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1. BACKGROUND AND OBJECTIVES OF THE WORK
1.1. The topicality and significance of the subject

The history of humanity is extremely closely linked to energy carriers, and our
dependence on them is for thousands of years. Of the resources, energy has
always been one of the most important because it has contributed to the
development and well-being of human societies. During the first about 4,000
years of human history, basically wood was used as an energy source, that is, the
use of renewable energy was typical. The first significant change was the shift to
the use of coal, which took place in some industries as early as the 18th century,
while in the case of heating this can be traced back to the 19th century
(FOUQUET 2011). The recognition of limited carbon sources and the
emergence of internal combustion engines resulted in another change at the end
of the 19th century when the era of oil use followed. There have always been
two main drivers of change: on the one hand, the development of energy prices
(for example, the price of wood fuel increased significantly between 1650 and
1740), and on the other hand, technological development. The transition to the
use of coal and then crude oil went smoothly. However, the emergence of the
use of natural gas led to fundamental changes: land transportation accelerated as
well as the conquest of air began for transport purposes. Energy consumption
increased explosively, and this trend has continued ever since. A further large
increase in energy consumption is expected, as the key factors influencing this
are working in this direction, | am thinking here of the increase in the population
of the Earth as well as the rising living standards. It is generally true that as
quality of life improves, so does energy consumption per capita. The latter can
actually be interpreted as a combination of three factors: population, GDP per
capita, and the energy intensity of the economy (that is the energy used per unit
of GDP). By 2040, energy demand is projected to increase in absolute terms,
although the growth rate will slow in percentage terms. It is a question of
whether the energy transition that is taking place today will be as smooth as it
has been so far. This is crucially influenced by the size of available oil and gas
reserves, the impact of greenhouse gases on the Earth's climate, and whether
access to alternative energy sources will be competitive. In 1980, depletion of
oil stocks was predicted by 2010 at the latest, but in 2010 sufficient stocks were
prognosticated for a further 45 years. Forecasts for natural gas are similar, with
the rate of depletion rising from about 48 years to about 60 years from 1980 to



2010. Thus, the increase in consumption has been offset by the rapid discovery
of new oil reserves in recent decades, as well as the mining of deposits that were
not yet economically viable under previous conditions has meanwhile become
economical thanks to technological advances and a changed environment. A
typical example of this is that the US has become a natural gas exporter by
exploiting “unconventional” natural gas fields. It can be assumed that oil and
gas reserves will not be depleted in the next few decades as new deposits are
discovered and new extraction technologies are used. The most difficult issue is
predicting the price of oil and natural gas, as it is greatly influenced by political
events (PAPAY 2015). The energy crisis of the 1970s shocked the world at how
vulnerable the economies of some countries were to oil-producing and oil-
exporting states. Recognizing this fact, several countries have taken steps to
accelerate experiments and research aimed at replacing oil. Experiments have
been carried out in several places with government support since 1975, and the
problem of oil substitution has been constantly appearing in experimental and
research activities ever since. Nowadays, all this is justified not only by the
intention to reduce economic dependence, but also by the fact that one of the
biggest challenges of the XXI. century is to solve the problems attributable to
climate change (SZLAVIK 2007). The Kyoto Convention was concluded in
1997 within the framework of the United Nations Framework Convention on
Climate Change (UNFCCC), which aimed to stabilize greenhouse gas
concentrations in the atmosphere to mitigate the foreseeable effects of climate
change and global warming (United Nations Framework Convention on Climate
Change). One of the shortcomings of the convention is that it does not propose a
technological solution to the problem and only imposed obligations - including
those relating to emissions regulation -for developed countries until the end of
2012. Based on the data collected, it soon became apparent that, on a global
scale, long-lived greenhouse gas (GHG) emissions continued to increase at a
steady pace. Countries with developed economies have made significant
progress in reducing CO2 emissions, but this is being offset by emissions from
emerging economies (mainly Asian), leading to continued increases in net CO;
emissions.

The goals are clear, but the path to solving the problems is still controversial.
Science helps to invent new raw materials and work out their use, to apply new
technologies, but no clear professional solutions have yet been found.
Technological developments are progressing in parallel in several areas:



- in the field of energy supply, the various renewable energies and nuclear
fusion for energy production have significant research potential;

- the battery and the fuel cell compete in the power supply of electric
vehicles;

- in the case of fuel cells, innovations related to hydrogen or methanol
applications play a significant role.

Diversification of the energy sector is a solution and carbon dioxide can become
a primary raw material, but this will require significant and ongoing research
efforts. The concept of the methanol economy and its implementation is a
promising opportunity to solve global problems (KOTHANDARAMAN et al.
2017). Future policies are responsible for ensuring that carbon dioxide can
become an efficient and competitive raw material that can emerge in many
industries. Last but not least, it is the responsibility of society that policy makers
consider scientific results and build a strategy to create a more sustainable world
(KESZI SZEREMLEI - MAGDA 2015).

1.2. Objectives

We will be able to replace a significant part of the use of fossil fuels with energy
from alternative sources, but in some areas, there is still a need for carbon
products, since it is enough to think about the objects that make up our
immediate environment. The use of carbon raw materials will be present in both
energy and plastics production for a long time to come, although new
technological pathways will emerge. Assessing and understanding the risks
involved and their environmental impact will help to spread new technologies.
Life Cycle Impact Assessment (LCIA) seeks to identify the direct and indirect
effects of interventions in the environment as accurately as possible. My
research aims to determine the extent of the environmental impact associated
with the technological processes of the methanol economy on the basis of the
available literature with the help of life cycle impact analysis. My further
research aim is to explore the links between the concept of the methanol
economy and the European Union's energy strategy, the circular economy, and
climate policy goals, as well as to present possible uses in the future economy
and energy system based on the properties of methanol using the relevant
literature. My further aim is to assess the potential raw materials for the
production of renewable methanol in Hungary, as well as the conditions
necessary for competitive methanol production.



1.3. Research hypotheses

Hypothesis Hi: The use of methanol has environmental benefits, and methanol
produced using the right technology and energy sources can be used effectively
to combat global warming.

Hypothesis H2: Hungary has the raw materials needed for the production of
renewable methanol, mainly in the field of municipal waste, wastewater and
biomass.

Hypothesis Hsz: Hungary's energy production does not provide the carbon-
neutral electricity needed to produce renewable methanol.

Hypothesis Ha: In Hungary, renewable methanol production does not bring
economic benefits under the current parameters, but this may change with the
transformation of energy production.



2. MATERIAL AND METHOD

The following chapter presents the scientific methodologies required to test the
assumptions in the order of the hypothesis of the dissertation.

2.1. Life cycle analysis

The concept of life cycle was introduced into economics by Schumpeter (1939)
as a concept related to innovation, which lasts from the beginning of the
production of a product or group of products or its appearance on the market to
the end of production or its exit from the market. The concept of the life cycle
used in environmental management appeared in the early 1990s and was already
considered at the 1992 Rio Conference as a tool that can be applied to a wide
range of environmental management tasks and emphasizes the essential
elements of environmental sustainability (TOTHNE SZITA 2008).

The basic principle of the EU's Integrated Product Policy (IPP) is that all
products cause some form of environmental degradation, whether during
production, use or disposal. Life cycles of products can be long and complex
processes: from the extraction of natural resources through their design,
manufacture, assembly, distribution, sale and use, to their final disposal as
waste. Based on the decision of the European Commission, the Life Cycle
Analysis (LCA) is the most suitable tool for examining the environmental
impact of products, the methodological harmonization of which is facilitated by
the establishment of the European LCA Platform (EUROPEAN COMMISSION
2016b). This analysis makes it possible to quantify and compare the effects of
products, processes and models on the environment on the basis of metrics,
according to the method defined by 1SO standards.

Based on 1SO 14040 standard, life cycle analysis can be defined as follows: ,, a
method of assessing product-related environmental factors and potential impacts
that takes stock of the inputs and outputs of a system of product-related
processes; assess the potential environmental impacts associated with them;
interprets the results of the inventory analysis and impact assessment phases
taking into account the objectives of the study.” (MSZ EN ISO 14040)

The following ISO standards apply to life cycle analysis:

e |ISO 14040:2006 Environmental management. Life cycle assessment.
Principles and framework (ISO 14040:2006);



e ISO 14044:2006 Environmental management. Life cycle assessment.
Requirements and guidelines (ISO 14044:2006).
The life cycle assessment can be divided into four stages, as illustrated in
Figure 1.
The four stages:

1. Designation of goal and scope: definition of the exact goal and object in
accordance with the intended use.

2. Inventory analysis: a list of input/output data that applies to the system
under study.

3. The impact assessment: provides additional information to establish the

life cycle assessment of the production system.

Evaluation, interpretation: helps in decision making (BAKOSNE 2016).
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Figure 1: Phases of life cycle analysis
Source: KISS (2013)
One of the most commonly used impact assessment methods according to ISO
14040:2006 is CML 2001. Table 1 shows that the environmental impacts are
divided into several impact categories, and the resulting environmental
indicators can be aggregated into one indicator. (GUINEE 2002).




Table 1: Impact categories for environmental impacts

Impact categories Reference
Effects on global warming kg CO»- equivalent
Acidification potential kg SO2- equivalent
Eutrophication potential kg Phosphate- equivalent
Human toxicity potential kg DCB- equivalent
Photochemical ozone  formation | kg Ethylene-equivalent
potential
Ozone depletion kg CFC11-equivalent
Depletion of resources kg SB-equivalent
Terrestrial ecotoxicity kg DCB-equivalent
Marine ecotoxicity kg DCB-equivalent
Freshwater ecotoxicity kg DCB-equivalent

Source: Based on GUINEE (2002)

The strength of LCA is that it collects data on environmental impacts at all
stages of a product’s life and then summarizes them. It interprets the aggregated
results and then weights and evaluates them in terms of the significance of the
environmental impacts. It presents the obtained results in simplified indicators in
an easily transparent way.

Life cycle analysis is an essential part of fossil fuel substitution research and the
introduction of new technologies. The use of CO2 as a raw material can be a
very effective tool in reducing global carbon dioxide concentrations and
reducing dependence on fossil fuels, but it is necessary to take stock of the
environmental impacts of the technologies developed in order to highlight that
the technological path truly contributes to the achievement of sustainability
goals. The strengths of the methanol economy make it difficult to carry out the
analyses, as the raw materials for methanol production can come from numerous
sources, and the energy used in the process can also be fossil, nuclear or some
kind of renewable energy.

Analysis of a set of LCA results is suitable to make previous LCAs easier to
interpret. The analysis allows the comparison of studies, helps to identify the
main drivers of environmental impacts, and reduces the uncertainty of estimates
(HEATH — MANN, 2012). The analysis of the set of LCA results is preceded by
a harmonization process, which is illustrated in Figure 2. The first step is to
define the goal of harmonization, and this provides a framework that defines the
methods and processes used in later stages. The second step is to review and




screen the relevant studies. The content of the studies to be harmonized largely
determines the scope of the analysis and the application of appropriate screening
criteria (WARNER et al.2010, PAKURAR et al. 2020). This is followed by the
extraction of the relevant parameters and then the harmonization.

Research and screening literature

Goal of
harmonization

Detailed LCA2

Detailed LCA, Detailed LCA5

Detailed LCA.

Definition of scope,
standards and criteria

| DetailedLCA, | Detailed LCA,

o ‘ Extraction of
Harmonization h parameters

Figure 2: Harmonization process of life cycle analysis
Source: Own editing based on WARNER et al. (2010)

2.1. Investigation of the possibility of a renewable methanol production
plant in Hungary

The issue of setting up a renewable methanol plant requires a complex approach.
In addition to environmental sustainability, technical, economic and financial
aspects must also be examined. Evaluation is hierarchical, technical feasibility is
a prerequisite for economic feasibility, which eventually determines financial
feasibility (TAKACS et al. 2012). The technical feasibility study is shown in
Figure 3. The examination of the economic possibilities was done by adapting
the parameters found in the international literature to the Hungarian conditions.
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Figure 3: Determination of the methanol plant location

Source: Own editing



3. RESULTS AND DISCUSSION

The following chapter presents the results of the examination of the established
hypotheses, which are based on the analysis of the collected data using the
methods described in the previous chapter.

3.1. What impact does the methanol economy have on GHG emissions and
whether its implementation have environmental benefits

A systematic study of global methanol supply chains and environmental impacts
is needed to ensure that the realization of the methanol economy truly serves
sustainability goals.

As the world’s largest methanol producer, China has made much better progress
in building its methanol economy than any other country, and this is aided by
strong government support. In 2009, the Chinese government introduced a
national standard for 85% methanol-gasoline (M85) fuel blend, thus promoting
the use of methanol-powered vehicles. For the time being, China is not
producing methanol for the purposes of the methanol economy, that is
biomethanol, but from three fossil fuels: coal, coke oven gas (COG) and natural
gas. The environmental impact of using methanol-based fuel has been
investigated. The study used a method called “well-to-wheel” (WtW), which
involved the production of methanol taking into account the use of the necessary
catalysts, auxiliaries, the transport of methanol to fuel wells, as well as the use
of M100 fuel. Methanol produced with the dominant carbon-based technology
has been found to have higher environmental burdens than the use of gasoline.
The environmental impact has been reflected in higher energy and water
consumption, as well as in greenhouse gas and sulphur dioxide emissions. Coke
gas-based technology, supported by the Chinese government, is more
environmentally friendly than coal-based, but less favourable than gasoline.
(YAO et al. 2017).

Analysing the studies of CHAPLIN (2013) and WINTHER (2019), it can be
concluded that the use of biomethanol fuel has lower GHG emissions compared
to the use of both fossil fuel methanol and bioethanol.



3.1.2. Environmental impacts of CCU technologies

CCU technologies can give the impression that the use of carbon dioxide from
the atmosphere or from the flue gas of power plants as a raw material is clearly
environmentally friendly, as it reduces the amount of carbon dioxide in the
atmosphere. The development and application of CCU technologies shows
intensive research activity. In order to identify the best solutions for
sustainability, it is essential that the environmental impact of each path is
comparable and that the benefits of new technologies are quantified in relation
to existing processes. In the case of a product with the same chemical structure
and composition throughout its life cycle, it is sufficient to compare the
procurement routes of raw materials and the production process to determine the
impact on the environment (ZIMMERMANN et al. 2018).

Based on the analysis of the studies of STERNBERG et al, (2017), HOPPE et al.
(2017), MATZEN - DEMIREL, (2016), KIM et al. (2011), AL-KALBANI et al.
(2016), MEUNIER et al. (2020), THONEMANN- MAGA, (2020) I conclude
that for biomethanol and e-methanol production pathways, neither the carbon
source nor the hydrogen source is determinant in terms of GHG emissions, and
all processes may be more favourable in terms of effects on global warming than
natural gas-based methanol production. GHG emissions from processes are
determined by the source of electricity used in the production process. The use
of fossil-based electricity does not represent an environmental advantage in
methanol production compared to the reference, nor even the use of the EU-27
electricity mix. Hydrogen produced from renewable energy sources and carbon
dioxide from any source results in a lower level of methanol production with an
effect on global warming.

In order to reduce GHG emissions, the use of renewable energy sources is an
essential requirement in the development and selection of technologies, but
GONZALEZ-GARAY et al. (2019) argue that energy use, freshwater and land
use must be taken into account if we want to express the real impact on the
environment.

The result of my research is that biomethanol and e-methanol produced with the
right technology are fuels for sustainability that can be delivered to consumers
using the current transmission and distribution network, thus being able to
change the structure of fuel consumption in a short time. There is no need to
develop new transport technologies and new types of distribution stations, so it



is suitable for rapid and effective intervention to reduce carbon dioxide
emissions.

3.2. Hungary's raw material supply for the production of biomethanol and
e-methanol

Nobel Prize-winning chemist Gyorgy Olah thought that if it was possible to
produce methanol in Iceland, then Hungary would also have the environmental
conditions necessary for production. According to his idea, this can be based on
shale gas in the country, which is a fossil source, so its use has no environmental
benefits (HVG 2013). In the followings, | will examine the raw materials used
for the production of renewable methanol in Hungary.

Biogas, landfill gas

Disposal of waste by landfill has been considered the most widespread waste
management solution in Hungary for decades, especially in municipal waste
management. Material in the landfill is very heterogeneous in terms of both
physical and chemical composition, and various processes, compaction and
decomposition take place after disposal. Thus, during the so-called anaerobic
biodegradation, landfill gas is formed from the landfilled waste, which is
released into the atmosphere by diffusion.

In 2018, | formed a scaling-derived indicator of the ratio of the amount of
landfill gas produced by the EU Member States to the amount of landfilled
waste, in such a way that the value of the indicator for Hungary shall be 1. The
values calculated for each country are illustrated in Figure 4. For the sake of
clarity, the figure does not include the value of 119 for Finland as well as
countries with a value of 0, including Romania, Bulgaria, Malta and
Luxembourg.
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Figure 4: Ratio of landfill gas produced and landfilled municipal waste in EU
countries

Source: Own editing based on EUROSTAT (2020a) and EUROBSER’ER
(2020) data

My calculations show that the use of landfilled waste for landfill gas production
is very high in Finland, almost twice as high as in Belgium, which has the
second highest value. It is a particularly remarkable achievement, as 1% of



municipal waste is landfilled in Finland. Romania, Bulgaria, Malta and
Luxembourg are at the bottom of the ranking. These countries do not produce
landfill gas, so the indicator is O for them, while the landfill rate for municipal
waste is high, with the exception of Luxembourg: Malta 93%, Bulgaria 92%,
Romania 71%, Luxembourg 7%. Hungary is at 20th place, far below the EU27
average, while 49% of municipal waste is landfilled. Based on the analysis of
the data, | believe that Hungary has significant potential in the field of waste
recovery development, a sustainable alternative to which is the production of
methanol from waste.

3.2.1. Possible locations for methanol plants based on point sources of carbon
dioxide

Pipeline transport is the only way to transport the large amount of carbon
dioxide required for the operation of a methanol plant in Hungary. Compressors
suitable for compressing gas are used at the site of CO> separation and capture.
Carbon dioxide is transported in a supercritical state, so setting the right pressure
and temperature is a requirement. During transport, the average distance
between some compressor stations can be 160 km (TIHANYI- CSETE 2012).
Pipeline transportation requires a significant investment and has a constant cost
implication, so it is advisable to install the plant near the point sources. The
capacity of existing or planned plants for the production of e-methanol is
between 1,000 tonnes/year and 200,000 tonnes/year globally, which means
between 1441 tonnes and 288,200 tonnes/year of carbon dioxide demand, thus,
the size of methanol plants is/can be very wide.

Examining the territorial location, | identified the following major sources of
carbon dioxide:

1. Matrai Erémi Zrt. has by far the largest annual carbon dioxide
emissions. This means that the 5,770,000 tonnes of carbon dioxide
emissions in 2017 will exceed the combined emissions of other power
plants and thermal power plants operating in the country.

2. The ISD DUNAFERR group of companies located in Dunatijvaros is
one of the largest industrial production companies in Hungary, with an
annual carbon dioxide emission of 1,323,000 tonnes.

3. Annual carbon dioxide emissions of power plants and plants in Baranya
County: 1,271,000 tonnes

4. The annual carbon dioxide emissions of power plants and thermal power
plants in Budapest are 1,267,000 tonnes, which is increased by 331,000



tonnes (2014 data) by FKF Nonprofit Zrt., thus it means a total of
1,598,000 tonnes. The plants of Vac and Szazhalombatta could
potentially join this group, thus increasing the value of annual carbon
dioxide emissions to 2,675,000 tonnes.
Based on the supply of raw materials (carbon dioxide, water) and renewable
energy, the following sites are suitable for the production of renewable
methanol.

Based on its parameters, Pannonia Bio Zrt. would be one of the most suitable
companies for the pioneering role of national renewable methanol production.
The reasons for this are the followings:

- During the production of bioethanol, as a result of fermentation, a large
amount and almost 100% of pure carbon dioxide is formed, i.e., no
absorption, desorption or purification is required. In the case of biogas
produced from waste in the plant, the concentration of carbon dioxide is
also high, but in the case of its utilization, the capture and purification of
carbon dioxide is necessary. Pannonia Solar Zrt. is a subsidiary of
Pannonia Bio.

- The plant has an adequate water supply and is located on the banks of
the Danube.

- Pannonia Bio Zrt. will soon have investments in the solar energy
industry with a 35-megawatt solar power plant.

The largest emitter of carbon dioxide is the Matrai Erémi Zrt. (Méatra Power
Plant), which uses a mixture of lignite, natural gas, waste, biomass and
ATAMIX (refuse-derived fuel) in energy production. Lignite-based electricity
generation is expected to decline at the plant, but it can utilize 300,000 tonnes of
non-hazardous waste per year as fuel and biomass for energy. The capture and
use of carbon dioxide produced in the power plant would significantly reduce
domestic carbon dioxide emissions, as more than half of the power plant's and
thermal power plant's emissions come from the Matra Power Plant. Matra Power
Plant owns 3 power plants (Visonta, Biikkabrany, Halmajugra) which are
currently among the largest photovoltaic power plants in the country, with a
total capacity of 56 megawatts. Gradual phasing out of lignite units will be
accompanied by the introduction of more modern and environmentally friendly
technologies, and in addition to the existing photovoltaic power plants, an
additional 200-220-megawatt solar park is planned in Visonta and Biikkabrany
in the near future. Visonta is also a suitable location for a renewable methanol
plant in terms of raw material and energy supply.



The second largest CO2-emitting industrial complex in Hungary is located in
Dunaujvaros, which is shown in Table 2.

Table 2: Quantities of carbon dioxide emitted by the ISD DUNAFERR group of
companies in 2017

Company Activity Annual carbon dioxide
emissions (tonnes)

ISD DUNAFERR Zrt. Iron and steel production 992 000

ISD POWER Kift. Electricity and heat 151 000
production

ISD Kokszol6 Kft. Manufacture of coke 180 000
oven coke

In total 1323 000

Source: Own editing based on THE EUROPEAN POLLUTANT RELEASE
AND TRANSFER REGISTER (2017)

There is no significant photovoltaic power plant in the immediate vicinity of
Dunatjvéros, but Paks is located just over 40 km away, where a solar power
plant is located.

In 2017, cement plants in Baranya County (Beremend and Kiralyegyhaza)
emitted 890 thousand tonnes of carbon dioxide. The concentration of carbon
dioxide in the flue gas of cement plants is moderately high, so it is suitable for
the application of carbon capture and utilization technology. In the case of
cement plants, carbon dioxide emissions cannot be eliminated by providing non-
fossil-based thermal energy, as carbon dioxide is formed during the production
of cement after the decomposition of limestone. Globally, concrete is the second
most widely used material, and it continuously induces large amounts of carbon
dioxide production, thus contributing significantly to greenhouse gas emissions.
Concrete is cheap, resistant and safe, there is currently no real alternative in the
construction industry. In order to reduce environmental damage, it would be
important to capture at least the carbon dioxide generated during cement
production. A larger photovoltaic power plant can be found in Pécs and Pellérd
near Beremend and by the end of 2020, MVM Zrt. placed 24 small power plants
into operation (0.5 megawatts) in Southern Transdanubia.

3.2.2. Possible locations for biomethanol plants

In the analysis of DINYA (2018), based on the multifactor comparative
assessment, the leading wind and solar energy projects are followed by




bioenergy investments, in accordance with which biomass-based production is
also of great importance for methanol production. The selection of the raw
material should be guided by two principles: the utilization of the available
biomass in a maximum added value way and the generation of zero waste.
Instead of energy crops, production should be based on alternative substrates,
such as biomass waste from different sectors.

Based on the study of SZALAY (2018), Szabolcs-Szatmar-Bereg county leads
the ranking of the amount of dendromass-based by-products to be collected by
county. The ranking of the other counties is: Bacs-Kiskun, Pest, Zala, Somogy
and Borsod-Abatj-Zemplén. Taking into account the raw material consumption
needs of major biomass power plants and heating plants, Bacs-Kiskun, Pest,
Zala, Somogy counties have a significant usable free raw material capacity.

In 2019, the production area, which makes up almost 79% of Hungary's land
area, was 7 million 319 thousand hectares, with the following distribution by
cultivation branch: 26.5% forest, 2.2% orchard and vineyard, 59% arable land,
10.8% grassland as well as vegetable garden, reeds and fishponds are all 0.5%.
Cereals were grown on more than 2.5 million hectares in 2019, of which 1,048
thousand hectares were maize and 980 thousand hectares were winter wheat
(KSH 2019b). Arable crop by-products, like straw and stalk residues, represent
significant potential for biomethanol production, despite the fact that the vast
majority of straw is used by livestock farming. According to the analysis of
GYURICZA (2010), 2.2-3.7 million tonnes of straw, 5.0-6.5 million tonnes of
maize stalks and cobs and 1.0-1.2 million tonnes of sunflower stalks can be used
for energy utilization per year.

Although the use of straw in the sector is declining as a result of new
technologies introduced in livestock breeding, maize stalks, sunflower stalks and
disks have the greatest potential for herbaceous plant by-products. In the case of
both maize and sunflower by-products, the method of utilization is ploughing,
and other uses are hindered by the difficulty of collecting stalk residues.
Mechanized collection and receipt of by-products at a stable, appropriate price
would significantly increase the hitherto low energy recovery rate (YMERI et al.
2020). In the case of herbaceous plant by-products, Szabolcs-Szatmar-Bereg,
Békés and Hajdu-Bihar counties have an outstanding potential, but Bacs-Kiskun
and Pest counties are also in the first half of the ranking. Based on the combined
utilization of dendromass and herbaceous by-products, the implementation of a
biomethanol plant in Bacs-Kiskun or Pest county would be favourable.



3.3. Meeting the energy needs of methanol production

LCA studies have clearly demonstrated that the carbon dioxide emissions of the
energy source used in the production of methanol determine whether the use of
the methanol produced is beneficial in terms of the effects on global warming.

STENBERG et al. (2017) investigated the impact of the production of methanol
and methane from carbon dioxide and fossil fuels on global warming. It was
found that the use of the EU-27 electricity mix (2020) in the production process
does not represent an environmental benefit. Examined separately, there are
some European countries where the impact of global warming on carbon
dioxide-based production is reduced when low-carbon electricity is used to
produce the hydrogen feedstock. In the case of France and Belgium, nuclear
energy, in the case of Norway and Iceland, renewable energy, and in the case of
Sweden and Switzerland, the combined use of renewable and nuclear energy
results or may lead to an environmentally friendly production method.

In the EU, 32% of electricity in 2018 and 34% in 2019 came from renewable
sources, but there is a very significant difference between the Member States. In
Austria and Sweden, the share of renewables is above 70%, while at the bottom
of the ranking is Malta with an 8% share as well as Cyprus, Luxembourg and
Hungary all with a 10% share (EUROSTAT 2020b). In the last two decades, the
rate of coal-fired power generation in Hungary has decreased significantly,
while that of nuclear and renewable energy has increased. In 2019, nuclear and
renewable energy accounted for a total of 62% of electricity generation, while
for 63% in 2020 (EMBER 2020).

The share of fossil fuels in the energy mix of the countries mentioned by
Stenberg et al. is low. Iceland relies 100% on renewable sources for electricity
generation, while Switzerland relies 1% on it. Norway uses less than 2% fossil
fuels, Sweden 2%, while France uses less than 10% and Belgium 34.5%
(EMBER 2020). The latter 2 countries may have the potential to produce
methanol with environmental benefits. There is no gap between Hungary's
current 38% fossil fuel share and Belgium's value, so | conclude that the
production of renewable methanol has the potential to be established in Hungary
as well. This is supported by the fact that, similarly to the EU countries, solar
energy is the fastest growing source in electricity generation in Hungary. In
2012, it provided even less than 0.001 TWh of energy, compared to 1.625 TWh
in 2020.



3.4. The perspective of economical biomethanol and e-methanol production

Change in costs related to electricity generation

The analysis of the investment costs of methanol plants clearly shows that the
equipment required for the electrolysis of water is the most expensive element.
In a study by PEREZ-FORTES and TZIMAS (2016), of the EUR 270 million
investment, electrification equipment cost EUR 147.7 million, which accounts
for nearly 55%. According to RIVAROLO et al. (2015), an even larger share of
investment costs is accounted for by the electrolysis equipment: 54% when
using biogas feedstock (total capital cost EUR 3.8 million), and 86% when using
feedstock from carbon dioxide point source (total capital cost EUR 2.5 million).

In the case of operating costs, an even higher proportion is related to the
electrolysis of water, i.e., the production of hydrogen, as this value can be as
high as 90%. It follows that the main determinant of the production price of
biomethanol and e-methanol is the electrolysis, that is, the price of electricity
used is a function of the production price of methanol. In contrast, in the case of
methanol treated with conventional technology, the price of production is
determined by the price of natural gas.

The production of a competitive biomethanol and e-methanol product requires a
reduction in the cost of electricity, for which there are two options: the price of
electricity used decreases and the efficiency of electrolysis increases.

According to the study of ZHANG et al. (2019), e-methanol production is
economically feasible if the price of electricity is lower than 0.047 USD/kWh.
In 2019, the average price of electricity generated by photovoltaic power plants
was USD 0.068/kWh, so it is realistic that it will fall below USD 0.047/kWh in
a short time.

On 9th May 2021, the solar power plants in Hungary reached the highest
production peak ever, representing the largest slice of domestically produced
electricity. The performance of the Paks power plant, on the other hand, fell by
half, which was partly caused by the increased solar power plant performance.
The consequence of the increase in solar power plant capacities is that the
exchange price of electricity on the Hungarian Power Exchange (HUPX) market
was 0 or negative on the next day. In the light of the data, I believe that in order
to maximize profits during the operation of photovoltaic power plants, it may be
worthwhile to utilize the electricity generated on two routes, that is to



supplement the feed into the direct system with a methanol plant operating at a
low purchase price.

Methanol as a hydrogen reservoir

Economic analysis related to renewable methanol production are based on a
comparison of the costs and market prices of renewable methanol and methanol
produced on the traditional production route. During the continuous transition to
solar and wind energy, electricity storage is needed to balance supply and
demand. Currently, the pumped water storage system (PHS) is the leading
technology, accounting for 97% of global electricity storage (STOCKS et al.
2021), despite the fact that PHS can be used in specific geographical conditions,
such as e.g., the right level difference, sufficient amount of water. KHAREL and
SHABANI (2018) examined the cost of two pathways of large-scale energy
storage: in the first case, battery storage, and in the second case, a hybrid
(battery and hydrogen) storage were analysed. It has been found that a hybrid
battery-hydrogen storage system is four times more cost-effective than the
battery-only energy storage systems.

One way of storing hydrogen is chemical storage, in which methanol has a
special role due to its favourable properties, e.g., 1 mole of methanol contains 4
moles of H atoms, which means that 1 m® of methanol stores 99 kg of hydrogen.
Based on the role of hydrogen storage, it is worth examining the economy and
price competitiveness of methanol production in comparison with other
hydrogen storage options.

The size of hydrogen storage systems is determined by the mass of hydrogen
that can be stored per unit volume. Ammonia has the highest storage density,
followed by methanol. At the end of the ranking is the storage of pure hydrogen.
The elemental hydrogen storage density is 2.5 times lower at 700 bars, 4 times
lower at 200 bars, and more than 12 times lower at 100 bars than that of
methanol (ANDERSSON and GRONKVIST 2019). The transport and
distribution of hydrogen in elemental form requires the development of new
technologies with significant research costs. For transport costs, DEMIR and
DINCER (2017) obtained values of USD 2.73-2.86/kg hydrogen, depending on
whether the hydrogen is transported by pipeline or tank truck from the plant to
nearby cities. 1 m® of methanol stores 99 kg of hydrogen, thus the cost of
transporting this amount of elemental hydrogen by tank truck is more than 280
uUsSD.

DIAS et al. (2020) compared the costs of hydrogen storage and transportation in
case of elemental hydrogen and chemical hydrogen storage. Their investigation



included elements and costs of production, storage and transportation. The
lowest cost is for the use of methanol with EUR 219 (transport by tank truck),
while the use of elemental hydrogen is the most expensive with EUR 513 for
tank truck transport and with EUR 492 for pipeline transport. The second lowest
cost is the use of liquid hydrogen, followed only by the use of methane and
ammonia. The costs are per unit of fuel per MWh and at a price of EUR
30/tonne carbon dioxide.

The above data show that, in terms of energy storage, storage in the form of
hydrogen can be more economical than other modes and can be widely used as
no special geographical conditions are required for its application. It is
important to emphasize that the energy storage function of hydrogen is not the
same as the production and use of elemental hydrogen. The safe use of hydrogen
requires the use of chemical reservoirs, one of the materials of which may be
methanol. Methanol is a liquid and stable compound, it is easy to store and can
be solved in the long run without loss, and its storage cost is also negligible.
Methanol logistics can be done using existing transmission and distribution
facilities, thus providing a cost-effective transformation of energy systems in the
short term.



4. CONCLUSIONS AND RECOMMENDATIONS

Climate change is one of the biggest challenges and threats today. We need to
find and give an answer to this in a complex way so that we can slow down and
reverse the negative processes. The European Union's energy policy strategy is
based on the triad of security of supply, sustainability and economy. Unilateral
movement in the direction of one element also affects the other two elements.
Recent and present events, the coronavirus crisis, have clearly highlighted the
importance of a reliable electricity supply as a prerequisite for working from
home. At the same time, another pillar appears in energy policy, social
acceptance, which results in an increase in the value of energy planning at the
lower levels of the national economy. Increasing economic, social and political
pressures due to ecosystem damage accompanying climate change have resulted
in the development and expansion of renewable energy systems. If we examine
the relative change in electricity production by source, it appears that in the
future, renewable energy sources will be more widespread than ever. As a result,
high-capacity storage systems will be needed to ensure a continuous flow of
energy to offset the production of insufficient local renewable energy sources at
a given time. Neither batteries nor elemental hydrogen are suitable for the task
of storing strategic energy reserves, and Power-To-X technologies are
indispensable in solving the problem.

Exploiting the technological link between renewable energy and CO. capture
will lead to a positive change in reducing atmospheric carbon dioxide emissions
and increasing independence from fossil fuels. This approach demonstrates the
formation of a CO loop as the material released during combustion is recycled
and reused. There is a growing interest in Power-to-X technologies because they
are actually able to convert renewable energy into chemicals and fuels that are
easy to store and transport. Ideally, the use of fossil fuels can be exiled from all
areas of life by using atmospheric CO..

In essence, the methanol economy means the creation of a circular economy,
through which it is possible to capture and connect pollutants and waste
generated during energy production and other industrial processes to the system
with the help of carbon-neutral energy sources.

4.1. Result of the Hypothesis Test

Based on the literature review and my own research, the results of the
examination of hypotheses described at the beginning of the dissertation are
presented below.



Hypothesis Hi: The use of methanol has environmental benefits, and
methanol produced using the right technology and energy sources can be
used effectively to combat global warming.

I fully accept my first hypothesis because while analysing the literature on the
environmental burden of the methanol economy, | found that the carbon
intensity of energy used to meet the energy needs of the production process
determines the impact on global warming, regardless of technology. Using
carbon-neutral electricity sources, the impact on global warming is significantly
lower than for conventionally produced methanol and also has better values than
gasoline when used as a fuel for internal combustion engines. The concept of the
methanol economy, if we mean the production and utilization of renewable
methanol, serves the achievement of the goals of sustainable development,
climate policy and the transition to a circular economy.

Hypothesis Hz: Hungary has the raw materials needed for the production
of renewable methanol, mainly in the field of municipal waste, wastewater
and biomass.

I consider my hypothesis to be confirmed, according to which the raw materials
needed for the production of biomethanol, and e-methanol are available in
Hungary. The raw material for e-methanol production is provided by carbon
dioxide emitted by power plants, thermal power plants and plants related to the
cement industry. The amount of carbon dioxide produced is sufficient, based on
international experience and literature, to supply several methanol plants, so the
plants can be installed close to point sources. Among the point sources, the
bioethanol plant has an outstanding potential, because almost 100% pure carbon
dioxide is formed as a by-product of the fermentation process, so the technology
is simplified, i.e., gas purification and absorption steps are not necessary.
Another advantage of using a bioethanol by-product is that methanol production
and use emit zero carbon dioxide, which is not the case for power plants and
other industrial point sources. The use of non-biomass power plants and other
industrial point sources in methanol production significantly reduces carbon
dioxide emissions compared to methanol obtained from fossil sources but
cannot be considered as zero-emission routes. The production and use of
methanol using biomass feedstock and DAC technology have zero carbon
emissions. The use of biomass waste in Hungary has significant potential. The
recovery of small amounts of dendromass and large amounts of by-products and
waste from the cultivation of herbaceous plants does not take place at present, so
they appear as free capacity for biomethanol production. Compared to



international data, we also use domestic data at a low level in terms of the
potential for the use of municipal waste, landfill gas and sewage sludge.

Hypothesis Hs: Hungary's energy production does not provide the carbon-
neutral electricity needed to produce renewable methanol.

The main obstacle to the growth of the methanol economy is the high electricity
demand for the production of hydrogen feedstock. In renewable methanol
production, hydrogen is obtained by electrolysis of water using renewable
energy, which is a much more energy-intensive route than natural gas-based
methanol production. The member states of the European Union are net energy
importers, in 2018 the energy dependency rate exceeded 50.0%. In the case of
Hungary, in the period between 2015 and 2019, the share of electricity imports
was between 27.6% and 31.6% on an annual basis, so the introduction of high-
energy technology requires an increase in primary energy production. The
government's goal is to reduce electricity imports to zero in the medium term.

Despite the dynamic growth of living standards (GDP per capita) in Hungary,
the country's carbon dioxide emissions show a declining trend, as energy
intensity and the carbon intensity of energy supply are constantly declining. In
2019, 56 percent of the electricity generated in Hungary came from carbon-free
sources, but 90 percent of it was generated by the Paks Nuclear Power Plant. It
is also a medium-term goal to include 50-50% of nuclear power and solar
energy in the structure of electricity production, and this is supported by
statistical data, the analysis of which highlighted that solar power is the most
dynamically growing type of power plant in the Hungarian electricity
production.

At present, neither the amount of collectively produced electricity nor the
structure of its source is adequate for the production of renewable methanol, but
government efforts and trends in energy production promise that this will
change within 10 years. In order to maximize profits during the operation of
photovoltaic power plants, it may be worthwhile to utilize the generated
electricity on two routes in the near future, i.e., to supplement the feed into the
direct system with a methanol plant operating at a low purchase price, which
entails expanding storage capacities.

My hypothesis was confirmed, but the energy strategy and climate policy goals
of the European Union and Hungary in line with them can positively change the
perspective of the methanol economy within 10 years.



Hypothesis H4: In Hungary, renewable methanol production does not bring
economic benefits under the current parameters, but this may change with
the transformation of energy production.

This hypothesis was confirmed. The economic efficiency of the methanol
economy are determined by the price of energy needed to produce hydrogen. If
the price of electricity needed to produce e-methanol falls below USD
0.047/kWh, then its production can also be economical compared to fossil
source methanol. Currently, 5% of photovoltaic power plants are able to
generate electricity at this price, but the use of off-peak electricity generation for
methanol production is an opportunity for other power plants as well.
Economical renewable methanol production is aided by the capture and sale of
oxygen, which is currently in high demand as a by-product. Another possibility
is the application of economic incentives and subsidies.

6.2. Recommendations

R1i: The methanol economy and its technological solutions are often associated
with the term of “promising technology”, which is not suitable for the service of
environmental sustainability or the matter of economy. Subjective categories are
not suitable for identifying the possibilities that best serve the goals of humanity
among the solutions of the future technology. The accounting of environmental
objectives requires an internationally accepted standard method of life cycle
analysis, the basic elements of which are transparency and comparability. In this
case, life cycle analysis provide a solid basis for decision-making processes.

R2: In the European Union's strategy, hydrogen is the key to the decarbonisation
of the integrated energy system. The storage and transport of elemental
hydrogen is dangerous, it has no mature technology. Research has turned to the
physical or chemical capture and then release of hydrogen. One such chemical
capture is storage in methanol form. Methanol thus has a dual function: it stores
carbon dioxide and is capable of storing large amounts of hydrogen (1 m3 of
methanol contains 99 kg of hydrogen). In the future, the question of the
economic efficiency of the methanol economy cannot be examined in relation to
fossil methanol alone. If methanol acts as a hydrogen storage, both economic
aspects and environmental burdens should be compared with other hydrogen
storage options.

Rs: In the case of Hungary, it is worth implementing a project for the production
of methanol, which takes advantage of the opportunities inherent in the circular



economy and industrial symbiosis, and utilizes the electricity produced during
the operation of photovoltaic power plants in the event of a low purchase price.



5. NEW SCIENTIFIC RESULTS

Taking into account the objectives set out in the introduction, based on my
research, | summarize my new and novel scientific results as follows:

1.

I consider the complex and systematic summary of the concept of the
methanol economy, the structured presentation of its connection to the
energy strategy of the European Union and the circular economy, to the
climate policy goals on the basis of the relevant literature, to be a novel
result of the research.

Using the harmonization and subsequent analysis of the set of LCA results
related to methanol production, | identified the main drivers of the
environmental impacts of renewable methanol production.

| determined the occurrence of raw materials for renewable methanol
production in Hungary, and | also proposed a location for a possible
methanol plant based on the geographical location of the sources and
technical parameters.

| determined the possibilities of methanol production, taking into account the
use and production of Hungary's primary energy and electricity in particular,
as well as the projected changes.

I have proved that the role of methanol energy storage through hydrogen
determines the basics of economic calculations related to the methanol
economy.
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