mechanism can occur in electrochemical cells
based on different electrolyte materials. Proposed model can be modified for simulation
of such cells. In case of solid oxide cells no changes are required except the material
data. In case of liquid electrolyte cells it is necessary to consider convective term in the
Nernst-Planck equation, formula equation (3-84).

3.6 Physical principles of establishment of equilibrium
potential in a co-electrolysis Solid Oxide Electrolyzer Cell

This chapter has been published in a modified form as JP Stempien, Q Liu, M Ni, Q Sun,
SH Chan. Physical principles for the calculation of equilibrium potential for co-

electrolysis of steam and carbon dioxide in a Solid Oxide Electrolyzer Cell (SOEC),
Electrochimica Acta, 147, 2014, 490.

3.6.1 Introduction

The Open Circuit Voltage (OCV) is a very important parameter related to the
performance of the cell. The OCV reflects the lowest electrical voltage needed for
electrolysis reaction or the highest electrical voltage possible to draw from the fuel cell.

High values of the OCV are deemed in fuel cells, whereas low are preferred in
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electrolyzers. The open circuit voltage of a typical cell is defined by the electrochemical
potentials of oxygen on Ni-YSZ/YSZ and LSM-YSZ/YSZ interfaces, i.e. the fuel and
air electrodes’ interfaces or Triple Phase Boundaries (TPB)’. In the literature the
calculation of OCV is based on the Nernst equation. However, this equation is hard to
use for a reacting (through WGS reaction) gas mixture such as those composed of CO3,
H>0, CO and H (most common gas mixture for co-electrolysis). In order to circumvent
the above issue many authors often assume that the mixture is not reacting, as will be
shown in the results section, this assumption is invalid. Moreover, feeding the cell with
CO2 and H20 creates uncertainty in regard to which of the gases is actually electrolyzed
and to what extent. This issue is usually approached by assuming that only H20O is being
electrochemically split and CO: is being transformed to CO via Reversed Water-Gas
shift (RWGS) reaction. (Note that this assumption neglects the benefit of SOEC

technology mentioned above).

CO, + H, - CO + H,0 (3-96)

Stoots et al. developed the first model for co-electrolysis (Stoots et al. 2009). They
assumed that the gas mixture is in an equilibrium state via the Water-Gas Shift reaction
and then calculated the potential for either CO2 or H20, which were supposed to be equal.
Becker et al. (Becker et al. 2012) performed economic analysis of producing liquid fuels
via co-electrolysis of CO2 and H>O and the Fischer-Tropsch process. They adapted the
simplified model of SOEC where they assumed that both CO, and H.O undergo
electrochemical reduction, however, they only included H2O in the calculation of the
OCV. The authors based their model on the one from (Stoots et al. 2009). Ni (Ni 2012a,
2012b) calculated the equilibrium potentials for H2O electrolysis and CO2 electrolysis
separately, based on Nernst equation. During operation, the working potentials for these
two electrolysis reactions were assumed the same while their equilibrium potentials
were not due to their different overpotential losses. Xie and Xue (Xie & Xue 2012)
focused on surface chemistry occurring during co-electrolysis and proposed to use the
oxygen conduction reaction to estimate the OCV. Their model required the knowledge

" The electrochemically active part of the electrode, where the gas phase, the Ni/LSM phase and

YSZ phase meet
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of activity of interstitial oxygen, oxygen vacancy and oxygen in air. The authors did not
report the value of equilibrium potential. Stempien et al. (Stempien et al. 2012, 2013,
2013) modelled the SOEC for co-electrolysis and the equilibrium potential for H,O and
COz co-electrolysis was weighted by their molar fractions. Li et al. (Li et al. 2013)
investigated elementary reactions involved in co-electrolysis, but assumed that only H.O
contributes to the Nernst equation. Recently, several new models analysing co-
electrolysis were published (Kazempoor & Braun 2014, 2014, Luo et al. 2014).
Kazempoor and Braun assumed that H20 is the only electrochemically active specie,
whereas Luo et al. computed the OCV indirectly from the charge balance equation
assuming that ratio between H.O and CO: electrolysis is 2.2:1. To the best of our
knowledge these are the only publications considering the co-electrolysis, none of them
were focused on the calculation of basic characteristic, such as equilibrium potential
(OCV).

In this chapter, the models for calculating OCV are summarized and compared with
experimental results. Based on the comparison, a simple method is identified for cases
with high temperature and low content of CO. Furthermore, the author proposes the use
of Mixed Potential Theory (MPT) to improve the accuracy of OCV prediction in cases
with high CO> content or low temperature. The MPT model predicts that the observed
OCYV is the superposition of potential differences imposed by more than one reaction
occurring on the electrochemical interface. To the best of author’s knowledge, the MPT
model was never used to calculate the equilibrium potential of co-electrolysis. Presented
report is the first to consider the calculation of open circuit potential of co-electrolysis
SOEC.

3.6.2 Theory

Theoretically, an electrochemical cell can support any reaction performed with use of
ions. The requirement is in availability of an electrolyte transporting those ions.
Reactions involving splitting of water, carbon oxides, sulphur oxides and nitrogen
oxides can be conducted in a solid oxide cell which transports oxygen ions. Electrolytic
splitting of water and carbon dioxide is of the most interest for energy industry. The
oxygen ion conducting electrolytes are for example YSZ, ScSZ, SDC or GDC.

The reaction occurring in an SOEC can be split into two half reactions assigned to both

electrodes. The cathodic half reactions for steam and CO; electrolysis are as follows

75



Chapter 3. Fundamental aspects of Solid Oxide Electrolyzer Cell operation

H,0 + 2e~ - H, + 0~ (3-97)
CO, +2¢e~ - CO+ 0~ (3-98)
0, + 4e~ — 207 (3-99)

And the anodic reaction is
0% =20, + 2e” (3-100)

Assuming that the electrolyte is a pure oxygen-ion conductor® the energy barrier
required to start the reaction can be calculated from the difference of oxygen
electrochemical potential between the Triple Phase Boundary (TPB) of the anode and
cathode at the equilibrium condition. The electrochemical potential can be written in
general as

g =pu°+ RTIna + zF¢ (3-101)

Where u° is the standard chemical potential and can be calculated from the Gibbs
energy of specie at given temperature and pressure, a is the activity of specie and for the
ideal mixtures is equal to the specie partial pressure, ¢ is the inner, Galvani, potential
including the contribution from the interface, z is the number of electrons involved in
each electrochemical reaction, R is the universal gas constant, T is the temperature and
F is the Faraday constant. From the above the inner potential cannot be determined
experimentally.

The inner potential is the sum of outer potential (MVolta potential, i) and surface
potential, y. The inner potential and the surface potential cannot be determined
experimentally. Only the difference of the inner potential of two electrodes can be
measured and at zero current flow, that is the OCV. The outer potential arises from any
free charge on an interface and can be measured with a Kelvin probe. The surface

potential arises from the special arrangement of interface and can be further

8 See our previous publication for discussion of this assumption (previous chapter)
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distinguished into two contributions. The above terms are often used to derive the
absolute electrode potential which could be in principle used to calculate the equilibrium
cell potential. A large research effort in this area can be attributed to Trasatti (Trasatti
1974, 1982, 1986, 1990). A recent review was done by Fawcett (Fawcett 2008).

Conditions for the equilibrium require that the pressure, temperature and
electrochemical potential at both electrodes are equal. Thus, one can calculate the

difference of Galvani potential (the OCV) resulting from the activities (a) difference as

ApeqFz = par — U3 + RTIn (222) (3-102)

Qan

Since the temperature, pressure and specie (oxygen in the case of typical SOEC) is the
same on both electrodes u2,, — ul, = 0.

Thus, one can write

Apeq = = In (24) (3-103)

Aan

Equation 3-103 is a form of the Nernst equation and is valid for any non-reacting gas
mixture

In case of oxygen ion conductor, it can be written as

Apeq = = in (Fkeet) (3-104)

zF [Oklan

where the concentration of oxygen vacancies ([Ox]) at the cathode site is dependent on
a contribution from each of the reactions Equation 3-97 to 3-100. Under the conditions
of equilibrium and ideal gas it can be represented by the partial pressure of oxygen on
both sides of the cell.

Interestingly, the standard approach is actually to derive the form of Nernst equation
from an overall functional reaction of the cell, rather than the electrolyte, e.g. the
hydrogen or carbon monoxide production. Thus, most often used form, referred in this

section as the standard model, is
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. 1
2
Apeq = Ad® +In Zato, (3-105)

DPH,0

where A¢° is the standard equilibrium potential equal to standard chemical potential
difference (difference in Gibbs function at standard temperature and pressure) divided
by zF, power exponents in the partial pressure terms follow from the stoichiometric
coefficients of the cell reaction Equation 3-100 (in the case of hydrogen producing cell).
The Mixed Potential Theory was first proposed by Fleming (Fleming 1977) to explain
the physical principle of nonideal behaviour of YSZ oxygen sensor operated in the gas
mixtures of oxygen and CO». The work of Fleming unleashed a torrent of research on
so-called Non-Nernstian sensors allowing the detection of hydrocarbon combustion
products, including CO, CO, H2 and H2O. Anderson and Graves (Anderson & Graves
1981) later proposed a similar model for YSZ oxygen sensor, but included a chemical
kinetics’ contribution from electrode boundary layer. The proposed model is not widely
used, despite its potential to include electrode kinetics in the calculation of equilibrium
potential. Brailsford et al. (Brailsford et al. 1998) (and references therein) proposed a
model similar to Fleming’s, however, considering more species taking part in the
establishing of equilibrium potential. Their model is based on the same physical
principles as the Fleming’s model. More recently, Wachsman et al. (Wachsman et al.
2001) questioned the universal applicability of the Mixed Potential Theory by giving
the example of sensors working without reference electrode, i.e. one chamber sensors
(for fuel cell equivalent please see (Hibinio et al. 2000, Nagao et al. 2010)). The authors
counter proposed to use Differential Electrode Equilibria theory. Reviews covering the
current models used in sensor science can be found in (Lopez-Gandara, et al. 2009,
Fergus 2011).

According to the Mixed Potential Theory the measurable potential difference is the
superposition of potential differences resulting from reactions Equation 3-97 — 3-99, as
described by Equations 3-104 and 3-105. The contribution of each reaction is dependent
on the coverage of reactant gas species at the TPB, and the potential difference at

equilibrium can be written as
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cat

Aul / A
Apeq = 0o, [% In (I;?J,i.):l + 61,0 [ B0 1 B ln (—pHZ Poz)] + 6¢o, [ £os 4

07 2F 2F PH,0

o In (22rez )| (3-106)

Pco,

Where 6; is the coverage of specie i, and Au® is the standard chemical potential
difference of reactions Equation 3-97 and 3-98 and can be calculated from the Gibbs
energy difference of respective reaction. The partial pressure of all species is obtained
by minimizing the Gibbs energy of initial gas composition, thus the condition for non-
reacting gas mixture is met. The coverage of other species, like hydrogen or carbon
monoxide also needs to be calculated as it is thought that covering of fuel electrode’s
TPB with product gas may increase the observed equilibrium potential.

To calculate the coverage of respective specie the author assumes the adsorption process
to follow the Langmuir isotherm. The consideration of appropriate adsorption isotherm
was recently published by Mocoteguy and Brisse (Mocoteguy & Brisse 2013). In the
following work, however, the author assumes that the empty site does not influence the
calculation of equilibrium potential and therefore used coverages are relative to other
adsorbates only, but not the empty site. Thus, a modified Langmuir adsorption law is

used. The coverages are calculated from a following expression.

_ Kjpj .
b= YiKip; (3-107)
Where K represents the adsorption constant of specie i and p; is the partial pressure of

specie i. The adsorption constant is calculated from the kinetic gas theory

K; =K exp (%) (3-108)
Where Qi is the enthalpy of adsorption, K/ is the standard adsorption constant, R and T
are as defined before.

The values of enthalpy of adsorption and standard adsorption constant reported in the

literature are given in Table 3-3.

79



Chapter 3. Fundamental aspects of Solid Oxide Electrolyzer Cell operation

Table 3-3 — The values of enthalpy of adsorption and standard adsorption constant reported in

the open literature.

Specie | Enthalpy of adsorption | Standard  adsorption | Source
kJ mol? constant

CO 135.7 - 167.36 5.127x10" — 3.6x10? | (Fleming 1977, Hou &

or 475 — 1490 Hughes, 2001)

CO2 18.828 — 64.852 0.76 — 2.62 (Kester 1974)

H20 13.2—-18.6 0or56—113 | 0.16 — 9.251 (Hou & Hughes 2001)

H> 13.8 — 19.25 or 86.1 — | 5.68x101° - 103 (Hou & Hughes 2001, Horiuti
112.968 & Toya 1965)

0 83.68 — 439.32 1.7x108 (Fleming 1977, Malyshev et al.

1977)

The values of enthalpy of adsorption and standard adsorption constant reported in the
literature were found for Nickel, except CO2 where the values are for ruthenium. The
range of the values is significant, thus fitting of the data to experiments is required. The
large ranges of values are due to multiple experimental set ups resulting in largely
different values. The author speculates that the discrepancy may be due to testing
different structural types of catalyst.

In previous chapter (chapter 3.5) the author examined the assumption of pure ionic
conduction in Solid Oxide Cells and proposed to use a more general formulae
incorporating an influence from the electronic conduction under certain conditions.

Taking account of those findings one can write

cat

RT p
A(pobserved = 0CV = tiA¢eq + tehﬁln (pg_czv> (3-109)

02

where t is the electrolyte’s transport number describing the ratio of ionic and electronic
conductivity to the total conductivity and A¢equiiiprium 1S the Equation 3-106.

Inserting formulae Equation 3-106 into 3-109 yields
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cat A 0 A 0
0CV = t;6,, [g In (p‘;i)] + t:0,0 [ 120 4 X in (—p”zvaZ)] + t;6co, [ £ 4

Po, 2F 2F PH,0 2F
cat
RT Pco+/Po RT Po
—In (—)] +t,—In ( 2) (3-110)
2F Pco, 4F Po,

Equation 3-110 describes the contribution to open circuit potential in the most general

case. It has never been reported previously.

3.6.3 Experimental

Equilibrium potential measurements were done on two types of cell. First cell was a
symmetrical Pt|YSZ|Pt and represented a case where equilibrium of half reactions is
expected on both electrodes. Second cell was a Ni-YSZ electrode supported cell of
configuration Ni-YSZ|YSZ|LSCF-GDC and represented the case of modern SOEC,
where lack of half reaction equilibrium on fuel electrode is expected.

Symmetrical Pt cells were prepared by a following method. Yttria-stabilized zirconia
(YSZ) electrolyte substrates were prepared from 8 mol% Y 203-ZrO, powders (Tosoh,
Japan) by a conventional die-pressing process, followed by sintering in air at 1450 °C
for 4 h.  After surface grinding with sandpaper (180 mesh), the electrolyte substrates
had dimensions of 18.2 mm in diameter and 1.0 mm in thickness. Pt paste was applied
onto the centre of each side of the electrolyte substrate and subsequently fired at 900 °C
for 2 h to form a complete symmetrical Pt cell with an electrode area of 0.5 cm?.
Ni-YSZ electrode-supported cell’s substrates were prepared by a die-pressing process
from powders of YSZ, NiO (J.T. Baker, US) and carbon black in a composition of 36,
54 and 10 wt% respectively. The carbon black was used as a pore former. The green
Ni-YSZ substrates were then fired at 900 °C to burn out the carbon black and to increase
the mechanical strength of the substrate and subsequently coated with YSZ film using a
suspension spray method. The coated Ni-YSZ substrates were co-sintered at 1400 °C for
3 h to obtain electrolyte/electrode bilayer structures with dense YSZ electrolyte films
supported on porous Ni-YSZ electrode substrates. The bilayer structures had dimensions
of ca. 18.3 mm in diameter, 0.8 mm in thickness for the Ni-YSZ substrate and 10 pm in
thickness for the YSZ film. A paste, which was prepared by mixing LSCF
(Lao.6Sro.4Coo.2Fe0.803, Nextech, US) powder and GDC (Gdo.1Cen.901.95, Nextech, US)
powder (50:50 in weight) with appropriate amount of ink vehicle (Nextech, US), was

then screen-printed onto the electrolyte side of the bilayer sample and subsequently fired
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at 900 °C for 2 h. The active area of the LSCF-GDC electrode was 0.5 cm2. To ensure
a good current collection, another layer of Pt paste was painted onto the LSCF-GDC
electrode surface followed by firing at 900 °C for 30 min.

Electrochemical characterization of the cell was carried out using an in-house built
SOFC/SOEC test station which included sample holder, vertical tubular furnace,
humidifier, temperature controllers, gas flow path, mass flow meters and
electrochemical measuring system. The cell was mounted to the sample holder with the
fuel electrode side sealed using a ceramic paste (Ceramabond 552, Aremco, USA) and
the oxygen electrode side exposed to the ambient air. To examine the OCV of the cell
under different operation conditions, fuel gases in various compositions of Hz, H20, CO-
and CO were introduced into the fuel electrode chamber at different temperatures with
an overall gas flow rate fixed at 50 sccm. The OCV data of the cell were recorded using
an Autolab PG30/FRA system (Eco Chimie, Netherlands).

3.6.4 Results and discussion

All the calculations were performed in Aspen HYSYS with Peng-Robinson equation of
state (Robinson et al. 1985). The calculation followed the methods described in the
theory section.

The measurements of Pt symmetrical cell’s OCV performed to aid presented discussion
are summarized as circles in Fig. 3-11 (a-c). Lines represent the OCV values as
calculated from the standard model equation (3-105) as used in (Stoots et al. 2009,
Becker et al. 2012, Ni 2012, 2012, Xie & Xue 2012). Fig. 3-11 (d-f) show the error of
used model in percentage terms. As seen, the values are considerably off those
experimentally observed. The error ranges from 10% to 20% in relative terms or from
0.1 to 0.16 V in absolute terms. Such discrepancy was not expected for H>O/H> and
CO./CO mixtures, as these are non-reacting mixtures. An explanation to the findings
could be that some oxidation occurs spontaneously at Pt electrodes or concentration of

reactant gases at the TPB are different than in the bulk for some other reason.
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Fig. 3-11 — Comparison of experimentally observed OCV values for Pt-cell (dots) and those
calculated with the standard model equation (3-105) (lines) (a-c). Prediction error of the standard

model (d-f). aand d refer to CO2/H; mixtures, b and e to H,O/H, mixtures and ¢ and f to CO,/CO
mixtures.
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To improve the prediction accuracy, instead of computing the equilibrium potential
based on reaction 3-97 or 3-98, the author calculates the equilibrium oxygen partial
pressure of the gas mixture and use the Nernst Equation 3-104 to predict the equilibrium
potential of reaction 3-99. The author assumes here that the concentration of oxygen
interstitial on anode’s and cathode’s TPBs are equal to the oxygen concentration in the
bulk of anode’s and cathode’s channels. The assumption is valid under the equilibrium
conditions. Such approach was recently used for a SOFC modelling by Milewski
(Milewski 2012). The results are shown in Fig. 3-12 (a-c) and the method error is shown
in Fig. 3-12 (d-f). The values based on oxygen partial pressure are surprisingly close to
the experimental values.

In the case of H2O/H2> mixtures the error is always below 1%, which can be considered
a good match and no further improvement is needed. In other words, reaction 3-97 is
much faster than reaction 3-99 and reaction 3-99 is setting the equilibrium value. This
is expected in the temperature range above 700 °C for cells with Pt electrodes.

In the case of CO2/CO gas mixture, the results are only acceptable for temperature above
850 °C. In the case of lower temperature, the error ranges from 1.5 to 4%. Due to
experimental difficulties the author could not measure all the OCV values at 700 °C. For
an unknown reason at 700 °C the cell did not achieve stable OCV value, the author did
not investigate into that. The sole recorded value should be, thus, treated with caution.
Nevertheless, it is observed that reaction 3-98 contributes to the mixed potential. In other
words, reactions 3-98 and 3-99 are of similar kinetics in the analysed temperature range
for a cell with Pt electrodes. Such behaviour is well described in the open literature
(Fleming 1977). Simple metal oxide’s electrodes and doped perovskite oxide electrodes
are described as creating even stronger mixed potential response, i.e. the reaction 3-98

is slower on those electrodes (Hibino et al. 2001).
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Fig. 3-12 — Comparison of experimentally observed OCV values for Pt-cell (dots) and those
calculated with the oxygen partial pressure model equation (3-104) (lines) (a-c). Prediction error

of the oxygen partial pressure model (d-f). a and d refer to CO2/H, mixtures, b and e to H,O/H,
mixtures and ¢ and f to CO»/CO mixtures.
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In order to compare the model based on oxygen partial pressure with measurements
from a state-of-the-art cells composed of Ni-YSZ fuel electrode, the author gathered
some of results from our past in-house cell testing. Fig. 3-13 (a-c) compares the standard
model, oxygen partial pressure model and the experimental observations conducted at
800 °C for water electrolysis and co-electrolysis with different content of COa. It is
observed that the discrepancy between the standard model and the measured equilibrium
potential values are more visible than in the Pt symmetrical cell case. As stated in above
paragraph, it is an expected phenomenon in temperatures below 1000 °C. The error of
the oxygen partial pressure method is more visible as well, despite the experiments are
conducted in high temperature, Fig. 3-13 (d-f). Interestingly, the lowest discrepancy is
observed for the second co-electrolysis experiments with H.O/CO2/H: gas feedstock,
however it must be noted that used gas mixtures were very close to stoichiometry (Table
3-4).

Highest discrepancy for the steam electrolysis was observed at gas composition of 97%
hydrogen and 3% steam, it was 4%. Analysing Equation 3-110 one may notice that the
observed mixed potential is a function of steam coverage. At only 3% steam in the gas
stream, the used adsorption model may be not accurate enough. However, more probable
explanation is that the actual gas composition could be different than experimentally set
or the quality of the YSZ film was not good enough (not dense enough). In the group’s
lab a bubbler is used to control steam content and hydrogen as a carrier gas for the steam.

Perhaps at low steam concentration this method is not very accurate.
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Fig. 3-13 — Comparison of experimentally observed OCV values for Ni-YSZ cell (dots) and
those calculated with standard model equation (3-105) and oxygen partial pressure model
equation (3-104) (a-c) (lines). Prediction error of the tested models (d-f). a and d refer to H,O/H,
mixtures, b and ¢ to CO./H, mixtures and ¢ and f to H.O/CO,/H, mixtures.
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As expected, the results for CO2/H> co-electrolysis of high CO> content are difficult to
predict. The error of oxygen partial pressure method reaches 8% for inlet gas mixture
95% CO2 and 5% Ho. Interestingly, the error of the standard model is dropping with
increase of CO, concentration. This may suggest that reaction 3-98 is similarly fast to
reaction 3-99 or 3-97 at high carbon dioxide concentration.

In the second case of co-electrolysis where, all CO2 H20 and H> are present in the inlet
stream, the oxygen partial pressure method seem to be very accurate, with the error
below 2% in all investigated cases. This suggests that reaction 3-97 and 3-98 are much
faster than reaction 3-99 in this case.

To further investigate the possible influence of mixed ionic/electronic conduction in the
electrolyte, the author checked the values of oxygen partial pressure of used gas mixtures
at the fuel electrode. Moreover, in order to elucidate the influence of composition in the
co-electrolysis cases the results with equilibrated gas compositions, rather than the inlet
gas compositions were compared. Non-reacting gas composition is summarized in a
table in Table 3-4.

Table 3-4 — Non reacting gas composition used in standard model calculations.

Case Inlet molar concentration Non-reacting molar concentration

Po, Pco Pco, PH, PH,0

Ni-YSZ H>0O: 0.03 H2: 0.97 3.9x102? - - 0.97 0.03
800 °C H20: 0.10 H: 0.90 5.1x102 - - 0.90 0.10
H20: 0.20 H: 0.80 2.6x102%° - - 0.80 0.20

H20: 0.30 H: 0.70 7.6x10%° - - 0.70 0.30

H20: 0.40 H: 0.60 1.8x10° - - 0.60 0.40

H20: 0.50 H.: 0.50 4.1x10° - - 0.50 0.50

H20: 0.70 H2: 0.30 2.2x10°18 - - 0.30 0.70

Ni-YSZ CO2: 0.20 H2: 0.80 2.5x1020 0.16 0.04 0.64 0.16
800 °C CO2: 0.40 H2: 0.60 1.7x10°% 0.24 0.16 0.36 0.24
CO2: 0.60 H2: 0.40 8.4x10™% 0.24 0.36 0.16 0.24
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Table 3-4 continued

Case Inlet molar concentration Non-reacting molar concentration
Po, Pco Pco, PH, PH,0
Ni-YSZ CO2: 0.80 H2: 0.20 5.8x10%® | 0.16 0.64 0.04 0.16
800 °C CO2: 0.95 Hy: 0.05 1.3x10%® | 0.05 0.90 0.00 0.05
Ni-YSZ | H20: 0.62 CO2: 0.11 H: 0.27 | 3.0x10® | 0.03 0.08 0.24 0.65
800 °C | H20:0.57 CO2: 0.19 H2: 0.24 | 4.0x10*® 0.04 0.15 0.20 0.61
H,0: 0.50 CO2: 0.30 H: 0.20 | 6.3x10°8 0.06 0.24 0.14 0.56
Pt H20: 0.20 H.: 0.80 8.8x10% - - 0.8 0.2
700 °C H>0: 0.50 H: 0.50 1.4x10°% - - 0.50 0.50
H>0: 0.70 H2: 0.30 7.7x102t - - 0.30 0.70
Pt H>0: 0.20 H2: 0.80 2.6x102° - - 0.8 0.2
800 °C H>0: 0.50 H: 0.50 4.1x10° - - 0.50 0.50
H>0: 0.70 H2: 0.30 2.2x10718 - - 0.30 0.70
Pt H>0: 0.20 H2: 0.80 3.0x10° - - 0.8 0.2
850 °C H>0: 0.50 H: 0.50 4.8x10718 - - 0.50 0.50
H20: 0.70 H2: 0.30 2.6x107Y7 - - 0.30 0.70
Pt C02: 0.30 C0O: 0.70 9.7x102% 0.7 0.3 - -
700 °C CO2: 0.50 CO: 0.50 5.3x10% 0.5 0.5 - -
CO,: 0.70 CO: 0.30 2.9x10% 0.3 0.7 - -
Pt C02: 0.30 C0O: 0.70 6.4x102%° 0.7 0.3 - -
800 °C CO,: 0.50 CO: 0.50 3.5x10% 0.5 0.5 - -
C0O2:0.70 CO: 0.30 1.9x10°18 0.3 0.7 - -
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Table 3-4 continued

Case Inlet molar concentration Non-reacting molar concentration

Po, Pco Pco, PH, PH,0

Pt C02:0.30 CO: 0.70 1.1x10°18 0.7 0.3 - -

850 °C C0O2: 0.50 CO: 0.50 5.9x1018 0.5 0.5 - -

C0O.:0.70 CO: 0.30 3.2x10°Y 0.3 0.7 - -
Pt CO2: 0.20 H2: 0.80 7.1x103 0.15 0.05 0.65 0.15
700 °C CO2: 0.50 H2: 0.50 8.6x10%2 0.22 0.28 0.28 0.22
CO2: 0.70 H2: 0.30 3.9x10% | 019 | 051 0.11 0.19
Pt CO2: 0.20 H2: 0.80 2.5x102%0 0.16 0.04 0.64 0.16
800 °C CO2: 0.50 H2: 0.50 3.8x10%° 0.25 0.25 0.25 0.25
CO2: 0.70 H2: 0.30 2.0x10°8 0.21 0.49 0.09 0.21
Pt CO2: 0.20 H2: 0.80 3.1x10%° 0.16 0.04 0.64 0.16
850 °C CO2: 0.50 H2: 0.50 5.3x10°8 0.26 0.24 0.24 0.26
CO2: 0.70 H2: 0.30 3.0x10Y 0.21 0.49 0.09 0.21

In all the cases of Pt symmetrical cell tested at 700 °C, the oxygen partial pressure is
below 102, however no significant pattern of discrepancy can be observed there,
therefore it is concluded that the electrolyte is working in pure ionic conduction mode
and thus last term in equation 3-110 is equal to zero. It is expected that same situation
occur for Ni-YSZ cell where the lowest oxygen partial pressure is an order of magnitude
higher than in the Pt-cell’s experiments. Moreover, all the cases with high prediction
error have rather high oxygen partial pressure (except the case for CO2/CO mixture at
700 °C in Pt-cell, however this is thought to be due to the mixed conduction).
Analysing the CO2/H: case, the author can conclude that the change in composition for
the measurements with the highest error are very insignificant, thus supporting the
requirement for use of MPT model.

Interesting observation can be drawn for the case of H.O/CO./H> co-electrolysis, where

despite the change in composition, the oxygen partial pressure is changed very little,
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accordingly the equilibrium potential is almost unchanged. This suggest that use of co-
electrolysis systems may be favourable due to 1) lack of significant mixed potential, 2)
no need for strict composition control, from electrical point of view, 3) stable electrolysis
process. It seems that content of CO» above 25% molar in balanced mixture (for 800 °C
it is 30% - 50% in feedstock) will require use of MPT model for the correct prediction
of the OCV.

To use the mixed potential theory several parameters needed to be fitted. These are the
enthalpy of adsorption and the adsorption constant for all species. As stated before, the
author assumed that the only gas causing the mixed potential is CO,. Furthermore, due
to the lack of availability of results at various temperatures, the author did not fit the
values of enthalpy of adsorption, but only the adsorption constant for oxygen and carbon
dioxide.

Modified Equation 3-110 was used to predict the OCV. The modification included
dropping the terms for steam and for mixed ionic/electronic conduction, therefore only

the first and the second last part remained.

cat

RT po Apdo RT Pco/Po
30 = 0, [0 (250)] g, [ 4 2 1 (2005 m

02 pCOZ

The fitting process consisted of estimation of adequate coverage of CO and O- required
to arrive at the observed OCV values. Based on the known gas composition and assumed

adsorption mechanism the ratio of :& is estimated. The author noticed that this ratio
CO>y

is not constant in all of the experimental cases. The temperature of all experiments was
constant, thus, the variation originates from the standard adsorption constant. According
to the Kkinetic gas theory the standard adsorption constant is equal to

KO =¥ (3-112)

vng

where ¢ is the condensation coefficient of sticking probability, 1° is the flux of gas
molecules at p=1 atm colliding with the unit area of surface per unit time, v is the
frequency of gas molecule vibration and ns is the number of TPB sites available for
adsorption. At least two of those parameters are thought to vary during the experiments.

The flux of gas molecules varies as the composition is changed and the total flux is kept

97



Chapter 3. Fundamental aspects of Solid Oxide Electrolyzer Cell operation

constant. The number of TPB sites available for adsorption varies as other gases (not
considered for OCV contribution) may in principle block access for CO, or O
molecules. The ratio of standard adsorption constant was found to obey following
relation (R?=0.971)

0

Ko, _ 19 _ Qco; =0, ;
o = 5.588 X 10%° exp (~8.4564cc, + 4 %%) (3-113)

where c¢o, is the carbon dioxide concentration of balanced, non-reacting gas mixture
and Qco, = 18.828 kJ mol™1, Qo, = 439.32 k] mol™1.

The comparison of all proposed models against the OCV measurements for Ni-YSZ cell
fed with CO2/H> gas mixture is summarized on Fig 3-14 (a, b). It can be seen that the
use of the MPT model halved the error of partial oxygen pressure model. Better results
could be achieved if adsorption of all the gases is considered.

The maximum error of mixed potential model is at 4%, the average error of the method
is 1.24% (R?=0.8678). The maximum and average error for oxygen partial pressure
method is 7.64% and 5.06%, respectively. For the standard model it is 14.58%, 12.97%
and 11.84%, 10.03% respectively for CO2 base and H20 base. Therefore, the mixed
potential model is shown to increase the prediction accuracy of equilibrium potential of
the Solid Oxide Electrolyzer Cell.
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Fig. 3-14 — Comparison of the experimentally observed co-electrolysis OCV values for Ni-YSZ

cell (dots) and those calculated by all investigated models (a) (lines). Prediction error for all
models (b).
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3.6.5 Conclusions

The presented study included the measurements of equilibrium potential (OCV) of a Pt
symmetrical cell and a comparison of different methods to predict it. The author
concluded that the standard model used in the literature cannot be employed accurately
to predict the OCV. However, the model based on oxygen partial pressure is accurate for
temperatures above 700 °C for Pt-based cases. The proposed model predicted co-
electrolysis OCV well.

Later, the author compared the standard model and oxygen partial pressure model
against the OCV measured in Ni-YSZ cells for electrolysis of steam and co-electrolysis
of steam and carbon dioxide at 800 °C. It was concluded that the standard model is not
accurate enough. The oxygen partial pressure model improved the prediction accuracy,
however, the error in cases with large amount of CO: in the feed stream was significant.
The author proposed to use the MPT model to predict the OCV. After fitting the
parameters semi-empirical formula was proposed to calculate the specie coverage which
allowed to decrease the prediction error to below 5% for CO2 concentration of 95%. For
lower concentrations the model was accurate to within 99%.

Therefore, it was concluded that the MPT model can be accurately used to predict the
OCV of electrolysis and co-electrolysis of the Solid Oxide Electrolyzer Cell with CO>
content above 25% (at 800 °C). The oxygen partial pressure model is accurate for co-
electrolysis with CO> content below 25% (at 800 °C). (Lastly, the author proposed a
relation between standard adsorption constants of oxygen and carbon dioxide that can
be used to predict the OCV at 800 °C for Ni-YSZ based cells (air electrode is assumed
to have negligible influence). The predicted values of OCV with use of oxygen partial
pressure and MPT (where applicable) models for selected conditions and Ni-YSZ based

cells are presented in Table 3-5.

Table 3-5. Values of OCV for selected operating cases of SOEC with Ni-YSZ based fuel

electrode.

Temp Inlet molar concentration ocv
H20: 0.03 Hz: 0.97 1.103

800 °C H20: 0.10 H2: 0.90 1.044
H20: 0.20 Hz: 0.80 1.007
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Table 3-5 continued

Temp Inlet molar concentration OoCVv
H20: 0.30 H2: 0.70 0.982
o H20: 0.40 H2: 0.60 0.961
800 °C H20: 0.50 H: 0.50 0.943
H20: 0.70 H2: 0.30 0.903
CO2: 0.20 H2: 0.80 1.014
CO2: 0.40 H2: 0.60 0.973
800 °C CO2: 0.60 H2: 0.40 0.948
CO2: 0.80 H2: 0.20 0.929
CO2: 0.95 H2: 0.05 0.842
H20: 0.62 CO2: 0.11 Ha: 0.27 0.897
800 °C H20: 0.57 CO2: 0.19 H»: 0.24 0.890
H20: 0.50 CO2: 0.30 H: 0.20 0.880
C02:0.2 H2:0.8 0.993
850 °C C02:0.5 H2:0.5 0.925
C02:0.7 H2:0.3 0.883
C02:0.2 H2:0.8 1.037
700 °C C02:0.5 H2:0.5 0.984
C02:0.7 H2:0.3 0.952
H20:0.2 H»:0.8 0.994
850 °C H20:0.5 H2:0.5 0.927
H20:0.7 H2:0.3 0.886
H20:0.2 H»:0.8 1.032
700 °C H20:0.5 H2:0.5 0.974
H20:0.7 H2:0.3 0.938

3.7 Summary of the author’s micro-model and the

validation

The model reported below has been used in all of the author’s systems level studies.

The Solid Oxide Electrolyzer Cell is often modelled by use of overpotentials. These
reflect the source of major losses and add up to the equilibrium potential resulting in I-
V characteristics of the cell. In this thesis, the author reports a simple kinetic and lumped
flow models with the electrochemical overpotential model to characterize the behaviour
of the SOEC. The electrochemical model accounts for the effects of temperature,
pressure, inlet gas composition and flow on the cell’s equilibrium potential and losses
related to electrode Kkinetics (activation loss), electrode microstructure (concentration

loss) and electrical properties of constituting materials (ohmic loss). A novel approach
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involving simple kinetic expressions is used to quantify the extent of co-electrolysis of
CO2 and H20.
Assumptions of the model:
e Steady state,
e [sothermal operation,
e Equilibrium of chemical reactions is always achieved (unless stated otherwise),
e Lumped chemical kinetics model,
e 1D electrochemical model,
e No degradation or structural changes occur in the cell,
e The electrochemical reaction occurs only at the TPB which is located at the
interface between electrodes and electrolyte,
e Conductivity of electrodes is much higher than that of electrolyte thus ohmic
loss is only considered for electrolyte,
e All of the gases follow Peng-Robinson equation of state,
e Water-Gas Shift reaction always reaches equilibrium,
e All fluxes are equally distributed along perpendicular plane to the charge flow
direction,

With an assumed current, the actual potential difference applied is determined by:

E= EO + Nohm + Nact an + Nact cat + Ncon an + Ncon cat (3'114)

where, 7onm IS 0hmic loss due to electrical resistance, 7act an & #act cat are activation loss
due to charge transfer at the anode and cathode, respectively, #7con an & #con cat are
concentration loss due to slow replenishment of reactants at the anode & cathode,
respectively

Electrical current is applied to the SOEC to allow oxygen ions to flow from the fuel
electrode to the oxygen electrode through the electrolyte.

The amount of produced syngas is calculated from the Faraday’s law:

no, = = (3-115)

4F

where A is the overall electrolyzer’s active area in cm? and ng, is the number of

transported oxygen ions through the electrolyte in mol s. The amount of oxygen
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originating from steam and carbon dioxide is regulated by amount of CO2/H20 supplied,
reaction rate constants and residence time in the reaction zone of Equations 3-116 and
3-117.

For the SOEC, oxygen ions can be produced through two reaction paths.

H20 + ze_ d HZ + 0= (3'116)
CO, + 2e~ - CO + 07 (3-117)

The conversion of carbon dioxide and steam to carbon monoxide and hydrogen (syngas)
is assumed to follow two steps. First, both gases are electrochemically co-electrolyzed
to various extent and later the resulting gas mixture is chemically balanced according to
Water-Gas Shift reaction. The Water-Gas Shift reaction is thought to achieve
thermodynamic equilibrium on Ni-based fuel electrode at 1073.15 K (equilibrium
temperature of WGS is 1100 K). The kinetics of co-electrolysis is modelled by simple
reaction rates and the Arrhenius expressions are as follows:

The reaction rates are modelled by Arrhenius equation:

k = yexp(— 22ty (3-118)

RT

After fitting to experimental data Equation 3-118 takes following forms for steam and

carbon dioxide electrolysis, respectively

ki,o = 1.2 X 105 exp (— %) (3-119)
keo, =5 X 105 exp (— %) (3-120)

3.7.1 Equilibrium potential

The calculation of the equilibrium potential difference (OCV) for co-electrolysis SOEC
was discussed in chapter 3.6 and is only briefly described here. The OCV is established
as a result of competition between three major electrode electrochemical reactions
according to the Mixed Potential Theory (MPT). These reactions are 3-116, 3-117 and
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0, + 4e~ - 20~ (3-121)

The MPT states that the resulting observed potential difference is established by the
slowest of the above reactions or the superposition of the above if they proceed with
similar rates. In chapter 3.6, it was concluded that reaction 3-116 is always fast, while
reactions 3-117 and 3-121 have similar rates if large amount (>50%) of carbon dioxide
is present in the inlet gas mixture. In this thesis, in all investigated cases, the amount of
CO:2 was below the threshold requiring the use of the potential superposition, thus use
of the Nernst equation with relation to equilibrium oxygen partial pressures is justified.

_ BT, (10%ear) _ RT ;. (P55 i
Eo =S in ([O_)_(]an) = ln(pg,;) (3-122)

where, [0y] is the concentration of interstitial oxygen at the anode/cathode interface
(the Triple Phase Boundary, TPB), po, is the partial pressure of oxygen in Pa at the
TPB (equal to partial pressure in the bulk if the equilibrium is established). R, T and F
are universal gas constant, temperature [K] and Faraday constant, respectively. The
above formulation includes intrinsic assumption on pure ionic conduction (see chapter
3.5 for the discussion of this assumption). In order to include effects of increased
pressure, the author has modified the above formula according to recent report by Henke
et al. (Henke et al. 2014). An alternative analysis of high pressure operation of a SOEC
was given by Todd et al. (Todd et al. 2014).

cat

RT , (p&% RT p
E,q = Eln( ‘;n) 5 n (1) (3-123)

Do, Pstd

where [0,] is the concentration of oxygen and p;4 is the standard pressure (101325
Pa).

3.7.2 Ohmic loss

The ohmic losses are the results of cell’s resistance to electronic carriers’ movement.
These include the electrons and ions. The cell’s electronic resistance is typically very
low, thus the loss due to electron movement is negligible. On a contrary, ionic resistance

of electrodes can be significant, however it is being lumped to the one of the electrolyte.
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The following formula described the conductivity of the YSZ electrolyte used in this

study:

(3-124)

0 =163 x 102 exp (— =7 )

kT

where ¢ is the ionic conductivity in S cm™, eV is the electron-volt, k the Boltzmann
constant.

The overpotential resulting from the above conductivity limit is then calculated from:

Nohm = — (3'125)

where ¢ is the electrolyte thickness in cm.
The ohmic loss is calculated with the assumption of pure ionic conduction (see chapter
3.5).

3.7.3 Activation overpotential

The loss resulting from the sluggish electrode kinetics is usually referred to as the
activation loss and is often described by the Butler-Volmer equation for electron transfer.
The electron transfer process for reactions 3-116, 3-117 and 3-121 is a two-step process
for the first two reactions and four-step process for the last reaction. The Butler-Volmer
equation describes accurately only a single-step process (single electron transfer) and
thus has been criticised to be inaccurate. However, it is the most common tool to describe
the reaction kinetics and proved to be good enough to describe the experimental results
and the influence of varying gas composition. In this thesis, the author has used the

general form of the equation, written as:

=y o () o (- o) 120

where i is the applied current density in A cm™, i is the exchange current density in A
cm2 and is a function of gas composition, temperature and pressure, z is the number of
electrons transferred in a reaction, « is the symmetry factor describing the favoured

direction of electron transfer reaction, # is the resulting overpotential in V.
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Costamagna et al. (Costamagna et al. 1999) proposed a model of SOFC’s electrode
based on particle coordination number and percolation theories, this model was later
used to relate the electrode’s microstructure with observed exchange current density of
a fuel cell by (Deng and Petric 2005). Ni et al. (Ni et al. 2007) used this approach to
perform a parametric study of SOFC performance. The author of this thesis applied this
approach to model the activation overpotential of the SOEC. The approach relates pore
and grain size of electrode, the contact angle and porosity with the exchange current
density. The resulting formulae for exchange current densities are:

H,0 726[Dp—(Dp+Ds)n|n [ (PH, | (PHo0\]¢ _ Eact,Hy0 )

lg"" = Kiyo DZDZ(1-V1-62?) [(pstd) (pstd )] exp ( RT ) (3-127)
.COp __ 726[Dp—(Dp+Ds)n|n [ (peo\ (Pcoz |1 _ Eactco, )

b " = keo, DZDZ(1-V1-6?) [(pstd) (pstd)] exp ( RT ) (3-128)
i02 — k 726[Dp_(DP+DS)n]n (pﬁ)’c ex (_ EaCt,Oz) (3_129)
0 02 D2D2(1-V1-62) \psia p RT

where @ is the contact angle between particles, Dy is the pore size, Ds is the grain size, n
is the porosity, k is the pre-exponential factor, Eac is the activation energy, R and T are
as defined before. The unknown parameters in the above formulae were fitted to match
the experimental data.

ig?® = 1.82527 x Tpy®1p333 exp (- =) (3-130)
:COz _ m.—0.29, 0.1 120

ly © = Tpco“ Pco, €xp (_ F) (3-131)
i9? = 151.55 x Tpg?? exp (- 22°) (3-132)

where, all partial pressures are given in bars and temperature in K, and the calculated
exchange current density is given in Am2,
Equations 3-130 and 3-131 are used for the fuel electrode, while Equation 3-132 is used

for the air electrode.
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3.7.4 Concentration overpotential

The concentration loss is the result of gas starvation due to the diffusion limitation of
gas transport in the porous structure of the electrode and the high fuel utilization. In the
following thesis, the author uses two separate approaches to describe the loss in the air
and the fuel electrodes. The air electrode concentration loss is due to permeation of
oxygen through the air electrode and has been described by Ni et al. based on Darcy’s
law (Ni et al. 2006) as:

2 .
bulk LRTMcat\
/j(pOZ ) + 4FBg

02 — K p| I (3-133)
Po, /

where u is the dynamic viscosity of oxygen, Bg is the permeability in m? and the

superscript bulk refers to the air electrode gas channel.
The loss in the fuel electrode is calculated based on the author’s developed empirical

formula and the approach of limiting current density. It can be written as follows:

RT ]
Neon = 25 In () (3-134)

ip—i
where i is the limiting current calculated as:

. Deff2F
=56
vOan

XCL'NL' (3'135)

where, Deft is the effective diffusivity (calculated as in Ni et al. 2006), Sy is the cell’s
active area in cm?, y is the reactant’s conversion factor, Ci is the reactant specie’s

concentration, and N; is the molar flux of feed stream in kg mol hour™.

3.7.5 Cell microstructure parameters

The parameters of the cell used in system level and fundamental level models are

summarized in Table 3-6.
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Table 3-6 — Summary of cell’s parameters.

Active area 16, 81 or 100 cm?
Materials Ni-YSZ|YSZ|LSCF-YSZ
Thickness Fuel electrode (Ni-YSZ): 500 um

Electrolyte (YSZ): 10 um
Air electrode (LSCF-YSZ): 30 um

Pore diameter 0.5 pm
Porosity 30%

Tortuosity 5

3.7.6 Validation of model

The author fitted the unknown parameters in the model, such as, charge transfer
coefficient and reaction kinetics, using the limited data available from the literature
(Graves et al. 2011) as well as in-house experimental results. An assumption is made
that the charge transfer coefficient does not change with the reactions. This assumption
is found to be slightly inaccurate for changes between electrolysis and co-electrolysis.
Validation range spans over a temperature range of 800 - 850 °C, mole flux of 625 —
1210 mol h’* m? without fuel electrode gas recycling considered. Extrapolation of the
range by 25% gives a temperature range of ~600 — 1000 °C and mole flux range of ~468
- 1512 mol h'* m. By comparison, simulation results covered a temperature range of
500 - 800 °C and mole flux range of 129 - 1289 mol h™* m™2.

The comparison of predicted results against experimental data from (Graves et al. 2011)
is shown in Table 3-7 and Fig. 3-15. The predicted results show very good agreement
with the data from (Graves et al. 2011).

Table 3-7 — Comparison of predicted feedstock conversion efficiency with data from (Graves et
al. 2011).

Case description Conversion % | Conversion % Remarks
(Gas composition) Literature Model
50% H20/50% H: 68 66.42 air at cathode side
50% CO./50% CO 51 48.32 air at cathode side
25%H>0/ 25%H2/ 25%CO> 59 57.82 air at cathode side
/ 25% CO
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Fig. 3-15 — Comparison of predicted I-V curve for H,O, CO; and co- electrolysis with data from
(Graves et al. 2011) and in house data. Curve-1 steam electrolysis 30% H,O/70%H, at 800°C,
Curve-2 co-electrolysis (Graves et al. 2011) 25%H20/25%H2/25%C0,/25%CO 850°C, Curve-
3 steam electrolysis (Graves et al. 2011) 50%H.0/50%H, 850°C, Curve-4 co-electrolysis
(Graves et al. 2011) 45%H,0/45%C0,/10%H. 850°C.

As shown in Fig. 3-15, the predicted results show a reasonably good match with group’s

own experimental data and it is posited that this model can be used for parametric study.
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Chapter 4. Carbon dioxide mitigation system

based on Solid Oxide Electrolyzer Cell

Broader context

In the world energy outlook 2014 report compiled by International Energy Agency;, it
has been unveiled that the global average temperature will increase by 3.5 °C or more if
the world continues to delay actions in tackling the climate change brought on by the
human activities. The report also pointed out that four-fifths of the total energy-related
CO2 emissions permissible by 2035 are contributed by the existing power plants,
buildings and related CO,-emitting industries. If stringent new action is not forthcoming
by 2017, the energy-related industry then in place will generate all the CO2 emission
allowed, leaving no room for additional power plants, factories and other infrastructure
unless they are zero-carbon (IEA 2014).

As mentioned in Chapter 1 anthropogenic CO. emissions lead to environmental
concerns of the world’s future. It is a serious problem unique to all nations and only
through international cooperation can such a problem be addressed and solved
collectively. Approaches involving the capture of CO2 and its storage in geological
formations and ocean or even reacting naturally occurring magnesium and calcium
containing minerals with CO> to form carbonates as mineral storage, and subsequently
used for cement production, have been suggested. However, for those nations with
limited land and resources such as Singapore, converting CO. to useful material
feedstock while reducing the overall carbon footprint would make more logical and
economic sense, taking into consideration of the development of novel technologies
along the carbon value chain.

Production of syngas from CO, and H>O, i.e., the main components in the flue gas,
through electrochemical means is one of the most practical solutions in reducing CO>
emissions, especially when off-peak power from the fossil power plants or renewable
energy such as wind turbines or solar PVs can be tapped from.

Many system studies on solid oxide fuel cell (SOFC) technologies and the integration
of SOFC to gas turbines have been conducted in the last decade. These studies were
based mainly on the analysis of the thermodynamic system using First Law of

Thermodynamics in conjunction with a techno-economical assessment, while some
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researchers applying the Second Law of Thermodynamics to analyse the overall plant
efficiency by calculating the exergy at each node of the thermodynamic system and the
respective exergy destruction in each system component (Oosterkamp et al. 1993,
Bedringas et al. 1997, Dincer & Cengel 2001). Literature review on SOEC modelling is
limited, especially co-electrolysis modelling (Fu et al. 2010, Ni 2012, Stoots et al. 2009,
Ni et al. 2006, Cai et al. 2010). Combinational energy and exergy analysis on SOEC
system is also very limited. It is important to know the extent of the losses distribution
in the thermodynamic system so that attention can be focused on improvement of a
particular system component or process. Such study can provide a basis to establish the
relationship between exergy analysis and environmental life-cycle analysis (LCA)
(Hardisty et al. 2012).

4.1 Energy and exergy analysis of CO2 mitigation system

This chapter has been published in a modified form as JP Stempien, OL Ding, Q Sun,
SH Chan, Energy and exergy analysis of Solid Oxide Electrolyser Cell (SOEC) working
as a CO mitigation device, International Journal of Hydrogen Energy, 37, 2012, 14518.

4.1.1 Introduction

This sub chapter presents a simple model for SOEC system, which is fed with flue gases
from a simulated power plant. The system consists of SOEC, heat exchangers and gas
separation unit. To prevent nickel from oxidising to nickel oxide in a practical operation,
the model considers the recirculation of product gases at the fuel electrode of SOEC.
The details of exergy analysis and causes of irreversibility can be found in (Chan et al.
2002, 2005, Cornelissen 1997).

4.1.2 Energy and exergy analysis

4.1.2.1 Energy analysis

The energy balance is the basis for investigating any energy process. It makes the energy
analysis possible and forms the base for developing the exergy balance. The analysis of
energy balance would unveil the efficiency of energy utilisation in a particular part of
the process and allow the comparison of efficiency and the process parameters with the
currently achievable values in most of the modern installations. Knowing the differences

will help set the priority to rectify issues related to excessive energy consumption or low
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efficiency of a particular process. Energy analysis applies the concept of energy
conservation with different forms of energy expressed as internal energy, enthalpy,
chemical energy, mechanical work, heat, electricity, etc. However, this energy balance
approach has some deficiencies as it is unable to differentiate the quality of energy.
Accordingly, under pure energy analysis, one cannot tell the difference in heat quality
which, however, depends on the heat source temperature, e.g., a 1 MJ of heat produced
by a solid oxide fuel cell (SOFC) operating at 800°C versus the same amount of heat

produced by a polymer electrolyte membrane fuel cell (PEMFC) operating at 80 °C.

4.1.2.2 Exergy analysis
The exergy concept is thus introduced to overcome limitations of the energy analysis.
The exergy expresses the practical value of any substance, and is defined as the
maximum ability of this substance to perform useful work relative to the human
environment. For this reason, modern approach to the process analysis involves exergies
in the equations, which offers a more realistic view on the entire analysis (IEA 2012, Fu
et al. 2010, Ni 2012). While the energy analysis is based solely on the First Law of
Thermodynamics, the exergy analysis is an approach taking the advantages of both the
First and Second Laws of Thermodynamics. Both analyses utilize the material balance
in the considered system. Analysis and optimization of any physical or chemical process
using the concepts of energy and exergy can provide two different views on the
considered process.
In the background of the exergy concept it is assumed that all the common human
environment components, available for free in unlimited amounts, are practically
valueless and their exergy is defined as zero. However, any matter exists at a particular
state (pressure and temperature) with a certain composition, which is not in equilibrium
with the environment, will have a certain useful value (exergy), which can be measured
as its potential to perform useful work. The exergy can consist of the following
components:

e Physical exergy — resulting from the temperature and pressure of a substance

measured with respect to the temperature and pressure of the environment,
e Chemical exergy — resulting from the difference in substance composition with
respect to the common components of this substance in the environment,
e Potential exergy — resulting from the substance location above the ground level,

e Kinetic exergy — resulting from its velocity relative to the environment.
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\ery often, under practical engineering considerations, only the thermal exergy, which
is the sum of the physical and chemical exergy, is taken into account. In this chapter,
only the thermal exergy is considered.

Physical exergy can be calculated using following formula

Eph = (hy — Tps1) — (ho — ToSo) (4-1)

where subscript zero stands for environmental conditions.

When exergy difference is considered, Equation 4-1 is simplified to

€ph1 — Epn2 = (hqy — hy) — To(s1 — s2) (4-2)
Chemical exergy of a mixture can be calculated using

Ecn = 2iYi€o + RTo X yi In(y;) (4-3)
where g,, is molar chemical exergy of species i and can be obtained from Kotas (Kotas
1985).
With the above thermal exergy, the total exergy of a j-th stream can be calculated as
follows

EX] = Ti] (Eph,j + ECh,j) (4-4)

The exergy of an electrical power is equal to itself (P,;), while exergy of heat delivered

is equal to (Kotas 1985)
: T
EXo=0(1-2) (4-5)
The exergy balance is thus expressed as in Perdikaris et al. (Perdikaris et al. 2010)
YINEX; + XnEXg + Poy — Your EXk — Xour EXg =1 (4-6)

where, Pe is the exergy input with electrical current, | are the irreversibilities

113



Chapter 4. Carbon dioxide mitigation system based on SOEC

In summary, an energy analysis of the conversion process of energy, which conserves
itself totally regardless of its quality, serves rather well for design calculations, whereas
the exergy analysis, which takes into consideration the quality of energy and does not

obey the conservation, serves mostly for practical estimation and analysis of the process.

4.1.2.3 CO2 mitigation system model

The modelling of the SOEC system, shown in Fig. 4-1, is performed on the Aspen®
Plus HYSYS platform. The software is useful for system analysis and optimization of
sub-components. The majority of sub-components, such as, reactors, heaters, and
splitters, are modelled using the standard elements found in the software. The
electrochemical model of SOEC is created with parameters, constants and equations
inserted into a spreadsheet of the software. The electrochemical model considers the
products of the chemical reactions, the Nernst potential and polarization losses, the

transport of ions, and separation and recirculation of the product gases.
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Fig. 4-1 — Schematic of simulated SOEC system.

In this model, it is assumed that the system is perfectly insulated and maintaining at a
constant operating temperature at open circuit voltage (OCV) condition. The
temperature of SOEC is directly related to the amount of heat generated due to chemical
reactions and other polarisation losses within SOEC. The chemical kinetic rates and
overpotentials of SOEC are also functions of temperature. It is also assumed that the

processes and reactions are all at quasi-equilibrium. Since all the performance related
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parameters are dependent on temperature, iterations are performed to compute SOEC

temperature, with known thermodynamic state at the inlets of SOEC, until the

convergence criteria is met. All energy fluxes are balanced and resulting flux (positive

or negative) is applied to increase or decrease temperature of material stream. For the

analysis, the CO2 mitigation system is modelled as a system that converts CO, and H20

from small fraction of the flue gases of a power plant into synthetic gases. It is assumed

that the power plant, where flue gases are emitted, is run on pure methane and the

combustion is complete. The conditions and assumptions made during the analysis of

the CO mitigation system are as follows:

Electrical efficiency of the power plant is 40%;

Air excess ratio is 1.1;

Combustion is complete and perfect;

Composition of inlet gases to CO. mitigation system (before mixing with
recycled stream) is as follows: CO2 = 18%, H>O = 35%, N2 = 47% by volume (it
is assumed that the oxygen is removed before entering the electrolyzer);
Temperature of inlet gases is at 110°C;

Inlet flow rate of the flue gas to SOEC is 200 | ht;

Inlet flow rate of air to SOEC is 320 | h'?;

Operating temperature of SOEC is 800 °C unless otherwise stated;

System is capable of recovering 30% of the waste energy from cooling;

Reference state for exergy calculations is 25°C and 100 kPa;

Key parameters of SOEC are listed in Table 4-1.

Table 4-1 — Parameters of SOEC for CO, mitigation system (Ni 2007, 2010).

Active area 81 cm?

Solid oxide electrolyser cell Ni-YSZ/YSZ/LSM

material (Anode/Electrolyte/Cathode)
Thickness Support =500 pm;

Anode, Cathode =12 pum;
Electrolyte = 15 um

Pore diameter (electrode) 3 um
Grain diameter (electrode) 1.5 um
Porosity (electrode) 0.4
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|

Table 4-1 continued

Tortuosity (electrode) 5

Ratio of length of grain contact 0.7

neck to grain size (electrode)

As seen from the Fig. 4-1, the system consists of 17 control nodes, in which 12 are
material streams and 5 are energy/exergy streams.

4.1.3 Results and discussions

Fig. 4-2 shows the respective overpotentials of SOEC model depicted in Fig. 4-1. It can
be seen that the activation loss at anode and cathode contributes significantly to the
overall overpotential. This indicates that the electrode kinetics for the electrochemical
reactions at the anode and cathode are sluggish. This is true as it is well known that the

reverse water-gas shift reaction is a slow reaction process.
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Fig. 4-2 — Analysis of overpotential losses for model result.

Figs. 4-3 — 4-5 show the predicted results at various EGR values under different

operating temperatures. It is observed that the performance of SOEC drops when the
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recycling ratio is increased for all temperatures under study. The drop of performance is
due to the dilution effect on the feedstock (CO. and H20), which leads to the change in
Nernst potential. The results also show that the performance of SOEC decreases with
lower operating temperature (as indicated by the higher voltage applied to achieve same
current). This can be explained by the increase in overpotentials, which is temperature
sensitive. It is noted that typical operating voltage for SOEC is about 1.5 V, which is
meant for considerable feedstock conversion with good efficiency at 800 °C. It should
also be noted that recycling of product gas is necessary to prevent the oxidation of nickel
into nickel oxide in the fuel electrode. For this reason, operating temperature of 800 °C

and recycling ratio of 0.1 were selected for the rest of the analysis.
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Fig. 4-3 — 1-V curves for different recycling ratios at 800 °C.
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Fig. 4-4 — 1-V curves for different recycling ratios at 700 °C.
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Fig. 4-5 — 1-V curves for different recycling ratios at 600 °C.

Fig. 4-6 shows the relation between the voltage and energy efficiency (blue line) of
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SOEC (defined as ratio of energy in syngas produced to energy consumed by the device
minus 30% waste heat recovered from the product gases). The result shows that the
energy efficiency increases with the voltage applied and peaks 50% at 1.37 V, thereafter
it drops with increasing voltage. At this optimal operating voltage, SOEC is in a
condition where all generated oxygen ions are transported through the electrolyte
(maximum feedstock conversion is reached) and, hence, any further increase in voltage
will only affect the kinetics of the reactions as it will be converted to heat and increase
temperature. This value is also close to so-called thermoneutral voltage (1.29 V for H.O
and 1.46 V for CO> at 800 °C) (Stoots et al. 2009).
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Fig. 4-6 — Relation between the voltage and energy efficiency, exergy efficiency and feedstock
conversion for the SOEC operated at 800°C and fed with 18% CO,, 35% H,0 and 47% N, the

recycling ratio was set to 0.1 (10%).

The relation between voltage applied and exergy efficiency is shown in Fig. 4-6, red line.
From the figure, one can see that the exergy efficiency increases with applied voltage
up to 1.37 V before it reaches a plateau at 60%. As explained above, this voltage is
where all the generated oxygen ions are transported through the electrolyte and any

excess input voltage will be converted to heat.
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The relation between feedstock conversion and applied voltage is shown in Fig. 4-6,
green line. As expected, the maximum feedstock conversion of 63.5% is achieved at
1.37V. The drop in feedstock conversion after 1.37 V can be explained by the stronger
influence of water-gas shift (WGS) reaction when the temperature of SOEC increases.

Fig. 4-7 depicts the relation between amount of CO> converted and the voltage applied.
The figure shows that the amount of CO2 converted increases with applied voltage until
1.37 V. Thereafter, there is a slight decrease in the amount of CO2 converted. This slight
decrease is due to the stronger influence of WGS reaction. At the optimal applied voltage,
about 3.5 kmol s of CO; is converted. For the given inlet conditions 5.288 kmol s? of

COgz is produced by the power plant, hence converted is 67.14% of CO..
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Fig. 4-7 — Relation between amount of CO. converted and applied voltage for the SOEC
operated at 800°C and fed with 18% CO,, 35% H-O and 47% Ny, the recycling ratio was set to
0.1 (10%).

Fig. 4-8 and Fig. 4-9 depict the difference between energy and exergy consumed per kg
of COz converted, respectively, under different voltage applied. In Fig. 4-8, the energy
consumed per kg of CO> converted reduces exponentially with applied voltage until the
optimal voltage is reached. Thereafter, the energy consumption increases steadily with

voltage applied. The minimum energy required to convert one kg of CO> is about 16.5
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kJ at 1.37 V. In Fig. 4-9, the exergy consumption per kg of CO2 converted also reduces
exponentially with voltage applied until the optimal voltage is reached. After which,
there is almost no change in exergy consumption when further increasing the voltage.

The minimum exergy required to convert one kg of CO; is about 7.2 kJ at 1.37 V.
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Fig. 4-8 — Relation between energy consumption per kg of CO, converted and applied voltage
for the SOEC operated at 800°C and fed with 18% CO,, 35% H,O and 47% N, the recycling
ratio was set to 0.1 (10%).
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Fig. 4-9 — Relation between exergy consumption per mol of CO, converted and applied voltage
for the SOEC operated at 800°C and fed with 18% CO,, 35% H,O and 47% N, the recycling
ratio was set to 0.1 (10%).

4.1.4 Conclusion

This section presented analysis of CO2 mitigation system based on the proposed multi-
level model of the electrolyzer. The system consists of SOEC, heat exchangers and gas
separation units. Energy and exergy analysis of the CO. mitigation system was
performed and presented under different conditions. For a given operating condition and
assumptions made, it was found that the optimal applied voltage for the SOEC system
is 1.37 V. At this optimal value, the system is capable of achieving the energy and exergy
efficiencies of 50% and 60 %, respectively. Results showed that at 800°C and voltage
1.37 V (current ~0.7 A cm2) there was ~63.5% maximum feedstock conversion and ~67%
reduction in CO2 concentration. The corresponding energy and exergy required to
convert one kg of CO> is 16.4 kJ and 7.2 kJ, respectively. It was also observed that the
electrode kinetics of the electrochemical reaction at the anode and cathode are sluggish,

which is inevitable due to the slow reverse water-gas shift reaction.
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4.2 Parametric study of CO2 mitigation system

This chapter has been published in a modified version as JP Stempien, Q Sun, SH Chan.
Performance of power generation extension system based on solid-oxide electrolyzer

cells under various design conditions, Energy, 55, 2013, 647.

4.2.1 Introduction

In the design of a thermodynamic system, one of the important steps is to analyse the
behaviour of the system under various design conditions (Stempien et al. 2012, Goplana
et al. 2008, Milewski & Miller 2006, Garton et al. 2012, Lawlor 2012). Objective of this
chapter is to study the operation of CO> mitigation system under various operating
conditions of temperature, exhaust gas recycling and mole flux of power plant flue gases
to SOEC. Later, the results of the simulation are processed and optimal cases for chosen

scenarios are indicated and suggested for the design of a real system.

4.2.2 Simulation set-up

The schematic of the system under study is depicted in Fig. 4-10. It consists of flue gases
and air compressors, heat exchanger to recover heat of exhaust from SOEC, electrical
heater and extra cooler in case too high temperature is generated inside SOEC. All the
balance-of-plant elements were standard Aspen HYSYS modules. If perfect and
complete combustion of fuel in the power plant is assumed and nitrogen is treated as
inert, then the exhaust flue gas would consist of nitrogen, water vapour and carbon
dioxide only. To prevent the fuel electrode from oxidation (by H20 and CO3), exhaust
gas recirculation (EGR) is necessary to maintain a desired reducing environment for the
fuel electrode. The amount of EGR is one of three parameters under analysis in this

chapter.
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Fig. 4-10 — Schematic of simulated SOEC system #2.

The proposed system is designed for a large-scale implementation; hence the analysis
of scaling up effect on the overall system performance is necessary. Molar flux of the
flue gas, which is defined as molar flow rate per unit active cell area, is chosen as a
parameter for the analysis of the system performance.

Other variable under parametric study is the operating temperature, which would
significantly affect the electrochemical performance of the cell.

The values for the three parameters under study are summarized in Table 4-2.

Table 4-2 — Values of temperature, mole flux and EGR used in the parametric study of CO,

mitigation system.

Temperature °C | Molar flux mol h* m 2 | Percentage of EGR
500 129 0.1 (10%)
600 258 0.2 (20%)
700 516 0.3 (30%)
800 1289 0.4 (40%)
- - 0.5 (50%)

The performance of the system was assessed using a set of indicators below:
e Electricity consumption W,
e Current density Am?,
e \DltageV,
e Electricity-to-syngas efficiency %,
e Steam conversion %,
e Carbon dioxide conversion %,

e Carbon dioxide conversion efficiency mol kwh™.
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4.2.3 Results and conclusions

Simulation created a vast collection of raw data, especially so when there are many
parameters that would affect the desired outcome, causing difficulty in result
presentation. One example of messy results presentation is shown in Fig. 4-11. The
author would like to underline that this research was first to analyse such specific
combination of parameters. Only comparison to previous works can be made based on
temperature variation, however, it is considered as trivial and scientifically insignificant,
thus it is not part of the study. The obtained results were processed in two ways. First,
all results with voltages higher than 1.8 V were removed as they are considered as not
realistic. Next, the remaining data was put in descending or ascending order (depending
on a case) and extreme values for each simulation were chosen. Exception was given to
electricity consumption data. These would allow the prediction of the point where the
cell is thermally balanced. For these data series, the switching point between cooling

and heating of gas stream was selected for plotting.
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Fig. 4-11 — Efficiency at a constant temperature as a function of voltage, percentage of exhaust

gas recycling (EGR) and molar flux — exemplary raw data. F/A stands for flow to cell area (i.e.
flux) and R stands for EGR factor.
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In Fig. 4-12 to 4-15, the maximum efficiency curves are presented. Highest value of
46.2% is obtained for voltage 1.54 V, EGR 10%, mole flow 1289 mol h** m? and
temperature 800 °C. At this temperature, the maximum efficiency does not drop below
40%. Acceptable results are also obtained at 700 °C for mole fluxes of 129, 258 and 516
mol h™* m. Operation at lower temperature is highly inefficient.
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Fig. 4-12 — Maximum efficiency at 800 °C.
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Fig. 4-13 — Maximum efficiency at 700 °C.
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Temperature: 600°C
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Fig. 4-14 — Maximum efficiency at 600 °C
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Fig. 4-15 — Maximum efficiency at 500 °C.

Fig. 4-16 and 4-17 present electricity consumption levels at thermally balanced state for
different operating conditions at 800 and 700 °C respectively. Increase in power
consumption at thermally balanced state is proportional to increase in mole flux.

Dropping the temperature from 800 °C to 700 °C causes the drop of electricity
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consumption by 250 W or 18%. For 500 and 600 °C thermal balance (flue gases are

delivered at 110 °C) of the cell was unable to achieve at voltage below 1.8 V. Cell
required heating at all operational conditions.

Temperature: 800°C
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Fig. 4-16 — Electricity consumption for thermally balanced cell at 800 °C.
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Fig. 4-17 — Electricity consumption for thermally balanced cell at 700 °C.

Fig. 4-18 to 4-21 present the efficiency of CO> conversion. Highest value is obtained for
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lowest temperature, EGR 40% and lowest mole flux. Each kWh delivered to the cell
utilizes 2.57 moles of CO.. Efficiency of CO2 removal is inversely proportional to mole
flux. Please note that the somewhat low values of operating voltage are due to exhaust
gas recycling which in general results in lowering the voltage at current densities close
to zero. The revers effect of temperature on cell efficiency and CO2 removal efficiency
can be explained by low heating demand and higher conversion rates at low
temperatures and low voltage. Reverse water-gas shift reaction may also play a crucial

role. Whereas, the efficiency of SOEC is generally inversely proportional to temperature.
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Fig. 4-18 — Maximum CO2 removal efficiency at 800 °C.
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Fig. 4-19 — Maximum CO2 removal efficiency at 700 °C.
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Temperature: 600°C
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Fig. 4-20 — Maximum CO2 removal efficiency at 600 °C.
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Fig. 4-21 — Maximum CO2 removal efficiency at 500 °C.

In Fig. 4-22 to 4-25 conversion of water vapour is presented. Lowering the temperature
and increasing mole flux dramatically reduces conversion of this species. For
temperature of 800 °C, only mole fluxes of 129, 258 and 516 mol h™* m can guarantee

the conversion of over 50% of gas stream. Similarly, this is also true for the case
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operating at 700 °C. Operation at lower temperature can give maximum 34.5 and 0.035%
conversion at 600 and 500 °C respectively.

Temperature: 800°C
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Fig. 4-22 — Maximum H20O conversion at 800 °C.
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Fig. 4-23 — Maximum H20 conversion at 700 °C.
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Temperature: 600°C

4\%‘—\1

30 V; Cnv=34.5%

&

— .

8 25 _|

o

2 i

>

8 20

(8] 2,
o . = 129 mol/(h m?)
T B = e 258 mol/(h m?)
€ g A 516 mol/th m)
£ e v 1289 mol/(h m?
= )

2 5 —

£G * w0
R 1% 50

Fig. 4-24 — Maximum H20O conversion at 600 °C.
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Fig. 4-25 — Maximum H20O conversion at 500 °C.

Fig. 4-26 to 4-29 present the conversion of CO.. All of the operating conditions

guarantee high utilization of CO,. Only at 500 °C and mole flux of 1289 mol h'* m?2, the
conversion drops slightly below 50%.
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Temperature: 800°C
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Fig. 4-26 — Maximum CO2 conversion at 800 °C.
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Fig. 4-27 — Maximum CO2 conversion at 700 °C.
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Temperature: 600°C
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Fig. 4-28 — Maximum CO2 conversion at 600 °C.
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Fig. 4-29 — Maximum CO2 conversion at 500 °C.

Finally, the author has prepared several scenarios for desired system design, i.e.

Maximum electricity-to-syngas efficiency,
Maximum H20 conversion,
Maximum CO2 conversion,

Lowest electricity consumption.
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For the scenarios recommendations have been made regarding operating conditions. The

recommended design conditions are summarized in table 4-3.

Table 4-3 — Recommended design conditions of CO> mitigation system.

consumption

Case Temperature | EGR % | Molar \oltage V | Corresponding

°C flux mol current density
h't m?2 Am?

Maximum 800 10-20 |516 —| 1.31- 9000 — 13000

electricity-to- 1289 1.54

syngas

efficiency

Maximum H20 | 700 — 800 10-50 | 129 0.98  —| 3000 -5000

conversion 1.83

Maximum CO; | 600 — 800 10-50 |129-258|0.94  —| 1000 - 8000

conversion 1.89

Lowest 700 10-50 |129 097 —|<1000

electricity 1.04

Due to aforementioned reasons, the raw data are not presented in this chapter. The

following remarks summarize the outcome of the study.

General findings:

e Influence of the temperature on the investigated parameters (electricity-to-

syngas efficiency, conversion of steam and carbon dioxide, power consumption,

I-V curves, CO- conversion efficiency) is far greater than the influence of EGR.

e Influence of mole flux is much greater than the influence of EGR.

e At high mole flux and temperature, the influence of EGR is more pronounced.

Electrochemical performance:

e Elevated temperature enhances the performance of SOEC.

e When increasing the mole flux, fuel utilization drops. Since products of the

reaction are recycled (EGR), change of mole flux affects the kinetic state of

water-gas shift reaction and gas composition at the cell interface, thus it

influences OCV. Increase in mole flux makes OCV higher. Higher mole flux
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ensures constant delivery of fresh flue gases (reactants), thus lesser concentration
loss and higher overall cell performance.

EGR has negligible effect on SOEC electrochemical performance.

Electricity consumption:

Elevated SOEC temperature would lead to lower total polarization loss and
hence requires less electrical power input to perform the electrolysis. Such
behaviour is directly related to improved energy conversion (electricity to syngas)
efficiency of SOEC

Higher mole flux would lead to higher electricity consumption, which is due to
increased energy demand for pumping the gases through the cell as well as
higher energy demand for heating.

EGR (10 —50%) has negligible effect on electricity consumption.

Electricity-to-syngas conversion efficiency:

Maximum efficiency is almost invariant with the operating temperature. With
decrease of temperature, values of maximum efficiency shift towards higher
voltages, which can be explained by lower electrochemical performance of
SOEC. The highest value of efficiency corresponds to transition point between
electrolyte controlled (ion flow) and electrode controlled regime of operation
(kinetics of co-electrolysis reaction).

Overall electricity-to-syngas conversion efficiency increases with the increase of
mole flux. At low temperatures, the increase is less profound than that at high
temperatures. Positive influence of the mole flux on the electrochemical
performance must be higher than negative influence on higher energy
consumption due to compressors work.

Influence of EGR is somewhat interesting. For mole flux of 516 mol h™* m and
1289 mol h* m2, increased EGR lowers the efficiency by 3 and 7%, respectively.
For low mole fluxes, the trend is opposite albeit slightly. The study revealed that
there exist two regions of operation where electrolysis and WGS reaction
dominate the processes occurring within the cell. At low mole fluxes electrolysis
is dominant process, while at high mole fluxes water-gas-shift (WGS) reaction
becomes dominant. The transition occurs between mole fluxes of 258 mol h m-
2 and 516 mol h* m™,
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CO- conversion efficiency:

At low temperature, performance of CO2 removal is favourable, which is due to
low heating demand and high conversion rate at lower temperature and low
voltage. For high mole fluxes and above 700 °C peak value of CO, removal
efficiency occurs at certain voltage, but it drops significantly with the increase
of voltage. The author speculates existence of peak value in whole range of
investigated conditions. Further increase in mole flux shifts the peak towards the
higher voltages.

CO. removal efficiency is dropping with mole flux. The drop is much greater for
low temperatures, than for high temperature. For 800 °C the drop is about 0.5
mol kwht, and for 500 °C it is about 1.2 mol kwh,

Influence of EGR on CO- removal efficiency depends on the voltage. For low
voltages increase in EGR drops the efficiency, while for high voltages the trend
is opposite. Transition point occurs at limiting step assigned to oxygen ion
transport controlled. This suggests that at some point concentration of gases flips

the direction of WGS reaction.

Steam and carbon dioxide conversion:

H20 and CO2 conversion drops with the increase in mole flux. For steam the
drop is higher at high temperatures. Opposite is the case for CO2, hence
behaviour can be attributed to WGS reaction.

Steam conversion at mole flux of 129 mol h't m is decreasing for low voltages
when EGR is increasing, at high voltages the trend is opposite. For all other mole
fluxes, increase in EGR decreases conversion. For CO2 conversion at all mole
fluxes and at low voltages, increase in EGR decreases the conversion, while at
high voltages increase in EGR increases conversion. In general, influence of
EGR is more pronounced for higher mole fluxes.

For low temperature and mole flux, three limiting steps in H.O and CO2
conversion can be observed. The authors posit that the first limiting step to be
sluggish kinetics of overall process at low voltages, second step can be linked to
the transport of oxygen ions through the electrolyte, and last step is due to
reaching maximum extent of electrolysis reaction for given thermodynamic state.
At 500 °C the optimal value of EGR is observed for CO, conversion. At molar

flux of 258 mol ht m2 recycling of 20% of product stream results in highest CO>
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conversion. At mole flux of 516 mol h™* m? at recycling of 40% of product
stream lowest CO> conversion occurs. Additionally, at low mole fluxes for the
whole range of applied voltages increase in EGR increases CO, conversion,
unlike for higher temperatures. Such behaviour is attributed to reverse water gas

shift reaction.
4.3 Chapter summary

In this chapter, an analysis of CO> mitigation system was performed. It was concluded
that such system is a viable way to reduce direct emissions from power plants. Energy
and exergy analysis resulted in estimation of efficiency of such system and later
parametric study provided scenarios on how to operate such system based on the desired
mode of operation. Arecycling of outflow gases in order to provide reducing atmosphere
at the fuel electrode was for the first time analysed. Moreover, the two journal papers
following from this study were the first to report a co-electrolysis model incorporating
microstructure effect on the activation and concentration losses in the co-electrolysis
SOEC. Proposed system was first analysed by the author of this thesis.

It is noticed and was later investigated experimentally within the research group that
large amount of oxygen in the flue gas stream may, according to theoretical
consideration cause a drop in the performance and according to experimental results a
critical failure of Ni-based fuel electrode. Thus, it is not recommended to use such
system with gas turbine based power plants, were large concentration of oxygen in the

exhaust is expected.
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Chapter 5. Synthetic, renewable fuel production
and energy storage with use of Solid Oxide

Electrolyzer Cell

Broader context

Goal 7 in eight “United Nation’s Millennium Development Goals” calls to “Ensure
Environmental Sustainability”. Since the establishment of these goals in year 2001,
many scientists explored potential routes of achieving this goal. Much of the research
was focused on energy conversion technologies. Few means were identified as possible
pathways towards energy sustainability. These include, but are not limited to, biofuels
(Chisti 2007), hydrogen energy (Turner 2004), broader introduction of renewable-
related energy technologies (Jacobson 2009, Herbert et al. 2007). However, none of
these technologies can meet the sustainability goal alone, and hence a well-balanced
combination of these energy carriers is expected to make up energy-mix in a long-term
future. The most insuperable barrier for reaching the sustainable energy goal is the need
for energy infrastructure (Ridjan et al. 2013, 2014, Connolly et al. 2014), which for most
of the renewable-related technologies is simply non-existent, e.g. the lack of recharging
station for electric vehicles. One of the approaches to tackle this issue is to switch the
source of heavily used hydrocarbon energy carriers (66.4%, or 248 x 109 GJ of final
energy consumption) from fossil to renewable. Possible technologies are those
connected with biofuels and those build around Fischer-Tropsch, methanation or
methanol synthesis processes. Production of biofuels has met with considerable
criticism over the use of land, change in the structure of natural vegetation and
competition with food production business. Use of synthetic fuel production process
combined with renewable energy source and CO> captured from industrial process or
atmosphere greatly reduces the chance of any of the above criticism. Thus, in this
chapter focus is placed on the second approach.

Fischer-Tropsch synthesis (FTS) is a catalytic polymerization process first reported in
1924 by Franz Fischer and Hans Tropsch. The scientists described a process of catalytic
conversion of syngas (mixture of hydrogen and carbon monoxide) over an iron-based

catalyst to form linear hydrocarbon chains of n-paraffins (alkanes) and a-olefins
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(alkenes). Fischer-Tropsch process can work over four types of catalyst, iron-, cobalt-,
nickel- and ruthenium-based. The first two are the most popular and cheapest (Dry 2002).
Several types of reactor designs have been proposed, but the fixed bed and slurry phase
are commercially available. The exact mechanism of synthesis is still under studying
(Inderwildi et al. 2008, Liu & Hu 2002, Schulz 2013) and most of modelling work is
based on semi-empirical formulations with lumped kinetics of CO utilization and simple
distribution of products based on Anderson-Schulz-Flory (ASF) model and its variations
(Novak et al. 1981, Bos et al. 1989, Zimmerman et al. 1992, Lox & Froment 1993, Jess
etal. 1999, Maretto & Krishna 1999, Schulz & Claeys 1999, van der Laan & Beenackers
1999, 2000, Patzlaff et al. 2002, Wang et al. 2003, Ahon et al. 2005, Storsaeter et al.
2006, Teng et al. 2006, Fernandes & Teles 2007, Visconti et al. 2007, Becker et al. 2012,
Markvoort et al. 2012, Almeida et al. 2013, Shiva et al 2013, Pour et al. 2014). Majority
of the recent publications on Fischer-Tropsch synthesis are devoted to modelling of new
types of reactors (Rados et al. 2003, Wang et al. 2003, 2008, Song et al. 2004, Marvast
et al. 2005, Masuku et al. 2012, Ghareghashi et al. 2012) or the process analysis (van
Vliet et al. 2009, Yu et al. 2010, Bao et al. 2010, Ermolaev et al. 2014, Zhang et al. 2014,
Haarlemmer et al. 2014).

In spite of large renaissance in FTS process research and the great potential of this
technology, very few of the reports are concerned with making the process more
sustainable. Most of the published papers assumed the use of unsustainable natural gas
or coal as the feedstock to FTS process. Only a handful of papers proposed the use of
renewable power driven H>O/CO3 co-electrolysis. In such a system, energy comes from
renewable resources while combined with the electrolytic splitting of water and carbon
dioxide as a means to recycle carbon and hydrogen atoms as the energy carriers. This
idea is very interesting and can be a promising way to achieve sustainability, as such a
closed loop system is CO2 neutral.

Methane is one of the cleanest hydrocarbon fuels, which can be combusted with very
high efficiency in a modern internal combustion engine. It is easy to store and there are
existing infrastructures for domestic transport and international trade in most of the
countries around the world. Methane can be easily produced out of hydrogen and oxides
of carbon, such as CO, and CO. The simplest chemical pathway to synthesise CH4
involves equation (5-1) Sabatier and equation (5-2) methanation (reverse of steam-

methane reforming, SMR) reactions.
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CO, + 4H, - CH, + 2H,0 (4H,9 = —165 k] mol™1) (5-1)

CO + 3H, > CH, + H,0 (4H,05 = —206 kJ mol™1) (5-2)

The above reactions are exothermic, thus require only the hydrogen and carbon
monoxide/dioxide stream. The required gases can be produced in an environmentally
benign and efficient manner by an electrochemical mean through the Solid Oxide
Electrolyzer Cell (SOEC).

Similarly, methanol can be easily used as transportation fuel for personal vehicles. It is
easy to store and its production is only slightly more difficult than methane (due to larger
pressure needed in the reactor). Methanol can be easily produced from CO,, CO and H>

mixture
3H, + CO, - CH30H + H,0 (4H,9g = —49.31 k] mol™1) (5-3)
2H, + CO = CH30H (4H,95 = —90.7 k] mol~1) (5-4)

The reactions 5-3 and 5-4 proceed selectively over Copper and Zinc catalysts (Steinberg
et al. 1997). Whereas 5-1 and 5-2 over Nickel catalyst.

Production of sustainable methane by using renewable or nuclear electricity, water and
carbon dioxide has never been investigated before. Similar analysis was reported on
production of Fischer-Tropsch (FT) fuels, methanol or utilization of CO: in a traditional
FT plant. Steinberg and Dang (Steinberg & Dang 1977) proposed a system to produce
synthetic methanol using nuclear energy and carbon dioxide stripped off from air or
seawater. They concluded that methanol can be produced at the energy cost of 8.6 —29.1
kWh kg* of methanol. Ebbesen et al. (Ebbesen et al. 2009) proposed to use Solid Oxide
Electrolyzer and catalytic converter to turn H20 and CO: into synthetic fuels. They
reported on experimental investigation of co-electrolysis of H.O and CO; in SOEC and
concluded that long term operation of the cell is possible. Graves et al. (Graves et al.
2011) continued the work of Ebbesen et al. performing technology review and
economical assessment of recycling CO: into synthetic gasoline. They concluded that
the cost of electricity is the biggest contributing factor to the final price of the synthetic

gasoline. Bierschenk et al. (Bierschenk et al. 2011) analysed theoretically and
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experimentally in-situ production of methane from a typical Solid Oxide Cell with a Ni-
YSZ fuel electrode. The authors achieved experimentally very low conversion of steam
and carbon dioxide to methane (~2% of output composition) at 873.15 K and 1 atm.
Nevertheless, they predicted up to ~30% of methane yield at 773.15 K and 10 atm is
possible, unfortunately, this was not shown experimentally. Xie et al. (Xie et al. 2011)
experimentally investigated production of synthetic methane in-situ in a SOEC with Fe-
based catalyst in fuel electrode. The authors concluded that small amounts of methane
(2.8% Faradic yield) can be produced over Fe-based catalyst in a FT-like reaction. Li et
al. (Li et al. 2013) performed another in-situ experimental study of methane formation
in SOEC, reporting small amount of methane produced if steam to carbon dioxide ratio
was set to 2 at 923.15 K and atmospheric pressure. The authors suggested that reaction
of hydrogen with carbon deposited on the electrode surface is the mechanism of methane
formation. Production of methane in a single device offers numerous advantages,
however, the methane synthesis proceeds with reasonable reaction rate only at low
temperatures (~473.15 K). Thus, it seems more practical to have two-reactor system
operated at two different temperatures. Such experimental study was performed by
Hoekman at al. (Hoekman et al. 2010). The authors analysed production of methane via
Sabatier reaction using renewable hydrogen from a PEM electrolyzer. They have
achieved a maximum of 60% CO> conversion at hydrogen to CO> ratio of 4 to 1 and
temperature of 623 K. Becker et al. (Becker et al. 2012) analysed the combined system
of SOEC and Co-based FT synthesis to produce hydrocarbon fuels. The authors used a
simplified linear model of SOEC combined with simplified lumped model of cobalt-
based FTS process with simple Anderson-Schulz-Flory product distribution. The
authors predicted 51% of conversion efficiency and the cost of produced gasoline at 4.4
— 15 $ GGE?" (gallon of gasoline equivalent). However, as the voltage-current
relationship of SOEC is highly non-linear, the use of linear model for SOEC in Becker’s
work could cause considerable errors. Ridjan et al. (Ridjan et al. 2013) realized the
importance of transportation sector in the energy market and analysed the feasibility of
relying on synthetic fuels in 100% renewable energy system. The authors compared
several pathways to produce synthetic fuels and concluded that the use of SOEC
combined with renewable energy offers the advantage of grid stabilization and can
compete with other technologies, if a SOEC reaches competitive unit price level.

After reviewing the literature on FTS (Novak et al. 1981, Bos et al. 1989, Zimmerman
et al. 1992, Lox & Froment 1993, Jess et al. 1999, Maretto & Krishna 1999, Schulz &

142



Chapter 5. Synthetic, renewable fuel production and energy storage with use of SOEC

Claeys 1999, van der Laan & Beenackers 1999, 2000, Patzlaff et al. 2002, Wang et al.
2003, Ahon et al. 2005, Storsaeter et al. 2006, Teng et al. 2006, Fernandes & Teles 2007,
Visconti et al. 2007, Becker et al. 2012, Markvoort et al. 2012, Almeida et al. 2013,
Shiva et al 2013, Pour et al. 2014) and SOEC modelling (Stempien et al. 2013, Milewski
et al. 2011, Ni et al. 2008), it is clear that a more comprehensive model is required to
accurately analyse the combination of the two processes and to explore their potential
to a greater extent. As the only existing study in the literature, the simplified linear model
cannot correctly predict the influence of varying inlet gas composition, temperature or
pressure on the final performance and production of such combined system. Moreover,
the use of the ASF distribution to characterise the spectra of produced hydrocarbons
from the FT synthesis has been highly criticized. In the past, many authors have
proposed more advanced models that include several secondary reactions and a
mechanistic approach to the kinetic rate of the process (Novak et al. 1981, Bos et al.
1989, Zimmerman et al. 1992, Lox & Froment 1993, Jess et al. 1999, Maretto & Krishna
1999, Schulz & Claeys 1999, van der Laan & Beenackers 1999, 2000, Patzlaff et al.
2002, Wang et al. 2003, Ahon et al. 2005, Storsaeter et al. 2006, Teng et al. 2006,
Fernandes & Teles 2007, Visconti et al. 2007, Becker et al. 2012, Markvoort et al. 2012,
Almeida et al. 2013, Shiva et al 2013, Pour et al. 2014). Becker et al.’s work considered
the use of cobalt catalysis, which was reported more expensive than iron catalyst
investigated in this study. It is, therefore, concluded that combination of SOEC process
and FTS process needs to be reassessed with a new and more advanced modelling
approach. Complimentary to this analysis studies of SOEC combined with methane,

methanol, syngas and hydrogen production are also considered.
Singapore’s context

Singapore’s electricity generation mix is dominated by natural gas (78%) and
complimented by petroleum products (18.4%) and others (mainly waste). Overall
efficiency of electricity generation in 2011 was equal to 44% (EMA 2012). The average
peak demand in 2011 of 5.4 GW and average annual consumption per capita of above
9000 kWh per capita makes Singapore one of the most energy intensive nations in the
world (almost twice that of EU, based on 2008 data) (EEA 2012) and it hosts the first
place among countries with similar yearly average temperature (based on own study;,
however Singapore’s economy structure is responsible for bulk of the consumption).

The only countries using more electricity per capita are Scandinavian nations and
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Iceland (their energy mix is, however, highly sustainable and eco-friendly) (EEA 2012).
Moreover, energy consumption in Singapore, like in most developed countries, is
growing on average pace of 3.12% per annum (EMA 2012) (Fig. 5-1). An inevitable
conclusion is that Singapore will shortly meet need to alter its energy mix. Such
statement can be confirmed by recent exemplary roadmap for diversification of
Singapore’s energy mix (IAEA 2011).
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Fig. 5-1 — Projected peak demand growth of Singapore’s energy system.

Widely popular move among highly industrialized countries is to invest in wind and
solar power (IEA 2012). Those, however, have not been entirely successful due to
problem of intermittency of the wind and solar energy (IEA 2012) (Fig. 5-2). Several
ideas have been studied regarding harnessing this vast source of energy (Diaz-Gonzales
et al. 2012, Albadi & El-Saaday 2010, Gross & Heptonstall 2008, Sovacool 2009, Tian
& Zhao 2013). Those include application of flywheels, different kinds of batteries,
storing heat in phase change materials or combining wind and water power plants.
Furthermore, Singapore’s wind resources are still uncharted and based on its weather
almanac not very promising. The effort in quantifying the opportunity in harnessing

wind energy is nonetheless under way. Especially coastal and offshore wind power are
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of interest to Singapore as mentioned by Tiang (Tiang 2012).
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Fig. 5-2 — Intermittency of renewable energy sources (IEA 2012). There is in general no
correlation between the demand and supply of electrical energy. Therefore, creating rational for
energy storage.

5.1 Study of Singapore’s electrical grid balancing and surplus

energy storage in form of hydrogen, syngas or methanol

This chapter has been presented in a poster form as JP Stempien, Q Sun, KA Friedrich,
SH Chan. Conceptual analysis of Solid Oxide Electrolyzer integration in energy system
during 2" International Conference on Clean Energy Science, April 2014, Qingdao,
China.

5.1.1 Introduction

In the following chapter the author presents mathematical simulation and system
analysis of three scenarios dealing with possible incorporation of SOEC into Singapore’s
energy mix. They can be distinguished by two major differences. One is the arrangement
of the elements and their connections with SOEC. Second is the output chemical of the
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system. In the first case considered the system has the simplest arrangement and yield
of electrolyzer is hydrogen. The second case considers incorporation with combined
cycle power plant where the cell processes the flue gases of power plant and produces
syngas. In the final case similarly to previous SOEC is combined with power plant but
the deliverable product, however, is methanol. The two last systems present opportunity
to mitigate CO. emissions and utilize off peak power. Moreover, in the last case
production of methanol poses additional possibilities for reducing fossil fuels use and
increasing sustainability and energy security in automotive sector (Bromberg & Cheng
2010). Ridjan et al. (Ridjan et al. 2013) provided interesting study on production of
methanol in 100% renewable system and use of SOEC. Naturally the first system is the
simplest in processes, while the third is the most complicated, therefore in principal most
expensive. Scope of this chapter covers description of the system, its optimisation for a
given set criteria and later technical and environmental study of its operation over a

chosen period.

5.1.2 SOFC-SOEC model

System in which SOEC is operating is modelled with use of Aspen HYSY'S, beside basic
model of the cell additional heat exchangers, power plant, power plant flue gases
processing and methanol formation reactor are modelled. In all of the scenarios the
author assumes that every single SOEC or SOFC is operated in the same conditions and
has the same characteristic, thus it is possible to run simulation on single cell and later
scale it up to represent real size system. An overview of the three systems is presented
on Figs. 5-3 — 5-5. Readers are urged to note that the presented schematics do not show
the real configuration of flow patterns (i.e. co-flow, cross-flow or counter-flow), but are
arranged to present the layout in a clean manner. Different colours denote different
medium in the stream. Dark green is the flue gases of the power plant, dark purple is
water or steam, aqua marine is pure CO>, pink is feedstock composition for SOEC fuel
electrode (H20 and CO.), brown is fuel electrode gases after electrolysis, orange is fuel
electrode gases after methanol formation reaction, khaki is air and air after electrolysis,
red is energy (heat and electrical). The simulated power plant is assumed to be combined
cycle power plant. Common element in all of the systems, the electrolyzer, is illustrated
in Fig. 5-6. Two more colours were used to indicate changes of composition in fuel

electrode gas channel due to water gas shift reaction and exhaust gases recycling. Before
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electrolysis initial pink colour is getting bluer and after electrolysis it is brighter brown

before water gas shift reaction, then after.
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Fig. 5-3 — Schematic of the hydrogen production system.
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Fig. 5-4 — Schematic of the syngas production system.
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Fig. 5-6 — Schematic of the SOEC.

The SOEC module is made of eight elements (two heat exchangers, one gas cooler, one
gas heater, two (reverse) water-gas shift reactor modules and solid oxide cell) and 18
flow streams (15 material flow streams and 3 energy flow streams). There are two main
material streams connected via electrolyte membrane, nodes 1 to 10 represent fuel
electrode stream and nodes 11 to 15 represent air electrode stream. Fuel electrode

mixture after recycling is being heated up via heat exchanger 1, next it is brought to
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operating temperature via electric heater. As it was investigated in previous chapters,
water-gas shift reaction occurs in the gas channels, therefore before entering cell
assembly composition of fuel electrode gas stream is balanced by water-gas shift (WGS)
reaction (not applicable in hydrogen scenario). After electrolysis reactions, gases
undergo second composition balancing via WGS reaction and are channelled back to
heat exchanger 1 to reheat inlet fuel electrode stream. After reheating, the stream is
separated and 5 % of outlet stream is recycled to inlet stream in order to improve the
reducing atmosphere of fuel electrode. Lastly, the stream is cooled down to output yield
temperature. Air stream undergoes similar process path stripped from WGS reactions
and exhaust gas recycling. All of the heat exchangers and heaters are standard modules
available in Aspen HYSYS.

The hydrogen scenario has the simplest process lay out and additional to SOEC module
it has only two heat exchangers. It consists of 9 flow streams, 8 of which are material
flow streams and 1 energy flow stream. Heat exchanger 1 is used to recover heat from
fuel electrode output stream to heat up the air electrode input stream. Heat exchanger 2
is used to recover heat from air electrode output to heat up the fuel electrode input.
Despite its simplicity, this scenario may pose serious problems due to NaCl dissolved in
seawater. This salt may influence operation of the system in twofold way. It is known
phenomena that during evaporation of seawater layers of salt cover the walls of
evaporator, this could happen in heat exchanger responsible for steam formation. If,
however, this compound will not deposit on the walls it may be transported inside the
electrode and either deposit there and block the pores or decompose to chlorine and
sodium and then interfere with electrode operation in an unknown way (group’s latest
in-house experimental results shows viability of seawater electrolysis).

The syngas scenario is more complex than hydrogen scenario. It consists of 12 elements
(heat exchangers, power plant, splitter, separator, mixer, cooler and SOEC module) and
25 flow streams (22 material flow streams and 3 energy flow streams). Initial fuel
electrode stream originates at power plant exhaust. Flue gases are split between those
processed and unprocessed. Unprocessed stream is used in heat exchangers 1 and 2 to
heat up water and air, respectively. Processed stream is first cooled down to condensate
steam and then it is separated into three streams: pure water, pure CO and the rest.
Reheated water is mixed with CO and passed onwards to heat exchanger 4. The unused
part of processed flue gases stream is mixed with unprocessed flue gases stream and
emitted to atmosphere. Reheated fuel electrode mixture in stream 5 after heat exchanger
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4 is passed to heat exchanger 5 and then to SOEC module. Stream number 10 represents
the fuel electrode gas mixture after electrolysis and is passed to recover heat in heat
exchanger 3, then 4 and to the final storage. Air electrode stream is first heated by exiting
power plant flue gases via heat exchanger 2. Next, it gains temperature from electrolysed
fuel electrode stream via heat exchanger 3 and is channelled to SOEC module. After the
electrochemical reaction, air electrode stream is giving its heat to fuel electrode inlet
stream via heat exchanger 5 and then is passed to final storage or atmosphere. All of the
heat exchangers and heaters are standard modules available in Aspen HYSYS.

The methanol scenario has the most complex process layout. It consists of 13 elements
(same as in syngas scenario plus methanol production module) and 27 flow streams (23
material flow streams and 4 energy flow streams). The initial preparation of fuel
electrode mixture is the same until stream 7, where it is passed though heat exchanger
4. In the methanol case the heat to stream 7 is passed from products methanol formation
reaction from stream 12. Later, similar to previous case, it recovers heat from the air
electrode output via heat exchanger 5 and is passed to SOEC module. After electrolysis
fuel electrode stream 10 heats up air electrode stream 15 via heat exchanger 3 and is
later passed to methanol production module. After formation of methanol stream 12 is
used in heat exchanger 4 and passed to final storage in stream 13. The air electrode
stream is the same as in syngas scenario. All of the heat exchangers and heaters are
standard modules available in Aspen HYSYS.

Similar to the first case in the second and third purity of inlet chemicals composition is
an issue. Exhaust gases of power plant are known to consist of wide spectra of
constituent, the major being CO., N2, H20. Except those the mixture includes particulate
matters of different size (PM), sulphur oxides (SOx) and nitrogen oxides (NOX).
Hydrogen sulphide (part of natural gas composition) can be especially dangerous to
SOEC electrodes (Cheng et al. 2007). In the author’s group, however, electrode material
able to cope with small amount of H,S in gas mixture was developed (Ge et al. 2011).
Another dangerous gas on fuel electrode is oxygen. Large amount of oxygen on Nickel-
based electrode can oxidize the metal and thus make it catalytically inert and
underperforming. Our group’s preliminary study showed that even small amounts of
oxygen in fuel electrode channel is terminal to the cell and must be avoided at all cost.
Optimization of the system for methanol and syngas product was done with following
criteria:

e Total electricity consumption of the system does not exceed the production from
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given power plant,

e Energy storage efficiency is sufficiently high and yield of output chemical is high.
To obtain an optimum of combination of these two, a mathematical product of
these is used as final criterion.

e Energy storage efficiency is defined as

PccpP—PsoEC
ncH 4 LHY cHy ~Toutput LHY output

Nstorage =

(5-5)

Ncepp

where, Pcepp IS the power output of combined cycle power plant, Psoec is the
power requirement of solid oxide electrolyzer cell, ¢y, is the molar flow of
methane to power plant, LHV,y, is the lower heating value of methane, 7yy¢pye
is the molar flow of SOEC output chemical, LHVy¢py, is the lower heating
value of SOEC output chemical, n.cpp is the efficiency of combined cycle
power plant.
Since hydrogen production by SOEC using offshore wind energy is not related to fossil
power plant, but to the wind turbine, it requires different optimization criterion, i.e.,
yield of hydrogen and thermal efficiency of the SOEC system. To obtain optimal of
combination of two above the maximum value of a mathematical product is taken as
final criterion.
In the first case, the author analyses SOEC combined with an off-shore wind turbine. In
order to draw the possible scenarios, the author assumed that the performance of the cell
working with seawater is not different from that working on pure water. In the second
case, SOEC is linked to a combined cycle power plant and the output fuel is syngas. In
this approach authors adopted daily variation in power demand to be utilized by
SOEC/SOFC pair. The idea is to increase overall efficiency of power generation by
stabilizing, thus increasing low efficiency production of combined cycle power plant
and adopting high efficiency SOEC/SOFC pair to cover peak demand. The system uses
the excess power in off-peak time to convert the greenhouse gases from the fossil power
plant to syngas, therefore decreasing environmental impact in twofold, i.e., by
increasing global efficiency and by narrowing the range and amount of pollutants (SOFC
is thought to emit CO and H»O only). Additionally, if in the future, fossil fuel power

plant is substituted with wind or solar energy one can imagine SOEC as a buffer between
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intermittent wind or solar energy and demand driven consumption of electricity. In such
respect, it gives a base for transformation to carbon neutral or even non-carbon energy
generation. The last case is slight modification of the previous. Instead of gaseous form
of energy output, it is a liquid methanol. This case, in principle, is more expensive due
to additional requirement for gas-to-liquid (GTL) installation. Nevertheless, it has all
the benefits of producing liquid fuel for automotive application

Due to lack of official data for wind statistics in Singapore, the author used the estimates
depicted in Figs. 5-7 and 5-8 in the first case of study. Fig. 5-7 presents data for daily
variation of offshore wind speed. These data were extracted from water sport
enthusiast’s website (Windfinder.com). Fig. 5-8 presents statistically processed data
used in wind energy potential assessment. Slight mismatch between average wind speed
predicted in Fig. 5-8 for March and that obtained in Fig. 5-7 may be due to too small
sample size for the creation of Fig. 5-7 or weather anomalies. No better data is available
at the moment. Both of the sources claimed to use data from Changi weather station.
Second and third cases use data from Energy Market Authority, Singapore’s energy
market regulatory body (EMA 2012). An hourly demand for electricity is presented in
Fig. 5-9.

Average energy from horizontal axis wind power turbine was calculated based on
Weibull function wind distribution (Barthelmie et al. 2009). A typical Weibull
probability density function with scale parameter fixed at 2 (Rayleigh probability
density function) was used to predict how many hours a year wind is blown at particular
speeds depicted in Fig. 5-10. Due to low average wind speed, the author chose specific
design of blades with pitch angle set at 18° proposed by Singh and Ahmed (Singh &
Ahmed 2013). Heier (Heier 1998) reported formula to calculate mechanical power

extraction from wind. It is assumed that mechanical to electrical conversion is 90%.
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week and weekday average (WindFinder.com) measured at ground level. Dotted lines represent

wind speed of each separate day during the measurement period.
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5.1.3 Results

5.1.3.1 Technical assessment

First step in analysing opportunities in producing hydrogen from seawater using
offshore wind turbine energy is to assess the potential amount of energy available from
offshore wind in Singapore. Figs. 5-7 and 5-8 present statistical data for Singapore over
aday and over a year, respectively. Since only on-shore data are available at the moment,
the author has to use data from neighbouring Indonesian island Batam, which is not far
from Singapore. Yearly probability density function of a wind speed was calculated
using average value of Singapore and Batam statistic (3.9 m s%).

Cumulative representation of wind speeds starting from cut-in speed of the wind turbine
studied by Singh and Ahmed is presented in Fig. 5-10. Wind speed allowing operation
of wind turbine with Singh and Ahmed blade is achievable in Singapore for 5909 hours
a year. Note that an optimal speed (6.5 m s?) identified by Singh and Ahmed can never
be achieved in Singapore, hence low performance is anticipated. Using wind turbine
blade with radius of 1 meter (the same as Singh an Ahmed) calculations were done with
formula from (Heier 1998). Resulting electricity production per annum in Singapore’s
offshore wind turbine from 1 meter radius blade is roughly 3.8 kWh a. Additional
calculations were done for blade radius of 5 and 10 meters. The annual electricity
production, including results extrapolated to blade radius of 100 meters, is presented in
Fig. 5-11. Results for single small wind turbine is not satisfactory, however
contemporary turbines tend to have much higher blade radius (e.g. Vestas V164-8.0 MW
has 164 m diameter), nevertheless they also have higher optimal speeds (11 m s*) and
cut-in speeds (4 m s). Annual amount of hydrogen produced from single wind turbine
of rotor blade radius equal to 1 meter is roughly 11 MJ or ~0.1 kg at STP conditions
(equivalent to about 100 km range in a hydrogen powered vehicle). If that value is sized
up to more typical wind turbine design of blade radius 80 m, yearly hydrogen production
is at level 629 kg a* per single wind turbine.
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Fig. 5-11 — Predicted annual electricity production from single off-shore wind turbine in
Singapore.

Authors would like to note that elevation of the measurement point from ground level
to 80 m can double the predicted wind speed (Lee et al. 2011), hence increase

performance and lower investment costs.

Table 5-1 — Operational parameters at design conditions of hydrogen producing system.

Parameter Value
Thermal efficiency LHV based % 79.39
EEET LHV based % 108.31
Feedstock gases conversion % 83.11
Cell voltage V 1.17
Cell current density A m 0.55
Cell area cm? 81.00
Cell total current A 4455
Hydrogen produced (LHV based) kJ 202.79

In order to allow this research to be utilized if higher wind speeds resource is identified
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Fig. 5-12 presents exact value of derivative of power extraction function with wind
speed assuming second order polynomial fitting of coefficient of power (Cp) factor
changes with wind speed. As seen wind speed has major influence on system
performance. The peak of power extraction is achieved at about 20 m/s for given blade

design.
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Fig. 5-12 — Derivative of power extraction from wind with respect to wind speed.

In the second and third case one major assumption is made that combining SOEC with
combined cycle plant will increase overall efficiency of electricity generation through
stabilizing the load of thermal part® and use of highly efficient SOEC (in fuel cell mode)
to generate peak hours’ electricity.

Analysing Fig. 5-9 one notices that average daily peak demand over last year was 5360
MW. This line separates region of operation into two domains, SOEC (below the average
line) and SOFC (above average line). Duration of the SOEC period is on average of 10
hours, while for SOFC it is 14 hours. Luckily those domains are continuous allowing

for easy implementation of SOCs.

9 In general, efficiency of a conventional power plant is a function of load. The maximum is achieved when running

at design point load.
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As an initial modernization of power generation system the author suggests applying
SOCs only to 10% of Singapore’s power generation (i.e. on average 53.6 MW of
capacity would be affected). In the case of producing syngas maximum SOEC power
would be roughly 9.5 MW and for SOFC 6.4 MW, that translates into initial construction
of 380 SOCs (255 working in dual mode at 25 kW per stack). Loading diagram for such
system is presented in Fig. 5-13. Positive numbers represent electrolyzer mode, while
negative fuel cell mode.

The author estimated that if no gain is achieved due to stabilizing of thermal power plant
load, efficiency of transforming syngas to electricity would have to average 83% over
considered period in order to meet the peak demand with no extra energy input.
Nevertheless, increase in electricity production efficiency is anticipated, however it is
impossible to calculate or even estimate the gain based on data possessed by the author.
In spite of difficulty encountered, the author has estimated what gain in efficiency is
required in order to make the investment financially sound. Results are presented in Fig.
5-14. It can be seen that gain of only 0.4 percentage point (p.p.) justifies investment of
300 SGD per solid oxide cell stack. Operating parameters of the system are presented in

Table 5-2 and details of analysis are presented in Table 5-3.
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Fig. 5-13 — Loading diagram of SOCs working with 1% of Singapore’s power plants and
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yielding syngas.
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Fig. 5-14 — Allowable price per 25 kW stack (in SGD) as function of efficiency gain.

Table 5-2 — Operational parameters at design conditions of syngas producing system.

Parameter Value
Thermal efficiency LHV based % 89.04
EEET LHV based % 133.17
Fumes conversion % 57.63
Cell voltage V 1.00
Cell current density A cm™ 0.25
Cell area cm? 100.00
Cell total current A 25
Syngas produced (LHV based) W 33.20
Energy storage efficiency % 90.03
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Table 5-3 — Details of analysis of syngas production case.

Parameter Value Unit
Maximum power for SOEC 9.536 MW
Maximum power for SOFC 6.357 MW
Operation time for SOEC 10.0 Hr
Operation time for SOFC 14.0 Hr
Average power for SOFC 4.464 MW
Average power for SOEC 6.25 MW
Total SOFC energy 62.4953 MWh
Total SOEC energy 62.4953 MWh
Maximum number of SOEC cells 383 Units
Maximum number of SOFC cells 255 Units
Average number of SOEC cells 251 Units
Average number of SOFC cells 179 Units
Minimum number of SOEC cells 18 Units
Minimum number of SOFC cells 15 Units
Total syngas production 83.2 MWh
Total energy requirement during reversed period 62.5 MWh
Energy produced from syngas if used in combined cycle | 41.6 MWh
power plant

Electricity production efficiency required to satisfy SOFC | 83.06 %
period demand

Natural gas price SGD GJ! 4.4 SGD GJ*!

Methodology for analysis of methanol production system is exactly the same as the one

used for syngas. Difference lies in figures and in the fact that methanol production

system will be in principle more expensive (more components required). Operating

parameters of the system are presented in Table 5-4. Investment level from Fig. 5-14 is

valid for this case. Details of analysis are presented in Table 5-5. Due to more complex

process outline its efficiency is generally lower, this results in lower yield of output fuel

and additionally increases investment costs. Additionally, more SOFC cells are required

to satisfy high demand period as shown in Fig. 5-15. In this scenario one cell produces
only 20 W of methanol which is 40 MWh day™. It is assumed that SOFC can transform
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methanol directly to electricity with the same efficiency as operating on syngas.
However, amount of energy to synthesise methanol is higher than energy to create
syngas, hence overall number of SOCs working as fuel cell is higher, in this case, than
those working as electrolyzer.

Table 5-4 — Operational parameters at design conditions of methanol producing system.

Parameter Value
Thermal efficiency (LHV based) % 61.16
EEET LHV based % 68.39
Fumes conversion % 40.77
Cell voltage V 1.00
Cell current density A cm™ 0.25
Cell area cm? 100.00
Cell total current A 25
Methanol produced (LHV based) W 20.43
Energy storage efficiency % 83.62
400 == Number of SOC cells active
300
200
100
0
00{30 03:00 05:30 08:0Q 10:30 13:00 15:30 18:00
-100
-200
-300
-400

Fig. 5-15 — Loading diagram of SOCs working with 1% of Singapore’s power plants and

yielding methanol.
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Table 5-5 — Details of analysis of methanol production case.

Parameter Value Unit
Maximum power for SOEC 9.536 MW
Maximum power for SOFC 6.357 MW
Operation time for SOEC 10.0 Hr
Operation time for SOFC 14.0 Hr
Average power for SOFC 4.464 MW
Average power for SOEC 6.25 MW
Total SOFC energy 62.4953 MWh
Total SOEC energy 62.4953 MWh
Maximum number of SOEC cells 299 Units
Maximum number of SOFC cells 311 Units
Average number of SOEC cells 196 Units
Average number of SOFC cells 219 Units
Minimum number of SOEC cells 18 Units
Minimum number of SOFC cells 15 Units
Total methanol production 40.0 MWh
Total energy requirement during reversed period 62.5 MWh
Energy produced from methanol if used in combined cycle | 20.0 MWh
power plant

Electricity production efficiency required to satisfy SOFC | 255.49 %
period demand

Natural gas price SGD GJ! 4.4 SGD GJ*!

5.1.3.2 Environmental assessment

Environmental assessment of the first case is rather difficult to quantify in numerical

terms and thus it is made here qualitatively. Producing hydrogen from wind energy is in

principle environmentally benign. Moreover, if one replaces existing infrastructure of

hydrogen production based dominantly on Steam Methane Reforming (SMR) with wind

energy hydrogen production, it can be expected that the carbon footprint would be

reduced significantly. Additionally, if direct use of sea water is possible, it also increases

the global availability of drinkable water (if hydrogen is oxidized to water in the later
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application).

Negative impacts of this technology on environment are those related to wind farms in
general, i.e. sound pollution or creating dangerous environment for birds. This
technology specific threat to environment can only be caused by increased salinity of
water. It is however outside the scope of this study.

In the second scenario, one can predict the decrease in pollutants emissions (including
CO3) due to increased efficiency of power plant. Additional decrease of emission is
possible if SOFC is employed in electrochemical conversion of syngas to electricity. Fig.
5-16 presents reduction of the CO. emissions due to the use of SOFCs assuming
contributing to 1% of Singapore’s total power demand. The anticipated total efficiency
of SOFC is about 80%, which can contribute to roughly 0.4% reduction in CO>
emissions. Fig. 5-17 presents reduction in pollutants emissions due to increased
efficiency of modernized power plants. Complete substitution of power plants in
Singapore with fuel cells would result in 50% reduction in pollutants emissions (or 100%
reduction if the exhaust of fuel cell is captured and recycled back to fuel) as well as
narrowing of spectra of pollution constituents to CO> and steam only. Additionally, if
those cells are fed with hydrogen, emitted carbon dioxide would be replaced with steam.

Negative impacts of combining SOCs with power plants are so far unknown.

0.50
0.45
0.40
0.35
0.30
0.25

0.20

Reduction in emissions /%

0.15

0.10

0.05

0.00
0.0 20.0 40.0 60.0 80.0 100.0

Efficiency of SOFC /%

Fig. 5-16 — Reduction in CO; emissions due to use of SOFC with 1% of Singapore’s total
capacity.
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Fig. 5-17 — Reduction in CO; emissions due to increased combined cycle efficiency.

The last scenario has slightly less impact on environment, due to lower feedstock
chemicals conversion one can predict lower emissions reduction of roughly 20%.
Additionally, fuel cells running on hydrocarbon fuels showed reduced efficiencies
(Milewski & Lewandowski 2009), hence benefits from using SOFC will also be
mitigated.

5.1.4 Conclusion

In this chapter, three cases of application of Solid Oxide Cells (SOCs) in Singapore’s
energy mix were presented. First and the most futuristic case predicted use of offshore
wind power (non-existent in Singapore) combined with solid oxide electrolyzer to
produce hydrogen out of seawater. Second and third cases are easier to implement and
base on combination of Singapore’s combined cycle power plant and solid oxide
electrolyzer and fuel cell, given the oxygen in fuel electrode channel issue is solved. The
output of second scenario is the syngas, while in the third case the authors predict
production of methanol. In order to make it possible to analyse different scenarios, the

author collated data for wind statistic in the first scenario. The second scenario required
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gathering and processing the data from Singapore’s Energy Market Authority regarding
consumption of electrical energy.

Specific systems were technically described in details supported by diagrams and charts
with design condition parameters. The author has proposed design condition for those
systems in order to achieve optimal operational parameters, i.e. thermal efficiency,
output chemical yield and energy storage efficiency. Technical summary of analysed
systems is presented in Fig. 5-18. It is seen from the diagram that among all chosen
characteristics, the second scenario seems to be the most feasible one, with hydrogen

scenario came to the second place and methanol scenario as last.

m Thermal efficiency [%]

100 - m Output yield if 1% of Singapore's capacity
89.04  used [100 kW]
%0 1 79.39 Per cell energy consumption [W]

%, W or 100 kW

Hydrogen Syngas Methanol
Output chemical

Fig. 5-18 — Technical summary of proposed systems.

The most immediate results in environmental aspects are most favourable for syngas
yielding system. Similar results, offset by 20%, can be achieved by methanol system.
First scenario remained undefined in quantitative respect. However, it posed interesting
opportunities for creating sustainable energy mix and new business opportunities.

Following technical, environmental and scarcely presented economical evaluation, the
most favoured system for immediate application is described by second scenario. Initial
small scale application provides positive gains with respect to environment, it is

financially viable, technologically sound and scientifically most interesting.
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5.2 Production of renewable and sustainable hydrocarbon
fuels In combined Fischer-Tropsch and Solid Oxide

Electrolyzer processes

This chapter has been published in a modified form as JP Stempien, M Ni, Q Sun, SH
Chan. Thermodynamic analysis of combined Solid Oxide Electrolyzer and Fischer-

Tropsch processes, Energy, 81, 2015, 682.

5.2.1 Introduction

In this chapter, an accurate SOEC model is integrated with FTS process to analyse the
system efficiency and product distribution. Contrary to Becker et al. (Becker et al. 2012)
work, the highly non-linear characteristics of the voltage-current relationship of SOEC
is fully considered and modelled. The in-house developed SOEC model is able to
account for changes in reactant gas composition, temperature and pressure of operation.
The model of FTS was based on highly regarded model proposed by van der Laam (van
der Laam 1999). The model described the operation of FTS plant based on commercial
Fe-Cu-K-SiO- catalyst in a Fixed Bed reactor. The model used to describe product
distribution, a-Olefin Re-adsorption Product Distribution Model, combined influence
from olefin re-adsorption and variation in chain growth probability stemming from
increasing physisorption strength and increasing solubility of product hydrocarbon in
FT-wax!® with increasing chain length. The model was validated for operation in
pressure range of 0.4 — 8 MPa, H2/CO feed ratio 0.25 — 4.0 and space velocity of 0.5 —
2 x 10-3 Nm?® kgcat™ s at a constant temperature of 523 K. The analysis included the
thermodynamic analysis of syngas production from steam and carbon dioxide and the
catalytic conversion of syngas to hydrocarbon. A product upgrade part was not
considered and the combined process was a once-through without unreacted gases, or
light hydrocarbons recycling. No water knock-out was included in the model, however,
the inhibiting effect of water content is considered. The proposed process was optimized
to obtain the highest energy efficiency and the highest yield of heavy paraffins desired
in operation of such plant as a raw material for diesel and other chemicals production.

Optimization parameters included temperature of co-electrolysis, H.O/CO; ratio,

10 FT-wax is gathering in the catalysis bed pores

166



Chapter 5. Synthetic, renewable fuel production and energy storage with use of SOEC

applied current density, the SOEC stack size (i.e. number of cells), reactant gas flow rate,
the FTS pressure, the FTS temperature and cases of pressurized and the atmospheric
operation of SOEC. Several strategies of energy recovery and heat recuperation were
compared for process optimization. Obtained results were compared against those

reported by Becker et al.

5.2.2 Theory

5.2.2.1Fischer-Tropsch Synthesis model

In the simulation, the author adopts the model developed by van der Laam (van der
Laam 1999) for iron-based catalyst. The model incudes lumped kinetics of syngas
utilization and kinetics of WGS reaction. The product distribution is the modified
version of the ASF distribution. The distribution does not include production of
oxygenates and acids. The product distribution is described in terms of selectivity with

the following equations for first, second and n-th order of paraffins and olefins.

Men, = tpbs (5-6)
Me,h, = Lp@2bs (5-7)
ts
Me,n, = m“z‘% (5-8)
Me Hyney = 01 =2 @ (5-9)
to
MeuHon = Treegen 01 11i=2 @i (5-10)

Above equations are subject to the normalization condition that the sum of m over n is
equal to unity, Y, m,, = 1. 61 is used as a fitting parameter to match with experimental
distribution.

In the above formulations, tp is the pseudo reaction constant of paraffin formation, 61 is
the surface fraction of alkyl with one carbon atom, « is the probability of chain growth,
to is the pseudo reaction constant of olefin formation, kr is the pseudo kinetic constant

for the olefin re-adsorption, ¢ is a constant depending on the exponential increase of
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physisorption and solubility with chain length, n is the carbon number. The values of
selectivity parameters are summarized in Table 5-6, in which the partial pressures are

given in MPa.

Table 5-6 — Summary of selectivity parameters for Fischer-Tropsch process.

tp1 6.62

tp2 1.59

Kr2 12.58kRe2c

c 0.29

. 3.32x107* —pié pg%“‘g
¢ IW

t 6.1686 p;oz.s

P 1389, pLE

The kinetics of the FTS process is described by two Langmuir-Hinshelwood-Hougen-

Watson type reaction rates

k
Rpp = PcoPH, ; (5_11)
(1+apco+brH,0)
k -k
RCO2 — WpCOszo WT'pCOszZ (5_12)

(1+K1Dco+K219H20)2

The first equation describes the extent of FTS reaction, while the second equation
describes the extent of WGS reaction. The above kinetic Equation 5-11 is to lump all
produced hydrocarbons into one. In the simulation, the author chose n-dodecane (C12H26)
as the lumping hydrocarbon. Parameters used in the reaction rates are summarized in
Table 5-7, where the partial pressures are given in kPa. Note that the units kgmol m= s’
1 kPa2 are converted from mol kg s* MPa2 and kPa™ from MPa! in order to match
with the requirements of employed simulation software. Change of kg to m is based

on including catalyst loading of the reactor.
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Table 5-7 — Summary of Fischer-Tropsch process kinetic parameters.

K 0.4565x109 kgmol m s kPa

a 0.125x103 kPa'*

b 7x103 kPa'

Kw 14.5326x109 kgmol m=3 s kPa?

Kuwr 1.1054x1011 exp(-1.7235x104/RT) kgmol m s? kPa
K1 2.1x103 kPa'*

K2 24.19x103 kPa'*

5.2.2.2 SOEC-FT process model

In the study, the author analyses a simple combination of electrolyzer unit with FTS
reactor. The author sizes the electrolyzer unit in order to produce amount of syngas equal
to the one used in validation experiment of van der Laam (van der Laam 1999). The
author then analyses 16 variants of SOEC operation, 20 variants of FTS operation and
5 cases of process operation, which are summarized in Tables 5-8 — 5-10. Varying
parameters in SOEC include current density, temperature, steam/carbon dioxide ratio
and number of cells used in the electrolyzer unit (reactant gas flux).

Table 5-8 — SOEC parameters analysed in SOEC-FTS case.

Case | Current density | Temperature H>O/CO; | Reactant gas flux | #SOEC
Acm? K ratio kgmol ht cm™
| 0.5 1073.15 2 0.15x10* 288
Il 1 1073.15 2 0.15x10* 288
|05 973.15 2 0.15x10* 288
v 1 973.15 2 0.15x10* 288
\Y/ 0.5 1073.15 1 0.15x10* 288
VI |1 1073.15 1 0.15x10* 288
Vil |05 973.15 1 0.15x10* 288
Vil |1 973.15 1 0.15x10* 288
IX 0.5 1073.15 2 0.3x10* 144
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Table 5-8 continued

Case | Current density | Temperature H-O/CO> | Reactant gas flux | #SOEC
Acm? K ratio kgmol ht cm™
X 1 1073.15 2 0.3x10* 144
Xl 0.5 973.15 2 0.3x10* 144
Xl |1 973.15 2 0.3x10* 144
XI | 0.5 1073.15 1 0.3x10* 144
XV |1 1073.15 1 0.3x10* 144
XV |05 973.15 1 0.3x10* 144
XVI |1 973.15 1 0.3x10* 144

In the FTS process, operational pressure, temperature and flow of reactant gases are

varied.

Table 5-9 — FTS parameters analysed in SOEC-FTS case.

Case | Pressure Temperature Flow #SOEC
MPa K kgmol ht
A 15 523 0.432 288
B 1 523 0.432 288
C 2 523 0.432 288
D 15 573 0.432 288
E 1 573 0.432 288
F 2 573 0.432 288
G 15 473 0.432 288
H 1 473 0.432 288
I 2 473 0.432 288
J 15 523 0.216 288
K 1 523 0.216 288
L 2 523 0.216 288
M 15 573 0.216 288
N 1 573 0.216 288
O 2 573 0.216 288
P 1.5 473 0.216 288
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Table 5-9 continued

Case | Pressure Temperature Flow #SOEC
MPa K kgmol h't

R 1 473 0.216 288
2 473 0.216 288

F1 2 573 0.5 334

F2 |2 573 0.6 400

After choosing the optimal parameters for the SOEC and FTS parts of the process, the
author compares a few alternative ways of arranging the combined process. These
included the use of heat recuperation from hot gases outlets to heat up the reactant gases,
operating SOEC in pressurized and atmospheric variant and driving the compressor with

energy recovered from turbines.

Table 5-10 — Parameters of combined process analysed in SOEC-FTS case.

Case Description

Process-1 Heat recuperation

Process-2 Heat Joule utilization

Process-3 Turbine energy drives
COmpressors

Process-4 Atmospheric operation of
SOEC

Process-5 Enhanced heat
recuperation in
atmospheric SOEC

The analysed cases are all once-through and no recirculation is used. In each case, SOEC
is fed with 5% hydrogen to provide reducing atmosphere at the fuel electrode. The
scheme of the process is presented in Fig 5-19. This figure presents only the base case
with no heat recuperation or the atmospheric operation of SOEC. Black arrows depict
the material flows, while red arrows depict the energy flows. Compressors, turbines and
heaters/chillers are represented by standard thermodynamic symbols. All of the balance-

of-plant elements are standard modules available in Aspen HYSYS.
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Fig. 5-19 — Scheme of SOEC-FT process.

5.2.3 Results and discussion

Models of the SOEC and FTS are implemented in Aspen HYSYS® V7.2 platform.

Peng-Robinson equation of state (Robinson et al. 1985) is employed to calculate species’

thermodynamic properties. The author chose four performance indicators to describe

proposed system, i.e.,

Energy stored in hydrocarbons,
Syngas-to-hydrocarbon conversion efficiency;,
SOEC electricity-to-hydrocarbon conversion efficiency,

Total (overall) conversion efficiency.

An additional indicator is the product distribution, with high content of heavy paraffins

being favourable.

To calculate the amount of energy stored in paraffins and olefins, following empirical

formulae for LHV kJ mol™? are used

LHVparasfins = 608.44n + 213.31 (5-13)

LHV,jefins = 604.93n + 113.83 (5-14)
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All efficiencies are calculated based on LHV of respective chemicals. In all of the
analysed cases, the electrolyzer works in exothermic mode, thus the electricity-to-
syngas efficiency of SOEC is equal to its total conversion efficiency. Note that reported
voltage is below the thermoneutral value, however due to heat generation in the system,
exothermic operation is achieved at a lower voltage.

Operating SOEC in exothermic mode requires cooling of the electrolyzer. This is
typically done by increasing the air flow. However, in pressurized operation of the stack,
such approach may be too costly, due to increased compressor power. In a typical FTS
process, the reactor is being cooled by water, hence it may be reasonable to engineer
water cooled SOEC in order to simplify such combined process and ensure high overall

efficiency.

5.2.3.1 Model validation
The validation of SOEC model was presented in chapter 3 and is omitted here. The
validation of distribution model for FTS process is presented in Fig. 5-20. The validation

of FTS kinetic model can be found in van der Laam’s PhD thesis (van der Laam 1999).
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Fig. 5-20 — Validation of distribution model with the experimental data reported in (van der
Laam 1999).

It can be seen in Fig. 5-20 that the model predicts the experimental conditions well,
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albeit slight underestimation at high carbon numbers. The SOEC model was validated
at 1073.15 K and atmospheric pressure for a wide range of inlet gas compositions and
feed gas flux of 0.6 — 1.2 kgmol h't cm™. The materials used in the cell were typical for
SOEC, i.e. Ni-YSZ|YSZ|LSCF-YSZ, which is fuel electrode-supported. Whereas the
FTS model was validated for operation in pressure range of 0.4 — 8 MPa, H2/CO feed
ratio of 0.25 — 4.0 and space velocity of 0.5 — 2 x 10 Nm? kgcat™ s at a constant
temperature of 523 K. The catalyst loading was 8.2105 kg m™ (2.34 g in 285 cm? reactor).
In the course of analysis, the operating temperature of both SOEC and FTS are varied,
despite not being validated at different temperatures. However, used formulae include
the effects of temperature on model outputs. Also, the applied SOEC flux is slightly
lower than in the case of model validation. The author could not validate the model with
the experimental data of SOEC working with high flux (high reactant conversion) due
to general trend of studying low conversions in laboratory testing. Nevertheless, the used

validation parameters were close enough to industrially relevant conditions.

5.2.3.2 Optimization of SOEC process

The first part of proposed process analysis is to optimize the electrolysis unit. The author
analyses 16 cases of varying temperature, applied current, the ratio of reactant gases and
the number of cells in the electrolyzer unit. The cases are summarized in Table 5-9 in

the previous section. The results of the comparison are presented in Fig. 5-21 and 5-22.

IV VvV VI VII VI IX X Xl Xl Xl XIV XV XVI
Case

= = N N w
ol o ol o (2] o

Energy stored in hydrocarbon /kW

o

Fig. 5-21 — Optimization of SOEC process for high amount of energy stored in hydrocarbons.
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In Fig. 5-21, it can be seen that two parameters are most influential on the amount of
energy that is stored in the form of hydrocarbons. The first is the molar flux of the
reactant gases, which is inversely-proportional to the conversion of these gases (the flux
defines the time of residence in the reaction zone). The second is the applied current
density, which is directly proportional! to the conversion of reactant gases through the
Faraday’s law. High current and low molar flux result in high conversion, hence high
amount of energy stored in form of hydrocarbons. Care should be given to the choice of
these parameters as it is known that high current density may facilitate degradation of
the cell. Moreover, low molar flux, thus high reaction rate, will increase the temperature
inside the cell and will require extensive thermal management of the unit. The second
issue is somewhat less important as it is expected to self-regulate itself through the
following mechanism: increased rate of reaction causes temperature rise, this in turn
causes overpotential reduction at a constant current density, which will lower generated

Joule heat and, in turn, lower the electrolyzer’s temperature.

m Electicity-to-hydrocarbon efficiency %
Syngas-to-hydrocarbon efficiency %

u Total efficiency %
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Fig. 5-22 — Optimization of SOEC process for high conversion efficiency.

Fig. 5-22 shows that the impact of SOEC operating conditions on the conversion
efficiency of the system is limited. Generally, higher molar fluxes result in lower

conversion efficiency and increased current density causes reduced conversion

11 The proportionality holds until 100% conversion, passed respective current density there is
no relation between the two
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efficiency as well. The effect of operating conditions on conversion efficiency is limited

to variation of few percent of overall efficiency and ~15% of SOEC efficiency.

Table 5-11 — Operational parameters of optimized SOEC unit in SOEC-FTS case.

Parameter Value

Current 1Acm?

density

\oltage 1.255V

#SOEC 288

Inlet gas | CO2=0.475/H,0=0.475/H,=0.05
composition

Temperature | 1073.15 K

Flux 0.15 x 10* kgmol h't cm? 12

From the above 16 cases, the author first identifies those with the highest amount of
energy stored in form of hydrocarbon, which will allow one to minimize the size of the
plant for a given product yield. Cases II, IV, VI and VIII are further analysed. Out of
these, case VI offers the highest efficiency, and lowest operational cost, thus is preferred
for further optimization. Resulting optimized SOEC case operates with parameters as
summarized in Table 5-11.

Product weight distribution of the optimized case is presented in Fig. 5-23. The process
is highly selective (>60%wt) towards paraffins with high carbon numbers, which is a
desired effect in FTS process. Heavy hydrocarbons can be cracked into lighter products
or used as reactants for chemical’s production. Light hydrocarbons are usually recycled
back to the reactor. However, in this simulation, the author neither considers “upgrading”

nor recycling of the products.

12 cm refers to total active area of electrolyzer unit
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Fig. 5-23 — Weight distribution of FTS products.

5.2.3.4 Optimization of FTS process

The second part of this analysis is to optimize the FTS process’ parameters. The author
analyses 20 cases of varying pressure, temperature and reactants flow on the
performance of the SOEC-FT process. These cases are summarized in Table 5-10 of the

previous section. The results of comparison are presented in Figs. 5-24, 5-25 and 5-26.
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Fig. 5-24 — Optimization of FTS process for high amount of energy stored in hydrocarbons.
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From Fig. 5-24 it is seen that cases with the low flow of reactant gases (J — S) result in
halving the amount of energy stored in hydrocarbons and are thus disregarded. In this

part of the optimization process the molar flow of reactant gases to the electrolyzer was
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halved, while keeping the size of it unchanged (unlike in the case of SOEC optimization,
where the flow was constant and number of cells adjusted, the author referred to it as
changing the flux). Thus, the opposite effect to previously observed is due to very similar
conversions of the reactant gases at both flows (the size of the SOEC unit was chosen
to deliver high conversion in the base case of 0.15 x 10* kgmol h'* cm?). Cases Jto S
store less energy simply due to lower amount of reactant gases available for conversion,
while conversion in cases A-1 and J-S is alike high. It is noted that adequate sizing of
both reactors is required for optimal operation of the combined process.

Analysing efficiencies of remaining processes (Fig. 5-25) it is impossible to distinguish
between effects of changing FTS conditions in cases A to I. Thus, the author introduced
additional parameter, the product weight distribution, depicted in Fig. 5-26. Processes
with the lowest share of light hydrocarbons are chosen for further optimizing (C, F and
). Such approach allows for limiting the required recycling and thus lowers the cooling
requirements and plant cost. Out of these three processes, F has the highest overall
efficiency and is chosen for further optimization.
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Fig. 5-25 — Optimization of FTS process for high conversion efficiency.

It can be noted in Fig. 5-26 that increasing the flow of reactant gases is directly
proportional to the amount of energy stored in hydrocarbons, thus the author decided to
run two extra cases with increased flow (F1 and F2), while keeping the constant flux.
Despite the overall efficiency of the process is increased with higher flow, the tested
cases are more selective towards light hydrocarbons and thus they are disregarded for

further analysis.

178



Chapter 5. Synthetic, renewable fuel production and energy storage with use of SOEC

60%

50%

40% m Paraffins C1-C4
| Paraffins C5-C17
Paraffins C18+

30%

Product distribution /%wt

20% m Olefins C1-C4
m Olefins C5-C17
10% Olefins C18+

oo MR T B B e B
ABCDEFGHI JKLMNOPRSFLR2
Case

Fig. 5-26 — Optimization of FTS process for high yield of heavy paraffins.

Case F is chosen for further analysis. The summary of the optimized FTS process

parameters are given in Table 5-12.

Table 5-12 — Operational parameters of optimized FTS reactor in SOEC-FTS case.

Parameter Value

Pressure 2 MPa

Temperature 573K
Reactants flux | 1.5 x 10~ kgmol h™ cm™ or 1.846 x 102 kgmol h't kg 13

Product weight distribution of the optimized process is presented in Fig. 5-27. As can
be seen optimized process dropped the selectivity towards light hydrocarbons by ~10%
and increased selectivity towards heavy hydrocarbons by ~6% and ~3% for mid

distillate. The overall effect is highly desired.

13 For meaning of cm refer to footnote 12. kg refers to used catalyst mass in the reactor.
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Fig. 5-27 — Weight distribution of FTS products.

5.2.3.5 Combined process optimization

In the last part of the optimization process the author aims at employing several
techniques capable of increasing energy utilization and heat recuperation. The author
has identified sources of highest energy losses as the air electrode high temperature
outflow, the fuel electrode high temperature outflow and mismatch between the
temperature of SOEC and FTS processes. The energy recovered from these streams are
used to heat up water stream and heat up compressed gas stream to SOEC. Moreover,
running high temperature processes at high pressure largely reduces possibilities of heat
recuperation (due to increased work of compressing hot gasses). Thus, it was decided to
compare the case of atmospheric operation of SOEC with pressurized operation. In the
former case, much more extensive heat recovery is possible. Note that Process-1, which
was the base case for the previous two optimization steps, is somewhat unrealistic, as it
excluded Joule heat generated by SOEC from the energy balance of the system. The
reason to separate this energy stream was due to simplified optimization procedure.
Cases Process-2 to Process-5 all include realistic heat balance of the system. In the
analysis, the author did not include energy required for pumping cooling water through
FTS reactor and SOEC unit, however an estimate of required energy suggests it to be
only a small fraction of the total Balance-of-Plant, thus can be neglected. Comparison
of all 5 cases is presented in Fig. 5-28 and Fig 5-29.
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Fig. 5-28 — Optimization of SOEC-FT process for high amount of energy stored in hydrocarbons.
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Fig. 5-29 — Optimization of SOEC-FT process for high conversion efficiency.

Fig. 5-28 shows that running the SOEC on atmospheric pressure has no effect on the
amount of energy stored in hydrocarbons. Fig. 5-29 shows that in all realistic cases the
efficiency of combined process is above 60%, which is 9% higher than values reported
by Becker et al. (Becker et al. 2012). Process-3 is chosen as optimal pressurized case
and has highest efficiency of all cases (66.67%). Process-5 is the highest efficiency
(63.95%) atmospheric SOEC case. Decision on running the combined process’
electrolyzer unit as pressurized or atmospheric should be based on consideration of a

few facts. Firstly, little research is available on such pressurized operation of SOEC.
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Secondly, designing the system with the recycling loop seems to be easier if the whole
system operates at the same pressure level. Thirdly, it has been shown that pressurized
system has higher efficiency, despite employing smaller number of heat exchangers (two
as compared to four in atmospheric case), thus presents lowered initial plant cost.
Interestingly, it has been noticed that increasing the system pressure enhances the
efficiency, opposite was observed by previous authors. Becker et al. limited their process
optimization to analysing two variants of FTS pressure only. Here presented model was
validated for industry relevant conditions of reactant flux, pressure and flow. Previous

authors analysed somewhat lower levels of applied pressure.

5.2.4 Conclusions

In this chapter, the author has revisited the idea of combining Solid Oxide Electrolyzer
Cell process with Fischer-Tropsch Synthesis process. The SOEC replaces syngas
production unit of a typical FTS process. The author analysed the combined system from
the thermodynamic point of view, optimizing several key parameters in order to obtain
high yield of heavy paraffins at highest possible efficiency. The electrolyzer unit was
modelled with our in-house developed model validated over a wide range of operating
conditions. Used parameters were fitted to a typical cell made of Ni-YSZ fuel electrode,
YSZ electrolyte and LSCF-YSZ air electrode. The model accounted for influence of
temperature, pressure and reactant gas composition and flux on the observable open
circuit potential, activation and concentration losses, as well as syngas yield and
composition. The model included the WGS reaction. The FTS reactor was modelled
according to procedure described by van der Laam. The model equations were
describing the commercially available fixed bed reactor using commercially available
iron-based catalyst. The model was validated within the range of industrially relevant
conditions and proved to be very accurate. The model did not include production of
oxygenates and acids. Both models were solved using Aspen HYSYS® chemical
package with Peng-Robinson equation of state.

The optimized system worked with pressurized SOEC at 2 MPa constant pressure
throughout the process. The electrolyzer unit operated at 1073 K, whereas the FT reactor
operated at 573K. The molar flux of reactant gases was set to 0.15 x 10 kgmol h't cm
2 (SOEC area based) or 1.846 x 10 kgmol h'* kg (FTS catalysis loading based). No

product upgrading was considered, the process operated as once-through pass and no
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recycling of light hydrocarbons or unreacted gases was analysed. Excluding energy
required to pump cooling water through the FTS reactor and exothermic electrolyzer
unit, the overall efficiency reached 66.67%. Almost 31% of the produced hydrocarbons
were in the carbon number range 1 to 4 with the ratio of saturated to unsaturated of 7.5.
Slightly over 36% of produced hydrocarbons were in the carbon number range 5 to 17
and their paraffin to olefin ratio was 11. Remaining 33% were the heavy hydrocarbons
with ratio of alkanes to alkenes of 28. All product shares were given on the weight basis.
Obtained results were compared against a recent report by Becker et al. on combination
of the above processes. The previously reported data included much simplified model
equations and resulted in somewhat lower efficiency (51% LHV-based) and different
trend of process efficiency with changing pressure. The current author extended the
analysis to incorporate effects of reactant feed composition and flux and the
temperatures of operation of both processes. Moreover, the cases of atmospheric and
pressurized operation of the electrolyzer unit were compared.

To the best of the author’s knowledge results presented in this report are describing
correct behaviour of such combined system at industrially relevant conditions. It is,
however, underlined that experimental validation of such combined process is required

in order to clarify the observed, contradictory trends of pressure effect.

5.3 Renewable and sustainable methane production with use

of Solid Oxide Electrolyzer

This chapter has been published in a modified form as JP Stempien, M Ni, Q Sun, SH
Chan. Production of sustainable methane from renewable energy and captured CO2 with

use of Solid Oxide Electrolyzer: A thermodynamic assessment, Energy, 82, 2015, 714.

5.3.1 Introduction

In this chapter, the author employs an in-house developed SOEC model and a
thermodynamic model to analyse a combined SOEC-CH4 system for production of
sustainable methane. The employed SOEC model has been validated satisfactorily with
several experimental studies. It is able to account for the effect of applied current,
temperature, pressure, gas flow rate and composition on the syngas composition, yield
and production efficiency. The thermodynamic model for methane production includes

Sabatier, methanation and Water-Gas Shift reactions. Although, methanol can be
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synthesized from the same feed gases, it is not within the scope of this study, as it was
investigated in section 5.1. Simulated models of chemical reactions are based on
equilibrium constants implemented on Aspen HYSYS v.7.2 platform, which can be
found in the literature. It is generally believed that methane synthesis reactions achieve
equilibrium easily, thus no kinetic modelling is required. Nevertheless, the author has
analysed several cases based on kinetic modelling of methanation as reported in
(Sehested et al. 2005), arriving at the same conclusion. In this study, the author
investigated the effects of pressure, temperature, applied current (voltage), feedstock
steam-to-carbon dioxide ratio (SCR) on several system’s key performance indicators
(KPI). It should be noted that the author did not attempt to optimise the overall energy
conversion efficiency in this study as it is a trade-off between economic and technical
analysis, which is not the objective of present study. Contrarily, the author focuses on
electrical energy conversion efficiency, which is indicative of the optimal value of

overall energy conversion efficiency.

5.3.2 Methane synthesis reactor model

The reactions occurring in the methanation reactor are Sabatier reaction equation (5-1),
the methanation reaction equation (5-22) and the Water-Gas Shift reaction equation (3-
28). The author assumed that all reactions reach their equilibrium in no time. This
assumption is valid for high enough hydrogen to carbon ratio (Sehested et al. 2005). It
has been confirmed that this assumption is valid by comparing the results of the
equilibrium thermodynamic model and the kinetic model based on Kinetic expression
given by Sehested et al. (Sehested et al. 2005).

The equilibrium constant of reaction 5-1 was reported by Ohya et al. (Ohya et al. 1997)

and can be written as:

InK(T) = 45.787 + 1.772 x 10*T~1 — 8.103 In(T) + 3.282 X 1073T —
5.618 x 107872 (5-15)

The equilibrium constant for reaction 5-2 was taken from Aspen HYSYS® reaction

library and can be written as:

InK(T) = 20.55 + 2.292 X 10*T~1 — 7.195 In(T) + 2.949 x 1073T (5-16)
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Similarly, the equilibrium constant for reaction 3-30 was taken from Aspen HYSYS®

reaction library and can be written as:

InK(T) = —12.11 + 5.319 x 10*T~1 + 1.012 In(T) + 1.144 x 107T  (5-17)

Other possible reactions that may occur are the methanol formation reactions 5-3 and 5-
4,
However, the reactions 5-3 and 5-4 proceed selectively over Copper and Zinc catalysts

(Steinberg et al. 1997), whereas the reactions 5-1, 5-2 and 3-28 proceed selectively over
Nickel catalyst (Sehested et al. 2005, Xu & Froment 1989). Moreover, the pressure range
for the methanol synthesis is an order of magnitude higher than that of methane.
More discussion on methane synthesis reactions can be found in the literature (Hoekman
et al. 2010, Sehested et al. 2005, Ohya et al. 1997, Xu & Froment 1989).
The thermodynamic analysis of the system included varying of parameters:

e Applied current density;

e Operating temperature of methane synthesis reactor;

e Pressure of the system (single pressure level was analysed);

e |Initial ratio of steam to carbon dioxide fed to the electrolyzer.
The pressure has shown some effect on the electrolyzer, whereas the other three
remaining parameters would affect the operation of both electrolyzer and the fuel
conversion process of the system.
A few parameters are calculated to characterise the key performance of the proposed
system, these include:

e Electrical energy conversion efficiency in %;

e Overall energy conversion efficiency in %;

e Amount of energy stored in methane in Nm? h*; and

e CO2-to-CHjg4 conversion in %.
Several other parameters are calculated but not reported for the clarity of the
presentation, these are:

e Amount of energy stored in methanol in Nm? h?;

e Cell voltage in V

¢ Hydrogen-to-carbon monoxide ratio of syngas from SOEC; and

e Steam and carbon dioxide conversion to hydrogen and carbon monoxide,

respectively.
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The author underlines that the overall conversion efficiency is a function of system
layout and degree of heat recovery. In the following study, the author did not attempt to
optimize the system layout thus the predicted values are only indicative. Contrarily, the
focus is on electrical energy conversion efficiency, which is indicative of the optimal
value of overall energy conversion efficiency. The geometric and intrinsic parameters of
the cell under study are summarized in Table 5-13.

Table 5-13 — Summary of geometric and intrinsic parameters of electrolyzer in SOEC-CHj, case.

Active area: 100 cm? x 154 cell or 1.54 m?
Materials: Ni-YSZ|YSZ|LSCF-YSZ
Thickness: Fuel electrode (Ni-YSZ): 500 um
Electrolyte (YSZ): 10 pm

Air electrode (LSCF-YSZ): | 30 um

Pore diameter: 0.5 um

Porosity: 30%

Tortuosity: 5

5.3.4 Results and discussion

The model equations were implemented and solved using Aspen HYSYS® with Peng-
Robinson equation of state. The proposed system is a single-pass with no recycling or
gases separation. The schematic of the proposed system is presented in Fig. 5-30, while
the HYSYS representation in Fig 5-31. All of the balance-of-plant elements are the

standard modules of Aspen HYSYS. No special settings were used for BoP elements.

Renewable
electricity
Water

Solid Oxide Methane CH,, Hy, CO
Carbon Electrolyzer synthesis H,0, CO,
dioxide

Heat Heat

Fig. 5-30 — Schematic of the modelled system (Blue arrows indicate combined material and

energy streams, red arrows indicate energy streams).
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In the analysed system, feed gasses (H.O, CO, and 5%mol H> are preheated to evaporate

water and then compressed before entering the electrolyzer. The air channel (79% N2

and 21% O>) gases of the electrolyzer are also compressed. Past the electrolyzer unit,

the air channel gases are decompressed through Turbine 1 and the energy is used to drive

the compressors. Compressed fuel channel gases are passed to the methane synthesis

reactor. After converting to the final mixture, the liquid component, if any, is being

knocked out while the remaining gases are decompressed through Turbine 2, which is

connected to a compressor. Additionally, energy requirement for cooling of the excess

heat generated from the electrolyzer and the methane synthesis reactor is included. The

methane synthesis reactions are highly exothermic and thus require water cooling. In the

proposed system, cooling of the SOEC has been considered. In this study, only air cooled

systems are investigated, which can be quite energy consuming as the amount of air

required for cooling is several times higher than that of fuel channel gas flow (Udugawa
et al. 2008).

In the presented study, the author analysed the effects of pressure, temperature, current

density and steam to carbon dioxide ratio (SCR) on the key performance indicators (KPI)
of the system. The ranges of investigated parameters are 1 — 10 bar for pressure, 473.15
—1073.15 K for methanation temperature (electrolyzer operates at constant 1073.15 K),

0.5 — 1.5 A cm™ for current density and 0.5 — 8 for steam to carbon dioxide ratio.

The current-voltage characteristics of the electrolyzer are depicted in Fig. 5-32. The best
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predicted performance is at low SCR and high pressure, while the predicted value of
Area Specific Resistance (ASR) is 0.2187 Q cm?. The worst performance is predicted at
high SCR ratio and low pressure, the calculated ASR value is 0.2784 Q cm?. As can be
seen in the Fig. 5-32, the effect of SCR is superior to that of the pressure. The superior
impact of SCR is due to its relation with open circuit potential via the Nernst equation.
The fuel reactant gases conversion ranges from 35% at low current density to 100% at

high current density.
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Voltage /V

P=1bar SCR=05
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Fig. 5-32 — The current-voltage characteristic of the electrolyzer (Green lines: SCR 0.5, red line:
SCR 8; Solid lines: 1 bar, dotted lines: 5 bar; and the dash-dot lines: 10 bar).

The effect of the investigated parameters on the maximum electricity to methane
conversion efficiency and overall energy conversion efficiency is presented in Fig. 5-33.
The highest value of electrical energy conversion efficiency achieved in this study is
81.08% under the current density of 0.5 A cm™ and SCR of 7. The corresponding
pressure is 3 bar and the methane synthesis temperature 473.15 K. The maximum value
of electrical efficiency is not a strong function of applied current density, however it
generally drops with increase in applied current density. At high current density, a value
of 71.64% in electrical efficiency can be achieved. It can be seen that increasing the
applied current density brings the electrical energy conversion efficiency closer to the
overall energy conversion efficiency, this is simply due to greater amount of Joule heat
generated in the system and resulting lower need of external heat supply.

The highest value of overall energy conversion efficiency achieved in this study is 60.87%
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and is obtained at 1.5 A cm™ and SCR of 2.5. The corresponding pressure is 10 bar and
temperature of 473.15 K. The difference between the overall efficiency and electrical
efficiency at 1.5 Acm is a mere 10%, whereas at low applied current density it reaches
40%. It seems that less system optimization effort would be needed for operating at high
applied current density. Moreover, due to higher syngas production in this case equation
(3-115), such system would be considerably smaller. However, the maximum value of
conversion efficiency in the case of low applied current density is higher and this value
is a weak function of applied SCR. This is an important feature given that steam is
relatively easier to obtain than CO>. Thus, it is case-specific to conclude which mode of
operation is more favourable. Running the system at high current would result in smaller
system size, with lesser need for heat recovery, however it can result in faster
performance degradation and is generally achieving lower efficiency. Low current
operation can achieve higher efficiency, and is more flexible towards initial steam to
carbon dioxide ratio, however, the system would have to be three times larger to achieve
same amount of methane yield as the high current case and will require extensive heat

recuperation to obtain reasonable overall energy conversion efficiency.
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Fig. 5-33 — Effect of the applied current density and SCR on the maximum electricity to methane
conversion efficiency (Green lines: 0.5 A cm?, blue lines: 1 Acm?, red lines: 1.5 A cm?, Solid

lines: electrical energy conversion efficiency, dotted lines: overall energy conversion efficiency).
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To explain the hump on the conversion efficiency graph at medium and high current
density, the author refers to the Fig. 5-34, which presents the gases conversion and
energy storage in methane. As can be seen, the location of the hump in the conversion
efficiency graph coincides with the same occurrence in the energy storage graph. It is
generally known that increasing the SCR can enhance the conversion of carbon dioxide
to methane (Hoekman et al. 2010). However, after achieving 100% conversion, further
increase will have an adverse effect due to insufficient number of carbon atoms in the
gas mixture. It can be concluded from Fig. 5-33 and 5-34 that SCR is an important
parameter in the system optimization and need to be kept under strict control.

The maximum amount of energy stored in methane varies from ~0.4 to ~1.6 Nm® h* m-
2 depending on the applied current density. The correlation is positive and follows from
the reactant gases conversion in the electrolyzer unit. At low current density only 35 %
of feedstock steam/CO: is converted to syngas, whereas at the high current density the

number approaches 100 %.
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Fig. 5-34 — Effect of applied current and SCR on the maximum energy storage and CO,-to-CH4
conversion (Green lines: 0.5 A cm?, blue lines: 1 A cm?, red lines: 1.5 A cm?; Solid lines:

maximum amount of energy stored in methane, dotted lines: maximum CO2-to-CH4 conversion).
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The influence of pressure and temperature on the maximum electrical energy conversion
efficiency is presented in Fig. 5-35. As expected, at high temperature the predicted
efficiency is very low. High temperature favours the reverse direction of the reactions
5-1and 5-2, i.e. the steam reforming. In general, in the whole investigated pressure range
and below 700 K the conversion efficiency is above 70%. In this study, the pressure
exhibits some effect on the electrolyzer, it has no effect on chemical equilibrium for
methanation, Sabatier and WGS reactions.

Fig. 5-36 further clarifies that pressure has no effect on the methanation part of the
process. The effect of the temperature is similar to that under the maximum conversion
efficiency. For temperatures below 700 K, the plateau region of amount of energy stored
in methane is achieved for each applied current density. Below that temperature, the
amount of energy stored in form of methane is a direct function of applied current
density and could be related by some form of Faraday’s law (assuming that conversion
in the methanation reactor is unaffected). In other words, the production of syngas in the
electrolyzer dictates the whole process.

The maximum amount of energy stored in methane is ~1.52 Nm?® h m of SOEC and
is achieved at the highest applied current density. The lowest maximum amount of
energy stored in methane is 0.58 Nm?3 h't m? of SOEC and is achieved at the lowest
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applied current density.
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Fig. 5-36 — Effects of temperature and pressure under the maximum amount of energy stored in
the methane (Green surface: 0.5 A cm? and SCR 8, Blue surface: 1 A cm™? and SCR 4, Red
surface: 1.5 Acm2and SCR 2.5)
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Fig. 5-37 — Relationship between SCR and applied current density (Red squares: maximum
electrical energy conversion efficiency, red line: fitted trend line to red crosses; Green circles:

maximum amount of the energy stored in methane, green line: fitted trend line to red circles).
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From Fig. 5-33 and 5-34, it is seen that increasing the applied current density shifts the
optimal value of SCR, and this phenomenon is further analysed in Fig. 5-37. At low
applied current only part of feed gases are converted to syngas in the electrolyzer, further
hydrogen-to-carbon ratio shift occurs via the WGS reaction at high applied current
density, almost all steam and carbon dioxide are converted to syngas inside the
electrolyzer, thus WGS reaction cannot proceed in the methane synthesis reactor. As a
result, the optimum SCR must be achieved right after the gases leave the electrolyzer.
This value is actually a reflection of optimal syngas composition for methane formation.
Slightly higher values of SCR corresponding to the maximum efficiency at low applied
current are due to lower energy requirement of the electrolyzer fed with gases with high
steam content. At high current densities, the effect of gas composition on electrolyzer
electricity consumption is less visible and being traded-off by gains in the methanation

reactor.

5.3.5 Conclusion

In this study, the author analysed production of sustainable/ renewable methane gas from
water and carbon dioxide feed using renewable energy. The analysed system consists of
a Solid Oxide Electrolyzer Cell (SOEC) and an ex-situ methane synthesis reactor
including Methanation, Sabatier and Water-Gas shift reactions. To simplify the study,
the author considered a simple flow-through operation with no recycling and heat
recuperation.
The analysis included varying applied current density, pressure and initial ratio of steam
to carbon dioxide fed to the electrolyzer. In conjunction with pressure variations of
SOEC, the author varied the pressure of the methane synthesis reactor and its
temperature. The temperature of SOEC was kept constant at 1073.15 K. To assess the
influence of the above parameters on the system performance, the author observed the
electrical energy conversion efficiency, overall energy conversion efficiency, amount of
energy stored in methane and CO2-to-CH4 conversion.
The author concluded the study with following remarks:

e Applied current density affects the amount of produced syngas and thus the

amount of produced methane via the Faraday’s law,
e Operating at low current density, i.e. with gases conversion below 100%

promotes the WGS reaction in the methane synthesis reactor. At low applied
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current densities higher steam to carbon dioxide ratios are deemed to achieve
optimal hydrogen to carbon ratio in the synthesis reactor,

e At high applied current densities there exist well defined optimal value of SCR
resulting in highest efficiency and methane production. At low applied current
densities, the effect of SCR is mitigated due to overall low conversion of steam
and carbon dioxide. The process is controlled by WGS reaction of methane
synthesis reactor,

e Temperature has significant negative effect on the efficiency and methane
storage at T > 700K. Below this temperature, the methane synthesis reactions are
close to stoichiometric equilibrium, thus the temperature has minor effect,

e Effect of the pressure on the system performance is confined to affecting the
electrolyzer. High pressure operation increases the open circuit potential and
need of energy for gases compression. However, it lowers the overpotential
losses,

e The maximum electrical energy conversion efficiency ranges from 71.64% at
1.5 Acm™ to 81.08% at 0.5 A cm2. The maximum amount of stored energy in
methane varies from 0.58 Nm®h?® m? of SOEC at 0.5 Acm?to 1.52 Nm®* h m-
2 of SOEC] at 1.5 A cm™. The system can achieve 100% CO, conversion at 1 A
cm2. The maximum overall energy conversion efficiency varied from 44.07% at

low applied current density to 60.87% at high applied current density.
5.4 Chapter summary

In this chapter, the author analysed systems aimed at producing the synthetic fuels,
energy storage and intermittency mitigation. Analysed systems envisaged production of
hydrogen, syngas, methanol, methane and Fischer-Tropsch fuels. All of the investigated
systems can achieve satisfactory conversion efficiency and can be adopted in the
industry. The author notes that the easiest system to implement would be the syngas
production system, the systems producing hydrocarbon fuels have, in general lower
efficiency and require additional reactor to convert the syngas to the desired output. The
case for production of hydrogen requires additional storage systems for hydrogen which
are in general price and not very effective. The contents of this chapter were published

as two journal papers and one international conference poster.
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Chapter 6. Conclusions, recommendations and

outlook for the energy sector

6.1 Conclusions

A brief conclusion from this thesis is presented below. The more detailed information is
included in each chapter’s conclusion section.

Several fundamental aspects of operation of Solid Oxide Electrolyzer Cell were
reviewed in this thesis and resulted in a proposed new model of the electrolyzer. Effects
of electrode microstructure on activation overpotential, operation under extreme oxygen
chemical potential difference and co-electrolysis were investigated and state-of-the-art
model of the electrolyzer was proposed. Such defined model, incorporating effects of
temperature, pressure, gas flow and composition and cell geometry and microstructure
was applied to model several energy conversion systems design to mitigate some of the
current issues of energy sector, i.e. CO2, emissions, renewable energy intermittency,
production of synthetic, renewable hydrocarbon fuels (comprising majority of end-use
energy carrier) and grid balancing. The author’s contribution to the discipline is confined
to chapters 3 through 5.

Chapter 3 presents the state-of-the-art modelling knowledge on SOEC and author’s
contribution to the discipline. The author’s contribution is described in somewhat more
detail following the published articles in international peer-reviewed journals. Exact
derivation of models of equilibrium potential and extreme oxygen chemical potential
difference model are included.

A system design to mitigate CO, emissions from a power plant was designed, analysed
and optimized in chapter 4. Depending on operating conditions, maximum efficiency of
energy conversion was predicted to be ~50% and maximum exergy efficiency was of
similar magnitude (with no heat recovery). Reduction of ~70% of CO is viable.
Synthetic fuels production was analysed in chapter 5 in conjugation with renewable
intermittency mitigation and grid balancing. Production of hydrogen, syngas, methanol,
methane and Fischer-Tropsch fuels was analysed and energy conversion efficiencies
ranging from 61% to 89% were predicted, where the lower value relates to methanol

and the higher to hydrogen production. Conversion of almost 100% COx is viable in
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such systems and is only a question of proper process design.
6.2 Major achievements

Major achievements of this thesis are summarized in point format for clarity of
presentation.
e Formulation and validation of equilibrium potential model for co-electrolysis
SOEC,
e Formulation and validation of extreme oxygen chemical potential difference
model of SOEC,
e Formulation and validation of co-electrolysis SOEC model incorporating effects
of microstructure on cell’s performance,
e Formulation, design, analysis and optimization of CO, mitigation system based
on SOEC,
e Formulation, design, analysis and optimization of synthetic fuels production
system based on SOEC,
e Technical and environmental analysis of introduction of SOEC in Singapore as

grid balancing, intermittency mitigation and energy storage solution.
6.3 Recommendations

One of the biggest issues preventing from clarifying the fundamentals of Solid Oxide
Electrolyzer operation is the discrepancy between the modelled and real systems. One
of the big research topics thus is related to inclusion of 2D and 3D structures. Novel
modelling techniques must be mastered allowing to simulate the detailed reaction
kinetics on complex 3D structures. This must be complemented by development of more
comprehensive measurement and validation tools.

The synthetics fuels production technologies are almost century old and the theoretical
data to model these reactions is limited. Another important research area in the field
covered in this thesis pertains to updating the understanding of chemistry behind
synthetic fuels production. Particularly interesting seem the inclusion of kinetic data for
synthetic fuel production and further elucidation of Fischer-Tropsch reaction mechanism.
It seems valuable to design an experimental study to validate the findings of the

optimized models at a reasonable scale.
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6.4 Outlook

Solid oxide electrolyzer is set to be tested as one of the Power-to-gas technologies during
Energy Research Institute at NTU’s Renewable Integrator Demonstrator — Singapore
(REIDS) project. This is one of the major consequences spurring from this thesis.

Despite endless efforts and funds poured into SOEC projects, the technology is still far
from commercial, more R&D and demonstration efforts will be seen in the next 5-10
years. Research into sustainable and cheap mass production methods will be seen in
private and public R&D centres. Energy carriers other than electricity are needed to
effectively drive the growth. SOEC can make HC fuels sustainable and bring hydrogen

economy to reality.
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