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Executive Summary

Gl obal warming is a major threat for continuation
concerted actions are needed in all lempmowmimrcg sect
energy efficiency of enginktseésfonetseanegheqanded
climate burden especi alTHeg mdstt heef ft @ catnisweo rftu eslesc t arr e
mi ni mum GHG emissions and mindiobmepol Wiwantbhaahon

compatible with common internal c o.mbTuhsé ri 0 na reen gmanrey
alternative fuel options (e.g. methane, methanol

using differematntgsbewmenedalconversion technologi es.
renewabl e fuels for combustion engines does not r
technologies, such as electric powertrains.

I n this Annex 56 variasusuaespéotr scthder aneradmaipeovretd saen c

evaluated: from its production to its application
di sadvant ages. Barriers and an outl ook on the pot
fuel are given.

Renewabl e transpoertthafnuwdl sc osud cdh baesc oome an i mportant
gl obal warming and air pollution for sectors and

powertrain i sg.chial Itemagishi,pei.ng sector. The greent

renewabl el mentdaaqwi te high and the physical proper:t
efficient combusti on. Therefor e, the operational

massively to get a perceptible Iimpacatuof.sAbwideu
range of resources could be utilizeandowkpawoaeldice r

streams to renewabl e hydMeotgheann caln da scd enoctud satrf aCeCe d wa s
| arvgeeh ifdteeedur i ng9 d.h eDelsP8 /e s ecbassamet hanol was n

commercial success. Recently, there is .again an i
Promi nent examples are China as | argest wuser of m
where met hanol i's being rcarmsibdkeruessce dad nmdruiede cfedd]l
I nternal combustion engines using methanol as a f
efficiency to gain maximum energy and pollutant s
as automoti vieer ulellemwditmg hi @t es or as pure fuel t ec
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findings from the report are summari zed
Methanol is a multipurpose fuel as it could be used straight or as blending component
in fuels, for the production of fuel additives or for fuel cell application.
Several concepts for internal combustion engines are available for using
methanol in passenger cars, light-duty and heavy-duty engines as well as in ships.
Straight methanol burns with very low particle and NOx emissions in refitted
engines. A further reduction of pollutants could be expected for future high efficiency
combustion engines.
Methanol could significantly increase the engine efficiency in dedicated engines.
Therefore additional research and development is heeded to realize this potential — also
from an OEM perspective.
The existing fuel infrastructure requires no adjustments for low level methanol blends.
For higher methanol blends and straight methanol, the adjustments of the existing
fuel infrastructure are well known. There are consideration needed regarding material
compatibility and safety handling.
In order to support GHG mitigation in transport, production capacity of
sustainable renewable methanol has to increase from the current level of less than
1 million tonnes per year to cover a part of the transport sector. Today methanol is
mainly produced from fossil resources at the global production capacity of about
125 million tonnes.
Production costs and GHG reduction potentials of renewable methanol produced
on an industrial scale can be competitive to established renewable fuels, if using
suitable resources like waste wood and cultivated wood.
Supporting elements on strategic, regulatory, technical and communicative level
are of overarching importance like for any alternative fuel in transport.
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1 Introduction
1.1. Context and participants

This summary report is based on five technical re
i Anné&%NMet hanol as motor fuel, under the Technol og)
Advanced Motor Fuels (AMF) of the I nternational E

Technion (1l srael Il nstitute of Technology), VTT an«
56rpject.

The technical reports and corresponding organi zat
are as foll ows:
Appendi Gener al i ssues on mekFdaamademtsumoNaachwaehs el

Rohstoffe e.V. (FNR) and DBF¢gs Deruttrsicrhes Bi
gemeinnitzige GmbH, Ger many)
Appendi:deavy duty met hanol engines (Fachagentur N
(FNR) and DBFZ Deutsches Biomasseforschung
GmbH, Gefm®any)
Appendil¥ari ne met hanol (VTT Technical Re s[e3alr ch Ce
Appendvi:Hi gh efficiency-HeEMBanhbuneéndgnine@sAdsity, Swe
Appendi Met hanol as—Bmotrarerfsuelf commercialization (
Il nstitute[,5]Denmar k)

The authors would |Iike to acknowl eAMFROthep Exretciun g
this Annex and t he Meutnhdainnog rlenlsattietdutteo ftohre ctoec hni c

and dissemination.

1.2. Objectives of Annex 56

The purpose of this review is to explore potenti a
gl obhbadl l enges related to economy, energy security
produce methanol economically today creates mar ke
produced using renewabl e sources. Di f fnegr el-nitg httr an s
duty (passenger-dectayshpoaandaheaelyl as marine vehicl
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there are ambitious current and anticipated regul
emi ssi ons.

I'n the foll owing r eporatbhoofe Ameme xi o5née dr eAppletnsd i axfe st

The report is structured into three partA) fo@musin
application of met haBnolasasweelngianse ofnu eplr o(sPaerctt s t o
met hanol as rmdatramsfge.lt f(dPart

13. Previous related work of AMF TCP

Met hanol as motor fuel has been studiogpdrian i AMF TC
project dealt with the topic “Alcohols and al coho
objectives

i Coll ect, classify, and comment on data obtaine
generation and use of alcohols and al cohol bl e

ii. Col |l ect gui del i nes, t hat could be used in choo
fuels im whopero by alcohols and

ii.h. Obtain appropriate proposals for relevant deve
potenti al need for future evalwuation, analysis

These objectives are completely wpuprt erodateetandiarc

met hanol has been studied in AMF TCP projects as

Ann &:x Al cohol s and al cohol bl ends as motor fuels

Ann dx Production of alcohols and other oxygenate
1994)

Anneéex% Al cohols and Ethers as OxygZ2h®ki)es in Diese

Annédx Al ternative Fuels for-2MarX¥3d)he Applications

Annédx Research on Unregulated Pollutants Emissio
Al ternati ve-2Puedl)s (2012

Annéd» Al cohol Applicati osxn201In5)CI Engines (2013

Annéz Fuels for Ef+H2i0cliteéncy (2015

Annéx GDI Engines and A+z0h9) Fuels (2016
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2 Part A | Methanol production and supply

Part A provides generablinhogmateirah abduasmebhan
summari zes aspects of the methanol supply chain i
emi ssions and economic aspects. Other documented
handling of methanol Paasr tf vAeli.s Thtad nd wrmmBaannsye diaron App

0

i ssues n met ha)norleposr tmeod ory f WRH Z .

While in the past methanol came into focus pri mar
oi l crises, the use of methasokcibstogowabeadgapt am
reduction of pollutant g,edgrcegdmmo wpsod eqnas alGHG case
met hanol) and due to the r[ebdu7c]ti on of the oil dep

21. Met hanol producti on

The productiomid¢cédpaomietsyed(rli 25 2016) as well as the
(8i |l tioomes Edr ibh. 2016) of methianmnot hbeapksbhi.gear sap
Met hanol producers are usually |l ocated in regions
being mined orasanrectcet éeat mafwural gas or coal S
percent of gl obal met hanol demand are used as int
formal dehyde, acetiomd eddindke)ar Trheet lbarheelr forty perce
carrieindosfuogl (pure methebnbolybuitegd € IMBE)yat i fodi em
di met hyl et h¢masrolmeatehgdrMdliIG) ). The expected increa
likely to be driven by Chinese demadhamamdl ithhe con
transport and #pO0Twedrays upgphley. met hanol quantities ann

substitute a small proportion of the world's fina
(1ZEZQ@ in 2020) and this medr afnmd s iils[ inkAdAsUsycasngd @ o e
instancweolt%amet3hanol in gasoline (M3) wil!l be i mpl
(approxi mat d¢loym&® Pdr gadasbline inmROLBpn abBbhes20b
of met hanol woful.Zdd] be required

Today, there ar-scalsopaefewomeamaktialdl 8 amatlihanels f ol

production on the market or at the planning stage
CRI in Iceland and Bi oMCN and W2C in The Netherla
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and projects are dolcurmelpdt=]ldd i n Appendi X

175 35
s Formaldehyde
Acetic acid
150 30 mm Methy! chloride
g mmmm Methyl methacrylate
c 125 25 [}  =mmmm Dimethyl terephthalate
= c i
z o s Methylamine
£ 100 20 § mmmm Methanthiol
3 .
s 3  mssm MTBE
£
[} 2 mmm Fuel blend
T 75 15 © o
% % = Biodiesel
2 % s Dimethyl ether
o
g S0 10 O s Fuel cells
[
O mmmmm Methanol-to-Olefins
25 0.5 s Others
Estimated demand
0 © DBFz, 2019 0.0 Capacity
2011 2013 2015 2017 2019 2021 2021 2025

Year
Fig. 1 Capacity and demand of methanol [7-9,16]

211. Technol ogy aspects

The production of methanol camyme hesbhdi giade priomdtue
met hanol syntphessdiuscs ta mpdrr(B)fiiicJantei osny n(t hesi s gas (a m
hydrogen, carbon monoxide and car boresdiusxiede )s uicsh
natur al gas, coal and | ignite, muni ci pal sol i d wa
electricity for hydrogen electrolysis. Based on t
bet ween fossil and renewabl e methanol

Hi st orimathgygnol was produced by pyrolysis of wood.
produced of natural gas and coal with the synthes
gasification. Other conversion technol ogaresbéd i ke
brought into focus, if[7using renewable resources
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Renewable resources

Methanol as inter mediate for chemical industry

|Acetic acid Methy lamine
Dimethyl terephthakste Pur e methanol for
Formaldehyde Cleansing agent
Methanol-to-olefins Coolant agent
Methyl chloride Plastidzer
Methyl methaycry Ete Solvent

Fossil resources
_ _ _ Municipal solid Biomass residues - _ Renewable
Nauralgas Crude oil residues Lignite and coal — e — Cukivated biomass e
v ) v v ¥
Conversion technologies
Synthesis gas production _ Autothermal - - N . Anaerobic N
M., CO, CO,) Steam Reforming reforming Partial Oxidation Gasification fermentation Electrolysis
+ further CO, sources
Syrthesisgas
conditioning
Methano! synthesis Y 1’ *
(CH;0H) High pressure Medium pressure Low pressure
Purification l
{CH:0H) Destillation
Methanol

Methanol for motor fuel industry

MTBE

Biodiesel (FAME) Pure methanol for
Dimethylether Power trains
Methanotto-aromatics (MTA) | Gas turbine
Methanotto-gasoline (MTG) Fuel blending

Heat/power generation

[ DBFZ 2020 [w/o entittement of completeness)

Fig. 2 Simplified scheme on resources, conversion technologies to methanol and further application of
methanol [7,17]
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met hanol pr oduwaetdi cranadeddoalnid in Appendi x
21.2. GHG emi ssions of methanol

Mitigation of greendthmesef gtalse eimingarn oamst i Sustai nabl
(SDYEs2.0]The results presented on GHG amdexrtes are b
compared to the default waldeés nel onhhéeher Enewakhaea
Energy Directive RED I I

| of GHG reduction with fuels essenti
sed,tdahkofwWphgr specWeVeaspPpbetsef such a

The potenti a
u
transport and distribution processes have only a
n
s
t

technol ogy
For efficient GHG mitigati on, upstream GHG emi ssi
renewabl e, u sftreeien a kelser, @ dfecgls.s idor exampl e, t he Eur o
defines tha the GHG emission savings from the us
(bi omaassed) or Da%e@dpowevhi ch are produced in plant

2021 on[walr]ds

As shoming.imhe GHG reduction potential of renewabl
95% compared to fossil met hanol. The produxtion a
emi ssions bet wegEdh®@-8&8q\J'. a rEk ceP.t Obfacsre dp aneeerhanol , st uc¢
assessing the GHG emissions of renewabAlpe emdti lxanqgl
Tabt .

I n comparing the default val uregsy obi rtehcet iEwe obpienadni nRg
onwar dsl [ REPr met hanol to other renewahlhanfouel s i
potentially causes relatively | owl GHBbemassi ons (
bi ometfhraonne wet manur eb ea luosneed woou |pdr otdouce met hanol ,

emi ssions could.even be achieved
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Waste Cultivated Biogas Black Power-based|Coal & lignite Natural gas
wood wood (manure, liquor
crops)
Renewable Methanol | Fossile Methanol
+ Ecoinvent 3.6 RED I Majer (2010) ¢ Ronsch (2014)
¢BLE (2015) ¢ Buddenberg (2016) ¢ Hoppe (edited, 2017) + Kajeste (2018)
+ Ellis (2018) *CRI (2019)

Fig. 3 GHG emissions of methanol from different resources based on [21-31]

213. Economi c aspects

A first overvietwasedsmdehangl fpssicks during the |
i Fi 4. For compahasoh, spot mar ket popesbhmean the US/

As diagramed, the two methanol spot mar ket prices
have the same peaks, as it is to be expected with
trend shows the infl uentchee onfie tthhaen ooli |p rpirciec.e HE sepl eactiea
years after the commerci al crisis from 2008/ 09, t
met hanol and the oil price. I n contrast, supposed
natur al gas reieme ¢Sdamrcet 200, t he price range of

US) is with the exception ofEYRAgul he peakse bét Be
ranged bet weRWRG53'aaddth® price of natBUBEI. gas betw

7
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Likkbepoptal ternative fuels fossil met hanol i s | ess
fuels such as biodiesel ( FABBDURE 3o ma mdh pleiseetdh g rEalr

(Eur op8:EQ2RBJI; USt2FEHWRJI). For renewable mmetprainod
|l istings, but most often it is sold at fh@é] quarte
30
5 25
¢]
©
o 20
£ ‘
= ‘
£ 15
o
S
s 10 '7
(%]
()
9
D:h. 5 /“‘
-yl VM ‘o./"
0 © DBFZ, 2020
1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015 2018
Year
== EUrope Brent Crude Oil Spot Price Natural Gas Price USA
=== \ethanol Rotterdam Methanol Price USA

Fig. 4 Price development methanol in relation to oil and gas [32—36]

The analysis of thebpasedemsethaonburehotwsfbbatlthe
is the resource pralce lofi tmkae umatdt umgals @as cproduci n
Ar abi a, Russia and the USA the production price f
considered countries. The second relevant compone
costs. Therrerftorreen edwahkhleee dpeteinoms scussed .in the gi
Based on a reviewFofgsdoWwsetbhat seodwebl e met hanol
agaimsgsi lif met hanol. This aspect is similarly to ot

Ot her cost analyses of renewable methanol from ce
electricity are presented in the] Oaehéeftmechreport

economi cogtenckcivdadb éles pr oduced efsrooum cceesl Isuhloonseidc t hat
thi quidf (eBITL)coul d bée pereadooable comeshaantd pnddu
di met hyDMEt wWas fmerfd eccastve t hffFns p-iedplic g ®@nd

8
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synt hetiec HaweVéen, fuel distribut# cn scchheerps wbul d |
and MTG fuel s. For -bperde oxwyrgieme dy afsli fii ciagedn pl ant s
the producti omwowd gt newst irmaytué 3 e substanti al i ncent
f or -offartkrisntdc BT ants regul atory actions and [39ghi fi c:
Costs of pr odaiscdd gf peolwerdepend on costs of renewat
the renewabil ei eyeprice. [ Bé@pnumat addt Rai nedfe pr odu«
powébased methane could be 1.5 to 2.5 tiwers higher
basmdt hanol owvoluyidgibtel y mopewbmaswmdyhphamd -power

based Flirsocpdecrbwe U | ch plpek i malt.¢dli ynes mor en cpoodwmalsye dt h a

met hane. When considering addi tfioornanha rsittoirnaeg es eacntdo r
di fferences in costs between[BBhuid and gaseous f
100

80

60

40

Production costs in EUR GJ!

4
20 ‘ ¢ ‘

© DBFZ, 2020

0
Waste Cultivated Biogas Power-based | Coal & lignite  Natural gas*
wood wood (manure, crops) (* price)
Renewable methanol | Fossil methanol
¢ Schmidt (2010) Majer (2010) ®Ronsch (2014) ¢ Tremmel (2015)  ®Brynolf (2016)

Millinger (2017) 4 Buddenberg (2016) ¢ Landlavl (2017) ¢ Methanex (2018) @ Gelsechem (2018)

Fig. 5 Cost of methanol from different resources (normalized to 2018) [23,24,32,36,39-44]
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I n summary nredrmeweadll alolrgex pensi ve on the mar ket thar
similarly as other renewable fuels are more expen
considering production of advanced renevwdhblice efnuel
optiOme .poistsyi btioh reduce costs of methanol is to us
required for thg3.06hGomktwdt iiconmduesngiynes operate ever
met hanol i s[ D®]% r( rwe ft.he ihnicgohmetre ntat( hydr ous et hanol |
Br a[z4).] Bot h options reduce the tedbhini calquéfrfeorat o
separate i mthiadhnidependeat es$t arbdtilsehreal ffoar chemi ce
i ndustry.

22. Met hanol characteristics
The results presented on met hanol chafdbcteristics
Met hanol il st he epirmpent ati ve of the group of alco
met hanol is a c¢clear, colorl ess, fl ammabl e and vol
many organic solvents aiid 46NMetanayn alath as wp ashi twiavtee rg
regarding its use as fuel[4h] internal combustion

T High octane number and high knocking resistance;

1 No carbon-to-carbon bonds (soot-free combustion);

1 High oxygen content (avoidance of fuel rich combustion zones);

1 High heat of evaporation and high volumetric efficiency;

1 Low lean flammaubility limit;

1 High volatility
Noemt hel ess, there are also adverse properties acec

1
1
1
1
1
1
1

Low volumetric energy content;

Low vapor pressure and low cold starting performance of engines;
Tendency to evaporate in fuel lines;

Corrosive and chemical degradation of materials;

Low cetane number and adverse self-ignition properties;

Poor miscibility with diesel,

Poor lubrication properties and degradation of oil lubrication properties.
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Both, positive as well as adverse properties, hav

fuel tests in 1970s and have bee addressed i n me

5

221 Fuel properties and materi al compatibility

The high knocking resistance and high heat of wvap
compression ratios and thus also a highe+ ther mod

fueled engines. Due to the mol ecul arcasrthbouncd u)r,e (b
the use of methanol as fuel can additionally redu
content). On the other hand, properties such as |

n

behavior-sared | $seaagl properties redquisysd eandj(l atrmemt $ u
met hanol compatible seals, pumps and injectors wi
adjustments in combustion process are necessary t
high evaporation enthad@mbuMoiremvefr, méhicamel egiev e :
formal dehyde and formic acid as pollutants. Prope
corrosive behavior and toxicity cause similar att

gasolilje.

A tabular comparison of the methanol pilompadt maes w
overview and description of the propertirepooft met
Met hanol : Propfkpa7]les and Uses

Knocki

=]

g resistance aved hhaenaotl ohhaesv eagnb roicgtaab r onnd 11
is significantly hi-gber Thenhifoh gasahéneumBar i s
high knock resistance of met hanol , which means th
to the high heat off oa@losidawm oinhaeneit htamloe air and

all ows the combustion of more fuel. Both properti
engi nes. Hence, smaller, more economic high perfo
Chemical Bteueombkecul ar structure (i.ecabbonded
bonds) , the use of met hanol as motor fuel can red
cont[ed] Furthermore, -khbpwnmeaherhhheswgbhbhbkh measu

exhaust gas recirculation (xE@GRpscamsaddiftiusnalgl LI
concepts. On the other hand, incomplete combustio
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https://www.methanol.org/wp-content/uploads/2020/03/SGS-INSPIRE-Methanol-Properties-and-Uses.pdf

and formic acid emissions.

Energy &Gdntae gthit metmedma@alnoanbl ends have a | ower he

straight gasoline, diesel or ethanol respectively
range of the vehicle, but it can be compensated w
efficommusti on engines. The engine fuel system nece

heating 5val ue.

Vapor prTehsesdroew. vapor pressure of methanol is an o
account. A minimum vapor pressure is raebguiirnred tAo
maxi mum vapor pressure is required to control the
Therefore, requirements contain betahs od i miegmiand reae

show azeotropic behavior of vraepsosrurper e snscurreea.s eMofsrto n

met hanol in gasoliwmel Bocmet hawbt hcopteat3 Higher m
neat met hanol ard4e8,14e9s]s af fected.

Lubr iCoimpwred to hydrocarbon fuel s metlheaweoll provid

me

—

hanol bl ends this can result i ncoamp oinnecnrtesased w

l ubricity additi[vee]s have to be wused.

Materi al cdonptatindbt ¢iitgyls used for gasoline are al :
bl ends. I n order to resist phase separgasmwlni,nenai n
bl ends <corr osisoonl viennhtisb,i taonrds ,a lccoo h ol c onpdat, ©8]e mat
contrast to other hydrocarbons, met hanol is a pol
met als and alloys as wel|l as el ssetdo menr £ ngn ch ep d luyerh
systems. This is also true for distribution, fild]l
El astomers and polymers that are not recommended

fl

uororubber (FPM, FKM) , br ywdorbceg e n(aHtNeBAR ) n i tnreiolpe emuwet

butadiene rubber (NBR), pol yurethane (PUR) and po
compatible with methanol are aluminium, copper, t
[ 48,50, 51]
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2.2.2. Fuel standar ds

Fuel standards define specifications of fuels and
engine companies to appropriately examine and pro
sbhe and efficient use. TheMoshti nodi ncgu rfroernta nmmea rhkaento |
standardizations are related to the automotive se
figured in tRe6wdi7ld map of

W50
of
?\f) ~ '{) ,'\_,-m' f/&h
.
- ; Ao
S \ULR SV
L s
AL )/\?
{ T
s
7 73
1 (s
MV
Traly: | /ﬂlk‘
240 @0 =
B M100 (GB/T 23510-2009
~ ‘{{ Taradl M85 (GB/T 23799-2009)
| M15 (ST 90 part 4 (2016)) Provincial sandards
M3 (SI 90 part 2 (2014)) 3 7
3 Tda =
M15 (I8 17076:2019)
& O L
R LN
,.z'“)—(\r
f\ﬂ,
N
U d{pa/
Fig. 6 Public automotive methanol fuel standards [47]
Regardless of this, there is stildl a need to catec
fuel in many r &€girornitwarcédwnderewn to the authors

223. Health and safety issues

Various health and safety regulations have been e
toxicological properties of pure methanol. The sa
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componentes benapplied to mixtutks, i .e. methanol |
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n toxTiypdlcamdy.routes of methanol exposure in hu

rption
human

through the skin due to direct contact
body absorbs and distributes metbanol e

siBMe)t.abolism and toxicity of methanol are sin

oimet Mdrormd tzlrean o | is only of |l ow toxicity. Toxi

ucts s
od of

uch as formal dehyde and formic acid. I n
6 to 30 hours without symptonmsomso ofhe f

a[nm2 ,THhE] symptoms of met hanol poi sontilnyg apfrtoecre e

k e, me
ct is

l erate
t by e

thanol shows a narcotic stage comparabl
| ower. After the | atency period, headac|
d breathing are asssdeimptoedrwi tvhh smethaldals
dema at the retina. I n the further cour

to complete irreversible blindness. Deadly p

s fgomfOmegtpmeamokg of body wei gghtpear & gd arfg eéroau

ht | ifd3t bBMiémgleenisnygmpt oms can | ead to chronic
rders of the visual and central nervous syste
been no documented cases of met hanol poi soni
5, 56]
ronment aAcctoorxdiicnog otgoy .t he screening informati on
anol-presratlowhemi cal whose properties are not
ronment under njpo®fadlhamniodcuimstcaompd £t el y miscib
ortions.-waher mmt kanok is very stable. Therefo
anol conltrami cmattrieosnts .t o crude oi l (derivatives)
of accidents on the high sea, due to its goo
r wi se, i f toxic quantities ofrmatkanolitare pr
ades fapi8dl vy.
her health and safety informdleibanate Shéscrib
| i ngofMatmhhea |l Met hp8pl Il nstitute

&A-
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23. I nfrastructure for handling, transport and

The infrastructure for methanol transport i s main
rail) and is well established for cheméecameapplic
established within chemical parks or ports. Mat er

accosgsetct2f.odn. 1 The techanfoeltoygypreencdaust i ons are based o
from methanol deliver|[iElseuyfi oemeimheasr odp pmlaindat ngnand

met hanol are similar to gasol i nef Isaaotriangge .r oMeft htaannok
marine terminals and docks, tank farms at chemica
Further infdrematioosmgfeornfsanet hanToelc hanriec ad o chuunhel nettei dn
met hanolandr Mpenseh a n o | Saf e Hoafn dtlhien gMeMahnpuBapldt r8d nan i t ut
example for Denmafbkblbsxshown in

Various application spaocodf ERGredguwmlecatrieqmus reenegt sAD

transportation, h&@@I iTnhge ya nadr es taolrlagceo mpar abl e t o t
gasoline or ethanol. The UN number of methanol i s
(fl ammable | iquids) and packing group I (substan

Ma ine deadcttorcondi smenbatk i oins offernfearhmendolbyf t@amker sh
the hubs-thnebargee, rail Therefank tnimehdhamodct ur e f
wi dely available for shipping putpgsasjoandnopbyt

station) are needed. Adjustments are necessary, e
available at the respective port. Similar to othe
i n dewblleed t aentkhsa nwilt hsani ety precauti ons. Bunkerin
(e.g. ferries) is realized by trucks which delive

the da&dk.

Road and rTaialnsspeoattorr.equi rements are dgogmpgadraanmad | teo
|l iquid fuels such as gasoline and ethanol. Tank w
order to accommodate ther mal expansion and requir

To introduce methanol (bl eeds) i nhrasadaduttanepostn
service stations, t he met hanowal(lbd d,ndgr cruarsd e d theen |
with safety precautions against the ingress of mo
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http://www.methanol.org/wp-content/uploads/2016/06/MethanolDrumTransport.pdf
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petroleum tankplhkraee yt el raneadm( petrol eum, sedi men
met hanol, the | iner may need to be replaced with
replaced with methanol resistant seals. Comparabl
andi spensing hoses a[ft63 ,h&k4]service station.

Info box 1

Case study Denmar k | Bl endj B8, storage a
Fuel |l ogistics involvesdli apega si mygfeadniaileibtd i
However, proper storages for methanol al
wi || need a protective coating inside th
connection whyeara ipdsameretdi on (3c,00800st f eerscsha
Gasoline blendstock is a liquid hydrocar
fuels such as conventional gasoline bl en
reformul ated gasoline blendstock for oxy

comply with the | MPCA (Methanol Reference
Met hanol Producers & [C6.5 kQomeprasr aAbsisyo cti oa tmg

met hanol is toxic. Thedeframe, skhiotutl @dr bag a
met hanol as a precautgaoma-biHwevks ear, e med hmat
gasoline.

Met hanol can be used in different blends
bl ends are A7, M15, M5 6 , M85 and M100.
Rece pf or a 105 octane M85 fuel

1 85 vol% methanol

1 15 vol% gasoline

9 a suitable amount of lubricant additive

I a suitable amount of anti-corrosive additive

For winter driving in Denmark it may be
7Wol %. This widHerensapaer apressure, which
For a | ubr iccoarnrto sainodn aandtdii ti ve there are ¢
Redl i-Aec&hol . I n M85 t hesrod viesitnorneagadifto
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3 Part B | Methanol for engine application

Met hanol provides several advantageous properties
high flame speed, high | atent heat of vaporizatio
ratio as well a&sar&olna ddonadsf,fcearthd omi gher i mproved o0\

efficiency and r edyucedotmasacdoi n@p@asr eodf tNoO conventi ona
as gasoline and diesel. Reduced emissions and hig
high power engine operation motivates the current

passenger carocr tan.d Hmmowewerp, the beneficial propert
enough for &ascqllebararlkertgegenetrati on of methanol e
availability of | ower cos[td4ff ossil gasoline and di
PaBt starts wsittohr ya obfr ineeft hhainol as motor fuel foll ov
concepts of methanol engines and their applicatio
part B, there is a short overview of met hanol i n

31. Brief himettchraymnodf as motor fuel

After use of methanol as motor fuel during the Wo
Germany and France, met hanol as motor fuel recei v
t he 196az®@]sSmall vehicle flbhleendeéedi @adsoloifnenewdraeodone
mi-t97pg] Larger fleet trials were conducted in Ger

in the | ate 1970s and early 1980s. The interest o
booster when dda&aidn waas dlainme resulted in several pr
mainly in the ICalt HeaFrdid@®@VanWSsAya ge n fdiervsetl ofpleedx i bl e
vehi cIFdsnd in the 1990s participated in the test j
abut 100 vehicles. A c(o@esroma nbdisdni mamn\do IBd@ESWa g e n

presented a M100 (pure m6é6T7 |B&A8HIh)® 9eDAi, n e0 veea n 2€lp t0.0 O
met hanol M85 fl exible fuel vehicles (FFV) capable
used in the U. Selwi t1bh, @&ppr oxi mhese in California,
statli@af]swhi |l e t he met hanol FFV program was a techn

in theomiL8©®6s during a period of slumping gasolin
met hanol fowelrs. eMdrae o | as fuel r entaeri kveetd. nTohree r el e
met hanol program in California ended in 2005. Aut
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GM, Vol kswagen) stopped bui l-d9 9@s ,med vhiatnoH i rFg Vish éiyr

et hafnwdl ed vehicl es. Hi gh pewetbamahcaserapéomencees
been obtained in racing (e.g. in the U.S. USAC I n
circuit from 1979 to [2609007 as well as in Europe

Low | evels of methanol (M3) were blended in gasol
during the 19809shund alas b ytroidtddyg tnhran®d eats Bnai nly u
fuel in the shipping sector dmrdgginSCkRinmede nregadlet |

( M15, M3 0, M85 and M100), where research and deve
in the 1990s andnniesr criaalll ianpgp o etda 0tjod bhdao i ght now.

3.2. Met hanol engines concepts

This section provides i nsi ghtay cihntam dt Heaitsutraet e eafs p
high efficiencyTmbl)banddl iengnanead y( \ba(skidg ho ne fAfpipeina
met hanol —elBEyENnesported by the Lund University. Mu
recent comprehensive r ev]|[i &2v] npoarpee rr ebcye nMe rrheeslesatr ceht w
additionally cited in the text bel ow.

Due to the strong demands on improved fuel effici
greenhouse gas emirsrseinotnlsy, at hrearpei di sdecvel opment of ¢

general that also benefits the development of met
met hanol fuel ar e, however, |l i kely to maintain th
over atherafso in future engines, or alternativel

Table 1 Methanol engine concepts

Engine type Mode Fuel Transport sector
Spark ignition (SI) Port fuel injection (PFI) MO to M85, GEM PC, LDV, HDV
Direct injection (DI) MO to M85, GEM PC, LDV, HDV
Direct injection (DI lean) MO to M85, GEM PC, LDV, HDV
Compression Dual fuel (DF) MO to M50 HDV, Marine
Lo (L) Direct injection (DI) M100, MD95 HDV, Marine
New concepts (HCCI, PPC) M100 HDV, Marine
Fuel Cell (FC) M100 PC, LDV, HDV, Marine
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321. Spark igngtnes

Met hanol's high research octane number, high heat
increase the resistance to autoignition. This ope
compared to t-hemmbed & oeet khgiagsho Ifilnaeme Tvhel oci ty of n
increase efficiency, through shorter combustion d
through enabling higher dilutiontibexaeroaodpd Fieaal b
heat of vhpwoweremptiramures in the combustion chambe
(andyxeN@ ssions) .

Assuming a SI engwnhehastbasy bBagdware adaptation
compression ratiiofedheFgraimat aral ly maspirated engi
depend on the conditions: the effects of | owering
benef it efficiency overall, but the increased kno
pointsrethkantocak | i mited on gasoline. This al so mean

for a direct) yenqijreetteldan( Dfl®rl a port fuetlaiaj ect ec

is however | imited to a handf ul of papers, indica
PF$&1 engrid8hed up to 15% for a DI SI eeaegssnieo nasn do ft 02 1a%
[ 74]Boosted engines (e.g. downsized engines) are t

even moireed for exploiting methanol’'s beneficial
25% have bedgnmbébmepmottuedocharged DI SI engine, where

can be maintained on meitrhiatneod 3§ pmarn ks addwden ke oa@ a dgdai

|l ean operation for turbocharged DI SI engines show
efficiency compared bet we7en] met hanol and gasoline
Considering a Cl engine as base engine, twhoi ch has
features are important: (i) the peak pressure | im

over an Sl engine block;)(wi)ltheprcomprgesbeohighte

use of metbmnokssshagbhe to autoignition. On the o
hi gher than opti mal, possibly imposing a knock I
| osses A higher peak pressure | imit came ailtl ow a |
removes a potenti al l'imit for combustion phasing.

higher than the base engine[&@&dhi7T8fed hen ediige el coal
optimized for dedicated operation on methanol, it
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compression ratrotbanl d obeghisghi ne, l eading to an

entire |l oad range; (ii)with a higher peak pressur
would not I imit combustion phasing; (iii)it woul d
what would be possible on gasoline; in this cont e
reduction i n dWil]dplaamkesmaemt opt i mal combustion phasi
overall , exhaust temperatures woulnd olme gasod ti aret, i &
t hat fuel enrichment would not be necessary to pr
turbine Wwo/GITd be more easily implemented. This wol
range Wwei mgedpumping | osses, and at high |l oads thrc
the wider dilution tolerance of met hanol , the deg
system would increase, which could kéngsedmpodnlgen
|l osses for instance through internal EGR.

322. Compression ignition engines

According to the fuel properties of [ MmPijthanadnndqte. ¢
be compared .t oStdiilels,elgifwen t hat most commercial aj
that ClI engines typicalégkobhdi pahtgheadeffsevena
have | ooked into methanol’'s use in Cl [emh&hidhes. An

cited references therein.

There are sever al possibilities for burning metha
the intake air and adding a fuel with high cetane
ignition enhancér itnoc rneeatshianngo It;h e( itiemper atur e ar oun
preheating the int-pkegaitp &88)susnggighbwi on or

compression ratio; or (v) new combustion concepts

Premi xing met hanol with tlhle diinetsaekle-capiriaea n(dt fhues ismhog )

using dual uel combusti on, is the most common ap
Cl engine. I'n its basic form, this only requires
a solutaonbehaetcofitted. Recent work has shown t
or |l ower than for [BOdJwi dhesel abpeeathoneases i n e

higher | oads. Dual fuel axpprodadfréasdet adi empt oea@gi
inherently aretdecamppromaiche has | i mits (combustion
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knocking | imits at high | oads).

Anal ogous, tion BEVDWOiI5ch et hanol i's dires%wlof inijghtedt a
number ignitionhasnhbaerrpr MP®bed. This has recent |
with reduced emissidgmBsl]compared to ED95

Gl opM ug assisted combustion was us®89 iaand 193Ud ywlbeg
t wo diesel engine trucks where modified for CI op
commerci al use Kmryadbouar &60On®0i0On snowy to hot weat
this study had fuel systemgl cawmpladud 1l ien swvti dlhl enck t that
otherwise based on the original di esel engine wit
Energy consumption was similar to the two referen
engines suffered fromlforwe U aimgts raepl aad esme rftr oanf og ¢ a

replacing intake valves.

However, t he most attractive concept could be one
enhancer. Measurements and simulations considered
usg nmet hanol as fuel, a form of | ow temperature ci
combustion starts. Thi-ai al mowisngomieemneéimecifalr foarell
soot formation (this is nothbeéeoeg bt choacmr nodid) m
|l owering combustion ttéempemaatonesssbi mhaedNOPrelim

externally chargeddstgwggkagetnki hder shewmya peak gr
efficiencly8.2]fDaG2a. 8%sulting from this work validat
the efficiency potential [0883h¢étPR@scodonuapt td@mt me
investigated | oad range, the bdveaekagef bi BWehtcghen
to ga$8bimerther optimization of the compression 1
averhage% higher efficiency. Hi ghest efficiencies \
which could be a challenge in p[r&X]tTihes eCobreswilde |

with | imited experimental dat a, and the simulatio
demonstrate the potenti al of high efficiency with
wor k 1 na tihs sneae dce d.
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3.23. Fuel reforming

Reforming of Iliquid fuel to a gaseous fuel, typic
exhaust heat, has been i nVJVesttj]Dgat admf os defilier egt
either through the benefits of having a gaseous f
hydr ergiechh gas t o more etarsé@édtymecergemedude MOX eami s si
extending the |l ean | imit. The second aim is incre
reforming reactions are typically endothermic, an
increased heating vaduucet sofartehea rfeofromm noifn gwapsrtoe heat

for instance an organic Rankine cycle, the fuel [
heat exchanger in the exhaust i's stildl needed, an
but niot iadmal expander is required.

Met hanol is attractive for fuel reforming concept
l iqui gf72uTeHe t her mal decomposition of methanol i nt
theoretically |l eads up to a 20% increase in the h
of the refarimgehd sStnrceeemse, there are competing eff

mol ar expansion ratio (mole ratio of products to
and carbon monoxide c®Bnpp&Reeent bymeéet hawas!|l fFound t ha
most of the heating value increase s 8a8ct ual ef fi

324 Perspectives for future high efficiency methan

Striecniesrsi on raengu Ifauteiloressf fi ci ency goals, the rapid
all ows more advanced engine contr ol as wel |l as nu
not | east the competition from and integration wi
rapid engine development during the | ast decades,
accordance, the i nterest for research on met hanol
Al t hough there is stild]l a |imited amomenst sthhfowdat a,
strong potential for hiogh efmiiscioemsy camg alred ¢ mg ie
engines fuelled with gasoline or diesel that have
over more than a century. I n ¢heoff umeatrlanolheemagivme
their conventional counterparts is expected to di
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Considering the currently very small mar ket penet

especially industry odne veen goipnnmeesnti sofp rciommabruisityi di r ect
running on conventional fuels. These research and
understanding about combustion engines in gener al

engines, too. thaurn yexSd melng,-Ineessgt no P esrugpteiron (t her ma
50% and higher) could be even more sukbhawhe for m

extended | ean | i mi[t7 2o, p8e@pantsiiodne rcianpga btihlei tpyr omi si ng r
compression ignition engines running on methanol,
dewelment is relevant. Much of the research on PPC
has been performed on diesel engines with modific
met hanol , cold start support, and mddief imedthiacmmd o
operation. This engine hardware setup runs effici
di esel fuel , gasoline, et hanol , E85, HVO and biod
control the combluexiibgml. ngryhfirsam uleilgh cet ane number
fuels) to high octane number fuels (gasoline, alc
commercial fleet operators willing to operate on

al ways f i nfdi InMeitrhgansotlat i ons and t hus nuepe.diSigmial acro nty

spargni ted engines, there is strong development o1
One example is the Department of Energy’ s eSuper Tr
t her mal efficiency [90t ®&®ddhetcodnbamataomi ewdad met ha
Cl engines could achieve evcefn9.h]i gher brake ther ma

Many of the described meeahaonoldapplkidcabpi agsprcdubg
PHE)Y, where an electric drive enables a partial (1
extended el edtivengehngetesXtender solutions with
systems, withamsthabhmabhtbaetiebficient range extend
can most | ikely hdwkeavgtdong pehbhieoaktéafl eets, whe
decisive for the choice of drive type

33 Passenger cadutayndadplgihdati on

Thisiemacprovides insights into the state of the a
engines for passengearnycampp(PClatamda.|l ildhtis mainly
wor k FAMFhEAps: /-Bmiwwoirgédacontent/ fue) ex@danmdmad iy / tm
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https://www.iea-amf.org/content/fuel_information/methanol

Dani sh technical reponNt) afmdt i seznmnexn CAppardi xel
using met hanol as energy carrier.

From the muftkcans @a0d trucks sold annually (thereo
most of the increase comes from car sales in coun
economies, where there i $98]demainderdfiomg | tolwvatcomet It:
do not require any unusual or rare materials, the
massive scale production of seshofngénhkeanolMhal bew

efficient naturally aspirated | ow cost geansgolniense s u
and dfieSledst aknowhkedge is also available to constr.
fl exiblanthaahéowi roqn onedrhathiodn et hanol and gasol in
Et hanol is currently more readily available on se
similar properties to methanol. Gasoline is a |es
aviaability guarantees mobility in a trdwomsiatyi on pel
mai n mar ket of methanol as motor fuel is China

Mo s t of smal | engines used in, téhse wedrHladaasvefrormot or
| awmover sseavnedr al ohtelled dheawmidces, are also typically
ignition gasoline engine technology. These applic

similarly -isgmptl ed sopeatrtikam®oll engi one e cwikéradd eodv
effi ciency and i ncraeraes erde gpsooMeanbddeemsi tmany of t hese

are beingbywatpt acegdel ectric powertrains, which is
to exhausts can be an issue and could |l ead to neg
Hi gh met hanol concentratdoli @nmet kagol contgasohigne8&?5(
only in special FIl exi ble Fuel Vehicles (FFVs), wh
on optimized for ethanol. Today,f uredi n smaCrti%nta , o fwhme
of China’'s transportation fuel pool is based on m
5vol % met hanol in gad & imed h@MD) t(MLBOBYPedMBEUBBEBORT

explored also by otdireaelc,oumugtiressl,i as,ucahnda sl del and.
Europe and North Ameri ca, bl ending of methanol i s
accordi g8 cAgHMNM4814l nfrastructure and cars are no
use i n tomessed Briveegi al coho? AW obbkeertgha( Aohol fuel s
high octane fuels that would allow automakers to
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ratios, downsized engines, increased Hughoehagi gien

efficiency could compensate for methanol’'s | ow en

I h EEAMF AnSnge xM56 (and E85) was tested in three diff
engine) WwWDGhestthe The results show that using oxyge

substantially the emissions compgwaesd tel gabsoklnes
al | ot her emissions whiarhd i MMH@ d(ewiHICh tCHOge e&xXOcept i ¢
formal dehyde) decreased. There is no |l egislation
limits are specified in the US and Canada, with t

formal dehyde being of ¢Ygbepetwb owmwgennt eBef wekn M5
increases in formal dehyde-ammi gmdsrdatnisc u lhaatne Er8és u ITthse
measurements of formaldehyde for all three vehicl
reducing the[s@4]mi ssi ons.

I h EEAMFE Ann,e xmeitdh an ol bl ends (M15 and M30) were st

gasoline using two PFI and two GDI vehiP€heandThe
at | ow ambient-7t@mpekManyremi §si on components were
acceleration, but reduced to nearly zero as the <c

HGC CO and methane empbhslignasdebereabedhsl i proportdi
while nitrogdeni nxi@dased N®OI idgihdt Inyot Tah dmpge@es ([CDst ant
Unburned methanol, formaldehyde and acetal dehyde
the increasnnhngntal cwhblecbenzene, t D J-Biuetnaed, i eent eh yal nedn
i sobutene deci®&%ed slightly.

I n earlier wor k, increasing met hanojywhceonnt ent of
compared to gasoline, while formal dehydstamtssion
[ 63, 69, 96]

Il n some mar ket s, the focus iIis set on blends of ga
concept, ethanol-sdlsveretr vii mrg mexd daapoaot e n tT hkelsend s iobt
const anftueli rrati o 0 9Hame lr-tadwihe@lchisati o f or E85 fue
virtual and physical alcohol sensors used in the
well as performance of cars at cold temperatures,

GEMemlds coul d be used -im &IFVercmats|[ &) tao dE®P f uel
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Generally, t
met hanol

I n Chi
producing

Further

b o

he
use.
na, mas s

300,000 to

500

ex ampltes apfplliicahtti on

Table 2 Examples of light-duty application [31,70,98,99]

production of
, 000

met hanol
M1[0D0Jlengi ne

specidabcengedef bechhbhaogl esan

onTaneXadnadn o Inn & chee s hown

vehi

Location Fuel Type of Year
implementation
China M5 — M85 (12 million tonnes a'l) ~ 100 million since 2000
Israel M15 FFV test trial 2012 — 2015
Italy A20 (M15 + E5) FFV test trial 2017 - 2019
Denmark M100 (FCEV) Test trial 2015 - 2018
China M100 ~ 10,000 2012 — 2019
Iceland M100 Test trial 2016 — 2017
USA M100 Motor sports
Australia GEM FFV test trial
Info box 2
Case study Denmar k | Retfbfjitting passen
I n 2018, t he Danish Technol ogi cal | nistthi t
di fferentgametliaareolbl ends. The purpose of
capability of a standard gasoline car wi
perfor mance, fuel economy, emi ssi ons, no
baesd on ApypdMaithanol as motor fuel) repol
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New Fuel A/S

\ cgrer pa M8s
Methanol

Fig. 7 Methanol as motor fuel tested by DTI in a passenger car (2018)

The used vehicle, a ®m@3ageloitn der?,Slh aesh qa De
out putkV.f Th0e used engine has among ot her

mu kptoii nt port injection system with 3 | nj
variable valve timing system and a vkmiocchk
nor mal f or a naturally aspirated gasolin
gasoline (E 2289r, diner@tt aneEXM an ol (accord
specificat|[oﬁn)5]asnedf/erahcngbthhds ( M15,

M6 5, M75 and M85) without and partial wi
FFV kit, i.e. Flex fuel ethanol conversi
prolonged due toolt hiensitseadfofmedthlmanol . TI
tests for engine power and torque measur
and fuel consumpti onrt.e sTth ewaM8 5a dodfi tti hoen @Rl DBy
an additive fornal 8bhAlcodohbhel 3. (Redl i

The initial wor kwobhhohe kti-ésshtoRweddh itchlaest t h ¢
run on any blend up to M100, when the te
environment. The power and torque outoput
outdoor tests the engine h®ddadinokitcel Tr e
(DTC) warning | amp came on after few hou
emi ssions increased which is attributed

for 3whg catalytic convertewagatapgtatte cp
requires al most zero oxygen content in t
To achieve full engine power and torque

7% | arger than with gasol iwmrei.t T(hEeCUWbF i gc a

certain increase in fuel flow. Howawerch
cause a failure at the vehicle inspectio
Upon i nsdfaltlhee iV ki t, the car ran al mo¢g
torque increased about 5% from standard
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The engine also ran more quietly due to
was acceptearlre nohowompl etely perfect.
The results of the methanol tests in Den

1 Engine performance:
o Slight problems with cold start during cold weather conditions,
o0 Highest engine power and torque was reached with M85 and the Flex Fuel
Kit installed, overall an increase of 5% in engine power and 7% in torque
compared to E5,
o Slight troubles with variable valve timing and performing below 3,500 rpm
with M65, M75 and M100 and without FFV Kkit.
1 Consumption:
0 7% lower caloric consumption for WLTP tests with M85 compared to E5
(Fig. 8),
o0 Comparable caloric consumption for RDE tests with E5 and M85 (Fig. 8),
0 68% higher volumetric consumption for RDE tests with M85 due to the lower
heating value of methanol.
9 Emissions:
0 Increase of NOX emissions for tests without FFV kit, slight increase for tests
with FFV Kit,
o Decrease of CO emissions,
o0 Decrease of particle emissions without FFV kit, comparable emissions with
FFV kit.

Fuel energy (LHV) MJ/km
|
T
1,65 l J-

WLTP

—

ES

& M35ES

RDE

49,5

=]
[0}

=0 0,2 - S0 =8 =5 ,3 -

Average speed km/h
Fig. 8 Caloric consumption of M85 fueled PC
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34. HeaxMdwuty application

This section provides insights into the state of
engines {fdat yheapwpyicati on. 't ild rdermlvy Wads egd men hAs
engine) report[e2d A yc otnhpea rbOBsFozn of vari ous met hanol
to engine performance and iexbdatBs@®oceEmi absonAppsengri

[ 31

Heasdwyty veahiupdlessc,easgri cultomdl mactdi aks) are curr e
by diemgélnesng(ithle) as a result of the higher fuel €
compared to spar k-einggnintei)on wehn cihnd ¢ a(d$l t o better o

and sasing application. The-oud mpeamstsaémgChelsi gher

especi gahg PR | utdauret s o the heterogeneous combust.i
di sadvantageous. These pollutants hasdMettemsheeredu
exhaust -gmasabamertt.urlen twida hf u ncreasing demands on

fleet consumption, economi cal alternative fuels w
much more significant role as an energy carrier f
di scussedvabt EbpnatDV application are | iqgquid natur
(such as HWO®,0 pkicshhcHairel s), fatty acid methyl ester
ethanol ), ethers (di methyl ether, poly@odxymetskyl e
alternatives need modification in the engine syst
[17,-10D2]

Current research activities in the HDV sector are
(higher engine efficiency, | ower pollution and wa:

hybridizati ond nofc otmbe nmdahioml evi t h alternative motor

temperature SI and ClI combustion systems were dev
many ways of wusing methanol in diesel engines hayv
emuods s, fumi gati on, with the addition of ignition
engines modified to achieve di r[e6c3t, 8clo niplr@e, sMMIT i g
concept, shevark sianl[eBtakuksoes neat nveotl & n oghp irvioi vtehn .5

This methanol application is comparable to the Sw

performance and exhaust emissions compared to con
common usewdc€pt fdat yheagppyi cation i shtperdudlueluel
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injection of methanol. This fuel fumigation is an
The ignition occurs by diesel fuel injection. Thi
complex controlling fnoert htahneo | maaxmonuunm ,p owshsiicbhl ed e p e nd
l oad and it has the yfetsprtciiall | fyoMNO)eawmdi parNOcul a
whol e range of engine operation, but it could | ea
and ,H@i s§i6Bn-1048] Al ternatively, t kel gusne sofdrdorewe rbty
met hanol (M85) is also a possibility especially f
means a change in the combssbnongmethod foompabplhkp
therefore a supposed [lldwegrRu rtthreearmadr e, f friacd eernc ydi r e c
ignition combustion concepts (DISI) with high com

downsi zed engi ne gamdM ehniiesvsei olnosw aNsO we | | as a high
pure methanol (M100). This positive effect is cau
[ 1018 0]

Met hanolduhhejavayppl i cati on are currently mainly test
trails wmetaoankm® aut hor s. I n the early 1990s, a n
met hanol ermsdi reengg i (NI with M85 and M100) have been
selection of Tah3aeé s i s shown in

Table 3 Examples of heavy-duty application [64,70,111-113]

Application Engine Location Manufacture Mode Year
More than 300 Buses PFI-SI USA and Canada Detroit Diesel fleet test 1990 -
Corporation 1995
Heavy-duty truck DISI China Yuan Cheng commercial 2019
(Geely)
96 buses DF China (Changzhi, Zhengzhou Yutong fleet test 2019
Shanxi) Bus
5 self-dumping trucks DF China (Yulin, Shaanxi Heavy fleet test 2019
Shannxi) Auto Enterprise
15 multi purpose vehicles DF China (Baoji, Shaanxi Tongjia fleet test 2019
Shannxi) Automobile Co.
Heavy-duty truck DF China (Tianjin) Tianjin University demonstration ongoing
vehicle
Trucks in coal mines DF China FAW fleet test ongoing
Most of available data for cost oduogpewathi chei snar

due to -teemlexrxnpgerience with methanolyeas smonedhahwoeé
has been supported i n Chramra eand hhaase rteoadcahye d Aa otuinrd
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station are operating with met hdlnlodl] Greaeil nyl yAuftoor GFE®
roll ed out the first modety mMeubanol 16 Wewee it mhue &\
is promoted forEURR$56thBaf 60e060tering the whole
headwyty trucks, it is also possibkse iotoomee¢ehtaanal
di esel compati ble vehicles (dual fuel engine conc
3, 000R 114, 1Thle China Internal Combustion Engine |
this investment charg&idfofmedafedsr around 100, 000

The amortization is possible through the | ower me
di esel savling is specified widehi olves Bi0t¥h ctolmp as a ma
di spladdh8nttThle fuel cost saving results from two

met hanol has a higher effi ai,emey,hammIt e ecstoluarc eh a
cheaper compared to dieskgl on energy basis
35. Marine application

This section deals with the state of the art and
application. I't i s mailinkWMabasedmebhhAppéndireported
Research Cent[r3¢ of Finland

The shipping sectofroius eal toawaday dmalipreg ait m[oln20wWi t h m

The main objective has been to meet the introduct
without the need to introdueeatmependéeviecesmi sOf bes
di sacewe include i mproved efficiency, c¢cleaner and |

reduce risk at sfpod |iamhstsa pSdoamra r leidageafifnoerdt s and ha

substanti al experience through thé#oaondvreemsgi @ofn tama
Stena Germanica ferry from diesel fuel to methano
introduced for global shipping, the ship owners n

i mpl ementing advanced emissions easf tfeorrt roepaetrnaetnito no rc
cleaner fuel 915 9gned Maa®olyYNGdhasngihrresadded benefit
solution for futureemeégwsli atnisor ftaloh rsdd pepe NnQO

Foll owingobhheegml asi ons of the sulpbhur mami si€i dued
with a sulphur content below 0.1% or scrubbers ar
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marine fuels has | ibailtgd st[olc2aela]Ri02@. 5% gl egul ati on:
chall engi nggmirstilbensNOontyofoareaw (&NELCAl s. Addi ti
control bl ack carbon emissions [ ramd-lséhi Q@ipn ntghda s e
Arctic region is considered. At the same time, GH
emi ssionsppiraom bl at | east 50%[ AR 27005 0a dcdo mp aorne d ot
ships, regulations for smaller vessels are also t
Consequentl vy, cl ean, -nerwdstrail n akdlvea ncredd o luieshdst é n add
engi ne echnol ogies are needed. Met hanol is one o
marine engines. However, technical feasibility an
before decisions on technologiaes. aSpectakénfeptund

shipping industry is that due to | arge -speei faind h

technology choices have to be taken into account.
For shipping, f uehlernearairnee dnueatlhan ol engideree | opemarke
me t h adni cels e | retrofistt rokrecaenpteléefdonmafrome engines, cal
met hadnicelsel , which has the advawnpg afgeelof( wsedgi itels
Germanica ferry). I n this tRheddho,| ofgyel chajhgesol o
pumps are needed, as well as a ddaeaqsi.dRedonnman trianig
reduces costs, although if the engine is too old
compl ete engine. However, retrofitting has also c

engi ne tiof [b@&® Jdondot Rfeure ldueanilgi ne concept for met hano
for -meiwld i s used in several [tl&2mBKers by Waterfront

Anot her ClI concept, the -DBé&dncedcmet hansksaaddhas
based on already commerci al |l y aven harbc eed eentgh annecsl d
(ED95 devbdlyomeania). The modifications to the con
increased compression ratio (28:1), a special fue
aldehyde gmhké§ihorss moolbdblueéngine concept was studi
using the commerci al addiflLeésl1dNewED2S elay cNylowmn dMD
concept was demonstrated 8anhdt hien SWUMMEGTH &pr®o jleoctt pr

Spar gningidnes, s&dthoasDPBI could be used in vessel
cylinder heads adapted for spark plugs. These eng
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some smaller size[tR2alBoepr bmrsivegsatdgeanced
are under devel opnseenctt3iac2n descri bed in

combus-

The power output from methanscl mhairned ahesex pdctd

but compression ratio-Sils emiggmef ors MDYIHReamd| RFIt o Kk
Met hanol has | ow emissions in many respects compa
MGOor HF&Ob4d. e |ts high oxygen content means | ow carl
engine combudtuiedn.enign nckwsagl di es el pilot results in
| ower than fr oime sceoln veemgii mensa.l For MD9 5, t here are r

unburned additives are seFeunelo nanpdarMD9c5u |caotnec efpitlst ecra
NGQemi ssion down togkajipr bpRomat SCR 8ystemyxcamd
be achitetiedubg of | ean operation or EGR. xFor
emi ssions with methanol al-tlreevd tatheerst cwistths sacsr welxbherus

even

currtr

needed. HC, CO and al dehyde ennoils seinogn sn ense ahsawree b efern

to secure | ow emi ssi ocnoss tofdioersgealniocx igdapstecsa n | boam a l

used. Met hanol engines [&r0g.1l130s noi sy t han

Table 4 Comparison of various methanol engine concepts in comparison with HFO/diesel use in marine
diesel engines

Cl (HFO/diesel) 0 0

CI DF 0

+ |+ |o

Cl MD95 with DOC

olo|o|o
+ |+ |+ |o
+ |+ |+ |o

Sl (DISI, PFI) 0/+ +

0 = similar performance with methanol compared to HFO/diesel
- = worse performance with methanol compared to HFO/diesel
+ = better performance with methanol compared to HFO/diesel

The | arge ships usfiuneg neentghianrecsl, itrnheduSalena Ger mani

di

shipping chemical tankers, have undergone safety

have been operating safely. I ntelrnad i @anahi pefgwelat:

under devel opment at the | MO, and classificati

on

y S
esel

c

provisions rules. These international regul ations

met hanol as a marine f Felr aslmad |i v esmeall Ise rs ounes g eelqu

applicable for | arge ships are not suitable
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speci al arrangements are necessary for methanol u

Practically, reguiveemesti sni Wwaul d o those for gasoli
accidental spills of methanol would be | ess than
bi odegradable. Thus there are clear environment al
operation on meatHanol fuel s.

36. Met hanol in fuel <cell electric vehicles (FC
Fuelisehltechnology that uses hydrogen or hydroge
through el ectrochemical reaction. The cell i's mai

that flows air and another that fl| omesmhrha&néeé.ydr oge

Al t hough there are several types of fuel cells, t
Hydrogen carrier oxidize in one section of the <ce
medi um. The membrane all owsstthe toke dotzkRar hyidd ® g &
and reacts with the oxygen contained in the air,
electrons and the coupling of an extern electric

and generatlkeevehiy@tlé o t

As maetolhai s the simplest alcohol and has no carbon
to carbon rati o, which makes met hanol the main ca
The fuel cells are divided mainl yCdlnl tiwDMRBR@p!l i cat
Hi gh Temperature Proton Exch-REYECMelmb rDaMFeC, F uneelt hCaen
reacts with watermihydrhoeg ecratahnodd er ¢ aol ifzor el ectr ons.
this approach is related to | ow efficiencies and
met hanol and formaldehyde (product of side reacti
of both ntosmponwge hecar frai se s afREMNF ®,r onbd telnmesn o Il ni sHTI
ref or med, producing a mixture of hydrogen, <carbon
besides unreacted water and methanol. Theltefor ma
without purification, and as the reaction happens

reported to be highegashhaz®8M&Cprnaoll emse af & minim
coupling a reformer to the colrle zomMpdid&iesy.this t

Due to the high energy density and | ow space wusag
investigated for PC or LDV, HDV and marine applic
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same design as for hydrogen fuel cells: The air p

l arge inlet grills inside thelfliyofitorbmapdranod wuam
fuel cel l unit is coupled with a battery, a power
energy in the battery as well as the required ene

of the usage of ménbBaerald Dhei nterhatacgm@mbBustion i
(mainly water anfd.2dbnbohi diperdpectelvlies cane met ha
realized within for example range extenders for e
Anot her possible synergy lies in the residual hea
used as heat providema tomphhbée vekbhobéogyAsits usa
investigated for home storage wuni itsyrfiar thecclthsneos owgiy
[ 133]

I n 2015, the first met hanol fueling station for f
company OK i[nl 3DlgSrarakErker gprhdaotmpetes of the usage o0f
cell s uksWnngetaha&adnol f Wu®wh batterygy EWAODEODODerw RUssar
eNV200 and#&Wofmea ha®mol fuel i n arkmurhtydmr i du g,a nglea if mir
cars ahkhdtc Bab6ge fporottaghtey3pbeli o e x a mpolnes awnpeprlei ccaotniduct e
in the marine sector in Europe: A touristic boat
equi pped kwtrhe tah &8rbol f uel cell and a VikikyW | ine f

i
met hanol fuel <cell to opelraitrkin thet fTosue eeSdmElkd:
capacity of the cell s5kwWfruee édiohn g sBE MitB &h emdBckld ljdrng
Aut o
of 1

Show in 26388nt &dmpemet panol fuel electric su
k@d08&nd maxi mumksip'eed87pf 300

The use of methanol in fuel cells concurs with th
cells. The mahwdadgaentagelokation is the simpler

(normally water electrolysis), but as hydrogen i s
related to the transport, tankage and fuelring sta
than the adaptations required for methanol depl oy
costs. As methanol is a simple molecule of alcoho
wi t hout major modifications. fTlhé hlergbiechedti atse cofmp
hydrogen: Hi gher distance autonomy within the sam
as cheaper and safer |l ogistic und transport. Mor e
can be found [[N3fi ononmati aé . utili {atlijon in Ander s
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4 Part C | Prospects of commercialization of methanol as motor fuel

This chapter deals with t helJarnigewss od o tnert thiaanlod aass
It consists of the corresponding recommendations

V) and | essons | earned studies.

41. Potential future engine devel opments

Met hanol provides severals adYfartt agsacdh @msomeé gthi ¢ ¢
| atent heat of wvaporization, high hydrogen and o0xX
car bkcoamr bon bonds, that offers higher i mproved over
emi ssion,s dotNQaondhp&@O®ed to conventional fuel s sucl
The reduced emissions and high efficiency, but al
operation motivates the current use in as diverse
mi nieatnuord e | airplane engines. The use of methanol
peak efficiency increases in the order otfo25% in

10% i mprovements seem relatively easpltenigeénachi e
primarily through increased compression ratio and
combustion strategies using compression ignition
show promising results witkduotiberofagmssenoati.i

Al | met hanol combustion methods need to be furthe
and to increase engine efficiency. Especially, ful
1 Methanol combustion process (e.g. combustion geometry, compression ratio,
supercharging),
1 Fuelinjection system (e.g. high pressure injection, flex fuel injection),
1 Engine control (e.g. injection and ignition timing, cold start behaviour), and
1 Exhaust gas after-treatment (e.g. catalyst, particulate filter, exhaust gas recirculation).

Bl ending met hanol and et-abhettinweéosghsobioneand aa
relevant for partially electrified vehicles such

signi fiinccarretalsyy ng the mixi#qpgi atisosnpeomiti meaiing &F
such mixing, the higher octane content of al cohol
al coholesngiimeSl i s very mature, furtheratchmpereoedmbupgt
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optimizing the entilrme addibtuisdn,o nm@rreo ceetstsent i on mu s
unregul ated emissions[ 1studclh as formal dehyde

42. Barrifersommerciali zation met hanol as motor
For significant gl obal mar ket shares in the trans
requirements such as functionality, scalability,

aspect of tyystwhi cabiolsi one+tbharldmai n moti vator to r

fuel s, methanol can be produced and used in ways
(sect2i.0dn.2 On the other hand, the affordability of
di stributors and this means that methanol is in d
of which are alreadytesthlhadl disthgldi. ciPtay tdfy, t e emet h:
al so be produced efficiently in several ways from
scalability ardtajfhroAddbcbmpar éd to gaseous fuels

natur al gas or bbomeNBanet hasdCBGri bution of meth
efficient where sufficient gas grids are not avai

At present, methanol is primarily produced from n
12mi |l tioomes per year). aMétebans!l imMcomacsemgwWwy consi
mostly on pilot and demonstr atmiolnt isocmad se @ erl oypead r )c.
order to have an impact with regard to increasing
mitigation in itmamsgpoe tofa rsemeowmagbl e met hanol capac

exi sting seexcatBipolne s (

Regarding functionalitrygi metfhaealoland afnf erfd i tireor ¢
particul geageoud MO ssions. This explains the ear|l
for maritime applications, twkatmeaXpesiysiteeanse mians ib
Functional b aarnrdi emresd i fuomr tsehromr tmar ket penetration ar

1 Fuel standards for neat methanol and various blends of methanol with other fuel
components,

9 Certification tests for the engine and vehicle manufacturers,

1 Optimized and cost-efficient methanol engines and vehicles,

1 Retrofit kits for existing vehicles a fuel infrastructure.

Fuel standards are needed to make sure that fuel s
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system is needed for higher mixtures. There are s

utilized for ethanol, being examples the coupling
spark and el ectric heiaadn,ngwhdiucrh ncgan hbee faudejlu sitng de cttc
when it is needed. Some options were studied but
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Case study Denmar k | M85 demonstrafbpbn p

The Danish Technological Institute (DTI) and Danish methanol stakeholder plan a
nationwide demonstration project based on the identified technologies and barriers.
Inspiration is taken from past successful projects such as Biodiesel Danmark and
B5NEXT which have had real impact on the national fuel strategy.

With the well-proven test of a M85 test car, the pilot project needs to plan a fleet trial for
the coming year. Also, for M85, the infrastructure is more or less in place. A fleet trial,
however, will identify any shortcomings and how to remedy. The trial will show people
and not least the government that we have enough renewable energy from wind and
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biomass to produce methanol for transport — if only the barriers are removed.

At one and the same time a maximum number of car brands are tested, and their
numbers are set to minimize measurement uncertainties. These numbers are
determined by statistical assessment of previous trials. The scope is narrowed as
required by financial resources. A long-term fleet trial is preferably conducted with over
100 cars and for at least one year.

Since the 92-octane gasoline was removed from the market in Denmark, there are extra
pumps available which can be used for M85 fuel. In workplaces 330 | portable tanks
with 12 V pumps and dispenser can provide additional access for refueling. 50 — 100 |
portable trolleys provide convenient loading on construction sites. The mixing and
distribution of M85 is left to the refinery as the immediate best solution. Alternatively,
mixing can take place in the road tanker serving the filling stations.

The Federation of Danish Motorists and oil companies are supposed to assist
identifying interested participants. Applications are also made to municipalities and
companies that previously have shown green initiatives. Non-FFVs are fitted with a Flex
Fuel Kit, which will be removed after the end of the test. The kit used in the test car was
purchased in France. Other kits are tested including a Chinese kit specifically designed
for methanol. Car manufacturers are requested to assist in specifying the cars that can
use the 105 octane M85 with the least possible changes and which may
advantageously install a Flex Fuel Kit. An engine examination is performed before and
after testing. One Dyno metering for each car on E5 and M85 is part of the examination.
DTI cooperates with workshops with equipment and interest in following and
documenting the test. For each participant, insurance against machine damage
attributable to the fuel is written.

There are very few Real Driving Emission (RDE) measurements of vehicles and their
efficiency - including electric cars. Inspired by the so-called Diesel Gate Scam, a
standard test under real-life conditions has been developed. Therefore, an RDE
measurement of comparable cars on electricity and M85 is performed - for example a
VW UP in electric and M85 version. This will give the government a qualified basis for
environmental policy in this area. Results from the trial fleet will contribute further to this
decision basis.

The Fleet trial with 100 cars & 25,000 km a year will require 31,800 | of E5 gasoline and
1.2 GWh of biogas for making biomethanol (212,000 I).

DTI and partners have suggested a complete distribution plan for methanol fuel in
Denmark. The main resource for the methanol will be Danish Biogas. Danish biogas is
produced and purified locally and injected into the European gas grid as biomethane.
Certificates are then transferred to a methanol factory, also connected to the European
gas grid, and the methanol is returned to Denmark by ship. This part of the process is
already in place.

Methanol shipments are currently coming from Tjelbergodden in Norway via Aarhus
Port but should in the future be landed directly at the Shell Marine Terminal in

ADVANCED MOTOR FUELS
] .
s Technology Collaboration Programme on

ep-> Advanced Motor Fuels




Fredericia, which is connected by pipelines to the refinery. The refinery will then handle
the blending and final quality assurance. The eastern part of the country can be
serviced through the refinery in Kalundborg. Smaller oil companies do not currently
have storage suitable for methanol and should therefore leave this to refineries.
Because of the non-corrosive properties of methanol, mixing with gasoline at the
refinery is a good option. This may of course change in the very long term, when
gasoline is no longer used.

The main product shall be M85, which is adjusted between 70 and 85 vol% methanol to
account for seasonal changes in Denmark. A7 may be produced in parallel using
ethanol-methanol blended at the refineries or imported ready to use, which may replace
conventional E5 gasoline.

For local distribution of methanol or methanol blends there are two possible strategies.
The preferred one is to use the existing 92-octane infrastructure so that the refinery
simply delivers a methanol blend instead of the previous 92-octane gasoline. The blend
is then transported with road tankers as it is done today. The changes would be minimal
apart from non-resistant sealing, which will have to be replaced. Another strategy is to
introduce blender pumps, which blend the methanol and gasoline in any ratio. This
enables both A7, M30, M85 and M100 at the same dispenser. It should be left to the
local gas companies to decide whether they want readymade blends or use blender
pumps.

43. Recommendation and outl ook

The recommendat-tieemm ifrotnr ad U ateighanol as a motor fu
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i Strategic level (stakeholder and roadmap)

1 Regulatory level (legislative, standards and technical instructions)

1 Technical level (removing technical barriers, fuel and vehicle availability)

1 Communicative level (visibility and demonstration projects)
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