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Humanity's dependence on fossil fuels has already caused irreversible changes to ecosystems
and weakened social sustainability, especially in remote areas. It is crucial to transition from
a fossil fuel-based economy to more sustainable economies, where carbon neutrally
produced fuels, such as renewable methanol are used. Renewable methanol can be produced
using Power-to-X technology and/or biomass, providing a solution to replace crude oil and
reduce anthropogenic greenhouse gas emissions.

Finland is an excellent location to invest in renewable fuel production, due to its high
capacity of renewable electricity and availability of sustainable biomass. Thus, investments
in renewable fuel production are expected to grow in the future. Before investment decisions
are achieved, studies are needed to evaluate the project's profitability comprehensively while
considering technical and economic opportunities and risks involved.

In this thesis, techno-economic analysis of biomethanol and synthetic methanol production
facilities were conducted, and their results were compared to each other. The basis of
comparison was synthetic methanol production with electrolyser capacity of 17.8 MW, and
biomethanol produced from Finnish pine chips and residues. Both facilities yielded
equivalent production volumes. Aspen simulation models were created for both facilities,
process flowcharts were prepared, and capital investment and operating costs were assessed,
along with profitability and sensitivity analyses.

Multiple literature references and quotations from vendors were used to produce TIC
estimate with + 40 % accuracy. Total investment cost of 83 700 000 € was estimated for the
synthetic methanol facility, and 74 200 000 € was estimated for biomethanol facility.
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Ihmiskunnan riippuvuus fossiilisista polttoaineista on jo nyt aiheuttanut peruuttamattomasti
muutoksia ekosysteemeihin ja heikentinyt sosiaalista kestdvyyttd erityisesti syrjdisilla
alueilla. Fossiilitaloudesta on siirryttdva kestdvimpiin talouden muotoihin, joissa keskeisissé
rooleissa ovat hiilineutraalisti valmistetut polttoaineet, kuten metanoli. Uusiutuvaa
metanolia voidaan valmistaa Power-to-X-teknologialla sekd biomassasta. Ndiden avulla on
mahdollista korvata raakadljy ja vidhentdd antropogeenisten kasvihuonekaasujen maaréa.

Suomeen kannattaa investoida uusiutuvan polttoaineen tuotantoa korkean uusiutuvan
sdhkotuotannon kapasiteetin sekd biomassan saatavuuden vuoksi. Onkin odotettavissa, etti
Suomeen tehtyjen uusiutuvien polttoaineiden tuotantolaitosten investointien méaéra kasvaa
lahitulevaisuudessa. Ennen investointipdétostd tarvitaan kuitenkin toteuttavuusanalyyseja,
joissa hankkeen kannattavuutta arvioidaan kokonaisvaltaisesti ottaen huomioon tekniset ja
ekonomiset mahdollisuudet seka riskit.

Téssd diplomitydssd laadittiin teknisekonomiset analyysit 17.8 MW elektrolyysiteholla
tuotettavan synteettisen metanolin tuotantolaitoksesta sekd ménnyn hakkeesta ja jadmisté
valmistettavasta biometanolin tuotantolaitoksesta. Molempien laitosten tuotantomiérat
olivat samansuuruisia. Molemmista laitoksista laadittiin ~ Aspen-simulointimallit,
virtauskaaviot, arvioitiin investointi- ja kayttokustannukset sekd tehtiin kannattavuus- ja
herkkyysanalyysit.

Kustannusarviot keréttiin useista kirjallisista 1dhteistd sekéd laitetoimittajilta. Arvion tarkkuus
on £ 40 %. Synteettisen metanolilaitoksen investointikustannuksiksi arvioitiin 83 700 000 €
kun taas biometanolilaitoksen investointikustannuksiksi arvioitiin 74 200 000 €.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A Area [m?]

C Cost of equipment [€]

E Energy [Wh, J]
F Faraday constant [C/mol]
1 Current [A]

N Number of cells [-]

n Molar flow rate [mol/h]
P Electric Power [W]

0 Heat [W]

T Temperature [K, °C]
U Voltage [V]

p Pressure [bar, Pa]
q Electric charge [C]

qm Mass flow rate [kg/h]
R Gas constant [J/kg K]
R Resistance [Q]

T Temperature [°C, K]
U Voltage [V]

14 Volume [1, m’]

v Velocity [m/s]

z Number of electrons [-]



m Mass
(i) Current density
LHV Lower heating value

Greek characters

AH Standard enthalpy of formation
VN Change in enthalpy

4G Change in Gibbs free energy
p Density

n Efficiency

S Beta of investment
Subscripts

i Component i

tn Thermoneutral

rev Reversible

cell Cell

hprod Produced hydrogen

F Faraday efficiency

e Expected return of investment
d Cost of debt

c Corporate tax rate

f Risk-fee rate of return

[kg, t]
[A/m?]

[MJ/kg]

[J/mol]
[J/mol K]
[J/mol]
[kg/m*]

[-, %]



m Market
0 Initial

t Time

Abbreviations

Alkaline Electrolysis

Aspen Process Economic Analyzer

Boiling Liquid Expanding Vapor Explosion

Bubbling Fluidized Bed
Capital Asset Pricing Model
Capital Expenditure
Carbon Capture

Carbon Dioxide

Carbon Disulfide

Carbon Monoxide
Carbonyl Sulfide
Circulating Fluidized Bed
Combined Heat and Power,
Direct Methanol Fuel Cell
Emissions Trading System
Equivalence Ratio

Equipment cost

Ethylene Propylene Diene Monomer

EU Allowances

AEL

APEA

BLEVE

BFB

CAPM

CAPEX

CC

CO,

CS,

CO

COS

CFB

CHP

DMFC

ETS

ER

EC

EPDM

EUA



Gasifying Agent GA

Greenhouse Gas GHG
Health, Safety, Environment, and Quality HSEQ
HRC Hardness Rockwell C
Hydrogen H»
Hydrogen Cyanide HCN
Hydrogen Sulfide H>S
Intergovernmental Panel on Climate Change IPCC
Internal Rate of Return IRR
Methane CH4
Net Present Value NPV
Operational Expenditure OPEX
Oxygen 0))
Polyaromatic Hydrocarbons PAH
Potassium Hydroxide KOH
Power-to-X P2X
Process Flow Diagrams PFD
Proton Exchange Membrane PEM
Renewable Energy Directive II RED II
Sodium Hydroxide NaOH
Solid Oxide Electrolysis Cells SOEC
The Finnish Safety and Chemicals Agency Tukes
Total Investment Cost TIC

Weighted Average Cost of Capital WACC
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1. Introduction

The sixth report from Intergovernmental Panel on Climate Change (IPCC) argues that global
warming has already caused irreversible changes to ecosystems as well as human systems.
The report states that the humanity’s dependence on fossil fuels and subsequently increased
greenhouse gas (GHG) emissions have caused ecologically unsustainable conditions on
Earth, including the rise of the Earth’s mean temperature, biodiversity loss, extreme weather
conditions, as well as loss of arable and habitable land among other increasingly alarming
phenomena. Immediate actions are needed to limit anthropogenic carbon dioxide (CO») and
other GHG emissions. This is especially important for energy sector, as it produced almost
% of GHG emissions in 2016. Crude oil, coal and natural gas have been the most utilized
energy source for decades, and more than 80 % of the world’s energy needs are still met by
burning fossil energy, which is the main culprit of climate change. (IPCC, 2022; Ritchie, et
al., 2022; Ritchie, et al., 2020)

To decarbonize the energy sector, several studies suggest that multiple technologies are
needed, e.g. use of green renewable energy and renewable fuels as well as carbon capture
and sequestration technologies. One of the prominent renewable fuels is renewable
methanol. It can be produced with different technologies and raw materials, the main
renewable ones being synthetic methanol from point captured carbon dioxide and
electrolytically produced hydrogen (Power-to-X-process) as well as from biomethanol
produced from biological sources such as lignocellulosic biomass. Depending on production
methods and electricity prices, renewable methanol may also be applied as energy storage

and transported using existing infrastructure, as opposed to energy storage using hydrogen.

Decarbonization requires immense amount of capital to be invested, therefore, favourable
business environments must exist to support the investment. To support investment
decisions, the feasibility of a plant is studied. This is often done by an engineering service
company, such as Rejlers Finland Oy, with an emphasis on the safety of the plant and best
available technologies. Once the plant’s main equipment and layout have been preliminarily
selected, profitability analysis tools such as sensitivity analysis can be used to assess the

techno-economic viability of the future investment.
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This thesis consists of three major sections. In the literature review section (Chapters 4 — 6),
different renewable methanol production methods are presented, and the storage and safety
of methanol is discussed and compared to safety of hydrogen. Second section is the
simulation of the selected synthetic and biomass-derived production processes using Aspen
Plus software (Chapters 7 and 8). Synthetic methanol and biomethanol production plants are

investigated as individual production plants, located in the same area in Finland.

In the third section, both plants’ capital expenditure (CAPEX), operational expenditure
(OPEX) and profitability are analysed and compared (Chapters 9 — 13). Investment costs are
gathered and compared between Aspen Plus, available publications, Rejlers internal
expertise, and tendered equipment from several companies. The objective is to form a cost

estimate with = 40 % accuracy.
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Coal, natural gas, and crude oil are still the most dominant energy sources in the world.

While global coal consumption is decreasing, natural gas and crude oil consumption

continue to rise (Figure 1). They are estimated to be depleted by years 2090, 2060 and 2052,

respectively (Millennium Alliance for Humanity and the Biosphere, 2019). Depleting fossil
fuel resources, energy security concerns, fluctuating energy prices, and the environmental
effects of fossil fuel usage have driven the need to develop new ways to create, store and
distribute energy, as well as to produce hydrocarbons more sustainably. Governments and
major industries have committed to carbon neutrality (e.g. Paris Agreement), and created

energy transition policies, which have been further accelerated due to recent geo-, energy-

and resource political events. (Olah, et al., 2018; Ritchie, et al., 2020; European Commission,

2022)

Global fossil fuel consumption Our World

in Data

Global primary energy consumption by fossil fuel source, measured in terawatt-hours (TWh).
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Figure 1 Global fossil fuel consumption by year and fuel resource (Ritchie, et al., 2020)

Multiple energy infrastructures, referred as economies, to stop the fossil fuel dependency

have been suggested throughout the decades. One concept that has seen strong commitment
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by governments and major industries is hydrogen economy. For example, IPCC has stated
that hydrogen economy is a vital part in limiting climate change, to achieve Paris Agreement
targets. Indeed, carbon neutral hydrogen has a key role in climate and energy strategies,
especially to decarbonize industry and transportation sectors. In addition, hydrogen is sought
to be used to store the surplus energy produced by intermittent solar and wind energy. (Sivill,

et al., 2022; IPCC, 2022)

However, the major downside of hydrogen is its inconvenience to store energy. Hydrogen
has a low energy density by volume and requires considerable energy input compared to its
energy content to pressurize or liquefy it. In addition, hydrogen storage requires considerable
safety measures and extremely robust materials, which require large investments and limits
its usage in residential areas. Therefore, in general, hydrogen should be either used in
proximity of production area, transported via piping network, or converted to another, more

easily storable compound, such as methanol. (Olah, et al., 2018; Elberry, et al., 2021)

1994 Nobel Prize in Chemistry winner, George Andrew Olah was the first to argue that
electrolytically produced hydrogen should be used as a means to transition towards methanol
economy, as methanol is by far more convenient compound for long term storage compared
to hydrogen. Methanol is in liquid state at atmospheric conditions, it is utilizable with current
fossil fuel logistic infrastructure, it is far less volatile and explosive than hydrogen, and as
toxic as gasoline and diesel fuel (when ingested). In addition, he argued that due to its
excellent storage qualities, methanol should be used as energy storage for intermittent
seasons. Methanol is an excellent fuel both independently and blended with gasoline, and it
can be used as a raw material for hydrocarbon products and to produce electricity using

direct methanol fuel cell (DMFC) without hydrogen. (Olah, et al., 2018).

Another pathway is to use renewable biological resources such as lignocellulosic biomass,
industrial effluents, municipal solid wastes, and manure to produce wide range of fuels such
as biodiesel, biogas, bio-oil, biohydrogen, bioethanol and biomethanol. In addition to
biofuels, bioeconomy route allows to produce multiple value-added products simultaneously
such as heat and power, bio-based materials, additives for food and feed and platform
chemicals. However, several thermochemical and/or biochemical conversion technologies
are involved, thus CAPEX and OPEX costs are high. While there are multiple active

biorefineries around the world, wide application, and full transition from fossil fuel economy
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to bioeconomy is considered as the long-range solution to humanities’ energy needs while

decreasing the carbon emissions. (Arun & Dalai, 2020; Sarangi, et al., 2020)

Thus, hydrogen utilization and hydrogen economy seem to be the short-term solution
towards decarbonization for all industry sectors (Bettenhousen, 2023). However, humanity
cannot rely solely on one energy source. Decarbonization requires multiple technologies
and immense amount of capital to be invested, therefore, favourable business environments
must exist to support the investment. Publications comparing the two methanol production

pathways are still lacking, especially regarding Finnish investment opportunities.
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3. Rejlers Finland Oy

Rejlers is a Swedish company, listed in Nasdaq Stockholm, which provides engineering
services, design, and consulting solutions, to various business segments, including industry,
buildings, energy, and infrastructure. Rejlers has a presence in different countries, including
Finland, where Rejlers Finland Oy operates as a subsidiary. The company's industry division
offers full project deliveries from preliminary planning to implementation, with engineering
services for all industrial disciplines: process, Health, Safety, Environment, and Quality
(HSEQ), layout and piping, civil, machine and equipment, electrical, instrumentation and
automation engineering. For the early phases of a project, Rejlers can perform pre-studies,
feasibility studies, concept designing and profitability assessments, to support industrial
organizations through the changes of industry transformation and energy transition. (Rejlers

Finland Oy, 2023)

The aim of a feasibility study is to investigate the viability of a proposed project after
combining technical, economic, legal, operational, and scheduling aspects. The assessments
usually focus on the technical and economic viability; however, emphasis can be on other
sections as well, depending on the need and the project type. For example, totally new types
of investments may require further assessment of legal and environmental aspects. Research
should be conducted with an unbiased approach, to fully understand the strengths,

weaknesses, opportunities, and threats of the project. (USDA, 2000)

This thesis was done for Rejlers, in order to acquire understanding of the process, costs and
safety considerations associated with synthetic methanol and hydrogen production and
compare them to biomethanol production and synthetic methane production (not part of this
thesis). The information is used in future projects as a starting point of detailed design,
modified for each project. The structure and contents of this thesis were aimed to have

similar topics and structure with a typical feasibility study report by Rejlers.
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LITERATURE PART

4. Methanol

Methanol, or methyl alcohol, is the simplest form of alcohols (Figure 2). During the recent
years, methanol has received increased interest in the scientific community as a viable option
to reduce carbon emissions in the industry, supporting decarbonization of energy sector. It
also has wide application possibilities for circular economy as a platform chemical.
Methanol is one of the most important basic components in the chemical industry and is
widely utilized as a solvent, feedstock for plastics, paints, and other hydrocarbons such as

formaldehyde, acetic acid, and methyl tert-butyl ether. (Methanol Institute, 2022)

Figure 2 Structural formula of methanol

A more novel discovery is that methanol has been proven as an excellent fuel to replace
gasoline and other fossil fuels. Combustion of methanol produces significantly less CO2 and
practically no harmful by-products like NOx or SOy gases, depending on its purity. Chemical
grade quality (AA, 99.8 % purity) methanol can be used as blending component or as
complete substitute for gasoline and liquefied petroleum gas for combustion engines. While
the EU and the United States blend ethanol to gasoline, China, the global leader in methanol
consumption, has already been commercially supplying methanol-gasoline blends with
different standards, i.e. M 15, M85 and M100, with 15 %, 85 % and 100 % methanol content,
respectively. Recent western public and scientific attention for methanol has been focusing
on marine engine solutions, which would replace liquefied natural gas. Research has shown
that crude methanol with 80 % purity is already suitable for marine fuel. (U.S. Energy
Information Administration, 2017; Methanol Institute, 2019; Carvalho, et al., 2017; Mondal
& Yadav, 2021; Parkhey, 2022; Deka, et al., 2022)
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Moreover, methanol is a great hydrogen (energy) carrier, as it has the same hydrogen-to-
carbon ratio as in methane (4:1), but it is in a liquid form in atmospheric conditions. In
addition, methanol is miscible in water, thus is easier and safer to handle compared to
hydrogen and methane gases. Methanol can be converted to hydrogen through steam
reforming, partial oxidation, autothermal reforming or methanol decomposition, each with
own upsides and downsides. Hydrogen can then be used in fuel cells to generate electricity

or in combustion engines to power vehicles. (Garcia, et al., 2021)

As 0f 2020, only 0.2 % of all methanol was produced from renewable sources. However, the
production of renewable methanol is increasing. There are 90 currently running or upcoming
renewable methanol production facilities around the world, of which the European facilities
are presented in Figure 3. A green sign represents biomethanol (methanol produced from
biological sources) production facility, and an orange sign represents synthetic methanol
(methanol produced from hydrogen and carbon dioxide synthesis) production facility. Figure
3 does not include planned facilities that have not made an investment decision, such as a
synthetic methanol production plant in Ranua by ET Fuels or in Pietarsaari by Aliceco

Energy. (Methanol Institute, 2023; IRENA and Methanol Institute, 2021)
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Figure 3 Current and planned renewable methanol production facilities in Europe. Green = biomethanol production
facilities, orange = synthetic methanol production facilities. (Methanol Institute, 2023)

In 2020, the global methanol demand was estimated to be ca. 90 Mt (million tons), the
majority of which (80 %) comes from the production of chemicals and plastics (IEA, 2023).
Other applications and alternative fuels contribute about 20 % of the current total demand.
The demand of methanol is expected to increase rapidly to as high as 400 Mt by 2050 (Saygin
& Gielen, 2021). This is due to emerging markets as platform chemicals as well as fuel for
transportation and energy generation. The facilities shown in Figure 3 are expected to

produce around 9 Mt of renewable methanol (Methanol Institute, 2023).
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5. Methanol plant safety

The most important aspect for any production plant is the safety. In Finland, industrial
handling and storage of dangerous chemicals is regulated by following Acts and Government

Decrees:

e Act on the Safe Handling and Storage of Dangerous Chemicals and Explosives,

Chemicals Safety Act 390/2005

e Government Decree on the Monitoring of the Handling and Storage of Dangerous

Chemicals 685/2015

e Government Decree on the Safety Requirements of the Industrial Handling and

Storage of Dangerous Chemicals 856/2012.
e Pressure Equipment Act 1144/2016

The Finnish Safety and Chemicals Agency (Tukes) is the authority, which has the statutory
task to supervise facilities on the compliance of aforementioned legislation. (Ministry of the

Environment, 2022; Tukes, 2021)

Processing and chemical storage locations in the plant area need to be chosen in such a way
that the spread of accidents can be prevented and that the effects of accidents can be limited
to the smallest possible area. During design phases, points to consider are e.g. process
conditions, chemical attributes, amounts of chemicals to be stored, types and structures of
equipment, maintainability, safety arrangements and accident planning. Risk assessments
are done case-by-case for each facility, updating, and deepening them as the design of the
facility becomes more detailed. (Tukes, 2021; Methanol Institute, 2020; Hydrogen Tools,
2021)

Methanol can pose significant health and safety hazards if it is not handled properly. If
ingested, methanol is metabolized in the liver to form formaldehyde and formic acid, which
in high concentrations (over 10 ml of methanol for an adult) can cause dizziness, abdominal
pain, headache, vomiting, back pain, breathing difficulties, or even permanent blindness,
neurological damage, and death. Finnish Ministry of Social Affairs and Health estimates that

the lowest concentrations of methanol in air that are estimated to cause health hazards during
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exposures of 8 hour and 15 minutes (HTP values) are 270 mg/m*® and 330 mg/m’,
respectively (Ministry of Social Affairs and Health, 2020). Therefore, methanol must be
stored in closed systems at well-ventilated areas. Personal protective clothing and respiratory
protection are necessary in most cases when handling methanol, as it will be absorbed

through skin. (Methanol Institute, 2020; Agarwal, et al., 2021)

Methanol is highly flammable and can ignite easily if exposed to heat, flames, or sparks. It
has a flash point of 11 °C and can form explosive mixtures with air at concentrations between
6 % and 36 %. Methanol can accumulate static charge and generate a spark. It is imperative
to ground all equipment and remove ignition sources near methanol. Methanol also reacts
violently with alkali metals, oxidizing agents, acids, and other chemicals, leading to fires or
explosions. As a polar solvent, methanol is completely soluble in water, in fact, it remains
flammable even at high concentrations of water. A 25 % methanol-water solution is
considered as a flammable liquid, which should be considered in firefighting. (Methanol

Institute, 2020; Agarwal, et al., 2021)

Methanol vapor is slightly denser than air, which means that in the event of a spill or release,
the liquid methanol may collect on the ground and the vapor may accumulate in low,
confined spaces. Methanol vapor will disperse easily in well-ventilated areas, but it will not
dissipate in enclosed spaces or sewers. If ignited, vapours may flash back to the source.
Methanol containers can also experience Boiling Liquid Expanding Vapor Explosion
(BLEVE) when exposed to external heat. Leakage detectors, fire detectors as well as flame
arresters should be placed, and the methanol storage tanks should be blanketed with inert

gas. (Methanol Institute, 2020; Agarwal, et al., 2021; Olah, et al., 2018)

Methanol dissolves some types of plastics, resins, and fiberglass compounds. Recommended
plastic materials for sealing are e.g. ethylene propylene diene monomer rubber (EPDM) and
silicone. (Methanol Institute, 2020) Pure anhydrous methanol is mildly corrosive to lead,
aluminium, magnesium, and platinum alloys, while methanol-water solutions can be
corrosive to some non-ferrous alloys. The recommended steel material for anhydrous
methanol is molybdenum-stabilized low carbon 300 series stainless steel, e.g. AISI 316L.
This material offers excellent protection against various types of corrosion, stress cracking,
hydrogen-induced cracking, and product contamination. Connections are made using welded
flanges and methanol-compatible gaskets. Threaded connections are not suitable for

methanol service, and non-ferrous materials are not recommended to be used in the



24

construction of permanent pipework. Underground storage, buried pipelines, and
underground piping should be protected with a cathodic protection system and should be

inspected regularly to prevent damage. (Methanol Institute, 2020)

5.1. Methanol safety compared to hydrogen

Synthetic methanol is produced by reacting hydrogen and carbon dioxide/monoxide. Thus,
it is important to consider the safety of hydrogen as well. Neither compound is necessarily
safer than the other — both have their own limitations and special care must be taken during

handling the compounds. (Agarwal, et al., 2021; Olah, et al., 2018)

European and Finnish legislation has separate sections for handling methane/natural
gas/biogas (in legislative texts, they are often equated with each other). Such legislation has
not yet been established for hydrogen, therefore the legislation enabling the hydrogen
economy is lagging. Currently, Tukes requires that risks in hydrogen storage are considered
case-by-case in a risk analysis such consequence analysis. Standard ISO/TR 15916:2015
(Basic considerations for the safety of hydrogen systems) describes in high level how
hydrogen systems should be designed to minimize accidents. It is stated that the hydrogen
system must be designed in a way that the amount of hydrogen in pipes and in storages are
minimized, hydrogen is separated from oxidants or any material or equipment which could
cause a hazard, ignition sources are identified, personnel working with hydrogen is
minimized and working areas are in a distance from hydrogen systems. (ISO, 2015; AFRY

Finland Oy, 2022; VTT, 2019)

Appendix 1 compares physical properties of hydrogen and methanol. Compared to methanol,
hydrogen requires more safety considerations. Hydrogen is lighter than air, odourless and
ignites easily to pale blue, difficult to see flame. Hydrogen has a wide flammability range of
4 — 74 % 1in air, stoichiometric (optimal) mixture being 29 %. The energy required to ignite
it can be as low as 0.02 mJ. Flammability range and ignition energy of hydrogen is more
dangerous compared to methanol or gases such as natural gas (methane), propane, gasoline
vapor and ammonia (Figures 4 & 5). The hydrogen-air mixture may be easily ignited by e.g.
a flame, a spark, a wire with a fuse, hot surfaces, heating, shock wave or rapid adiabatic
compression. In addition, unlike most gases, when hydrogen expands quickly from a higher
to a lower pressure, its temperature increases, potentially auto-igniting it. (European

Industrial Gases Association, 2014; Genovese, et al., 2023)
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Flammability range in air
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Figure 4 Flammability ranges of hydrogen, methanol, methane, gasoline vapor and ammonia. Data gathered from:
Hydrogen tools, 2022; Fenton, et al., 1995..
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Figure 5 Minimum ignition energies of hydrogen, methanol, methane, gasoline vapor and ammonia at their stoichiometric
(optimal) gas-to-air volume ratios. Data gathered from Hydrogen tools, 2022; Ferndndez-Tarrazo, et al., 2016; Ferndndez-
Tarrazo, et al., 2023

Ignition can cause a fire or an explosion, which might cause subsequent hazardous events.
The risks should be analysed case-by-case. Damages to surrounding buildings, structures
and people are caused most notably by pressure waves, high-temperature radiation, and

flying debris. Therefore, all electrical equipment should be grounded, surrounding areas
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should be protected and well-ventilated, and detectors should be placed to detect unseen

flames and leaks. (European Industrial Gases Association, 2014; Genovese, et al., 2023)

Furthermore, hydrogen gas can break down into atoms and diffuse into metallic materials,
which can stress, fatigue, or reduce tensile ductility and notched tensile strength of the
material. Containment material can embrittle, degrade or crack, causing a rapid release of
hydrogen into its environment and auto-ignition. Embrittlement is typical for high strength
steels, stainless steel, and nickel alloys. Allowed materials in the EU are carbon steels, steel
alloys, aluminium alloys, and austenitic type stainless steels. It is preferred to use steel
materials (and welds) with 22 HRC (Hardness Rockwell C), and to use homogenous and
fine-grained metal alloys, such as AISI 316L. Gas cylinders lined with polyamide,
polyethylene or polyethylene terephthalate can also be used for hydrogen storage. (European
Industrial Gases Association, 2014; SFS ry, 2021; SFS ry, 2020)

Storage material choice is determined by storage type, which is in turn determined by
temperature and pressure of hydrogen, i.e. its physical phase, as well as distribution method
and cost. As discussed previously, hydrogen is very light at normal pressure and temperature
conditions, and it would require massive amounts of space to store it. To minimize the
needed space, hydrogen must be pressurized up to 1000 bar pressure and/or liquidized to
below -252,9 ° C to increase its density. Upkeeping freezing temperatures or high pressures
require high amounts of energy and extra safety precautions, which is not favourable for
long-term storage and long-distance transportation, as more than 30 % of the hydrogen’s
energy content is lost in re-liquefying boil-offs. It is also highly expensive to produce large
steel storage tanks with high design pressures. Moreover, the current logistics infrastructure
is not fully developed for long-distance transportation of liquid hydrogen. Alternative
solution is to react the hydrogen with carbon or nitrogen, to form simple chemicals such as
ammonia, methane, or methanol, which are more dense, safe, and easy to store and transport

long distances. (European Industrial Gases Association, 2014; Giddey, et al., 2017)
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6. Technology options for methanol production

Methanol can be produced via biochemical route, or as presented in Figure 6, several
thermochemical routes (one being synthetic). Biochemical route involves the utilization of
anaerobic metabolism of bacteria to produce biogas, which is then purified and converted to
methanol by methanotrophic bacteria. As this process is currently demonstrated in laboratory
scale, and furthermore, better suited for wet biomass such as municipal waste or for landfill
sites, it will not be further discussed in this thesis. (European biofuels, 2011; Sarangi, et al.,
2020; Marine Methanol, 2022)

Thermochemical processes use synthetic gas (syngas), a mixture of simple gases such as
hydrogen (H>), carbon monoxide (CO), CO> and methane (CH4), conventionally obtained
by reforming or gasification of natural gas, crude oil, or coal. Research has shown that
renewable raw materials such as biomass or black liquor can replace fossil fuels as raw
material for syngas production, with generally the same equipment. Syngas can also be
synthetically created by capturing CO, from a point source or atmosphere and creating Ha
by electrolysis. (European biofuels, 2011; Sarangi, et al., 2020; Chein, et al., 2021; Marine
Methanol, 2022; IRENA and Methanol Institute, 2021; Gautam, et al., 2020)
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Figure 6 Production of methanol by thermochemical routes (IRENA and Methanol Institute, 2021)
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Indeed, methanol can only clean and sustainable commodity, if it has been produced from
renewable resources, such as biomass or clean energy. The choice of feedstock must be done
according to regional availability as well as cost of production, transport, and handling.
Ultimately, the choice of raw material determines the possible locations for a production
facility, the possible conversion methods, the possible infrastructure, and whether an
investment is profitable. Thus, the whole supply chain and process flows are needed to be
determined at early phases. In this thesis, two renewable methanol production process are
investigated. The end goal of these pathways is similar — to produce a mixture of H,, CO and

CO» which are then reacted in controlled environment to methanol.

During the following chapters, the two pathways, i.e. biomethanol and synthetic methanol
are presented. Chapter 6.1. focuses on the composition of lignocellulosic biomass,
thermodynamic background of gasification and purification of syngas. In Chapter 6.2.,
technology options for synthetic hydrogen production and carbon capture are shortly

compared. In Chapter 6.3, thermodynamic background of methanol synthesis is presented.

6.1. Pathway 1: Thermochemical conversion of biomass to biomethanol

Biofuels such as biomethanol are derived from biomass. Biomass is defined by the European
Commission, in its Renewable Energy Directive II (RED II) as
“Biodegradable fraction of products, waste and residues from biological origin
from agriculture, including vegetal and animal substances, from forestry and
related industries, including fisheries and aquaculture, as well as the

biodegradable fraction of waste, including industrial and municipal waste of
biological origin” (European Commission, 2018)

The European Commission’s definition of biomass implies that every renewable organic
resource could be used as feedstock. Thus, the optimal feedstock to be used is dependent on
its availability in the region and cost. In this thesis, a production plant location in Finland is
studied, thus woody lignocellulosic biomass is considered as the only raw material for
biomethanol production. Woody lignocellulosic biomass is considered as ideal feedstock for
gasification, due to its high cellulose and hemicellulose content, as they are directly related

to syngas yield. (Sikarwar, et al., 2016).

Finnish forests provide a well-managed, sustainable raw material which grows on average

103 million m* annually. From 75 million m® of stem wood removals in 2022, Finnish forest
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industry produced 8.3 million m® of felling waste and 9.2 million m? of by-products and
residues, which could potentially be used for biofuel production. Even though Finland's
overall felling volume is currently sustainable, it must be noted that in several regions,
particularly in South Karelia and Kymenlaakso, felling volumes have exceeded the

maximum sustainable level. (Luonnonvarakeskus, 2023)

6.1.1. Composition of lignocellulosic biomass

Lignocellulose is a complex and rigid structure consisting of cellulose (a linear
homopolymer of D-glucose units linked by B(1—4) glycosidic bonds with high degree of
polymerization), hemicellulose (a branched heteropolymer consisting of xylan,
glucuronoxylan, arabinoxylan, glucomannan, and xyloglucan) and lignin (randomly cross-
linked phenylpropane monomers). As presented in Table 1, different types of lignocellulosic
biomass mostly consist of varying amounts of cellulose, hemicellulose, and lignin. The
composition is classified into wood and herbaceous biomass as % weight on dry basis. In
addition to the three main components, lignocellulosic biomass contains lipids, proteins,

starch, and other compounds in varying amounts. (Sillanpdd & Ncibi, 2017)

Table 1 Chemical composition of various biomass (% weight on a dry basis) (Sillanpdd & Ncibi, 2017)

Classification Biomass Cellulose Hemicellulose Lignin
Woody Eucalyptus (Eucalyptus
camaldulensis) 45.0 18.2 31.3
Spruce (Picea glauca) 39.5 30.3 27.5
Pine (Pinus sylvestris) 40.0 28.5 27.7
Black Locust (Robinia
pseudoacacia) 39.2-42.6 16.6-18.8 23.8-28.5
Hybrid Poplar DN-34 39.2-45.7 16.6-22.6 23.3-25.1
Herbaceous Switchgrass 30-35 20-30 20-25
Flax ~65 ~16 2.5
Hemp 53.8 10.6 8.7
Amur silver grass
(Miscanthus sacchariflorus) 42.0 30.1 7.0
Rice straw 39.0 20.9 5.7
Wheat straw 37.6 28.8 14.5
Barley straw 42.4 27.8 6.8
Corn stover 31.3 21.1 3.1

Lignin provides strength and integrity for all plant cell walls by forming chemical linkages
such as esters with cellulose and hemicellulose, making the separation of individual
components and sugars for microbial conversion to methanol challenging, time consuming

and costly. Therefore, for the purpose of methanol synthesis, thermochemical processes such
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as gasification are more efficient, simple, advantageous and common options. (Parkhey,

2022; Sillanpaéd & Ncibi, 2017; Kumar & Sani, 2018)

Biomass should have as low moisture content as possible to avoid excess energy usage
during gasification. Commonly, dried biomass contains 5 — 35 % moisture, but will depend
on the source of wood, drying method, and time. Table 2 presents some of the typical

moisture content in Finnish woody biomass. (Sikarwar, et al., 2016)

Table 2 Moisture percentage of wooden biomass types in Finland. Source: (Alakangas, et al., 2016)

Type of wood Moisture, wet weight-%
Logs, freshly fell 45
Logs, stored over one summer 25
Logs, stored over two summers 20
Wood trunk chips, fresh 50
Wood trunk chips, dry 40
Wood trunk chips, air-dried for over year 25-30
Forest residue chips, pine, fresh 60
Forest residue chips, spruce, fresh 50-57
Forest residue, branches, fresh 50
Stump chips 35
Chip screening waste 50-55
Sawing residue 5-10
Dry-peeled bark 40-50
Wet-peeled bark 55-170
Water transported/stored logs 55-82

Low moisture content is not a necessity, as many gasification reactor types tolerate higher
moisture content feedstock. However, in addition to increased energy usage, excess moisture
decreases the amount of produced syngas and increases tar content, decreasing the quality
of syngas. Therefore it is recommended to aim for below 10 % moisture content prior to
gasification. Most gasifiers are designed for biomass feedstock with a moisture content of

15 —30 %, (Sillanpdd & Ncibi, 2017; Sikarwar, et al., 2016).

6.1.2. Gasification

Gasification is the combustion and partial oxidation of solid biomass at high temperatures

(800 — 1 500 °C) with controlled feed of gasifying agent (i.e. oxygen, steam, air, CO2, or
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mixture of these compounds) to produce medium heating value syngas. Syngas is a mixture
of simple gases such as H>, CHs, CO and COy, in different concentrations, varied by used
feedstock, gasifier type, gasifying agents, as well as process conditions such as used
catalysts, temperature, pressure, resident time and equivalence ratio (ER). ER is defined as

the ratio of fuel-to-oxidizer to the stoichiometric fuel-to-oxidizer ratio:

ER = Mfuel~Mox (1)

B (mfuel _mox)st

where ER = Equivalence ratio; mjy..; = mass of the fuel; m,x = mass of the oxidizer; and suffix
st represents the stoichiometric conditions (Speight, 2020). Table 3 presents syngas
compositions produced from several lignocellulosic biomass feedstock types in variety of

conditions.

Table 3 Typical syngas composition by biomass feedstock, gasifier type and process conditions. GA: gasifying agent, T:
temperature, ER: equivalence ratio, N.A.: data not available. Source: (Ciliberti, et al., 2020)

Feedstock Syngas composition (% v/v) Gasifier type Gasification
H, CcO CO, CH,4 conditions
Mesquite 1.6-3.0 13.0— 11.0— 1.0-1.5 Fixed bed gasifier GA: air
wood 21.0 25.0 T:782°C
ER:2.70
Juniper 2.5-3.5 21.0— 9.0-12.0 | 1.5-1.8 Fixed bed gasifier GA: air
wood 25.0 T:713°C
ER:2.70
Pine wood 30.5 52.8 14.7 2.0 Downdraft fixed GA: steam
bed gasifier T:900 °C
ER: N.A.
Oak wood 18.0 21.0 12.0 2.0 Downdraft fixed GA: air
bed gasifier T: N.A.
ER: N.A.
Poplar 45.5 23.1 20.8 8.6 Rotary kiln reactor GA: steam
wood T: 1500 °C
ER: N.A.
Eucalyptus 10.7 20.2 9.1 8.6 Downdraft fixed GA: air
wood bed gasifier T: 865 °C
ER: 0.31
Coffee 12.4 14.0 10.4 6.5 Downdraft fixed GA: air
wood bed gasifier T: 813 °C
ER:0.32
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Table 3 (Continued) Typical syngas composition by biomass feedstock, gasifier type and process conditions. GA: gasifying
agent, T: temperature, ER: equivalence ratio, N.A.: data not available. Source: (Ciliberti, et al., 2020)

Rubber 6.0-8.0 10.0— 16.0— N.A. Bubbling fluidized GA: air
wood 14.0 18.0 bed gasifier T:750-900 °C
ER: 0.38
Oil palm 60.0— 10.0- 20.0— 5.0-10.0 N.A. GA: steam;
wood 70.0 30.0 50.0 T: 800 °C;
ER: N.A.
Spruce 10.7 25.9 9.7 3.8 Fixed bed reactor GA: air;
wood T: 800 °C;
ER: N.A.
Wood 42.5 23.0 18.1 11.5 Fluidized bed GA: air
residue gasifier T: 823 °C
ER: 0.17
Wood 26.2— 50.0- 12.7- 0.9-1.8 Entrained flow GA: oxygen
residue 28.0 60.3 23.3 gasifier T: 1200-1500 °C
ER: 0.44
Wood 9.4-14.8 15.1- 11.0— 3.2-4.3 Bubbling fluidized GA: air/air and
waste 19.4 15.8 bed gasifier steam mixture
T: 850 °C
ER:0.20-0.29

Gasification also produces undesired compounds such as solid residues (char and/or soot),
tar, sulfuric compounds, hydrochloric acid, and light hydrocarbons, which need to be
purified before syngas is to be used for methanol synthesis (Cortazar, et al., 2023).
Discussion on impurities and syngas purification methods are discussed more in-depth in

Chapter 6.1.3.

While air is the most utilized gasification agent due to its availability, low cost, and reduced
tar formation, it should be noted that it results in high levels of inert nitrogen in syngas,
which is not desired in methanol production. Using pure oxygen as gasification agent
improves syngas quality, removes nitrogen and practically all tar and char due to higher
temperatures, however, its operational costs are significantly higher. The use of pure steam
is considered as a good compromise, with excellent gas quality for subsequent conversion

to methanol or other fuels. (Cortazar, et al., 2023)
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Before gasification, biomass is pre-treated. Its size is reduced to increase surface area and it

is preheated to reduce moisture. Gasification process itself is a complex network of

thermochemical reactions, which are not yet fully understood. However, several phases of

the process can be distinguished:

Dehydration — the moisture in biomass is evaporated at 100 — 150 °C. Dehydration
occurs quickly, as the steam expands and creates pressure difference between
biomass and the surrounding gas. Dehydration leaves chemical bonds in the biomass

intact.

Devolatilization or pyrolysis — at 150 — 700 °C, in absence of oxygen, series of
reactions starts to decompose the material, and most unstable volatile compounds are
released. In addition, tar with polycyclic aromatic compounds is formed, as well as
char and ash residues. At over 600 °C, tar is cracked or reformed to volatile
compounds or to stable aromatic substances. The final amount of each component
depends on reactor model, type of biomass and catalyst and final temperature and

rate of heating.

Combustion, to which gasification agent is added. In this step, volatile gases, tar, and
char oxidize to rapidly form CO and CO; at 800 — 1000 °C range (Equations 2 and

3). In addition, steam is produced due to reaction between hydrogen and oxygen

(Equation 4):
C+%0,—CO AH>o3x =—111 kJ/mol (2)
CO + % 0O — CO, AH>93x =—283 kJ/mol 3)
H> +7% O — H20 AH>o3x = —242 kJ/mol (4)

where AH»ogk 1s standard enthalpy of formation of the reaction [kJ/mol].

Gasification, where char is reduced without oxygen, producing CO and H:
(Equations 5 and 6). In addition, other reactions such as methanation (Equation 7),
reverse water-gas shift reaction (Equation 8), methane reforming (Equation 9) as well

as methane oxidation (Equation 10) are present:
C+C0O,—2CO AH>o3x = +172 kJ/mol (5)

C+H,O—CO+H> AH>o3x = +131 kJ/mol (6)
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C+2H, s CHy AHhosk =75 kI/mol  (7)
CO, + Hy 5 CO + H,0 AHhosk = +41 kJ/mol  (8)
CHs + H,O0 5 CO +3 H, AHhosk = +206 kJ/mol ~ (9)
CHy +2 0,5 CO, +2 Hy,0 AHhosk =83 kI/mol  (10)

The gasification step has the lowest reaction rates, especially at lower temperatures, or when
CO» i1s used as gasification agent. Thus this step is used to control the process mass flow.
The main reactions that can be used to simplify gasification process are Equations 2, 5, 6
and 7. (Couto, et al., 2013; Higman & van der Burgt, 2008; Lahtinen, 2014; Pollet & Lamb,
2020; Sillanpda & Ncibi, 2017; Cortazar, et al., 2023)

The biomass gasifier needs to be designed based on the used and available fuel,
characteristics of particles (shape, size distribution, and moisture content), ash content, and
the end use applications. Figure 7 presents the principles of the most commercialized gasifier
designs: fixed bed (updraft and downdraft) gasifiers, bubbling fluidized bed (BFB) and
circulating fluidized bed (CFB) gasifiers. (Cortazar, et al., 2023)

Fixed bed gasifiers have a simple design, and the gasification agent flows counter-currently
in updraft gasifiers, and co-currently in downdraft gasifiers. In general, fixed bed gasifiers
are suitable for small-scale heat and power generation applications, due to high carbon
conversion rates, long residence time and low gas velocities. Compared to updraft gasifiers,
downdraft gasifiers produce less tar and higher-quality syngas. However, they are unsuitable
for low-density, high-moisture, and high-ash content biomass, their thermal efficiency is

lower, and pressure drop is higher. (Cortazar, et al., 2023)

Air/steam Air/steam

Syngas

Air/steam Air/steam

Figure 7 Simplified schematics of the most common biomass gasifiers and their material flows: (a) Updraft fixed bed; (b)
downdraft fixed bed; (c) bubbling fluidized bed (BFB); (d) circulating fluidized bed (CFB). (Cortazar, et al., 2023)

In fluidized bed gasifiers, gasification agent, fed from the bottom, lifts the particles into

fluid-like state, increasing gas-solid contact area and mixing, subsequently increasing



35

reaction rates and conversion efficiency. In addition, mass and energy transfer is improved,
enabling improved flexibility, isothermicity and control of the process, making it suitable
for large-scale applications. Fluidized beds are divided into two types: BFB, where gas
velocities slightly above the minimum fluidization velocity (1-3 m/s) are introduced, and
CFB, where particles are vigorously fluidized in higher gas velocities (3—10 m/s). The high
gas velocity in CFB causes some bed material to be escaped and needs to be captured and
returned with a cyclone to the bottom of the reactor. Although CFBs achieve higher
conversion efficiencies than BFBs, due to the short residence time of volatiles in the reactor,
tar and dust concentrations can be quite high in both types of gasifiers. (Cortazar, et al.,

2023)

One of the emerging technologies in large-scale gasification is the use of dual fluidized bed
reactors, which have two interconnected fluidized bed reactors. One reactor is used for
gasification, and the other one is used to combust char to produce the required heat for the
gasification process. The use of combustion reactor allows for increased heat flows for
gasification, while not mixing the gas phases of the gasification and combustion, and

hindering syngas quality. (Cortazar, et al., 2023; Thunman, et al., 2018)

6.1.3. Minimization of tar and purification of syngas

Tar formation is the largest obstacle in biomass gasification. Tar mainly constitutes from
hundreds of polyaromatic hydrocarbons (PAH) and contains a significant amount of mass
and energy which could have increased syngas yield and improved process efficiency.
Moreover, tar can polymerize and cause pipeline fouling or clogging, corrosion on
equipment due to its acidity, block catalyst surfaces and deactivate them. Tar compounds are
also carcinogenic, thus environmental and human health are to be considered when handling

tar and wastewater. (Cortazar, et al., 2023)

Biomass characteristics (type, moisture, particle size distribution) affect the amount of tar
that is formed during gasification. Favourable gasifier design and operation can already
decrease the amount of formed tar and other impurities. Table 4 presents the typical syngas
qualities of updraft, downdraft, BFB and CFB gasifiers. In addition, tar can be reduced with
several reactor conditions such as temperature, gasification agent, steam-to-biomass ratio,
ER, residence time and pressure. Several catalysts in gasifier, such as dolomite also decrease

the amount of tar in the product gas. To further purify, tar can be filtered, washed, or cracked
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at temperatures above 1000 °C during separate processes. (Couto, et al., 2013; Cortazar, et

al., 2023)

Table 4 Typical tar concentration for updraft, downdraft, BFB and CFB gasifier reactors. Combined from Couto, et al.,
2013; Cortazar, etal., 2023.

Gasifier type Updraft Downdraft BFB CFB
Tar (mg/Nm?) 10 000 — 150 000 | 0 — 30 000 0-50000 0-10000

Syngas includes other harmful compounds that need to be removed, such as particulates,
sulphuric compounds (mainly hydrogen sulfide (H>S), but also carbonyl sulfide (COS),
carbon disulfide (CS2) and organic sulphur such as thiophene), halogens (mainly as
chlorine), nitrogen-species (mostly ammonia (NH3), but also hydrogen cyanide (HCN)) and
alkali metals (mainly Na, K). Syngas quality requirements for methanol synthesis are
presented in Table 5. Tar concentrations of less than 1 mg/Nm?® should be targeted before
sending the gas for further processing. (Pattar & Gowreesh, 2017; Dalena, et al., 2018;
Frilund, et al., 2021)

Table 5 Syngas contaminants and their maximum concentration limits for methanol synthesis. Source: Sikarwar, et al.,
2016; Cortazar, et al., 2023; Siedlecki, et al., 2011

Contaminant Methanol synthesis quality requirement
Tar 1 mg/Nm3

Hydrogen halides (HCI1, HBr, HF) < 0.1 ppm (by volume)

Nitrous compounds < 0.1 ppm (by volume)

Sulphuric compounds < 1 ppm (by volume)

Sulfuric compounds and HCI are harmful for catalysts used in methanol production and
water-gas-shift reactions. Sulfuric substances in syngas may include thiols, carbonyl sulfide,
carbon disulfide and hydrogen sulfide. Concentration of H>S needs to be below 100 ppb.
Impurities are conventionally removed with organic solvent scrubbing methods. An
emerging technology is to use high-temperature particulate filtration. Wang et al. (2023),
demonstrated >98 % removal of sulphuric compounds with ZnO sorbent-dispersed Raney
CuO (ZnO/R-CuO) ceramic filter (ZnO/CF) at 873 K. Frilund et al. (2021) were able to
successfully pilot an activated carbon and catalyst based packed bed adsorbent setup to
remove all H.S, NHs, HCI, COS from syngas. (Haydary, et al., 2021; Wang, et al., 2023;
Frilund, et al., 2021)

After purification, syngas can be catalytically converted to methanol (Chapter 6.3.) It must

be noted that elimination of tar and other impurities is seldom economically viable. There is
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aneed for cost-effective and efficient syngas purification method with low investment costs,
in order to viably produce transportation fuels and chemicals through gasification. (Frilund,

et al., 2021)

6.2. Pathway 2: Synthetic hydrogen and carbon dioxide capture

Sustainable and renewable energy can be used to produce various fuels by a concept known
as Power-to-X (P2X). The idea of P2X is to convert electricity to a useful commodity, such
as fuels or chemicals, referenced by “X”. Figure 8 presents the main pathways, processes,
and end products the synthetic hydrogen is used in hydrogen economy. The colours used
Figure 8 in different sections must not be confused with “hydrogen colours”, i.e. the origin

of the used raw material to produce hydrogen. (Pollet & Lamb, 2020)
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Figure 8 Possible feedstocks, conversion routes and products produced from renewable energy and captured CO; or
nitrogen. (Holst, et al., 2021)

Excess energy generated by e.g. wind turbines can be utilized to produce hydrogen from
water through electrolysis. Electrolysis is an electrochemical process that splits water into
H: and oxygen (O2). Oxygen is usually considered as a byproduct of the process and can be
released into the atmosphere, but it should be collected and sold, where possible, for various
industries such as the steel industry. Hydrogen is the main product of water electrolysis and
represents the first potential end product of a P2X process. The hydrogen produced by
electrolysis can be further reacted with carbon or nitrogen, which is captured from air or
from a point source such as power plant flue gas, using carbon capture technology. The
resulted end products can be used as fuels, platform chemicals, or as energy storage
solutions. Renewable energy such as solar and wind are intermittent, and there is a need for

efficient and economic solutions to balance the electric load on the grid. Electricity can be
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used at high throughputs to produce hydrogen and methanol, stored until electricity

production decreases, after which methanol can be combusted to produce electricity. (Hank,

et al., 2018; Holst, et al., 2021)

6.2.1. Synthetic hydrogen production

The alternative electrolysis technologies are Alkaline Electrolysis (AEL), Proton Exchange

Membrane (PEM) Electrolysis and Solid Oxide Electrolysis Cells (SOEC). Of these, AEL

and PEM are commercially available and mature technology, while few SOEC pilot plants

with low capacity are in operation today. In addition, other emerging processes are being

researched, such as plasma arc decomposition, photoelectrolysis and anion exchange

membrane. However, these novel technologies are not reviewed in this thesis. The main

differences between AEL, PEM and SOEC technologies are presented at Table 6. (Zaccara,
et al., 2020; Pollet & Lamb, 2020; The International Energy Agency, 2021)

Table 6 Comparison of Alkaline Electrolysis (AEL), Proton Exchange Membrane (PEM) Electrolysis and Solid Oxide
Electrolysis Cells (SOEC) technologies (Grigoriev, et al., 2020)

Types of water electrolysers | AEL PEM SOEC

Technology status Mature technology Mature technology lab-scale, R&D

Temperature range [°C] ambient — 120 ambient — 120 700 — 1000

Charge carrier OH- H* o*

Anode catalyst Ni;Co0Oy4, La—Sr—-Co0s, | Ir/Ru oxide (La,Sr)MnOs,
Co304 (La,Sr)(Co,Fe)Os

Cathode catalyst nickel foam/Ni— platinum Ni-YSZ or Ni-GDC
stainless steel Ni— Cermet
Mo/ZrO,-TiO»

Pressure range [bar] 1-200 1 -350(700) 1-5

Conventional current density | 0.2 — 0.5 0 —3 (up to 20) 0-2

[A/cm?]

Efficiency [%] 60 — 80 80 100

Capacity [Nm*/h] 1 -500 1-250 1

Durability [h] 100 000 10 000 — 50 000 500 -2 000

In AEL, cathode and anode electrodes are immersed in potassium hydroxide (KOH) or

sodium hydroxide (NaOH) electrolyte. Commonly, 60 — 80 °C 40 % (w/w) KOH-water

solution is used, which has specific conductivity of 54.3x107 /(Q cm) at 25 °C. The two



39

electrodes are separated with a porous cell separator material, where water splits to hydrogen
and oxygen gases (Equations 11, 12 and 13). AEL is reliable technology with easy scale-up
possibilities and lower capital investment cost compared to other electrolysis processes.

(Pollet & Lamb, 2020)

Anode: 20H — 202+ H0 + 2¢ (11)
Cathode: 2 H,O +2¢— Hy + 2 OH" (12)
Total reaction: HO — %2 O, + H» (13)

PEM does not require alkaline electrolyte; only pure water is used. In this system, both
electrodes are tightly pressed on to a very thin (100 — 300 pm) ion-exchange membrane.
Desalinated water is introduced at 50 — 80 °C. At anode, water is oxidized, protons are
transported through the polymer membrane and reduce hydrogen ions once they reach
cathode (Equations 14, 15 and 16). Compared to AEL, PEM allows the use of high current
density, it is highly efficient, and product gases are very pure (>99.99 %) and the system can
handle fluctuating electricity feeds. Main drawbacks are high capital expenses of platinum
and iridium oxide electrode catalysts, need for high purity water (desalination) and

unavailability of large-scale systems. (Pollet & Lamb, 2020; Zaccara, et al., 2020)

Anode: HO — % O, +2 H +2¢ (14)
Cathode: 2H +2e — H» (15)
Total reaction: HO — 20+ H; (16)

SOEC system consists of three oxide-ion conducting ceramic solid layers with an
interconnected plate. Steam is introduced to the system at 800 — 1000 °C temperature range,
which allows very high current density and efficiency for upgraded production capacity. In
addition, the system can produce syngas by electrolyzing CO- simultaneously. Due to these
advantages, SOEC technology has been gaining interest to decarbonize the energy sector
and can become a favourable option over others in the future. (Pollet & Lamb, 2020; Zaccara,

et al., 2020; Grigoriev, et al., 2020)
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6.2.2. Carbon capture

Carbon capture (CC) generally refers to CO capture from industrial plants. It is an essential
technology to reduce carbon emissions and can create value from waste streams as well as
ensure energy security. The process is energy intensive and the theoretical minimum work
for CO» separation increases strongly as the concentration of CO: in the raw gas stream
decreases (Figure 9). There are two mature technologies for carbon capture: pre-combustion
and post-combustion technologies. Post-combustion technology has the advantage of being
able to be implemented at an already existing facility. Following separation, pure CO: is

compressed and stored. (Lau, et al., 2021; Wilberforce, et al., 2021; Tynjéla, 2019)
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Figure 9 Theoretical minimum work of CO, separation as a function of concentration of initial CO, stream. Several CO,
concentrations of various gas streams are pointed out. (Translated from Tynjdld, 2019)

The main idea of pre-combustion carbon capture is to separate carbon from an organic
compound before it has been used as a fuel. The first step of the process is the same as in
biomethanol production: gasification of a fuel to produce syngas, which is purified from
impurities such as char, sulfuric compounds, hydrochloric acid, tar, and light hydrocarbons.
Next, carbon monoxide in syngas is subjected to steam to increase carbon dioxide
concentration (reverse water-gas shift reaction, Equation 8). CO: is then absorbed with
various physical and chemical absorption processes, where chemicals such as

O-carboxymethyl chitosan are used. The final products of the process are pure captured CO»
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and hydrogen gas. Figure 10 presents a general flow diagram for pre-combustion CC process
with hydrogen utilized for electricity generation. The pre-combustion carbon capture process
can be fitted to existing coal- or natural gas-fired power plants, however, it increases
complexity of the process. The pre-combustion CC technology is less mature compared to
post-combustion technology, but its advantages include higher CO> partial pressure and less
energy used in regeneration, thus decreased operational costs. (Wilberforce, et al., 2021;

European Turbine Network, 2020; Lau, et al., 2021; Osman, et al., 2021)
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Figure 10 Pre-combustion carbon capture (CC) and electricity generation using hydrogen (Vattenfall, 2008)

In post-combustion, CO: is separated from flue gas after combustion of raw material. Figure
11 presents a typical post-combustion carbon capture process, where flue gas is cooled to 40
— 60 °C and cleaned from sulphuric and nitric compounds and dust. The gas is then directed
to absorption column, where the gas is contacted with absorption liquid, typically amine or
carbonate solvent, such as monoethanolamine. CO; is absorbed into the liquid phase, leaving
the other gases intact. Liquid is then pumped to a stripper via a heater, releasing the captured
CO; and is separated from the liquid. Simultaneously, the absorbent is regenerated and
recycled to absorption unit. Post-combustion process is suitable to be implemented for

existing facilities and can recover 80 — 90 % of CO: in the flue gas. The CO: concentration
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of the flue gas will greatly determine whether this process is economically viable (Figure 9).

(Osman, et al., 2021; Wilberforce, et al., 2021)
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Figure 11 Typical post-combustion carbon capture process. (Wilberforce, et al., 2021)

As previously discussed, the pre-combustion carbon capture process is similar to gasification
process of lignocellulosic biomass. From synthetic methanol production point-of-view, it
would not make sense to implement such a process to the investigated synthetic methanol
production facility, as it would greatly increase the capital and operational costs. Also, post-
combustion carbon capture process is suited for existing production facilities with high CO,
concentration in flue gas, which may not be part of the same organization that produces
synthetic methanol. Therefore, it is justified that the synthetic methanol production facility

does not capture carbon by itself, rather, they would acquire it from another company.

6.3. Methanol synthesis

After obtaining hydrogen and carbon dioxide through pathway 1 or 2, the gas mixture is then

hydrogenated to methanol in a reactor. Three reactions are involved in methanol synthesis:
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CO; hydrogenation (Equation 17), CO hydrogenation (Equation 18) and reverse water-gas
shift reaction (Equation 8).

CO; + 3 H» & CH30H + H,O AHaogx =—49.51 kJ/mol  (17)
CO +2 H, < CH30H AHaz9sx =—90.7 kJ/mol  (18)

Both hydrogenation reactions produce methanol, however, it is known that CO;
hydrogenation is the main methanol formation reaction. As seen from Equation 17, methanol
synthesis produces water, which is detrimental for synthesis catalysts, but it also needs to be
removed from methanol through distillation. Reverse water gas shift reaction (Equation §)
is not an independent reaction, rather, it can be thought as the difference of Equation 17 and
18. All three reactions are reversible and limited by thermodynamic equilibrium. The
methanol synthesis is exothermic with decreasing entropy. By Le Chatelier’s principle,
hydrogenation reactions can be driven towards reactants with lower temperatures and higher

pressures. Stoichiometry number of Equations 17 & 18 can be represented by Equation 19:

SN = Hz~Feo, (19)

Fco+Fco,

where SN is stoichiometry number [-] and F; is the molar flow rate of component i [kmol/hr].
Favourable methanol synthesis requires stoichiometry number of higher than 2, which
implies that excess hydrogen in the feed gas is required. (Chein, et al., 2021; Marine
Methanol, 2022; Zander, 2013)

As discussed in Chapter 6.1.3., CO, CO, and H, composition in syngas can be already
affected with reactor model design, reactor temperature and gasifier agent. Nevertheless, the
ratio of CO, CO; and H; may not be optimal for methanol synthesis. Conventionally, the
ratios are manipulated to stoichiometric conditions by valorising water-gas shift reaction
(Equation 8) in a separate reactor before methanol synthesis. Future gasification-based
methanol production facilities may use hydrogen from the hydrogen grid to achieve the

stoichiometric ratio more easily for methanol synthesis. (Anetjdrvi, et al., 2023)

Types of methanol synthesis can be classified by the used pressure. High-pressure processes
use 25 — 30 MPa pressure, while 10 —25 MPa and 5 — 10 MPa pressures are used in medium
and low-pressure processes, respectively. The industry standard is to synthesize at 50 — 100
bar pressure and 220 — 300 °C temperature in an adiabatic or quasi-static isothermal reactor

with copper-based catalysts, such as Cu/ZnO/Al>Os. By using copper-based catalysts, CO:
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concentration in syngas must be higher compared to CO, as CO; hydrogenation reaction is
responsible for 70 % of methanol synthesis. (Dalena, et al., 2018; Haydary, et al., 2021;
Etim, et al., 2020)

The challenges associated with methanol synthesis are the low equilibrium conversion and
methanol selectivity. Due to reaction kinetics and the inertness of CO, high reaction
temperatures (greater than 240° C) are often applied. This on the other hand favours reverse
water gas shift reaction, which is thermodynamically favourable at high temperatures and
low pressures, and generates CO, which then decreases reaction selectivity to methanol, and

water that deactivates the catalyst.

Indeed, copper-based methanol synthesis catalysts are deactivated by sintering and water
poisoning. Sintering involves the agglomeration of catalyst particles due to coalescence as
well as Ostwald ripening, where tiny crystals dissolve and then redeposit on the surface of
larger crystals. Water deactivates the catalyst by blocking catalyst’s active sites and

crystallizing catalyst particles. (Etim, et al., 2020)

Pure oxygen is one of the most toxic compounds for iron and cobalt-based catalysts used in
Fisher-Tropsch synthesis. However, this is not the case for methanol synthesis, as it
generally uses copper-based catalysts. In fact, Yan, et al. (2013), discovered that oxygen was

removed from syngas in the presence of copper-catalyst at 200 °C. (Yan, et al., 2013)
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APPLIED PART

7. Simulation of synthetic methanol production using Aspen Plus

This simulation was performed using Aspen Plus software (V12.1, Aspen Tech, Bedford,
MA, USA). The model was divided into two separate simulation files: electrolysis and
methanol synthesis. Electrolysis simulation model was largely based on the work done by
Ulleberg, 2003 and Sanchez, et al., 2020. For this demonstration scale plant, AEL was
chosen to be used, as it is the most mature technology with scalable applications. This plant
uses 35 % KOH as electrolyte for 17.8 MW electrolysis power. The details of electrolysis
simulation model are presented in Chapter 7.1. Aspen Plus flowchart and flow sheets for the

electrolysis process is presenterd at Appendix 2.

Due to the reasons described in Chapter 6.2.2, CO, capture from industrial flue gas was not
simulated in this thesis. Methanol synthesis was based on the work done by Nieminen, et al.,
2019. The capacity of the methanol synthesis unit is based on the amount of hydrogen
available from the electrolysis unit at 17.8 MW. The target was to produce > 98 % pure
methanol with as high throughtput as possible. The details of synthetic methanol production
simulation model are presented in Chapter 7.2. Aspen Plus flowchart and flow sheets for the

methanol synthesis process is presenterd at Appendix 3.

7.1. Electrolysis simulation

As discussed in Chapter 4.2.1., in electrolysis, water is split to hydrogen and oxygen gases

by electrical current (Equations 11, 12 and 13).

In the model, following assumptions have been made:
1. The process operates at steady state.
2. Maximum electrolyser temperature is 100 °C.
3. Hydrogen and oxygen are ideal gases.

4. Water is incompressible.
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5. Deionised water is fed to the system.

6. Gas and liquid phases are separate.

7. No electrolyte is consumed during the process.
8. Current density is 0.6 A/cm®.

9. Active electrode area per cell is 0.1 m?,

Based on these assumptions, standard temperature and pressure (25 °C and 1 bar) can be
used to calculate amount of produced hydrogen through the change in enthalpy 4H, change
in entropy 48, and Gibbs energy 4G of water splitting reaction (Equation 13). For example,
the total change of enthalpy for the reaction is the enthalpy difference between the products,
and the reactant. Which then implies that the amount of energy needed in water electrolysis
(thermoneutral cell voltage Uy,) is equivalent to the change in enthalpy 4H, according to
Equation 20. In addition, the maximum work done by electrochemical system at constant
temperature and pressure (reversible cell voltage U,..) is equal to the change in Gibbs energy

AG, according to Equation 21.

AH

Uy = 2 (20)
AG
Urer = 7F (21)

where U, is thermoneutral cell voltage [V], U, s reversible cell voltage [V], 4H is change
in enthalpy [J/mol], 4G = change in Gibbs energy [J/mol], z = number of electrons
transferred per reaction [-], F is the Faraday constant [C/mol]. Heat of formation, or the
standard enthalpy for splitting water is 285.82 kJ/mol, and standard Gibbs energy is 237.14
kJ/mol. Thus, Uz, is 1.48 V, and Uyey is 1.23 V. (Ulleberg, 2003; Sanchez, et al., 2020)

Next, the actual voltage required by a cell (Ucn) is calculated, which includes all
overpotentials and overvoltage caused by kinetic and resistive forces. Sanchez, et al.,
introduced an empirically developed equation (Equation 22), which accurately predicts the

required voltage depending on cell temperature, pressure and current density:
. t t .
Ui = Upep +[(r; +dy) +7, T +d,pli+slog [(t1 + ?2 + T—32) i+ 1] (22)

where ULy is cell voltage, T is temperature [°C], p is pressure [bar], d is a coefficient related

to ohmic resistance, i is current density [A/m?], r is a coefficient related to ohmic resistance,
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s and ¢ are coefficients for overvoltage on electrodes. Individual values and units for

coefficients are presented at Table 7.

Table 7 Coefficients used for alkaline water electrolysis cell. Source: (Sdnchez, et al., 2020)

Model Coefficient Value Unit
Cell voltage 1 4.45153 * 107 Qm’
19 6.88874 * 107 Qm?/°C
d -3.12996 * 10 Qm’
d> 4.47137 * 107 Q m?/bar
S 0.33824 \%
t -0.01539 m%/A
t 2.00181 m?°C/A
t3 15.24178 m?°C¥A
Faraday efficiency f1y 478645.74 A%/m*
fis 2953.15 AZ(m*°C)
1 1.0396
2 -0.00104 °C!

As cell voltage is higher than thermoneutral voltage, electrolyser system generates heat
proportional to the difference between the voltages. The amount of excess heat can be

calculated with Equation 23. Here, heat loss due to radiation has not been considered:

Qexcess = N * I * (Ucell - Utn) (23)

where Qexcess 1S the amount excess duty [W] and N is the number of cells in the stack [-] and

1 is the total current through the electrolyser [A].

Hydrogen production rate can be calculated with Equations 24 and 25:

Ny, prod = NF Uretl 2 F (24)
2
Np = (m) *(for + fa2 * T) (25)
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where 1y, ,r0q is molar flow rate of hydrogen [mol/s], nr is Faraday efficiency [-], P is the

electrical power of electrolysis, and f is coefficient related to Faraday efficiency. The

individual values and units for coefficient f'are presented at Table 7.

7.1.1. Model description

Flow chart and flow sheets of the simulation are available in Appendix 2. Aspen Plus does
not have an electrolysis model by default so the current flow in electrolysis stacks cannot be
simulated. Therefore, electrolyte model (ELECNRTL) was used to model the electrolysis
process, and electrolysis power is entered as heat for RStoic-reactor, and input flow is
separated with SEP-separator to individual H, and O> flows. A separate Excel-file was
created for the accurate simulation of an electrolyser, the results of which were used in the

Aspen simulation model.

RStoic-reactor’s stoichiometry was defined according to Equation 13. Mass balance of the
system was calculated using Equations 20 — 25 and 13, to determine the minimum amount
of water and KOH solution needed for electrolysis and to estimate hydrogen output capacity.
Excess water was fed into the system. “Reactor” outlet flow is then separated with Sep tank,
simulating small pressure loss of 0.3 bar in the electrolysis system. Hydrogen and oxygen
are then separated from excess water on their individual streams with serial Flash-separators.
Electrolyte is assumed to be evenly separated for both flows. The excess water-KOH
solution is returned to RStoic-reactor (electrolyser). The return flow was not directly

connected, instead, another water inlet flow was introduced to simulate the water cycle.

7.1.2. Model results and discussion

Electrolysis model produces ~300 kg/h hydrogen (~10.1 MW) and 4.9 MW of excess heat
when assumed 10 % heat loss by the stack, which is close to what one would expect from
17.8 MW electrolyser, calculated with Equations 13 & 20 — 25. In addition, the efficiency
of the electrolyser is 57 %, which is in line with current alkaline electrolysis efficiency
reported in the literature. Therefore, the model can quite accurately simulate the process,
allowing to be as a starting point for further investigations in similar projects in different

conditions.
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However, the Aspen model is quite basic, because RStoic-reactor does not represent the
actual behaviour of an electrolyser. For example, as Sanchez, et al., 2020 concluded, that
increasing the electrolyser inlet temperature leads to the decrease of voltage and
subsequently, to the decrease of power required by electrolysis stack. Simultaneously, the
increasing the inlet temperature reduces Faraday efficiency, which decreases hydrogen
production rate. Higher temperatures and pressures increase the impurities of the produced
gases. System pressure and current density has also significant influence on the efficiency

of the electrolysis system. (Sanchez, et al., 2020)

A more accurate simulation model of an electrolysis could have been developed by creating
a custom model in Aspen Plus software, using the equations 20 — 25 and the coefficients at
Table 7 as a basis. It was decided to not produce the custom model in this thesis, as it is not
the main process in the methanol production. During the future projects in Rejlers, one can
use the separate Excel file to further investigate electrolysis behaviour, and if needed, create
a similar basic simulation model based on them, presenting the results that were calculated

from the equations.

7.2. Simulation of synthetic methanol production

As discussed in Chapter 5.3., CO; hydrogenation (Equation 17), CO hydrogenation
(Equation 18) and reverse water-gas shift reaction (Equation 8) are the main reactions
describing the nature of methanol synthesis. The model was created using Aspen Plus
software (V12.1, Aspen Tech, Bedford, MA, USA) based on them and the work by
Nieminen, et al., 2019. It was assumed for this model that CO» capture would be performed
at the site by an external party, providing 100 % CO> feed. Flow chart and flow sheets of the

simulation are available in Appendix 3.

7.2.1. Model description

Methanol synthesis was modelled using RKSMHV2 (Redlich-Kwong-Soave with modified
Huron-Vidal mixing rules) for sections with over 10 bar pressure, and NRTL (Non-random

two-liquid) for sections with less than 10 bar pressure.

In the model, hydrogen and carbon dioxide are pressurized to 50 bar with a multistage

compressor with cooling to prepare for methanol synthesis. Molar flow of hydrogen was set
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as the outlet of electrolysis model and molar flow of CO2 was set below the stoichiometric
amount for theoretical methanol synthesis (SN 2.9). Pressurized gases were preheated to 230
°C and fed to RGibbs-reactor, which estimates the phase equilibrium and chemical
equilibrium of the system by minimizing the Gibbs free energy. Parameters and assumptions

used in the reactor:
1. The process is steady-state and isothermal.
2. Operating temperature and pressure are 230 °C and 50 bar.
3. All gases are ideal.

4. The gases follow Redlich-Kwong-Soave equation of state with modified Huron-

Vidal mixing rules.
5. All gases are considered as products.

Three bar pressure reduction is assumed in the reactor. Unreacted gases are cooled, flashed,
and recycled back to the reactor. Part of unreacted gases were purged to avoid accumulation
of inert by-products such as methane and nitrogen, as well as less reactive CO», from
accumulating in the reactor and the process loop (Clausen, et al., 2010). To maintain high
methanol yield and minimize hydrogen and carbon dioxide loss, the recirculation rate was
maintained at 90 %. The pressure of the liquid part was reduced to 1 bar and flashed again
to remove dissolved gases in the liquid. The flashed gases were returned to synthesis reactor
in 50 bar pressure. Methanol-water mixture was pre-heated to 60 °C before feeding to
distillation column. The distillation column was designed with specifications listed in Table

8.

Table 8 Synthetic methanol distillation column design specifications

Distillation feed Number of Operation Methanol Methanol
rate, kg/h stages pressure, bar purity, % recovery, %
1774 30 1 99 99

The distillation column consisted of a partial vapor condenser and a kettle reboiler, and the
feed was introduced at above stage 15. Distillation column was specified to achieve 99 %

methanol recovery and 99 % methanol purity, by varying reboiler duty and mass reflux ratio,
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which settled at 646 kW and 0.8, respectively. Distillate was cooled and flashed to remove

any remaining unreacted gases, obtaining 1120 kg/h of 99 % purity methanol.

7.2.2. Model results and discussion

Flow chart and flow sheets of the synthetic methanol synthesis simulation are available in
Appendix 3. The overall methanol efficiency of the model is ~91 %, which is calculated as
the mass flow of methanol in the product stream divided by the theoretical methanol output
based on the CO> hydrogenation reaction with excess hydrogen. It was noticed that reducing
CO; flow from stoichiometric amount resulted in higher overall methanol efficiency without
sacrificing purity. In this thesis model, SN was increased to 2.9, which resulted in higher
methanol conversion efficiency compared to ones reported in literature, such as Nieminen,
et. al., 2019. In addition, the conversion of CO, per pass improved, and the amount of
released off-gases and return gases were reduced by 46 %, and wastewater by 20 %
compared to SN 2 process. This resulted in less energy to be used to handle gases, and

improved energy efficiency.

However, some methanol, CO,, and H» were still lost in the off-gases and wastewater stream.
Most of the lost off-gas was released during the first purge (OFF-GAS 1), which as
discussed, is required to not accumulate by-products in the methanol synthesis loop. In the
model, total of 120 kg/h of CO; and 87 kg/h of H» is purged, or 7 % and 29 % of the
feedstock, respectively. The amount of purged CO2in SN 2 process is 20 % of the feedstock,
and the amount of purged H> is 21 %. Therefore, methanol synthesis seems to be slightly
favoured by excess hydrogen, which improves carbon efficiency and decreases utility usage,

but wastes more hydrogen.

One strategy to decrease the amount off-gases would be to capture CO> and H» with several
membrane filtration stages. Captured CO2 and Hz could be reutilized in methanol synthesis,
reducing required electrolysis power. Hydrogen could be used to produce heat as well. This
aspect is to be further researched when the model of the plant is taken further. For example,

capital costs of such systems and prices of CO> and H> should be thoroughly considered.

If 10 % heat loss is assumed in the modelled process, 1.1 MW of waste heat is generated,
most of which is due to the exothermic nature of methanol synthesis reaction. More in-depth

energy and heat optimization, such as heat integration, was not performed for this model.
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Therefore, the model has still a lot to develop from process design standpoint. However, this
model functions as it was intended to, which is to act as a starting point in future customer
projects for synthetic methanol production facilities. During profitability analysis, utility

usage will be assumed with optimized heat flow management.
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8. Simulation of biomethanol production using Aspen Plus

Thermodynamic background of gasification and methanol synthesis are presented at
Chapters 6.1 and 6.3. The simulation model was created using Aspen Plus software (V12,
Aspen Tech, Bedford, MA, USA) based on the work done by Anetjarvi, et al., 2023, Zhang,
et al., 2021, Huang & Jin, 2019 and Nieminen, et al., 2019. Aspen Plus flowchart and flow
sheets for the whole process are presented in Appendix 4. The model is in a single file,
separated into three distinct sections: gasification, syngas treatment and methanol synthesis.
Input mass flows for this demonstration scale plant were iterated to have the similar yield of

methanol as in synthetic production plant simulated in Chapter 7.

8.1. Model description

In the model, biomass is fed to gasifier unit to produce syngas, after which syngas is fed into
the post-treatment unit to remove impurities. Post-treatment is simplified and is not modelled
thoroughly; however, it will be taken into consideration as capital expenditure. Purified
syngas is then compressed to methanol synthesis unit to produce methanol via hydrogenation
of CO; and CO. Finally, the mixture is flashed and distilled to separate unreacted gases,

methanol, and water.

Each component in the model was specified and assigned as conventional or non-
conventional according to Table 9. Biomass in Aspen Plus modelling is considered a non-
conventional compound and does not contribute to phase or chemical equilibrium
calculations unless converted into conventional compounds such as C, Ha, Oz, N2, S and

H>O (Mutlu & Zeng, 2020).

Peng-Robinson equation of state with Boston Mathias alpha functions (PR-BM) was
selected as base method for describing the properties of conventional components, while
HCOALGEN and DCOALIGT methods were selected for nonconventional components’
enthalpy and density properties, respectively. Stream class was specified as MIXCINC. For
non-conventional components’ attributes (proximate analysis results for PROXANAL,
ULTANAL and SULFANAL), typical Finnish pine pellet proximate analysis results, given

in Table 10, were assigned.
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Table 9 Component IDs used in Aspen Plus simulation and their types, component names and CAS numbers.

Component ID Type Component name CAS number
BIOMASS Nonconventional

ASH Nonconventional

H20 Conventional WATER 7732-18-5
CO Conventional CARBON-MONOXIDE | 630-08-0
CO2 Conventional CARBON-DIOXIDE 124-38-9
CH4 Conventional METHANE 74-82-8
NH3 Conventional AMMONIA 7664-41-7
H2S Conventional HYDROGEN-SULFIDE | 7783-06-4
N2 Conventional NITROGEN 7727-37-9
02 Conventional OXYGEN 7782-44-7
S Conventional SULFUR 7704-34-9
C Conventional CARBON-GRAPHITE | 7440-44-0
CH40 Conventional METHANOL 67-56-1
H2 Conventional HYDROGEN 1333-74-0

In the gasification section, RStoic and Sep reactor blocks are used to simulate removal of
moisture and separation of moisture from biomass, respectively. RYield reactor block
decomposes non-conventional component BIOMASS into separate elemental components
and mass flows, according to elemental analysis results given at Table 10. Steam gasification
is performed in RGibbs reactor, which estimates the phase equilibrium and chemical

equilibrium of the system by minimizing the Gibbs free energy.



55

Table 10 Typical elemental distribution and proximate analysis results of Finnish pine pellets. Modified from (Kuittinen,
2012; Vanninen, 2009)

Moisture | Volatile Fixed Dry matter | Ash | C H N (0] S [%]
[%] matter [%] | carbon [%] | (DM) [%] | [%] | [%] | [%] | [%] | [%]
Pine 5-12 80 -85 3-15 40-70 0.4- | 48- | 5.7- | 0.5- | 38- | <0.05
pellets 0.6 |52 6.5 |23 |44

Parameters and assumptions used in the reactor:
1. The process is steady-state and isothermal.
2. Operating temperature and pressure are 800 °C and 1 bar.

3. Saturated 200 °C steam (~14.5 bar) is fed into the reactor, with biomass-to-steam

ratio of 1.4.
4. The formation of tar or heavy metals is ignored, and all sulphur is formed as H»S.
5. Gasification product gas contains only CO, CO, H>, NH3, CH4, N>, H>O, and H>S
6. All gases are ideal.

7. The gases follow Peng-Robinson equation of state with Boston Mathias alpha

functions.

Syngas is then purified from H>S, NH3 and ash. Solids such as ash and other condensing
components are removed from syngas with cyclone and then cooled to 70 °C. Removal of
H>S and NHsz was simplified with separator block. Removal and recovery of these
compounds were not included in this thesis and should be simulated separately. However,
purification equipment for tar, chlorides and sulphuric compounds will be considered in

capital expenditures (Chapter 9.2.).

The cooled syngas is compressed to 50 bar pressure with a multistage compressor to prepare
for methanol synthesis. Pure hydrogen is also fed to the reactor to improve the yield and
reduce the amount of unreacted gases during the synthesis. Synthesis is performed in a
RGibbs-reactor, which estimates the phase equilibrium and chemical equilibrium of the
system by minimizing the Gibbs free energy. Parameters and assumptions used in the

reactor:

1. The process is steady-state and isothermal.
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2. Operating temperature and pressure are 200 °C and 50 bar.
3. All gases are ideal.

4. The gases follow Peng-Robinson equation of state with Boston Mathias alpha

functions.
5. All gases are considered as products.

Three bar pressure reduction is assumed in the reactor. Unreacted gases are cooled, flashed,
and recycled back to the reactor. 10 % of unreacted gas was purged to avoid accumulation
of by-products (by products were not modelled). Pressure of the liquid part was reduced to
1 bar and flashed again to purge dissolved gases in the liquid. Methanol-water mixture was
pre-heated to 60 °C before entering distillation column. The distillation column was

designed with specifications listed in Table 11.

Table 11 Biomethanol distillation column design specifications

Distillation feed | Number of stages Operation Methanol Methanol
rate, kg/h pressure, bar purity, % recovery, %
1515 30 1 99 99

The distillation column consisted of a partial vapor condenser and a kettle reboiler, and the
feed was introduced at above stage 15. Distillation column was specified to achieve 99 %
methanol purity and 99 % methanol recovery, by varying reflux ratio and reboiler duty,
which settled at 0.8 and 656 kW, respectively. 1102 kg/h of 99 % purity methanol and 413

kg/h of wastewater was obtained from the distillation column.

8.2. Model results and discussion

Flow chart and flow sheets of the simulation are available in Appendix 4. The yield of
biomethanol was improved after decreasing the amount of steam in gasification reactor.
Zhang, et al., 2021 recommended steam-to-biomass ratio of 1.4, however, in this research,
the excess steam was determined as not beneficial to the overall process. Higher steam feed
increased the concentration of CO; in syngas, however, it also increased the amount of
unreacted gases after methanol synthesis and the amount of waste water after distillation and

subquently the required heat for distillation.
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In fact, reducing a part of steam, and adding hydrogen to methanol synthesis reactor greatly
improved the efficiency of the system. Hydrogen could be either purchased from hydrogen
grid or produced on-site if economics are favoured. With this hybrid system, 1102 kg/920
kg biomass (120 %) yield of methanol with 97 % carbon utilization was achieved. In
previous studies, it has been reported that the carbon utilization rate in biomethanol
production through conventional steam gasification is 53 — 62 % (IRENA and Methanol
Institute, 2021; Hannula, 2016). Anetjarvi, (2022) also reported high carbon utilization rates
in his research: 90.9 % for hybrid oxygen gasification and 89.9 % for hybrid oxygen-steam
gasification. Thus, significant benefits were achieved by manipulating SN number to above
2 at later stage. On the other hand, decreasing the amount of steam in gasification decreased
CO> concentration in syngas, as less oxygen was available. With low CO; concentration

even more hydrogen was required to favour methanol synthesis.

It was also observed that the concentration of CH4 in syngas was quite low, contradicting
experimental results reported by Zhang, et al., 2021. In low temperature conditions and short
reaction times, the steam methane reforming reaction has slow kinetics, and it is not able to
complete in experimental conditions. In simulations, where temperature remains constant

and time is not limited, the concentration of methane is very low.

Methanol synthesis could be performed with lower heat compared to synthetic methanol
synthesis (200 °C vs 230 °C). This is due to presence of CO, hydrogenation of which can be
performed in lower temperature. In fact higher temperatures increased the amount of

unreacted gases and decreased methanol yield.

In-depth energy and heat optimization, such as heat integration, was not performed for this
model either. Multiple heat integration options are present, perhaps the most notable one is
to use waste heat from gasification to generate the needed steam, or to use it to preheat feed
streams. Overall however, this model functions as it was intended to, which is to act as a
starting point in future customer projects for biomethanol production facilities. During

profitability analysis, utility usage will be assumed with optimized heat flow management.
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9. CAPEX analysis of methanol production

To decarbonize energy and chemical industry, several combinations of technologies and raw
materials need to be utilized. Biomass feedstock, carbon capture and storage, circular
economy and renewable energy form the backbone of this transition. Transformation has a
large impact to current fossil fuel-based infrastructure structure and must be supported by
correct incentives and disincentives by governments, which aren’t fully there yet. The

uncertainty contains a risk that must be considered when investing. (Saygin & Gielen, 2021)

Petrochemical complexes are concentrated in the Middle East due to the availability of cheap
oil and gas, and in China, due to domestic demand. However, future choices for the location
may be influenced by multiple other factors such as access to low-cost renewable power,
proximity to biomass resources, and CO; storage potential. While the conventional approach
involves transporting large amounts of raw material to central processing facilities, an
emerging trend suggests that smaller, decentralized plants near biomass production sites
could be economically more favourable. This decentralized model is already observable in
existing sugar and ethanol production plants as well as pulp and paper industries, where
multiple smaller plants are scattered where fuel and raw material are in proximity. (Saygin

& Gielen, 2021)

One of the winners of this trend may be Finland, who has already invested a lot in renewable
energy and where companies are keen to invest even more (HS, 2023). Availability of cheap
renewable energy and biomass in Finland creates great business opportunities for energy
transition investments. To support these investments to Finland, this section of this thesis
investigates CAPEX costs for a renewable methanol production plant in a certain location in
Finland. In chapters 9.1. and 9.2., CAPEX of synthetic methanol production facility and
biomethanol production facility are investigated, respectively. Realistic ballpark cost
assumptions with multiple literature references and quotations from vendors are used to
produce preliminary cost estimate with £ 40 % accuracy. To achieve more accurate
estimates, further study and engineering with all disciplines must be done, such as soil
surveys, arrangement drawings, 3D modelling etc., to receive accurate quotations from
vendors. Actual prices of delivered equipment depend on such factors as the place and time

of delivery, market conditions, sizes and specifications of the equipment, pricing currency,
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service guarantees, manufacturer, etc. Thus, large assumptions and generalizations must be

done.

CAPEX was generally estimated by using actual vendor quotations from Rejlers projects as
well as information available in literature. Equipment cost levels were verified using Aspen
Process Economic Analyzer (APEA), and scaled from costs available in literature, for

additional verification. The equipment scaling was performed using Equation 26:
S n
C; = G (3) (26)

where C: is the resized equipment cost, C; is the original equipment cost from literature, S>
is the capacity in the simulation model, S, is the design capacity in the literature, and # is the

scaling exponent, where average value of 0.6 was used. (Sinnott & Towler, 2020)
CAPEX estimation from equipment costs for verification was performed using Equation 27:
CAPEX = 6.32EC (27)

where EC is the resized equipment’s cost, and CAPEX includes all costs associated in an
investment project: equipment, piping, electrification, instrumentation, automation, steel
structures, fire extinguishing equipment and their subcontracting, design allowance, design
work, supervision of installation, start-up and commissioning, scaffolding, cranes,
temporary facilities, etc, which are categorized separately for synthetic methanol and
biomethanol production facilities. Costs regarding buildings, offices, laboratories,
wastewater treatment facilities, plot acquisitions or loan interest rates are not considered in
cost estimates. Contingency is added over the CAPEX estimate, to form an estimate for Total

Investment Cost (TIC).

Design allowance is used as an adjustment to the estimated items, to provide for expected
changes in design. Contingency is a project specific cost, that is assumed to be used in the
project but can’t be specified during the cost estimate. It is an amount added to an estimate
to allow for items, conditions, or events for which the state, occurrence, or effect is uncertain
and that experience shows will likely result, in aggregate, in additional costs. All costs were
calculated for 2020, before the COVID-19 pandemic. Equipment cost data gathered from
earlier years were adjusted with cost escalation index. Engineering, project management and
supervision were assumed as 4 % of TIC, and contingency as 20 %. The share of engineering,

project management and supervision costs from TIC are typically lower in large investment
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projects. In addition, in these projects, the major equipment packages are assumed to be

designed by technology providers, which have included the engineering costs in their offers.

9.1. Synthetic methanol production

Process Flow Diagrams (PFD) for synthetic methanol production were produced based on
the simulation model and available scientific publications to include all required equipment
with preliminary energy optimization concept that was not considered in Aspen models. Cost
estimation includes the major equipment shown in PFDs and required auxiliary equipment

with certain assumptions, which in addition to general inclusions and exclusions are:
1. Production site locates in Finland, at industrial area close to a city.

a. Process utilities such as cooling water and steam are already available.

Connections to those systems are done.

b. Excess heat is upgraded with 2 heat pumps and transferred to district heating

network.
2. Water for electrolysis is pumped from nearby lake or ocean and purified.
3. COz is delivered to site in liquid state and stored at -40 °C and 10 bar pressure.
4. Oxygen is stored in compressed state, at 40 bar pressure.

5. Connection to 110 kV transmission line and required substations are included in cost

estimate.

6. 40 000 m? plant area is assumed, with reasonable civil work: the plot is not

groundwater area, the land is not spoiled, and no underground piping is built.

TIC of 83 700 000 € was estimated for synthetic methanol production facility, using multiple
literature references and quotations from vendors. APEA was used to validate the costs of
equipment included in Aspen model. The APEA estimation was 75 % from the estimated
TIC, which indicates that TIC estimate aligns reasonably within the cost estimate accuracy
but is not great. The estimated TIC is higher because the received offers for methanol
synthesis are double priced compared to APEA, most likely due to uncertainties,
contingencies, licence costs and contractor profit which are included in the offers. In

addition, the actual TIC is most likely lower, given the high contingency percentage and
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accumulating contingencies and design allowances in the cost estimate. This is evident when
contingency is removed from the TIC estimate, as the alignment between the APEA estimate

and the TIC estimate increased to 93%.

Estimated CAPEX for methanol synthesis in this thesis is much higher compared to
estimates in literature. For example, Dieterich, et al. (2020) reported CAPEX costs of
380 000 — 410 000 € per ton of methanol production capasity per day. In this thesis, the
figure was over quadrupuled. Economic analyses in research papers often consider only the
installed equipment cost and neglect many of the needed utilities, civil work, contractor
profits, temporary facilities for construction, contingencies, etc. in the cost estimate. In
addition, the economies of scale have a great impact on the investment cost. The plant
investigated in this thesis is pilot-scale, thus much smaller compared to the cases reported
by Dieterich, et al. (2020). Large scale plants are often more competitive, as the cost per ton

of methanol is lowered.

9.2. Biomethanol production

PFDs for biomethanol production were produced based on the simulation model and
available scientific publications to include all required equipment with preliminary energy
optimization concept that was not considered in Aspen models. Cost estimation includes the
major equipment shown in PFDs and required auxiliary equipment with certain assumptions,

which in addition to general inclusions and exclusions are:
1. Production site locates in Finland, at remote industrial area.
a. Cooling water is already available and connections to that system is done.
2. High pressure steam is produced in the plant. Biomass is used to produce the steam.
3. Waste heat from gasification is used to pre-heat feed streams.

4. Connection to 110 kV transmission line and required substations are included in cost

estimate.

5. 50 000 m? plant area is assumed, with reasonable civil work: the plot is not

groundwater area, the land is not spoiled, and no underground piping is built.
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TIC of 74 200 000 € was estimated for biomethanol production facility using multiple
literature references and quotations from vendors. APEA was used to validate the costs of
equipment included in Aspen model. The APEA estimation was 79 % from the estimated
TIC, which indicates that TIC estimate aligns reasonably within the cost estimate accuracy
but is not great. The estimated TIC is higher because the received offers for methanol
synthesis are double priced compared to APEA, most likely due to uncertainties,
contingencies, licence costs and contractor profit which are included in the offers. In
addition, the actual TIC is most likely lower, given the high contingency percentage and
accumulating contingencies and design allowances in the cost estimate. This is evident when
contingency is removed from the TIC estimate, as the alignment between the APEA estimate
and the TIC estimate increased to 88%. Compared to synthetic methanol production, the
alignment increase was lower, as APEA cost estimate for biomethanol production was

higher.
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10. Products and their market

Sources of revenue for synthetic methanol production plant are methanol, oxygen, and waste
heat, while in biomethanol production plant only methanol is considered. In this Chapter,
the market environment and selling prices for methanol, hydrogen, oxygen, and district
heating are discussed, to get a baseline cost and analysis range for profitability analysis in

Chapter 12.

10.1. Methanol

Global methanol demand estimates for 2022 was 88 million tons and the analysts’ consensus
seem to expect that it will increase to 136 million tons by 2032. The largest methanol market
today is in China, who is producing and consuming more than half of the total global demand
for fuel and chemical production. European and North American markets can be considered
as emerging markets, mainly driven by the shipping industry. (Chemanalyst, 2023; S&P
Global Commodity Insights, 2023)

In the longer term, the total demand of methanol is expected to increase rapidly to as high as
400 — 500 Mt by 2050, depending on the source (Saygin & Gielen, 2021; IRENA and
Methanol Institute, 2021). This is due to its potential use as platform chemical, as well as
fuel for transportation and energy generation. Renewable methanol can potentially address
a significant portion of the fuel needs, especially in sectors that are challenging to electrify,
such as heavy truck transportation and shipping. In fact, marine methanol engines are already
available in the market. As of September 2023, 185 hybrid methanol vessels have been
estimated to be ordered, and the renewable methanol demand for shipping industry is
expected to reach 7 million tons by 2030 and 82 million tons by 2050, which is close to the
amount that is currently produced with fossil fuels. (Chemanalyst, 2023; S&P Global
Commodity Insights, 2023)

Nevertheless, as discussed in Chapter 2, over 99 % of the currently produced methanol is
produced from natural gas or coal, the reason being completely economical. Renewable
methanol production has not been cost competitive compared to methanol produced from

fossil fuels. Synthetic methanol involves even higher costs due to the high investment cost



64

for electrolysers and, in some cases, carbon capture processes, as well as the cost of
electricity. (IRENA and Methanol Institute, 2021; Dieterich, et al., 2020) The estimated
prices for the current and matured fossil methanol, biomethanol and synthetic methanol

prices are presented in Figure 12.

Current and future production costs of biomethanol and
synthetic methanol
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Figure 12 Current and future production costs of biomethanol and synthetic methanol Source: (IRENA and Methanol
Institute, 2021, Dieterich, et al., 2020)

As presented in Figure 12, the costs of renewable methanol are expected to reach
competitional levels when the technologies associated to them mature enough and
productions are scaled. For renewable methanol to be able to compete with fossil methanol,
Dieterich, et al. (2020) estimated that fossil methanol price needs to be over ca. 320 €/ton
(also shown in Figure 12). Since 2003, the European price of methanol has been fluctuating
between 150 — 550 €/ton and has been around 400 €/ton from the start of 2022 (Methanol
Institute, 2023). Indeed, already at current state, biomethanol price can be competitive with
fossil methanol. However, the prices are market driven and can decrease again. Thus,
government regulations are needed to enforce incentives such as carbon taxes on fossil
methanol. These measures aim to encourage the adoption of renewable methanol by creating
a financial advantage for it. This, in turn, increases investments in renewable methanol

production, resulting in reduced carbon emissions. (IRENA and Methanol Institute, 2021)
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The methanol product is assumed to be used as traffic fuel; thus it is subject to excise duty,
containing energy content tax, carbon dioxide tax and strategic stock fee. Excise duty on
liquid fuels is added on methanol price. Synthetic methanol and biomethanol are taxed for
different rates, as biofuels produced from wastes is not subject to carbon dioxide tax. For
2023, total tax rates of synthetic methanol and biomethanol are 32.95 cent/l and 27.58 cent/I,

respectively. (Vero, 2023)

10.2.  Hydrogen

Hydrogen demand has been steadily growing, but it is not a result of hydrogen policies for
decarbonization, but rather due to global energy trends. Hydrogen demand in 2022 was 95
million tons, most of which was consumed by refineries and chemical industry. In refineries,
41 million tons of hydrogen was used mostly in hydrotreating and hydrocracking processes
for desulfurization and production of high value oil products. In the chemical industry, 53
million tons was used mainly as feedstock for ammonia and methanol production. The
demand estimates vary between 77 — 212 million tons and 148 — 660 million tons for 2030

and 2050, respectively. (IEA, 2023)

While hydrogen has the potential to be used in a broader range of applications, e.g. in steel
industry, it has not been utilized. This is due to lack of competitiveness with other low-
emission technologies, fossil fuels, or because the maturity of end-use technologies are
lacking. The demand for traditional applications for hydrogen are expected to continue as it
currently stands. The high expected demand increase for hydrogen is due to the efforts to
decarbonize industries in new applications, especially in sectors where emissions reduction
is challenging, and alternative low-emission technologies are limited. Such applications are
reducing agent for iron, transport, hydrogen-based fuel production (such as methanol),
biofuels upgrading, high-temperature industrial heating, as well as electricity storage and

generation. (IEA, 2023)

The main selling point of hydrogen is its renewability. In February of 2023, the EU adopted
supplementary acts to RED II, where renewability of liquid and gaseous fuels of non-
biological origin were defined in detail. In the case of renewable hydrogen, a direct
connection of electrolyser to renewable electricity source is counted as fully renewable

when:
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hydrogen production equipment is directly connected to a renewable electricity

source, or renewable electricity and hydrogen is produced with the same equipment

renewable electricity production came into operation during 36 months before the
installation of hydrogen production equipment. If hydrogen production capacity is
increased, it is also considered renewable and part of existing installation, if it is
installed at the same site as the initial equipment, and the capacity increase takes
place during 36 months after starting the operation of initially installed equipment;

and

the installation is not connected to the grid. If it is, the operator must prove that no
electricity has been taken from the grid to produce hydrogen. (European

Commission, 2023)

If however, the electricity used to produce hydrogen is taken from the grid, at least one the

following requirements must be met:

1.

Over 90 % of the electricity in the bidding zone is produced with renewable
electricity. However, the full load hours of hydrogen production may not exceed the

share of renewable electricity in the bidding zone.

Emission intensity of electricity in the bidding zone is lower than 18 g CO2eq/MJ. In
addition, hydrogen producers need to have renewable power purchasing agreements

in place for at least the amount of hydrogen that is claimed to be renewable.

Electricity is consumed during an energy imbalance period (high production).
Hydrogen producer must prove that renewable energy power generation was scaled
down by national transmission system operator, and the electricity used for hydrogen

production prevented the need for additional adjustments.

4. The requirements of additionality, temporal and geographical correlation are met.

a. Additionality: hydrogen producer needs to have renewable power purchasing
agreements in place for at least the amount of hydrogen that is claimed to be
renewable, or hydrogen producer generates renewable electricity in their own
facility for at least the amount that is claimed to be fully renewable. In

addition:
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i. renewable electricity production has come into operation during 36

months before the installation of hydrogen production equipment, and

ii. the installation generating renewable electricity has not received

financial support, except for specific cases.

b. Temporal correlation: hydrogen is produced during the same calendar month
as renewable energy. This requirement is valid until 31.12.2029, after which

the time period is shortened to one hour.

c. Geographical correlation: the renewable electricity generation (for which

purchasing agreements were done) is done in one of the following locations:
1. in the same bidding zone as the hydrogen production equipment

il. in an interconnected bidding zone, including in another member state,
if the electricity prices in that interconnected bidding zone is equal or
higher on the day-ahead market as the area where hydrogen is

produced; or

iii. in off-shore bidding zone, which is interconnected to the bidding zone
where the hydrogen production equipment is located. (European

Commission, 2023)

The EU, in its hydrogen strategy for a climate-neutral Europe, set a target in 2020 to install
at least 6 GW of electrolyser power and to produce 1 million tons of renewable hydrogen in
the EU by 2024. From 2025 to 2030, the target is to install at least 40 GW of renewable
hydrogen electrolyser capacity and increase the production of renewable hydrogen up to 10
million tons. For 2030 to 2050, the EU expects that renewable hydrogen technologies are
matured enough and are deployed in large scale to all hard-to-decarbonize sectors. At the
end of 2022, renewable hydrogen production in the EU was merely 29 kilotons (European
Hydrogen Observatory, 2023). However, the number of studies and intended renewable
hydrogen production facilities have increased each year. (European Commission, 2020; [EA,

2023)

This trend is not only for the EU. Current low carbon hydrogen projects (based on
electrolysis and low-emission electricity as well as based on fossil fuels with carbon capture,

utilization, and storage) are reaching 38 Mt of production by 2030, if they are realized. As
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of September 2023, only 4 % of those projects have made a final investment decision, which
is due to slow implementation of governmental funding, inflation and increased interest rates
and supply chain disruptions. All of which increase uncertainty towards investing. In
addition, electrolyser manufacturers have announced to increase their annual production
capacity from current 14 GW to 155 GW by 2030, but their investment decisions are also
mostly on hold due to the uncertainty of the market. Electrolyser manufacturing capacity
needs to increase to decrease the cost of electrolysers and to meet GHG emission reductions

in the industry sector. (IEA, 2023)

In addition to the cost of electrolyser, its efficiency, and the cost of electricity, including
electricity production method, play a great role in determining the cost of renewable
hydrogen. The cost of electricity is strongly regional. For example, the average spot
electricity price during the first half of 2023 was 252.2 €/ MWh in Italy and 80.8 MWh in
Finland, highest and lowest prices in EU, respectively (Eurostat, 2023). Various studies have
suggested that the current renewable hydrogen production costs using electricity from
renewable sources are 3.2 — 13 €/kg. For example, Schnuelle, et al. (2020) reported that the
cheapest hydrogen production costs are associated with onshore wind powered AEL
electrolysers, with 4.33 €/kg of hydrogen. In 2021, fossil-fuel based sources offered the
cheapest hydrogen with price of 1 — 3 €/kg. Combined with CCUS, the production price
increased moderately to 1.5 — 3.6 €/kg. The capital costs of electrolysers are expected to
decrease significantly in the near future due to economies of scale and further technology
innovation. In addition however, electricity costs would need to be decreased to below 20
€/MWh. The cheapest levelized cost of energy from new wind and solar installations is

around 40 — 50 €/ MWh. (IEA, 2023; Hofrichter, et al., 2023; Sankaran, 2023)

In many cases, investments for hydrogen production are accompanied by investments for
renewable energy generation, and the electrolysers are given their own dedicated renewable
energy supply to decrease electricity costs. As methanol synthesis process requires a stable
hydrogen feed and full load hours, higher ratio of renewable electricity generation to the
electrolyser power consumption is needed. In addition, hydrogen storages accompanied with
battery storages or grid electricity are required to control the overall energy balance. Some
excess renewable electricity may not be used or stored, but the excess electricity capacity
increases the overall operation hours of the electrolyser and synthesis process. Moreover, if

the renewable energy generation costs are lower than the electrolyser costs, it's beneficial to
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have a higher renewable energy capacity-to-electrolyser ratio. Conversely, if electrolyser
and synthesis process costs are low or renewable energy costs are high, a lower capacity

ratio is more favourable. (IEA, 2023)

10.3.  Oxygen

As a by-product of electrolysis, oxygen is often neglected in the hydrogen production
discussions. However, each kg of hydrogen produced by electrolysis produces nearly 8 kg
of pure oxygen without additional energy, making it an asset that should be utilized to
improve the economics of renewable hydrogen production. (Squadrito, et al., 2023; Kato, et

al., 2005)

Oxygen is an important industrial gas used in many processes such as combustion,
semiconductor production, mining industry, metal refining, chemical industry, wastewater
treatment as well as delignification and bleaching in pulp and paper industry. As discussed
in Chapter 6.1.2., oxygen can also be utilized as gasification agent in biomass gasification,
and the hydrogen can be utilized in subsequent methanol synthesis reactor. Oxygen has other
smaller applications in e.g. glass industry, hospitals, ozonation (of e.g. drinking water) and

as welding gas. (VTT, 2017; Kato, et al., 2005)

The exact oxygen production and consumption statistics are difficult to estimate, as Eurostat
releases industrial chemical statistics by hazard class (Eurostat, 2022). Indexbox, (2022)
estimated that European consumption of oxygen was around 37 million tons in 2021, and
VTT, (2017) estimated that consumption in Finland was around 1.3 million tons in 2017.
Insights to market development were not publicly available. As electrolyser amount
increases in the future, oxygen availability exceeds consumption, which may decrease
market prices in the future. However, for this to occur, oxygen providers need to be located
near users, as oxygen’s value becomes negligible when there are no consumers nearby to

make use of it. (Eurostat, 2022; Indexbox, 2022; Rejlers, 2021)

Long-range transportation requires additional investments due to compression, or
liquefaction, and storage. Thus, decentralised hydrogen production may create market
opportunities for by-product utilization and to improve plant economics. However, VTT,
(2017) in its estimation of Finnish oxygen demand, concluded that an ideal consumer, with

high demand for ultrapure (>99.99 %) oxygen does not currently exist in practise, and that
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current technology (already invested capital) produces sufficient amount and quality oxygen
for industry. If the electrolyser-produced oxygen were directly supplied to a large-scale
industrial user, which typically obtains the oxygen from on-site generation systems operated
by an external company specialized in industrial gases, the oxygen could be sold for 15 — 20
€/ton. In this thesis plant model for synthetic methanol, oxygen is compressed to a storage
tank and sold to nearby customer, such as wastewater treatment facility, metal refining
facility, biorefinery or pulp mill, for 20 €/ton. (Squadrito, et al., 2023; VTT, 2017; Rejlers,
2021)

Nevertheless, as electrolysers produce high purity oxygen, hospitals are an interesting
market segment. COVID-19 pandemic emphasized how essential oxygen is to heath care
system and showed that it is a necessity to continuously supply it both to hospitals and health-
care centres. When oxygen is produced in abundance, the price of medical oxygen will most
likely decrease drastically, easing the situation in future epidemics or pandemics. Moreover,
hospitals could invest in photovoltaic cell and electrolyser system to produce the oxygen it
needs on-site and store the hydrogen as energy or sell it, to increase resilience against both
energy and oxygen shortage (Maggio, et al., 2022). In Finland, the gas quality used in
medical applications needs to fulfil the European Pharmacopeia criteria, and manufacturers
(gas 1s produced outside of hospitals and health-care centres) are accepted and regulated by
Finnish Medicines Agency (Fimea). Cost savings could be major, as the price of bottled O»
was reported at 3 — 7 €/kg, which did not include bottle/bottle rack rental costs. (Squadrito,
et al., 2023; Fimea, 2023; VTT, 2017)

10.4.  Waste heat for district heating

Large amounts of waste heat is produced during electrolysis and methanol synthesis. Selling
the excess heat can significantly improve the economics of the synthetic methanol
production plant. The most energy-efficient option is to utilize excess heat within the plant
operations or buildings and then sell the remaining heat to local district heating network
provider. District heating is a regional centralized heating system commonly used to heat
buildings and their domestic hot water, as well as some industrial processes. District heating
providers also typically produce electricity at their facilities (Combined Heat and Power,

CHP). (Lehtonen, 2022)
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Waste heat is directly usable in a district heating network if its temperature exceeds district
heating water on supply side, which typically fluctuates between 65 — 120 °C throughout the
year, depending on municipalities. During winter, the demand for heating is typically five-
fold compared to summer, thus the district heat network temperature is also higher. Utilizing
waste heat typically requires preheating with a heat pump. The investment and operational
costs are typically inversely proportional to temperature of the waste heat. Achieving high
temperatures with heat pumps is challenging, as its efficiency decreases with increasing
temperature, leading to increasing operational costs. (Poyry Management Consulting Oy,

2016)

The market price of waste heat mainly depends on the location of the production facility
within the district heating network, as well as timing, temperature and amount of heat added
to the network. Other pricing components the district heating company must consider are
reliability of supply, operational adjustments, heat flow bottlenecks and system
optimization. In 2023, Helen Oy’s purchasing pricing for Helsinki varies based on season
(15.98 — 64.09 €/ MWh), and Fortum Oy’s purchasing pricing varies based on outdoor
temperature (14.30 — 50.00 €/MWh). Average price of 35 € MWh was chosen to be used
during profitability analysis. The district heating company may pay premium for waste heat
that is close to the network's supply water temperature. (P6yry Management Consulting Oy,

2016; Lehtonen, 2022)
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11. Raw materials and their cost structure

OPEX are the costs that are associated with running a production plant. The costs can be
divided to fixed and variable costs. Fixed costs do not vary by the amount of produced
product, and include e.g. rent, leases, insurance, and maintenance contracts, which are not
considered in this thesis. Variable OPEX changes with the amount of production and market
conditions. Variable costs in a methanol production plant include the cost of raw materials,
utilities, equipment maintenance (grid connection, catalyst replacement, electrolyser stack

replacement).

In this chapter, the costs of the main raw material for methanol synthesis are investigated
and their market is discussed, to get a baseline cost and analysis range for profitability

analysis in Chapter 12.

11.1.  Lignocellulosic biomass

Lignocellulosic biomass includes a variety of waste and virgin biomass from plants,
agriculture, and forestry, but for this analysis, only woody biomass available in Finland is
discussed. Most of the Finnish forests (60 %) are owned by private individuals, who supply
80 % of the total domestic wood used in forest industry today (Metséteollisuus, 2023). As
these sites are scattered and the yield per site is low, supply chain management and logistics
form a large portion of the cost of lignocellulosic biomass (typically 30 — 50 %). Other cost-
effecting parameters are the quality of biomass (type of biomass, moisture content, storage
periods for green matter and impurity reduction), regional availability (size of the felling
area, balance of supply and demand, availability of buffer storage) and accessibility to the
sites (accessibility via road, forest structure, land use classes). Cost reductions are achieved
with integration of supply stages such as simultaneous chipping and transporting, closer
distances between supply stages, and economies of scale, which are hard to achieve due to
the scattered nature of forest sites. Payloads of transportation vehicles can be increased by
increasing energy density, that is reducing particle sizes and decreasing moisture of biomass,
or by developing lighter and larger vehicles, supported with increase of maximum truck

weight loads, axles, and height by legislation. (Ranta, 2020)
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Figure 13 presents an example of the supply chain cost structures for different biomasses in
Kouvola region with raw material from 54 km distance. It can be seen from figure that
logging residues have the lowest overall cost, but their transportation costs are the highest.
A breakeven price for biomass must be calculated during profitability analysis (Chapter 12).
In 2022, average log harvesting costs and road transportation costs for Finnish wood were
8.5 €/m* and 10.2 cents/m°km, respectively (Metsiteho, 2023). This translates into 39.6
€/dry ton and 47.5 cents/dry tkm, or 4.4 € MWh and 5 cents/MWh km when 50 % moisture
content and 405 kg/m® density pine logging residues are assumed (Laitila, et al., 2016;
Hakkila, 1978).
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100.0

" Truck transporting

80.0 - M Baling & storing of straw
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grinding at the plant chippig at the average cutting cost average cutting cost - average cutting cost +
roadside landing SD SD

Figure 13 Supply chain cost breakdown for different biomasses in Kouvola region with raw material from 54 km distance.
SD =standard deviation. Source: Laitila, et al., 2016

The future potential of biomass resources is debated, and there are a wide range of estimates
regarding the amount of bioenergy that can be sustainably generated. Estimates have
concluded that relying too heavily on biomass harvesting may result in negative
environmental and socioeconomic effects. Moreover, the availability of biomass supply may
be limited due to land and water use limitations and biodiversity conservation strategies. In
addition, with increasing renewable energy production (Chapter 11.2) and storage and
demand management strategies, the need for biomass-based thermal electricity generation
may be limited to a few hundred hours instead of thousands throughout the year. Thus in the
future, thermal production plants that solely generate electricity or heat are unlikely to be

economically viable. It may be justified to anticipate that future biomass usage will be
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prioritized for applications that lack cost-effective alternatives, such as production of
renewable fuels, materials, and chemicals, where heat and electricity production would be

integrated. (Thunman, et al., 2018; Slade, et al., 2014)

11.2.  Electricity

In Finland, energy is traded in the Nord Pool Spot market. Overall, the cost of electricity for
an industrial plant usually consists of spot price (consisting of system price and area price),
transfer fees, taxation, and other costs, such as physical delivery fee, guarantees of green
origin, balancing power trade costs, Fingrid-fee, and balance service costs. The total
operational cost can be decreased by integrating to an own off-grid renewable energy source,
such as wind farms. It should be noted that such a system is not necessary for the hydrogen

to be classified as renewable, as discussed in Chapter 10.2. (Rejlers, 2021)

While fixed electricity pricing would improve predictability of the expenses, it may not be
economical for electrolysis operation. Spot price optimization allows to operate the
electrolyser with higher power during low-cost hours, which enhances the economic
viability of the process. A breakeven price for electricity must be calculated, which is the
maximum allowable electricity price to avoid negative impact on payback time. Above this
price, electrolysis should be placed on standby, which reduces the running hours of the plant,
and increases the prices of produced hydrogen. Moreover, the temporal correlation
requirement by the EU is predicted to further increase hydrogen prices, as it also limits the
number of hours an electrolyser can be operational and increases the intermittency of

production in some countries. (Hydrogen Insight, 2023)

However, Finnish industries may be more competitive due to high renewable/low-emission
energy capacity (Treasury Finland, 2023). In an estimate by Fingrid, Finland will produce
145 TWh of electricity in 2030, from which 75 TWh is generated by wind power (Fingrid,
2023). That is 6.5-fold increase compared to 2022 (Tuulivoimayhdistys, 2023). This could
mean yearly average spot prices of 45 €/ MWh in 2024, 40 €/ MWh in 2025, and 30 €/ MWh
in 2030, which would make electricity produced in Finland the cheapest in Europe (Montel,

2023).
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11.3. CO2

In this thesis model plant for synthesis methanol production, CO; is assumed to be purchased
as a raw material, so no capturing equipment is included in the capital expenditures. Carbon
dioxide emitted by industries is a valuable resource and should be captured for renewable
fuel and material production. However, the expenses associated with capturing, purifying,
and transporting carbon need to be decreased to make them competitive in terms of cost. As
discussed in Chapter 6.2.2., the energy required to capture CO; from low-concentration
source is higher compared to high-concentration sources. Table 12 presents this relation in
terms of costs for the most common CO; sources in 15 bar capture conditions. Due to its
high cost, much of the synthetic fuel production facility’s profitability is dictated by the cost
of COas. Profitability and competitiveness can be improved with blending obligations,
production subsidies for CO; neutral production, and a price increase for the EU CO
allowances (EUAs) in its Emissions Trading System (ETS). (Dieterich, et al., 2020;

European Commission, 2016)

Table 12 Carbon dioxide capture costs by source of carbon. 15 bar capture conditions are assumed. Source: Dieterich, et
al., 2020

Carbon source COz cost [€/t CO:]

Biomass combustion power plant 20 - 65
Coal gasification power plant 28 —40
Coal fired power plant 31-49
Gas-fired power plant 47-90
Refineries & natural gas processing 18-71
Steel mill 70-73
Cement production 58 - 87
Biogas plant 0-90

Direct air capture 222 268

Naturally, the cost of liquefaction and transportation as well as profit is added to capture
costs, for which 20 €/t and 30 €/t CO; were assumed for liquefaction and truck transportation,
respectively (Chen & Morosuk, 2021; Smith, 2021). Thus, cost of 150 €/t is assumed for
baseline case, and sensitive analysis will be done using 50 — 250 €/t CO,. EUA is considered

as cost for CO» utilisation in methanol synthesis.
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It is expected that the demand for CO» will increase as synthetic fuel production is largely
commercialized. Moreover, the availability of concentrated CO> sources may decrease, as
the number of EUAs decrease. Thus eventually, direct air capture, closed loop systems and
biomass will be the only viable source of CO,, which may further increase the cost of CO,.
Synthetic methanol plant will not be able to improve its economics by emission trading, as
the captured CO; for synthetic fuel production will still end up in the atmosphere. (Rejlers,
2021)
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12. Profitability analysis with sensitivity analysis

In this chapter, the profitability of the investments is analysed. The used methods in the
analysis are presented in this chapter, while thorough analysis for synthetic methanol and
biomethanol production facilities are presented in Chapters 12.1. and 12.2., respectively.
Initial investments are presented in Chapter 9. Mass flows and power consumptions for both
plants are presented in Appendix 2 —4. Sales prices for each product are presented in Chapter
10, and costs are presented in Chapter 11. Each cost component for both production plants
are summarized in Tables 13 and 15. The used profitability analysis methods are Net Present
Value with Weighted Average Cost of Capital and Capital Asset Pricing Model, Payback
Period, and Internal Rate of Return. Sensitivity analysis will be done for key parameters

using Payback Period as basis.

Net Present Value (NPV) method was used to consider the monetary value of the
investments. NPV is calculated by summing all discounted cash flows to present value
(Equation 28). NPV is generally considered the most reliable method for profitability
analysis, especially for investment cases, where annual cash flows differ annually. (Tervo,

2022).

n NCF
t=1(q4ryt 0

NPV = (28)

where NPV is the Net Present Value, Iy is the initial investment, ¢ is the number of time
periods (years), NCF; is the net cash flow in year t, and r is the discount rate. If NPV is
positive, the generated earnings from the investment exceed the costs and the investment is
profitable. With high discount rates, or minimum return expectations, high net positive cash

flows are required for a profitable investment. (Tervo, 2022)

Discount rate for NPV calculation was calculated using Weighted Average Cost of Capital
(WACC) formula. WACC describes the cost of capital of an investment and is calculated

using following formula (Equation 29):
WACC = (ZR.) + Ry (1 - T¢)) (29)

where WACC is Weighted Average Cost of Capital, £ is investment equity, D is debt, V is

sum of investment (sum of £ and D), R. is expected return of investment, R, is cost of debt
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and T¢ is corporate tax rate. WACC formula is essentially the sum of weighted value of
equity and weighted value of debt, which is the minimum return that investors expect for

their investment. (Hargrave, 2023)

Capital Asset Pricing Model (CAPM) formula (Equation 30) is used to calculate the expected
return of investment in WACC calculation. CAPM considers the riskiness of an investment

in the expected rate of return:
Re =Ry + B, (ER,, — Rf) (30)

where R, is the expected return of investment, Rrrisk-free rate of return, f; is beta of the
investment and (ER,—Ry) is market risk premium. Risk-free rate of return is the
hypothetical return of investment with zero risk. It is used as a benchmark to evaluate the
returns of riskier investments. Beta describes the volatility of the returns for an investment,
compared to market volatility. Investments with f;=1 are considered as volatile as the
market, while investments with higher beta values are more volatile than the market.
Higher beta values are associated with higher risks and returns for investment. For
example, investment with f;= 1.5 returns 150 % of what market would have returned in a
period. Market risk premium is the expected additional return from the market above risk-

free rate. (Kenton, 2023)

Payback period refers to the time it takes for an investment to recover the initial
investment, which is when the sum of annual cash flows equals to the initial investment.
Shorter payback periods are preferred, as they are generally better investments. It must be
noted that payback period does not consider interest rates or required rate of return, thus it
does not solely describe the profitability of the investment. However, it can be used as a
simple visual tool in sensitivity analysis to demonstrate how relevant cost parameters affect

the profitability of the production plants. (Tervo, 2022)

Internal Rate of Return (IRR) determines the financial costs within which the investment is
profitable, meaning that IRR needs to exceed WACC to cover the financial costs of the
total investment. The method considers the time value of money, and therefore the
resulting percentage can be compared to discount rate or loan interest rate. IRR is

calculated using the NPV formula with a target of zero:

n _NCF
t=1 (14+IRR)t

I, =0 (28)
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where [ is the initial investment, # is the number of time periods (years), NCF is the net cash

flow in year t and /RR is the discount rate. (Cheusheva, 2023)

12.1.  Synthetic methanol production

Economic parameters listed in Table 13 were assumed for the profitability analysis. The
most feasible values were selected for all parameters. It can be debated whether 30 %
investment subsidy is feasible, but it is possible and frankly, essential for profitability of the
investment. Methanol selling price was left open to analyse whether an investment would be
profitable in the current market. Methanol selling price is then iterated with production

subsidy, to determine the required selling price.

Table 13 Economic assumptions used to calculate operational costs, revenues, and profitability for baseline case. The
baseline value is factored by escalation factor for each subsequent year. If available, sources for each value are also
presented.

Value Escalation factor Source
per year starting
from 2030
Start-up year 2030
Plant life 25 years
Running hours per year 8000 h
Investment subsidy 30 % of TIC
Discount rate (WACC) 6.15%
Electricity price 30 €MWh 1.03 Montel, 2023
CO; price 150 €/t 1.05 Chapter 11.3.
Water price 3.5 €/m3 1.02
Methanol market price 400 €/t Methanol
Institute, 2023
Methanol excise tax 32.95 cent/L Vero, 2023
CO; European Emission 130 €/t 1.05 Burke, 2022
Allowance
Methanol selling price Market price + excise tax + emission
allowance + production subsidy
Oxygen selling price 20 €/t 1.02 Alakangas, et
al., 2016
Waste heat selling price 35 €MWh 1.02 Chapter 10.4.
Operation labour cost 4 persons, 7 000 €/month/person 1.02
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Table 13 (Continued) Economic assumptions used to calculate operational costs, revenues, and profitability for baseline
case. The baseline value is factored by escalation factor for each subsequent year. If available, sources for each value are
also presented.

Maintenance labour cost 3 persons, 8 000 €/month/person 1.02
Administration labour 2 persons, 10 000 €/month/person 1.02
cost
Common spare parts 100 000 €/year 1.03
Electrolyser maintenance 2.5 % of equipment TIC per year 1.03 Hofrichter, et
cost al., 2023
Electrolyser stack 15 % of equipment TIC every 10 1.03 US Department
replacement years of Energy, 2020
Methanol synthesis 1 % of equipment TIC per year 1.02
maintenance costs
Catalyst replacement 15 €/kg, every 2 years 1.03 Lombardelli, et
al., 2022

OPEX costs for the first year of operation are presented in Figure 14. Significant portion of
the costs are generated from the raw materials: electricity and CO,. As previously discussed,
electricity costs can be minimized through spot price optimization or by integrating to an
own off-grid renewable energy source. CO> costs could be minimized by integrating the
plant adjacent to high purity CO» emitting source, such as biogas producer. It should be noted
that the cost of electrolyser stack replacement or catalyst replacements, which are significant
costs, are not visible in Figure 14. They can be recognized during sensitivity analysis, where

electrolyser stack replacement cost creates a dip every 10 years.
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OPEX distribution of synthetic methanol production facility
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Figure 14 OPEX distribution for the synthetic methanol plant configuration during first year of operation

Even with 30 % investment subsidy, the considered investment with parameters listed in
Table 13 is not profitable without production subsidies. This is due to high capital costs, but
also due to high operational costs, mainly from electricity and CO». Thus the baseline
scenario for sensitivity analysis will be performed including production subsidy of 80
€/MWh for methanol. With these assumptions, NPV is 3.5 million €, IRR 6.8 % and payback
period is 11.9 years. With positive NPV and IRR above WACC, investment can be
considered sufficiently profitable, with some allowance for variance in the operational costs.
The amount of production subsidy may sound unreasonably high, but the total revenue from
methanol including production subsidies in this assessment converts to ~1275 €/ton, which
is in line with current synthetic methanol production prices presented in Figure 12. Thus, the
total revenue should be considered as the minimum selling price, or break-even price of

methanol.

With such assumptions, the maximum allowable spot electricity price is 31.35 €/ MWh, from
which NPV decreases below 0. If the average cost of electricity is below the base case for
most of the year, the maximum allowable electricity price can be increased accordingly
without hindering profitability. This must be carefully evaluated during operations. Stable
operations and process continuity is important, as process equipment prefer stable electricity

and mass flows.
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For sensitivity analysis, the parameters and conditions listed in Table 14 are considered. As
previously discussed, payback period is used to visually present how cost parameters affect
the profitability of the production plant. Brief analysis of the effects of each parameter is
provided.

Table 14 Parameters used in sensitivity analysis for synthetic methanol plant.

Parameter Base case Sensitivity analysis
Methanol selling price 1275 €/t 1000 — 1500 €/t
Cost of electricity 30 €MWh 20 — 40 €/MWh
Running hours and cost of electricity 8000 h 8000 —2000 h & 30 — 10 €/MWh
Cost of CO2 150 €/t 50 —250 €/t
Waste heat utilization rate 100 % 0-100 %
Oxygen price 20 €/t 0—-40€/t

The impact of methanol selling price on payback time is presented in Figure 15. Three price
cases were selected: 1000 €/t, 1275 €/t and 1500 €/t. As previously discussed, methanol
selling price above 1275 €/t is required to have an acceptable payback time and return of
investment. Methanol selling price of 1000 €/t would not make the investment profitable,
due to the high operating costs and low positive cash flow (IRR -0.21 % and NPV is
negative). Below 1000 €/t the payback time in not reached within the plant lifetime. Selling
prices above 1250 €/t are attractive for increased profits. However, high prices do not seem
to be plausible, as there is pressure to decrease renewable methanol cost to improve

competitiveness against fossil methanol (Chapter 11.1.).
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Sensitivity analysis: Methanol selling price
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Figure 15 Impact of methanol selling price on payback time.

The impact of electricity price on payback time is presented in Figure 16. As already
mentioned, electricity is the largest operational cost and is therefore crucial for the overall
profitability. Three price cases were selected: 20 €/ MWh, 30 €/ MWh and 40 €/ MWh. Even
though the electricity prices used in this sensitivity analysis are quite close to each other, the
impact to cash flow is comparable between Figures 15 and 16. 10 € MWh decrease in
electricity price equals to increase of methanol selling price by 250 €/t, factoring NPV by
almost 10-fold and increasing IRR with over 4 percentage points. Situation with electricity
costs of 20 €/MWh (or below) and operating hours of 8000 h may not be realistic. However,
the figure shows that low electricity prices are needed to operate the plant profitably and that
spot-optimization should be done to minimize the cost of electricity, as it has a major impact

on the profitability.
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Sensitivity analysis: Electricity price
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Figure 16 Impact of electricity price on payback time.

Spot-optimization and avoiding operation only during the most expensive hours is the most
profitable operating model, compared to operating only when electricity is at low price.
Figure 17 shows that it is more profitable to operate the plant for 8000 h at an electricity cost
of 30 €/ MWHh than for 5000 h at a cost of 20 €/ MWh, let alone 2000 h at a cost of 10 €/ MWh,
at which payback is not received for invested capital in 25 years. The investment cost for the
plant is too high to justify low utilization rates. To have a reasonable profit, synthetic
methanol plant should be in production about 80 — 90 % of the time. This can be very
challenging for off-grid connected production due to its intermittency and renewability status

of the produced fuels.
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Sensitivity analysis: Running hours and cost of electricity
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Figure 17 Impact of running hours and cost of electricity on payback time.

CO:2 is the second largest operational expense, after electricity. The impact of CO, price on
payback time is presented in Figure 18. Three price cases were selected: 50 €/t, 150 €/t and
250 €/t. The investigated prices’ impact to cash flow is comparable between Figures 15 and
18. Figure 18 shows that CO> price above 150 €/t decreases profitability of the plant.
Therefore it is crucial to utilize unreacted gas after methanol reactor, not to waste valuable

resources (Chapter 7.2.).

As discussed in Chapter 11.3., the cost of CO; will most likely increase in the future. This
plant will not be able to improve its economics by emission trading, as the captured CO; for
synthetic fuel production is only temporarily captured, and still end up in the atmosphere.
Currently, CO; costs could be decreased by integrating the plant adjacent to high purity CO»
emitting source, such as biogas producer. In this setup, transportation costs would be
minimized, and price of CO2 may be closer to 50 €/t (Table 12). In this situation, NPV is 26
million €, IRR is 10.41 % and payback time 8.5 years.
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Sensitivity analysis: CO2 price
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Figure 18 Impact of CO; price on payback time.

The impact of waste heat utilization rate at average selling price of 35 €/ MWh on payback
time is presented in Figure 19. The significancy of waste heat is lower compared to other
cost parameters analysed previously, however, the figure shows that it should be utilized to
improve the economics. 50 % decrease in utilization rate already decreases IRR by 2.5
percentage points. If waste heat is not utilized, the lost revenue needs to be replaced by
increasing selling price of methanol, or by decreasing the cost of electricity or COa,.

Increasing the cost of methanol is easier, but the plant’s competitiveness decreases.
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Sensitivity analysis: waste heat utilisation rate
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Figure 19 The impact of waste heat utilization rate on payback time. Assumed waste heat selling price is 35 €/MWh.

The impact of O, selling price on payback time is presented in Figure 20. In the analysed
scenarios, oxygen is sold to a local industrial user at 20 €/t or 40 €/t or released to
atmosphere. Oxygen’s significance compared to other cost parameters is the lowest, but it
does contribute to overall profitability. The case can be different if oxygen could be sold as
medical oxygen. However, hospitals and other health providers would only utilize a fraction
of produced oxygen, thus major economic benefits cannot be expected. Nevertheless, if
oxygen could be sold at a high price, NPV and IRR would increase to 11.8 million € and
8.24 %, respectively.
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Sensitivity analysis: oxygen price
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Figure 20 The impact of O; selling price on payback time.

As a summary, production cost of renewable synthetic fuels is very high, primarily due to
high electricity consumption and CO> prices. Thus the most valuable parameters for
profitability are the selling price of methanol, electricity, and CO». Other parameter such as
discount rate, operation hours and subsidies have major effect on the profitability while

waste heat and oxygen utilization have slightly more minor effects.

The selling price of methanol should be higher than 1275 €/t, so that the production plant
can be prepared better for undesirable pricing developments. Whether such a pricing can be
justified, or is capable to generate sales, is another question. Thus, it can be concluded that
this production plant is not currently profitable and will not be without large investment and
production subsidies. Due to its high cost, it may be necessary to create a separate market

for renewable methanol, to increase their competitiveness.

However, the situation may change before 2030, as profitability and competitiveness are
already being improved with blending obligations, production subsidies for CO> neutral
production, and price increases for the EUAs. How CO; prices develop in this context
remains to be seen. Both CAPEX and OPEX can be assumed to decrease for electrolysers

and carbon capture technologies in the coming years.
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Biomethanol production

&9

Economic parameters listed in Table 15 were assumed for the profitability analysis.

Profitability of biomethanol production was analysed using similar logic as for synthetic

methanol production: the most feasible values were selected for all parameters, and 30 %

investment subsidy is assumed. Methanol selling price was again left open to analyse

whether an investment would be profitable in the current market. Methanol selling price is

then iterated with production subsidy, to determine the required selling price. 6.15 % was

estimated for WACC.

Table 15 Economic assumptions used to calculate operational costs, revenues, and profitability for baseline case. The
baseline value is factored by escalation factor for each subsequent year. If available, sources for each values are also

presented.
Value Escalation factor per Source
year starting from 2030
Start-up year 2030
Plant life 25 years
Running hours per year 8000 h
Investment subsidy 30 % of TIC
Discount rate (WACC) 6.15%

Biomass price 39.6 €/dry t 1.02 Chapter 11.1.
Biomass transportation 0.475 €/t km 1.02 Chapter 11.1.
Average biomass 100 km radius from plant Assumed

transportation distance
Biomass moisture 50 % Chapter 11.1.
content

Electricity price 30 €/MWh 1.03 Montel, 2023

Hydrogen price 3.5€n 1.02 Calculated

levelized cost of

hydrogen

Methanol market price 400 €/t Methanol
Institute, 2023

Methanol excise tax 27.85 cent/L Vero, 2023

Methanol selling price

Market price + excise tax +

production subsidy
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Table 15 (Continued) Economic assumptions used to calculate operational costs, revenues, and profitability for baseline
case. The baseline value is factored by escalation factor for each subsequent year. If available, sources for each values
are also presented.

Operation labour cost 6 persons, 7 000 1.02
€/month/person

Maintenance labour cost 4 persons, 8 000 1.02
€/month/person

Administration labour 2 persons, 10 000 1.02
cost €/month/person

Maintenance costs 1 % of equipment TIC per 1.02

year
Catalyst replacement 15 €/kg, every 2 years 1.03 Lombardelli, et
al., 2022

OPEX costs for the first year of operation are presented in Figure 21. Overall, OPEX costs
are ~42 % less compared to synthetic methanol production. Most of the costs are generated
from biomass processing and transportation, however, the raw material costs are lower
compared to synthetic methanol production. As a result, the share of labour cost is quite

high.

OPEX distribution of biomethanol production facility

6%
14%

’I'

37%

34%

8% 1%

= Electricity = Biomass for gasification
Steam generation with biomass = Hydrogen
m Labour = Maintenance, spare parts and replacement

Figure 21 OPEX distribution for biomethanol plant configuration during first year of operation.
Even with 30 % investment subsidy, the considered investment with parameters listed in

Table 15 is not profitable without production subsidies. This is due to high capital costs and

low net cashflow. Thus the baseline scenario for sensitivity analysis will be performed
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including production subsidy of 58.5 €/ MWh for methanol. With this assumption, IRR is the
same as in synthetic methanol production (6.8 %), thus the economics for both plants are
comparable. Biomethanol plant’s NPV and payback period are slightly less, 3.2 million €
and 11.5 years, respectively. Nevertheless, with positive NPV and IRR above WACC,
investment can be considered profitable. The total revenue from methanol including
production subsidies in this assessment converts to ~870 €/ton, which is well within the

current synthetic methanol production prices presented in Figure 12.

With such assumptions, the maximum allowable biomass price is 53,70 €/dry t, from which
net present value decreases below 0. Therefore, higher cost raw materials such as stems

could be used as well if impurity levels are acceptable.

For sensitivity analysis, the parameters and conditions listed in Table 16 are considered. As
previously discussed, payback period is used to visually present how cost parameters affect
the profitability of the production plant. Brief analysis of the effects of each parameter is

provided.

Table 16 Parameters used in sensitivity analysis for biomethanol plant.

Parameter Base case Sensitivity analysis
Methanol selling price 870 €/t 600 — 1275 €/t
Cost of biomass 40 €/dry t 40 — 80 €/dry t
Biomass transportation distance 100 km 50 — 150 km
Biomass moisture content 53% 20-60 %
Cost of hydrogen 3.5€n 1-5€n
Cost of electricity 30 €/MWh 20 — 40 €/MWh

The impact of methanol selling price on payback time is presented in Figure 22. Three price
cases were selected: 600 €/t, 870 €/t and 1275 €/t. The 600 €/t case presents a scenario
without production subsidies. In this scenario, the sales do not cover the investment and
payback is not achieved in 25 years. On the other hand, if biomethanol could be sold at 1275
€/t, which was the minimum selling price of synthetic methanol, large profits could be made.
In this scenario, NPV is 50 million €, IRR is 14.9 % and payback would be 6 years. However,
as with synthetic methanol, higher prices do not seem to be plausible, as there is pressure to
decrease renewable methanol cost. However, the result is promising for large scale

production of biomethanol, as the production costs will decrease with economies of scale.
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Sensitivity analysis: Methanol selling price
€180 000 000
€160 000 000
€140 000 000
€120 000 000
€100 000 000
€80 000 000
€60 000 000 — 600 €/t
€40 000 000 870 €/t

Cash flow

€20 000 000 1275 €/t
€0

(€20 000 000)
(€40 000 000)
(€60 000 000)

(€80 000 000)
Years

Figure 22 The impact of methanol selling price on payback time.

The impact of biomass cost on payback time is presented in Figure 23. Biomass prices of 40
€/ dry t, 60 €/ dry t and 80 €/ dry t were selected for sensitivity analysis. Doubling the cost
of biomass didn’t have major impact to payback time, which may enable the use of more
expensive raw materials compared to saw dust waste and other logging residues. This result
is also promising for large scale production of biomethanol, as the availability of cheap raw
material will be the bottleneck of biomethanol production process. The use of higher cost
raw materials allows for savings in other costs, as they tend to have less moisture and be
available in shorter transportation distances. Nevertheless, in this assessment, the production
with higher value biomass is not profitable, as NPV would be negative, and IRR would be
4.88 %.

Biomethanol plant requires stable supply of biomass throughout the year as opposed to
heating and power plants, where the need for raw material is lower during the summer and
higher during winter. Additional savings could be made when excess raw material is
procured during summer and stored in a large area for winter when the demand and price of

biomass is higher.
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Sensitivity analysis: Cost of biomass

€80 000 000
€60 000 000
€40 000 000

€20 000 000
— 40 €/dry t

60 €/dry t

Cash flow

€0
0 5 15 20 25 80€/dryt

(€20 000 000)
(€40 000 000)

(€60 000 000)
Years

Figure 23 The impact of biomass price (biomass type) on payback time.

The impact of biomass transportation distance on payback time is presented in Figure 24.
Obviously, transportation distances should be as short as possible. This cost is typically
included in the procurement price of biomass, thus biomethanol production company cannot
affect much to it, other than by locating the plant close to the forest industry company, such
as a mill, from which raw material is purchased. Nevertheless, as with other biorefineries,
regional raw material logistics network seems to be the most profitable business model. This
in turn calls for high quality forest management to secure raw material availability for the
future and to keep distances to felling sites close. In this assessment, when the average
transporting distance is reduced from 100 km to 50 km, NPV increases to 8.6 M €, while
IRR increases to 7.8 %, and payback period decreases to 10.4 years.
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Sensitivity analysis: Biomass transportation distance

€80 000 000
€60 000 000
€40 000 000

€20 000 000
——50 km

100 km

Cash flow

€0
0 5 15 20 25 150 km

(€20 000 000)
(€40 000 000)

(€60 000 000)
Years

Figure 24 The impact of average biomass transportation distance on payback time.

As discussed in Chapter 6.1.1., excess moisture decreases the amount and quality of syngas.
In addition, excess moisture content increases transportation costs due to transportation
weight limits and increases energy usage to remove the moisture. Figure 25 shows the
relationship between biomass costs and moisture content at 20 %, 35 %, 50 % and 60 %.
Moisture content of logging residues is typically higher compared to high value biomass
(Table 2), as they are fresh and logging companies usually optimize their air-drying capacity
for higher value products such as logs. If moisture content could be reduced to 20 %, NPV
would increase to 10.5 M€, while IRR would increase to 8.2 %, payback period would

decrease to 10 years.

Moisture content of procured biomass for could be decreased with couple options.
Biomethanol production facility could agree to procure logging residues of lower moisture
content from forest industry company, which may increase biomass prices as they would
need to use their air dying areas for less value biomass. Another option is to procure and mix
low moisture content raw material, such as saw dust, to logging residues. Biomethanol
production facility could also invest in couple large storage areas where the raw material is
air dried, but obviously this option does not decrease procurement costs. This would be

synergistic with operating model where excess biomass is procured during summer and
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stored in a large area for winter. One storage area would be used to air dry the biomass for a

year and the other would be used to supply the biomass to production plant.

Sensitivity analysis: Biomass moisture content

€100 000 000
€80 000 000
€60 000 000
€40 000 000

—20%

€20 000 000 35%
50 %

Cash flow

€0 65 %

(€20 000 000)
(€40 000 000)

(€60 000 000)
Years

Figure 25 The impact of average biomass moisture content on payback time. This figure considers only transportation
costs and e.g. energy costs used to remove moisture has not been considered.

In the biomethanol production model, hydrogen is used to achieve stoichiometric conditions
for methanol synthesis, to improve the yield of biomethanol. The benefit of this arrangement
is visible on Figure 21 and 26, as the share of hydrogen in OPEX costs is low and
subsequently does not have a major effect on the profitability of biomethanol production.
The considered prices for hydrogen in this sensitivity analysis are 1 €/t, 3.5 €/t and 5 €/, or
30 €MWh, 105 €/MWh and 150 €/ MWh, respectively. The base cost is based on the
levelized cost hydrogen from synthetic methanol production and is in line with other
levelized costs that have been reported in the literature (Chapter 10.2.). Based on this
sensitivity analysis, if hydrogen price would increase higher than 5 €/t, it wouldn’t have a
major effect on biomethanol production profitability. On the other hand, if cost of hydrogen
decreases to 1 €/t, NPV would increase to 6 M €, IRR would increase to 7.3 %, and payback

period would decrease to 10.9 years.
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Sensitivity analysis: Hydrogen price
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Figure 26 The impact of hydrogen price on payback time.

As seen from Figure 27, electricity price has the least impact on biomethanol production.
Biomethanol production facility does not consume much electricity, due to autothermal
nature of gasification. Majority of electricity consumption is generated from compression of
syngas, which was also reduced due to introduction of hydrogen to methanol synthesis
reactor. Therefore, other sources of operational costs should be targeted for profitability

evaluation.
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Sensitivity analysis: Electricity price
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Figure 27 The impact of electricity price on payback time.

As a summary, production cost of biomethanol is moderate and it can be profitable business
with production subsidies. The most valuable parameters for profitability are the selling price
of methanol and biomass type and moisture content, while the cost of hydrogen and
electricity had minor impacts to profitability. The handling of types of biomass and their
moisture content should be carefully planned to achieve cost reductions. Operation models
that allow purchasing reduced moisture content biomass is essential, otherwise the
production plant needs to remove the moisture by themselves. In addition, biomass should

be procured during cheaper periods and store it for use during more expensive periods.

If this plant would receive production subsidies that were assumed in this assessment,
biomethanol could be sold at 545 €/t price, which is close to current market price for
methanol and may compete with fossil methanol soon. As with synthetic methanol
profitability and competitiveness are already being improved with blending obligations,
production subsidies for CO; neutral production, and price increases for the EUAs. Larger
biomethanol production facilities may already be competitive, as cost reductions can be

achieved with economies of scale.
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13. Summary and techno-economic comparison

In this chapter, the technical and economic results of the modelled and analysed synthetic
methanol and biomethanol production plants are compared. The Aspen flow charts of the
modelled plants are available in Appendix 2 — 4, and profitability analysis results are

available in Chapter 12.

13.1.  Technical comparison

Synthetic methanol production achieved carbon yield of 91 % from CO,. As discussed in
Chapter 7.2.2., excess hydrogen flow to the synthetic methanol reactor (SN 2.9) improved
many aspects of the process. Compared to SN 2 process, higher efficiency was achieved,
conversion of CO; per pass improved, the process was more energy-efficient, and the amount
of released off-gases and return gases were reduced by 46 %, and the amount of wastewater
was reduced by 20 %. However, the amount of wasted hydrogen was increased. In the model,
total of 120 kg/h of CO; and 87 kg/h of H> was purged, or 7 % and 29 % compared to
feedstock feed streams, respectively. The amount of purged CO; in SN 2 process is 20 % of
the feedstock, and the amount of purged Hz is 21 %. Therefore, methanol synthesis seems to
be slightly favoured by excess hydrogen, which improves carbon efficiency and decreases

utility usage, but wastes more hydrogen.

One strategy to decrease the amount off-gases would be to capture CO; and H, with several
membrane filtration stages. Captured CO» and H» could be reutilized in methanol synthesis,
reducing required electrolysis power. Hydrogen could be used to produce heat as well. This
aspect is to be further researched when the model of the plant is taken further. For example,

capital costs of such systems and prices of CO2 and H> should be thoroughly considered.

Biomethanol production achieved higher efficiency compared to synthetic methanol (97 %
vs 91 %). As discussed in Chapter 8.2., this was achieved by reducing the steam feed to
gasification to biomass-to-steam ratio of 1.4. In addition, the process benefited of adding
excess hydrogen to syngas to achieve stoichiometric conditions in the reactor. The reason
conversion efficiency for biomethanol was greater compared to synthetic methanol

production was most likely due to presence of carbon monoxide, which may have removed
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water through water-gas shift reaction and created more carbon dioxide and hydrogen to be
synthesized (Nielsen, et al., 2021). Similar efficiency levels for “hybrid” methanol
production methods were reported by Anetjérvi, (2022), achieving carbon utilization rate of
90.9 % for hybrid oxygen gasification and 89.9 % for hybrid oxygen-steam gasification. This
type of production may be the most efficient way to produce methanol in the following years,

as the availability of renewable electricity and hydrogen is planned to be rapidly increased.

Moreover, if synthetic fuel production capacities increase simultaneously as the number of
EUAs decrease, the availability of concentrated CO; sources will decrease. Thus eventually,
direct air capture, closed loop systems and biomass will be the only viable source of CO»
utilization. In this context, synthetic fuel production is the intermediate step to reduce GHG

emissions before utilization of efficient biorefineries.

Major downside of biomethanol production is its need for purification, which increases
process complexity and amounts of wastewater to be treated. A lot of effort and capital is
needed to achieve acceptable byproduct limits for syngas, as well as to remove all catalyst
hindering compounds, mainly tar, hydrogen halides, nitrous compounds, and sulphuric
compounds. There is a need for cost-effective and efficient syngas purification method with
low investment costs. Nevertheless, gasification processes are well known, and there is
extensive technical know-how of biomass processing in Finland, thus it would suggest that

it would be beneficial to produce biomethanol over synthetic methanol.

In addition, higher temperatures in gasification require sturdier material and other safety
precautions that are largely not necessary for synthetic methanol production. Nevertheless,
synthetic methanol needs to consider flammability of hydrogen in its design, in addition to
safety precautions for cold liquid CO;. Both plants need to consider methanol handling,

especially the flammability of methanol vapor during its synthesis and distillation.

13.2.  Economic comparison

Based on quotations, investment for synthetic methanol production is more expensive than
biomethanol production. CAPEX costs for synthetic methanol were higher mostly due to
investments in electrolysers, heat pumps and compressors. The resulted TIC estimates with
+ 40 % accuracy had excellent correlation with several economic studies — if contingency is

neglected. Indeed, the estimated TIC are higher than in research papers, which is because
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they often consider only the installed equipment cost and neglect many of the needed
utilities, civil work, contractor profits, temporary facilities for construction, contingencies,
etc. in the cost estimate. Nevertheless, the estimated TIC seems to be in line with other
similar cost estimates produced by Rejlers. Furthermore, the accuracy of the cost estimate
will improve with more detailed design of the process, equipment, piping, automation, HSE,

civil engineering, and other needed engineering disciplines.

The estimated investment costs are high, even though the costs have been inflation corrected
for 2020. The resulting TIC estimates show clearly that energy transitioning is capital cost
heavy. However, it must be stated that investment costs for electrolysers may decrease
during the coming years with increased production capacity, which would decrease
investment costs for synthetic methanol production. Furthermore, pilot-scale production

facilities such as these ones, have typically high investment cost per ton of produced product.

Compared to synthetic methanol, biomethanol production had 60 % less OPEX costs,
however, simultaneously, 55 % less revenue and less sources of revenue. Subsequently, net
cash flow from biomethanol was lower, and required more production subsidies to achieve
the same profit. Nevertheless, the selling price of biomethanol was lower compared to
synthetic methanol (950 €/t vs 1250 €/t with subsidies). The selling prices were in line with
reported levelized prices (Figure 12), where biomethanol production is currently more

competitive compared to synthetic methanol production.

Electricity is the largest operational cost for synthetic methanol and is therefore crucial for
the overall profitability. With increasing share of renewable electricity in the grid, its price
can fluctuate more strongly. Spot price optimization should be done to achieve cost
reductions for electricity. Optimization includes operating the electrolyser during allowable
and low-cost hours and halting the production during high price hours. However, at the same
time the plant should have high utilization rate (80 — 90 %) to achieve returns from

investment.

Synthetic methanol production is also prone to several market developments. Hydrogen and
CO: markets are quite new, at least in forecasted magnitude, and their near future price
development is uncertain due to incentives towards renewable fuels. Therefore, synthetic
fuels will most likely need to have a larger profit margin to prepare for undesired pricing

developments. Profit margins can be increased by selling waste heat to nearby municipality



101

district heating network. However, oxygen utilization does not seem to be economically
justified, as its economic significance compared to other cost parameters was the lowest.
Furthermore, it may be difficult to sell it, as an ideal consumer, with high demand for
ultrapure oxygen does not exist locally in Finland. Long-distance transportation of oxygen

would require additional liquefaction investments which may not be worthwhile.

Both plants benefit from close distance to raw materials, mainly CO, for synthetic methanol
and biomass for biomethanol. Proximity to CO: source may mean high concentration
emitters such as biogas producers or even harbours if production is scaled higher. For
biomethanol producer, the most profitable and environmentally sustainable business model

is to locate the facility near a forest industry company, and trade with local partners.

In addition to transportation distances, control of the type and moisture of biomass is
essential for biomethanol production. Moisture content of logging residues is typically
higher compared to high value biomass such as logs, which are dried for one or two years.
Several strategies to lower the moisture content should be utilized, such as procuring and
mixing low moisture content biomass with higher moisture content biomass. Additional
savings could be made when excess raw material is procured during summer and stored in a
large area for winter when the demand and price of biomass is higher. The large area could

be utilized for air-drying purposes as well.
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14. Conclusions and future research

Methanol has versatile applications as fuel, energy carrier, and platform chemical for the
chemical industry. Thus, it has received interest as a viable option to reduce carbon
emissions in transportation, energy, and chemical industry. Renewable methanol allows to
create, store, and distribute energy, and to produce essential hydrocarbons more sustainably,
thus providing a solution to replace crude oil and reduce anthropogenic greenhouse gas
emissions. One of the key aspects of wide scale methanol-based economy is that, unlike
hydrogen, it doesn’t need the development of a new type of infrastructure. The infrastructure
for the large-scale distribution of methanol already exists, which can be utilized when the

use of petroleum products decreases.

Two main pathways to produce renewable methanol in large quantities currently are
synthetic and biologic. Synthetic methanol is produced with pure CO; and H», which are
reacted through CO> hydrogenation. Renewability of synthetic methanol derives from the
use of captured CO; from industrial emissions and the use of hydrogen produced by
renewable electricity. Biomethanol is produced in a similar reactor, however, this time from

syngas obtained by gasification of biomass.

This thesis consisted of literature and applied parts. First section of literature part covered
the safety of methanol and compared it to hydrogen. Current Finnish legislation and process
safety considerations were discussed, and recommendations to improve plant safety when
processing methanol and hydrogen were given. Next section presented the technology and
backgrounds of each step of methanol production for both production pathways.
Biomethanol section discussed the sustainability of Finnish forests, types and composition
of Finnish lignocellulosic biomass, thermodynamics of gasification and effects of gasifier
types to syngas quality, as well as methods to minimize and purify impurities in syngas.
Synthetic section presented the concept of P2X, alternative electrolysis technologies to
produce hydrogen, alternative technologies to capture CO>, and strategies to select the most
suitable technology for each source of CO> emission. Finally, thermodynamic background
of methanol synthesis was presented, in addition to industry standard methods to synthesize

methanol and catalyst poisoning phenomena.
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Applied part consisted of simulation of synthetic methanol and biomethanol, production of
process flow diagrams, CAPEX estimates, OPEX calculations, as well as profitability and
sensitivity analyses. The technical and economic results of synthetic methanol and
biomethanol production facilities were compared. In addition, current market states and their
development directions were analysed for methanol, hydrogen, oxygen, waste heat,

lignocellulosic biomass, electricity, and carbon dioxide.

Separate Aspen models were created for electrolysis, synthetic methanol and biomethanol
production. Both methanol production plants benefited from additional hydrogen feed:
synthetic methanol achieved carbon efficiency of 91 %, while biomethanol achieved carbon
efficiency of 97 %. Synthetic methanol had lower efficiency due to higher purge rate of
unreacted gases. One strategy to decrease the amount off-gases would be to capture CO; and
H> with several membrane filtration stages. Captured CO> and H> could be reutilized in
methanol synthesis, reducing required electrolysis power. Hydrogen could be used to
produce heat as well. This aspect is to be further researched when the models of the plants
are taken further. Detailed studies for each plant configuration is needed in any case.
Nevertheless, the created models serve as a starting point for further development in e.g.

feasibility studies.

For CAPEX estimates, multiple literature references and quotations from vendors were used
to produce TIC estimate with = 40 % accuracy. TIC of 83 700 000 € was estimated for
synthetic methanol production facility, and TIC of 74 200 000 € was estimated for
biomethanol production facility. The actual TIC is most likely lower for both facilities, given
the high contingency percentage and accumulating contingencies in the cost estimate. In
addition, both CAPEX and OPEX can be assumed to decrease for electrolysers and carbon

capture technologies in the coming years.

Profitability analysis revealed that biomethanol production is currently more competitive
against fossil methanol than synthetic methanol. The situation may change in the future.
Blending obligations, production subsidies for CO> neutral production, and price increases
for the EUAs will improve economic viability of renewable fuel production. Furthermore,
Finnish high renewable/low-emission energy capacity is expected to increase 6.5-fold by
2030 compared to 2022, which would make electricity and hydrogen produced in Finland
the cheapest in Europe. Both facilities may already be competitive at year 2030.
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Appendix 1. Physical properties of methanol and hydrogen, relevant to process engineering

and HSE engineering. The values are given at 25 °C and 1 atm, if not other phase,

temperature, or pressure is given. Modified from: (Mondal & Yadav, 2021; Engineering

toolbox, 2008; Adamson & Pearson, 2000)

Physical property Unit Value
Methanol Hydrogen (H2)

Molecular weight g/mol 32.04 2.016
Specific gravity (air = 1) 0.07
Boiling point °C 64.7 -252.9
Freezing point °C -97.6 -259.1
Critical temperature °C 239.43 -239.95
Critical pressure kPa 8096 1300
Heat of formation (liquid) kJ/mol -239.03
Latent Heat of Evaporation Jg 1165 447
Heat of fusion Jg 103 58
Heat of combustion (gross) Jg 22 662 144 000
Flammable limits in air vol-% 6-36 4-74
Explosive limits in air vol-% 6-36 18 -59
Autoignition temperature °C 464 560
Flash point °C 11
Specific heat of vapor J/(g K) 1.370 14.304
Specific heat of liquid J/(g K) 2.533
Specific heat ratio (Cy/Cy) of gas 1.227 1.405
Vapor pressure kPa 16.96
Density of liquid g/mL 0.7866 (at 25 °C) | 0.071 (at 1 atm)
Density of gas g/mL 0.0012 (at 1 atm) | 0.0008 (at25 °C)
Viscosity cP 0.541 0.009
Thermal conductivity W/(mK) | 0.202 0.182




Appendix 2. Flow sheet and stream table of electrolysis in Aspen Plus
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Table 17 Electrolysis synthesis simulation stream table

Stream Units ELECT | ELECTOUT | H2 H20UT | 02 O20UT | WATERIN | WRETURNI | WRETURN2 | WATERRN
Temperature °C 325 60 60 10 60 10 80 10 10 11
Pressure bar 7 7 7 7 7 7 7 7 7 7
Mass Vapor Fraction 0,64 0,27 0,08 1,00 0,40 1,00 0,00 0,00 0,00 0,00
Mass Liquid Fraction 0,36 0,73 0,92 0,00 0,60 0,00 1,00 1,00 1,00 1,00
Mass Flows kg/h 10 000 10 000 3957 302 6 043 2 388 10 000 6 345 3655 10 000
H,O kg/h 3813 3813 1 906 1 1 906 2 6 500 4595 1 905 6 500
H» kg/h 301 301 301 301 0 0 0 0 0 0

02 kg/h 2387 2387 0 0 2387 2 386 0 0 0 0
KOH kg/h 0 0 0 0 0 0 0 0 0 0

H* kg/h 0 0 0 0 0 0 0 0 0 0

K* kg/h 2439 2 439 1220 0 1220 0 2439 1220 1220 2439
OH kg/h 1061 1061 530 0 530 0 1061 530 530 1061
Mass Fractions

H,O 0,38 0,38 0,48 0,00 0,32 0,00 0,65 1,00 0,72 0,52
H» 0,03 0,03 0,08 1,00 0,00 0,00 0,00 0,00 0,00 0,00
02 0,24 0,24 0,00 0,00 0,39 1,00 0,00 0,00 0,00 0,00
KOH 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
H' 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
K" 0,24 0,24 0,31 0,00 0,20 0,00 0,24 0,00 0,19 0,33
OH 0,11 0,11 0,13 0,00 0,09 0,00 0,11 0,00 0,08 0,15
Volume Flow m3/h 3052 901 627 527 313 261 8 5 2 7




Appendix 3. Flow chart and stream table of synthetic methanol synthesis in Aspen Plus
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Table 18 Synthetic methanol production simulation stream table, mass flows, mass fractions and volume flow.

Stream Units | CO2 | H2 | FEED | REACFEED | FLASH1 | OFF-GAS1 | RETURNI | FLASH2
Temperature °C 50 50 37 230 35 35 43 34
Pressure bar 50 50 50 50 47 47 50 1
Mass Vapor Fraction 1,00 1,00 | 1,00 1,00 0,55 1,00 1,00 0,00
Mass Liquid Fraction 0,00 | 0,00 | 0,00 | 0,00 0,45 0,00 0,00 1,00
Mass Flows kg/h | 1680 | 300 | 1980 | 3960 3960 220 1977 1763
CO2 kg/h | 1680 |0 1680 | 2767 1212 121 1 086 5

H» kg/h | 0 300 | 300 1 085 873 87 785 1
H>O kg/h | 0 0 0 5 642 1 5 636
CO kg/h |0 0 0 57 63 6 57 1
CH;0H kg/h |0 0 0 45 1170 5 44 1121
Mass Fractions

CO» 1,00 | 0,00 | 0,85 0,70 0,31 0,55 0,55 0,00
H: 0,00 | 1,00 | 0,15 0,27 0,22 0,40 0,40 0,00
H,O 0,00 | 0,00 | 0,00 | 0,00 0,16 0,00 0,00 0,36
CO 0,00 | 0,00 | 0,00 | 0,01 0,02 0,03 0,03 0,00
CH;0H 0,00 | 0,00 | 0,00 | 0,01 0,30 0,02 0,02 0,64

Volume Flow m’/h | 16 82 96 515 260 25 219 11




Table 18 (Continued) Synthetic methanol production simulation stream table, mass flows, mass fractions and volume flow.

Stream Units | RETURN2 | DISTFEED | DISTIL | WASTEW | FLASH3 | MEOH | OFF-GAS2
Temperature °C 50 60 65 98 35 35 35
Pressure bar 50 1 1 1 1 1 1
Mass Vapor Fraction 0,60 0,00 1,00 0,00 0,00 0,00 1,00
Mass Liquid Fraction 0,40 1,00 0,00 1,00 1,00 1,00 0,00
Mass Flows kg/h | 3 1760 1120 640 1120 1120 |0
CO2 kg/h | 1 4 4 0 4 4 0

H» kg/h | 0 0 0 0 0 0 0
H>O kg/h | 0 636 7 629 7 7 0
CO kg/h |0 0 0 0 0 0 0
CH;0H kg/h | 1 1120 1109 11 1109 1109 |0
Mass Fractions

CO» 0,31 0,00 0,00 0,00 0,00 0,00 0,40
H» 0,14 0,00 0,00 0,00 0,00 0,00 0,04
H,O 0,04 0,36 0,01 0,98 0,01 0,01 0,00
CO 0,12 0,00 0,00 0,00 0,00 0,00 0,12
CH;0H 0,38 0,64 0,99 0,02 0,99 0,99 0,43
Volume Flow m3h | 0 3 986 1 2 1 0




Appendix 4. Flow chart and stream table of biomethanol synthesis in Aspen Plus
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Table 19 Biomethanol production simulation stream table: temperature, pressure and mass flows and volume flows.

Stream Units | BIOMASS | DRYBIO | MOISTURE | DRYEROUT | STEAM | GASIFOUT | ASH | SYNGAS
Temperature | °C 40 100 100 100 200 800 800 800
Pressure bar 1 1 1 1 16 1 1 1
Mass Flows | kg/h | 920 920 63 857 660 1517 5 1511
Biomass kg/h | 920 857 0 857 0 0 0 0
Ash kg/h | 0 0 0 0 0 5 5 0
H,O kg/h | 0 63 63 0 660 256 0 256
CO kg/h |0 0 0 0 0 743 0 743
CO» keg/h |0 0 0 0 0 407 0 407
CH4 kg/h |0 0 0 0 0 2 0 2
NH; g/h 0 0 0 0 0 14 0 14
HaS g/h 0 0 0 0 0 273 0 273
N2 kg/h |0 0 0 0 0 13 0 13
0 g/h 0 0 0 0 0 0 0 0

S g/h 0 0 0 0 0 0 0 0

C g/h 0 0 0 0 0 0 0 0
CH4O kg/h |0 0 0 0 0 0 0 0

H» kg/h |0 0 0 0 0 90 0 90
Volume Flow | m*/h | 1 1 0 1 86 8503 0 8503




Table 19 (continued) Biomethanol production simulation stream table: temperature, pressure and mass flows and volume flows.

Stream Units | SCRUBIN | NH3,H2S | SCRUBOUT | COMPSYN | H2 | REACFEED | FLASHI | RETURN
Temperature | °C 70 70 70 200 200 | 200 37 44
Pressure bar 1 1 1 50 50 |50 47 50
Mass Flows | kg/h | 1511 0 1511 1511 1113179 3179 1557
Biomass kg/h | 0 0 0 0 0 0 0 0
Ash keg/h |0 0 0 0 0 0 0 0
H,O keg/h | 256 0 256 256 0 262 414 5

CO keg/h | 743 0 743 743 0 764 23 21
CO» keg/h | 407 0 407 407 0 820 447 413
CH4 kg/h | 2 0 2 2 0 31 31 29
NH; g/h 14 14 0 0 0 0 0 0
HaS g/h 273 273 0 0 0 0 0 0

N2 kg/h | 13 0 13 13 0 254 254 240
0 g/h 0 0 0 0 0 0 0 0

S g/h 0 0 0 0 0 0 0 0

C g/h 0 0 0 0 0 0 0 0
CH4O kg/h |0 0 0 0 0 62 1182 62

H» kg/h | 90 0 90 90 111 | 986 828 785
Volume Flow | m*/h | 2716 0 2716 75 44 | 452 244 220




Table 19 (continued) Biomethanol production simulation stream table: temperature, pressure and mass flows and volume flows.

Stream Units | OFF-GAS1 | FLASH2 | OFF-GAS2 | DISTFEED | DISTIL | WASTEW | MEOH
Temperature | °C 35 37 37 60 65 97 20
Pressure bar 47 1 1 1 1 1 1
Mass Flows | kg/h | 82 1 540 25 1515 1102 413 1102
Biomass kg/h | 0 0 0 0 0 0 0
Ash kg/h | 0 0 0 0 0 0 0
H,O kg/h | 0 408 1 408 6 402 6

CO kg/h |1 0 0 0 0 0 0
CO; kg/h | 22 13 12 1 1 0 1
CH4 kg/h | 2 0 0 0 0 0 0
NH; g/h 0 0 0 0 0 0 0
HaS g/h 0 0 0 0 0 0 0

N2 kg/h | 13 1 1 0 0 0 0

0 g/h 0 0 0 0 0 0 0

S g/h 0 0 0 0 0 0 0

C g/h 0 0 0 0 0 0 0
CH4O kg/h |3 1116 10 1 106 1 095 11 1 095
H» kg/h | 41 2 2 0 0 0 0
Volume Flow | m*h | 12 41 39 2 952 1 2




Table 20 Biomethanol production simulation stream table: temperature, pressure, and mass fractions.

Stream Units | BIOMASS | DRYBIO | MOISTURE | DRYEROUT | STEAM | GASIFOUT | ASH SYNGAS
Temperature °C 40 100 100 100 200 800 800 800
Pressure bar 1 1 1 1 16 1 1 1
Mass Vapor Fraction 0,00 0,00 0,00 0,00 1,00 1,00 0,00 1,00
Mass Liquid Fraction 0,00 0,07 1,00 0,00 0,00 0,00 0,00 0,00
Mass Solid Fraction 1,00 0,93 0,00 1,00 0,00 0,00 1,00 0,00
Mass Fractions

Biomass 1,00 0,93 0,00 1,00 0,00 0,00 0,00 0,00
Ash 0,00 0,00 0,00 0,00 0,00 0,00 1,00 0,00
HO 0,00 0,07 1,00 0,00 1,00 0,17 0,00 0,17
CO 0,00 0,00 0,00 0,00 0,00 0,49 0,00 0,49
CO» 0,00 0,00 0,00 0,00 0,00 0,27 0,00 0,27
CH4 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
NH; 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
H,S 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Nz 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,01
02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
S 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
C 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
CH4O 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
H: 0,00 0,00 0,00 0,00 0,00 0,06 0,00 0,06




Table 20 (continued) Biomethanol production simulation stream table: temperature, pressure, and mass fractions.

Stream Units | SCRUBIN | NH3,H2S | SCRUBOUT | COMPSYN | H2 | REACFEED | FLASH1 | RETURN
Temperature °C 70 70 70 200 200 | 200 37 44
Pressure bar 1 1 1 50 50 50 47 50
Mass Vapor Fraction 1,00 1,00 1,00 1,00 1,00 | 1,00 0,52 1,00
Mass Liquid Fraction 0,00 0,00 0,00 0,00 0,00 | 0,00 0,48 0,00
Mass Solid Fraction 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00 0,00
Mass Fractions

Biomass 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00 0,00
Ash 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00 0,00
HO 0,17 0,00 0,17 0,17 0,00 | 0,08 0,13 0,00
CO 0,49 0,00 0,49 0,49 0,00 | 0,24 0,01 0,01
CO» 0,27 0,00 0,27 0,27 0,00 | 0,26 0,14 0,27
CH4 0,00 0,00 0,00 0,00 0,00 | 0,01 0,01 0,02
NH; 0,00 0,05 0,00 0,00 0,00 | 0,00 0,00 0,00
H,S 0,00 0,95 0,00 0,00 0,00 | 0,00 0,00 0,00
Nz 0,01 0,00 0,01 0,01 0,00 | 0,08 0,08 0,15
02 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00 0,00
S 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00 0,00
C 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00 0,00
CH4O 0,00 0,00 0,00 0,00 0,00 | 0,02 0,37 0,04
H: 0,06 0,00 0,06 0,06 1,00 | 0,31 0,26 0,50




Table 20 (continued) Biomethanol production simulation stream table: temperature, pressure, and mass fractions.

Stream Units | OFF-GAS1 | FLASH2 | OFF-GAS2 | DISTFEED | DISTIL | WASTEW | MEOH
Temperature °C 35 38 38 60 65 97 20
Pressure bar 47 1 1 1 1 1 1
Mass Vapor Fraction 1,00 0,02 1,00 0,00 1,00 0,00 0,00
Mass Liquid Fraction 0,00 0,98 0,00 1,00 0,00 1,00 1,00
Mass Solid Fraction 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mass Fractions

Biomass 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ash 0,00 0,00 0,00 0,00 0,00 0,00 0,00
HO 0,00 0,27 0,03 0,27 0,01 0,97 0,01
CO 0,01 0,00 0,00 0,00 0,00 0,00 0,00
CO» 0,27 0,01 0,48 0,00 0,00 0,00 0,00
CH4 0,02 0,00 0,01 0,00 0,00 0,00 0,00
NH; 0,00 0,00 0,00 0,00 0,00 0,00 0,00
H,S 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Nz 0,15 0,00 0,02 0,00 0,00 0,00 0,00
02 0,00 0,00 0,00 0,00 0,00 0,00 0,00
S 0,00 0,00 0,00 0,00 0,00 0,00 0,00
C 0,00 0,00 0,00 0,00 0,00 0,00 0,00
CH4O 0,04 0,72 0,38 0,73 0,99 0,03 0,99
H» 0,50 0,00 0,07 0,00 0,00 0,00 0,00




