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Abstract in Italian

La diminuzione del contenuto di anidride carbonica in atmosfera ¢ la sfida che deve essere
superata nei prossimi decenni. Uno dei metodi da implementare agisce sui sistemi di
produzione dell’energia elettrica e termica, i quali contribuiscono per una elevata
percentuale alle emissioni di gas ad effetto serra, i principali responsabili del
surriscaldamento globale.

A tale scopo, il seguente lavoro di tesi mira a modellizzare ed analizzare un prototipo di
centrale poligenerativa, in grado di soddisfare il fabbisogno elettrico di un centro urbano
di 30 mila persone, producendo al tempo stesso una serie di vettori energetici (idrogeno e
gas naturale sintetico) col compito di immagazzinare I'energia in eccesso prodotta da un
campo fotovoltaico. La taglia di quest’ultima tecnologia € 9 MW, ed ¢ in grado di soddisfare
per un terzo il fabbisogno elettrico del centro urbano. La rimanente porzione scoperta
viene integrata con |'utilizzo di una cella reversibile ad ossidi solidi (rSOC) operante sia come
cella combustibile (SOFC), con taglia di 6 MW per la produzione dell’energia elettrica
mancante, sia come elettrolizzatore (SOEC) per l'immagazzinamento dell’energia in
eccesso, con taglia di 30 MW, determinando un rapporto di potenza tra le due modalita
pari a 5, scelto per garantire I'ottimizzazione termica del dispositivo.

La SOFC sfrutta il gas naturale prelevato dalla rete di distribuzione nazionale, caratterizzato
da una elevata percentuale di CH4. Con I'utilizzo di un pre-reformer esterno al dispositivo
elettrochimico, questo elemento viene convertito in H, e CO, elementi che subiranno le
effettive reazioni elettrochimiche, evitando ogni problema di deposito di sostanze
carbonacee. La SOEC invece, produce sia idrogeno utilizzando H;O demineralizzata in
ingresso e, inviandolo in seguito ad una sezione di stoccaggio per rifornire con cadenza
settimanale una refilling station, sia syngas (H,&CO), sfruttando H;O e CO,. Proprio
guest’ultimo stream acido viene inviato dalla sezione di rimozione dell’anidride carbonica
(CCS), in grado di depurare tramite processi di absorbimento uno stream “sporco” di
biogas, rendendolo biometano ed immettendolo in rete con il rispetto degli standard
previsti. Il syngas prodotto & a sua volta stoccato in uno storage apposito, per essere
rilasciato a portata costante all'interno di un impianto di metanazione. Quest’ultimo
impianto, caratterizzato da una serie di reattori di metanazione con interposti degli
scambiatori di calore in grado di raffreddare lo stream trattato, permette la conversione
del syngas in gas naturale sintetico e la sua immissione in rete.

Il terzo capitolo della tesi prevede la modellizzazione degli impianti, mentre il quarto
descrive le simulazioni effettuate su Aspen Plus®, le analizza e riporta i risultati finali. Infine,
I'ultimo capitolo riporta un’analisi economica centrata sulla metodologia del costo netto
presente, calcolando delle importanti variabili economiche: Levelized Cost Of Products.
Queste permettono di valutare il costo del vettore energetico in uscita dalla centrale,
rapportandolo al costo totale dell’impianto produttivo.
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1 Introduction

The history of the Earth, in the last 10 thousand years, has been characterized by a period of
climatic stability, with temperatures that varied every ten years by plus and minus one degree.
This period of well-being allowed the humankind to increasingly evolve, until the advent of
the industrial revolution in the Eighteenth Century. This event marked the fate of humanity
due to the beginning of the (over)exploitation of fossil sources, causing the effects we
experience today: the Earth is in danger and it needs an immediate intervention in order to
guarantee climatic stability, favoring human well-being and development.

The energy sector is one of the most influential concerning environmental pollution, as its
residues and waste are highly polluting substances, with a worrying greenhouse gases
content. Until a few decades ago, no one had ever questioned the consequences of the release
of these substances into the atmosphere. But nowadays, an intervention that could have a
significant impact would be the use of technologies that work by exploiting renewable
sources.

Among them, the carbon capture and sequestration systems allow to remove pollutants from
the harmful fumes of industrial processes. The benefit of this plant lies in the fact that it can
be implemented in support of other new technologies, but above all for those already existing
by a retrofitting action. In fact, in the last decades the knowledge related to the capture of
acid substances and the sciences connected to it (new materials, types of plants) are becoming
increasingly advanced, aiming at their diffusion as soon as possible. Another technology
worthy of interest is that of electrochemical devices: electrolysers and fuel cells. Also in this
case, the technology of these plants is becoming increasingly sophisticated, thanks to its
coupling capacity with renewable energies such as photovoltaic and wind power, which
promotes the storage of excess energy and the production of clean electricity.

In the present thesis work, a polygeneration power plant with an rSOC as its heart will be
designed, i.e. an electrochemical device able of acting both as a fuel cell and as an electrolyser.
This latest mode will be coupled with a carbon dioxide capture system, capable of providing it
with a pure stream of CO; and of processing it to create syngas that will be stored in a specially
sized storage. Furthermore, to obtain an increase in the quality of this substance, the syngas
produced will be transformed into synthetic natural gas thanks to the coupling with a
methanation plant, capable of carrying out this upgrade by exploiting the chemical reactions
called methanation. The electrolyser, in addition to producing syngas, by receiving carbon
dioxide and liquid water as input, will be able to produce a pure stream of hydrogen and to
choose for a certain number of days of the week to operate only with the use of water. The
hydrogen thus produced will also be stored in a special storage, with the aim of supplying at
a later time a refilling station used for refuelling vehicles with hydrogen. The fuel cell mode of
the rSOC, on the other hand, will operate in combination with a photovoltaic field, in such a




way as to guarantee an electrical production required by an urban center of 30 thousand
people. This photovoltaic field will also provide the electricity needed for electrolysis
processes in times of energy surplus.

Initially, a description of these technologies will be carried out in order to establish their
current level of the state of the art. Subsequently, each section will be modelled and
reproduced on the Aspen Plus® software, allowing a simulation of the processes involved.
Downstream of the simulations, the data obtained will be collected, processed in Matlab® and
analysed, drawing at the end a series of descriptive performance parameters for each plant
section used.

Once the technical analysis of the plant is concluded, a short economic study will also be
carried out, according to the net present cost methodology, with the determination of
important economic parameters, the levelized costs of product that will allow to quantify the
costs at which various energy carriers will be sold.




1.1 Environmental problem: Global Warming

Since the formation of the Earth, around 4.6 billions years ago, life on the planet has always
been regulated by natural processes. It is scientifically proven, by the paleoclimatology
science, that the historical climate changes of the Earth are continuously evolving during time,
considering different time scales: era (millions of years), period (thousands of years) or
decades. Many natural occurrences have perturbed the equilibriums of the planet, causing
changes, often even extreme effects with the risk of the Earth’s life extinction. In the past, the
causes were only attributed to internal variabilities, which happen naturally random, as the
plate tectonics movement, volcanism activities, solar and space activities, orbital variations
and greenhouse gasses.

Temperature of Planet Earth
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Figure 1 1- Global average temperature estimated for the last 540 million years.

The study of these phenomena throughout the existence of our planet has caused an
important and equally alarming effect, which is shown in fig. 1 above: the trend of the average
global temperature. As can be seen from the final red line, which describes only the few last
years characterized by the human presence, an impressive increase of the thermal gradient

(%) emerges within a very short period of time. This problem should not be underestimated,

and to better understand a comparison with what has happened in the past could be useful.
For instance, in the ancient Ice Ages, when the average global temperature was slightly low, a
large surface of ice covered the Earth (due to the action of the Earth’s orbital perturbation).
The ice increased the reflection of solar radiations by the ground, thanks to the high reflection
of solid water. This phenomenon, combined with volcanic eruptions caused by continental
rifts and the consequent emission in the atmosphere of great amounts of greenhouse gasses
as carbon dioxide, entrapped the heat coming by the sun radiations and contributed at the
same time to the rising of the average planet temperature. It took thousands of years to
produce this variation in the average temperature, and that is why the situation today is to be
considered alarming. Despite nowadays the Earth seems to be invulnerable, and the perfect
place where life can naturally thrive by good geoclimatic conditions, as shown in the red line
from fig.1, in the past few decades the presence of a hostile entity has been disturbing the
global equilibrium, as an external negative force: the human. The modern human has walked

1 Glen Fergus: https://commons.wikimedia.org/wiki/File:All_palaeotemps.svg
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this Earth for two hundred thousand years, a time completely insignificant compared to the
Earth’s life. Despite this, his actions have produced almost irreversible changes on the Earth
conditions which, as said before, should rather happen naturally in a longer period of time.
Global warming is the main problem, humans are causing it with their lifestyle and habits,
exploiting and impoverishing the natural resources of the planet, enhancing the global
temperature. Although technological innovations improve the well-being of the people, their
destructive effects on the natural balance are badly managed. The most harmful anthropic
activities, the ones with the higher impact on the environment are the energy produced by
power plants, civil heating and vehicular traffic.

Until a few years ago, climate change and pollution were not considered as global issues, due
to a still widespread lack of knowledge on these topics and to the expanding global capitalism.
In recent years, however, the level of awareness has been growing among the population, as
climate anomalies such as summer snow, hot temperatures in winter, premature blossoming
of fruits, the increment of hurricanes and dangerous storms etc., are becoming more and
more common. As a consequence, the number of studies and researches within the scientific
community has increased tremendously in the past decades. Generally, the Earth
thermodynamic interacts with everything that covers it, exchanging energy by conduction
from the ground, convection with the atmosphere and irradiation. Irradiation is the most
important phenomenon, because most of the energy that allows life to proliferate is the
energy coming from the sun.
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Figure 2- Energetic balance of the Earth, image by Karen A.Lemke.

As shown in fig. 2, the solar radiation reaches the Earth travelling in the space. It is interesting
to examine this natural mechanism a little better: the first shielding is the magnetic field of
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the Earth which avoids that gamma rays (produced by the radioactive decays in the Sun’s
chemical molecule nuclei) and x rays (produced by variation of the kinetic of electrons around
the nuclei always in the Sun) manage to reach the ground. In general, these radiations are
extremely dangerous because of their high energy content which could penetrate the matter
and damage the cells' molecules, developing genetic mutations or death in the human beings.
The second protective layer is the atmosphere, which blocks the ultraviolet radiations, again
highly energetic, characterized by low wavelength and high frequency. The remaining part of
the solar radiation gets absorbed by the atmosphere and then re-emitted with an altered
wavelength (toward the Earth or the space) or can be directly reflected avoiding any possible
interaction or it can be directly pass through, reaching the Earth’s surface. When the solar
radiation reaches the ground of the Earth it happens through the same mechanisms, it can be
absorbed and re-emitted or reflected.

It is evident that the atmosphere plays a fundamental role for the regulation of the
thermodynamic Earth’s balance, indeed its composition varies the physical interaction with
the radiations, because depending on its chemical composition (the amount and kind of
chemicals which compose the atmosphere) several wavelength can be absorbed whereas
others are not. Researchers have continued to investigate and study these chemical
interactions in order to find more precise information about what kind of substances improve
these phenomena. Nowadays it’s known that: Water vapour (H20) helps the absorption of the
wavelengths lower than 8 [um] and higher than 18 [um]; Carbon Dioxide (CO;) instead, favours
2,7 [um], 4,3 [um] and the band between 13 and 18 [um]; Ozone (03) 10 [um]; Methane (CHa)
8 [um]; chlorofluorocarbons (CFC) the band between 7 and 13 [um]. More details are reported
in the next fig.3, representing the absorption plot with the corresponding chemicals that
interact.
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Figure 3 - Absorption of solar radiation by gasses. Source: Chegg®Study.




Considering what has just been mentioned, the importance of human pollution can be better
understood: the anthropic activities set out before are becoming a greater and greater danger
as they release in the atmosphere huge amounts of dangerous gasses, some of them already
emphasized before, known as GreenHouse Gasses (GHG). Their peculiarity is the high
absorption of the Sun and Earth wavelength bands and especially they remain suspended in
the atmosphere for a long time continuing their negative action, entrapping heat and
producing the fast increase of global temperature. Moreover, the damages do not depend on
the location of the emission, because the gasses move throughout the atmosphere. These
substances have been classified according to a criterion named “Global Warming Potential
(GWP)”, which provides for a fixed time interval, a quantitative effect related to the carbon
dioxide upshot. Indeed, this chemical is defined as a parameter to set and make comparisons
with other substances, because it is the element that is commonly produced in each anthropic
sector, and its presence in the atmosphere is high with an own resident time not negligible.
The comparison between chemicals is displayed in tab.1, which reports the most important
GHG with their GWP.

Time to reduce

GHG 20 years 100years 500 years ]
1/3 concentration
CO2 1 1 1 Century
CHas 56 21 6,5 Decade
N20 280 310 170 Century
HFC-23 9100 11700 9800 Years to centuries
HFC-32 2100 650 200 Years to centuries
SFe6 16300 23900 34900 Years to centuries,

Table 1 - GWP - source: Uso Ottimale dei Sistemi Energetici Polito

This paragraph therefore had the purpose of introducing one of the most serious
contemporary problems, global warming, and placing it at the centre of this thesis. With the
aim of considering new alternatives for those anthropogenic sectors that are contributing to
this problem, and in particular to the energy production sector, through a renewable-based
polygenerative plant, in such a way as to be a starting point and perhaps the subject of
further studies, for an eco-sustainable future, guaranteeing the protection of the earth and
its inhabitants. The following paragraph will aim to present the various world organizations
that have already started this path and what goals they intend to achieve.




1.2 International treaties

In order to safeguard the wellness of the Earth and of its habitants, several global agencies
have been founded, with the purpose of investigating, monitoring and studying these
pollutant phenomena in more detail, finding all the future sceneries and consequently, trying
to prevent future hostile scenarios. The fundamental goal is to mitigate damages produced
currently by greenhouse gasses, finding alternative solutions as alternative fuel, different and
new chemical/physical processes, in order to keep, without repercussions, the same lifestyle,
but in a more environmentally cautious manner, thinking to the next generation. Nowadays
the most important associations are:

e World Meteorological Organization (WMO), established in 1950 is a specialized agency
of the United Nations which involves 193 Member States and Territories. It is based on
an international cooperation at global scale for the development of meteorology and
operational hydrology. WMO is dedicated to international cooperation and
coordination providing general framework of monitoring, intervention and especially
contribution to the safety, security and sustainable development of society as well as
to the economic welfare, considering firstly the protection of the environment.
Moreover, the WMO with Hydrological Services and National Meteorological provide
weather, climate and water-related data useful for technology applications, and for
monitoring the environment [5].

e United Nations Environment Programme (UNEP), founded in 1972, is endorsed by 193
Member States and it has the purpose to inform, enable and inspire nations and
people to improve their quality of life, identifying and addressing the most relevant
environmental issues, working in partnership with governments, the scientific
community, the private sector, civil society and other United Nations entities and
international organizations. The goals for the United Nations 2030 Agenda for
Sustainable Development vary from the solution for the poverty and hunger in the
world, to gender equality and eco-friendly economic growth [6].

e The Intergovernmental Panel on Climate Change (IPCC) was founded in 1988 by the
WMO, and now it has 195 Member countries. It studies the science related to climate
change, determining the state of knowledge, identifying agreement in the scientific
community, finding where further research is needed, providing future impacts and
risks but also options for adaptation and mitigation. The main topics are the physical
science basis of climate change, the climate change impacts, adaptation and
vulnerability and the mitigation actions of climate changes. The task groups produce
reports where they summarize their development and the further study of
topics/problems, providing innovative solutions and raising the knowledge [7].

These are only some of the many associations which take care of the safeguard and wellness
of the planet, investigate and find the best solutions for an eco-friendly lifestyle. Moreover,
as well as global entities exist, there are also associations at national level, imposed by the




governments on their own territory. For instance, in the United States there is the
Environmental Protection Agency (EPA) while for European countries there is the European
Environmental Agency (EEA).

Among the most important and significant organization to protect the planet, the United
Nations Framework Convention on Climate Change (UNFCCC or FCCC) also known as UNFCCC
secretariat (UN Climate Change) is the most famous. UNFCCC is the United Nations entity
which supports the global response to the threat of climate change. It was established in 1992
as Earth Summit in Rio de Janeiro and entered into force on 21 March 1994 after being ratified
by enough countries. The State Members gather in negotiating sessions called Conference of
the Parties (COP), several times each year, discussing, analysing and reviewing climate change
reported data and information by Parties. During each COP, the Bureau is elected: it’s the
political and technical body of the Conference composed by eleven members chosen among
the Parties, including the President, Vice-Presidents, the Chairs of the subsidiary bodies and
the “Rapporteur”. Each of the five regional groups (African States, Asian States, Eastern
European States, Latin American and Caribbean States, and the Western Europeans) is
represented by two Bureau members that are elected for an initial term of one year and may
serve for no more than two consecutive terms. The purpose of the Bureau is to provide advice
and help the President in the management: for instance, they help implementing the
Convention’s goals by establishing working programs for COP’s activities, advise countries on
issues concerning prevention, and solve environmental and technological problems, forming
working groups on implementation and development to address matters. Moreover, it
submits reports which take into consideration all the progresses performed. Until today, 25
global meetings have been organized. Among them those that have gone down in history for
having been the most impactful for member states, urging a change for a better future, are
COP3, also known as Kyoto Protocol, and COP21 best remembered as the Paris Agreement.

1.2.1 Kyoto protocol, COP3

The real first attempt to reduce GHG emissions was made on 11 December 1997 with the
ratification of the Kyoto Protocol in Japan, as a result of the third UNFCCC negotiations. To be
approved, the Protocol had to be accepted by at least 55 of the countries which contributed
to the production of at least 55% of global CO,. This requirement was reached only in 2004
with the ratification of the treaty by Russia and Canada, allowing its entry into force in 2005.
The members of the Protocol have been divided into three main categories:

1. The Annex B non-EIT (Economy In Transition) countries, which are Germany, Japan,
Spain, Italy, UK, France, Netherlands, New Zealand, Austria, Belgium, Norway,
Denmark, Finland, Greece, Portugal, Ireland, Luxembourg, Switzerland, Sweden.
Considering as industrialized countries, with heavy industry-based economies, they
apply high consumes of fossil fuel for energy generation, which provide services and
essential and non-essential goods for the human lifestyle, but at the same time
generate high levels of GHG. These countries have emission caps.
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2. Annex B EIT countries which are divided into small EITs, with less than 1 billion tonnes
of CO; production, as Czech Republic, Bulgaria, Slovakia, Romania, Lithuania, Hungary,
Slovenia, Latvia and large EITs with more than 1 billion tonnes of CO, as Russian
Federation, Poland and Ukraine. They also have emission caps.

3. Finally, the non-Annex B countries characterized by a middle-low income. Their
technological progress has improved in the last decades, as well as their economy,
indeed some of them will become highly industrialized countries in the foreseeable
future considering their rapid development. These countries don’t have any emission
caps because of the lower level of emissions, compared to the other Annex Countries.

The U.S.A, despite being responsible of the 36.2% of global CO, emissions, has never
subscribed the Protocol. Canada removed its subscription before the end of the first period,
while Russia, Japan and New Zealand have never taken part in the second one. Nowadays the
Protocol is applied to only 14% of the global emissions.

Each State Member must respect a threshold for the reduction of GHG emissions, which
depends on their individual economic development. The level of responsibility of each country
varies therefore, depending on the amount of GHG emitted in the atmosphere. Even if the
limits are different among countries, the most industrialized, the Annex B, were expected to
reach the minimum target of CO, emission reduction (5.2%), within the protocol's first
commitment period (2008 — 2012). Then, there was also a second period known as the Doha
Amendment (2012 — 2020), where the minimum threshold was fixed at 18%. Therefore, the
Kyoto Protocol introduced specific tools able to fulfil the commitments in a cheap-efficient
manner: the flexible mechanisms (the “Kyoto Mechanisms”). They enabled international
cooperation between Annex B countries and others which were not bound by any obligation
to respect their reductive targets. The Protocol defined two main flexibility mechanisms that
can be used by Annex B Parties in meeting their emission limitation commitments:

e (Clean Development Mechanisms (CDMs) allow the reduction of the GHG emissions,
realizing projects in non-Annex B countries by the industrialized annex B, producing at
the same time both the right environmental development of the country, enriching it,
and achieving the Protocol's objectives. The difference between the real amount of
GHG emitted and the one which should be emitted without the realization of the
projects is called “avoiding emission” and it is quantified as coal credit by Certified
Emission Reductions (CERs). Indeed the positive aspect of the CDMs are lower costs
for the reduction of emissions (because it is more convenient to operate in non-Annex
B countries due to the lower cost of average life), the increment of the investment’s
revenue because it is also possible to sell the CERs produced (1 CER is equal to 1 ton of
CO,), finally it is an industrial and economic opportunity for Annex B countries to enter
new financial markets in the field of clean energy, technological innovation, industrial
requalification and energy efficiency. Thus, CDMs are designed to encourage
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production of emission reductions in non-Annex B Parties aiming to low carbon
development.

e Joint Implementations (JI) allow the reduction of the GHG emissions, realizing projects
in Annex B countries by countries of the same group. In this case the “avoiding
emissions” are named Emissions Reduction Units (ERU), where 1 ERU is the equivalent
of 1 ton of CO,. The main difference between CDM and JI is that the ERU produced
only in the Annex B countries cannot be sold but can only be used to actualize the
Kyoto Protocol’s targets only in the country which produces the project or in the host
country. Thus, JI encourage emission reductions in Annex B Parties.

Each Annex B country must submit an annual report of inventories of all anthropogenic
greenhouse gas emissions and nominate a person in charge ("designated national authority").
Instead, non-Annex B countries have to establish a designated national authority to manage
their Kyoto obligations, specifically the "CDM process".

1.2.2 Paris Agreement, COP21

Despite the huge effort conducted in the years after the COP3, many countries did not respect
the environmental targets that were further analysed and studied for the safeguard of the
Earth. The efforts performed were insufficient. For this reason, during the twenty-first
Conference of Parties in 2015 in Paris, another important framework for the future was
created, marking a milestone in the course of international efforts on global climate action.
As for the Kyoto Protocol, the Paris Agreement would become binding only if at least 55 of the
countries which contributed to the production of at least 55% of global CO2 would ratify the
Agreement. There were doubts whether some countries, especially the United States, would
agree, but in 2016, with a joint presidential statement with China, they joined the Agreement
making it valid for all the members.

The past experience with the Kyoto Protocol made clear the necessity to avoid enforcement
mechanisms, the application of penalties or fiscal pressure (for example the carbon tax),
because such measures didn't produce any positive effect. On the contrary, they encouraged
bad behaviours. In order to further lower carbon pollution, each Party that ratifies the
Agreement has to perform its personal target of emission reductions, called Intended
Nationally Determined Contributions (INDCs) outlining its post-2020 climate actions, in a
voluntarily manner to hold global warming below 2.0 °C or, at best, to limit it at 1.5 °C in the
next century, because only the last warming scenario permits ecosystems to remain within
the Holocene status (the current geological epoch). Instead, 2 °C or more of warming, produce
irreversible perturbations of ecosystems. Scientists at NASA’s Goddard Institute for Space
Studies (GISS) affirm that the worldwide temperatures are about 0.85 °C higher than during
1880-1920, increasing at a rate of roughly 0.15 — 0.20 °C per decade. Thus, the Paris
Agreement should have the role of informant, as soon as possible, and help Parties making
the best decision possible. The key component is to recognize the best adaptation at local,
regional, national and international level, to create the conditions for long term positive
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effects on climate change, taking into account the needs of more vulnerable countries. The
actual regime is not appropriate for the future sustainable development, but Parties
acknowledge that actions should follow modern concepts to obtain the maximum results.
Country-driven mechanisms must be performed in order to obtain the best results, because
not the same technology is suitable for all the parties, it depends on the economy and
morphology of the country. The intervention choice must be transparent, and should involve
the participation of the population, taking into consideration vulnerable groups and
communities, following the best available scientific approaches, integrating socioeconomic
and environmental policies. In spite of the dissimilarity and variety of policies, the Paris
Agreement aims to the collaborations between its components by sharing information,
experiences and lessons learned, including planning and implementations. Moreover, the
Paris Agreement supports the assistance of Annex-B countries with technical support and
guidance, the identification of priorities and encouragement of future correct behaviours.
Furthermore, exchanging information produces the strengthening of scientific knowledge on
climate, including aids for research, finding gaps in the knowledge and future challenges for
further improvements.

Periodically, each party should submit and update an adaptation communication, including its
priorities, implementations and support needs, plans and action by describing the national
goals achieved, in order to make the results public also for the other Parties.

The Paris Agreement brought attention to the important role of providing incentives for
emission reduction activities, including tools such as domestic policies and carbon pricing:
capital flows need to be increasingly directed to low-carbon solutions, then scaled-up and
optimized. Carbon markets are necessary for the development of a future climate regime,
which means that for policy strategies carbon pricing mechanisms should be established.
Governments should take into consideration low carbon investments, and place a realistic,
foreseeable regulatory and institutional framework. The benefits of carbon markets are
maximizing efforts to reduce GHG emissions using most cost-effective strategies, stimulating
investments in innovative low carbon technologies. Moreover, carbon markets increase fair
competitiveness between participants, by incentivizing private sector solutions through
existing and new technology in many fields.

A study [12] has shown that the mitigation of GHG emissions and the limitation of 2 °C
warming can be provided imposing a cumulative CO; emissions budget constraint of 1300
[Gtcoz] in the period between 2011 and 2100. Another study conducted by IEA (International
Energy Agency) established that in order to maintain the temperature increment below 2 °C,
the governments should spend USD 48 trillions on energy supply and efficiency investments
between 2014 and 2035. Despite all these guidelines produced with a better knowledge and
awareness of what is going on, the efforts are not enough. The next paragraph is going to
focus firstly on a global vision and then on Italy, in order to better understand what measures
have been chosen and what the actual conditions are.
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1.3 Global energy scenario

Civilization goes hand in hand with evolution and development of energy technologies, from
the prehistoric fire to fossil fuels and renewables. Energy evolution went through several
transactions in terms of energy sources, technologies and ways of exploitation by societies. In
ancient times the knowledge was underdeveloped, so the main sources of energy were animal
and physic human power that were employed principally in the agriculture sector. During the
mid-age also water and wind power were exploited, for instance in water/wind-mills, for the
development of the average lifestyle. Everything changed in the 18™ century: the industrial
revolution started the transition toward the “fossil fuel economy”, characterized by the
introduction of steam engines and coal as key energy commodities. This important historical
moment led to a rapid and relevant technological development: the knowledge of basic
physics assumptions increased allowing the construction of even better machineries, which
helped in each aspect of life. The following century, instead, was characterized by the
penetration of electricity as energy commodity which continued to increase inexorably, in
terms of consumption and production, until the 20t and 21t centuries, with the overfishing
of fossil fuel (oil, coals and natural gas mainly), resulted in a dramatic climate scenario due to
the emission of huge amounts of GHG as mentioned in the sections before. Even if the
scenario seems to be irreversible, there is still hope considering renewable energy.

M Coal M Natural Gas M Hydro Nuclear MW Oil MRES

Figure 4 — Global electricity production in 20182 — IEA 2019

Given that the present thesis envisages the design and analysis of a polygenerative plant, with
the aim of producing electricity and fuel such as SNG (Synthetic Natural Gas) and hydrogen in
an eco-sustainable manner, it is of interest to report fig.4, which shows the latest data
available on world electricity production, collected in 2018 by the IEA. RES (Renewable Energy
Source) taken into consideration are only solar and wind production as well as geothermal at
high enthalpy, whereas the nuclear commodity is not taken into consideration (10 %). Thus,

226730065 GWh, data source IEA: https://www.iea.org/data-and-statistics/data-tables?country=WORLD&energy=Electricity&year=2018
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renewables only account for around 26 % of global electricity production while 64 % is still
dominated by and dependent on fossil fuels. It is not a great result if compared with data of
more than 30 years ago: again, according to IEA, electricity production in 1990 was
11'897°196% TWh, when globally renewables made up around 19.72 %. This shows that the
share of electricity produced by renewable has actually slightly improved, despite all the literal
and moral efforts that have been made. Fortunately, for sustainable development we are not
only bound to the production of electricity, but also to the improvement of the efficiency of
production systems.

Related to the low utilization of RES and the GHG emissions involved, in recent years another
urgency has come up: the availability of resources. As displayed by the diagram for the
production of electricity, it is possible to state that most of the primary energy consumed is
produced through the use of fossil fuels, which are concentrated in few problematic countries
because many of these suffer from high political instability and low overall development.
Moreover, in addition to the supply problem, several world areas show a significant level of
energy dependency, which means that if net energy imports divided by gross available energy
are under 100 %, the country needs to import energy from other countries. Eurostat Statistics
Explained [19] says that in 2018, in the European Union, the average on primary energy
imports was 58.2 %. The total energy imported by the European Union in 2018 was 886 Mtoe
(where one ton of oil equivalent is 11'630 kWh). Italy imports 146.56 Mtoe of energy, which
correspond to 78.6 % of the total primary energy consumed in the country.

Unfortunately, there is another problem directly related to fossil fuels, in fact as discussed
before the last and current centuries are characterized by uncontrolled high fossil fuel
exploitation, which has led to the shortage of natural resources. The Earth Overshoot Day
marks illustratively the calendar day in which humanity consumes the natural resources which
the planet is able to produce for that year. The date is calculated each year by the Global
footprint network (Gfn), a global organization which deals with environmental accounting,
and calculates the ecological footprint. In 2019 the Overshoot day was on the 29t July; these
terrible data tell us that humanity is consuming the planet resources faster and faster, 1.75
times faster than the natural ecosystem is able to regenerate them, overexploiting the planet.
Following the current trend the resource depletion will increase year after year, due to the
socioeconomic growth, causing further increase of energy consumption. Even if during recent
years technological improvements in energy efficiency were done following the framework
suggested by the Paris Agreement, the efforts turned out to be insufficient from the ecological
and environmental perspective. More decarbonization goals are needed.

Data provided by REN21 [20], establish that in 2017 the average global Total Final Energy
Consumption (TFEC) per capita was 53.6 GJ per person. In the same year, at a national level,
the same indicator showed large differences ranging from 1.8 GJ per person in South Sudan

3 Data by IEA: https://www.iea.org/data-and-statistics/data-tables?country=WORLD&energy=Electricity&year=1990
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to 430 GJ per person in Qatar. In general, African countries were characterized by very low
levels of energy consumption, on average 19.8 GJ per person. In China TFEC was equal to 60.1
GJ per person, in India to 18.3 GJ/person, in European Countries, still on average 94.2
GJ/person. Italy showed a slightly lower value compared to the European average, with a per
capita TFEC of 82.4 GJ/person.

Therefore, taking into consideration all these assumptions is clear that the actual energy
model is unsuitable, and there is an urgent need for a transition toward a new system
paradigm. As discussed before, the increase in energy production worldwide, mainly from
fossil fuels over the last century, had environmental negative effects. Moreover, the economic
improvement of new developing countries could lead to even more severe effects if a radical
energy transition is not undertaken in time: alternatives to fossil fuel have to be utilized in
order to produce decarbonization. It is therefore necessary to produce electricity, but more
in general energy, using renewable sources as solar photovoltaic power, collectors of solar or
wind power, in conjunction with clean fuels such as hydrogen or synthetic natural gas.
Moreover, taking advantage of new technologies as CCS (Carbon Capture and Sequestration)
or rSOC (reversible Solid Oxide Cell), could be the right solution. Indeed, the present thesis
takes as a model of analysis an UVAM (Unita Virtuale Abitativa Mista), and, taking into
consideration all the innovative technologies above mentioned, aims to suggest how to
produce commodities in an alternative green way, avoiding any pollutant emission.

In conclusion it is clear that a better sustainable development needs more renewable power
contribution. IEA estimates that in 2015, the global energy consumption by all human
activities is around 18 TW per year [26], a small amount compared to the energy coming from
other RESs. For instance, it is estimated that only from the sun could be extracted each year
86000 TW, instead of wind-extractions (870 TW each year) and geothermal energy (44 TW per
year). This huge potential could solve all energetic problems even if, nowadays, any
appropriate technology is still not able to exploit all the energetic potential of the renewable
sources. Nevertheless, the opportunity for sustainable development could represent a real
future possibility.

1.4 Italy energy scenario

Focusing on Italy, the energy scenario is still dominated by fossil fuel. In the previous section
it is already mentioned that, in 2018, 146.56 Mtoe of primary energy was supplied from other
countries (principally natural gas and oil) on a total of 158.51 Mtoe of Total Primary Energy
Supply (TPES) [25]. Historical data provided by IEA tell us that TPES trend has been decreasing
in the last fifteen years, because of both the negative impact of the 2008/2009 global
economic crisis, which reduced Italy’s final consumptions and the industrial production, but
also the improvement of overall efficiency of energy systems. Always considering data from
IEA, in 2018 Italy’s electricity final consumption amounts to 303.4 TWh [25], in this case the
global crisis cited above was more impacted in this key energy statistic, because the wealth of
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the country collapsed and only in recent years the trend seems raise toward previously levels
prior to the crisis.

2018 Solids Gas Qil RES Eletricity Total
1 Production 0,25 4,46 4,68 34,00 0,00 43,40
2 Import 9,48 55,59 81,49 1,57 10,38 158,41
3 Esport 0,25 0,32 29,53 0,27 0,72 31,09
4 Changes in inventories 0,24 0,22 -1,92 0,00 0,00 -1,47

5 Availability of internal

consumption (1+2+3+4) 9,24 59,51 58,57 35,30 9,66 172,28
6 Consumptions and
losses of energetic -0,18 -1,91 -3,72 0,00 -39,16 -44,97
sector
7 Electricity conversion -6,90 -19,81 -1,68 -26,37 54,75 -
8 Final consumption

2,16 37,80 53,18 8,93 25,25 127,32
(5+6+7)
Industry 2,11 12,64 2,88 0,13 9,48 27,23
Transport - 0,83 37,06 1,24 0,99 40,12
Civil use 0,00 23,58 2,78 7,52 14,25 48,14
Agriculture 0,00 0,13 2,29 0,04 0,52 2,99
Not energetic purpose 0,05 0,62 5,02 0,00 - 5,69
Bunker - - 3,15 - - 315

Table 2- National Energy Balance, Italy, 2018, [25]

Tab.2 shows Italy energetic balance. It reports data in Mtoe, showing each contribution
required. Considering these data, natural gas (NG) with 59.51 Mtoe has a decrease of 3.3 %
compared to 2017, but it is still the most used commodity for internal consumption.
Immediately after NG comes oil, with 58.57 Mtoe, that on the contrary has a positive variation
by 1.4 %. Last but not least: coal, with 9.2 Mtoe. The fossil fuel, as mentioned before, still has
an important role covering the 74 % of internal consumption for Italy, while renewables
increase their contribution covering 11.4 % with 3.3 Mtoe.

Natural gas

Electriity

Biofuels and waste

Coal Heat

Wind, solar, etc.
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Figure 5 - Total final consumption by source, Italy 1990-2018 [24]
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Fig.5 shows the Italian configuration of commodities used to provide energy for total final
consumption since 1990. It represents the aggregate of all energy that is used to provide
various energy services. Oil and NG’ trends tend to be flattered in recent years, continuing to
assume too high values compared to RES (wind, solar, etc.), which is almost non-existent:
45’886 and 347 ktoe respectively.

From the point of view of energy, the 2018 report of the Italian Regulatory Authority for
Electricity, Gas and Water informs that the total number of electricity producers in Italy are
13’311: 398 of them produce thermoelectric energy and are mainly characterized by a large
plant, whereas 12’671 producers concentrate on renewable energy - quite a large number,
considering that most of them are represented by private citizens. Indeed, these results were
possible thanks to the liberalization process started in 1999, with a regulatory instrument: the
Legislative Decree of 16 March, 1999 n.79. From this historic moment the electricity market
developed in each of its supply chains, from production to end consumers. Production and
sales became completely liberalized, while distribution was converted into locally licensed
businesses. Terna s.p.a manages almost the whole electricity transmission grid. Therefore, as
already highlighted, the majority of the renewable systems are exploited by the economy
(small grid of the villages, and industries). This allows consumers to make different choices
regarding supply sources but nevertheless fossil fuels still have a dominant role.

Another interesting topic for the thesis work is the electrification status in Italy. It is almost
aligned with the European average, in turn higher compared to the global one. Considering
end-users, the transportation sector is characterized by the lowest penetration, while half of
the final uses in commerce and services sectors are already totally electrified due to the higher
density of electrical appliances and the wider use of air conditioning systems. In Italy, the
residential sector shows the lowest electrification rate compared to the EU and world
standard, making it a sector with wide potential for further electrification, considering
especially both space and water heating. In the industrial sector, a wider electrification of the
productive processes, both direct (including the use of electricity for heat generation used for
industrial processes) and indirect (i.e. by using electricity for producing hydrogen or synthetic
gases to be used in industrial processes), could be technically feasible over the next decades.
In the transport sector, three main drivers will render electrification crucial: firstly, the
reduction of air pollutant emissions and greenhouse gases, secondly the reduction of total
transport costs and finally, the increase of reliability and system availability. Indeed, the
substitution of internal combustion engines (ICE) with electric motors can deal with all these
elements. Moreover, the actual possibility of increasing the electrification of transport
systems is also related with technological advances in the batteries field and in energy storage
in general. To perform all these goals, sectoral policies are needed in order to support the
penetration of appropriated technologies coupled with a decrease of the electricity costs for
final users. Currently the EU is overseeing the “Piano Nazionale Integrato per I'Energia ed il
Clima” (PNIEC), promulgated in Italy in 2018, which aims to 43 % reduction of primary energy
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consumption and a 33 % reduction of greenhouse gas emissions (from energy sectors) by
2030, compared to the values of 1990 in order to respect and follow the general framework
of the Paris agreement. This should be coupled with a share of 30 % of renewables in the total
energy consumption by 2030, which should be covered by 55.4 % in the power generation, by
33 % in the thermal sector and by 21.6 % in the transport one. Moreover, over the years and
supported by scientific progress, this national strategy will undergo changes in order to go
head by head with it, and periodical consultation must be realized to obtain the best results.
The constant update will be supported by monitoring and will allow a better planning of the
energetic mix and its supply, the reduction of the risks connected with climate changes, health
prevention for the population and the preservation of the natural heritage.

This last paragraph concludes the brief introduction on the current global and Italian condition
regarding the complex political and administrative field of energy. The following chapter will
illustrate the state of the art of the technologies of interest for the thesis, as well as a brief but
complete description of hydrogen, a key element for this study and assurance for future
technological developments.
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2 Technologies: State of the art

The state of the art is a step of primary importance, especially in the scientific field, as it
intends to make the reader aware of the current state of the debated technologies. Using it
as a start, it is possible to distinguish the innovations that the study purposes attempt to
develop. Initially, hydrogen will be introduced, the element which is the basis of the
technologies that will later be treated: Power-To-X, rSOC and CCS systems.

2.1 Hydrogen

Digging into the history of hydrogen, we find first traces of its recognition by the scientific
community in 1766, when the British chemist Henry Cavendish used pig bladders to collect a
mysterious gas resulting from the action of vitriol (sulfuric acid) on metals. He noted that this
gas burned in the air and produced water. He named it the “flammable air.” Later, in 1781,
the French chemist Antoine-Laurent de Lavoisier, assisted by Jean-Baptiste Miller of Laplace,
carried out the first chemical synthesis of water. He understood that it was a composite
material, formed by flammable air (hydrogen) and “vital air” (oxygen). Lavoisier later named
this strange flammable air hydrogen, which means “forming water” [27], [28]. Successively,
this innovative element was always analysed better and better, until all properties that
characterized it were discovered. Nowadays hydrogen can be used in many fields of
application, using innovative technologies based on the principles of highly efficiency and
sustainability, following the general framework of the Paris agreement, to realize the best
possible future for the next generation. One negative aspect is that hydrogen is not a primary
energy source because, although it is the most abundant element on Earth, it cannot be found
in nature. However, rather than a barrier, this represents a large range of possibilities, since
hydrogen can be obtained from a great variety of sources, but it requires energy to be
separated from molecules containing those atoms. It can be considered as a secondary source
of energy that requires a primary energy source like electricity, in order to be produced [29].
Moreover, hydrogen contained in natural gas, biomass (cellulose) and hydrocarbons can be
extracted in a totally green way, if combined with different arrays of primary renewable
energy sources, such as wind, solar, geothermal, nuclear and hydropower. Hence, hydrogen
can be produced from a variety of resources (water, fossil fuels, or biomass) and is a by-
product of other chemical processes. Among the candidates of alternative energy resources
for replacing fossil fuels, hydrogen holds a preeminent position because of its environmental
compatibility: among all the energy carriers, hydrogen has emerged as a friendly solution for
climate change in global terms and air pollution in local terms. It has a high energy content
comparable with hydrocarbon, a large amount of energy is released through its combustion.

Thus, considering hydrogen from the environmental point of view, it is clear that it could be a
possible solution to Global Warming. As mentioned above, one of the amazing properties of
hydrogen is that its combustion produces water and heat (exothermic reaction):
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k
2H,+ 0,—- 2H,0 AR® = —286—] (1)
mol

In the following sections hydrogen will be analysed in more detail, with the intention of
describing its characteristic properties and what are, today, the main production methods
related to this interesting gas.

The first formula, (1), shows the combustion of hydrogen. From a thermodynamic point of
view Ah® is the variation of enthalpy, which represents the amount of heat released or
absorbed depending on its value: for a negative enthalpy the heat is released (exothermic),
on the contrary for a positive value it is absorbed (endothermic). The apex 0 means that the
calculation of the thermodynamic variable is conducted considering normal conditions: 20 °C
and 1 bar. The only product is water, considering this first property it is obvious the huge range
of application, because the use of hydrogen avoids any problem related to the production of
GHG and other pollutant chemicals. Using it as a fuel, for instance in the field of urban mobility,
it can reduce smog and therefore allow the population to breath clean air, reducing at the
same time the number of deaths related to local pollution, especially in the most industrialized
areas. Always considering it as a fuel, in a hypothetical way where it can replace oil and natural
gas in the power plant, it can mitigate or better solve all the GHG emission issues caused by
the exhaust gasses. As will be demonstrated in the next section “2.2.1.1” another interesting
application is the combination of hydrogen and carbon monoxide, which produces a chemical
called syngas. For a century this gas has been analysed, studied and treated in various
processes, and nowadays it is considered as one of the most valid alternatives for the future
in the field of energy and chemicals production (as it is a precursor for other chemicals as SNG,
methanol and other synthetic hydrocarbon). Another positive aspect of hydrogen exploitation
is that it can be used to store energy, also to improve the transportation of energy from the
place of production to the place of consumption, like electricity. Thus, considering its huge
potential, the hydrogen economy will emerge in the near future.

2.1.1 Proprieties

The hydrogen atom, H, is the first element of the periodic table, it is the smallest and lightest
of the atoms because it is characterized always by only one proton in the nucleus and only
one electron which orbits around. Based on the number of neutrons present in its nucleus,
hydrogen can exist in the form of three different isotopes. Its most stable form is the one with
no neutron, it is also the most common (99% of all hydrogen in the entire universe). The
second form is the deuterium, characterized by only one neutron in the nucleon and the last,
the tritium, with two neutrons in the nucleus, known to humanity as it is present in nature
only in traces caused by interaction between cosmic rays and the atmospheric gasses.
Regarding the molecule of hydrogen, Ha, has two different configurations: ORTO and PARA
form. The difference between them is the spin of the single electron outside the nucleon. The
molecule configuration strictly depends on temperature: if it decreases, an exothermic
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conversion happens, from orto to para, producing heat. In case of chilling operations this
process doesn’t help because it opposes naturally to it, increasing the total amount of
removed energy required to decrease the temperature. As stated in the introduction to this
paragraph (section 2.1), the first discovery of hydrogen dates back to 1766, since then there
have been many studies on this element, and almost all of its nature has been discovered. The
next table 3 reports the main interesting properties.

Properties Values

Gas density (273.15K) 0,08988 kg/Nm3
Liquid density (20,3K) 70,79 kg/m3
Boiling point (1bar) 20,3 K
Freezing/Melting point 13,95 K
Lower Heating Value (LHV) 120 MJ/kg
Higher Heating Value (HHV) 141,7 MJ/kg
Specific heat at constant pressure 14,33 kJ/kg K
Specific heat at constant volume 10,296 kJ/kg K
Specific volume 11,99 m3/kg
Low Flammable Limit 4 %

High Flammable Limit 74 %
Liguefation latent heat 3,92 kWh/kg
Coefficient of diffusity 0,61 cm2/s |

Table 3 - Hydrogen properties

Analysing the contents of the table, one of the most important and interesting properties for
the energy field is the huge energy content of H, in term of mass, described by the variable
LHVH2(g) (Low Heating Value) equals to 120 MJ/kg. It is one of the highest if compared to all
the other fuels, gasses as well as solid and liquid. As can be seen from the LHV unit of
measurement, it represents an energy content as a function of the mass of hydrogen
considered, and has a very high value, but if we consider it from a volumetric point of view,
the energy content is incredibly low and insufficient LHVhy(g) = 9.72 MJ/m3. In economic terms,
a low volumetric energy content is much more serious than a massive one, as this is generates
a number of relevant issues because, the more space hydrogen needs to store, the more
expensive the system will be where H; is stored. Fortunately, this problem can be overcome
spending an amount of energy to alter the H, conditions in order to obtain a different, more
suitable state. Usually, the variable on which we intend to act is the density "p", as the higher
this parameter, the less volume it will occupy with the same space, because it will have a
greater weight. This concept can be easily explained by considering the law of natural gases,
explaining the moles (n) as mass (M) per molecular weight (MM) and making shifts from one
member to another, in order to obtain the following equation:
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p= (2)

R*T
It is easy to see how, by increasing the pressure, the density increases. The same variation
occurs in the case of a decrease in temperature.

Therefore, as mentioned before hydrogen is the lightest gas because at room temperature
(usually 20 °C and 1 bar) its p is around 0.0089 kg/m3. However, increasing the pressure of the
gas to 200 bar, its “p” increases, becoming 16.42 kg/m3, while bringing it to 700 bar, the
improvement becomes still more evident, reaching the value of 57.47 kg/m3. Compared to the
basic value for room temperature, this property is hugely upgraded, but from a technological
point of view it is not enough as it would still be inconvenient at an economic level.
Furthermore, the higher the gas pressure becomes, the more complex and expensive the
operations to reach it, which means that the pressure in the gas state cannot increase beyond
a certain value. In order to further increase the hydrogen “p “, it is necessary to operate on
another parameter, its temperature. Liquefying H, at 77 K and 1 bar of pressure, the “p”
increases at 71 kg/m3. The liquid state provides better performance than the compressed gas,
but, even if the density assumes a proper value suitable for technological purposes, the
passage of state requires cryogenic processes, very expensive in terms of energy also due to
the exothermic energy released by the passage of configuration from orto to para. There is
still a third technology that allows to overcome these issues, a new technique discovered in
recent years: the chemical absorption of the gas in a solid matrix, where the most performants
are the metal hydrides. This method is less expensive than the previous ones, and it allows to
achieve a higher density level, with an average of ppetq n,between 100 + 200 kg/m?,

confirming itself as an important method of hydrogen storage for the future.

In addition to its peculiarity relating to low weight, hydrogen has another important
characteristic, a thermodynamic feature. Hydrogen is characterized by its high specific heat,
the ability to vary its temperature by exchanging energy with the surrounding environment.
To highlight its energy potential, a comparison is therefore made with other natural elements,
at standard condition: 0 °C and 1 bar. Hydrogen specific heat is 14.33 kl/kgK, while air value is
1.055 kJ/kgK, and water is 4.186 kJ/kgK. The comparison shows an order of magnitude more
for hydrogen, compared to the other two reference elements, demonstrating how useful its
exploitation can be in terms of energy. For instance its exploitation in a thermal cycle,
considering the same amount and the same variation of temperature, produces a bigger
amount of thermal energy (heat = m*cp*AT) compared to the referent elements.
Unfortunately, there are still many technological problems that prevent the use of hydrogen
for thermal applications, as a power plant. It is not recommended because the temperature
reached during the combustion is too high for some of the construction materials in the
combustion chamber or turbine, like the joining materials. The heat can break construction
elements and make them useless. Directly connected with the thermal potential of the gas, it
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has been mentioned its similar auto-ignition temperature (AIT) comparable with the one of
the standard hydrocarbon fuels:

Fuel AIT
Hydrogen H- 500°C
Methane CH, 537°C

Propane (;Hg 470°C
Butane E..}Hj_g. 405°C
Benzene C.H. 560°C

Table 4 - Comparison of AIT between hydrogen and hydrocarbon fuels

As already stated, despite these characteristics it is unusual to find hydrogen in thermal cycles
because a great number of issues is still to be solved, but recently several studies have been
conducted to allow its use in other innovative technologies as rSOC (electrochemistry
application). This cell, which will be described more in depth in the next sections, will be the
key element of the Polygeneration plant in this thesis work. It allows to connect different
systems, which operate with different material flows, in a single plant. As for the hydrogen
stream, it will be present in the rSOC presented in this thesis at 33.1 bar. Unfortunately, the
negative aspect of this altered fluid for thermochemical applications is that the high specific
heat makes the process truly expensive in terms of energy consumption required by the
compressor of the gas to increase the pressure (Lcompr= CP*AT/Ncompr).

Finally, the last element of note to be examined better in tab. 3 is the high coefficient of
diffusivity of this gas. The importance of this parameter relates to considerations on plant
safety. The parameter represents the tendency to escape from the storage system which
contains the gas, so it is extremely important to take into consideration all the possible leaks
and the environments that would be in direct contact with the escape of this gas, as if it moves
outside, it could react with the oxygen present in the air, and possibly cause dangerous
explosions.

Although it appears to be extremely complicated to work with this element, current research
studying its applications, interactions and performance shows that if the system is well
designed, the benefits of using it outweigh the negative aspects, in every area. Therefore, after
discussing its main characteristics, it is of interest to understand what are, nowadays, the
methods for producing this element that is not directly present in nature.

2.1.2 Production

Regarding hydrogen production processes, the upcoming years are mainly focused on
technological challenges. The system efficiency is one of the most important elements in
terms of conversion and purification: there is a need of improvements in order to further
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reduce operation costs. Moreover, the capital cost can benefit from it because if the
technologies become more reliable the production would start generating at the same time
the decrement of the initial cost for all the applications that exploit hydrogen. There are many
other benefits such as the reduction of emissions which can be further realized by employing
renewable resources in processes. Besides, all these new technologies have to be
economically supported in order to provide the best development, by a framework that
includes policies and the integration of the whole project stakeholders, along with the
implementation of safety codes, standards, certifications and education programs that
enhance the community acceptability and comfort with hydrogen technologies. At present
the total world production of hydrogen is approximately 50 million tons per year. In energy
terms, this corresponds to the equivalent of million tons of oil (130 Mtoe), which is barely 1.5
% of the world production of primary energy, which makes the gap between the use of these
two energy sources evident. As already mentioned above, hydrogen is not available in the
form of raw material in nature, but is obtained as a secondary product, for the most part by
working and purifying fossil fuels, as hydrocarbons and coal. The following tab. 5 shows the
most used applications to produce hydrogen, and briefly summarizes the strengths of these
technologies, their weaknesses and the main future prospects that will allow us to achieve
even more useful objectives.

Technology Strengths Weaknesses Prospectives/Challenges
High
X Established and mature '8 en-ergy improve product
1) Steam reforming consumption and o
technology purification

operating costs

Renewable feedstocks

High thermal efficiency CO2 emissions (biofuels, biogas)

Cheapest production Catalyst Process intensification
method (currently) deactivation (membranes, on-site units)
X No pollution - High electricity .
2) Electrolysis K X Improve efficiency
decarbonized pathway consumption
i Low system Renewable sources
Hydrogen purity .. i i
efficiency integration
Link between electrical . i Durable and cheap
X High capital cost
and chemical energy materals
Abundant and chea
3) Gasification % High reactor costs Product purification

feedstock (biomass)

. . . Handle with feedstock
Environment-friendly = System efficiency ]
variability

Favorable for large scale Greenhouse gas _
Process cost and efficiency

production emissions
4) Renewable and . Young
K . No pollution - X . X
Biochemical K technologies, high Investiment costs
R decarbonized pathway
production costs .

Table 5 - production technologies of H, [31]
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Of all the methods in the table, there is a common denominator that binds them all together:
the plants in which they are used are currently still very immature technologically. Being
contemporary technologies, some of them are not yet 100 % optimized, and therefore only
operated in niche fields. This results in a high cost. By shifting attention to the future, despite
this ever-present problem for young technologies, they promise to become low-cost and of
primary importance. In the next paragraphs, these production methods will be illustrated in
more detail.

2.1.2.1 Reforming reactions

The most common and performant ways for hydrogen production are the reforming reactions,
which consist mainly in using hydrocarbons in electrochemical reactions. The most important
of the reforming reactions is the one that uses water, named the steam reforming of natural
gas (Steam Methane Reforming, SMR). It is the most mature technology and common process
to produce hydrogen around the world. It usually also uses a metal catalyst to favour the
reactions between methane and steam, producing syngas which, as we already know, is a
mixture of H, and CO. The process begins with the purification of raw methane containing
pollutants, such as sulphur, halogens and siloxane compounds in order to avoid the poisoning
of the catalyst in the next phase, in which reforming reactions take place. They are carried out
using a nickel-based catalyst and under temperature and pressure ranging between 700 and
900 °C and 3-30 bar respectively. In eq. (3), reported below, are represented the chemical
reaction that takes place and its energy content value under standard conditions (Ah°). As can
be seen, the main feature and directly related to the production of hydrogen is that it performs
the higher ratio hydrogen/carbon, because through the reaction of one molecule both of
methane and water, three molecules of hydrogen and only one of carbon monoxide can be
obtained.

. k
CH, + H,0 < 3H,+CO Ah = +206—] (3)

mol
From the thermodynamic point of view, a positive variation of specific enthalpy means that
the reaction is endothermic, thus it requires heat to sustain the reaction. In general, in a plant
that involves endothermic reactions, such as in the polygenerative plant presented in the
thesis work, the endothermic reactions should have positive impact. They can be exploited as
thermal sinks, in order to reduce the amount of heat that must be dissipated, avoiding an
excessive increment of the system temperature. Despite this, the SMR turns out to be an
advantage if high temperatures are reached, because it would mean that the equilibrium is
shifted toward the products and specifically at 800 °C SMR is considered complete. For the
plant studied in the thesis work, this is a positive aspect because the temperature involved is
about 850 °C in the rSOC component, and right here the amount of hydrogen is fundamental.
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Usually, in order to further increase the amount of hydrogen and, at the same time, reduce
the amount of free carbon in the syngas produced, another reaction is coupled with SMR: the
water-gas shift reaction (WGS), expressed in the next eq. (4).

. k
CO + H,0 - H, +CO, Ah = —41—] (4)

The reaction is thermodynamic characterized by a low exothermic behaviour; hence a low
amount of heat is produced during the process. As for this chemical reaction itself, at high
temperature the reaction is shifted toward the product, even if it is also shifted at lower
temperature, between 200 and 350 °C. This range of temperature is suggested to be the best
in terms of performance. This reaction will be resumed and analysed in more detail, as it is
fundamental for the determination, during the modelling phase, of the key parameters in the
rSOC.

Continuing the production process, the resulting gas stream (rich in H) is subjected to
separation/purification from carbon monoxide and dioxide, by means of a final expensive
clean-up section. Pressure Swing Adsorption (PSA) process is one of the common,
nevertheless there are numerous others, such as the use of selective permeability membranes
or the chemical absorption processes [30]. All of them enable the removal of carbon phases
from the mixture, allowing to obtain a high purity hydrogen flow. These technologies would
require extensive discussion and are therefore only named in this thesis work. After the
detailed analysis of SMR, the second type of reforming reaction will be discussed, the DMR
(Dry Methane Reforming), expressed in eq. (5). Unlike the steam, the reaction requires carbon
dioxide in order to produce hydrogen.

. k
CH,+C0O, < 2H,+2CO Ah = +247—] (5)

mol

This process is quite interesting because from the chemical point of view it directly involves
carbon dioxide, useful to reach the environmental goal of GHG emission reductions, and from
the thermal point of view it is more endothermic than the SMR, so it is considered as a better
thermal sink. The worst aspect which makes the reaction unprofitable is that, in order to
perform such a process, both one molecule of methane and one of carbon dioxide are
consumed, producing two molecules of hydrogen and carbon monoxide. It means that the
ratio between hydrogen and carbon is equal to one, too low to perform a hydrogen
enrichment in the syngas stream. Furthermore, considering the kinetics of the reaction, in a
process involving SMR and DMR, the former is favoured over the latter as its reaction rate is
much higher. This will be an important consideration during the modelling phase of the
methanation reactors involved in the polygeneration plant.
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2.1.2.2 Electrolysis

Electrolysis is an electrochemical phenomenon that allows the production of H, using water
as a primary source. The device that exploits this innovative natural phenomenon is the rSOC,
and specifically the SOEC (Solid Oxide Electrolytic Cell). A very detailed discussion will be
carried out in the following chapter “3.2”.

2.1.2.3 Gasification

Gasification is another important process presented in tab.5. In general, its aim is to improve
the fossil fuel quality, increasing the efficiency by transforming it into a material with higher
thermochemical potential. This purpose is achieved by increasing or introducing through
chemical reactions hydrogen into the composition of the initial fuel. Thus, the gasification
process converts any carbonaceous (carbon-based) raw material such as coal into fuel gas,
also known as syngas. Then syngas can be treated in order to produce hydrogen or another
alternative chemical compound, more convenient and suitable for the target process.

The main advantage of gasification is the environmental solution to global warming related to
fossil fuel consumptions. Combined with technologies that filter the pollutants produced
during industrial processes, it would be possible to exploit in an eco-sustainable manner these
resources, which until now have caused an uncontrolled increase in pollution. Furthermore,
all raw materials such as coal, industrial residues, asphaltenes, heavy oils, gas or biomass,
which are very harmful from an environmental point of view, and not very profitable from an
energy point of view, would be exploited in a safe and profitable way through their conversion
into syngas. Thus, this would make a low-value product or waste monetizable and harmless.
In the future this process could become an increasingly important part of the world's energy
and industrial markets. In particular, of all resources, coal, with its stable price and abundant
availability throughout the world makes it the main material option for gasification
technologies going forward.

The chemistry of gasification is quite complex. It is accomplished through several physical
transformations and chemical reactions, but in general the most important are the
“gasification” and “pyrolysis” ones. The first one consists in a partial oxidation of fossil fuels,
which means that less oxygen is present compared to a stochiometric reaction. This allows
only a partial combustion producing carbon monoxide and hydrogen, and in a minor amount
also carbon dioxide and water. Going into more detail, as a first step the fuel is heated up to
around 600 °C in total absence of oxidant agent. This makes the vaporization of the volatile
parts as light gasses and tar, remaining with only the solid part (char and ashes). Successively,
char is gasified by endothermic reactions with oxygen, steam and hydrogen. The heat required
is auto generated by the exothermicity of the partial oxidation. At the end, syngas is produced,
depending on the temperature, pressure and time of residence, its composition can vary. On
the other hand, pyrolysis is a thermal decomposition of fuel carried out in total absence of
oxidant agent. In this case the volatile part is not vaporized but transformed into gasses and/or
liquids such as oils, while the fixed carbon is transformed into char. Usually both pyrolysis and
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gasification phenomena occur in reactors. However, based on the substance being processed,
the process times vary substantially and usually one tends to prevail over the other. For
example, for coal, the pyrolysis process is negligible as it is really fast, while for biomass,
composed of stronger molecular structures, pyrolysis is slower than gasification. Considering
the objective of the paragraph, for the production of hydrogen it is more convenient to discuss
the phenomenon of gasification. So, the fig. 6 [31] below shows even more in detail the most
important reactions involved inside a gasification reactor. Considering for example coal as
initial material, the starting carbon content is quite high. During the process the initial
composition varies and eventually, the main elements which can be distinguished and found
after reactions are carbon monoxide, carbon dioxide, hydrogen, water and methane, making
the final composition of the syngas vary, as can be seen in the column on the far right.

Gasification with Oxygen

+1f —
& 20, 2 Gasifier Gas

Combustion with Oxygen Composition

C+0, co, {(Vol %)

Gasification with Carbon Dioxide gzﬂ gﬁ - gg
C+C0O, «— 2C0O -

= co, 5-15
Gasification with Steam H,O 2-30
C+H,0 +— CO+H, ' CH, 0D-5
Gasification with Hydrogen H,5 0.2-1
c+2H2-i—l- CH4 cos 0-01
N, 05-4
Water-Gas Shift Ar 0.2-1

CO +H,0 =— H, +CO, NH; + HCN 0-10.3

Methanation Ash/slag/PM
CO + 3H; +— CH, + H,;0

Figure 6 - main reactions involve in gasification [31]

In general, gasifier reactors can be classified according to a wide variety of characteristics
such as bed temperature and type, pressure, oxidant flow through the equipment and ash
formations. The oxygen agent is fundamental for the temperature control of the reactor
because the reactions between fuel and oxygen are exothermic and can be used to enhance
the temperature level, while reactions between fuel and steam or carbon dioxide are
endothermic, so they have the opposite behaviour of requiring/subtracting heat. This means
that the control of the amount of oxygen is important for the best efficient operations, in
order to obtain the most suitable temperature which directly influences both the efficiency
and the cost of operations. While the presence of ash influences the choice of temperature
because if the temperature is below their softening point, they remain solid and are easy to
be removed, but if the temperature is above the ash melts down and they become slag, a
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material characterized by really high viscosity. In this case its remotion can be performed only
increasing the temperature, reaching a proper suitable level for the cleaning purposes.

From the point of view of the technologies in which this process is applied, the most
conventional group of reactors considered are entrained-flow, fluidized-bed and moving-bed
gasification technologies. Currently entrained-flow gasifiers are the most efficient alternative
and have the smallest environmental impact and the largest production capacity, thus they
represent the major part of the commercial market for centralized syngas plants. This
technology is characterized by operating at high temperatures (1100-1500 °C), which allows
good conversions in short reaction times, and avoids technical limitations in the feedstock
type. At the second place there are fluidized-bed reactors, which offer a homogeneous
temperature environment promoting the heat and mass transfer between the reactants. The
main advantages of these gasifiers are their easy scale-up and adaptation to changes in the
feedstock, as well as the better temperature control, whereas their drawbacks are related to
the need of specific particle sizes and lower conversion compared to other gasification
options. Lastly the moving-bed reactors, are commonly used for biomass gasification and are
divided into co-current (downdraft), and counter-current (updraft) gasifiers. Among these,
downdraft gasifiers are the preferred option for small scale application, and on-site
applications due to their relatively easy design, fabrication and operation, as well as their low
tar content in the product.

2.1.2.4 Renewable and Biochemical H2 production

Lastly the production of hydrogen from renewable sources will be described. Technological
progress across the years created valid alternatives to fossil fuel for the production of
hydrogen, even if many of them are still in development stages. Both renewable and
biochemical methods of production are clean and eco-friendly, as well as quite interesting in
terms of environmental safeguard as it is established by the general framework of green
policies. From the renewable point of view, the main aim is to transform the energy, thermal
or electricity, produced by RES, in a stack form of energy through hydrogen production. This
could overcome many problems related to the fluctuation of energy produced using RES and
respects all the necessity of the load requests. The first and most interesting technology is
the one of the photo-electrochemical cells. Its physical principles of operation allow it to
directly produce hydrogen from sunshine and water, as a sort of photovoltaic cell devoted to
the storage of sun energy in H,. Another production method consists not of a specific
technology, but of a series of processes that take the name of chemical loop. These
thermochemical processes are driven by heat, which can be collected through RES, as solar
irradiance concentration for instance. In general, the chemical loops are a series of chemical
reactions in the form of a closed loop which generate useful effect in one or more
intermediate steps. These are processes that have not been studied for a long time, and
knowledge in this area will certainly grow in the future, resulting in more and more benefits.
Today, in fact, the theory reveals that the benefits of these chemical loops do not concern
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only the area of H, production, but also other innovative and prominent processes such as
fuel decarbonization, CCS and so on.

Further production methods of H, are, moreover, the biochemical methods. In general, they
exploit microorganisms, vegetation such as micro-algae cultures and wastes (wood,
agricultural crops, human and animal residues). Through the use of low value materials,
hydrogen is produced without any ecological perturbations. Moreover, these natural
processes are highly controlled inside a reactor, in order to avoid any possible pollutant
products. They are named bio-reactors, and they must be thermal controlled, because the
organisms used in the processes can survive only under specific conditions.

The combination and/or integration of other mature technologies, such as conventional gas
cycles, with these biological processes, allow to obtain enormous advantages. Both from an
energetic and exergetic point of view, and from an environmental one. For example, a benefit
would be that of being able to clean the exhaust fumes of the highly polluting thermodynamic
cycles, storing them inside the bio-reactors. Inside them, the microorganisms present operate
through biochemical reactions, "feeding" on the gases. The exhaust gases are completely
purified, avoiding an emission that is harmful to the environment, while the products of this
process are many and vary according to the type of gas and the type of organism. In general,
algae growth can be obtained, from which biofuels, cosmetics, foods, medicines etc. can be
obtained. Other gases can be produced, to be used as a precursor of chemicals in other
processes.

The next section will analyse in detail the technologies adopted in this thesis work project,
which are directly connected with hydrogen or gas compounds that contain it, both from a
production and a consumption point of view. In particular, the rSOC, which in SOEC mode will
be able to exploit water to produce hydrogen, or water and carbon dioxide to produce syngas.
Or in SOFC mode, in order to produce electricity to support a total urban load of 30’000
people, using SNG (Synthetic Natural Gas) which will be transformed, through appropriate
reactions and components, into hydrogen and carbon monoxide.
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2.2 Reversible Solid Oxide Cell = rSOC

Nowadays, one of the most promising technologies in the energy field is the rSOC [32], [37].
Its use allows to exploit highly efficient innovative processes, with benefits also from the
environmental point of view, because, as already seen in paragraph 2.1, working with certain
elements such as hydrogen/water, waste products are not the classics GHG but rather
water/hydrogen, or syngas, if there is also the presence of CO/CO, chemical elements.

The most important feature of such technology, which distinguishes it from other
electrochemical devices is the flexible possibility to operate efficiently in electrolysis mode,
named SOEC [34], or in fuel cell mode, named SOFC [33]. The choice of mode, as will be seen
in chapter “3”, will depend both on the request of the power grid and on the availability of
RES. In fact, the project presented in this thesis work aims to satisfy the electricity needs of a
small town of 30 thousand people, and to do so in an eco-sustainable way, a dedicated
photovoltaic system coupled to an rSOC is used, a key element within the entire
polygenerative plant. The combination of these two technologies results in an improvement
and stability of the electrical grid, flattening the transient curve of electricity fluctuation
produced by the intermittent RES, which is strictly dependent on the meteorological
conditions: in fact the sunshine is not available at night, meaning zero electric production by
PV plant.

In general, in order to respect the decarbonization objectives set, a higher penetration of
intermittent renewable energy sources in the energy mix poses certain critical challenges that
rSOC can solve: the bidirectional operability enabled, as regards the SOEC mode, an efficient
energy conversion from RES to chemical storage in form of H, or SNG, depending on starting
fuel. Avoiding the waste of the electricity surplus that results sometime during the day. On
the other hand, in the reverse mode as SOFC, where H, taken from storage section (for
instance) or SNG taken from the natural gas grid can be exploited in order to produce
electricity, fulfilling the electric needs for possible loads.

2.2.1 Introduction and field of application

Until today the hypothetical autonomy of small grid is unthinkable, because the conventional
power plants would be too expensive if they were designed in small size, and also the most
problematic issues of GHG deriving from the conventional fossil fuel have taken to the current
problems. Another negative aspect is the low efficiency of these technologies, because they
require many energy conversions: starting from the primary energy stored as chemical energy
inside the fuel, in order to produce electricity the fuel has to be burn (combustion), converting
chemical energy into thermal one, then the hot exhaust gasses are sent in a turbine which
transforms the thermal energy (proportional to the kinetic of the gasses) into mechanical
energy and finally, using an alternator, the conversion into electric unit takes place. During
each passage, losses occur (such as thermal losses, efficiencies of devices, irreversibility, etc.),
decreasing the performance of the whole system. Despite all of this, in the last decades new
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emergent technologies as rSOC have been discovered and studied in order to overcome these
issues. One of the many rSOC’s benefits, in specific when it operates as SOFC, is that it could
directly convert chemical energy into electricity, ensuring higher efficiency than other
conventional methods of production. Moreover, the contemporary researchers are studying
systems which combine this innovative device with other technologies, in order to further
increase the efficiency and to produce a green development for the future applications. Thus,
the global interest is driven to the use of RES, because its free energy supply can be used to
exploit the process that characterized rSOC operations, at the same time producing little, if
any, GHG emissions.

Basically, rSOC is an electrochemical cell where a global transformation is performed, but
without any physical contact between the reagents. Such transformation is possible due to
the design of the cell: it is always structured in anode electrode, cathode electrode and
electrolyte layer between the two. The first, the negative electrode, is where the reaction of
oxidation occurs in which there is a delivery of free electrons to an external circuit. The second
part of the rSOC, cathode, the positive electrode, is the side where the reaction of reduction
happens in which there is a gain of free electrons from an external circuit. Finally the
electrolyte layer, which physically separates anode and cathode, where only ions can easily
pass through, unlike electrons that pass inside an external circuit and molecules, both
reagents and products, which respectively are coming or are sent from/to the outside
environment. They can continuously supply the system until the stream flows (rSOC is an open
system). Regarding the external circuit, it is an electric conductor which links anode with the
cathode to promote an easy passage for the electrons produced by the partial oxidation
reaction. Therefore, the charges separation gives rise to generation of electrical fields on both
electrodes, creating a potential difference (AV). Moreover, if the external circuit is close to a
load, it allows the circulation of electrons inside it, producing a current (l). The presence of a
current |, and a potential AV, generates electrical power (W,;).

R+ R,>P (6)
Ry —» O, +e” (7)
R,+0,+e” > P (8)

The equations above describe the chemical process that happens inside the rSOC
environment. Eq. (6) is the general global reaction that involves all the electrochemical
devices, where R are the reactants, and P the product, while egs. (7) and (8) are respectively
the partial reaction of oxidation and reduction that occur separately in the electrodes.

In general, electrochemical cells are classified by the material of the electrolyte layer, which
in turn determines the range of temperature operation. In the next paragraphs “2.2.2”, the
rSOC’s materials will be analysed more in details. The rSOCs are characterized by several
materials of composition, which are strictly related to the technological issues due to the

31



assembly of different layers. Regarding the costs, as some materials are rare or are produced
in small quantities globally, the price of the whole device can be really expensive. Obviously,
this increases the capital cost of the initial investment, making it an economically incompatible
technology and therefore not taken into consideration, despite its multiple advantages from
the point of view of both energy efficiency and eco-sustainability. Last but not least, the
temperature. It is a key parameter because depending on it, the electrochemical devices vary
their performance, both in terms of power consumed from the electrolysis, and in terms of
power generation if it works as a fuel cell. Temperature is important to choose the chemicals
which are utilized as reagents influencing the products that can be obtained, which is a truly
important factor, as the field of application of the electrochemical cell depends on it. In fact,
starting from the temperature, it is possible to study the thermochemistry of the reactions
that take place inside the rSOC, optimizing the quantities produced, reducing consumption,
and above all, from the point of view of the materials used, it allows to design the rSOC with
the most suitable material, i.e. the one that undergoes the least marked degradation
phenomena at the chosen temperatures.

Technology Operational Temperature
Solid Oxide Cell 700+ 800 °C
Molten Salt Cell 600 + 650 °C
Phosforic Acid Cell 250 °C
Proton Exchange Membrane 50+80 °C
Alkalyne Cell 50+80 °C
Direct Methanol Cell 50+ 80 °C

Table 6 — Electrochemical cell state of the art

Tab. 6 shows the several technologies present nowadays, in the research field and already on
the market, classifying them according to the temperature value in which they operate [40].
The greater the temperature range, the more stationary the cell operation will be. For
instance, at the moment of switching on the device, from cold, therefore to room
temperature, the cell must be brought to the operating temperature, and the higher this
temperature, the longer it will take. It means that is better longer periods of operation
avoiding as stand-by moments as possible due to higher thermal consumptions respect
devices with lower levels of temperature. Consequently, electrochemical devices such as
PEMs (Proton Exchange Membranes), which operate between 50 and 80 °C, as table 6 shows,
will be optimal for more dynamic purposes such as trucking engines. In any case, the one of
most interest for this thesis work is the Solid Oxide Cell, the only one which can operate as
fuel cell and electrolyzed. The reason is because the polygenerative plant in question must
meet the electricity needs of an urban network, which means that it is going to be a small
power plant, operating in steady state conditions. As will be explained in the hypotheses of
chapter “3.2.1”, the transitory between SOEC|SOFC operation and vice versa will be
neglected, allowing the hypothesis of always working in steady state, whatever the mode of
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operation. Secondly, from the point of view of the range of temperatures, it is coherent with
the rest of the devices involved in the plant, such as methanation section: in fact, even if it
operates at lower temperatures, around 200 + 300 °C, their excess of temperature can be
exploited for thermal uses in the rest of the system. Another positive aspect of working with
an electrochemical device at a high temperature of operation, is that it improves all the
transport phenomena characteristic of the cell, enhancing its efficiency. In confirmation of
what has been said, there are many scientific articles that in recent years have focused on the
study of the performance of rSOC, such as in [35], [36], [37], which confirm that among
electrochemical cells, the SOC has improved electrochemical phenomena, it is more suitable
for stationary application and for small scale H, generation applications.

2.2.1.1 Chemical reactions

As mentioned before, the peculiarity of the rSOC is that it can operate both in SOFC and in
SOEC mode. The first one also takes the name of “Galvanic Cell”. This is a particular device
characterized by the spontaneity of the electrochemical reactions that take place inside it. A
reaction is said to be spontaneous if it has a negative Gfe (Gibbs free energy, AG). In fact,
considering a general chemical reaction that can take place in a galvanic cell, and calculating
its enthalpy (AH) and entropy (AS) variation, expressed as the difference between the values
of the thermodynamic variable between products and reactants, the result is always: AG = (AH
- T * AS) <0. This thermodynamic imbalance is precisely the physical explanation of the
spontaneity of the reaction, in the sense that the chemical reactants interact without any need
for external inputs, producing the products of the reaction. Therefore, SOFC exploits the
spontaneity deriving from these thermal phenomena in electrochemical reactions, with the
aim of producing electrical energy thanks to the free electrons circulating in the external
circuit, just as can be seen in general eq. (7), allowing to directly transform the chemical
potential of the reactants into electrical power. On the other hand, the other modality of the
rSOC, the SOEC, is called "Electrolytic Cell", and its behaviour is the reverse of SOFC. The
electrochemical reactions that take place inside it are not spontaneous, as their Gfe is positive.
This means that in order for the reactions to take place, as the general eq. (7) shows, the cell
needs an external input, consuming electrical energy. This phenomenon is extraordinary. In
fact, just as it is applied for this thesis work project, it allows to store electrical energy in the
form of chemical elements, such as H; or syngas, in order to use them in a later time of greater
need. This is a valid alternative to common batteries, and precisely from the point of view of
the fluctuation of renewables, its intelligent integration would allow in the not-too-distant
future to stabilize its oscillatory trend [38].

The following fig. 7 shows the two operation modes of rSOC, considering the most common
fuels and products that are involved in this technology. In the fuel channel, CHs | CO | H3
perform the function of fuel in SOFC and that of product in SOEC. H,0 | CO; instead, perform
the function of product in SOFC and of fuel in SOEC. Instead, in the oxygen channel, the oxygen

33



O2 that interacts in electrochemical reactions does not derive from a pure stream of oxygen
but from atmospheric air, which contains 21%mo of it.
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Figure 7 - (a) fuel cell operation; (b) electrolyser operation

Focusing on the chemical reactions, the SOFC operation will be analysed first. In this mode,
the fuel electrode is the anode, while the oxygen electrode is the cathode. As it is known from
electro-chemistry knowledge, the cathode is always characterized by reduction reactions,
while the anode by oxidation ones. Reduction reactions decrease the oxidation number of the
reactant and are characterized by the capture of free electrons. While those of oxidation tend
to increase the oxidation number of the reactant, releasing electrons in the system.

Therefore, considering the study of the present thesis work, when operating in SOFC the
incoming fuel is SNG taken from the gas distribution network. Furthermore, as a hypothesis,
a composition of the SNG equal to that of the stream produced in the methanation section is
used, corresponding to 97%mol of CHa. Furthermore, as indicated in chapter "4.3", the
presence of certain chemical reactions in the anode, such as WGS, eq. (4), SMR, eq. (3), and
DMR, eq. (5) of paragraph “2.1.2.1”, by reforming the reaction, will also allow to hypothesize
H, and CO as fuel for SOFC. Therefore, the electro-oxidation reactions that occur in the anode
are made explicit:

CH, + 402~ - H,0 + CO, + 8e~ (9)
H, + 0%~ > H,0 + 2e~ (10)
CO + 0% - CO, + 2e” (11)
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While the electro-reduction reactions in cathode side are:

20, + 8e™ — 40?% (12)
1
502 +2e” - 0% (13)

For the SOEC, similarly as for the Gfe of the reactions, the role of the electrodes is also
reversed. The fuel electrode becomes the cathode, while the oxygen electrode becomes the
anode, the opposite behaviour compared to SOFC mode. This feature finds an enormous
benefit in the modelling phase, as the thermophysical values such as AH or AS are equal and
opposite between the two modalities of the rSOC. This allows to calculate them only once.
This aspect is highlighted if the reactions are made explicit. Therefore, in the anode side, the
electro-oxidation reactions turn out to be:

1
0% - EOZ + 2e” (14)
While the electro-reduction reactions in cathode side are:
H,0 + 2e™ - H, + 0%~ (15)
CO, + 2e~ - CO + 0%~ (16)

As it happens in the SOFC mode, even in the SOEC the high condition of operation, in terms of
temperature and pressure, and the simultaneous presence of chemical elements as H, | H,0
| CO | CO; in the cathode, enhance the occurrence of other reactions. The most important is
the WGS, already expressed by eq. (4) in the previous paragraph “2.1.2.1”, which allows the
content of H; and CO molecules to be balanced within the electrode. The other chemical
reactions of interest are those of methanation. These reactions will be better discussed in the
next paragraph “2.3.1”, as they constitute the pivotal process for the production of CH4 within
methanation reactors. Their chemical formulas are expressed by eq. (17) and eq. (18):

4‘H2 + COZ b CH4 + 2H20 AhO: -165 kJ/mOI (17)
3H, + CO = CH, + H,0 Ah? = 206 ki/mol (18)

From the equations above it can be deducted that eq. (18) has exactly the opposite behaviour
of the SMR, eq. (3). The reactants are nothing more than syngas, H, and CO, mixed in such a
way as to have an H/C ratio of 3, and the product is methane precisely. As for the other
equation, (17), its behaviour is extremely similar to the reverse reaction of SMR, the
substantial difference lies in the fact that the CO reagent is replaced by CO, and that the
proportions between products and reactants are different. Furthermore, since chemical
reactions are complete, the enthalpy variation values in normal condition are also reported.
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It is noted that eq. (18) is slightly more exothermic than the other. This is explained by the fact
that, during the chemical reaction, more energy is needed to break the CO, bonds than those
of CO alone. Consequently, in the inverse SMR there is more energy released, i.e. greater
exothermicity.

It is evident from the formulations above, and from fig. 7, that rSOC works with an anionic
electrolyte. As stated in 2.2.1, the electrolyte layer is a thin membrane which needs to conduct
ions between the two electrodes. In rSOC negatively charged ions are always conducted: the
oxygen ions, 0% (anionic electrolyte). This transition is possible due to the polymorphic nature
of the electrolyte membrane. Quoting M. Ferraris et al. [41], polymorph means that the
material is able to assume different crystallographic structures depending on the
temperature. As analysed in the next section 2.2.2.1, the most used material for this
application is a special ceramic, the Yttria Stabilized Zirconia (YSZ), a polymorphic ceramic
material which, at the range of temperature of the SOC (600 + 800 °C), promotes the oxygen
ions conduction.

Finally, the last important consideration regarding the chemical reactions involved in rSOC,
especially for the SOEC mode, is that the electrolysis of H,0 and CO, assumes a specific name:
co-electrolysis, which produces both H; and CO, so syngas, while if there is only the electrolysis
of H;0, it is called steam-electrolysis. Considering co-electrolysis, even if the syngas
composition seems in disagreement with the green policy described in the previous sections,
due to the carbon content, in recent times it has gained the attention of many researchers
and industrialists because of its versatility. In fact, it can be exploited for multiple uses such as
heat production into conventional combustion chambers, as a precursor for other chemical
species, acting as a depot material for the storage of energy. It also gives the possibility to fix
carbonic elements of industrial exhaust gasses inside of it, in order to filter and clean the gas,
making its environmental impact near zero or total zero.

In this thesis work, the syngas plays a central role because its production by SOEC operation
fixes carbon elements, filtered and sent by the CCS section, avoiding release into the
atmosphere and the environmental damage. Subsequently, the syngas is treated within the
methanation reactors, for the production of SNG. In the literature there are still other
examples, which deal with syngas, such as the article by D.J.L. Brett et al. [39], which explains
how the converted syngas can be further used in a subsequent step to produce various
hydrocarbon fuels via the Fischer-Tropsch conversion.

In the following paragraph the materials that constitute the elements of the rSOC will be
described in more detail.
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2.2.2 Materials and configurations

After the analysis of the basic phenomena involved in the processes that govern the
functioning of the rSOC, in the following section the materials that make up the components
of the electrochemical device are reported in more detail. The study of rSOC’s materials are
influenced by both mode of operation for SOFC and SOEC technology, indeed each of them
has its own physic characteristics which influence the performance. An optimal design is
reached by using materials that can enhance the performance and the mechanical properties
for both modalities of operation, a sort of trade-off aiming to reach the best results.

Regarding the structure of rSOC, the electrochemical devices are always constructed in the
same way: the single cell is the union of different layers, interconnectors (start and end of
each cell), the functional layer (anode, electrolyte and cathode) and secondary component as
protective layers. The asymmetric cell could be represented according to layers’ thickness.
The best configuration is indisputably the anode-supported cell which guarantees higher
degradation resistance, avoiding performance drops. Another benefit is the enhancement of
the number of oxidation reactions, due to an increase of the volume of the fuel electrodes
which increases the amount of tpb (three phase boundary) sites. Moreover, this configuration
involves the thinnest thickness of the electrolyte layer, which guarantees lower ohmic
overvoltage losses. These are losses that affect the performance of the rSOC, decreasing the
field of operability in which it can act for both modes. In the following modelling chapter
“3.2.2.4” they will be explained in more detail.

As for the physical concept of tpb, it appears to be of fundamental importance to better
understand the functioning of rSOCs. As mentioned above, the rSOCs are made of materials
that have catalysts inside them, in order to improve the kinetics of the reactions. Provided
that the electrochemical reaction takes place, three physical conditions need to occur at the
same time, in the same spatial region near the electrode catalyst. The first and trivial
requirement is the feeding of the reactants molecules in the point of reaction, the so called
“porous phase”, thus the fuel and oxidant agent have to be able to reach in a proper time and
without many losses the grain of the catalyst where the electrochemical reactions occur. The
second condition is related to the electrons produced by the oxidation reactions or received
in those of reduction. In this region of the space, called “electronic phase”, a good electron
conductivity must be guaranteed in such a way as to favour the transport of negative charges
inside the electrode. Finally, the “ionic phase”, similar to the previous one, with the difference
that a proper ionic conductivity must be guaranteed in order to remove or allow to reach
easily the point of reaction by the ions produced/necessary in the electrochemical reaction.
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Figure 8 — Cell configuration*

Fig.8 shows exactly the physical configuration of an assembled cell, and its main components.
At the current state of technology, as S.Y. Gomez et al. [37] but not only remark, most of the
cell designs are based on a planar configuration, with a classic rectangular shape, such as the
one of fig.8. However, in the literature there are also some innovative studies for tubular /
cylindrical configurations. For instance, Huang et al. [42] have made a research about the
transport phenomena in the electrodes of the tubular cell, Lawlor V. et al. [43] have performed
another study based on thermo-fluid dynamics simulations to investigate better the effects of
gas cross flows around the perimeter of a high temperature cylindrical electrode.

The rSOC of the thesis work is of the planar typology. Regarding its components, the
interconnector is fundamental for its connector function between several single cells into a
series configuration, called stack. The purpose of this assembly is to provide a higher voltage
value, in order to produce a significant amount of power, because on average, a single cell is
able to generate low voltage, between 0.5 and 1.3 V. It means that the stack voltage is the
product between the single cell voltage and the number of cells in series, as expressed in the
next eq. (19):

Vstack = Veetr * Neenr (19)

Focusing on the components already mentioned before, the functional layers are the common
electrodes (anode and cathode), where the occurrence of electrochemical reactions happens,
and the electrolyte membrane, which allows the execution of the reactions without any
physical interaction. Instead, the secondary components are interconnectors and sealants.
Their function is to protect the configuration, avoiding leakages of fuel and oxygen agents,

4 Mahapatra et al, Journal of Power Sources 195 (2010) 7129-7139
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preventing the deterioration of the device, furthermore it guaranteed safety separation
between anodic and cathodic streams during neighbouring cells assembly. Hence, the key
requirements for the application of rSOC are long-term stability, lifetime and reliability. D.J.L.
Brett et al. [39] have performed an experimental research which affirms that rSOC losses
performance occurs when operated under constant conditions, with a degradation rates
range between 0.3 and 0.8 % per 1000 h operating time, depending on the temperature and
pressure chosen during the tests.

Another crucial point directly connected with materials are the capital costs of the technology.
Expensive materials adopted in the construction of electrochemical components will produce
excessive final energy costs of the technology, making it unfavourable compared with the
conventional power plants. Akikur R.K et al [46] claim that the final energy costs may vary in
a broad range between 0.149 and 1.104 $/kWh. Moreover, Tirkay B.E. et al [47] conduct a
study where different renewable systems are compared in order to obtain the differences
between the payback time (the time period in which the earnings cover the initial investment)
of hybrid wind turbines and hybrid photovoltaic panel systems, which are approximately 3-4
and 6-7 years respectively. On the contrary, the payback time of hydrogen systems as in rSOC
takes more time (up to 25 years) because of the high initial investment in the fuel cell, the
electrolyser and the hydrogen tank storage. Hence a successful future commercialization will
be guaranteed by finding suitable materials with good properties and lower costs.

2.2.2.1 Electrolyte Layer

The electrolyte for solid oxide cells must be stable in both reducing and oxidizing
environments, because it is in contact with both electrodes. According to planar geometry it
must be shaped into a thin, dense, strong film [45], and it must guarantee sufficient high ionic
conductivity (> 0.1 S/cm [44]), negligible electric and molecular conductivity at the cell
operating temperature. In order to meet the last requirement, a very dense material is always
used, as a low presence of pores of the internal structure prevents diffusion between one
electrode and another through the membrane. If the molecular diffusion is not stopped, there
would be a decrease in performance in terms of missing electrochemical reactions, but also in
terms of cell temperature increment in the case of exothermic chemical reactions. Regarding
the other two requirements, the choice of material is fundamental, as ionic and electrical
conductivity are intrinsic phenomena.

Yttria-stabilized zirconia (YSZ) is the most studied electrolyte material for rSOC, although there
are many others in the research field and in later stages (commercialization) as ion- conducting
materials, zirconia-based, ceria-based, LaGaOs-based, and proton conduction electrolytes.
Among all these materials, YSZ stands out as it has the smaller ohmic overvoltage, which, as
discussed in chapter "3.2.2.4”, represents the loss phenomenon of greatest interest for the
electrolyte layer. This phenomenon is responsible for some of the voltage drops that occur
inside the rSOC due to the ions and electrons that are able to pass through the membrane.
The effect of the phenomenon can be quantified in terms of ASR (Area Specific Resistance), a
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variable that expresses the passage of charges as a function of the conductivity and thickness
of the membrane.

Among the materials mentioned above, YSZ has a smaller ohmic overvoltage, hence lower ASR
values, for temperatures higher than 700 °C, and discrete values for lower temperatures, 500
— 700 °C. At these intermediate temperatures, other materials such as protonic electrolytes
as BaCeysZ1y3Yy205_s (BCZY), or ceria-based electrolytes as samaria-doped ceria (SDC)
20SDC — Li,CO3; — Na,C0O5 and scandia-ceria-stabilized zirconia (ScCSZ) have lower ASR
values, hence better compositions for intermediate temperature operation. The electrolyte
layer of rSOC for the present thesis work will be made with YSZ, because of the high
temperature of operations involved, 850 °C. Moreover, this material has in general other
advantages such as abundance, so it can be easily produced, chemical stability, as already
mentioned for temperatures higher than 700 °C, non-toxicity and acceptable costs.
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Figure 9 - YSZ behaviour at microscopic scale — source: [41]

YSZ is a composite material constituted by mixing a metal (Zirconia - Z;) and rare earth material
(Yttria - Y) oxide. Its composition is reported in the previous fig.9, which also shows the
stabilized phenomena (S): the 8% of yttria oxide diffuses inside the molecular structure of
zirconia oxide, substituting some elements. The yttria ion (green particle with charge ++) is
electrically more powerful than the ions of zirconia (red particle with charge +), which means
that, in order to guarantee the electrical neutrality of the composite material, for each ion of
yttria doped, two ions of zirconia must be ejected from the system. This phenomenon
generates a vacancy, a free place where oxygen ions can be exploited during their migration
in rSOC operation. This process is hugely enhanced at higher temperatures, making YSZ one
of the best oxygen ions conductive materials.

2.2.2.2 Fuel Electrode

The next material is the first functional layer in rSOC analyses: the fuel electrode. It must be
made by materials able to satisfy all the tpb requirements, enhancing their amount as much
as possible. Hence high ionic and electrical conductivity and high molecular diffusion are the
goals. As material, in the present thesis work it is going to be used a porous metal-ceramic
mixture named “cermet”. The metal part provides the proper electrical conductivity and
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usually, as Ni does, a remarkable catalyst action able to enhance the kinetic of electrochemical
reactions, while the ceramic component provides the ionic conductivity. Instead, an
appropriate porosity has to guarantee the suitable molecule migration mechanism for the
supply stream of CHa, Hz, H,0, CO>, but also for their products, which need to be removed
from the physical point of reaction. From literature studies [48] and [49], the target for the
overall conductivity of fuel electrode, which take into consideration all three phenomena, is
set above around 100 S/cm, even if it depends on the cell design, and particularly on the length
of the current path, thus the requirement may relax to as low as 1 S/cm.

A more detailed analysis of this material shows that cermet is a porous matrix composed by
Ni (metal) and YSZ (ceramic material). The last is the same material used in the electrolyte
section, necessary to guarantee the best compatibility in terms of mechanical and thermal
properties. Moreover, as already affirmed in the previous paragraph 2.2.2.1, it is one of the
best materials that provides proper value of ionic conductivity. Long-term tests [50], [51], [52]
and [53] point out that the electrode degradation is not directly related to the applied current
density but rather it is a consequence of adsorbed impurities in the Ni/YSZ. “Carbon
deposition” is the most known degradation issue, it is produced when rSOC operates as SOFC,
at high operating temperature (around 800 °C), in the presence of fuel with high carbon
concentration as CHa. This set configuration produces degradation because of the deposition
of solid carbon particles all over the fuel electrode surface, generating the known pore
blocking. When carbon deposition becomes significant, a sort of physical barrier made of
carbon hinders the usual fuel stream until it cannot reach the tpb in the fuel electrode. In
absence of the fuel component, when the oxygen ions pass through the electrolyte reaching
the active point in the fuel electrode, they react, and oxidize the Ni component of the
electrode obtaining nickel oxide (NiO). These molecules will substitute the Ni atoms in the fuel
electrode microstructure, producing the enhancement of mechanical strain because the
oxides have much larger volume than the initial atoms. The drawback doesn’t affect the fuel
electrode, due to its porous nature which allows to absorb the mechanical stresses, but on
the other hand, the electrolyte layer made by only brittle, dense ceramic material (YSZ) will
not be able to resist, producing breaks. The rupture of the electrolyte layer will cause the
chemical oxidation of the fuel, which in turn generates high temperature due to the
exothermicity of the chemical reactions, producing the melting of the cell, an irreversible
damage.

From the point of view of degradation in the cell, the phenomenon of carbon deposition is
always considered during the design phase, as it occurs every time carbonaceous fuels are
used. The next fig.10 shows an important chart which explains how to avoid the phenomenon
of carbon deposition, through the control of three important elements, carbon ( C), hydrogen
(H)and oxygen (0O).
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Figure 10 - Triangle diagram of equilibrium — source: [40]

Regarding a fuel exploitation in the electrochemical device, the amount of these elements
selects a point in the diagram, and as the chart shows, when they finish in the grey section,
the carbon deposition region, the pore blocking starts growing. In order to avoid this, the
chemical fuel composition must be modified to move in the safety region. The best method
used are the SMR reactions, eq. (3) of paragraph “2.1.2.1”. They are defined as reforming
reactions, because they produce a mixture characterized by a low carbon content, and
expressed by a H/C ratio of 3. Moreover, it is an endothermic reaction, so from a thermal point
of view it is also useful because it allows to absorb excess heat from sources at high
temperatures.

As further discussed in paragraph “4.4”, during the SOFC operation SNG coming from the
natural gas grid, will be used as fuel. It is composed by 97% by CHs due to the assumption to
utilize a natural gas with the same composition whose produced by CCS and methanation
plant sections. Therefore, to avoid carbon deposition problems a pre-reformer reactor will be
inserted in the project plant of this thesis work in order to perform external SMR reactions,
without any carbon deposition issues for the SOFC.

Even if carbon deposition is the main degradation issue due to the high carbon content of the
common fuel used in rSOC, it is not the only contaminant. There is the presence of low
amounts of other elements which influence the cell performance. For instance, many post-
mortem studies conducted in recent years, as does [54], have indicated the presence of Zr-
oxide nanoparticles on the surface of Ni grains under SOEC operations, with higher
degradation intensity as corrosion effect and change of component dimension, comparable
to the pore blocking effect. Another issue is promoted by the presence of sulphur elements,
especially H,S, halogens as HCI, C,Cla and F or siloxanes, which poison the electrode,
compromising its functionality and efficiency. Therefore, future modifications to the
traditional Ni/YSZ cermet are necessary in order to prevent this kind of problems, and at the
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same time, enhance their performances for instance in terms of increment of the tpb areas
by reaction sites promoting stability, the promotion of other catalytic activities through other
materials and the implement of the corrosion resistance. This paragraph wants to explain the
state of the art for fuel electrode, so more detailed descriptions of innovative materials is left
to the interest of the reader.

2.2.2.3 0Oxygen Electrode

In closing, the oxygen electrode. This functional layer is made by a specific structure, the MIEC
( Mixed lonic-Electronic Conductor ), also called “perovskites". This material is characterized
by a specific structure, which is always based on the following scheme: ABOs. A refers to rare
earth element, B to a transit metal and O to the classic oxygen element. The next fig.11 shows
the physical representation of the scheme ABOs, the disposition of MIEC's ions inside the
elementary cubic structure.
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“A” sites occupy the vertex of the cube, “B” sites occupy the centre of the cube while the
oxygen ions occupy the centre of each face of the cube. The most used material for oxygen
electrodes in rSOC is LSM (Lanthanum-Strontium-Manganite), expressed in a chemical
formula as La1xSrxMnOs.s. It is highly compatible with other cell materials, especially with the
YSZ of the electrolyte, as they both have similar mechanical and thermal properties. Indeed,
its thermal expansion coefficient matches with the one of YSZ, avoiding thermomechanical
stresses. Moreover, from “the tpb” point of view, it is characterized by numerous paths for
electrons and ions, due to high electronic and ionic conductivity, but also to proper porosity
which guarantees good oxygen migrations. Actually, there are other different materials with
a perovskite structure, but LSM is the most researched because these types of material are
subjected to microstructure optimization to fit better in the cell system. Thus, the focus of this
study will mainly fall on this type of structure, because of its simple configuration, which allows
high three conduction pathways.

5 Source of the img: https://www.mdpi.com/2227-9717/7/3/128
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2.2.2.4 Single Repeating Unit components

The missing elements necessary for the construction of the Single Repeating Unit of a stack of
cells are the interconnector and the sealing, that allow safe and leak-free operations towards
the environment. The first one, as already mentioned at the beginning of paragraph “2.2.2”,
has the important function to link different cells in order to assemble in a stack, enhancing the
electrical performance. For this reason, it is in contact with both electrodes, thus it must be
made of a material which guarantees specific characteristics. Crofer 22APU is the most
appropriate material, it is a very dense structure made of iron with 22%u: of chromium, and
small amounts of other elements such as Mn, Ti, P, S and La. The high density prevents
molecular transport which could generate unwanted reactions in the wrong electrode, acting
as a physical barrier to protect the oxygen electrode from the reducing environment of the
fuel on the fuel electrode side. Moreover, it provides electrical connection between the anode
of one individual cell to the cathode of neighbouring cell, due to high electron conductivity.
Finally, it has adequate stability in terms of microstructure, chemistry and phase at the high
operating temperature, with a coefficient of thermal expansion comparable with the adjacent
electrodes. The most problematic drawback in the interconnector is the chromium poisoning:
during normal cell operations, chromium tends to diffuse in bulk zones of the interconnector,
and, on the side of oxygen electrode it can vaporize and react with the air flowing in the air
channel, producing chromia ( CrO2 ) which deposits on the cathode surface and reduce the tpb
of the oxygen electrode, blocking it and enhancing the polarization losses. The possible
solution for this problem is an innovative coating: (Mn,Co)304 spinel. It is a protective layer
applied in the interconnector zone where it is in contact with the air channel, avoiding the
chromium evaporation. Moreover, it guarantees proper thermomechanical and chemical
compatibility with the crofer 22APU material. Nevertheless, the only problem related to this
coating is its high cost caused by the presence of cobalt ( Co ).

As for the sealing protecting layer, it has various complementary functions which guarantee a
constant functioning of the rSOC operations. Among its most important requirements there
is, first of all, the prevention of mixing inside the cell fuel and oxidant streams. At the same
time, it prevents also the leaks toward the external environment of the stream, and it is very
important especially for H, fuel because, as reported in paragraph 2.1.1, hydrogen can create
an explosive mixture with the ambient air. Recent studies have shown that, when testing
single cells without glass sealing layers, small concentrations of impurities in the inlet gasses
may cause similar significant degradation of the cells [55]. Furthermore, as the interconnector
also does, the glass sealing ensures the mechanical stability of the device, by bonding its
components. In order to reach these goals, a glass-ceramic material is the best choice for the
rSOC analysed in the thesis work, because it guarantees thermal, mechanical, chemical and
electrical properties:
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Acceptable stability at high temperatures in the reducing and oxidizing atmosphere of
the stack;

Capability of withstanding thermal cycling between ambient and operating
temperatures;

Proper coefficient of thermal expansion compared with both electrodes, thus low
thermal stresses;

Generally inexpensive materials;

Good adhesion and wettability on both sealing surfaces;

Electrical insulation;

Resistance to vaporization at high temperatures;

Flexible design, low processing costs and high reliability.

To conclude the entire section dedicated to the state of the art of the materials used in the
rSOC, a summary is provided in tab. (7), of all the components and related materials of which
the rSOC of this thesis work is constituted.

Component of rSOC Material of the component

Fuel electrode Cermet
Oxygen electrode La0.85r0.2Mn0O3
Electrolyte layer YSZ
Interconnector Crofer 22APU
Sealant Glass-ceramic

Table 7 - rSOC summary materials

In the next section the concept of Power-to-X plant will be analysed, a fundamental

component for this thesis work. This contemporary concept of multifunctional power plant

contains important plant sections that are used in the polygenerative plant in question, such

as the methanation section, for the production of SNG and the version of the cell in steam

electrolysis for the production of pure Ha.
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2.3 Power-to-X

After the second industrial revolution around 1870, the mankind began to exploit a new
source of energy to meet his needs: electricity. Over the years, the increase in knowledge in
the energy sector has allowed technological evolution, resulting in increasingly productive and
efficient systems. From the very beginning, the logistics that governed the internal processes
of power plants were always based on the same linear scheme, from the input fuel, which was
generally a fossil fuel such as coal or natural gas, only one output was obtained, electricity.
Initially, global efficiencies were very low, but they were compensated by the overexploitation
of fossil sources, especially coal, because there was an abundance and above all, the
environmental consequences of using this resource were not known. Over time, however,
because of both the decrease in material reserves and the awareness of the environmental
repercussions, an attempt has been made to find alternative ways. We have moved from
primitive power plants to plants with higher efficiencies, such as cogeneration plants that
allowed the production not only of electricity, but also of heat by exploiting the high
temperatures of the outgoing fumes. Combined cycles began to be used, which allowed the
coupling of different processes such as gas cycles and Rankine cycles, always with the aim of
increasing the performance of the global plant. The evolution of the plants was expanding,
trying to improve the starting linear scheme, until the plants named power-to-X became
known. The nomenclature indicates that in these plants, starting from a single input, a
multitude of outputs (X) are obtained and they are able to make the most of the initial
resource, minimizing waste and maximizing efficiencies. Furthermore, in addition to the
logistical modification of the process scheme, new forms of renewable resources have been
introduced precisely for environmental awareness, in particular H, and other energy vector,
such as syngas. A great number of scientific articles, such as the one of Jochen Lehmann et al.
[56], declare that Power-to-X is a very complex connection of procedures based on the
conversion of renewable energies into green hydrogen through electrolysis. On the other
hand, Francisco Vidal Vazquez et al. [57] claim that Power-to-Gas, Power-to-Liquids, or, more
generically, Power-to-X conversion concepts arise as a synergetic solution both for storing
energy from intermittent renewable energy sources and producing carbon-neutral fuels from
CO; emissions. Taking into consideration the plant presented in this thesis work, it is designed
following the concept of power-to-X, and is called polygeneration plant. It consists of four
different sections connected to each other, each with a different purpose, aiming to obtain
the maximum result with the least waste, according to an eco-sustainable logic, which avoids
the disturbance of the local and global environment. This is fundamental for new plants, and
compared to the past years it is also easier to implement thanks to the guidelines set by
international treaties and the consultancy obtainable from global and / or national
associations.

Going briefly into the details of the polygenerative plant, its previously announced sections
are the photovoltaic system, the rSOC, the methanation section and that of CCS. Since the
goal of the plant in this thesis work is to meet the electricity needs of an urban network of
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30’000 people, the photovoltaic system is designed to meet this need. Considering the
fluctuation of the RES in relation to the constant urban load, there will be moments of deficit
in which the rSOC, operating in SOFC mode, will produce the missing electricity using SNG
taken from the urban network as input, and there will be moments of surplus of electricity
produced by the PV, which will be exploited in the SOEC mode according to two different
criteria. In certain moments, such as steam-electrolysis, for the production of pure H2 to be
sent to a storage to satisfy a constant daily demand for this stream. At other times, such as
co-electrolysis, for the production of syngas to be sent to another storage. This latest stream
will be processed in the methanation section, with the aim of producing SNGs to be sent to
the Italian natural gas network. Finally, the last section, that of CCS, which will allow the
production of both a stream of SNG to be fed into the network and a stream of pure CO; to
be used for co-electrolysis. It is evident that the energy and material vectors within the plant
are multiple, and that they all together synergize in such a way as to meet the requirements
set during the design phase. These processes will be analysed in detail in the next chapters,
both from the initial point of view of the modelling of such plants, and from the point of view
of the analyses and results.

This chapter continues by discussing and explaining the state of the art of the methanation
and CCS process, in order to present a complete introduction of the technologies used in the
polygenerative plant in question.

2.3.1 From syngas to synthetic natural gas: methanation

For the global plant, the SNG stream plays a very important role. In general, its main
component is CHa, a chemical compound with a high energy content that is nowadays used
for various fundamental purposes as a fuel for power plants, to produce heat used for civil
heating and domestic hot water or also as a fuel for trucking and cars. Compared to other
fossil fuels, oil and coal, methane has advantages. Its use releases a small amount of
pollutants, GHG, even if this does not reflect the constraints imposed by international treaties.
At the same time it also has deficiencies, like other fossil fuels, and in particular the exhaustion
of its reserves. Therefore, in order to face all these problems, scientific research has sought a
solution in the last century. The responses were methanation reactions. [58], [59] and [60] are
some of the scientific publications dealing with this topic. These reactions allow to
synthetically produce CHa starting from other chemical compounds, in particular H> | COz and
syngas, naming the process respectively CO, methanation, eq. (17) and CO methanation, eq.
(18).

The logical reasoning behind these processes is power-to-x, which in this case takes the
specific name of power-to-gas. The name derives from the fact that, as per the logic of power-
to-x, the process starts with a chemical compound, which is treated until the gas, CHa, is
obtained. In fact, both production methods must be coupled with other technologies because
hydrogen is a secondary product that must be obtained. This means that, most of the time,
there is always the presence of SOEC upstream. Also in the present thesis work these two
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technologies work together, in such a way as to be able to store the excess energy produced
by the photovoltaic system, first inside the syngas, and then transforming it into SNG in the
methanation section, increasing its exergetic content.

Going into the detail of chemical reactions, CO, methanation was the first to be discovered in
1902 by Sabatier and Senderens [61], and for this reason it was also named Sabatier reaction.
It is expressed by eq. (17), already present in the chapter "2.2.1.1". As can be seen from the
reaction, the reactants are H; and CO;, consequently it can be deduced that the SOEC step
operates in steam electrolysis, eq. (20). This is due to the fact that there is no electrolysis
process that allows CO;to be obtained as a product, on the contrary, CO; is used as a reagent
within the electrochemical device. For this reason, steam electrolysis offers the opportunity
to produce a stream of pure Ha, which is then accompanied by a stream of pure CO,. Coupling
eq. (17) and (20), therefore considering a global fictitious plant that includes methanation
reactors and SOEC, we obtain eq. (21). As discussed in chapter “4.6.2”, it will be of
fundamental importance for the determination of an important parameter.

k
4H,0 - 4H, + 20, AR® = +1143.3—]
mol (20)
AR® = 4978 7k—]
2H,0 + C0, —» CH, + 20, - " mol (21)

The change in enthalpy under normal conditions, Ah°, of the eq. (21) is obtained simply as the
sum of the enthalpies of eq. (17) and (20). It is noted that the endothermic effect of steam
electrolysis is significantly higher than the exothermic effect of CO, methanation, in fact the
global equation is endothermic. This means that overall, the plant requires more energy to
sustain the reactions than the energy which is produced by some of them. On the other hand,
observing the stoichiometry of the reaction (21), it can be stated that the global process sees
the formation of one mole of CH4, and two of oxygen, consuming two of H,O and one of CO,.
From the environmental point of view, the advantage is not very high as it allows a CO, to CH4
conversion with a unit ratio. Despite this, it still represents an advantage, and consequently
the process turns out to be very interesting.

As for the other chemical reaction, CO methanation, its discovery took place after the other
one, after a number of researches and studies. CO methanation reaction has many strengths,
in fact in the literature there are many articles that deal with its applications. For instance [62]
reports the first studies, in which CO was removed from syngas to produce ammonia, a
process that will be extended with the use of PEMFC (Proton Exchange Membrane Fuel Cell),
[63] in order to produce SNG from gasification of coal and many others materials. From the
chemical point of view, CO methanation is expressed by eq. (18). Unlike its alternative which
reacts with CO,, SOEC operates in co-electrolysis, eq. (22). This allows it to work with incoming
H,O and CO,, generating syngas. It should be noted that in the state of the art of
electrochemical devices, only SOCs are able to work with carbon dioxide as an input reagent.
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For example, the PEM (Proton Exchange Membrane), which are the electrochemical cells that
work at low temperatures, in non-stationary regimes, are composed of platinum, which
suffers greatly from the presence of carbonaceous substances. Consequently, nowadays, the
only appropriate fuel for these types of cells is H,. That said, as was done for the alternative
case of methanation, combining the co-electrolysis, eq. (22) and CO methanation, eq. (18), a
global equation is still obtained, eq. (23), representing a fictitious plant consisting of SOEC and
methanation reactors.

kj
0 i,
3H,0 + CO, — 3H, + CO + 20, Ah” = +1140.5—~ (22)
AR® = +9345-9
2H,0 + C0, —» CH, + 20, - "~ mol (23)

At first glance, eq. (21) and eq. (23) look the same, and from a stoichiometric point of view
they are. The substantial difference is instead thermodynamic, because their heat of
formation, AhY, is different. In the case involving CO methanation, the total heat required for
the global reaction to take place is lower than in the case of CO, methanation. As already
explained in paragraph "2.2.1.1", the exothermic reaction of CO methanation allows to release
more heat than that of CO, methanation, due to the extra energy that is used to break the
bond of the second atom of oxygen in the carbon dioxide molecule. As for the electrolysis
reactions, besides the chemical compounds involved, there are no other differences. In fact,
as can be seen from their Ah°® obtained under standard conditions, the values are equivalent.
This indicates that from the thermodynamic point of view, the two electrochemical reactions
are very similar, a very interesting aspect especially during the modelling phase of the rSOC
parameters.

Another fundamental aspect concerns the methanation reactors, in particular the materials
with which they are built. Ever since the discovery of methanation reactions, Sabatier and
Senderens claimed that there were materials capable of accelerating the chemistry of
reactions, acting as catalysts and making the process even more interesting. Furthermore,
thanks to the scientific research of the last century, many other materials have been
discovered that were able to produce the same results. Fischer et al. [64] was the first to
classify these materials, metals, according to their activity, or the degree of interaction that is
established between the catalyst and the chemical reaction as a function of the fugacity
coefficient, producing this classification: Ru> Ir> Rh> Ni> Co> Os> Pt> Fe> Mo> Pd> Ag.
However, Fischer's studies were not exhaustive, as there were variables that were not
considered, such as the areas of the catalysts. M.A. Vannice et al. [65] published another
study, updated with corrections, and which took into account the missing aspects, producing
two different new rankings. The first was still based on the degree of activity, Ru> Fe> Ni> Co>
Rh> Pd> Pt> Ir, while the second was based on the selectivity, Pd> Pt> Ir> Ni> Rh> Co> Fe> Ru.
Selectivity determines a ratio between the quantity of the final converted reagent and the
initial quantity of chemical substance that reacts to become a product. Nowadays, the choice
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for the catalyst material of the methanation reactions falls on nickel, which is in fact the
material chosen for the plant's methanation reactors. This material represents a good
compromise between catalyst action and price; therefore it is the best choice.

Catalysts are usually very sensitive to the presence of certain elements in the gas stream that
undergoes the methanation process. Chlorine compounds, tars, ammonia and sulphur
compounds are the most important ones. In general, both for CO methanation and CO;
methanation, the syngas used as input have a very variable composition, depending on the
process that generated them. Usually, they do not have a great abundance of these
substances that put the catalyst at risk, but despite this, even small traces can produce
undesirable effects, especially the sulphur compounds, which can poison the catalyst by
inhibiting all its functions and making it unusable [66]. For this chemical substance, therefore,
the reference reaction that is usually taken into consideration in the design phase is the one
involving nickel and the hydrogen sulphide, eq. (24), producing nickel sulphide, a material that
has no catalysing function for methanation reactions.

H,S, + NiO; - NiS, + H,0 (24)

In reality, there is still one last chemical reaction of primary importance. However, this
reaction has a reduced field of application compared to (24), as it occurs only in CO
methanation. The problem is commonly referred to as catalyst fouling. Its effect consists in
the physical deposition of pure carbon. In short, it is the same phenomenon that generates
pore blocking in SOFC, in fact this aspect has already been explained in paragraph “2.2.2.2".
In the case of CO methanation, carbon monoxide can decompose, generating carbon dioxide
and solid carbon which accumulates on the surface of the catalyst, subsequently reacting with
the nickel it is formed of. This process reduces its catalyst function due to the decrease in
active surface. The chemical reaction that decomposes carbon monoxide is called the
Boudouard reaction, and is represented by eq. (25):

2€0, = COyg) + C (25)

Regarding the project plant presented in this thesis work, it is hypothesized that equations
(24) and (25) do not occur. This is because the percentage of sulphur inside the syngas to be
processed in the methanation reactors is considered null. At the same time the kinetics
involving eq. (25) can be considered as irrelevant, as it becomes relevant at temperatures
ranging between 500 and 600 °C, while the methanation described in this thesis work takes
place at the operating temperature of 220 °C.

The last paragraphs of chapter 2 expose the theory on the carbon capture and sequestration
section, CCS.
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2.4 Carbon Capture and Sequestration technology

As pointed out in the first sections of the first chapter, global warming is a problem that needs
to be solved. The awareness raised about this issue should dictate a strict conduct for the
years to come. Directly responsible for this phenomenon which is becoming increasingly
dangerous for life on earth is CO,. According to the WMO, in 2019 the average percentage of
CO2 in the atmosphere was 410.5 ppm with a tolerance of 0.2 ppm. Unfortunately, as in recent
years and despite the fact that at present no reliable data are available, the WMO states that
even in 2020 the trend has been positive. This data is very alarming as it is known from various
scientific researches that the maximum limit allowed corresponds to 450 ppmcoz. However,
thanks to the awareness raised, in recent years new methods have been constantly sought to
mitigate this problem, until the trend is reversed. Scientific research has led to the discovery
of many technologies that can be used to improve current conditions. Overall, an improved
fuel efficiency, mainly in power production and transportation, can be considered as a mid-
term goal. In order to achieve long-term goals for the reduction of emissions, the alternation
of power sources such as nuclear, solar, and wind power should be considered. The only
source which allows short-term results is CCS (Carbon Capture and Sequestration). A very
positive aspect of latter technology is its ability to be coupled with other systems, of any
industrial or energy type, as it allows to filter and clean process-gases, reducing and / or
cancelling their climate altering action. This peculiarity is a direct consequence of the types of
CCS currently developed. Nowadays, post-combustion capture, pre-combustion capture and
oxy-fuel combustion are the most stable process that are know from the technological point
of view. Research in this branch is actually expanding increasingly, and more and more new
technologies are being studied, such as cryogenic distillation or the innovative membrane
separation. At the same time, also new physical processes - such as hydrate formation,
electrocatalysis and ammonium bicarbonate formation - are being discovered. Despite being
currently still in the laboratory phase, they allow to achieve the same purpose.

Pre-combustion capture is a well-established logic scheme nowadays, it is always used a
posteriori of an already known process, gasification. The latter has been fully explained in
paragraph "2.1.2.3", in fact it is known that a gas mix called syngas is obtained from this
process. Pre-combustion capture is the process that uses this gas, with the aim of converting
the CO contained within it, transforming it into CO; and then removing it in a kind of
separators components. The first step is the conversion into the desired weathering gas, which
takes place by exploiting the chemical reaction of WGS, eq. (4) analyzed in detail in paragraph
"2.1.2.1", within a shift reactor. The formation of the reaction products, H, and CO,, is favored
by increasing the initial quantity of steam in the reactor. Indeed, from the thermochemical
point of view, in order to shift the equilibrium condition of the reaction towards the products,
an increment of the quantity of reactants (steam precisely) is needed:
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#_reactants #_products

Y = Z vi*w(T,p;) — z vi * W (T, p;) (26)
i=1 i=1
#_reactants #_products
Z vi* W (T, p;) > z vi * W (T, p;) (27)
i=1 i=1
Y = (dG> (28)
= df

Equations 26, 27 and 28 explain the thermochemical process in detail. Starting from the first,
virepresents the stoichiometric coefficient of the chemical reaction, wi the chemical potential
of that element, defined as the variable which takes into consideration the variation of Gfe
caused by the variation in concentration of the chemical species-i, at constant temperature,
pressure and concentration of all the other species of the chemical reaction. Y is the affinity,
nothing less than the variable that evaluates the difference between reactants and products
of the product of vi and pi. In equilibrium conditions, this variation is zero, or Y = 0. By
increasing the amount of reactants, the equilibrium shifts, eq. (27), in other words: Y> 0.
Finally, eq. (28) shows that affinity can also be represented as the contrary of the variation of
Gfe (dG), by the variation of the degree of advancement of reaction (d€). From this last
equation it follows that (dG / d€) <0, i.e., that as the degree of advancement increases, the
Gibbs free energy decreases, and therefore the equilibrium of the reaction shifts towards
greater degrees of advancement, thus towards the formation of more products as equilibrium
is the condition in which the Gfe reaches its absolute minimum. The second and last step of
the pre-combustion capture process is the separation of the products obtained in the shift
reactor, H, and CO;. Usually, this process occurs with the use of complicated technologies such
as Pressure Swing Adsorpion or through innovative membranes that allow one component to
be filtered over the other.

The second type of CCS briefly analyzed is that of oxy-fuel combustion. This process is based
on the use of an innovative membrane, the ITM (lon Transfer Membrane), which, as the name
implies, allows to filter certain ions, specifically oxygen ions OZ. The goal in generating these
ions is to make only stoichiometric reactions occur, in order to obtain H,O and CO; as
products, avoiding any other kind of chemical molecule. In this way, with the use of a simple
condenser, it will be extremely easy and low-cost to extract the water, producing a pure
alternating climate gas stream. This membrane has been studied and designed to operate
inside the combustion chambers, favouring the filtering process at the high temperatures to
which it is subjected. Furthermore, pressure plays a main role within the process, because it
allows the membrane to pass oxygen ions between the high-