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ABBREVIATIONS

Cl Compression ignition

EJ Exajoule

FCV Fuel cell vehicle

FFV Flexible Fuel Vehicle

GHG Greenhouse gas

HTW High Temperature Winkler
ICE Internal combustion engine
MSW Municipal Solid Waste

MW Megawatt

WGS Water gas shift reactor

CHEMICAL COMPOUNDS

CHa Methane

CO Carbon monoxide
COS Carbonyl sulfide

CO2 Carbon dioxide

DME Dimethyl ether

HCI Hydrochloric acid

HF Hydrogen fluoride

H2 Hydrogen

H2S Hydrogen sulfide
LNG Liquefied natural gas
MeOH Methanol

MGO Marine gas ol

MTBE Methyl tert-butyl ether
MTG Methanol-to-gasoline
NaOH Sodium hydroxide
NazS Sodium sulfide

NH3 Ammonia

NOx Nitrogen oxides

02 Oxygen
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ABSTRACT

Methanol is a key product in the chemical industry and an emerging energy fuel, currently mainly
produced from fossil sources. Use of renewable methanol produced from biomass, biomethanol, could
play an important role in emission reduction for the transport sector. Especially in sectors where the
electrification of the power train is difficult. Use of biomethanol results in quite high reduction of
greenhouse gas emissions and the physical properties of methanol support a clean and efficient
combustion. This report is a brief overview of different aspects of biomethanol production and its use as
a fuel with focus on the EU. It is divided in two parts; part 1 focuses on the production of biomethanol
and part 2 focuses on use of biomethanol as a fuel.

INTRODUCTION

Methanol is one of the world's largest chemical commodities. It is the simplest alcohol with the chemical
formula CH3OH. It is a light, colorless, volatile, flammable liquid at ambient conditions. Methanol is water-
soluble and biodegradable. It is a component in a lot of products and is therefore produced, processed
and used in many locations all around the world. Besides being an important chemical commodity, it has
now and again been a candidate when developing alternative fuels to the crude oil-based gasoline and
diesel fuels. Methanol can be used as fuel, fuel additive or precursor for more complex transportation
fuels, or an intermediate for several industrial chemicals such as plastics, textiles, paints etc. The
production capacity and demand of methanol have risen rapidly in the past years (see Fig 1). In 2020,
around 102 million tons of methanol were produced worldwide'. More than 60% of global methanol
demand were used in the chemical industry as an intermediate for producing e.g., formaldehyde, acetic
acid, and methanol-to-olefine'. These chemicals are further processed to products such as paints,
plastics and car components. The other 40% were used in the fuel industry as energy carrier, e.g., for pure
methanol, methyl tert-butyl ether (MTBE; a fuel additive in gasoline), biodiesel, dimethyl ether (DME) or
methanol-to-gasoline (MTG)'.
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Figure 1. Global methanol supply and demand



Almost all of the methanol produced today is derived from fossil fuels. Around 65% is based on natural
gas reforming, 35% is based on coal gasification, while only <1% is based on renewable sources?. To be
considered renewable, all feedstocks used to produce the methanol need to be of renewable origin, such
as biomass, solar, wind, hydro, geothermal, etc. Renewable methanol produced from biomass, such as
forestry and agricultural waste and byproducts, biogas, sewage, municipal solid waste (MSW) and black
liqguor from the pulp and paper industry is usually called biomethanol. Comparatively, when obtained from
carbon dioxide and green hydrogen produced with renewable electricity, it is generally called “e-
methanol”. Currently, there are only a few facilities for biomethanol production on the market, for example
Sodra in Sweden.

Biomethanol and e-methanol from renewable sources and processes are chemically identical to fossil
fuel based-methanol but result in significantly lower GHG emissions during the entire life cycle. In
addition, the use of renewable methanol can reduce dependency on fossil energy imports and stimulate
local economies. Several companies are already producing biomethanol and e-methanol across the
world. In addition, more companies and institutions have built prototypes and demonstration units or
have active R&D in that field. A list of existing and planned renewable methanol facilities and
demonstrations are listed in the next chapter.

Renewable transport fuels such as biomethanol could play an important role in combating global
warming and air pollution for sectors and regions where the electrification of the powertrain is difficult,
e. g. in the shipping sector. Use of biomethanol results in quite high reduction of greenhouse gas
emissions® and the physical properties of methanol support a clean and efficient combustion. A wide
range of resources could be utilized to produce biomethanol, which are summarized below.

PART 1: PRODUCTION OF BIOMETHANOL

There are three main production pathways for biomethanol: gasification, reformer-based (from biogas)
and from the pulping cycle in pulp mills. Production routes for methanol from fossil feedstocks are very
well proven and much knowledge can be applied when using renewable feedstocks. The gasification and
reformer-based production of biomethanol have strong similarities with the production of non-renewable
methanol. For these two pathways, methanol production can be divided into the following steps: (1)
production of synthesis gas, (2) synthesis of methanol and (3) purification of product. The synthesis gas
is a mixture of hydrogen (Hz), carbon monoxide (CO) and carbon dioxide (CO2) and is obtained from a
variety of resources.

The syngas generation step is the only step that majorly differs between biomethanol and non-renewable
methanol production. Thus, the key to successful production of biomethanol is cost and energy efficient
syngas generation from renewable feedstocks. Biomass-based methanol production can also be
combined with novel concepts such as e-fuels (Power to Liquids). Including hydrogen from electrolysis
can increase the production potential of methanol from a given amount of biomass with > 50%.% The
three main production pathways are described below.

Gasification-based production

Biomethanol from biomass and MSW can be produced via gasification. Potential biomass feedstocks
are forest residues, lignin, black liquor, wood chips, wood pellets etc.>¢ Gasification involves production
of a gas from a solid fuel at elevated temperatures using oxidizing agents such as air, oxygen, steam,
carbon dioxide or a combination of these. The temperature lies typically between 600° and 1000°C. The
heat for the reactions is provided either by the combustion of a fraction of the feedstock with pure oxygen



or an indirect external heat source. The resulting syngas from the gasifier needs to be cleaned and
conditioned to meet the requirements for the downstream methanol synthesis process.

The technologies used in the syngas production are similar to, or the same as, the technologies used
when using coal, natural gas and heavy residual oil. But there are differences in feedstock preparation. In
addition, biomass gasification and gas cleaning steps are still more expensive and less reliable compared
to fossil-based syngas production technologies’. For most technologies scale-up to full-scale application
from advanced demonstration plants remains to be done. Key processes in a conventional methanol
plant are pretreatment of feedstock, gasification, water gas shift reaction, gas cleaning, methanol
synthesis and purification. Fig 2 shows a general schematic of a gasification-based methanol production.
The pretreatment of feedstock, gasification, and gas conditioning/cleaning steps are different when
using biomass compared to fossil fuels.
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Fig 2. A general schematic of gasification-based biomethanol production

The majority of feedstocks for the biomethanol production plant are solid and thus need to be
homogenized before being fed into the gasifier. The challenge to push solids at an even flow rate against
pressure, in case of pressurized gasification, has resulted in comparably low pressures in the gasifier of
5-10 bar. In case of liquid feedstock, as with black liquor from pulp and paper mills, the feeding system
is simpler and in line with a heavy residual oil feeding system. These feeding systems enable higher
pressure in the gasification unit of30-60 bar. The biomass feeding system for pressurized gasification,
feedstock grinding, tar concentration in the product gas and handling of ashes are the major technical
barriers for biomass gasification”®. The two latter technical issues could be detrimental to subsequent
process equipment.

Compared to coal gasification, biomass has higher fuel reactivity, higher organic sulfur-, chlorine- and
alkaline content in addition to higher content of produced tars and more CO2 and CH2 in the syngas. A
few reactor designs have been considered as suitable for biomass gasification which are fixed beds
(updraft and downdraft), fluidized beds and entrained flow reactors (for more detailed info see Ref?).
Among these designs, product gas quality, conversion efficiency, suitability for handling different
feedstocks, and investment and running costs differ'®. Furthermore, pressurized operation is often
desirable although it puts additional requirements on the design and operation of a gasifier.

The raw untreated syngas leaving the gasification step needs to be cleaned and conditioned to meet the
quality level required by the methanol synthesis step. Aftertreatment is different depending on the type
of gasifier, gasification agent, and feedstock composition. Different types of biomass material may also
affect aftertreatment requirements because certain feedstocks introduce substances that are unwanted
in downstream processes. Most common impurities are particles, tar and methane, COS, chlorine and
fluorine components such as HCl and HF, and sulfur components such as H2S, and CO».

Gas conditioning usually includes adjustment of the H2/CO ratio to around 2 to 1 for optimal methanol
synthesis in the water gas shift reactor (WGS)'". In case of presence of methane in the syngas, methane
reforming is needed to maximize the syngas yield and avoid energy losses in the form of methane leaving
the methanol synthesis unit as a purge stream.



Black liquor gasification with downstream synthesis to biofuels has shown gains in energy efficiency and
economic performance compared to combustion in a recovery boiler in a Kraft pulp mill'2. The gained
performance is partly due to the catalytic effect of the black liquor, due to the alkali present in high
percentage that enhances the gasification reactions. The catalytic activity of the alkali compounds allows
for gasification at low temperatures with high carbon conversion and low tar and soot formation.
Research has shown that even if the black liquor is diluted with a secondary feedstock, the high reactivity
can be kept'®. Thus, to increase the operational flexibility plus the biofuel capacity of a mill-integrated
gasifier, a secondary biomass feedstock could be blended into the black liquor and co-gasified'*. The
secondary biomass feedstock can be pyrolysis liquids'®, residues from biochemical conversion of
biomass feedstocks such as crude glycerol from biodiesel production and lignin-rich fermentation
residues from lignocellulosic ethanol production.

The key to successful commercialization, from a technological point of view, is to convert the feedstock
into a syngas with a quality required by the methanol synthesis technology providers. So far, there is
limited long-term operational experience of large-scale plants gasifying biomass or MSW for syngas
production for later synthesis into a product. Outside Europe, Enerkem has gasified MSW in Edmonton,
Canada at commercial scale since 2015 with a capacity of 100 kt/year(feedstock)'®, which provides
valuable experience for other projects. Active gasification-based projects in Europe with focus on
biomethanol production are listed in Table 1



Table 1. List of gasification-based biomethanol projects in Europe'”

Name of Location Type of Heating principle Feedstock Project phase Plant capacity Project, reference Notes
gasification gasifier
technology/
owner
Non-recyclable
. . vvastle.from In Feedstock: 400k Uses externally
Directly heated via municipal, development, .
Tarragona, Spain partial combustion industrial pending final ton waste Ecoplanta, 118 produced Hzto adjust
! . | ! Output: 220M ' the H2/CO ratio instead
. with Oz commercialand | investment . P
Bubbling S iy liter per year of WGS
Enerkem . institutional decision
fluidized bed
sectors
Feedstock: 340
Rotterdam, the non-recyclable . kton waste 20
Netherlands MSW Engineering |y iout-poom | YW2C Rotterdam
liter per year
Dlreptly heated via . . Output: 100 kt Varmlands-
Hagfors, Sweden partial combustion Forest residues Planning n
HTW/ . . per year Methanol
Bubbling with Oz
Thyssenskrup - e —
Gidara Energy, fluidized bed Non-recyclable Planning, in
2 Advanced Methanol
Amsterdam, the MSW, wood operation in Amsterdam?
Netherlands waste 2023
Non-recyclable
— o municipal- and ) To be integrated with
Eg: refinery in Livorno, industrial waste, | Engineering O:rtngr1 15kt MyRechemical 2324 JM's syngas to methanol
y . ‘ mainly plastic pery process?®
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NextChem uodraft ' partial combustion
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Rotterdam, The Planning % o
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A liquid energy
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B.Io“.q/ KIT/ AIr Karlsruhe, Germany High pressure partial combustion (Biosyncrude): Operational 5 MWi feed Biolig?’ Producgs gasoline via
Liquide entrained flow . o DME (via methanol)
with 02 Pyrolysis oil+
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Reformer-based production from biogas

Biogas is formed from anaerobic breakdown of organic material by microorganisms and is mainly
composed of CH4 (50-75 %) and COz2 (25-50 %)?8. Other compounds of biogas are H20, Oz and traces of
sulfur, H2S and NHs. The amount of CH4 depends on the type of organic material decomposed (amount
of fats and carbohydrates). Typical feedstocks for biogas production are manure and water treatment
sludge, the organic fraction of waste from households and industry, residues of crop production (e.g..,
straw) plus energy crops including maize and grass silage.

Production of biogas has increased in the EU, boosted by the renewable energy policies, economic and
environmental benefits. Europe has an established and mature biogas market. In 2018, more than half of
the biogas production in the world was located in Europe with production of 30.9 billion m3with an energy
equivalent of 0.71 EJ?°. Currently, the main use for biogas is local heat and electricity generation, which
requires minimum upgrading. In 2019, the installed power capacity using biogas as feedstock was 10500
MW?'9in Europe. A small percentage of the produced biogas (around 3% in 2019'9) is used for upgrading
to biomethane for injection into the natural gas grid in Europe. Biomethane is currently used as a co-feed
with natural gas in existing methanol production facilities in some locations, such as by BASF in Germany
and OCI/BioMCN in the Netherlands. Co-feeding biomethane with natural gas offers reduction of GHG
emissions compared to traditionally produced methanol®°.

For biogas reforming to syngas (or for distribution in the existing natural gas network), upgrading and
cleaning of the biogas is required. The upgrading process includes removal of CO2 and the cleanup
process involves removal of toxic and corrosive components. For example, biogas from manure contains
high amounts of H2S that can cause corrosion in the upgrading and reforming stages and catalyst
degradation®'. The upgraded biogas is occasionally referred to as biomethane as the concentration of
CHais high. Fig 3 shows a general schematic of the biogas-based biomethanol production. As presence
of COz2 has shown to reduce energy consumption®, a process design with possibility of purging the CO2
separated into the synthesis stage is also included. Another alternative is the “dry reforming” process
which replaces a part of the steam with CO2 for methane reforming. This concept has been developed by
Linde at pilot scale®.
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Fig 3. A general schematic of reformer-based biomethanol production

Production from the pulping cycle in pulp mills

During the conversion of wood into wood pulp, methanol is formed in the digester, where wood chips
react with a liquor containing sodium hydroxide (NaOH) and sodium sulfide (Na2S). The methanol is
referred to as “raw methanol” and contains several impurities and is usually used as an internal fuel to
produce heat and power. The amount of methanol produced depends on the type of the wood and the
pulping process®. Recently, treating and upgrading the raw methanol to a salable grade methanol has
been developed. A pulp mill in Mdnsteras, Sweden owned by Sodra® uses the methanol purification
process A-Recovery+3 developed by Andritz to produce commercial grade biomethanol. The plant has a
capacity of 5250 t/y®’. According to the International Renewable Energy Agency (IRENA), 220 000 t/y of
biomethanol could be produced in Europe if all pulp mills would apply the method used by Sédra®’.
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PART 2: BIOMETHANOL AS A FUEL

The use of methanol in the fuel industry has increased rapidly since the mid-2000s. Methanol can be
used as a fuel either directly or in a blend with gasoline. It can also be used to produce biodiesel, DME
and MTBE. Biodiesel can be produced by reacting methanol with vegetable oils (e.g., rapeseed oil) or
animal fats and it can be used as a blender or replacement for diesel. Biodiesel can be blended with
conventional diesel and used as a vehicle fuel. Direct use of methanol as a fuel has grown from less than
1% of the global methanol consumption in 2000 to more than 14% by 2021. %7

Methanol has some advantageous properties in terms of its use in internal combustion engines, such as
a high octane number. This means that it can be used as an additive or substitute for gasoline. The high
knocking resistance and high heat of vaporization of methanol results in higher thermodynamic
efficiency than gasoline-fueled engines. Owing to its molecular structure (no carbon-carbon bond and
bounded oxygen) use of methanol will result in lower soot formation. Lower combustion temperature of
methanol results in lower NOx emissions. Unfavorable properties of methanol such as low energy
content, corrosivity, seal-swelling properties and viscosity necessitates some adjustments in the fuel
system: larger fuel tank, pumps and injectors with higher flow rates and methanol-compatible seals.
Methanol has around half of the volumetric energy density of gasoline and diesel. This will result in
reduction of driving range of the vehicle, but this can be compensated, in addition to a larger fuel tank, by
more frequent fueling or more efficient combustion engines. The low ignition quality and the high
evaporation enthalpy of methanol requires substantial adjustments in the combustion process. In
addition, incomplete combustion of methanol results in formation of pollutants such as formaldehyde
and formic acid.38%°

Historically, methanol has been a candidate to substitute conventional crude oil-based fuel. Use of
methanol received great attention during the oil crises in the 1970sC. Fossil-based methanol was widely
tested both, as a blending component and as pure fuel in small and large test fleets in many developed
countries in the 1980s and 1990s. The potential to reduce air pollution was also a driver at the time. This
was boosted by the ban on lead in gasoline and the most interest was in California (USA).%® Due to the
lack of refueling infrastructure, Flexible fuel vehicles (FFV) were developed instead of dedicated methanol
vehicles.#! FFVs able to run on methanol or gasoline were developed by Ford and Volkswagen in the
1980s and tested in California. Although the methanol FFV program was technically successful the
interest in methanol diminished by the late 1990s as a result of decreasing gasoline prices and rising
methanol prices.® In addition, technological advances such as catalytic converters, direct fuel injection,
etc. dramatically reduced the emission issues associated with gasoline. At the same time, ethanol gained
more attention compared to methanol.

Despite the diminishing interest in methanol-powered vehicles in developed countries, China has recently
laid focus on methanol as a transport fuel, mainly to reduce its dependency on imported fuel and reduce
air pollution. Several Chinese automotive manufacturers produce methanol-powered cars, trucks, vans
and buses which can run on M85 (85% methanol, 15% gasoline), M100 (pure methanol) along with
methanol/gasoline blends with lower methanol content 42,

Methanol can also be used in diesel engines but more significant modifications, compared to gasoline-
engines, are required.*® This is mainly due to the low cetane number of methanol®®. There are a few
possibilities for using methanol in compression ignition (Cl) engines: premixing methanol with the intake
air and adding a fuel with high cetane number to improve the ignition, addition of ignition improver or
installation of glow plugs®® etc. Currently, using dual fuel combustion i.e., premixing methanol with the
intake air and using a small diesel spray (pilot diesel) is the most common approach. This approach only
requires the addition of a methanol performance fuel injection (PFI) system and allows retrofitting®.
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However, the most attractive concept could be the one using pure methanol without any ignition
enhancer which needs further research.

In addition to its use in conventional internal combustion engine (ICE) vehicles, Methanol can also be
used in advanced hybrid and fuel cell vehicles. In such cases, methanol is reformed on board of the
vehicle to hydrogen, which then is fed to the fuel cell to charge the batteries in an electric vehicle (EV) or
to deliver direct propulsion in a fuel cell vehicle (FCV)*. Using methanol eliminates the need for costly
on-board systems for safely storing and transferring hydrogen gas at high pressure (350-700 bar) in
FCVs. Methanol reforms at a temperature that is low enough to utilize the low-grade exhaust heat, even
at low loads. This makes methanol very attractive regarding waste heat recovery in ICEs. On-board
methanol reformers to drive FCVs have been demonstrated by several car manufacturers in the 1990s
and 2000s.

Currently, interest in the use of methanol in the marine sector is growing which is motivated by tightening
emissions legislation. The International Maritime Organization has set new regulations to reduce the
sulfur content of marine fuels and NOx emissions in the emission-controlled areas (e.g., coastal areas).
This has led to new technologies being tested to meet the new regulations. In addition to aftertreatment
systems, which allow the continued use of heavy fuel oils, the shipping industry has been looking into
alternative fuels, among which methanol is a primary candidate. Currently, more than 40 ships in
operation or on order are using methanol*®. Methanol is sulfur-free and when burned produces almost
no particulate matter and low amounts of NOx.

Several demonstration projects have investigated the use of methanol for shipping®. Among which the
Stena Germanica ferry conversion and the Waterfront Shipping tanker vessels are most notable (shown
in Fig 4). Stena Germanica is a 1500 passenger ferry (50000 t, 32000 horsepower) operating between
Sweden and Germany which was retrofitted to run on methanol. The marine diesel engines were
upgraded with injectors to allow direct injection of methanol and Marine gas oil (MGO). Methanol is the
main fuel but there is the option to use MGO as backup*®. The retrofitting took less than 3 months. The
Waterfront shipping vessels run with two-stroke engines using separate direct injection of methanol MGO
or heavy fuel oil. A few measurement data from these engines presented by the manufacturers show
compliance with emission regulations and efficiencies similar to the efficiency on diesel fuel®. Also,
Maersk has ordered 8 ocean-going container vessels running on biomethanol and e-methanol that are
planned to be in operation in 2024 and 2025%'. The vessels will have a dual-fuel engine setup, running on
methanol and traditional low-sulfur fuel. In order to secure enough carbon-neutral methanol for the
operation of these vessels, Maersk is focusing on collaborations to ramp up the methanol production. A
complete list of projects involving the use of methanol as marine fuel can be found in reference®®
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Figure 4. a) Methanol-powered ferry Stena Germanica, operating between Gothenburg (Sweden) and Kiel (Germany) 46
b) Methanol-powered ocean-going vessel by Waterfront shipping *

For use in aviation, direct use of methanol is not favorable due to its low volumetric energy density. But
methanol can be converted to kerosene-type aviation fuels*®. Conversion and upgrading of methanol to
jet fuel and other hydrocarbons consists of several process steps such as DME synthesis, olefin
synthesis, oligomerization and hydrotreating. Another option is to use methanol for advanced hybrid
planes that use a combination of fuel cell and battery to run turbofans or turboprops®.

This type of hybrid planes will have advantages such as reduced emissions and noise with 40-60%
reduction in energy use®. This type of aircraft is considered suitable for regional flights®”.

As methanol is already a globally available commodity with distribution and storage capacity in place, a
transition from liquid fossil fuel derived products to methanol would be desirable. Millions of tons of
methanol are transported to diverse and scattered users by ship, rail and truck. It can also be transported
through pipelines. Methanol refueling stations for cars, buses and trucks are essentially identical to
current gasoline or diesel filling stations, requiring very little change in consumer habits. In most cases
the same tanks can be used with minor changes to the refueling lines, gaskets, etc. Cost of methanol
filling stations are expected to be the same as a gasoline/diesel station, cheaper than liquefied natural
gas (LNG) stations and much cheaper than hydrogen refueling stations® Methanol bunkering for ships
is also easy and clean. As methanol is liquid at atmospheric pressure, it can be stored much like bunker
fuel. Methanol is already available in many ports around the world. This results in low infrastructure cost
to store methanol®’.
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