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ABSTRACT

Over the last decades, the increase in the World's energy needs resulted in growing
consumption of non-renewable fuel sources and, consequently, greater environmental impacts.
For this reason, there is an increasing commitment to develop alternative sustainable energy

sources (biomass, solar and wind energy, among others).

Developed within the scope of an R&DT project by the start-up GSYF, Lda, this 1 kW
pilot unit aims at the recovery of previously liquefied biomass from lignocellulosic forest
residues, later used as a carbon source for co-electrolysis to produce synthesis gas (H,, 0,,CO,
and CO,), also known as syngas. In turn, this will be transformed into other value-added
products, such as methane, methanol or biodiesel. This research focuses on further developing
this unit through optimization tests to determine the ideal conditions for syngas production to be

used as a feedstock for methane production.

The experimental work was divided into two main parts, first a set of tests without any
addition of biomass and with a wider range of conditions (3, 4 and 5 bar gauge and 90, 100 and
110 °C using 1M NaOH or KOH electrolyte) acting as a baseline for the second set of tests
where two samples of liquified biomass were tested (labelled as Acacia and Energreen). The
syngas produced should have a low O, content, a CO,: H, ratio close to the 1:4 found in the
Sabatier reaction, and a good energy spent per amount of gas produced relation.

In the first part, higher pressures and temperatures beneficiated the process.
Additionally, from the two electrolytes tested, the NaOH solution proved himself as the better
choice due to the lower energy expenditure and being easier to work with. With these results, a
narrower range of conditions was chosen (4 and 5 bar(g), and 100 and 110 °C using only the 1M
NaOH electrolyte) to be used in future tests.

In the second part, the additions of liquified biomass boosted CO, production which as a
consequence also lowered O, concentrations. Acacia is better at lowering O, content while
Energreen had a lower energy consumption. When considering each biomass strengths, both
showed the best results at 4 bar(g) at 110 °C with 2.5 % of biomass.

Keywords: Syngas, Biomass, Water Electrolysis, Electrochemical process, Renewable

energy, Biodiesel, methane production.



RESUMO

Nas ultimas décadas, o aumento das necessidades energéticas mundiais resultou num
consumo crescente de fontes de energia ndo renovaveis e, consequentemente, em graves
impactes ambientais. Por esta razdo, existe uma aposta cada vez maior no desenvolvimento de

fontes alternativas de energia sustentaveis (biomassa, energia solar e e6lica, entre outras).

Desenvolvida no ambito de um projeto de 1&DT pela start-up GSYF, Lda, esta unidade
piloto de 1 kW visa a recuperacdo de biomassa previamente liquefeita de residuos florestais
lignocelulésicos, para uso como fonte de carbono em co-eletrdlise para produgdo de gas de
sintese (H,, 0,,CO, e CO,), também conhecido como syngas. Por sua vez, este sera
transformado noutros produtos de valor acrescentado, como 0 metano, o0 metanol ou o biodiesel.
Esta investigacdo centra-se no desenvolvimento desta unidade através de testes de otimizacéo
para determinar as condigdes ideais para a producéo de syngas, destinado a ser utilizado como

matéria-prima para a producgdo de metano.

O trabalho experimental dividiu-se em duas partes principais, sendo a primeira um
conjunto de ensaios sem adi¢do de biomassa e com uma gama mais alargada de condigdes (3, 4
e 5 bar relativos, e 90, 100 e 110 °C usando eletrélito 1M NaOH ou KOH) que serviram de base
para o segundo conjunto de ensaios onde foram testadas duas amostras de biomassa liquefeita
(designadas por Acécia e Energreen). O gas de sintese produzido deve ter um baixo teor de 0,,
um réacio CO,: H, proximo do racio 1:4 encontrado na reacdo de Sabatier e uma boa relacdo
entre a energia gasta e a quantidade de gas produzido.

Na primeira parte, pressfes e temperaturas mais elevadas favoreceram o processo. Além
disso, dos dois eletrolitos testados, a solucdo de NaOH provou ser a melhor escolha devido ao
menor gasto de energia e por ser mais fécil de trabalhar. Com estes resultados, foi escolhida
uma gama de condi¢Oes mais restrita (4 e 5 bar relativos, e 100 e 110 °C utilizando apenas o

eletrélito NaOH 1M) para ser utilizada em testes futuros.

Na segunda parte, as adi¢cGes de biomassa liquefeita aumentaram a producéo de CO,, 0
que, consequentemente, também reduziu as concentragdes de 0,. A Acacia é melhor na redugéo
do teor de O,, engquanto a Energreen tem um consumo de energia mais baixo. Ao considerar 0s
pontos fortes de cada biomassa, ambas apresentaram os melhores resultados a 4 bar de presséo a

110 °C com 2,5 % de biomassa.

Palavras-chave: Syngas, Biomassa, Eletrolise da agua, Processo eletroquimico,

Energia renovavel, Biodiesel, Producdo de metano.
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1. State of the art

1.1. Global energetic consumption and modern context
In order to produce most goods and services, energy consumption (on any form) is
required. Thus, the more developed we get as a civilization, the higher our total energetic
consumption becomes. Unfortunately, this increase in consumption has led to an increase in
carbon emissions and the discharge of other pollutants, thus placing tremendous pressure on the
environment and putting in question our future energy supplies (Ma & Fu, 2020).

As an economic system becomes more developed it becomes easier to fund smaller
companies, allowing them to scale-up faster, resulting in higher energetic consumption. On the
other hand, consumers in more financially stable areas tend to have more disposable income
which enhances the consumption of non-essential products, such as luxury goods, cars, and
electrical appliances, thus elevating the energy demand. This increase in consumption of
products and services, results in an increase in total energy needs and, consequently, increasing

its environmental impact (Yue et al., 2019).

As a result, there has been an increase in the World’s yearly energy consumption over
the last 50 years. In Europe alone, the total consumption in exajoules (EJ) has risen from 44.69
in 1965, to 82.38 in 2021, or in other words, an increase of 84.34 % (B.P. Statistical Review,
2022). While this increase is correlated to the civilization’s development in the last century, it
also puts into question the sustainability of our current energy supply and the impacts that we

might have on the global environment (Dessie et al., 2023).

The following graph (Figure 1-1), using data from B.P. Statistical Review (2022),
shows the gradual increase in primary energy consumption worldwide. It is important to note
that the pronounced decrease in 2020 resulted from the lockdowns and restrictions imposed by
the Covid-19 pandemic, temporarily reducing primary energy consumption and emissions (B.P.
Statistical Review, 2022).
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Figure 1-1: Total Primary energy consumed worldwide over the last 10 years (B.P. Statistical Review,
2022);

In terms of energy sources, these can be divided into three distinctive classes: primary,
secondary, and final energy (Senior, 2008):

= Primary sources correspond to any type of energy in its raw and natural forms
not converted into any other forms of energy;

= Secondary sources: includes the vast group of products obtained from
petroleum, such as Diesel fuel, gasoline, kerosene, etc;

=  Final sources: other sources that cannot be directly sourced from nature and
obtained by converting primary and secondary sources into other forms of

energy.

A short list of various primary, secondary and final sources has been compiled in the

Table 1-1 presented below:

Table 1-1: Examples of the different energy sources adapted from (Senior, 2008);

Type of energy source Primary Secondary Final
Biomass )
. Diesel
il ) »
Gasoline Electricity
Natural gas
Examples Kerosene Heat

Solar, geothermal, and o
) Liquified petroleum gas
hydroelectric energy
. (also known as LPG)
Wind power

Additionally, primary energy sources can be classified as renewable and nonrenewable
(or exhaustible) sources depending on their ability to renew their availability in the scale of a
human lifetime. Renewable sources include solar, geothermal, and hydroelectric energy, as well

as wind power, while non-renewable include finite resources such as oil, natural gas, mineral
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coal, uranium, and plutonium (Guney, 2019; Primary, Secondary, Final, and Useful Energy:
Why Are There Different Ways of Measuring Energy? - Our World in Data, n.d.).

As the name implies, non-renewable sources such as oil pose an expectable problem
when it comes to the finite nature of their reserves and the resultant problematic shortages that
we might have in the future if we overly rely on them. On the other hand, renewable energies
come from practically unlimited and almost infinite sources, and, as such, can offer a better and
more sustainable alternative to most exhaustible sources used for energy production. For this
same reason, in the last few decades, primary energy consumption has been slowly replacing
exhaustible sources in choice of renewable alternatives (Guney, 2019; Primary, Secondary,
Final, and Useful Energy: Why Are There Different Ways of Measuring Energy? - Our World in
Data, n.d.).

Even though renewable sources provide better chances for a more sustainable future,
our society is still at a point where we depend mainly on exhaustible resources like oil and coal
due to being energy-rich and relatively cheap to process and transform into other forms of
energy. Even though research and development have been pushing for the use of more
sustainable alternatives, as can be concluded from the data from B.P. Statistical Review(2022)
(in Figure 1-2), in terms of primary energy consumption, most of it is still sourced from
exhaustible sources (B.P. Statistical Review, 2022; Kim & Park, 2016).
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Figure 1-2: Primary energy consumption over the last 20 years in exajoules adapted from (B.P. Statistical
Review, 2022);

According to the data presented in Figure 1-2, by the year 2021, from a total primary
energy consumption of 595.15 EJ, 514.97 EJ (86.53 %) were sorted from non-renewable
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sources, while only 80.17 EJ (13.47 %) is originated from renewable ones. Furthermore, among
all primary sources, oil was the most consumed with 184.21 EJ (or 30.95 % of the total energy
consumption) followed up by natural gas with 145.35 EJ (or 24.42 %). Once again, this
illustrates that, despite all the recent advancements in the field of renewable energies and the
attempts of promoting their use, when considering the worldwide context, society is still

dependent on exhaustible resources (B.P. Statistical Review, 2022).

1.2. Emissions and associated problems

Besides its exhaustible nature, fossil fuel consumption results in massive carbon
emissions and other harmful products resulting from their use. When used as a source of energy,
fossil sources such as oil, coal, and natural gas produce a secondary product residue in the form
of gas emissions and solid substances that cannot be reprocessed further in the industry, thus
polluting the environment. Among the effects of these pollutants, the two most concerning, at
present, are the decrease in the quality of life due to air pollution (particularly associated with
coal burning emissions), and climate changes, which are mainly due to the greenhouse effect
(Glney, 2019).

Akin to a greenhouse, where sun light enters and the heat is retained, the greenhouse
effect (as the name implies) refers to a similar phenomenon where a specific group of gases,
designated as greenhouse gases (GHGSs), act as the glass wall of a greenhouse, thus raising
global temperatures. According to the Kyoto protocol, the main GHGs include carbon dioxide
(CO2), methane (CHa), nitrogen dioxide (NO), hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs), sulfur hexafluoride (SFs) and nitrogen trifluoride (NFs3). The figure below (Figure 1-3),
based on data from the UN Emissions Gap report 2022, shows the total yearly anthropogenic
GHGs emissions, for each respective group of gases, including specific CO, emitted from land
use, land-use change, and forestry (LULUCF), which, as the name implies, designates the sector
covering emissions and removals of GHGs resulting from direct human-induced land use, land

use, change and forestry activities (Scheiner, 2023; UN Enviroment Programme, 2022).
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Figure 1-3: Total GHG emissions by gas from 1990 to 2021(GtCO2e/year) adapted from (UN Enviroment
Programme, 2022);

As shown in Figure 1-3, among this particular group, Fossil CO; is the main contributor
to global warming followed by CHa, making it the main focus of most climate change initiatives
(Overview of Greenhouse Gases - NAEI, UK, n.d.). Beyond this, in the last three decades alone
the total anthropogenic CO; emissions have risen by approximately 67 % (JRC, 2022). Further
data confirming this increase in emissions, the respective division by sector, and other important

details can be found in Figure 1-4.
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Figure 1-4: Fossil fuel CO2 emissions by sector, CO2 emission per capita from 1970 to 2021 adapted from
(JRC, 2022);

Table 1-2: Specific values from Figure 1-4 for the years 1990, 2005, 2020, and 2021 (JRC, 2022);

co CO2
Year emissiorfs Mt emissions Estimated world
COuIVr per capita Population
2y tCOz/caplyr
2021 37857.58 4.811 7.87E+09
2020 35960.67 4.618 7.79E+09
2005 30161.58 4.614 6.54E+09
1990 22717.73 4.264 5.33E+09
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From among all the individual sectors in Figure 1-4, the power industry presents the
highest volume in emissions and the most noticeable growth over the years, having experienced
an increase of approximately 87 %, since 1990, in contrast to the previously referred growth of
67 % in total global CO; emissions. Once again, this proves that the current development, as a
society, has resulted in a continual increase in energy consumption and, as a consequence,
provoked side effects in the form of pollution that will, in the long run, put on more strain, and
can destroy a balanced environment and even possibly harm future generations in a not so
distant future (W. C. Lu, 2017).

While it is true that most developed countries have been trying to decrease their carbon
footprint (by decreasing their CO, emission and slowly relying on more renewable alternatives),
on a global scale there is still an annual growth correlated to a few countries like China and
India that still depend on sources such as mineral coal for their energy production. As a
comparison, while the European Union (EU) as a whole, has progressed from emitting 3819.2
MtCO,/yr in 1990 to 2774.9 MtCO./yr in 2021 (or in other words, approximately 27 % less),
China alone went from 2425.6 MtCOy/yr to 12466.3 MtCO./yr, for the same period
(approximately 414 % More) (JRC, 2022). Figure 1-5 displays the Fossil CO, emissions of the
six major emitting economies according to JRC/IEA/PBL 2022 Report.

- EU2T7 China = USA Russia India == Japan

Figure 1-5: Fossil CO2 emissions of the major emitting economies from 1970 to 2021(JRC, 2022);

The main problem resulting from these emissions is their direct correlation with the
increase of the greenhouse effect and, consequentially, global warming and climate change in
general. According to the World Metrologic Organization (WMO), in January-September 2022
the Global mean surface temperature (GMST) was 1,15+0.13 °C warmer when compared to the

established pre-industrial baseline. While this number may appear low, it results into multiple
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negative side effects for the environment and signals future consequences that might still have a
chance to be avoided (Jarvis et al., 2009; Provisional State of the Global Climate 2022, n.d.).

Figure 1-6 (Taken directly from WMO, Provisional State of the Global Climate 2022)
displays the direct effects of increased CO; concentration in the atmosphere, as well as the
corresponding risks that might affect mankind directly if no specific measures towards more

sustainable development are pursued.
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Figure 1-6: Impacts of High CO2 concentrations and key risks adapted from(Provisional State of the
Global Climate 2022, n.d.);

The gradual rise of global temperatures caused by the greenhouse effect that took place
in the last decade, the warmest one recorded, is threatening the planet and, thus, the civilization
as we know it over the last decades, global warming has intensified and created various
environmental problems, such as increased desertification and drought in some areas of the
globe, changes in the patterns of snow and rainfall, glaciers melting and, as a consequence, rise
in sea levels, and changing the behavior or even endanger entire species of animal and plants
(Provisional State of the Global Climate 2022, n.d.; Rehman et al., 2017).

Figure 1-7 presents the difference in temperature from a pre-industrial baseline (1880-
1910) to the current year (2022) according to NASA Goddard Institute for Space Studies (GISS)
Surface Temperature Analyses tool (Data.GISS: GISS Surface Temperature Analysis (v4):
Global Maps, n.d.).

23



November 2022 L-OTI(* C) Anomaly vs 1880-1910 1.06

b | g
-4.1-4.0-2.0-1.0-0.5-0.2 0.2 0.5 1.0 2.0 4.0 8.2

Note- Gray areas signify missing data
Note: Ocean data are not used aver land nor within 100km of a reporting land station

Figure 1-7: Temperature anomaly from 1880-1910 average to 2022 adapted from (Data.GISS: GISS
Surface Temperature Analysis (v4): Global Maps, n.d.);

From the whole energy accumulated on earth due to the greenhouse effects, around 90
% is absorbed by the oceans. This heat accumulation is measured through a unit designated
Ocean Heat Content (OHC), being measured at various depths up to 2000 meters deep (Cai et
al., 2023; Provisional State of the Global Climate 2022, n.d.).

As the data from Figure 1-8 shows, the last two decades alone show a strong noticeable
increase in this value, which carries significant consequences not only to aquatic biodiversity

but to the entire planet too (Provisional State of the Global Climate 2022, n.d.).
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Figure 1-8: OCH values up to the depth of 2000 meters from 1960 to 2021 adapted from(Provisional State
of the Global Climate 2022, n.d.);

The rise in the temperature of sea waters carries numerous consequences that might not
affect mankind directly, but will result in further indirect problems down the line. One key
example is the risk it presents to coral reefs, as their extreme sensitivity to temperature changes
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makes them one of the most vulnerable ecosystems when facing climate change. If seawater
gets too warm coral will release the micro-algae present in their structure, leaving them with a
“bleached” appearance, designating this phenomenon as “Coral Bleaching”. Coral health is
quite important as reefs are important habitat for numerous ecosystems, and act as a natural
protection for coastlines against erosion and storms, and also serve as a source of tourism
(Shlesinger & van Woesik, 2023; Thangal et al., 2022).

On the other hand, rising anthropogenic CO: concentration in the atmosphere also
significantly impacts Ocean water’s pH level since around 23 % of the CO. emitted to the
atmosphere is absorbed by the oceans. While this helps, to some degree, to alleviate climate
change, when combined with seawater, CO, forms Carbonic Acid (H.COs), leading to the
acidification of sea water (Thangal et al., 2022).

Figure 1-9 displays the steady decline of Global mean ocean pH experienced since
1985.
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Figure 1-9: Global Mean Ocean pH from 1985 to 2020 adapted from (Provisional State of the Global
Climate 2022, n.d.);

The decrease in global mean pH, may endanger key organisms such as fish and coral,
and, consequently, expose them in order to damage the entire ecosystem, potentially affecting
food supplies and worsening already existing problems such as world hunger. It is estimated
that by 2100, oceans’ pH could be down to 7.8 due to the continual release of CO, by multiple
anthropogenic sources such as the gas industry, burning of fossil fuels, deforestation, and many
others (Provisional State of the Global Climate 2022, n.d.; Thangal et al., 2022).

While the negative development footprint society left on the planet is undeniable, there
are still measures to be taken to remedy global warming or, at least, mitigate its impacts. Taking
urgent action to combat climate change is a priority due to the risk it presents to millions of

people (Climate Change - United Nations Sustainable Development, n.d.; Kvamme, 2023).
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In 1972, the United Nations Conference on the Environment (UNCHE) held in
Stockholm, Sweden marked itself as the first international gathering focusing on human
activities concerning the environment and paved the path for what would become the modern

discourse for environmental action at an international level (Vasseur, 1973).

Until the 1980s, the environmental approach was primarily centered on a sectoral and
restorative way with the objective of rectifying damages already caused. However, from the
1990s on, this perspective shifted to the prevention and reduction of eco-disasters and
environmental damage. Additionally, in 1992 the United Nations Conference on environment
and development (UNCED), held in Rio de Janeiro, Brazil proposed a new approach, more
focused on a social dimension and the necessity to create the tools required for more sustained
development. In other words, sustainable development and the protection of the environment
would be treated as “global” priorities, and as such, should be taken into consideration when

planning future economic and social development (Barcena, 1992).

As shown previously in Figure 1-1, except for 2020, primary energy consumption has
risen consistently over the years and most predictions point out to the same behavior in the
future as a by-product of economic and population development. While this is almost
unavoidable, as the society progresses to a better compromise between the needs for energy
production and environmental protection, it may be possible to decrease energy loss during
energy production and, gradually substitute the use of exhaustible energy sources with cleaner
renewable ones (B.P. Statistical Review, 2022).

Focusing on the increase in the use of renewable sources in the last two decades, Figure
1-10 shows the percentual share of global primary use according to the BP Statistical review of

world energy, 2022:
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Figure 1-10: Shares (%) of global primary energy over the last decade (2001-2021) adapted from (B.P.
Statistical Review, 2022);

As the data confirms, in the period between 2001 and 2021, the use of renewable
sources (not counting hydroelectric energy as the data separates the two) showed a significant
increase in global shares, surpassing nuclear energy and reaching approximately 6.7 % in 2021.
Nevertheless, despite their continual decrease in use as energy sources, the two sources with the
biggest share are still oil and coal respectively with global shares of approximately 31.0 % and
26.9 %.

Now analyzing on a regional basis, Figure 1-11 shows regional patterns of primary
energy consumption in 2021:
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Figure 1-11: Regional consumption patterns of 2021adapted from(B.P. Statistical Review, 2022);
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By considering the distribution of the primary energy consumption in each region in
2021, it can be concluded that:

e Qil is the dominant source in North America (with a share of approximately
37.0 %), South and Central America (39.8 %), Europe (33.5 %), and Africa
(39.3 %). Additionally, oil is the second most consumed source on the
Commonwealth of independent states (CIS) (21.0 %), Middle East (43.1 %),
and Asia Pacific (25.9 %)(B.P. Statistical Review, 2022);

o Natural gas, on the other hand, is the dominant source in the CIS (54.5 %) and
Middle East (54.7 %) and is second to oil in North America (32.7 %), Europe
(25.0 %), and Africa (29.6 %)(B.P. Statistical Review, 2022);

e At last Coal is a dominant fuel in Pacific Asia (46.8 %) due to high exploration
of the existent mines (more specifically in China), making this region
responsible for approximately 79.7 % of global coal consumption (B.P.
Statistical Review, 2022).

According to the latest assessment report from the IPCC, if greenhouse gas emissions
continue to increase at their current rate, the global average temperature is likely to rise by more
than 1.5 °C above pre-industrial levels by the end of the century. This temperature increase
could lead to a wide range of impacts, including more frequent heatwaves, more intense and
frequent extreme weather events, sea level rise, and marked changes in the distribution and
abundance of plants and animals. To limit the risks of these impacts, the IPCC recommends
reducing greenhouse gas emissions to keep the global average temperature increase to below 2
°C, preferably below 1.5 °C. Therefore it is imperative that for “us™, as a society, to take action
and steer energy production to a more sustainable future, by finding cleaner and more

sustainable sources and reducing the emissions produced in their use (IPCC, n.d.).

1.3. Electrolysis
1.3.1. Water Electrolysis

Water electrolysis is an electrochemical process in which water (H,0) is decomposed
into hydrogen (H) and oxygen (O2) gases by passing an electric current through it. The process
is based on the fact that water is an electricity conductor, and can be decomposed into its
constituent elements, hydrogen, and oxygen when an electric current is passed through it
(Gerloff, 2021).

In general, the global reaction is: H,0 — H, + %02 (1-1)
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1.3.1.1. Brief historical background

The process of electrolysis has been known since the early 19th century, but it was not
until the 20th century that it began to be used on a large scale as a means of producing
hydrogen. The first recorded observation of the decomposition of water into hydrogen and
oxygen using electricity was made in 1800 by William Nicholson and Anthony Carlisle, who
passed an electric current through water and observed the production of hydrogen and oxygen.
However, it was not until the development of the voltaic pile, a device that could produce a
sustained electric current, that electrolysis became a practical method for producing hydrogen
(IRENA, 2020).

In the early 20th century, the electrolysis of water was primarily used for the production
of hydrogen for use in the manufacturing of ammonia for fertilizers. It was not until the energy
crisis of the 1970s that the use of electrolysis for the production of hydrogen as a fuel began to
gain widespread attention as a potential alternative to fossil fuels. Today, electrolysis is used in
a variety of applications, including the production of hydrogen for use in fuel cells, the
production of chlorine and caustic soda for the chemical industry, and the purification of metals
(IRENA, 2020).

The historical progress of water electrolysis and its important steps over the last two
centuries are displayed in a summarized form in Figure 1-12:
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Membranes systems Novel Materials
Significance: Industrialization Significance: Industrialization Significance: Gigawatt (GW)
of Alkaline water electrolyser of PEM water electrolyser Electrolyser

T —_—

1800 1950 1980 2010 2020 2050

v A

Challenges: Power density Challenges: Size and Cost
Technology Breakthrough: Technology Breakthrough:
Polymer solid electrolyte Megawatt electrolysers

Significance: Life-support Significance: Demonstration of
applications large-scale applications
(Space programs) (Power to Gas)

Figure 1-12: Generations of water electrolysis development adapted from (Shiva Kumar & Lim, 2022);

1.3.1.2.  The importance of water electrolysis and hydrogen in the modern
industry
As the lightest and most abundant chemical substance in the universe, hydrogen is an
important component of modern industry and is used in a variety of applications. Some of the
key uses of hydrogen include (Gerloff, 2021; Lavate et al., 2023):
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e Transportation: hydrogen can be used as fuel for vehicles, as several hydrogen-
powered cars are already on the market. Hydrogen has the advantage of being a
clean-burning fuel that does not produce harmful emissions, making it a
potential alternative to gasoline and diesel;

o Electricity generation: hydrogen can be used to generate electricity through fuel
cells, which use a chemical reaction between hydrogen and oxygen to produce
electricity. Fuel cells are used in a variety of applications, including portable
electronic devices, backup power systems, and even in some vehicles as already
referred to;

e Industrial processes: hydrogen is used in a variety of industrial processes,
including the production of fertilizers, plastics, and other chemicals. It is also
used in the refining of petroleum and the production of steel;

e Energy vector: As hydrogen can store large amounts of energy in a compact
form, it can be produced when excess electricity is available, such as from
renewable sources like wind or solar power. This hydrogen can then be stored
and used later for energy production when needed.

Overall, hydrogen is an important component of the modern industry due to its
versatility and ability to be used as a clean-burning fuel. Its importance is expected to continue

to grow in the coming years as the demand for clean energy sources increases (Kelly, 2014).

Hydrogen is classified according to a color code system-based production technology,
source of energy used, and environmental impact. The meaning of each color code can be found

below in Figure 1-13:

Hydrogen ) . Cost CO;
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2+ CO2 2.2
Hydrogen Sk (Bituminous) L e i
. ; H:+ COz .
Grey Hydrogen Reforming Matural gas P 1-2.1 Medium
Reforming + ) Hz+ COz R
carbon capture Natural gas (Copturd 85955 1.5-29 Low
Electrolysis Water Hz+ O 3658 Minimal

Figure 1-13: Hydrogen color codes and their Technology, cost, and CO2 emissions (Shiva Kumar & Lim,
2022);

Water electrolysis is one of the primary methods used to produce hydrogen in an
environmentally friendly way. It uses electric current (more specially DC current) to split water

molecules into hydrogen and oxygen. The electric energy used in the process can be generated
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directly from renewable sources such as solar or wind power. This makes water electrolysis a
way to produce hydrogen that does not contribute to climate change. As a result, water
electrolysis is an important technology for producing clean hydrogen fuel and reducing our
reliance on fossil fuels (Kelly, 2014; Shiva Kumar & Lim, 2022).

There are currently several challenges to the widespread adoption of green hydrogen,
including the high cost of production and the lack of infrastructure for storing and distributing
hydrogen. However, as renewable energy prices continue to decline and technology improves,
green hydrogen is expected to become more competitive with fossil fuels and could play a
major role in the energy mix of the future (Mazzeo et al., 2022).

1.3.2. Principal of water electrolysis and modern technologies

With the development of the technology, several variations of water electrolysis were
introduced. Out of these, the main four are Alkaline water electrolysis, Proton Exchange
Membrane (PEM) electrolysis, Solid oxide water electrolysis (SOEC), and Anion Exchange
Membrane (AEM) electrolysis (Shiva Kumar & Lim, 2022).
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1.3.2.1.  Alkaline water electrolysis
In this type of electrolysis, two electrodes are submerged in an alkaline electrolyte
solution, usually composed of sodium hydroxide (NaOH) or potassium hydroxide (KOH). This
alkaline solution ensures an increased ionic concentration of the water, so that the electric
conductivity is substantially increased to promote the electrochemical reaction (Lehner & Hart,
2022; Shiva Kumar & Lim, 2022).

The two electrodes are separated by a diaphragm responsible mainly for the separation
of the gases produced as it helps to prevent the ions and gases produced at the anode and
cathode from mixing, which is important for maintaining the purity of the hydrogen and oxygen
gases. In general, when working with an alkaline electrolyzer, these diaphragms are composed
of Asbestos/Zirfon/Nickel coated perforated stainless steel (Shiva Kumar & Lim, 2022).

For a better understanding of the structure of an alkaline water electrolyzer, Figure 1-14

shows a possible schematic sketch.

Cathode , Anode
2H,0 + 2e'— H, + 20H° 20H - H,0 +% 0, + 2e

5M KOH/H,0 e |

PTL
Flow field separator plates

Cathode Electrode (Ni) Anode Electrode (Ni)

'
Diaph
Flow field separator plates laphragm

Figure 1-14: Schematic illustration of alkaline water electrolysis working principle adapted from (Shiva
Kumar & Lim, 2022);

Cathode reaction: 2H,0 + 2e~ - H, + 20H~ (1-2)
Anode reaction: 20H™ - H,0 + %02 + 2e” (1-3)

There are several advantages to using alkaline water electrolysis. It is a relatively
simple, well-established, and low-cost technology that is already used in modern industry, it
offers good long-term stability and does not require the use of noble metal electrocatalysts.
However, it also bears some limitations, such as requiring high operating voltages and the
partial intermixing of generated gases caused by the commonly-used thick diaphragms that

increase ohmic resistance (Lehner & Hart, 2022; Shiva Kumar & Lim, 2022).
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1.3.2.2. PEM electrolysis
In this type of water electrolysis, the water used as an electrolyte is introduced into the
anode section, where the electrochemical dissociation happens. The protons formed to pass
through a membrane into the anode where they combine to form hydrogen while the oxygen
formed is unable to cross the membrane, therefore separating the two gases produced
(Thomassen et al., 2022).

A schematic representation of the electrolyzer and the reactions happening in the anode
and cathode is shown in Figure 1-15:

Cathode : b Anode

2H* +2¢ = H, H,0 = 2H" + 120, + 2¢

\
/ GDL ¢ / \ PTL \.
Flow field separator plates / \ Flow field separator plates
Cathode Electrode (Pt/C) Anode Electrode (Ir0,)

N
Membrane

Figure 1-15: Schematic illustration of PEM water electrolysis working principle adapted from (Shiva
Kumar & Lim, 2022);

Cathode reaction: 2H* + 2e~ — H, (1-4)
Anode reaction: H,0 —» 2H* + %02 + 2e” (1-5)

As a method of hydrogen production through electrochemical means, PEM electrolysis
offers multiple advantages, such as its higher operating current density when compared to
alkaline electrolysis (translating into lower energy consumption), producing high-purity
hydrogen due to the use of the membrane and relatively compact design-wise. On the other
hand, the membranes used increase significantly the capital cost of the installation and lack of
long-term durability. Additionally, its electrochemical catalysts are composed of precious
metals such as platinum (Pt) resulting once again in a higher capital cost for the process (Shiva
Kumar & Lim, 2022; Thomassen et al., 2022).
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1.3.2.3. Solid oxide water electrolysis
A Solid oxide electrolysis cell (SOEC) is constituted of three main components, a
porous anode and a porous cathode, and a solid dense ceramic electrolyte capable of passing
Oxide ions (027). Similarly, to an alkaline process the oxygen ions (in this case 0%7) pass
through the electrolyte while the hydrogen gas formed is carried by steam stream, although, in
this case, the electric energy used to split the water is substituted by a thermal source instead,
thus requiring a heat source (Shiva Kumar & Lim, 2022; X. Wei et al., 2023).

A schematic representation of a SOEC electrolyzer as well as the reactions happening in

the anode and cathode are shown in Figure 1-16.
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Figure 1-16: Schematic illustration of SOEC water electrolysis working principle adapted from (Shiva

Kumar & Lim, 2022);
Cathode reaction: H,0 + 2e~ — H, + 02~ (1-6)
Anode reaction: 0%~ — +%O2 + 2e” (1-7)

In terms of advantages, this process is highly efficient and does not require the use of a
noble metal catalyst and can function at higher temperatures. Nevertheless, it is still a process
under development and does present some challenges such as long-term stability due to the
lacking durability of the solid electrolyte (Shiva Kumar & Lim, 2022; X. Wei et al., 2023).
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1.3.2.4.  AEM water electrolysis
The working principle of an AEM electrolyzer has some of the specifications of the
conventional alkaline system. However, the key difference between the two is the replacement
of the conventional diaphragm used is alkaline electrolysis, with an anion exchange membrane.
Hydroxide ions can pass through the membrane and collect at the cathode, while oxygen ions

are not and collect at the anode (Mamlouk, 2022).

The electric current applied to the alkaline electrolyte causes the water molecules to
break down into hydrogen ions (H*)and hydroxide (HO™). Then, the anion exchange
membrane separates the two by allowing the passage of the formed hydroxide while retaining
the hydrogen in the cathode half-cell and later releasing it via a gas diffusion layer. After
crossing into the anode half-cell, the hydroxide reacts to produce oxygen that is released via a
liquid gas diffusion layer (Anion Exchange Membrane Water Electrolysis: How It Works -
Enapter, n.d.; Shiva Kumar & Lim, 2022).

A schematic representation of an AEM electrolyzer, as well as the reactions happening
in the anode and cathode are shown in Figure 1-17.
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Figure 1-17: Schematic illustration of AEM water electrolysis working principle adapted from (Shiva
Kumar & Lim, 2022);

Cathode reaction: 2H,0 + 2e~ - H, + 20H~ (1-8)
Anode reaction:20H™ - H,0 + %02 + 2e” (1-9)

From all the methods of electrolysis shown, AEM is the most recent technology and still
under development. It was introduced to overcome some of the drawbacks related to alkaline
and PEM water electrolysis such as the need for noble metal electrocatalysts as well as high
concentrations of liquid alkaline electrolyte. Nevertheless, as it is still at the beginning of its

development stage, several innovations/improvements are still needed to overcome the major
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challenges and allow the scale-up of this technology, namely, membrane performance and
durability (Mamlouk, 2022; Shiva Kumar & Lim, 2022).

1.4. Synthesis gas
Synthesis gas (syngas) is a mixture of hydrogen (H,), carbon monoxide (CO) and often
carbon dioxide (CO,) in variable percentage. It can be used as a intermediate for the production
of chemicals, fuels, and other products, such as methane, methanol, hydrogen, synthetic natural
gas, ammonia, acetic acid and liquid fuels through Fisher-Tropsch (such as diesel and gasoline)
(Chen et al., 2018).

1.4.1. Technologies for Syngas production
The technologies used to produce syngas through carbon-based substances are the
following (Chen et al., 2018; Moulijn et al., 2013):

e Reforming of natural gas, also designated as Steam methane reforming (SMR);
e Gasification of coal or biomass;

o Co-electrolysis of water;

1.42.1.  Steam methane reforming:

Steam methane reforming is a chemical process that converts methane, the main
component of natural gas, into hydrogen gas and carbon monoxide. The process involves
reacting methane with steam under high temperatures and pressures in the presence of a
catalyst, typically a metal such as nickel. By itself, natural gas is composed of a mixture of
hydrocarbons, of which the main is methane (Moulijn et al., 2013). The reactions that can occur

in this process are shown in Table 1-3:

Table 1-3: Reactions occurring during SMR, adapted from (Moulijn et al., 2013)

Reaction AH%g5(kJmol ™)

CH, + H,0 = CO + 3H, 206 (1-10)
CH, + 2H,0 = CO, + 4H, -41 (1-11)
CH, + CO, = 2CO + 2H, 247 (1-12)
CH, = C + 2H, 75 (1-13)

2C0 = C + CO, -173 (1-14)

CH, + 1/, 0, = CO + 2H, -36 (1-15)
CH, + 20, = CO, + 2H,0 -803 (1-16)
co+1/,0, = co, -284 (1-17)
H, + 1/,0, = H,0 -242 (1-18)
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When focusing on the conversion of methane in the presence of steam the most
important reactions are the steam reforming reaction (1-10) and the water-gas shift (WGS) (1-
11). Additional production of CO is carried out through a methane and carbon dioxide in a
reaction known as CO, reforming (1-12). Furthermore, this may be accompanied by secondary

reactions, such as (Moulijn et al., 2013):

o the formation of coke, either by the decomposition of methane (1-13) or by the
disproportionation of carbon monoxide (1-14). This rection is undesired as the
formation of coke leads to deactivation of the catalyst;

e in the presence of oxygen, methane suffers partial oxidation (1-15) also
producing syngas;

e the complete oxidation of methane in to carbon dioxide and H,0 (1-16);

e the oxidation of formed carbon monoxide (1-17) and hydrogen (1-18);

Focusing on the thermodynamics of the process, the steam reforming reaction is highly
endothermic with the use of a nickel base catalyst, while the reactions involving methane and
oxygen are moderate to extremely exothermic. Hence, the operation can be allothermal (with a
steam feed with no or little oxygen added and the requirement of an external heat source) or
autothermal (with both steam and oxygen added in the feed and heat generated by the
exothermic reactions within the reactor), depending on the steam/oxygen ratio (Moulijn et al.,
2013).

For a clearer understanding of the process, Figure 1-18, displays a simplified schematic

of a steam reforming plant.
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Figure 1-18: Simplified flow scheme of the steam reforming process, adapted from (Moulijn et al., 2013);
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1.4.2.2. Coal and biomass Gasification

Gasification designates a process in which coal, biomass, oil, and other gaseous
compounds are converted into syngas through reactions involving oxygen and steam. It occurs
due to thermal degradation in temperatures above 700-800 °C and its first recorded use was in
the early 19th century, when coal was gasified to produce a gas that was used for street lighting.
This product, known as "town gas,"” was used in many cities around the world until the early
20th century. Nowadays, it is used in a variety of applications throughout the industry, including
the production of electricity, fertilizers, and other chemical products and the treatment of waste
materials. It is also being explored as a way to produce hydrogen (Akkala et al., 2023; Moulijn
etal., 2013).

Taking the specific example of the gasification of coal, Table 1-4 showcases the main
reactions occurring during the process, in which coal is expressed carbon (C), in a simplified
manner.

Table 1-4: Reactions occurring during coal gasification, adapted from (Moulijn et al., 2013);

Reaction AHO%q0(kJmol?)

Heterogeneous reactions

C+ H,0=CO +H, 136 (1-19)
C+CO, = 2C0 173 (1-20)
2C+ 0, = 2C0 -222 (1-21)

C+ 0, = CO, -394 (1-22)

C+ 2H, = CH, -87 (1-23)
Homogeneoyus reactions

2C0 + 0, = 2C0, -572 (1-24)

CO + H,0 = CO; + H, -37 (1-25)

1.4.2.3. Co-electrolysis of water
Water co-electrolysis is an electrochemical process by which carbon dioxide and steam
are transformed into syngas through the use of a solid oxide cell, similarly to normal SOEC
electrolysis. Unlike normal SOEC or other methods of exclusively water electrolysis, co-
electrolysis can be used to recover and reuse CO, produced from other processes (Dittrich et al.,
2019; Zheng et al., 2017).

A simplified schematic of a water co-electrolysis electrolyzer for syngas production is
showed in Figure 1-109.
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Figure 1-19: Schematic diagram of CO2/H20 co-electrolysis using a solid oxide electrolysis cell (SOEC)
for syngas production, adapted from (IRENA, 2020) (Zheng et al., 2017);

Considering the thermodynamic of the process, the reactions that take place at the

electrodes during co-electrolysis are the following:
e At the cathode interface, water and CO, reduction occur (Dittrich et al., 2019).
Water reduction: H,0 + 2e~ - H, + 02~ (1-6)
CO, reduction: CO, + 2e~ - CO + 02~ (1-26)

e On the other hand, at the anode interface, two secondary reactions occur
producing syngas, the Reverse water-gas shift reaction ((R)WGS) (1-27) and
the Sabatier reaction (1-28) (Zheng et al., 2017).

(R)WGS: H, + CO, = CO + H,0 (1-27)
Sabatier reaction: CO + 3H, = CH, + H,0 (1-28)

1.4.2. Synthesis gas applications

Syngas has several potential uses in the modern industry, as it can be converted into
other synthetic fuels, both gaseous like methane or liquid such as gasoline and diesel, through
processes such as Fischer-Tropsch or the methanol-to-gasoline conversion. It can also be used
as a feedstock for the production of a wide range of chemicals products, including methanol,
ammonia, and acetic acid. In addition, syngas can be burned to generate electricity in gas
turbines or internal combustion engines and substitute more expensive or scarce feedstocks in

refinery processes, such as the hydrogen production for petroleum refining (S. Lu et al., 2020).

Figure 1-20 displays the applications and subproducts of syngas:
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Figure 1-20: Diagram of syngas uses and subproducts;

1.4.2.4.  Synthetic fuel production using syngas
Synthetic fuels, are liquid or gaseous man-made energy sources produced from a variety
of raw materials, including coal, natural gas, and biomass, either from converting them directly
into fuel or indirectly through the use of an intermediate feedstock like syngas that is later
converted to other fuels with the use of processes like Fischer-Tropsch (Chen et al., 2018).

The Fischer-Tropsch process is a chemical reaction in which syngas is converted into
liquid hydrocarbons. It was first developed by Franz Fischer and Hans Tropsch in Germany in
the 1920s and was used on an industrial scale in Germany during World War 1l as a means of
producing synthetic fuel from coal. After the war, the process was also used in other countries,
including South Africa, where it was used to produce fuel from coal during the apartheid era.
Today, the Fischer-Tropsch process is used on a smaller scale in several countries as a means of
producing synthetic fuels and chemical products from a variety of feedstocks, including syngas,
natural gas, coal, and biomass (Khodakov et al., 2007; Speight, 2020).

Fischer-Tropsch is a heterogeneous catalytic process, requiring the use of a metallic
catalyst, typically iron or cobalt, at high pressures and temperatures to produce a mixture of
liquid hydrocarbons. While all group VIII metals have some capacity to act as a catalyst in the
hydrogenation of carbon monoxide to produce hydrocarbons, only iron (Fe), cobalt (Co), and
ruthenium (Ru) base catalysts meet the requirements to be used on an industrial level (Chen et
al., 2018; Speight, 2020).
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Iron-based catalysts are often preferred due to their low cost and availability, and they
have been used in the majority of commercial-scale Fischer-Tropsch plants. These catalysts
typically consist of iron oxides or iron carbides, and they are typically supported on a solid
substrate, such as alumina. The exact composition of the catalyst can vary, but it is typically
composed of a mixture of iron and other metals such as chromium or nickel, which can affect
the properties of the catalyst and its ability to convert syngas into hydrocarbons (Chen et al.,
2018).

Cobalt-based catalysts are also used in the Fischer-Tropsch process, and they have some
advantages over iron-based catalysts. Cobalt-based catalysts tend to have a higher activity and
selectivity for the production of longer-chain hydrocarbons, which can lead to higher yields of
diesel and jet fuel. However, cobalt is a more expensive metal than iron, and it is also less
abundant, which can make cobalt-based catalysts more costly than iron-based catalysts (Chen et
al., 2018).

Additionally, ruthenium-based catalysts can also be used in the Fischer-Tropsch
process. These catalysts are generally considered to be more active and selective than iron or
cobalt, but they are also much more expensive and as a result, they aren’t as used on an
industrial scale (Chen et al., 2018).

Catalyst performance, especially activity and selectivity, is also largely influenced by
reaction conditions like temperature, and pressure. The optimal conditions for the Fischer-
Tropsch process, such as temperature and pressure, depend on the specific catalyst being used.
In general, higher temperatures and pressures tend to increase the activity of the catalyst, but
can also lead to the formation of unwanted byproducts possibly leading to the deactivation of
the catalyst. As such, the selection of the conditions and catalyst depend on the desired product.
In the case of iron catalysts, they have more industrial uses within the production of olefins,

while cobalt catalysts are more used to produce paraffins (Chen et al., 2018)

The primary reactions taking place during this process to produce hydrocarbons are the
following (Chen et al., 2018):

nCO + 2nH, - C,H,, + nH,0 (1-29)
nCO + (2n + 1)H, - C,Hyp4q + nH,0 (1-30)

1.4.2.5. Methanol production and applications
Also known as methyl alcohol, Methanol (CH;OH) is a clear colorless, and volatile
liquid with a distinct, sweet smell. It is an alcohol widely used in industry and laboratory
settings. Methanol is a key component in the production of many chemical products, including
methyl ter-butyl ether (MTBE), dimethyl terephthalate, dimethyl-ether (DME), formaldehyde,
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and acetic acid. It is also used as an antifreeze, solvent, and fuel. However, methanol is toxic
when consumed in large quantities, and can cause blindness or death. It is also known to be used
as a denaturant, added to industrial denatured alcohols to render them undrinkable (Ott et al.,
2012).

Methanol has a long history of use in a variety of industrial and household applications.
It is believed to have been discovered in 1661 by Sir Robert Boyle through the rectification of
crude wood vinegar. His molecular composition and structure were first defined in the 1820s by
the French chemist Jean-Baptiste Dumas, and later in 1834 by the German chemist Justus von
Liebig. The commercial production of methanol began in the late 1800s, being initially used as
a fuel and solvent. Later in the early 20th century, it became a key ingredient in the production
of formaldehyde and other chemicals. During World War I, methanol was used as a fuel for
aircraft, and it continues to be used as a fuel for racing cars and boats (Ott et al., 2012).

Up to 1923, the only commercial source of methanol was “wood alcohol” obtained from
dry distillation of wood. Around the year 1913, Alwin Mittasch and his co-workers at Badische
Anilin und Soda Fabrik (BASF) developed a new way to synthesize methanol, from carbon
monoxide and hydrogen (syngas) in the presence of iron oxide catalysts. However, the decisive
step to allow industrial scale production came later in the early 1920s with the development of a
sulfur-resistant zinc/chromium oxide catalysts (Z,0 — C.,03) at high pressures (25-35 MPa)
and at 320-450 °C (Ott et al., 2012).

A breakthrough method for producing methanol was developed by ICI in the 1960s,
using the reaction of sulfur-free syngas with a high concentration of carbon dioxide on highly
selective copper oxide catalysts (Cu— Zn0O). This technique, as well as others similar, are
characterized by relatively mild reaction conditions (5-10 MPa, 200-300 °C) and still serve as

the foundation for modern industrial methanol production (Ott et al., 2012).

Nowadays all commercially available catalyst systems are built on a basis of Cu-ZnO-
Al,05 or Cr,05 with a variety of promoters and additives to improve process performance/
efficiency. Zn, Cr, Mg, and rare metals are essential components promoting significantly the
mobility of the Cu particles on the catalytic surface, their dispersion, and their size (Ott et al.,
2012).
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Table 1-5: Summary of copper-containing catalysts for low-pressure methanol synthesis Adapted from (Ott
etal., 2012);

Manufacturer Components Content, atom %
Cu 25-80
IFP Zn 10-50
Al 4-25
Cu 65-75
Sud Chemie Zn 18-23
Al 8-12
Cu 71
Shell Zn 24
Rare earth oxide 5]
Cu 61
ICI Zn 30
Al 9
Cu 65-75
BASF Zn 20-30
Al 5-10
Cu 50
Du Pont Zn 19
Al 31
Cu 62
United Catalysts Zn 21
Al 17
Cu 37
Haldor Topsge Zn 15
Al 48

The main reactions occurring during the catalytic process currently used to produce

methanol are the following:

Table 1-6:Main reactions occurring during methanol production adapted from (Moulijn et al., 2013);

Reaction AH%gg(kJmol™)
CO + 2H, = CH;0H -90.8 (1-31)
€O, + 3H, = CH;0H + H,0 -49.6 (1-32)

Both reactions resulting in the synthesis of methanol are exothermic and induce a
reduction of volume. As such by analyzing their thermodynamics, it is clear, the process is
favored by low temperatures and high pressures (although the development of previously
referred copper-based catalysts allowed for lowers pressures due to their higher activity)
(Moulijn et al., 2013).
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Furthermore, out of the two, reaction (1-31) is considered the main one while (1-32) is
a secondary, seen as modern copper-based catalysts promote (1-31). Knowing this, the optimal
ratio for converting syngas is 2.02-2.04 H,:CO but in the case of the syngas feed used not
meeting these requirements, its composition can be manipulated by installing a (R)WGS (1-27)
reactor before the main synthesis reactor, to decrease CO concentration. On the other hand, the
presence CO, up to a concentration of 3 % promotes the activity of the catalyst with higher

concentrations hindering its performance (Moulijn et al., 2013).

Methanol has been considered a potential environmentally friendly alternative to other
fossil fuels. It is a clean-burning fuel that produces lower emissions of harmful pollutants
compared to gasoline and diesel as it does not contribute to nitrogen oxides (NOy) emissions.
Additionally, methanol can be produced from a variety of renewable feedstocks such as wood,
biomass, and waste, rather than being derived from fossil fuels. It can also be used as a
feedstock to produce of other chemicals and transportation fuels through processes such as the
methanol-to-gasoline (MTG) process or the methanol-to-olefins (MTO) process. These
processes convert methanol into transportation fuels and chemicals such as gasoline, diesel, and
ethylene (Calam et al., 2020; Ott et al., 2012).

1.4.2.6. Methane

Methane is a hydrocarbon compound composed of one carbon atom and four hydrogen
atoms (CH,). It is a colorless, odorless, and flammable gas that is the primary component of
natural gas. It is also a powerful greenhouse gas, which means that it can trap heat in the
atmosphere and contribute to global warming. In addition to being a byproduct of human
activities such as agriculture and fossil fuel extraction, methane is also produced by natural
processes such as the breakdown of organic matter by microbes in wetlands and in the stomachs
of ruminant animals (H. M. Bolt, 2022; Lundegard, 1964).

Its history can be traced back to ancient times, as it has been known for centuries that
certain types of rocks and soils would emit a flammable gas when ignited. However, the first
recorded discovery of methane was made by the ancient Greek philosopher Empedocles in the
5th century BCE, who observed that certain types of earth would emit a flammable gas when
heated. In 1776, Italian chemist and physicist Alessandro Volta identified it and discovered that

could be obtained from marsh gas (Museo Galileo - In Depth - Methane, n.d.).
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Methane can be found in a variety of locations on Earth. Some of the most significant

sources of methane include (Masyagina & Menyailo, 2020; Saunois et al., 2020):

o Natural gas deposits: methane is the primary component of natural gas, which
can be found in underground reservoirs and can be extracted through drilling;

e Wetlands: marshes, swamps, and other wetlands are natural sources of methane,
which is produced by microbes that break down organic matter;

e Landfills: as organic material in landfills decomposes, it produces methane.
This constitutes a significant source of methane emissions;

e Coal mines: methane is often found in coal mines, and it can be a significant
safety hazard if it accumulates in large enough quantities;

¢ Ruminant animals: Livestock such as cows and sheep produce methane as a
byproduct of their digestion;

e Arctic permafrost: as permafrost melts, it releases methane trapped in the
ground;

o Methane hydrates: methane hydrates are ice-like substances that form when
methane molecules become trapped in the structure of water molecules. They
can be found in deep ocean sediments and permafrost regions.

e Industrial processes: methane is a byproduct of many industrial processes, such

as the production of coal, oil, and natural gas, and the treatment of wastewater.

In the modern industry, methane is primarily used as a source of energy, being used to
generate electricity in power plants, heat buildings and homes, and power vehicles such as buses
and trucks. It is also used as a raw material in the production of chemicals and fertilizers (Franz
etal., 2021).

Methane is also used in the oil and gas industry as a means of enhanced oil recovery,
where it is injected into oil reservoirs to increase the amount of oil extraction. Additionally, it is

used in the production of hydrogen fuel, through Steam methane reforming (Franz et al., 2021).

In recent years, there has been increasing interest in the use of methane as a feedstock
for the production of chemicals and liquid fuels, such as methanol and dimethyl ether, as a way
to reduce greenhouse gas emissions by capturing and utilizing methane rather than allowing it to

be released into the atmosphere (Franz et al., 2021).

The rising cost of natural gas in recent years, and more noticeably in the last months due
to the recent conflicts in Ukraine, has led to the need, and as result research, for new ways to
produce it in order to meet the increasing demand for energy. Seen as methane is the primary

component in natural gas, it can be used as an option to produce Synthetic Natural Gas (SNG).
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In comparation to other fuel sources like coal or normal natural gas, synthetic methane is
considered a “cleaner fuel” source as it burns at lower temperatures and produces less carbon
dioxide per heat unit. The production of synthetic methane cand be done through hydrogenation
of carbon monoxide during the Fischer-Tropsch process as a side product (as it was previously
shown) or through hydrogenating carbon dioxide using the Sabatier process (A. Bolt et al.,
2020).

1.4.2.7. Sabatier Process

The Sabatier process, also known as the Sabatier-Senderens reaction, is a chemical
reaction that uses hydrogen and carbon dioxide (or in other words syngas) to produce methane
and water. The reaction is catalyzed by a metal catalyst, typically nickel or ruthenium and it was
invented by French chemist Paul Sabatier and his student, Jean Senderens, in the early 20th
century. The process has been studied extensively as a potential method for producing methane
as a source of renewable energy, as well as a means of reducing carbon dioxide levels in the
atmosphere (A. Bolt et al., 2020).

The key reactions occurring throughout the process are show in Table 1-7:

Table 1-7: Sabatier reactions, adapted from (A. Bolt et al., 2020);

Reaction AH%gg (kJmol?)
CO, + 4H, - CH, + H,0 -164.9 (1-33)
CO + 3H, - CH, + H,0 -206.3 (1-34)

From the main reactions, (1-33) is the main on to take in consideration, while (1-34) is
the result of traces of CO reactive catalytically, generating methane. In both cases, the reactions
are highly exothermic leaving the process limited by his thermodynamic equilibrium. Typically,
conditions include temperatures around 250-400 °C, allowing for higher CO, conversion and
higher CH, selectivity and avoiding catalyst sintering (resultant from the released heat).
Furthermore, in terms of pressure, both reaction result in the loss of occupied volume, which
translates in to the necessity of high pressures to promote better conversion (above 1 atm)
(Junaedi et al., 2011).

On the other hand, the following side reactions can occur:
(R)WGS: CO, + H, - CO + H,0 (1-27)

Bosh reaction: CO, + 2H, — C(s) + 2H,0 (1-35)
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In both cases these reactions are undesirable as they reduce the selectivity towards
methane formation and in the specific case of bosh reaction the carbon produced can deposit on
the catalyst surface, thus reducing the catalyst activity and performance as well as increasing the
pressure drop. Additionally the presence of O, also results in catalyst deactivation reducing its

efficiency significantly (Junaedi et al., 2011).

The most common catalysts used in the Sabatier process are nickel and ruthenium.
nickel-based catalysts are widely used, due to their high activity and selectivity, as well as their
relatively low cost. They are typically used in the form of nickel powders or supported on a
variety of supports such as alumina, silica, or carbon. On the other hand, ruthenium-based
catalysts have also been shown to be active and selective in the Sabatier process, and they have
the advantage of being more resistant to deactivation by CO, but they are also more expensive
in comparation to nickel-based catalysts (A. Bolt et al., 2020; Junaedi et al., 2011).

Other metal catalysts that have been investigated for the Sabatier process include cobalt,
palladium, and platinum. These catalysts have also shown promising results in terms of activity
and selectivity, but they are significantly more expensive than nickel and ruthenium. Research
breakthroughs are expected to result in new catalysts that are more active, selective and resistant
to deactivation, and also more cost-effective and environmentally friendly (A. Bolt et al., 2020).
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1.5. Biomass and its potential as a feedstock

Biomass refers to any organic matter derived from plants, animals, and microorganisms
that can be used as a source of energy. It is a renewable and widely available resource that has
been used for thousands of years by humans in various forms. It can be categorized into
different types, including agricultural crops, forestry residues, organic waste materials, and
dedicated energy crops. Examples of biomass resources include wood, crop residues, animal
manure, food waste, algae, and energy crops like switchgrass or miscanthus (Ozturk et al., 2017;
Yang et al., 2015).

The energy contained within biomass can be harnessed through various processes. One
common method is combustion, where it is burned to produce heat, which can be used directly
for heating applications or converted into electricity through steam turbines. In alternative, it
can also be converted into liquid or gaseous fuels through processes like fermentation,
pyrolysis, liquification or gasification. These fuels, such as bioethanol or biogas, can be used as

alternative feedstocks to produce energy (Mateus et al., 2016).

Figure 1-21 shows a variety of methods to convert biomass into other more accessible

fuel sources and their applications.

Biomass Feedstockl
I

Thermochemical Process Combustion Gasification ~ Pyrolysis Hydrothermal liquefaction/
direct liquefaction

Combustible gas ‘
mixtures (carbon _
Primary Products YN A0 dioxide, hydrogen, Cheecos), Bio-oil

carbon dioxide carbon monoxide, gas‘es

and methane)
= Heat, mechanical Synthesis of chemical Solid fuel, Coembustion Chemicals,
Appicabon power, electricity compounds activated carbon fuet resins

Figure 1-21: Primary products and applications from the conversion of biomass, adapted from (Jiang et al.,
2018);

The use of biomass as an energy source offers several advantages (Mateus et al., 2016;
Ozturk et al., 2017):

e Itis arenewable resource and likely a sustainable source of energy, making it a
preferable alternative to fossil fuels;

e It can be sourced locally, reducing dependence on imported fossil fuels and
enhancing energy security;

e Provides an opportunity to utilize organic waste materials, reducing landfill

waste and associated environmental issues;
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The biofuels produced using it have a negligible concentration of sulfur,

meaning that they don’t contribute to sulfur dioxide emissions;

1.5.1. Lignocellulosic biomass

Lignocellulosic biomass refers to a type of biomass that is primarily composed of

lignin, cellulose, and hemicellulose. It is the most abundant form of biomass on Earth, being

derived from woody plants, agricultural residues, dedicated energy crops, and certain types of
algae (Ge et al., 2018).

Structurally, the components found in lignocellulosic biomass are as follows (Dessie et
al., 2023; H. Wei et al., 2017):

Lignin: a complex polymer that provides structural support to plants, acting as a
glue-like substance, binding cellulose and hemicellulose fibers together. Lignin
is highly resistant to degradation and contributes to the robustness and
durability of plant cell walls;

Cellulose: a polysaccharide composed of glucose units linked together. It forms
long, linear chains and represents the most abundant organic compound on
Earth. Cellulose provides rigidity and strength to plant cell walls, and is a
valuable component of lignocellulosic biomass that can be broken down into
glucose through various enzymatic and chemical processes;

Hemicellulose: a group of polysaccharides that are more branched and less rigid
compared to cellulose. It consists of different sugar units, such as xylose,
mannose, and glucose. Hemicellulose acts as a cementing material in the plant
cell wall and contributes to its structural integrity.

Other components: Besides lignin, cellulose, and hemicellulose, lignocellulosic
biomass may contain small amounts of extractives, proteins, and other minor
constituents. Extractives are non-structural compounds found in plant tissues,

including oils, waxes, and pigments.

This type of biomass is of great interest for bioenergy and bioproducts due to its

abundance and potential as a sustainable feedstock. However, the complex nature of

lignocellulosic materials poses challenges in their efficient conversion into fuels and chemicals.

Research and development efforts are focused on developing cost-effective technologies to

break down the complex structure of lignocellulosic biomass and unlock its energy and value-
added potential (Qian, 2014).
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1.6. Project Clean Forest
Started in 2020, with the aim of formulating new ways to minimize the occurrence of
wildfires, Clean Forest objective is to valorize forestal biomass waste, (growing in lands of
higher wildfire susceptibility) by using it as carbon source in the production of 2nd generation
synthetic biofuels, such bio-methanol, bio-dimethyl ether (bio-DME), and biogas (Gomes et al.,
2022).

The project is financed by the Portuguese Fundacdo da Ciéncia e Tecnologia (FCT),
under grant PCIF/GVB/0167/2018, and it is coordinated by ISEL, Lisbon Polytechnic Institute,
partnered with, CERENA—Center for Environment and Natural Resources, from the University
of Lisbon and the School of Agriculture, also, from the University of Lisbon (Gomes et al.,
2022).

The cleaning of forests through the removal of these residues’ benefits ecosystems,
preserving them as an essential source of carbon dioxide capture and oxygen release. On the
other hand, it instills economic dynamism in these interior regions, more disadvantaged and
isolated of Portugal, allowing in some way, to minimize the desertification of these territories.
The biogas produced can be valorized through its burning, originating heat and/or electricity for
these regions, for domestic/industrial purposes, using, for example, cogeneration engines (Clean
Forest | Instituto Superior de Engenharia de Lisboa, n.d.).

1.6.1. The pilot co-electrolysis unit

In cooperation with the company GSYF, Lda, current research (and the main topic of
this study) focuses on the development of a pilot (patented) system to produce syngas without
separation of the generated gases. This novel process, intended as a positive contribution for
reducing the dependence on fossil fuels, combines alkaline water electrolysis with the addition
of a carbon source in the form of graphite composing the disks inside the stack and, also, added
liquified biomass obtained from forest residues to produce more eco-friendly syngas (GSYF -
Equipamentos Para Energia, Lda | Www.Pvinfo.Pl, n.d.).

Although still in a developmental stage, the main objective of this system is to
eventually provide both a use for biomass waste, that would otherwise increase the risk of
wildfires if left to accumulate, and an ecological alternative to produce syngas. In comparison to
the previously mention thermo-chemical processes, this one is based on electrochemistry with
the possibility of sourcing all energy needed to work from renewable means, such as solar

power or wind turbines.
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The production of synthesis gas via electrochemical means is based on the following

known reactions (Guerra, Rossi, et al., 2018):

Cathode reactions: 2H,0 + 2e™ — 2H, + 20H~ (1-8)

Anode reactions: 20H™ - H,0 + %02 + 2e” (1-9)
2C + 0, - 2CO (1-20)
2C0 + 0, — 2C0, (1-36)

Global reaction: 2H,0 + C + W, — 2H, + CO, (1-37)

(It is important to note that the "C", is used to represent the carbon supplied by the

carbon source being used.)

In comparison to a normal alkaline electrolysis unit, this process has two main

differences (Guerra, Moura, et al., 2018):

e In the anode, besides the production of O,, there’s also the oxidation of the
carbon source from (1-20) and (1-36), resulting in the additional production of
CO and CO,, (two key compounds of syngas);

e The stack has no membrane to separate the gases produced. Instead, the mixture

formed is kept together to produce a syngas mixture.

All experimental work executed throughout this study was done in this prototype plant

with the intent to advance its development.
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2. Experimental work

2.1. Reagents used

To perform the experimental work several different reagents were used as follows.

For the alkaline electrolysis, two different electrolytes with the concentration of 1M
(mol/L) were used, one with sodium hydroxide (NaOH) for his respective tests and potassium
hydroxide (KOH) for the others. The sodium hydroxide used was in the form of pure pellets
with a molar mass of 40.00 g/mol (LabChem). On the other, the potassium hydroxide was in the

form of pellets 88.2 % (mass) pure and a molar mass of 56.10 g/mol (LabChem).

Throughout the optimization tests, two different types of liquified biomass were tested
as an alternative carbon source, one produced using pieces of acacia supplied by Instituto
Superior Técnico, and the other supplied by Secil.

2.2. Equipment used

The production of syngas from alkaline water electrolysis was carried out in in a pilot
plant measuring 50x50x60 cm (shown in Figure 2-1). The electrolyte solution is fed into a
cylinder-shaped tank, serving as both a recirculation system and a separator for the liquid phase
(unreacted alkaline electrolyte solution) and the generated gas phase (syngas, steam and other
trace components). The electrolyte enters the bottom part of the stacks in which the electrolysis
reaction occurs. After exiting the top of the stack, one of the two upper connectors feeds the
tank with the recirculating solution.

Figure 2-1: Photo of the current version of Pilot plant for the alkaline water electrolysis process for syngas
production;
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The stack in use is composed in total of 11 graphite disks 5mm high each and separated bey 10
O-rings, making a total of 12 cells. The disks have two larger holes (10 mm in diameter and
separated by an angle of 60 °) allowing for most of the circulation and a smaller one (2 mm in
diameter). In both cases their center is 95 mm from the center of the disk itself (showed in
Figure 2-2).

@ 10 THRU (2x)
Pasante

@ 2 THRU (2x)
Pasante

@z

Figure 2-2: Graphite disks dimensions/specifications;

The top and bottom of the stack are composed of two steel disks, both with only one
hole to allow the entrance/ exit of the solution and secured to the cylindrical structure by to two
stainless steel rings bolted top to bottom with 12 metal rods. Each of the two steel disks have a
screw connected to a cable used to transmit an electrical current with controlled potential
difference which causes the circulation of current through the electrolyte solution in the stack

and results in the desired electrochemical reaction inside.

The electrolyte solution together with the produced gaseous phase leave the stack from
the top and are guided through the tubes into the initial tank where the liquid phase is

recirculated while the gaseous phase is separated and leaves the tank through a pressure valve.

Since the produced gas phase leaving the tank still carries some concentration of steam,
it needs to be passed through a cooling serpentine (a spiral shaped copper inserted in a
cylindrical tank filled with water at room temperature) to condense the majority of the steam
that is then collected in the following drainable reservoir. The remaining gas exists from a
second hole on the top and is passed through a cylindrical tank filled with molecular sieve (2.0-
5.0 mm) (Ambicare) to remove the remaining moisture. When the sieve is saturated with
humidity (detected by the change in its color from blue to orange), it is possible to remove the

tank to replace it.
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Following the removal of most of his humidity, the gases enter a group of sensors
(Madur, model Mamos, with an Accuracy of + 0.2%), to analyze and determine remaining

humidity as well as its composition (meaning H,, CO,, 0,, CO and CH, concentrations).

All  connection pipes trough out the installation are made of PTFE

(polytetrafluoroethylene) with elbows and T-sections connecting them together.

The control of parameters such as voltage applied to the stack and temperature of the
process can be modified through a control panel attached to the back of the system as (shown in
Figure 2-3).

Figure 2-3: Prototype plant control panel

The analog panel on the left (1), displays the system temperature and the buttons right
bellow allow the setup of the desired set point temperature; the knob on the power supply
(Mean Well) on the right (2) changes the voltage at the extremities of the stack; the on-off knob
(3) is used to turn on-off the water pump; and lastly, the on-off switch in the upper part of the
panel (4) is used to turn on and off the entire system. At the start of each test, the initial voltage
was manually adjusted to 40.00 V and later adjusted as necessary to achieve a current close to
15.00 A. This value was chosen on the basis of the energy required to promote oxidation during
co-electrolysis, and is supported by previous experiments on the same prototype device.

Regarding temperature, heating is carried out mostly by the current passing through the
stack (Joule heating) and partially by a heating coil placed between the pump and the stack. On
the other hand, to cool down the system when needed, a fan is attached to the same section as
the coil. The sensor responsible for measuring temperature(YF-B6, Unknown brand, with an

Accuracy of £ 0.05 °C) inside the system and a transmitting it in the form of a signal, is placed
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in a section preceding the pump. Due to being placed before the system heat source, continuous

recirculation is needed for measuring fluid temperature inside the stack.

Concerning pressure control, a pressure valve is placed right after the gas exit above the
storage tank allowing for the manipulation of the pressure from that point backward. In the
same section there’s a sensor (EARU auto, with an Accuracy of + 0.18 bar) responsible for

determining system pressure.

For a more visual representation of the setup Figure 2-4 shows a simplified flowsheet.
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Figure 2-4: Flowsheet of the prototype process

Additional equipment was used throughout the experimental work, besides the ones
directly connected to the electrolysis plant itself:

e An external switching power supply (Axiomet) to run tests of electrolyte
conductivity;

e A Fourier-transform infrared (FTIR) spectrometer to obtain the absorbance and
transmittance spectra of electrolyte and liquified biomass mixes;

e An additional gas analyzer to determine more precisely the composition of the
gas outlet. Although, due to technical problems related its power supply, it was

not used it in all tests.
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2.3. Experimental procedure
With the intent of optimizing the production of syngas using liquified biomass as an
alternative source of carbon, several tests were done at different operational condition. First
without the use of biomass, two groups of tests were made using two different electrolyte
solutions (having a concentration of 1 M), namely KOH and NaOH, each at different operational

conditions variating relative pressure (3-5 bar) and temperature (90-110 °C).

Foremost, the preparation of each electrolyte solution was done in two-liter batches with
a new one being prepared when more was needed. In both cases 2 moles of KOH or NaOH were
weighted and dissolved (in a volumetric flask) with enough distilled water to obtain two liters of
solution. To determine the specific mass needed of KOH or NaOH needed for each electrolyte

solution, the following equations were used:

For the 1M NaOH solution (and considering a molar mass of 40.00 g/mol):

Concentration = orn=C=x Lsolution (2_1)

solution

and n = orm=mn* Mgect (2-2)

elect.

Which means that for both solutions:
NnaoH/koH = lmoty * 2L = 2 mol
e For the 1M NaOH solution (and considering a molar mass of 40.00 g/mol):

Myaon = 2mo1 *40.00 g =80g

mol

e For the 1M KOH solution (and considering a molar mass of 56.10 g/mol):

Mikon = 2mor * 56.10 g =112.2 g

mol

Before starting each test, system circulation was turned on to first check the level of
electrolyte solution inside the recirculated tank and if needed more would be added. Ideally, the
tank should be filled between two thirds and half of his capacity to prevent potential operational

issues.

It is also important to note that before proceeding with any tests requiring change of
electrolyte solution, first all the system would be drained of most currently circulating
electrolyte and then cleaned through circulating distilled water multiple times to remove any

remaining.
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In what regards the test methodology, the tests were performed within a suitable range
of variating parameters (chosen based on testing done in previous studies) in every combination
possible within that same range, first without the addition of liquified biomass. This domain of

parameters includes:

o 3-5 (specifically 3, 4, and 5) bars(g) for the pressure;
e and 90-110 (90, 100, and 110) °C for temperature;

After choosing a narrower range of conditions (based on the previous results) an
additional set of tests were done, now using solutions of electrolyte mixed with one of two
liquified biomass samples previously referred to in the reagents, first with a concentration of 2.5
% (w/w) and then with 5 % of diluted liquified biomass.

Before each test, all connections are checked to minimize the risk of leaks. Then the top
of the tank is open, and circulation is turned on to evaluate electrolyte level. After that, the tank
is closed, the temperature set point is adjusted into the control panel and the heating coil is
turned on. As process temperature rises, the pressure valve is tightened to manually adjust the
pressure to the specific test value. Only when the desired test conditions are achieved and

maintained for a couple of minutes, can the test start.

Regarding the tests themselves, each one was executed over a period of 3 hours (chosen
to follow the same procedure as previous works), whereas data such as relative pressure (bar(g))
temperature (°C), current voltage (V) intensity (A), composition of the gases produced and its
flow, was collected in 15 minutes intervals. For the measurement of produced gas flow, an
improvised system was used, where an inverted graduated cylinder was placed over glass bowl
and filled with water. The gas outlet is placed inside the cylinder to time how long it takes to
displace 150 ml of its volume. For each collection, the flow rate was measured twice with

concordant results, and later used to determine the arithmetic average of the two.

The analysis of electrolyte conductivity was carried out on every new batch of
electrolyte and before and after each test (with most collections taken post one test being also
considered the pre-test for the next one). On each test, a sample of approximately 200 ml of
electrolyte is placed in a beaker where two spaced steel disks are half submerged and each
connected to the anode or cathode of an external power source which applies voltages gradually

increased from 0 to 5.0 (on a 0.5 interval) noting the resulting current intensity for each.
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With the objective of analyzing the composition of the liquified biomasses used
throughout the second set of tests, all electrolyte/liquified biomass solutions were subjected to
FTIR analysis to. In each case, first a background spectrum was collected and only then analysis
could carry on. A small film of the sample was placed on the proper holder for liquids, the lid
was closed and the program was operated to obtain the absorbance/transmittance spectra and
proceed with the composition analysis.
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3. Results and discussion

3.1. Tests performed without addition of biomass

As previously mentioned, before the introduction of liquified biomass, an initial set of
tests was carried out to analyze the performance of the electrolyzer without addition of any
biomass under different conditions of pressure and temperature with two possible electrolytes
(KOH and NaOH). In the case off temperature, it was tested within the range of 90-110 °C with
variations of 10 °C between each test, resulting in three different tested temperatures (90, 100,
and 110 °C). On the other hand, for pressure, the range was 3-5 relative bars with variations of 1
bar, thus also resulting in three tested pressures (3, 4, and 5 bar). This way and considering all
possible combinations of pressure, temperature, and electrolyte, there was a total of eighteen
tests to be executed in the in the first set alone.

Concerning the current applied to the stack, seen as the system lacks automatic control
for it, through out each procedure, the voltage applied was manually manipulated (using the
knob in the power supply) with continual adjustments to keep current intensity on the desired
range of 10-15 A. While their values are not necessarily kept consistent through a complete test,
the comparison of the intensity obtained for the voltage applied and later the gas flow obtained

per current applied are considered major factors in the choice of optimal conditions.
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The Table 3-1; below shows the specific parameters established for each test;

Table 3-1:Test conditions without addition of liquified biomass;

Test Electrolyte Relative Pressure Temperature

(bar(g)) (°C)
1 KOH 3 5
2 KOH 3 100
£ KOH 3 110
4 KOH 4 %0
s KOH 4 100
6 KOH 4 110
J KOH 5 %0
8 KOH 5 100
¢ KOH 5 110
10 NaOH 3 %
4l NaOH 3 100
12 NaOH 3 110
12 NaOH 4 %
14 NaOH 4 100
&9 NaOH 4 110
16 NaOH 5 %
&4 NaOH 5 100
18 NaOH 5 110

3.2. Results treatment
Throughout this sub-chapter the results directly obtained in the tests are be treated and
used in the determinations of further data important to evaluate the performance of the
electrolyzer at each set of working conditions. Before proceeding to the discussion and
explanation of each individual test, the following equations are be explained to show how these

additional parameters were calculated.
e Voltage per cell (V/cell)

Inside the stack, each pair of disks (either graphite or the steel disks on the top/bottom)
and the existing space between them constitutes an individual cell with one disk acting as a
cathode and the other as the anode. To evaluate the tension passing each individual cell in the

sack the following equation (3-1) was used.

Voltage applied
V/cell = £¢ 3PP

(3-1)

n? of cells in the stack
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(Since there are 11 graphite disks inside the stack, the number of cells is equal to 12.)
e Produced Gas outlet flow

As previously explained in the experimental procedure, gas flow measurements were
executed by measuring the time in which the outlet displaced 150 ml of water. Using this and

using in equation (3-2) the flow was calculated and converted into more practical units.

: or in this case —
time time(s)

volume of produced gas 150 ml
Gas flow = P £ (3-2)

Conversions:

1mifs = =09 i
m/s-1000 /min

o L=3600
ml/s =500/

e \Watt per gas flow (W/F)
As a way to measure energy efficiency and compare the energy spent per unit of gas

produced, the equation (3-2) was used:

W/F = —= (3-2)

Gas flow

When considering and discussing the results obtained in each test, for each parameter,
an average of the last three measurements was determined. In cases where one of the three
values deviated significantly from the other two, it is considered as an outlier and left out of the

average.
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3.2.1. Tests and results, KOH electrolyte

3.21.1. 1M KOH, at 3 bar(g) and 90 °C
Table 3-2: Conditions and collected results, 1M KOH, at 3 bar(g) and 90 °C;

Time T P Vi@ 02 CO CO H F WIF
(min) (°C) (bar(g)) (V) ) (%) (%) (%) (V)  (Wh/)
0 |94 33 3736 1564 | 7.0 20 268 64.2| 4517 12.94
15 | 894 33 3734 1565| 65 20 283 632 | 4916 11.89
30 891 26 3734 1545| 65 20 315 600 | 5040 1145
45 | 896 29 3735 1559 | 66 20 304 6104956 1175
60 | 901 29 3734 1564 | 64 20 313 603 | 4845 1205
75 1900 29 3734 1488 | 63 20 31 60.7 | 4669 11.90
90 | 900 29 3733 1525| 64 20 317 59.9 | 4698 1212
105 | 894 30 3734 149 | 64 20 319 5974611 1206
120 | 892 30 3734 1512 | 64 20 318 598 | 4544 1243
135 | 894 30 3734 1513 | 64 20 316 600 | 4559 12.39
150 | 896 31 3734 1501 | 64 20 316 600 | 4602 1218
165 | 892 29 3733 1499 | 64 20 317 599 | 4708 11.89
180 | 898 30 3734 1507 | 64 20 318 1598|4403 1278
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Figure 3-1: Gas outlet composition over the duration of the test, LM KOH, at 3 bar(g) and 90 °C;

Among the data obtained the key important parameters to note are:

e 6.4 % of oxygen in the outlet;

e 31.7 % of carbon dioxide;

e 59.9 % of hydrogen;

e 4571 I/h of produced gas with an energetic cost of 12.28 Wh/I.



3.21.2. 1M KOH, at 3 bar(g) and 100 °C
Table 3-3: Conditions and collected results, 1M KOH, at 3 bar(g) and 100 °C;

Time OT P \ 1 (A) 0 CO CO2 H: F WI/F
(min)  (°C)  (bar(g)) (V) (%) (%) (%) (%) (I/h)  (Whil)
0 100.8 3.3 3412 16.07 | 7.8 2.0 244 65.8 | 4257 12.88
15 100.9 3.3 3411 16.16 | 6.8 2.0 345 56.7 | 44.35 12.43
30 100.7 3.2 3411 16.27 | 6.4 2.0 372 544 | 4557 12.18
45 100.5 3.2 3412 1598 | 6.1 2.0 378 54.1 | 43.36 12.58
60 99.6 3.1 33.04 1518 | 6.0 2.0 38.0 54.0| 3957 12.67
75 100.1 3.1 33.03 1491 | 58 20 391 5313784 1301
90 100.4 3.2 33.04 1506 | 56 2.0 376 548 | 3857 1290
105 | 101.0 3.3 33.04 1495| 56 2.0 386 538 | 3767 1311
120 | 101.6 3.3 33.03 1519 | 55 2.0 38.0 545 | 3899 12.87
135 | 1014 3.2 33.03 1505| 54 2.0 398 528 | 3815 13.03
150 | 100.0 3.2 33.03 1486 | 55 2.0 39.7 528 | 3546 13.84
165 | 100.2 3.2 33.03 1491 | 54 2.0 405 521 | 3564 13.82
180 | 100.3 3.1 33.03 1473 | 54 2.0 384 542 | 3407 14.28
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Figure 3-2: Gas outlet composition over the duration of the test, 1M KOH, at 3 bar(g) and 100 °C;

Among the data obtained the key important parameters to note are:

o 5.4 % of oxygen in the outlet;

e 39.5 9% of carbon dioxide;

e 53 % of hydrogen;

e 35.06 I/h of produced gas with an energetic cost of 13.98 Wh/I.



3.21.3. 1M KOH, at 3 bar(g) and 110 °C
Table 3-4: Conditions and collected results, 1M KOH, at 3 bar(g) and 110 °C;

Time OT P \ 1 (A) 0 CO CO2 H: F WI/F
(min)  (°C)  (bar(g)) (V) (%) (%) (%) (%) (I/h)  (Whil)
0 109.7 2.9 3403 1718 | 7.3 2.0 246 66.1 | 47.87 12.21
15 109.8 25 3149 151 | 59 20 376 1545|3942 12.06
30 110.2 3.1 3149 1538 | 56 2.0 354 57.0| 3936 1231
45 110.0 34 3149 1493 | 55 20 371 554 | 36.44 12.90
60 109.2 2.9 3149 1555 | 53 2.0 410 51.7| 38.28 12.79
75 109.7 3.1 3149 1508 | 53 2.0 396 531 | 3521 1349
90 109.5 2.7 3150 1484 | 52 20 414 514 | 37.18 12.57
105 | 109.9 2.9 3149 152 | 52 2.0 402 526 | 3579 13.38
120 | 109.2 3.1 3149 1514 | 52 2.0 387 541 | 3362 14.18
135 | 109.3 2.3 3150 1393 | 49 2.0 46.0 471 | 3767 11.65
150 111.3 25 3148 1557 | 51 2.0 412 517 | 3512 13.96
165 110.8 3.2 3149 1519 | 51 20 361 56.8| 33.15 14.43
180 | 110.9 3.0 3149 1531 | 50 2.0 43.0 50.0| 3558 1355
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Figure 3-3: Gas outlet composition over the duration of the test, 1M KOH, at 3 bar(g) and 110 °C;

Among the data obtained the key important parameters to note are:

e 5.1 % of oxygen in the outlet;

e 40.1 % of carbon dioxide;

e 52.8 % of hydrogen;

e 34.62 I/h of produced gas with an energetic cost of 13.98 Wh/I.



3.2.

1.4. 1M KOH, at 4 bar(g) and 90 °C

Table 3-5: Conditions and collected results, 1M KOH, at 4 bar(g) and 90 °C;
Time T P \Y/ 1 (A) O CO CO2 H: F WI/F
(min) (°C) (bar(g) (V) () () (%) (%) (7h) (Whi)
0 90.4 3.9 31.00 1500 42 20 306 632 3815 1219
15 90.9 4.1 32.00 1500 4.0 20 300 64.0 43.05 11.15
30 90.0 4.1 3200 1500 38 20 305 637 4485 10.70
45 90.9 4.3 30.00 1500 36 20 316 628 4504 9.99
60 90.0 3.9 31.00 1500 35 20 311 634 4257 1092
75 90.8 3.9 32.00 1500 35 20 330 615 4117 1166
90 90.4 3.9 3200 1500 35 20 314 631 4254 11.28
105 | 90.9 3.9 30.00 1550 47 2.0 315 618 48.87 9.52
120 | 90.5 4.0 3200 1500 36 19 30.7 638 4911 9.77
135 | 90.7 4.1 30.00 1550 35 2.0 316 629 47.64 9.76
150 | 90.4 4.0 3200 1500 35 2.0 315 63.0 4365 11.00
165 | 90.1 4.0 3200 1500 35 19 310 636 49.72 9.65
180 | 90.9 4.2 3200 1550 35 2.0 313 632 4918 10.09
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re 3-4: Gas outlet composition over the duration of the test, LM KOH, at 4 bar(g) and 90 °C;

the data obtained the key important parameters to note are:

3.5 % of oxygen in the outlet;

31.3 % of carbon dioxide;

63.3 % of hydrogen;

47.52 1/h of produced gas with an energetic cost of 10.24 Wh/I.
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3.2.15. 1M KOH, at 4 bar(g) and 100 °C
Table 3-6: Conditions and collected results, 1M KOH, at 4 bar(g) and 100 °C;

Time T P \Y/ 1 (A) O CO CO2 H F W/F
(min) (°C) (bar(@) (V) ) () () (@0 () (Whi)

0 100.5 3.9 2800 15.00 2.7 17 310 646 46.23 9.08
15 101.0 4.2 28.00 15.00 26 1.7 310 647 4042 10.39
30 100.0 4.3 30.00 15.00 25 1.7 328 63.0 47.04 9.57
45 100.2 4.3 2800 15.00 29 16 319 636 4961 8.47
60 101.0 4.4 30.00 15.00 24 16 327 633 4481 10.04
75 101.5 4.4 2800 15.00 24 16 325 635 5261 7.98
90 100.2 4.0 30.00 15.00 24 16 325 635 4874 9.23
105 101.1 41 30.00 15.00 24 16 325 635 46.96 9.58
120 | 100.3 4.0 30.00 15.00 24 16 317 643 46.85 9.60
135 101.5 41 3000 15.00 24 16 328 63.2 5446 8.26
150 | 101.0 41 3000 15.00 24 16 339 621 5587 8.05
165 100.4 4.0 3000 15.00 25 16 351 608 4655 9.67
180 | 101.2 41 3000 1450 24 16 36.2 59.8 4867 8.94
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Figure 3-5: Gas outlet composition over the duration of the test, 1M KOH, at 4 bar(g) and 100 °C;

Among the data obtained the key important parameters to note are:

e 2.4 % of oxygen in the outlet;

e 35.1 % of carbon dioxide;

e 60.9 % of hydrogen;

e 50.36 I/h of produced gas with an energetic cost of 8.89 Wh/I.
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3.2.16. 1MKOH, at4bar(g) and 110°C
Table 3-7: Conditions and collected results, 1M KOH, at 4 bar(g) and 110 °C;

Time OT P \ 1 (A) 0 CO CO2 H: F WI/F
(min) (°C) (bar(g)) (V) () () (%) (%) (7h) (Whil)
0 110.6 4.4 28.00 1750 25 15 309 651 69.95 7.01
15 109.9 4.0 29.00 1700 25 14 330 631 5155 9.56
30 109.6 4.0 28.00 1700 24 14 318 644 4984 9.55
45 110.1 4.2 2800 1700 24 15 316 645 5044 9.44
60 110.1 4.2 28.00 1750 23 14 324 639 5281 9.28
75 110.3 4.2 28.00 1700 24 14 342 620 5097 9.34
90 110.3 43 29.00 17.00 24 14 339 623 54.63 9.02
105 110.3 41 29.00 1700 23 14 350 613 4572 10.78
120 | 110.3 4.0 28.00 17.00 26 14 345 615 49.07 9.70
135 | 110.3 4.0 29.00 1650 24 14 334 628 5339 8.96
150 | 110.4 4.1 29.00 17.00 23 15 344 618 5339 9.23
165 | 110.6 4.2 30.00 17.00 23 14 344 619 5253 9.71
180 | 110.6 4.1 29.00 16.75 23 14 335 628 53.49 9.08
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Figure 3-6: Gas outlet composition over the duration of the test, 1M KOH, at 4 bar(g) and 110 °C;

Among the data obtained the key important parameters to note are:

e 1.4 % of oxygen in the outlet;

e 34.1 % of carbon dioxide;

e 62.2 % of hydrogen;

e 53.14 I/h of produced gas with an energetic cost of 9.34 Wh/I.



3.21.7. 1M KOH, at 5 bar(g) and 90 °C
Table 3-8: Conditions and collected results, 1M KOH, at 5 bar(g) and 90 °C;

Time T P \Y/ 1(A) 02 CO CO2 H2 F WI/F
(min) (°C) (bar(@) (V) () () (%) () (M) (Wh/)

0 90.9 4.6 33.00 1500 5.0 22 222 706 4791 1033
15 88.9 4.5 33.00 1500 35 22 280 663 4665 10.61
30 90.8 4.9 33.00 1500 32 22 285 66.1 4826 10.26
45 89.9 5.2 33.00 1500 3.0 21 304 645 4376 1131
60 90.0 4.1 33.00 1500 31 21 319 629 4180 1184
75 89.3 4.7 33.00 1500 31 21 305 643 4322 1145
90 90.4 4.9 33.00 1490 30 21 297 652 4199 1171
105 | 89.5 5.2 33.00 1500 27 20 309 644 4615 10.73
120 | 89.9 4.8 33.00 1500 30 20 309 641 4517 10.96
135 | 911 53 33.00 1500 29 2.0 294 657 4254 11.64
150 | 89.9 4.6 33.00 15.00 28 20 309 643 4826 10.26
165 | 90.0 4.6 33.00 1500 3.0 20 30.7 643 4637 10.67
180 | 91.1 4.9 33.00 1500 30 21 293 656 4834 10.24
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Figure 3-7: Gas outlet composition over the duration of the test, LM KOH, at 5 bar(g) and 90 °C;

Among the data obtained the key important parameters to note are:

e 2.9 % of oxygen in the outlet;

e 30.3 % of carbon dioxide;

e 64.7 % of hydrogen;

e 47.66 I/h of produced gas with an energetic cost of 10.39 Wh/I.



3.2.1.8.

1M KOH, at 5 bar(g) and 100 °C
Table 3-9: Conditions and collected results, 1M KOH

, at 5 bar(g) and 100 °C;

Time T P \Y/ 1 (A) O CO CO2 H F W/F
(min) (°C) (bar(@) (V) (%) (90) (%) () (/h)  (Whi)
0 100.2 5.2 30.00 15.00 2.7 22 29.1 66.0 4255 10.58
15 100.6 45 30.00 15.00 2.8 20 328 624 43.29 10.40
30 100.7 5.6 30.00 15.00 2.7 21 316 63.6 39.26 11.46
45 100.7 4.8 30.00 15.00 2.8 20 323 629 48.19 9.34
60 101.0 4.3 30.00 15.00 23 2.0 327 63.0 4882 9.22
75 101.4 4.8 30.00 15.00 2.1 21 311 647 4421 10.18
90 101.3 5.2 30.00 15.00 22 21 314 643 3991 11.28
105 100.1 5.1 30.00 15.00 22 2.0 332 626 4042 11.13
120 99.7 5.1 30.00 15.00 2.2 2.0 317 641 40.77 11.04
135 98.8 4.9 30.00 1500 21 20 320 639 37.28 12.07
150 98.8 55 30.00 1500 21 2.0 332 62.7 3834 11.74
165 99.6 45 30.00 1500 19 2.0 30.7 654 4519 9.96
180 100.9 4.8 30.00 15.00 2.0 2.0 311 649 4631 9.72
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Figure 3-8: Gas outlet composition over the duration of the test, 1M KOH, at 5 bar(g) and 100 °C;

Among the data obtained the key important parameters to note are:

2.0 % of oxygen in the outlet;
31.7 % of carbon dioxide;

64.3 % of hydrogen;
43.28 I/h of produced gas with an energetic cost of 10.47 Wh/I.
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3.219. 1IMKOH. at5 bar(g) and 110 °C
Table 3-10: Conditions and collected results, 1M KOH, at 5 bar(g) and 110 °C;

Time OT P \ 1 (A) 0 CO CO2 H: F WI/F
(min) (°C) (bar(g)) (V) () () (%) (%) (7h) (Whil)
0 109.7 4.8 30.00 1500 23 19 309 649 50.30 8.95
15 109.7 5.3 3000 1500 21 19 303 657 5640 7.98
30 109.5 5.0 31.00 17.00 21 18 316 645 4588 11.49
45 109.5 4.8 3100 1700 22 18 313 64.7 50.37 10.46
60 109.6 5.0 31.00 17.00 20 18 308 654 50.02 10.54
75 109.6 4.6 3100 1700 20 19 312 649 5021 10.50
90 109.7 5.1 31.00 1700 19 18 314 649 5109 10.32
105 109.7 5.1 3100 1700 20 18 31.0 652 51.60 10.21
120 | 110.2 5.2 31.00 1700 19 19 310 652 5111 1031
135 | 109.9 5.0 31.00 1700 19 18 313 650 51.06 10.32
150 | 109.7 49 31.00 17.00 19 18 313 65.0 5042 1045
165 | 109.3 5.0 31.00 1750 19 18 303 66.0 54.88 9.89
180 | 109.7 5.3 31.00 1750 18 19 299 664 5059 10.72
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Figure 3-9: Gas outlet composition over the duration of the test, 1M KOH, at 5 bar(g) and 110 °C;

Among the data obtained the key important parameters to note are:

e 2.0 % of oxygen in the outlet;

e 30.5 % of carbon dioxide;

e 65.8 % of hydrogen;

e 51.96 I/h of produced gas with an energetic cost of 10.35 Wh/I.



3.2.2. KOH electrolyte performance analysis

Considering the objective of producing syngas to later introduce a Sabatier system for
methane production, the typical syngas composition used in the Sabatier process is adjusted to
achieve as close as possible the stoichiometric ratio of CO,:H, for the production of CH,, which
is 1:4 (although this varies slightly depending on factors such as the catalyst operational
conditions, and desired methane yield). Furthermore, the presence of oxygen causes the catalyst
deactivation, so ideally its concentration should be as low as possible to minimize the need for

frequent catalyst replacement.

Regarding this first set of results, the increase in temperature within the established
range caused consistent decrease in O, concentration in the produced gas outlet independent of
pressure of the process. Additionally, temperatures above 90 °C are observed to promote higher
CO, concentrations, with all pressures except for 3 bar(g) (likely due graphite disc wear down, a
phenomenon that will be discussed further down the line) showing peak concentration at 100
°C. As consequence of the increase in CO, production, H, concentration in the outlet lowers,

thus rising CO,:H, ratio.

When looking at the correlation between process temperature and energy spent per unit
of flow, the tests show better performances (in other words higher flow rates and less energy
expenditure) when using higher temperatures. Once again, the 3 bar(g) group are an exception
due to all signs pointing to the stack performance being hindered by accumulated wear in the
graphite disks inside.

In relation to the effect of pressure, once again 0, concentrations reveal a significant
reduction when increasing pressure inside the system. On the other hand, as opposite to
temperature, CO, concentrations also decrease at higher pressures and consequentially H,
concentration increase leading to a lower CO,:H, ratio. In terms of its effect on the exiting gas
flow, while there was some variation, it couldn’t be clearly linked to the change in pressure

(with further data being needed).

For a clearer analysis and comparison of tests, Table 3-11 displays each test O,
concentration, CO,:H, ratio, produced flow as well as energy spent per unit of gas flow

produced:
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Table 3-11: Compiled results of each test using KOH electrolyte solution and respectives CO2:H> ratios;

02 CO CO2 F WI/F CO2:H2

Test Conditions %) (%) (%) H2 (%) (Ilhy  (Whi) Ratio

KOH; 3 bar(@); 90 | 64 20 317 509 4571 1228  1:1.89

KOH; 3 bar(@); 100 | 54 50 395 530 3506 1398  1:1.34

KOH; 3 bar(@); 110 | 51 50 401 528 3462 1398  1:1.32

KOH; 4 bar(@): 90 | 35 5,0 313 633 4752 1024  1:2.02

KOH; 4 bar(@); 100 | ,, 16 351 609 5036 889  1:1.74

KOH; 4 bar(@); 110 | 53 14 341 622 5314 934 1182

KOH; 5 bar(@); 90 | o9 50 303 647 4766 1039 1214

KOH; 5 bar(@); 100 | » 5 50 317 643 4328 1047  1:2.03

KOH; 5bar(@): 110 | 14 15 305 658 5196 1035  1:2.16

Among this first set of tests, the one executed at 5 bar(g) and 110 °C exhibited both the

lowest 0, concentration and the closest CO,:H, ratio to the desired 1:4 with 1.9 % and 1:2.16

respectively.

Although the 1M KOH solution offers good results in terms of “direct performance”

when used as electrolyte, a few additional negative factors keep it from being the ideal choice,

namely:

Faster degradation of the graphite disks inside the stack, requiring more
frequent maintenance to substitute them (to avoid a decline in performance)
and consequentially increasing the costs associated with the process;

Over the course of multiple tests, its circulation caused noticeable wear and, in
some cases, even significant damage to the equipment such as junctions,
elbows and valves and even the Teflon used to seal the stack. As a result, the
frequency of leaks increased, multiple parts were damaged and had to be
replaced, and more frequent maintenance was required to assure the stack was
kept safely sealed:;

During the execution of each test, there was more difficulty in controlling and
maintain the required conditions, with this problem aggravated when testing for

higher pressures.
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3.2.3. Tests and results, NaOH electrolyte

3.23.1. 1M NaOH, at 3 bar(g) and 90 °C
Table 3-12: Conditions and collected results, 1M NaOH, at 3 bar(g) and 90 °C;

Time T P Vi@ O CO CO Hoo F WIF
(min) (°C) (bar(g) (V) &) () (%) (%) (/h) (Whi)
0 |913 32 4176 1971 133 20 132 715 8126 1013
15 | 920 31 4174 2137 133 20 201 646 9254 964
30 |929 30 4175 2001 125 20 216 639 9541 876
45 | 896 29 371 1503 112 20 239 629 5769 967
60 |898 34 3712 1555 100 20 246 634 67.71 852
75 |896 33 3711 1564 99 20 264 617 6818 851
9 |894 30 3711 1513 96 20 275 609 6729 834
105 901 30 3712 1499 97 20 275 608 6687 832
120 886 29 3711 1449 98 20 264 618 6510 826
135 | 896 30 3712 1486 97 20 269 614 6402 862
150 | 896 30 3711 1481 96 20 269 615 6116 899
165 |897 30 3711 1441 96 20 272 612 6030 887
180 889 30 3712 1445 96 20 270 614 6429 834
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Figure 3-10: Gas outlet composition over the duration of the test, 1M NaOH, at 3 bar(g) and 90 °C;

Among the data obtained the key important parameters to note are:

e 9.6 % of oxygen in the outlet;

e 27.0 % of carbon dioxide;

e 61.4 % of hydrogen;

e 61.91 I/h of produced gas with an energetic cost of 8.73 Wh/I.



3.23.2. 1M NaOH, at 3 bar(g) and 100 °C
Table 3-13: Conditions and collected results, 1M NaOH, at 3 bar(g) and 100 °C;

Time OT P \ 1 (A) 0 CO CO2 H: F WI/F
(min) (°C) (bar(g)) (V) () () (%) (%) (7h) (Whil)
0 100.4 2.9 33.79 1488 93 20 85 802 51.63 9.74
15 100.9 2.9 3376 1505 75 20 193 712 56.49 9.00
30 100.0 3.0 3371 1497 65 20 266 649 5813 8.68
45 100.1 31 3372 1503 6.0 20 302 618 59.24 8.55
60 100.4 3.0 3371 1530 54 20 321 605 56.10 9.19
75 100.4 3.1 3373 1479 52 20 330 598 56.19 8.88
90 100.4 3.0 33.74 1444 52 20 345 583 6143 7.93
105 100.3 3.0 33.75 1427 50 20 335 595 56.16 8.58
120 | 100.2 3.0 3374 1443 48 2.0 344 588 56.46 8.62
135 | 100.5 3.0 3375 1430 49 20 353 578 5493 8.79
150 100.5 3.0 33.75 1421 47 20 352 581 54.05 8.87
165 | 101.0 3.1 3375 1400 47 2.0 346 587 50.97 9.27
180 | 100.6 3.0 3376 13.70 46 2.0 344 59.0 51.80 8.93
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Figure 3-11: Gas outlet composition over the duration of the test, 1M NaOH, at 3 bar(g) and 100 °C;

Among the data obtained the key important parameters to note are:

e 4.7 % of oxygen in the outlet;

e 34.7 % of carbon dioxide;

e 58.6 % of hydrogen;

o 52.27 I/h of produced gas with an energetic cost of 9.02 Wh/I.



3.23.3. 1M NaOH, at 3 bar(g) and 110 °C
Table 3-14: Conditions and collected results, 1M NaOH, at 3 bar(g) and 110 °C;

Time T P \Y/ 1 (A) O CO CO2 H F W/F
(min)  (°C) (bar(@) (V) () () %) % (h)  (Whi)

0 109.0 2.7 3288 1599 98 20 253 629 56.66 9.28
15 109.1 3.0 3269 1598 59 20 297 624 58.98 8.86
30 110.6 3.3 3269 1654 51 20 337 592 6193 8.73
45 109.5 3.3 3280 16.18 47 20 33.7 59.6 59.67 8.89
60 110.3 3.4 3290 1594 45 20 343 59.2 59.08 8.88
75 109.5 3.3 3279 1555 43 20 350 587 59.37 8.59
90 110.1 3.4 32.80 16.06 42 2.0 349 589 59.77 8.81
105 | 110.7 3.4 3277 1611 40 20 355 585 58.00 9.10
120 | 1101 3.3 3281 1564 39 20 371 570 57.69 8.89
135 | 1104 3.2 3262 1565 38 20 36.0 582 5717 8.93
150 | 1104 3.2 32.80 15,67 38 2.0 359 583 5536 9.28
165 | 110.6 3.2 32.80 1557 37 20 348 595 5235 9.76
180 | 110.5 3.2 3280 1524 37 20 355 588 55.05 9.08
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Figure 3-12: Gas outlet composition over the duration of the test, 1M NaOH, at 3 bar(g) and 110 °C;

Among the data obtained the key important parameters to note are:

o 3.7 % of oxygen in the outlet;

e 35.4 9% of carbon dioxide;

e 58.9 % of hydrogen;

o 54.251/h of produced gas with an energetic cost of 9.37 Wh/I.



3.2.3.4.
Table 3-15: Conditions and collected results, 1M NaOH, at 4 bar(g) and 90 °C;

1M NaOH, at 4 bar(g) and 90 °C

Time T P Vv I 0; CO CO: H: F WIF
(min) (°C) (ar@) (V) (A (%) (%) (%) (%) (/h) (wWhil)
0 91.9 3.9 3400 1550 9.3 18 165 724 5192 10.15
15 89.9 45 34.00 15.00 7.7 1.8 209 69.6 58.70 8.69
30 91.6 4.2 3400 15.00 7.0 18 245 66.7 52.33 9.75
45 90.2 3.9 34.00 15.00 6.5 1.8 255 66.2 51.16 9.97
60 91.2 3.8 36.00 15.00 6.5 1.8 26.1 65.6 47.02 11.49
75 91.1 4.1 36.00 15.00 6.2 1.8 257 66.3 5299 10.19
90 90.9 4.1 3400 15.00 6.1 18 26.1 66.0 5042 10.12
105 90.5 4.1 34.00 15.00 6.0 1.8 26.2 66.0 4821 10.58
120 90.6 4.1 3400 15.00 5.9 18 264 659 5266 9.69
135 90.6 4.3 34.00 15.00 5.9 1.8 26.6 65.7 5347 9.54
150 91.3 4.3 36.00 15.00 5.9 18 268 655 5485 9.85
165 90.9 4.3 36.00 15.00 5.9 1.8 267 656 5496 9.83
180 90.8 4.1 3400 1450 5.8 1.8 26.7 65.7 5441 9.06
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Figure 3-13: Gas outlet composition over the duration of the test, 1M NaOH, at 4 bar(g) and 90 °C;

Among the data obtained the key important parameters to note are:

5.9 % of oxygen in the outlet;

26.7 % of carbon dioxide;

65.6 % of hydrogen;

54.74 1/h of produced gas with an energetic cost of 9.58 Wh/I.
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3.2.3.5. 1M NaOH, at 4 bar(g) and 100 °C
Table 3-16: Conditions and collected results, 1M NaOH, at 4 bar(g) and 100 °C;

Time OT P \ 1 (A) 0 CO CO2 H: F WI/F
(min) (°C) (bar(9)) (V) () (%) (%) (%) (7h) (Whil)
0 100.0 4.1 3200 15.00 53 18 243 68.6 49.27 9.74
15 99.6 4.1 3200 1500 47 18 257 678 48.26 9.95
30 99.8 4.2 33.00 1500 45 18 247 69.0 4580 10.81
45 99.7 4.1 3200 1550 47 18 264 671 4582 10.82
60 100.2 4.1 3400 1500 51 18 261 67.0 46.65 10.93
75 100.0 4.1 33.00 1500 44 18 257 681 4496 11.01
90 101.6 4.2 33.00 1500 42 18 256 684 4584 10.80
105 | 100.2 4.1 33.00 1500 42 18 258 682 4649 10.65
120 101.5 4.1 33.00 1500 4.1 18 257 684 4641 10.67
135 100.9 4.1 33.00 1450 42 18 255 685 4567 10.48
150 | 100.5 4.0 32.00 1450 41 18 251 69.0 4871 9.52
165 | 100.8 4.2 3400 1500 42 18 26.0 680 4586 11.12
180 | 101.2 4.2 34.00 1500 41 18 250 69.1 4596 11.10
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Figure 3-14: Gas outlet composition over the duration of the test, 1M NaOH, at 4 bar(g) and 100 °C;

Among the data obtained the key important parameters to note are:

e 4.1 % of oxygen in the outlet;

e 25.4 9% of carbon dioxide;

e 68.7 % of hydrogen;

e 46.84 I/h of produced gas with an energetic cost of 10.58 Wh/I.
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3.23.6. 1M NaOH, at 4 bar(g) and 110 °C
Table 3-17: Conditions and collected results, 1M NaOH, at 4 bar(g) and 110 °C;

Time OT P \ 1 (A) 0 CO CO2 H: F WI/F
(min) (°C) (bar(g)) (V) () () (%) (%) (7h) (Whil)
0 109.9 4.1 36.00 18.00 44 18 244 694 5711 11.35
15 109.8 3.8 3300 1800 40 18 255 687 5250 11.31
30 1115 4.0 3200 1700 39 18 252 69.1 5202 10.46
45 110.1 4.0 3400 16.00 38 18 253 69.1 4747 11.46
60 109.8 3.9 3400 16.00 3.8 18 257 68.7 4437 1226
75 109.6 4.0 3200 16.00 36 18 254 692 4544 11.27
90 110.5 43 33.00 17.00 36 18 256 69.0 4896 11.46
105 110.8 4.0 3200 1600 36 18 261 685 46.15 11.09
120 | 1105 3.9 32.00 16.00 35 1.8 26.0 687 46.33 11.05
135 | 110.3 3.9 3200 16.00 35 18 264 683 4590 11.15
150 | 110.2 4.0 32.00 16.00 35 1.8 263 684 4530 11.30
165 | 109.9 4.0 3200 16.00 35 18 26.0 687 4528 1131
180 | 109.9 4.0 32.00 16.00 35 1.8 263 684 4426 1157
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Figure 3-15: Gas outlet composition over the duration of the test, 1M NaOH, at 4 bar(g) and 110 °C;

Among the data obtained the key important parameters to note are:

o 3.5 % of oxygen in the outlet;

e 26.2 % of carbon dioxide;

e 68.5 % of hydrogen;

o 44,95 I/h of produced gas with an energetic cost of 11.39 Wh/I.



3.23.7. 1M NaOH, at 5 bar(g) and 90 °C
Table 3-18: Conditions and collected results, 1M NaOH, at 5 bar(g) and 90 °C

Time OT P \ 1 (A) 02 CO CO2 H: F WI/F
(min) (°C) (bar(g)) (V) () (%) (%) (%) (h) (Whi)
0 89.8 5.2 39.97 1494 108 20 256 615 6541 9.13
15 89.1 5.3 3997 1489 107 20 259 614 6328 9.41
30 90.6 5.4 3997 1562 104 20 262 614 6723 9.29
45 90.6 51 3997 1532 103 20 264 612 67.12 9.12
60 90.3 5.2 3996 1520 105 2.0 262 613 6649 9.14
75 90.6 5.4 3996 16.02 107 20 258 615 7155 8.95
90 90.0 4.8 3925 1494 103 20 261 61.6 6780 865
105 89.8 5.5 3895 1522 104 20 263 613 68.72 8.63
120 | 904 4.7 3896 1512 119 19 263 59.9 6278 9.38
135 | 89.8 4.8 3896 14.75 115 20 262 60.2 53.07 10.83
150 | 90.6 5.0 3895 1475 108 2.0 262 61.0 7205 7.97
165 | 89.4 5.2 3893 1486 110 20 262 60.7 69.78 829
180 | 89.8 5.6 3893 1526 109 21 262 60.8 7018 847
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Figure 3-16: Gas outlet composition over the duration of the test, 1M NaOH, at 5 bar(g) and 90 °C;

Among the data obtained the key important parameters to note are:

e 10.9 % of oxygen in the outlet;

e 26.2 % of carbon dioxide;

e 60.8 % of hydrogen;

e 70.67 I/h of produced gas with an energetic cost of 8.24 Wh/I.



3.2.3.8. 1M NaOH, at 5 bar(g) and 100 °C
Table 3-19: Conditions and collected results, 1M NaOH, at 5 bar(g) and 100 °C;

Time oT P \% 1 (A) 0, CO CO2 H: F WI/F
(min) (°C) (bar(g)) (V) () () (%) (%) (7h) (Wh/D)
0 101.9 5.3 37.78 1512 9.7 22 204 67.8 80.48 7.10
15 102.5 5.0 3779 1399 75 21 299 605 4013 13.17
30 102.0 5.0 3778 1442 74 21 309 596 62.46 8.72
45 1024 5.1 3776 1458 73 22 303 602 60.79 9.06
60 102.5 5.2 3777 1426 73 22 301 604 58.65 9.18
75 102.3 5.1 3777 1444 75 22 300 603 60.23 9.06
90 101.7 5.0 37.76 1380 7.6 22 300 60.2 60.88 856
105 100.8 4.9 3774 1446 8.1 21 296 602 5824 9.37
120 | 100.9 5.0 38.13 1421 85 21 296 59.8 6265 8.65
135 | 1017 5.3 3860 1310 85 21 302 592 5953 8.49
150 | 101.1 5.3 3935 13.01 84 21 298 59.7 5734 893
165 | 100.7 5.0 39.30 1464 9.0 21 291 599 57.04 10.09
180 | 102.4 5.2 3946 991 90 20 300 59.0 5720 6.84
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Figure 3-17: Gas outlet composition over the duration of the test, 1M NaOH, at 5 bar(g) and 100 °C;

Among the data obtained the key important parameters to note are:

o 8.8 % of oxygen in the outlet;

e 29.6 % of carbon dioxide;

e 59.5 % of hydrogen;

e 57.19 1/h of produced gas with an energetic cost of 8.62 Wh/I.



3.23.9. 1M NaOH, at 5 bar(g) and 110 °C
Table 3-20: Conditions and collected results, 1M NaOH, at 5 bar(g) and 110 °C;

Time OT P \ 1 (A) 0, CO CO2 H: F
(min) (°C) (bar(g)) (V) (%) (%) () (%) (h)
0 111.9 6.1 3585 1450 100 23 132 744 5118 10.16
15 111.8 5.4 3585 1405 75 22 267 636 5571 9.04
30 110.6 49 3585 1393 6.6 21 316 59.7 5566 8.97
45 111.6 51 3585 1403 65 21 305 609 56.53 8.90
60 110.5 5.3 3585 1388 6.2 22 314 602 5835 853
75 110.3 4.9 3586 1376 53 22 313 612 6541 7.54
90 111.4 5.5 3587 1372 76 21 317 587 59.67 8.25
105 1111 5.3 3587 1348 65 21 315 599 58.66 8.24
120 | 112.2 5.2 3587 1338 6.1 21 320 59.8 5859 8.19
135 | 111.0 5.2 3587 1351 63 21 313 602 6339 7.65
150 | 112.2 5.4 3586 1387 6.3 21 317 599 6383 7.79
165 | 110.9 3.8 3587 1326 54 21 338 587 6180 7.70
180 | 110.7 5.4 3586 1380 83 21 300 59.7 59.73 8.28
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Figure 3-18: gas outlet composition over the duration of the test, 1M NaOH, at 5 bar(g) and 110 °C;

Among the data obtained the key important parameters to note are:

e 6.7 % of oxygen in the outlet;

e 31.8 % of carbon dioxide;

e 59.4 % of hydrogen;

e 61.79 I/h of produced gas with an energetic cost of 7.92 Wh/I.



3.2.4. NaOH electrolyte performance analysis

Similarly, to the tests using KOH, 0, concentrations have been shown to decrease at
higher temperatures, with the lowest values in all cases being reported at 110 °C. Regarding CO,,
and H,, in general, with the particular exception of the test done at 4 bar(g), 90 °C which
exhibits the highest concentration at its pressure, CO, concentrations increase with temperature

in most cases H, decreasing as a result.

While the highest gas flow and lowest energy cost were achieved at 90 °C, the high
percentages of O, at this temperature implies strongly a lower rate of carbon oxidation and by
consequence a lower production of CO,. For these reasons, while not offering the best
performance of energy/gas produced, higher temperatures are preferable due to a more
advantageous composition of the gas outlet (namely a lower O, content).

Although it is difficult to compare directly the production of O, at 5 bar(g) seeing as
they were performed using a different set of sensors due to necessity, using the remaining tests
it is still possible to see that, at 4 bar(g), the produced gas outlet presented a lower O,
concentration in comparison to 3 bar(g). Furthermore, in pressures of 4 bar(g), CO, percentages
are the lowest leading to CO,: H, ratio closer to the desired value. This either implies a higher
production of H, or most likely lower CO, production. All this data implies that increasing the
pressure above 3 bar(g) favors the process in both lowering O, concentrations an achieving a
better CO,: H, ratio.

Table 3-21 compiles each test 0, concentration, CO,:H, ratio, produced flow as well as

the energy spent per unit of gas flow produced:

Table 3-21: Compiled results of each test using NaOH electrolyte solution and respective CO2:H: ratios;

Oz CO CO2 H: F WIF CO2:H2
(%) (%) (%) (%) (I/h)  (Wh/l)  Ratio
1M NaOH; 3 bar(g); 90°C | 9.6 20 270 614 6191 8.73 1:2.27
1M NaOH; 3 bar(g); 100
°C
o NaOH; 3 bar(@; 110\ 37 50 354 589 5425 937 1166
1M NaOH; 4 bar(g); 90°C | 59 1.8 267 656 5474 958 1:2.45
1M NaOH; 4 bar(g); 100
°C
1M NaOH; 4 bar(g); 110
°C
1M NaOH; 5 bar(g); 90°C | 10.9 20 26.2 608 70.67 8.24 1:2.32
1M NaOH; 5 bar(g); 100
°C
1M NaOH; 5 bar(g); 110
°C

Test Conditions

4.7 20 347 586 5227 9.02 1:1.69

41 1.8 254 68.7 46.84 10.58 1:2.71

3.5 1.8 262 685 4495 1139 1:2.61

8.8 21 296 595 57.19 8.62 1:2.01

6.7 21 318 594 6179 7.92 1:1.87
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From this group of tests, the conditions that resulted in the lowest O, content were 4
bar(g) and 110 °C with 3.5 % in the gas outlet, although results at 5 bar(g)s are inconclusive due
to the use of a different set of sensors. On the other hand, at 4 bar(g), 100 °C CO,:H, ratio was

the closest to the 1:4 ideal for methanation.

Besides its direct effects on performance, the use of NaOH as the electrolyte is
advantageous for multiple reasons. In comparison to KOH, NaOH is less” aggressive” and less
corrosive, causing less strain on the system and increasing the graphite disks lifespan. As a
result, it requires less maintenance and decreases the costs associated with the process. On top
of that, after working on each test with both electrolytes, little by little it became clear that when
using NaOH it was easier to control and maintain the process under the desired condition, even
at higher pressures that in the case of KOH which had showed to be harder to work with.
Although the reasons for this phenomenon are uncertain, it may be a result of KOH smaller

particle size or possible formation of unknown salt byproducts.

3.2.5. KOH and NaOH electrolyte comparison
For the comparison of each electrolyte performance, and considering the objective of
producing syngas to be later used in the production of methane, the following factors need to be

taken in consideration:

e Gas outlet O, content;
e (CO0,:H, ratio;
e Flow produced/ energy spent per unit gas flow;

e Strain put on the system/ease to work.

3.25.1.  Gasoutlet 0, content:
To better compare the 0, content generated by the two different electrolyte solutions,

Figure 3-19 organizes each pair of tests (NaOH and KOH) based on their operational conditions:
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Figure 3-19: NaOH and KOH tests O, content comparison;

(As previously referred, since the NaOH tests at 5 bar(g) were executed using a different
set of sensors, their values of O, content in the gas outlet vary significantly from the rest and as
such this was taken into consideration when comparing its results with the ones obtained using
KOH.)

With the exception of the test at 3 bar(g) with temperatures of 100 and 110 °C, the direct
comparison at the same conditions shows significantly lower O, concentration when using the
1M KOH electrolyte solution with the lowest value appearing in the test done at 5 bar(g) and

100 °C. As such, in terms of lowering O, production, KOH as the advantage.

As a way to facilitate the comparison, Figure 3-20 display each test’s CO,:H, ratio
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Figure 3-20: NaOH and KOH tests C0,:H, ratio comparison;
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Excluding the tests at 5 bar(g) and 100 and 110 °C (which could be a result of using a

different set of sensors) in most cases the use of a NaOH electrolyte solution led to lower

CO,:H, ratios. While still far from the ideal 1:4 (or 4 moles of H, for each one of CO,) when

opposed to KOH, NaOH produces syngas better suited to be used as feedstock in methanation.

3.25.2.

Flow produced/ Energy spent per unit gas flow:

Since the continual wear of the graphite disks inside the stack undermines the direct

comparison of energy expenditure between tests, a comparison of produced gas flow was

conjugated to better evaluate each electrolyte performance. Figure 3-21 and Figure 3-22 show

flow productions and energy expenditures respectively for all tests organized by their

operational conditions.
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Figure 3-21: NaOH and KOH tests produced gas flow comparison;
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Figure 3-22: NaOH and KOH tests energy expenditure comparison;
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Focusing on the flow produced, in general, with the exception of tests at 4 bar(g) with
100 and 110 °C, the use of NaOH electrolyte resulted in a considerably higher syngas production
with the greatest difference appearing at 3 bar(g) and 110 °C with a 56.71 % increase. On the
other hand, the analysis in terms of energy expenditure reveals once again the NaOH electrolyte
as the favored one due to noticeable decrease in energy consumption when opposed to KOH.
Once again, the outliers were at 4 bar(g) with 100 and 110 °C, possibly as a result of significant

graphite disks wear during the execution of the NaOH tests.
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3.2.5.3. Strain put on the system/ease to work:

Although it was not possible to quantify or necessarily display in the form of
measurable data, through carrying out each test, the two electrolyte solutions presented
noticeable differences in terms of “ease to work with”, strain and resultant damage placed on the
system and other particularities that while not directly connected with direct performance may

have a major impact on the applicability of the electrolytes when on a larger or industrial scale.

As it was formerly mentioned, although KOH showed promising results when it comes
to reducing O, percentage in the gas outlet, throughout all the experimental work, it proved
itself harder to work with in comparison to NaOH, mainly in terms of strain placed on the
system (resulting in damaged that required the fix or substitution of important components) and
the reported acceleration of the wear down experienced in the graphite disks. Once again, while
this doesn’t affect directly the performance of the system, it has further ramifications that
degrade indirectly its applicability beyond a prototypal scale, seen as the increase in the need for
maintenance results in lower operation time and an obvious increase in operational costs. For

these reasons, due to being easier to work with, NaOH is the preferable one.

3.2.5.4. Choice New parameters for the subsequent set of tests:
The first set of tests and analysis of the results provided groundwork for the selection of
a narrower range of parameters based on the conditions that offered the best performance to be
used for the second set. This liquified biomass samples were introduced by diluting in the
electrolyte and serve as a secondary source of carbon. In similarity to the first set, the main
objective was the production of synthesis gas intended for future use in green methane

production.

This new range of conditions included, only the use of NaOH electrolyte (with the same
concentration as the previous set of tests), chosen due to being easier to work with and offering
a better performance in terms of CO,: H, ratio and gas production/energy expenditure solution,
and a new range for pressure and temperature of 4-5 bar(g) and 100-110 °C respectively, also

selected due to in the first set reducing O, content and favoring CO,: H, ratio.
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3.3. Tests performed with the addition of liquified biomass

A second set of tests was conducted with the already specified new range of conditions,
now with the addition of liquified biomass to test its viability as an alternative source of carbon
for syngas production. In total, as previous referred in the reagent’s description. two different
biomass samples were used. One produced and supplied by Instituto Superior Técnico from
pieces of acacia. and the other supplied by Secil. labelled Energreen (with uncleared
Composition). Furthermore. two different biomass concentrations were tested, specifically, 2.5
and 5 % (m/m). meaning a total of 16 tests using liquified biomass.

The Table 3-22 below shows the specific parameters established for each test in this

second set;

Table 3-22:Test conditions with addition of liquified biomass;

Liquified Relative
Test Biomass Conc. (%) Pressure Temp:eratu e

sample (bar(g)) ¢
19 Acacia 25 4 100
20 Acacia 25 4 110
21 Acacia 25 5 100
22 Acacia 25 5 110
23 Acacia 5 4 100
24 Acacia 5 4 110
25 Acacia 5 5 100
26 Acacia 5 5 110
27 Energreen 25 4 100
28 Energreen 25 4 110
29 Energreen 25 5 100
30 Energreen 25 5 110
31 Energreen 5 4 100
32 Energreen 5 4 110
33 Energreen 5 5 100
34 Energreen 5 5 110
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oC;

3.4. Tests and results

3.4.1. Acacia Biomass

3.4.

Table 3-23: Conditions and collected results, 2.5 % Acacia biomass, at 4 bar and 100 °C;

1.1.

2.5 % Acacia biomass at 4 bar and 100 °C

Time T P \Y/ 1 (A) O, CO CO2 H: F WI/F
(min)  (°C) (bar) (V) (%) () () () (/h) (Whil)
0 100.0 4.3 3320 1473 33 2.0 315 632 6479 755
15 100.3 4.6 33.19 1488 35 2.0 350 595 6549 7.54
30 98.8 4.6 3321 1420 35 2.0 340 605 69.19 6.82
45 98.7 4.6 33.19 1428 35 2.0 340 605 6506 7.28
60 100.5 4.1 33.19 1446 36 20 350 594 6565 731
75 98.9 3.9 3320 1393 3.7 2.0 337 60.6 66.63 6.94
90 99.4 4.0 33.18 1424 38 2.0 340 60.2 6357 743
105 99.3 4.0 33.18 1443 39 2.0 346 595 6801 7.04
120 99.5 4.0 33.18 1406 38 2.0 348 594 67.16 6.95
135 100.6 4.1 33.17 1457 38 2.0 342 600 6541 7.39
150 98.9 4.0 33.18 1426 39 20 343 598 66.83 7.08
165 98.3 4.0 33.18 1434 39 2.0 347 594 68.05 6.99
180 98.4 4.0 33.18 1447 39 2.0 346 595 6771 7.09
02 (%) CO (%) CO2 (%) H2 (%)
70
60
S
= 50
o
'<_E 40
o
E 30
w
]}
Z 20
o
O
10
0
0 15 30 45 60 75 90 105 120 135 150 165 180
TIME (MIN)

Figure 3-23: Gas outlet composition over the duration of the test, 2.5 % Acacia biomass, at 4 bar and 100

Among the data obtained the key important parameters to note are:

3.9 % of oxygen in the outlet;
34.5 % of carbon dioxide;
59.6 % of hydrogen;

67.53 I/h of produced gas with an energetic cost of 7.05 Wh/I.
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3.4.

Table 3-24: Conditions and collected results, 2.5 % Acacia biomass, at 4 bar and 110 °C;

1.2.

2.5 % Acacia biomass at 4 bar and 110 °C

Time T P Voo O CO CO: He F  WF
(mn)  (°C) (bar) (V) () () () (%) (/) (Wh/)
0 1079 43 3062 1497 24 2.0 411 545 7077 6.48
15 1101 44 3061 1531 23 2.0 405 552 7167 654
30 109.5 4.3 30.61 1486 2.3 20 40.7 55.0 68.48 6.64
45 111.3 4.3 30.61 1498 2.3 20 414 543 68.10 6.73
60 110.5 4.2 30.60 14.60 2.3 20 412 545 68.27 6.54
75 111.6 4.2 3059 1440 23 20 425 532 67.88 6.49
90 110.6 4.3 30.61 14.45 2.3 20 424 533 69.36 6.38
105 | 109.7 44 3063 1387 23 20 421 536 6301 6.74
120 | 1108 41 3061 14.10 22 2.0 437 521 6667 6.47
135 108.9 4.0 30.60 13.74 2.2 20 426 532 6232 6.75
150 110.8 4.2 30.60 13.80 2.2 20 428 53.0 64.83 6.51
165 | 1114 44 3060 1392 21 20 423 536 6112 6.97
180 110.6 4.5 30.60 13.63 2.1 20 427 532 62.83 6.64
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Figure 3-24: Gas outlet composition over the duration of the test, 2.5 % Acacia biomass, at 4 bar and 110

°C;

Among the data obtained the key important parameters to note are:

2.1 % of oxygen in the outlet;
42.6 % of carbon dioxide;

53.3 % of hydrogen;

62.92 I/h of produced gas with an energetic cost of 6.71 Wh/I.
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°C;

3.4.

Table 3-25: Conditions and collected results, 2.5 % Acacia biomass, at 5 bar and 100 °C;

1.3.

2.5 % Acacia biomass at 5 bar and 100 °C

Time T P Voo ) 0 CO CO2 H» F WIF
(min) (°C)  (bar) (V) (%) (%) (%) (%) (/M) (Wh/)
0 101.0 53 3305 1489 46 20 368 566 6257 7.86
15 99.8 53 3305 1451 44 20 395 541 6436 7.45
30 |1003 53 3305 1437 43 20 407 530 6467 7.34
45 | 1000 54 3307 1414 42 20 419 519 6379 7.33
60 | 1009 51 3307 1425 42 20 428 510 6467 7.29
75 99.9 50 3305 1408 41 20 432 507 6622 7.03
90 99.7 49 3307 1357 40 20 432 508 64.02 7.01
105 | 99.9 49 3307 1365 40 20 435 505 6196 7.29
120 | 99.8 48 3307 1354 39 20 431 510 6126 7.31
135 | 1001 4.8 3305 1337 3.8 20 449 493 60.13 7.35
150 | 99.8 48 3304 1326 38 20 455 487 6200 7.07
165 | 1004 4.8 3303 1354 3.8 20 454 488 5960 7.50
180 | 98.9 47 3305 1291 37 2.0 452 491 5742 743
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Figure 3-25: Gas outlet composition over the duration of the test, 2.5 % Acacia biomass, at 5 bar and 100

Among the data obtained the key important parameters to note are:

3.8 % of oxygen in the outlet;
45.4 % of carbon dioxide;
48.9 % of hydrogen;

59.67 I/h of produced gas with an energetic cost of 7.33 Wh/I.
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°C;

3.4.

Table 3-26: Conditions and collected results, 2.5 % Acacia biomass, at 5 bar and 110 °C;

1.4.

2.5 % Acacia biomass at 5 bar and 110 °C

Time T P \Y 1(A) 02 CO CO2 H F WIF
(min) (°C) (bar) (V) () (%) (%) (%) (h) (Whil)
0 1119 48 3174 1678 129 20 265 586 6932 7.68
15 1111 53 31.74 1580 99 20 447 434 7278 6.89
30 1086 43 3082 1346 64 2.0 549 367 6526 6.36
45 111.4 4.8 3208 1550 54 20 555 371 7387 6.73
60 1120 56 3207 1589 49 20 546 385 7248 7.03
75 110.3 51 3208 1519 45 20 548 387 7273 6.70
90 1091 5.0 3209 1483 42 20 532 406 6857 6.94
105 112.4 5.4 32.07 1565 39 20 541 400 7190 6.98
120 111.8 5.4 3208 1497 37 2.0 53.6 407 73.62 6.52
135 | 1102 52 3209 1455 36 20 545 399 66.18 7.06
150 | 1100 53 32.08 1412 35 20 540 405 66.06 6.86
165 109.5 55 3209 1399 34 20 524 422 6272 7.16
180 | 1095 56  32.09 1384 34 20 539 407 5915 751
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Figure 3-26: Gas outlet composition over the duration of the test, 2.5 % Acacia biomass, at 5 bar and 110

Among the data obtained the key important parameters to note are:

3.4 of oxygen in the outlet;
53.4 % of carbon dioxide;

41.1 % of hydrogen;

62.64 1/h of produced gas with an energetic cost of 7.17 Wh/I.
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°C;

3.4.

1.5.

5 % Acacia at 4 bar and 100 °C

Table 3-27: Conditions and collected results, 5 % Acacia biomass, at 4 bar and 100 °C;

180

Time T P Vo @ 02 CO CO H F WIF
(min) (°C) (bar) (V) (%) (%) (%) (%) (/h) (Whil)
0 1009 46 3452 1369 44 20 355 581 5889 803
15 | 1008 4.6 3493 1367 38 20 531 411 6098 7.83
30 |1031 44 3656 1596 36 20 548 396 7510 7.77
45 | 1045 42 3656 1592 36 20 548 396 7687 757
60 | 1057 31 3657 1568 35 20 548 397 7849 7.31
75 | 1063 38 3657 1599 35 20 548 397 7162 8.16
90 | 1071 39 3657 1562 34 20 549 397 7195 7.94
105 | 1038 40 3568 1478 33 20 548 399 7077 7.45
120 | 1059 43 3568 1451 32 20 550 398 6459 8.2
135 | 1056 46 3567 1417 33 20 551 396 6622 7.63
150 | 1051 3.1 3568 1415 34 2.0 548 398 6541 7.72
165 | 1053 3.8 3567 1422 33 20 548 399 6207 817
180 | 1052 43 3568 1392 33 20 552 395 6214 7.99
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Figure 3-27: Gas outlet composition over the duration of the test, 5 % Acacia biomass, at 4 bar and 100

Among the data obtained the key important parameters to note are:

3.3 % of oxygen in the outlet;
39.7 % of carbon dioxide;
54.9 % of hydrogen;

63.21 I/h of produced gas with an energetic cost of 7.96 Wh/I.
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°C;

3.4.

1.6.

5 % Acacia at 4 bar and 110 °C

Table 3-28: Conditions and collected results, 5 % Acacia biomass, at 4 bar and 110 °C;

Time T P Vv 1 (A) O, CO CO2 H:2 F WI/F
(min) (°C)  (bar) (V) (%) (%) (%) (%) (/M) (Wh/)
0 110.0 3.9 34.80 1389 4.6 20 535 399 6561 7.37
15 109.9 3.8 3479 1362 3.9 20 552 389 61.05 7.76
30 110.2 4.0 3481 1259 35 20 552 393 59.11 7.41
45 108.0 4.2 3481 1296 3.4 20 551 395 6391 7.06
60 109.6 3.2 36.82 1462 3.4 20 555 391 75.26 7.15
75 110.6 4.2 36.82 1448 3.2 20 556 39.2 7205 7.40
90 | 1104 41 3681 1471 32 20 551 397 7537 7.18
105 | 111.0 43 3681 1465 31 20 551 398 7775 6.94
120 | 1097 44 3681 1495 31 20 550 399 7703 7.14
135 111.1 4.0 36.80 1545 3.1 20 551 39.8 69.99 8.12
150 111.6 4.3 36.81 15.67 3.1 20 550 399 7195 8.02
165 112.0 4.5 36.83 1543 3.1 20 551 39.8 70.73 8.03
180 112.0 4.8 36.62 15.49 3.1 20 550 399 71.38 7.95
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Figure 3-28: Gas outlet composition over the duration of the test, 5 % Acacia biomass, at 4 bar and 110

Among the data obtained the key important parameters to note are:

3.1 % of oxygen in the outlet;
55.0 % of carbon dioxide;

39.9 % of hydrogen;

71.35 I/h of produced gas with an energetic cost of 8.00 Wh/I.
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°C;

3.4.

1.7.

5 % Acacia hiomass at 5 bar and 100 °C

Table 3-29: Conditions and collected results, 5 % Acacia biomass, at 5 bar and 100 °C;

Time T P Voo O CO COr M F W
(min) (°C) (bar) (V) () () () (%) (/h) (Wh/)
0 103.2 4.7 3775 1524 57 2.0 284 639 5957 9.66
15 103.1 54 36.61 13.78 38 2.0 46.7 475 54.88 9.19
30 102.9 5.3 36.61 13.64 33 2.0 526 421 6268 797
45 102.7 4.8 36.62 1342 32 20 549 399 5810 846
60 99.5 4.9 38.13 1438 34 2.0 528 418 5937 923
75 99.7 54 3811 1536 35 2.0 529 416 64.17 9.12
90 97.8 51 36.81 1363 34 2.0 545 401 5844 858
105 97.9 55 37.78 1465 37 20 530 413 6522 8.49
120 102.8 53 3775 1570 35 2.0 548 39.7 6999 847
135 100.0 51 3777 1518 38 2.0 545 397 6716 854
150 99.6 5.0 3777 1474 39 2.0 541 400 6294 885
165 99.5 51 3845 1526 41 2.0 534 405 6634 884
180 99.3 4.9 38.00 1457 41 2.0 540 399 6246 8.86
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Figure 3-29: Gas outlet composition over the duration of the test, 5 % Acacia biomass, at 5 bar and 100

Among the data obtained the key important parameters to note are:

4.0 % of oxygen in the outlet;
53.8 % of carbon dioxide;
40.1 % of hydrogen;

63.91 I/h of produced gas with an energetic cost of 8.85 Wh/I.
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°C;

3.4.

1.8.

5 % Acacia hiomass at 5 bar and 110 °C

Table 3-30: Conditions and collected results, 5 % Acacia biomass, at 5 bar and 110 °C;

Time T P \Y 1 (A) 02 CO CO2 H2 F WI/F
(min)  (°C) (bar) (V) (%) (%) (%) (%) (/h)  (Wh/l)
0 109.5 4.8 37.71 15.33 6.8 20 155 75.7 65.93 8.77
15 111.3 4.6 3769 1480 3.6 20 387 557 58.95 9.46
30 112.1 4.9 39.25 15.80 3.3 20 429 518 68.05 9.11
45 | 1119 52 3923 1616 33 20 432 515 6784 934
60 | 1115 52 3924 1607 33 20 435 512 7054 894
75 111.3 5.0 39.20 1651 3.3 20 432 515 7224 8.96
90 112.7 5.1 39.16 1732 3.4 20 429 517 76.16 8.91
105 111.6 4.6 37.23 1512 3.2 20 455 493 58.60 9.61
120 110.1 5.1 37.23 1484 3.2 20 440 50.8 63.12 8.75
135 112.4 5.3 3722 1496 3.2 20 445 503 63.08 8.83
150 111.1 5.0 37.22 1468 3.2 20 440 508 62.97 8.68
165 | 1116 49 3720 1473 32 20 447 501 5915 9.26
180 111.0 4.8 37.16 1389 3.2 20 448 50.0 59.08 8.74
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Figure 3-30: Gas outlet composition over the duration of the test, 5 % Acacia biomass, at 5 bar and 110

Among the data obtained the key important parameters to note are:

3.2 % of oxygen in the outlet;
445 % of carbon dioxide;
50.3 % of hydrogen;

60.40 I/h of produced gas with an energetic cost of 8.89 Wh/I.
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3.4.2. Liquified Acacia performance
A compilation of the final results of each test using liquified Acacia biomass (average
of the three last collections in stationary state) is showed in Table 3-31 to facilitate the

discussion of results

Table 3-31: Compiled results of each test with the addition of liquified Acacia biomass and respective
CO2:H2 ratios;

Test Conditions (oo/j) (f/oo) %2)2 (oH/s) (I;:h) (VV\\//a;l) CROE:t.iEZ
4 bars 100 °C 1M NaOH 2.5 %Acacia | 3.9 2.0 345 596  67.53 7.05 1.72
4 bars 110 °C 1M NaOH 2.5 %Acacia 21 2.0 42.6 53.3 62.92 6.71 1.25
5 bars 100 °C 1M NaOH 2.5 %Acacia | 3.8 2.0 454 489  59.67 7.33 1.08
5 bars 110 °C 1M NaOH 2.5 %Acacia 34 2.0 53.4 411 62.64 7.17 0.77
4 bars 100 °C 1M NaOH 5 %Acacia 23 2.0 54.9 39.7 6321 7.96 0.72
4 bars 110 °C 1M NaOH 5 %Acacia 31 2.0 55.0 399 7135 8.00 0.72
5 bars 100 °C 1M NaOH 5 %Acacia 4.0 2.0 53.8 40.1 6391 8.85 0.75
5 bars 110 °C 1M NaOH 5 %Acacia 3.2 2.0 445 50.3  60.40 8.89 1.13

To better evaluate how the addition of liquified biomass affects performance, each test
results were compared directly to their counter parts with no biomass addition. Furthermore,
produced gas flow and energy expenditure were considered together to avoid the influence that

graphite disk wear may have on the analysis.

As Figure 3-31 displays, the addition of liquified biomass shows promising results in
reducing the O, content in the gas outlet, with the lowest concentration being obtained with the
addition of 2.5 % of liquified Acacia biomass at 4 bar(g), 110 °C.
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Figure 3-31: Gas outlet 0, content comparison for the Acacia biomass;

Between the two tested concentrations, it is still inconclusive which one offers the

better performance in reducing O, concentration with only the tests at 4 bar(g) presenting
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striking differences with 0.6 and 1.0 % respectably. On the other hand, at 5 bar(g) the
percentages obtained for both biomass dilutions were relatively closed to each other (with a
difference of 0.2 % in both cases), although just as at 4 bar(g)s the increase in temperature

caused a reduction in O, concentration for both biomass dilutions.

Through the comparison of units of H, per 1 unit of CO, (where the CO,:H, ratio
corresponds to 1: units of H, per unit of CO,) presented in Figure 3-32 it is possible to conclude
that the addition of biomass increase the production of CO,. This was expected considering the

simultaneous decrease in O, content in the produced syngas which is consumed to produce CO,.
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Figure 3-32: Units of H, per 1 unit of CO,/CO,: H, ratios, content comparison for the Acacia biomass;

While the increase in CO, production induces a less desirable ratio, it is still acceptable
as a necessary consequence of reducing O, content. The removal of excess CO, or even,
possibly, addition of more H, is significantly easier in comparison to removing O, content
within the syngas mixture. In other words, although CO,: H, ratios may appear less optimal with
the addition of liquified biomass, they’re counterbalanced by the associated lower O, fraction
(Han et al., 2014).

Figure 3-33 presents both gas flow production (a) and energy expenditure (b) of each
test to facilitate direct comparison.
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Figure 3-33: Gas flow production(a) and energy expenditure(b) comparison for the Acacia biomass;

In most cases, with the only exception being at 5 bar(g), 110 °C (in which only the 5 %
mixture performed below the test without addition), the use of liquified biomass induced the
production of higher syngas flows. Additionally, even when taking into account different
degrees of wear in the graphite disks throughout the tests, the 2.5 % solution had consistently
the lowest energy expenditure while producing higher flowrates in comparison to the tests
without the addition of biomass.

Overall, despite the less preferable CO,: H, ratios (that can be adjusted postproduction
as previously referred), the addition of liquified biomass improved performance by lowering the
syngas O, content, increasing production flowrate, and, in the case of the 2.5 % solution, also
lowering the energy expenditure. Between the two tested concentrations, arguably the 2.5 %
mixture offered the best performance by having consistently the lowest energy expenditure

while producing a more optimal CO,: H, ratios than the same tests with 5 % liquified biomass.
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100 °C;

3.4.3. Energreen Biomass

3.4.3.1.

Table 3-32: Conditions and collected results, 2.5 % Energreen biomass, at 4 bar and 100 °C;

2.5 % Energreen biomass at 4 bar and 100 °C

Time T P \Y 1 (A) O CO CO2 H2 F WI/F
(mn (°C) (ban) (V) %) ) ) () Uh) (Wh/)
0 95.9 4.2 3993 1330 7.3 20 400 50.7 4582 1159
15 | 1024 43 4135 1577 6.8 20 425 487 6870 9.49
30 102.4 3.6 38.95 13.73 6.1 20 457 46.2 59.41 9.00
45 | 1028 34 4031 1461 6.1 20 453 466 6452 9.13
60 | 1037 3.1 4032 1521 6.0 20 454 466 6737 9.10
75 | 1025 34 4076 1454 58 2.0 433 489 6047 9.80
90 98.8 3.7 40.78 1392 6.2 20 424 49.4 57.75 9.83
105 | 99.1 35 4183 1479 69 20 418 493 6239 992
120 100.0 4.4 4182 1496 6.2 20 410 508 60.71 10.31
135 | 1003 40 4182 1492 61 20 418 501 6150 10.15
150 98.8 4.1 41.83 14.69 6.3 20 393 524 60.23 10.20
165 | 99.0 40 4183 1477 62 2.0 411 507 5729 1078
180 99.2 3.9 41.84 1422 6.1 20 415 504 5297 11.23
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Figure 3-34: Gas outlet composition over the duration of the test, 2.5 % Energreen biomass, at 4 bar and

Among the data obtained the key important parameters to note are:

6.2 % of oxygen in the outlet;
40.6 % of carbon dioxide;

51.2 % of Hydrogen;

56.83 I/h of produced gas with an energetic cost of 10.74 Wh/I.
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110 °C;

3.4.3.2.

Table 3-33: Conditions and collected results, 2.5 % Energreen biomass, at 4 bar and 110 °C;

2.5% Energreen biomass at 4 bar and 110 °C

Time T P Vv 1 (A) O, CO CO2 H:2 F WI/F
(min) (°C)  (bar) (V) (%) (%) (%) (%) (/M) (Wh/)
0 109.6 3.6 3154 16.36 45 20 432 503 87.66 5.89
15 110.1 4.0 30.90 1521 43 20 438 499 75.95 6.19
30 110.2 4.1 30.90 1489 4.1 20 448 491 7352 6.26
45 109.9 4.1 3091 1460 3.9 20 450 491 73.37 6.15
60 109.7 4.1 3091 1421 3.9 20 448 493 7253 6.06
75 109.6 4.1 3091 1397 37 20 447 496 69.54 6.21
90 109.8 4.1 3091 13.87 3.6 20 452 49.2 68.83 6.23
105 110.2 4.2 3091 1393 3.6 20 456 48.8 68.14 6.32
120 | 1104 42 3091 1397 34 20 466 480 6650 6.49
135 | 1101 43 3091 1369 3.4 20 473 473 6541 6.47
150 109.4 4.1 30.92 1329 3.3 20 46.1 48.6 65.85 6.24
165 110.5 4.2 3092 1335 3.2 20 458 49.0 67.00 6.16
180 110.9 4.2 3092 1330 3.2 20 46.2 48.6 64.79 6.35
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Figure 3-35: Gas outlet composition over the duration of the test, 2.5 % Energreen biomass, at 4 bar and

Among the data obtained the key important parameters to note are:

3.2 % of oxygen in the outlet;
46.0 % of carbon dioxide;
48.7 % of hydrogen;

65.88 I/h of produced gas with an energetic cost of 6.25 Wh/I.
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100 °C;

3.4.3.3.

Table 3-34: Conditions and collected results, 2.5 % Energreen biomass, at 5 bar and 100 °C;

2.5 % Energreen biomass at 5 bar and 100 °C

Time T P Vv 1 (A) O, CO CO2 H:2 F WI/F
(min) (°C)  (bar) (V) (%) (%) (%) (%) (/M) (Wh/)
0 100.5 5.0 3265 1469 5.3 20 378 549 7152 6.71
15 100.6 5.0 3265 1450 5.0 20 36.7 56.3 7542 6.28
30 100.6 5.0 3265 1456 5.0 20 364 56.6 7459 6.37
45 | 1005 50 3265 1444 50 20 373 557 7547 6.25
60 100.2 5.0 32.65 1442 5.0 20 374 556 76.70 6.14
75 100.9 5.0 3264 1428 5.0 20 373 557 73.82 6.31
90 100.6 4.9 32.64 14.07 5.0 20 386 544 7342 6.26
105 100.6 5.0 3264 1490 49 20 387 544 7283 6.68
120 100.9 5.0 3264 1429 49 20 388 543 7347 6.35
135 100.1 4.9 3265 1419 49 20 390 541 7322 6.33
150 100.4 4.9 3264 1438 49 20 386 545 73.87 6.35
165 101.1 5.0 3265 1415 4.7 20 398 535 7239 6.38
180 100.6 4.9 3265 13.71 48 20 389 543 70.59 6.34
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Figure 3-36: Gas outlet composition over the duration of the test, 2.5 % Energreen biomass, at 5 bar and

Among the data obtained the key important parameters to note are:

4.8 % of oxygen in the outlet;
39.1 % of carbon dioxide;

54.1 % of hydrogen;

72.28 I/h of produced gas with an energetic cost of 6.36 Wh/I.
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110 °C;

3.4.3.4.

Table 3-35: Conditions and collected results, 2.5 % Energreen biomass, at 5 bar and 110 °C;

2.5 % Energreen at 5 bar and 110 °C

Time T P \Y 1 (A) 0O, CO CO2 H2 F WI/F
(min) (°C) (bar) (V) (%) (%) (%) (%) (/M)  (Wh/)
0 109.5 4.9 32.25 16.18 3.9 20 430 511 8182 6.38
15 109.8 4.2 31.04 14.00 3.6 20 458 48.6 69.99 6.21
30 109.6 4.0 31.04 1369 3.4 20 456 49.0 66.96 6.35
45 110.3 4.0 31.04 13.76 3.3 20 454 493 66.83 6.39
60 110.7 5.3 3200 1433 3.3 20 432 515 69.68 6.58
75 | 1109 54 3199 1457 32 20 465 483 7258  6.42
90 110.8 5.3 3200 1425 3.2 20 46.6 48.2 68.79 6.63
105 | 1103 52 3201 1414 32 20 467 481 6642 6.81
120 | 1103 51 3201 1364 31 20 464 485 6691 6.52
135 110.7 5.1 3201 1357 31 20 459 49.0 6581 6.60
150 110.8 5.1 32.02 1353 3.0 20 469 48.1 65.10 6.65
165 109.9 5.0 32.02 13.06 3.0 20 466 484 61.78 6.77
180 110.9 5.0 3202 1325 3.0 20 46.6 48.4 63.08 6.73
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Figure 3-37: Gas outlet composition over the duration of the test, 2.5 % Energreen biomass, at 5 bar and

Among the data obtained the key important parameters to note are:

3 % of oxygen in the outlet;
46.7 % of carbon dioxide;

48.3 % of hydrogen;

63.32 I/h of produced gas with an energetic cost of 6.72 Wh/I.
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3.4.35.

Table 3-36: Conditions and collected results, 5 % Energreen biomass, at 4 bar and 100 °C;

5 % Energreen biomass at 4 bar and 100 °C

Time T P \Y 1 (A) 0O, CO CO2 H2 F WI/F
(min) (°C) (bar) (V) (%) (%) (%) (%) (/M)  (Wh/)
0 100.9 3.9 35.25 1427 43 20 373 564 65.06 13.00
15 101.0 3.6 3525 1422 4.1 20 390 549 6945 7.22
30 100.9 4.1 35.25 1394 4.0 20 385 555 69.10 7.11
45 100.8 4.0 35.24 1392 4.0 20 40.2 538 66.71 7.35
60 | 1014 38 3525 1435 41 20 412 527 6814 7.42
75 1009 37 3525 1386 40 20 411 529 6827 7.16
90 | 1017 36 3525 1419 41 20 407 532 6758 7.40
105 | 1011 36 3524 1408 41 20 402 537 6792 7.30
120 | 1011 35 3525 1405 41 20 408 531 6610 7.49
135 | 101.0 35 3525 1414 41 20 412 527 6638 751
150 100.6 4.6 35.25 14.18 4.1 20 40.1 53.8 68.35 7.31
165 | 1011 44 3525 1386 41 20 408 531 6577 7.43
180 | 1023 44 3524 1422 41 20 409 530 6892 7.27
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Figure 3-38: Gas outlet composition over the duration of the test, 5 % Energreen biomass, at 4 bar and 100

Among the data obtained the key important parameters to note are:

4.1 % of oxygen in the outlet;
40.6 % of carbon dioxide;

53.3 % of hydrogen;

67.68 I/h of produced gas with an energetic cost of 7.34 Wh/I.
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°C;

3.4.3.6.

Table 3-37: Conditions and collected results, 5 % Energreen biomass, at 4 bar and 110 °C;

5 % Energreen biomass at 4 bar and 110 °C

Time T P \Y; L(A) 0O, CO CO: H F W/F
(min) (°C) (bar) (V) () (%) (%) (%) (M) (Whi)
0 | 109.2 37 3500 1529 41 20 348 591 74.90 7.15
15 | 109.9 39 3501 1515 39 20 340 601 7258 731
30 | 109.6 40 3503 1521 37 20 349 594 7143 7.46
45 | 110.0 42 3503 1461 36 20 36,6 57.8 69.86 7.33
60 | 110.0 41 3502 1429 34 20 351 595 6941 7.21
75 | 110.0 41 3501 1406 35 20 345 600 66.26 7.43
90 | 110.3 41 3501 1433 34 20 351 595 6349 7.90
105 | 110.0 43 3572 1441 34 20 352 594 69.14 7.44
120 | 110.8 43 3571 1493 35 20 343 602 69.72 7.65
135 | 110.3 43 3572 1439 33 20 347 600 67.71 7.59
150 | 109.6 42 3572 1440 34 20 351 595 67.80 7.59
165 | 109.9 41 3572 1444 35 20 357 588 67.80 7.61
180 | 111.2 40 3572 1427 33 20 341 606 65.89 7.74
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Figure 3-39: Gas outlet composition over the duration of the test, 5 % Energreen biomass, at 4 bar and 110

Among the data obtained the key important parameters to note are:

o 3.4 % of oxygen in the outlet;
o 35.0 % of carbon dioxide;

e 59.6 % of hydrogen;

e 67.19 I/h of produced gas with an energetic cost of 7.64 Wh/I.
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°C;

3.4.3.7.

Table 3-38: Conditions and collected results, 5 % Energreen biomass, at 5 bar and 100 °C;

5 % Energreen biomass at 5 bar and 100 °C

Time T P Voo@a O CO CO: Ho F WIF
(min) (°C) (bar) (V) () (%) (%) (%) (/) (whil
0 1006 47 3666 1492 49 20 342 589 7115 7.69
15 | 1005 44 3667 1475 45 20 338 597 67.08 8.06
30 | 1004 51 3667 1484 43 20 337 600 6691 813
45 | 1004 51 3667 1490 42 20 356 582 6737 811
60 | 1007 50 3667 1468 41 2.0 362 577 6646 8.10
75 |1007 47 3667 1476 41 20 356 583 67.04 807
90 | 1010 50 3666 1476 42 2.0 359 579 6421 843
105 | 100.7 50 3668 1444 40 20 354 586 6502 815
120 | 1004 49 3667 1438 41 20 362 577 6518 8.09
135 | 1008 49 3668 1419 41 20 358 581 6425 8.10
150 | 101.0 4.9 3668 1422 42 20 373 565 6319 825
165 | 1013 49 3668 1427 42 20 363 575 6175 848
180 | 101.0 47 3668 1397 41 20 358 581 6210 825
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Figure 3-40: Gas outlet composition over the duration of the test, 5 % Energreen biomass, at 5 bar and 100

Among the data obtained the key important parameters to note are:

4.2 % of oxygen in the outlet;
36.5 % of carbon dioxide;
57.4 % of hydrogen;

62.35 I/h of produced gas with an energetic cost of 8.33 Wh/I.
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°C;

3.4.3.8.

Table 3-39: Conditions and collected results, 5 % Energreen biomass, at 5 bar and 110 °C;

5% Energreen biomass at 5 bar and 110 °C

Time T P \Y 1 (A) O; CO COz H2 F WIF
(min) (°C) (bar) (V) () () () (%) (/h) (Wh/)
0 110.0 4.7 3417 1481 35 2.0 376 56.9 66.67 7.59
15 109.8 5.2 3414 1429 32 20 385 56.3 63.60 7.67
30 110.3 5.1 3414 1468 3.0 2.0 398 552 6597 7.60
45 110.7 4.9 3412 1424 29 20 382 56.9 64.63 7.52
60 110.3 5.0 3416 1442 3.0 2.0 398 552 6375 7.73
75 111.0 5.0 3416 1431 29 20 405 546 6218 7.86
90 110.3 4.8 3412 1418 29 20 408 543 62.86 7.70
105 1115 4.8 3411 1436 29 20 404 547 6283 7.80
120 112.0 4.8 3421 142 28 20 401 551 6243 7.78
135 111.3 45 3422 1397 28 20 383 569 6268 7.63
150 1115 4.6 3494 1489 28 20 388 564 64.83 8.03
165 1121 4.7 3544 1528 29 20 381 57.0 67.67 8.00
180 112.0 4.9 3544 1504 29 20 381 57.0 66.58 8.01
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Figure 3-41: Gas outlet composition over the duration of the test, 5 % Energreen biomass, at 5 bar and 110

Among the data obtained the key important parameters to note are:

2.9 % of oxygen in the outlet;
38.3 % of carbon dioxide;
56.8 % of hydrogen;

66.36 1/h of produced gas with an energetic cost of 8.01 Wh/I.
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3.4.4. Energreen performance

Similarly to the previous analysis, Table 3-40 presents a compilation of the final results

of each test using liquified Energreen biomass.

Table 3-40: Compiled results of each test with the addition of liquified Energreen biomass and respective

CO2:Hz ratios;

Test Conditions (% ((f, /OO) ((302)2 (';}f) F (I/h) (\\,’v"ﬁl) Coz 2
4 bars 100 °C 1M NaOH 2.5 %Energreen 6.2 2.0 40.6 51.2 56.83 10.74 1.26
4 bars 110 °C 1M NaOH 2.5 %Energreen 3.2 2.0 46.0 48.7 65.88 6.25 1.06
5 bars 100 °C 1M NaOH 2.5 %Energreen 4.8 2.0 39.1 54.1 72.28 6.36 1.38
5 bars 110 °C 1M NaOH 2.5 %Energreen 3.0 2.0 46.7 48.3 63.32 6.72 1.03
4 bars 100 °C 1M NaOH 5 %Energreen 41 2.0 40.6 53.3 67.68 7.34 131
4 bars 110 °C 1M NaOH 5 %Energreen 34 2.0 35.0 59.6 67.16 7.64 1.71
5 bars 100 °C 1M NaOH 5 %Energreen 4.2 2.0 36.5 57.4 62.35 8.33 1.57
5 bars 110 °C 1M NaOH 5 %Energreen 29 2.0 38.3 56.8 66.36 8.01 1.48

As Figure 3-42 displays, in general and similarly to the Acacia tests, the addition of
Evergreen lowered the O, concentrations in the syngas produced. The only exception to this
was the test at 4 bar(g), 100 °C with 2.5 % liquified biomass, likely a consequence of heavy
erosion in the graphite disks. The two subsequent tests exhibited the same problem but at a

larger scale resulting in the need for their repetition.
B No biomass ®2.5 % Energreen 5 % Energreen

00
o0
~
~ )
©
o0
— ¥~
< <
S o
I 1

4 BAR; 100 °C 4 BAR; 110 °C 5 BAR; 100 °C 5 BAR; 110 °C
CONDITIONS

0,%

R
.

Figure 3-42: Gas outlet Oz content comparison for the Energreen biomass;

In both concentrations there is a decrease in O, when rising pressure and temperature,
although the latter induces a more noticeable decline. Beyond that, the 5 % group had, for the
most part, the lowest values with the only exclusion being at 4 bar(g), 110 °C where is slightly
higher than the 2.5 % test (only a 0.2 difference).
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In terms of CO,: H, ratio, as Figure 3-43 shows, just as it was observed in the Acacia
tests, the addition of Energreen significantly decreased the number of units of H, per 1 unit of

CO,, meaning a less ideal ratio.
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Figure 3-43: Units of H, per 1 unit of CO, /CO,: IH,ratios comparison for the Energreen biomass;

According to the results, the two Energreen concentrations exhibited different behaviors
in relation to test conditions. In the case of the 2.5 % group, despite no significant changes
brought by the change in pressure (with only a 0.12 and 0.3 difference for 100 and 110 °C
respectively), the rise in temperature produced syngas mixtures richer in CO, (possibly resulting
from this change favoring carbon oxidation and consequent CO, production). The 5 %, on the

other hand, did not display consistent behavior for both pressure and temperature changes.

Unlike the Acacia counterpart (where the 2.5 % performed better in terms of
CO,: H,ratio), in the Energreen tests the 5 % group got more optimal values in all cases with
the peak being achieved at 4 bar(g), 110 °C with a 1:1.71 ratio. Once again, while still less
optimal compared with electrolyte only, it is counterbalanced by the associated decrease in O,
content and the possibility for post-production adjustments to composition.

Figure 3-44 presents both gas flow production (a) and energy expenditure (b) of each

test to facilitate direct comparison and evaluate the effects of the Energreen addition.
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Figure 3-44: Gas flow production(a) and energy expenditure(b) comparison for the Energreen biomass;

As expected, the added Energreen boosted syngas production leading to higher flow
values when comparing to the tests without biomass. Furthermore, with the exception of the test
at 4 bar(g), 100 °C with 2.5 % liquified biomass (previously pointed out as a possible result of
graphite disk erosion), all Energreen tests showed lower levels of energy expenditure. The 2.5
% group had the lowest consumptions with the lowest reported being 6.25 WI/h at 4 bar(g), 110
°C.

Much like the case with Acacia, altogether when comparing performances between tests
without addition any biomass and the two groups with of Energreen, the later were observed to
have the advantage in all factors excluding CO,: H, ratio. Unlike the Acacia tests though, it is
not as clear which of the two concentrations offers the best performance with 2.5 % producing
syngas at a lower energy cost and being close to 5 % in terms of O, content but producing a less
ideal CO,:H, ratio. The choice between the two is dependent on establishing the priority

between process efficiency and the produced composition.
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3.4.5. Liquified Biomass Comparisons

After the individual performance analysis of both Acacia and Evergreen groups, the
following step is to compare their results and better establish the strong and weak points for
each type of biomass. This comparison was done by grouping both biomasses at 2.5 and 5 %

(w/w) by test conditions for a more efficient result analysis.

Regarding the syngas 0, content, as Figure 3-45 showcases, with exception of the 5
bar(g), 110 °C group, the Acacia tests have the lowest results with the lowest appearing at 4
bar(g), 110 °C with a value of 2.1 %.

W 2.5%Acacia M5 % Acacia 2.5 % Energreen 5 % Energreen
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Figure 3-45: Gas outlet O2 content direct comparison between Acacia and Energreen;

Although further research would be needed to prove it or not, data in Figure 3-45 leads
to the conclusion that while Acacia produces lower O, contents at the previously specified
conditions, Energreen’s performance may be favored by higher pressures. If the set of tests
included pressures above the 5 bar(g) (Not possible with the current setup), Energreen’s

resultant O, fraction would possibly continue to decrease.
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By the analysis of Figure 3-46, it is inferred that Energreen offers a clear advantage in
terms of syngas CO,: H, ratio at all conditions except for 4 bar(g), 100 °C. where Acacia had the
highest result (and the highest over all the tests).
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Figure 3-46: Units of H, per 1 unit of CO, (or 1/(CO, /H,)) direct comparison between Acacia and
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This data in conjunction with the corresponding 0, contents displayed in Figure 3-45
implies an increase in CO, production when increasing both temperature and pressure.
Additionally, this phenomenon is more noticeable with Acacia, resulting in a sharper CO,: H,
ratio decrease, (although 5 %, 5 bar(g), 110 °C seems to be an outlier, most likely due to starting
signs of wear in the graphite disks). On the other hand, Energreen, while showing a similar
behavior, has a less steep decline with the increase in temperature causing more significant

changes.

In terms of flow of produced gas alone, by looking at the data at Figure 3-47, it is not

possible to clearly determine which of the two types of biomasses produces more syngas.
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Figure 3-47: Gas flow production direct comparison between Acacia and Energreen;

While flow values are not consistent, due to the influence of other factors such as the
current applied or wear in the graphite disks, the flow alone doesn’t necessarily dictate which of
the two offers the best performance. To complement it, Figure 3-48 shows the correspondent

energy expenditures.
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Figure 3-48: Energy expenditure direct comparison between Acacia and Energreen;

Ignoring the case of the 2.5 % Energreen at 5 bar(g), 110 °C due to the effects wear off
in graphite disks, overall, the pattern at each set of conditions is fairly consistent with both 2.5
% groups presenting the less expenditure in comparison to 5 %. In all cases Energreen presented
the lowest consumption for both concentrations with the highest flow corresponding to the
second lowest consumption. Knowing this, it can be concluded that Energreen offers better
performance in terms of energy consumption per flow produced.
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Altogether, when considering the conditions range in study, it is not possible to appoint
objectively which of the two is the best as a carbon source. Still, it was possible to identify the

strong and weak points of each one:

e In general, Acacia produces less O, content, mainly as a result of an increase in
CO, production which logically leads to a less desirable CO,/H, ratio.
Nevertheless, this ratio may be fixed postproduction, making it an acceptable
consequence of producing a syngas with less O,;

o Energreen on the other hand, shows signs of only decreasing O, contents at
pressures higher than the tested range, although further research would be
needed to prove it. It also produced a more optimal CO,/H, ratio (at the cost of
less 0, consumption), and most importantly, has showed the best relation

between energy consumed and gas production.

Overall, the data collected shows that Acacia is the better choice when prioritizing the
production of a syngas mixture with lower O, content. Although this carries the consequence of
producing a less desirable CO,/H, ratio, it is still acceptable due to the post-production
processes of adding hydrogen or removing the excess CO, being easier and more affordable
than the removal of excess O,. Energreen on the other hand, while being less efficient at
reducing O, content, produces a more desirable ratio. Furthermore, if the priority is energy cost
reduction, Energreen has the advantage, allowing to produce syngas while consuming less
electric energy.

114



4. Graphite disk wear down and observed consequences

Throughout all experimental work, one important factor to consider when analyzing
results was the degree of wear off in the graphite disks inside the stack. As the process goes on,
the carbon constituting the disks is consumed, either directly as a result of the reaction with O,
or by being simply carried out by the circulating fluid. Consequentially, the surface of each disk
is gradually eroded, leading eventually to holes and reduction of surface area that will hinder

performance.

In spite of the fact that an entire set of experimental tests focusing on this topic would
be needed to fully evaluate it (which was not possible under the scope of this work), a short
comparison was done between two tests at the same conditions but opposite degrees of wear.
The first was a test where the effects of wear in the disks was enough to completely reject the
results and call for their substitution, and the second was the following test with new disks,
devoid of any wear. The objective of this short study was a surface level analysis of the signs
and consequences of wear in the graphite disks and estimate roughly the expected lifespan of

each set of disks.

The following Figure 4-1, show on the left a new disk followed on the right by a

completely worn out one.

Figure 4-1:Direct comparison between a new disk (left) and a completely worn-out one (right);

The specific disk showed on the right of Figure 4-1 was the first counting from the top,
having suffered the most damage. While not all disks suffered erosion to this extent, in general,
after a total estimated operation time of around 30 hours (or 8 tests of 3 hours plus around 25 %
additional time spent operating outside of the allotted time for the tests, for warming or cooling
the system, all of the 11 disks inside the stack displayed considerable loss in mass with a
consequent increase in the distance between disks of each cell, and appearance of holes that

generate less desirable electrolyte flow patterns.
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To better understand the degree of wear in the disks, Table 4-1 showcases the data
collected on one of the occasions where the disks had to be replaced. Each disk was weighted
alone post being removed from the stack and compared with their weight registered pre

installation.

Table 4-1:Registered wear off in the disks and percentual loss of mass;

Disk weight (g)
Mass loss (%)

New Worn-out

90.76 50.65 44.19
91.67 45.02 50.89
91.50 45.00 50.82
91.01 36.73 59.64
91.22 39.44 56.76
91.01 37.43 58.87
91.05 43.09 52.67
91.08 35.25 61.30
91.84 43.58 52.55
90.32 32.08 64.48
91.46 37.91 58.55

Average
91.17 405 | 5552

With the exception of the topmost one (that still lost a considerable 44.19 %), all disks
lost more than half of his original weight. As further data will show, the performance of the
stack is compromised when working with this degree of wear in the disks. This means that they
can no longer be used in tests with their remaining graphite being wasted unless any alternative

uses are found.

The following test with 2.5 % Energreen at 5 bar(g), 100 °C offers a brief analysis of the
effect the wear on the graphite disks has on the system performance and how it affects the
syngas produced. At the time, it was rejected due to clear signs of heavy wear, thus offering the
best counterpart to a repeated test using new disks (which corresponds to the one previously

showed for experimental work results).
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4.1. Test with worn out disks-2.5 % Energreen biomass at 5 bar and 100 °C

Time

T

Table 4-2: Conditions and collected results for the rejected test;

P

\%

02 (6{0]

CO2

H2

F

min) o) an v B 0 o) @) (@) an WM
0 | 100.9 47 37.06 15.26 5.8 2.0 34.1 58.1 4255 13.29
15 | 102.0 55 37.06 15.19 5.3 2.0 37.9 548 4478 1257
30 | 102.3 45 36.74 14.89 5.0 2.0 41.7 51.3 5054 10.82
45 | 102.1 46 36.74 14.96 5.0 2.0 41.2 51.8 4762 1154
60 | 102.0 5.3 36.75 1453 5.0 2.0 41.4 516 4135 1291
75 | 101.9 5.2 36.75 1451 5.0 2.0 41.9 511 4184 1274
90 | 101.7 42 36.75 14.19 5.0 2.0 44.8 482 4483 11.63
105 | 103.0 55 37.74 15.34 5.1 2.0 41.7 51.2 4569 12.67
120 | 102.8 5.0 36.72 1443 5.0 2.0 44.2 48.8 43.11 12.29
135 | 102.9 5.1 36.72 1457 5.0 2.0 459 471 4272 1252
150 | 103.1 5.2 36.72 14.80 5.0 2.0 45.2 478 4121 13.19
165 | 103.4 54 36.72 14.85 5.0 2.0 449 48.1 4254 12.82
180 | 104.0 53 36.71 15.15 5.0 2.0 46.6 46.4 4357 12.77
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Figure 4-2: Gas outlet composition over the duration of the rejected test;

Among the data obtained the key important parameters to note are:

5 % of oxygen in the outlet;

45.6 % of carbon dioxide;

47.4 % of Hydrogen;
42.44 1/h of produced gas with an energetic cost of 12.92 Wh/I.
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4.2. Result Comparison

By comparing the results of the rejected test with the one obtained after changing the
disks it is possible to detect some key differences likely to be a result of the considerable wear
in the disks.

As the surface of the disks suffers erosion, the distance between each disk increases,
and holes may form, leading to alternative routes for fluid circulation and a reduction of the
time spent by the electrolyte in each cell. Consequently, there is a decrease in the electrolyzer

efficiency. This can be observed by comparing H, contents as showed in Figure 4-3.

Eroded disks New Disks

N

H, Content (%)

0 15 30 45 60 75 S0 105 120 135 150 165 180

Time (min)

Figure 4-3: Effects of graphite disk erosion on H, production;

As expected and shown in Figure 4-3, worn out disks produce syngas with less H,
content. In addition, the eroded disks test had a less stable behavior, proved by the inability to
achieve stationary state, even after 3 hours.

Although the CO, percentage is higher in the eroded test, this does not correlate
necessarily to an increase in its production. In fact, as the reduction in syngas flow imply, this
likely a result of the decrease in H, production. A more detailed study, focused on this topic,

would be needed to better determine the case and how wear in disks affects CO, production.

Regarding its effects on gas production and energy expenditure, as predicated, more
eroded disks have more difficulty producing syngas. This is confirmed by Figure 4-4 and Figure
4-5 where the eroded test got consistently lower flows of production at much higher energy
costs.
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Figure 4-4: Effects of graphite disk erosion on syngas production;

Eroded disks

New Disks

14
13
12
11
10

Energy expenditure (Wh/I)

Ul OO N 00 ©

0 15 30 45 60 75 90 105 120 135 150 165 180

Time (min)

Figure 4-5: Effects of graphite disk erosion on energy expenditure;

All in all, in its current iteration, the graphite disks inside the stack act both as middle
step and obstacle for its industrial application as an alternative method for syngas production.
With only an estimated lifespan of 30 hours of operation, the disks greatly compromise the

viability of the process by requiring frequent maintenance stops and increasing consumable
costs.

Additionally, while syngas composition had stayed fairly unaffected until the point
when wear in the disks is no longer within the acceptable range for testing, the amount of gas
produced and correspondent energy expenditure gradually decline in efficiency, creating a
whole new variable to take in account when analyzing performance. This was noticeable
throughout experimental work and later analysis of results, where the degree in wear had to be

considered before comparing flows/energy consumptions of different tests done at different
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points in time. For these reasons it is imperative that future versions of the prototype aim to

remove the graphite disks by relying only on biomass as a carbon source for co-electrolysis.

120



5. Conclusions and perspectives for future work

This chapter will feature the main conclusions obtained throughout all the experimental

work, followed by some perspectives for future work and development of the prototype plant.

This study was carried out with the objective of optimizing the operation and promote
the development of a pilot co-electrolysis plant to produce syngas using liquified biomass
obtained from forest residues as a second source of carbon for the electrochemical reaction. The
syngas produced is to be used, in the future, as a feedstock for methane production. As such, the
experimental work aimed at analyzing and comparing the effects of different sets of conditions,
and later, the addition of two different biomass samples at two concentrations, on the outputs of
the process, like the composition and energy cost of the syngas produced.

In terms of the main criteria to evaluate the composition of the gas outlet and,

considering its use as feedstock in methane production, the syngas produced aims to:

e Have oxygen content as low as possible (to minimize the risk of catalyst
deactivation during methanation);

e A CO,:H, ratio ideally close to the one associated with the conversion of CO,
into methane (1:4);

e A good relation between the flow of gas produced and the energy consumed to

produce it.

The experimental work was divided into two main parts. The first focused on operating
the system without adding any liquified biomass (relying only on the carbon present in the
graphite electrodes) and testing a more ample range of conditions (3, 4, and 5 bar(g) and 90,
100, and 110 °C) with two different electrolyte solutions (a 1M KOH solution and NaOH with

the same concentration).
From the data obtained in this first part, the conclusions found are the following:

e Increasing the system temperature originates both a decrease in O, content and
an increase in CO,concentration. Most likely, this is a result of a higher rate of
carbon oxidation;

o Similarly, higher pressures and temperatures also lead to the same effect, thus
beneficiating the process;

o While it is difficult to examine the implications of pressure and temperature on
the amount of gas produced (due to factors such the degree in wear of the
electrodes), energy expenditure (electric energy supplied to the stack/the flow

produced) offers a better basis for comparison between tests;
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Although the correlation between temperature and energy consumption is not
certain due to inconsistent behavior, in the case pressure, both electrolytes
displayed less energy consumption above 3 bar(g). In the case of KOH the
lowest expenditures appeared consistently at 4 bar(g), and in NaOH at 5 bar(g);
The KOH electrolyte produced a gas outlet with lower O, content (with the
lowest value being 1.9 % at 5 bar(g) and 110 °C) and less desirable CO,: H,
ratios, implying a higher rate of carbon oxidation in comparison with NaOH.
When using the NaOH electrolyte, the CO,:H, ratios of the gas outlet were
closer to the desired 1:4, although this implies lower rates of CO, production;

In terms of the amount of gas produced and energy expenditure, NaOH had
consistently the best performance, producing more syngas while consuming less
energy;

Even though KOH has multiple advantages, it proved itself significantly harder
to work with. It placed a heavier strain on the system in comparison to NaOH,
even damaging equipment and having a faster rate of erosion in the graphite
electrode disks.

The results obtained from this were later used in the second part to select a smaller set

of conditions, establish a baseline of the operation of the prototype and to later compare with the

tests using biomass.

Regarding the second part of the experimental work, this one was focused on testing

and evaluating the performance of the system when adding some amount of liquified biomass to

serve as a secondary carbon source. Two different samples were tested, one sourced from forest

residues of acacia wood (thus labelled “Acacia”) and another of unknown composition, supplied

by Secil, labeled as “Energreen”.

As for the new range of conditions, the NaOH solution was chosen as the electrolyte,

due to its advantages in reducing energy costs and being easier to work with in general, and new

ranges of pressure (4, and 5 bar(g)), and temperature (100, and 110 °C) were selected.

From the data obtained in this second part, the following could be concluded:

In both samples, the additions of liquified biomass boosted CO, production
leading to a significant increase in its content within the gas outlet,
consequently lowering the CO,: H, ratio. Consequently, O, concentrations also
lowered;

Acacia shows favored results regarding the production of a syngas mixture

while lowering its O, content. Best results at 4 bar(g) at 110 °C with 2.5%;
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o Energreen produced a more optimal CO,:H, ratio (at the cost of lower O;
consumption), and most importantly, has showed the best relation between
energy consumed and gas production. Best results at 4 bar(g) at 110 °C with 2.5
%.

¢ Regarding optimal conditions, and considering each biomass strong points,
coincidentally both have their best performance at 4 bar(g) at 110 °C with 2.5
%, with Acacia having the lowest O, content associated with the lowest
expenditure, and Energreen also having the lowest expenditure;

e Although, CO,: H, ratios are farther from the ideal value (1:4) when compared
to the tests without biomass, this is secondary to the decreasing of O,
concentrations. Either way, this can be resolved by a later addition of H, or
alternatively by the partial removal of its CO, (being easier compared to

removing the 0,).

Besides the optimization tests, a brief study on the erosion of the graphite disks its
effects was done by comparing two tests, at the same conditions, with opposite degrees or wear
in the electrodes (one with disks eroded to the point where the results had to be rejected and
another with a brand-new set). As expected, performance becomes gradually more hindered by
the erosion of the disks, with the most noticeable consequence being the production of less
syngas at the cost of more energy needed to produce it. Overall, with a limited estimated
lifespan of around 30 hours, the graphite electrodes as they are in the current iteration, are a
liability to prototype applicability and scale up, by increasing the costs and time associated for
maintenance and being a non-renewable source of carbon in an otherwise green alternative for

syngas production.

In conclusion, as the data obtained from testing shows, liquified biomass obtained from
lignocellulosic forest residues shows a lot of potential as a possible carbon source in co-
electrolysis to produce syngas. Although the current prototype iteration still relies on graphite
disk electrodes inside the stack to act as a primary source, the addition of biomass improves the
process. As such, future iterations should research a possible upgrade by removing the graphite

entirely to rely only on the liquified biomass.
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Perspectives for future work

As previously mentioned, this research, and all experimental work throughout it, was
executed on a 1 kW prototype plant. For this reason and the limitation imposed by this type of
study, further testing and development is still needed, with this work merely offering a
landmark to help further research in how it should proceed, and which direction should it be

focused. Based on the analysis of this current study the advised perspectives are as follows:

e Repeat the tests with KOH at 5 bar(g) group and the 4 bar(g), 100 °C with 2.5 %
Energreen test, as these were done with a significant degree of wear in the
electrodes. Repeating these tests would allow for a better analysis of results;

e Redo some tests, now using the new and more precise set of sensors, that
unfortunately were only available for the tests with NaOH at 5 bar(g) and had a
later malfunction due to excess humidity in the gas outlet. Although they were
fixed before finishing experimental work, it was deliberated to continue to use
the old set to avoid inconsistencies within the results obtained. (The NaOH at 5
bar(g) were kept due to not being possible to repeat and as way to showcase
more precise values for the composition of the syngas);

e A more profound study needs to be done on the gradual erosion of the graphite
electrodes in order to find a way to directly compare results without this being
an obstacle;

e Implement new and better ways to remove moisture in the gas outlet. The
addition of biomass caused a rise in the humidity of the syngas produced, which
may damage the sensors if no completely removed. Even after modifying the
process by inserting an additional condensation circuit, some humidity is still
left;

o The outer shell of the stack should be replaced for a new one able to withstand
higher relative pressures (ideally 10 bar(g)) and better adapted to suit this type
of process. Originally, there were plans for a set of tests at 6 bar(g) but
unfortunately, accumulated damages, caused partially by the used of KOH, left
the system unable to function at this pressure without severe leaks and risk of
accident;

e Seen as the graphite disks act as unrenewable source of carbon and create
multiple problems for the scale up and sustainability of the system, future
iteration of the prototype should try to substitute them for steel electrodes and
use graphite directly added to the electrolyte and eventually only the liquified
biomass as the primary carbon source. Nevertheless, the importance of the disks

shouldn’t be undermined as an intermediary set for the final system.
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With regard to the biomass used, although it was not possible to characterise it
in detail at the time of this study, a parallel study (by the same colleagues who
supplied us with Acacia) is being carried out on this subject;

In addition to the costs directly associated with the co-electrolysis process, the
pre-processing of the biomass to produce the bio-oil should also be considered.
As such, further research focused on the economics should also estimate this
part.
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Publications of the research results
As part of Project Clean Forest, a section of the research results obtained in this thesis

were published in the following:

e In Forum de Engenheira Quimica e Bioldgica-ISEL (IFEQB) , 2022 and 23,
both in the form of posters;

e In the 1st International Conference on Challenges in Engineering, Medical,
Economics and Education: Research & Solutions (CEMEERS-23), where the
research was the topic of an oral presentation, with an article was published in
conjunction;

¢ In International Chemical and Biological Engineering Conference (CHEMPOR)

of 2023, in the form of a poster presentation.
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7.1. Photos of the current prototype and equipment

Figure 7-2: Electrolyte feeding tank;
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Figure 7-4:pressure sensor in the gas exit

Figure 7-5: Gas analyser display;
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Figure 7-7: Cooling fan;
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Figure 7-9: Voltage and current intensity display;

Figure 7-10: New set of sensors;

138



7.2.Biomass FTIR analysis
Throughout the set of tests using biomass, after finishing each group a sample of each
used electrolyte (with the biomass diluted) was kept for Fourier Transform Infrared
Spectroscopy (FTIR) analysis. The following Figure 7-11,Figure 7-12Figure 7-13Figure 7-14

andFigure 7-15 correspond to the absorbance spectra obtained for each sample.
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Figure 7-11: 2.5 % Acacia FTIR Absorbance spectra;
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Figure 7-12: 5 % Acacia FTIR Absorbance spectra;
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Figure 7-13: 2.5 % Energreen FTIR Absorbance spectra;
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Figure 7-14: 5 % Energreen FTIR Absorbance spectra
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Figure 7-15: Compilation of all tests FTIR Absorbance spectra

From the analysis of the spectra and based on a similar study from Mateus et al., 2016

the following key bands were identified in all cases:

e astrong wide band between 3200 and 3500 cm™ corresponding to the vibration
of the O — H, associated with carboxylic acids and derivatives;

e asignal between 1600 and 1700 cm™ corresponding C = O stretching vibration
characteristic of ester groups;

e A group of peaks between 1300 and 1450 cm™ most likely corresponding to a
combination of stretching C — O — H of carboxylic acids and derivatives and
C—0—C stretch of cyclic ethers which is also quite common in

carbohydrates.
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7.3. Poster presented in IFEQB 2022

Utilizacao de biomassa florestal liquefeita na co-eletrélise
da agua para producao de gas de sintese

Martins, D. M.'*, Troiano A.}, Gongalves A. D.1, Cabrita, T. M.2, Rodrigues, J. C.2, Punal3, J. F., Gomes, J. F.13

'Departamentol de Engenharia Quimica, Instituto Superior de Engenharia de Lisboa, Instituto Politécnico de Lisboa, R. Conselheiro Emidio

Navarro 1, 1959-007 Lisboa, Portugal
2 GSyF, Lda, R. S. Scbast

, 11 2500-064 Fanadia, Caldas da Rainha

3 CERENA - Centro de Recursos

Naturais ¢ Ambiente, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1949-001 Lisboa, Portugal

0 aumento continue da necessidade energética mundial nas ultimas décadas resultou num
crescente consumo de fontes c i ndo an gas natural entre
outros) e, consequentemente, maiores impactes ambientais. Por esta mesma razdo,
observa-se uma aposta cada vez maior no desenvolvimento de possiveis fontes de
combustivel sustentdveis (biomassa, energia solar, edlica, entre outras).

Desenvolvide no dmbito de um projeto 1&DT pela start-up GSYF, Lda, (que tem trabalhado
no Lab. Tec. Quimica do DEQ/ISEL), esta unidade piloto de 1 KW tem como objetivo a
valorizacdo de biomassa previamente liquefeita de residuos florestais lignoceluldsicas, a
qual serd posteriormente utilizada como fonte de carbono num processo de co-eletrdlise,
destinado 3 produgdo de gds sintese (H,, CO, CO,), também designado por syngas. Por sua
vez, este syngas sera transformado em outros produtos de valor acrescentado,

de bil P
A producdo de syngas por via eletroguimica tem por base as seguintes reagGes:
Reagdes no citodo:

2H,0 + 2¢~ — 2H, + 20H~
Reagdes no dnodo:
40H™ = 0, + Hy,0 + 4~
2C + 0, = 2C0
200 + 0, - 20,
Reacdo global de processo:

2H,0 + € + W, — 2H, + C0,
2

Figura 1. Processo de peodughn de gs sintese por via
electroquimnica, patenteado pela GSYF.

Metodologia

0s trabalhos atuais focam-se no na de testes de otimi das i de uma
unidade protétipo constituida por um reservatdrio de eletrélito, um conjunto de sensores
de pressdo e temperatura, bomba de transporte, um radiador com ventoinha (de modo a
controlar a temperatura de pmcesso] uma resisténcia de aquecimento, uma coluna de
de i eum ituido por um stack de 11 discos de grafite.

Relativamente ao eletrdlito usado, nos testes de otimizacdo recorreu-se primeiro a uma
solugdo de KOH(1M), sendo que nos dois Gltimos conjuntos de testes fui usada uma solugdo
de NaOH de igual concentracdo.

E importante referir que em testes futuros estd a adicdo de b
Esta ird servir como fonte secunddria de carbono para a reagdo de conversdo de 0, em CO,.
0O flowsheet deste processo encontra-se apresentado na figura 2.

Figura 2. Flowshast do processo protétipo: (1) Reservatsia o2 eletrslita; (2) bomba; (3] Radiador com ventoinha;

humidade, com sflica gel.
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Tabela 1 OH: 1-1M de KOK, 4 bar, 90°C; 2-1M de KON, 4 bar, 100°C; 3-1M de KOH, 4

o, 110G 10 o KO, 5, ST 14 da D0, S D' -1ty K, b, S0 71 d KO8 600 ;-0 d s o
100°C; 9-1M de KOH, B bar, 110'C; 4 bar, 110°C; 13-1M de NaOH, 5.

bar, 90°C; 1uu¢= 'NaOH, 5 bar, m:, 154 m de naau, 5 bar, xm:
Antes de se proceder & analise dos resultados obtidos é necessario referir que o ultimo
conjunto de testes (1M de NaOH, 5 bar), foi realizado apds a mudanca dos discos de grafite
e instalagdo de um novo conjunto de sensores de maior precisdo.

Os testes efetuados podem ser divididos em dois conjuntos correspondentes ao eletrélito
usado, sendo que nos primeiros nove foi utilizada uma solugdo de KOH (1M) e, nos
restantes, uma solucdo de NaOH com a mesma concentragdo (sendo que ainda falta efetuar
as testes referentes as condigdes de 6 bars com este eletrélita).

Ao comparar a poténcia usada por caudal de gds sintese obtido (Wh/L), observa-se que, em
geral, para as i de pressio e o NaOH apresenta um valor
menor, 0 qual, por sua vez, ird correspander a um menor custo de funcionamento de
processo. Através dos dados obtidos deduz-se ainda que, o aumento da pressio de
funcionamento traduz-se também no aumento da poténcia por caudal.

Relativamente & composicao e, assumindo que o gas de sintese podera ser direcionado para
um reator de Metanac3o (Sobatier), é importante ter em conta especificamente a

de CO,( ird ser em metano como é mostrado na reag3o seguinte) e
0 0, que podera desativar os catalisadores usados no processo. Para definir a composicio
foi usado um conjunto de sensores, que permitiram a monitorizagdo continua do gas
produzido ao longo de cada teste{exemplo na figura 2)

CO, + 4H, — CH, + 2H,0
CO +3H, » CH, + H,0

Tendo em conta isto conclui-se que enguanto que o aumento da temperature de
funcionamento resulta numa menor concentragdo de O,, 0 aumento de pressdo resulta
num acréscimo deste valor. Por outro caso, relativamente ao €O, produzido, tambem é
possivel observar que 0 aumento da pressdo de funcionamento resulta num decréscimo da

concentragio deste. .
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dos diferentes componentes do gds sintese 30 longo
de NaOH, 5 bar, 110°C)

clusdes

Este conjunto de testes teve como objetivo a comparagdo do desempenho de duas solugdes
de eletrdlito distintas (1M de KOH e 1M de NaOH) sob diferentes condig@es de pressdo (4, 5
e 6 bar) e temperatura de funcionamento (90, 100 e 110 ®C). Este procedimento ird
possibilitar a otimizagdo das condi¢Bes de funcionamento do processo, intreduzindo o uso
de biomassa liquefeita enquanto fonte alternativa de carbono, de modo a maximizar a
viabilidade econdmica deste e desta forma permitir assim o seu uso numa escala maior
associada ao mercado atual.

Ao longo dos vérios testes realizados, baixas percentagens de O, é benefico do ponto de
vista processual porque, em caso de utilizacgdo do syngas produzido num processo de
metanagdo, este ird traduzir-se num menor envenenamento do catalisador utilizado e,
consequentemente, num processo mais rentdvel. Deste modo, é possivel concluir que, as
condicBes em que se observa uma menor percentagem de O, correspondem ao teste com
1M de KOH, a 5 bar e 110°C.

Relativamente & poténcia por caudal de gds produzido, é ideal que este valor seja 0 menor
possivel, visto que este ird traduzir em parte no custo energético associado a operagdo do
processo. Sendo assim, observa-se que, o teste com o menor valor correspondeu as
condicBes de 1M de NaOH, 5 bar e 100°C, com um Wh/L igual a 6,8.

Em testes futuros p avaliar o deste mesmo electrolizador com
adi¢do de bi i ita e, a sua eficiénci meio sustentdvel alternativo aos
processos termaquimicos ja existentes.
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Liquified biomass utilization in water co-electrolysis for
Synthesis gas production
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The of synthesis gas via is based an the follawing reactions™:
Cathode reactians:
2H,0 + 2e= — 2H, + 20H~
Anade reactions:
AOH™ — Oy + HyD + de-

20+ 0z — 200

20+ 0z — 2002
Global reaction:

ZHy0 + 0+ W, — 2H, + €0,

Current experimental wark focuses on optimizing syngas praduction to Later be in the future wsed

as feedstock for methane production. Far this specific purpase, the syngas produced aims for: ™
- cwygen contentrations as low as passible Jto minimize the risk of catatyst deactivation during

methanaticn);

with the

* & CD,M, ratio ideally close &0 the ane 1 of 00, i (1:4).
Twe different biomasses were tested at two different concentrations (2.5 and 5% (wiw]] o
compare with each other and the performance withaut using any liguified biomass. In all tests, the

electrobyte was 3 1M sclution of NaOH.

Thres different growps of tests were executed:
- one without adding liquified biamass;
+  one using a liquified sample of Acacia biomass

- anather wsing a
Within the fallowing range af condit
= for each biomass they were diluted in the slectrolyte sclution at 2.5 and 5%;

nple of non-specified ion designated as 3

= pressures of 4 and § bar gauge;
* and ternperature of 100 and 110 °C.

They were exscuted aver 3 hours with data being collected in intervals of 15 minutes. For simpler
presentation the average of the 3 las collectians in the stationary state was collected and
presented as the shortened results for each test.
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Cver the last decades, the continuos increase in the warld's energy needs resubted in growing
consumption of non-renewable fuel sources [oil, natural gas, among others] and, conssguently,
greater erviranmertsl impacts. For this same reason, there i an increasing commitment to the

af i i energy sources (biomass, solar and wind energy, amang
athers) 4
Developed within the scope of an REDT project by the start-up G3¥F, Lda, this 1 kW pilot unit sims at
the recovery of previously liquefied biomass from lignocellulasic forest residues, later used as a
carbion scurce i a co-electrolysis process, intended for the praduction of synthesis gas [Hy, €0, €0y,
alsp known a3 syngas. In twn, this syngas will be transformed into other value-added products,
namely syrithetic biofuels such as methane, methancl or biodiesel, This prototype unit consists of an
electrolyte reservoir, a set of pressure and temperature sensors, 3 transport pump, a radiator with a
fan (in order to contrel the temperature of the process), a heating resistancs, a maisture adsorption
codumn and an electrolyzer consisting of a stack of 11 spaced graphite discs. 7L 5

Resulis
Az sample of the data collected, the following table pressnt an example of a comparisen of
jperformance for the conditions of 4 bar gauge and 100 'C while the graph below displays the
waristion in syngas compasition through cut one of the tests in the same group:

‘Withowt Siomass 4.1 1B 254 6B.7 46.E4 7
2.9% Acacla 33 30 345 536 6753 1m
5% Aeasia 33 20 549 397 6321 o7z

23%Eneqgresn 52 20 405 512 5683 115
5% Exdrigriin 41 20 405 533 6TEE 131

abiw 1 Tarit rasults for the conditions of & barg and 100 °C.
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2: i gl compeonSon cver the deration of the beits, % Aceds
Iimans, o8 4 bang and 100°C.

ttal wark it can be that itians of

From the data obtained through
liguified biomass causes significant increase in the CO, content in the gas autlet, resulting in a

lower €0, ratio. A . the higher €Oy also .0,

generating syngas with lower O concentration.

Fecusing on the production of syngas s pecifically for future wse in methanation, the addiction of
biomass, specifically Acacia shows favored results in the production of a syngas mixture while
lowering its D cantent. On the ather hand, C0;:H, ratios as expected are farther fraom the ideal
valuse when compared to the ideal 0.25. Although, this can be easily resalved either by lster
addition of Hy or alternatrvely the partial remaval of its 00 (this still being an easier approach
compared to remaving the 0,).
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