A. Greenhouse Gas emissions: Well-to-Wheels

Summary

Commercial transport sector use of fossil diesel contributes very significantly to emissions of Greenhouse Gases
(GHG) in the UK. Introducing methanol fuel has the potential to make a very significant contribution to de-
carbonising the sector.

The WTW GHG emissions that could be achieved from using methanol in commercial transport would already be
better than those from the fossil diesel that would be displaced. In addition, potential exists rapidly to reduce
these emissions further by using the unique characteristics of methanol to increase the fuel efficiency of vehicles.

The GHG benefits derive from three complementary aspects of using methanol as a transport fuel:-

e methanol has a fundamentally lower carbon intensity than fossil diesel
e due toits inherent properties engines can use methanol more efficiently than either fossil petrol or diesel.

e methanol may be manufactured from natural gas with a lower carbon footprint using Zero-m’ s p r
technology and also with extremely low carbon footprints with many other proven technologies directly from
renewable resources such as biomass and MSW.

Ultimately, as significant quantities of renewable or nuclear electricity become available surplus to the need to
first displace coal and gas fired power generation, renewable power can be used to make near-zero carbon
methanol in potentially unlimited quantities.

A.1. Methodology, data sources and overview

The primary objective of this section of the report is to look at comparative WTW GHG benefits for using
methanol fuel as a substitute for fossil diesel fuel in commercial vehicles with conventional ICE engines.

The impact of fuel production routes and on-vehicle fuel delivery and drive-train configurations on Well-to-Wheels
(WTW) GHG emissions is determined by considering the emissions to produce the fuel (Well-to-Tank, WTT), the
effectiveness of the vehicle (Tank-to-Wheels TTW), and the release of CO, and other greenhouse gases on
combustion of the fuel in the vehicle.

A full lifetime emissions calculation requires a determination of emissions associated with establishing and de-
commissioning:- production plant, transport and storage and handling facilities, and from the manufacture,
maintenance and disposal of the vehicle. These additional GHG burdens vary for different routes and result
from complex calculations based on assumptions that are not universally accepted.

The various routes for making methanol available as a transport fuel will have different GHG burdens for the
establishment and de-commissioning of plant, but these are not anticipated to be markedly different to the GHG
burdens arising from the establishment of new fossil diesel supply, by exploration, development and refining, nor
markedly different to building capacity for other alternative, non-fossil liquid fuel supply that may be usable by
commercial transport.

Similarly, the GHG burden of vehicle manufacture, maintenance and disposal will be very similar as the basic
vehicle for both diesel and methanol are virtually identical. These burdens are therefore not considered in this
study.

The Well-to-Tank (WTT) study (refer Appendix G) has considered a series of different routes to make methanol.
In the section of this report considering vehicle conversions and the development of methanol ready vehicles, the
energy requirements for different fuel / engine configurations are calculated for a typical long distance truck
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(HGV) and for a small commercial vehicle (LGV). By adding in the GHG effects of other tailpipe emissions
(methane, N2O etc) as well as the tailpipe CO», the full WTW emissions of GHG are determined.

Review of WTT GHG from a wide range of technological methanol production routes shows that WTT GHG
emissions for:

methanol made from gas in new mega-plants are similar to or marginally better than fossil diesel

¢ methanol made from coal and other heavy hydrocarbon resources (with CCS) will be similar to fossil diesel
e decomposed methanol delivered to the engine are much better than from diesel

¢ methanol made through low carbon or renewable routes are much less than from fossil diesel

e renewable routes are lower than 15t generation bio-ethanol or bio-diesel

Ultimately, using renewable electricity from nuclear, hydro or wind to make methanol — similar in concept to the
proposed use of renewable electricity to make hydrogen — has a near-zero WTT GHG emission profile. As
already mentioned above however, it will not make sense to make methanol, hydrogen or the electricity to drive
electric cars from renewable electricity until all coal and gas fired power plant has been replaced with renewable
and/or nuclear power.

Fossil petrol and diesel are predominantly manufactured in coastal refineries from internationally traded crude oil.
They are then sent by road, rail and pipeline to depots and then by road to service stations where they are
dispensed into the vehicle tanks. Therefore, the benchmark WTT calculation used here is based on typical
middle-eastern (e.g. Arab Light) crude oil transported by tanker to a UK coastal refinery followed by distribution to
a depot and then road delivery to a service station / truck re-fuelling installation although, arguably, this route has
a lower WTT GHG emission profile than would be seen for newer resources such as deep-water discoveries or
heavy oil developments.

The WTT analyses have been carried out relating GHG emissions (in mass of carbon dioxide equivalent —that is
taking into account other greenhouse gases of methane and nitrous oxide) to a unit of energy of fuel. Where
tables and graphics are shown, they are based on the energy content of the fuel calculated using net calorific
values (lower heating value, LHV").

Methanol produced from the very significant reserves of remote natural gas and coal (with carbon sequestration)
result in some small reduction in the WTT GHG emissions. There are also a number of low carbon routes to
make methanol from fossil natural gas and from biomass and renewable electricity discussed in depth elsewhere
in this report. All of these exhibit significant savings in WTT GHG emissions compared to diesel.

Where the production process involves biomass gasification or anaerobic digestion, a natural synergy between
methanol synthesis and carbon capture may be exploited. This synergy can result in negative WTT emissions.

Although not considered specifically, there are a number of situations, such as in small oil field development,
where methanol fuel production can be employed to avoid harmful methane emissions. In these situations the
WTW GHG impact of using methanol from this production route is also negative.

To illustrate the WTW impact of introducing methanol into the UK fuel mix for commercial vehicles — primarily
displacing the use of fossil diesel-t wo “ t ypi c al commer ci al-—alenghaul
HGV doing 120,000 kilometres a year with significant motorway use and a LGV doing 80,000 kilometres a year —
much of it in urban conditions.

T LHV: lower heating value or net calorific value is the amount of energy released when a fuel is burned to make products
that include water — the water is assumed to be produced in the vapour state (steam) and the energy released on
condensation is excluded from the heating values calculated. For example, one metric ton of methane has a LHV of 50.2gJ
while the HHV (higher heating value) is 55.5gJ. Qil is typically circa 42gJ per ton, methanol 20gJ per ton, coal circa 28gJ
per ton and biomass (dry) circa 17gJ perton. 1gJ = 177.8kWh. Typically one litre of diesel is 10kWh or 36mJ.
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The annual fuel energy usage for these two cases is considered in Appendix G.
The WTW GHG emissions are calculated by:

¢ considering the amount of fuel energy needed for the particular HGV or LGV vehicle scenario
e multiplying by the CO.e emissions per unit of fuel energy
¢ adding in GHG tailpipe emissions (other than CO,)

A.2. WTW for fossil methanol compared to fossil diesel

The WTW GHG benefits from using methanol fuel in commercial transport come through three fundamental
characteristics of methanol and the potential routes by which it can be made:

Firstly, methanol has a lower carbon-intensity than diesel and when made in large-scale modern plants using
natural gas feedstock, GHG emissions are 7% less than from fossil diesel. When methanol is used to directly
replace petrol, tailpipe CO; has been shown in tests to be reduced by more than 10% and up to 20% in some
circumstances.

Secondly, the unique nature of methanol when used without the addition of hydrocarbons such as gasoline, allow
higher engine efficiencies to be achieved. These improvements can be enhanced by employing exhaust-heat
recuperation, possible only with methanol fuel, where some of the exhaust heat that would otherwise be lost can
be recovered as chemical energy in the fuel injected into the engine for combustion2. Zero-m’ s -95 Zud¥lis
formulated to make such high efficiency improvements more easily attainable.

Thirdly, there are a series of low carbon and renewable routes to making methanol that further reduce the GHG
emissions. Commercial implementation of some of these routes would be accelerated with the right type of
incentive. It is estimated that this could lead to a medium-term future where significant substitution of fossil
diesel from the commercial sector can be accomplished enabling WTW GHG emissions potentially to be reduced
to as little as a fifth of the level that would otherwise result through the continued use of fossil diesel.

Looking at the benefits derived from the first two fundamental characteristics of methanol as they apply to the
two illustrative scenarios of the long-haul HGV and the largely urban LGV, the graphs below show the
progression over time in terms of tons of carbon dioxide equivalent emitted per annum.

2The section “The Path for Met hanol Fuel in I nternal
reductions in fuel requirements as developments are made in the use of methanol fuel in ICEs.
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Figure A-1 WTW (annual) for long-haul HGV running on methanol versus fossil diesel

The first graph (Figure A-21) shows the annual benefits obtained from one methanol HGV in terms of the WTW
GHG emissions in tons CO- (equivalent) per annum. Early conversions running on methanol produced at mega-
plants using remote gas will show small savings compared to fossil diesel. However, as more efficient
conversions incorporating exhaust heat recuperation become available, savings will be considerable — up to
25tons of CO; equivalent per annum for each long-haul HGV running on methanol fuel.

The second graph (Figure A-2) shows the annual benefits obtained for one LGV in terms of the WTW GHG
emissions in tons CO- (equivalent) per annum.  Early conversions running on methanol produced at mega-
plants using remote gas will show moderate savings compared to fossil diesel. However, as more efficient
conversions incorporating exhaust heat recuperation become available, savings will be considerable —up to 3.5
tons of CO, equivalent per annum for each LGV running on methanol fuel.

Therefore, moderate to significant reductions in WTW GHG emissions are attainable when switching from fossil
diesel to methanol fuel —even where the fuel is produced entirely from fossil resources. Where the fuel can be
manufactured by a low carbon or renewable route even greater WTW GHG savings are attainable.
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Figure A-2 WTW (annual) for LGV - largely urban conditions running on methanol versus fossil diesel

A.3. WTW for low carbon and renewable routes for methanol

In addition to WTW GHG emission benefits derived from fossil methanol made in mega-plants and used very
efficiently in the vehicle, further and major reductions in WTW GHG emissions can be achieved by using low
carbon and renewable manufacturing methods.

An important low carbon route to making methanol is to utilise the synergies that exist to be exploited between
methanol synthesis, the manufacture of electricity and provision local heat. Combined heat and power units are
already recognised as a very simple and efficient way to use pipeline natural gas to make electricity and make
full use of the by-product (otherwise waste) heat. Zero-m has designed a combined fuel, heat and power unit
(CFHP) that innovatively integrates the manufacture of methanol with the simultaneous generation of electricity
and capability to supply low-level heat adequate for space heating. Making methanol from local pipeline gas
near a methanol fuel customer cuts out the bulk storage and distribution needed to deliver imported mega-plant
methanol. For the long-haul HGV in 2012, running on fuel made in a local CFHP unit, the WTW GHG emissions
savings of 24tpa are increased by a further 15tpa so that emissions are reduced by one third when compared to
fossil diesel.

Methanol, as described fully elsewhere in this report, can be made through a wide variety of renewable routes.
Principal among these are:

o Gasification of biomass / MSW to make syngas and then methanol
o Reforming of AD biogas, which is also a very suitable feedstock for small-scale CFHP units
e Renewable electricity electrolysis and methanol synthesis: a potentially very important route longer term

When making and using methanol produced from renewable feedstocks, the efficiency of converting, storing and
using the methanol means that the useful work obtained from utilising methanol in ICEs is greater than that



obtained through other energy vectors. In other words, more miles per ton of MSW or more miles per hectare of
biomass grown, in fact more work overall, can be obtained by turning biomass or MSW into methanol and using
that methanol in a road vehicle rather than making it into electricity or some other fuel. .

All of these low carbon and renewable routes to methanol lead to much lower, ultimately near-zero, WTW GHG
emissions profiles.
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Figure A-3 WTW GHG emissions: HGV & LGV in 2015: tons saving per annum

A4. WTW comparisons with some alternative fuels for LGVs and HGVs

In the commercial sector, electricity and fuel cells are unlikely to present viable commercial solutions for the
foreseeable future. However, there are other alternative fuels that may be considered. Natural gas in the form
of LNG (Liquefied Natural Gas) and CNG present possibilities for long-haul HGVs (LNG) and LGVs (CNG).
Both of these fuels have a natural disadvantage compared to methanol because:

e LNG requires an expensive and cumbersome cryogenic supply system where loss of methane to
atmosphere can not only make a significant contribution to WTW GHG emissions but also can add up to a
significant financial loss for supplier and customer alike.

e CNG, while generally a more constant quality fuel than LNG, has a low energy density even at the very high
containment pressures used in modern systems and is therefore unsuitable for larger long haul vehicles.

The WTW GHG emissions associated with the use of natural gas, either as CNG or as LNG, are higher than
those associated with methanol made in mega-plants and utilised efficiently in the vehicle.

LPG may be used in commercial transport — usually through fumigation into the inlet manifold of an otherwise
normal diesel engine.

LPG is derived from fossil sources and its naturally higher hydrogen to carbon ratio (compared to diesel) leads to
some reduction in WTW GHG emissions. This is relatively small as there are no further efficiency benefits to be
derived from using LPG.
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Figure A-4: comparison of WTW for fossil natural gas into MeOH, CNG for LGVs and LNG for HGVs and
LPG

First generation biomass-derived diesel fuel — biodiesel —may be used in commercial vehicles and can provide
good WTW GHG emission reductions. However, as biodiesel is limited in supply, and given the relative
efficiency with which methanol can be used in commercial vehicles, it makes most sense to direct biodiesel into
the small vehicle market through fossil/diesel blends that have increasing proportions of biodiesel over time. On
a WTW GHG emission basis, methanol made from biomass through a gasification process shows a much
greater reduction in emissions than 1st generation biodiesel.

Bio-ethanol is, like biodiesel, produced from biomass. The 1st generation of bioethanol fuel generally offers less
WTW GHG benefits than biodiesel although efficient bioethanol production from sugar cane offers greater
benefits than temperate crop based bio-ethanol (from corn or sugar beet). The most efficient way to utilise
bioethanol is through blending with fossil petrol. However, methanol produced from biomass and used as a pure
fuel gives better reductions in WTW GHG emissions than bio-ethanol blended into petrol. In addition methanol
(via gasification) also gives more miles per hectare.

Biogas produced by anaerobic digestion is becoming increasingly important as an energy source to generate
electricity and heat as well as being used as a transport fuel, either as LNG or CNG. The very high efficiency
with which methanol can be produced from biogas using Zero-m’ s C F tbg&her with the theter efficiency
with which methanol can be utilised in-vehicle, means that the WTW GHG emissions associated with using
biogas derived methanol are better than using biogas directly in transport as methane (either as bio-LNG or bio-
CNG).

A.5. Long-term WTW GHG benefits with a near limitless sources of low carbon methanol

The resource base for making methanol is vast as all fossil fuel resources can be used. Also, virtually all
renewable pathways can lead to limitless, efficient, low carbon methanol production in the long-term. For
example, use of sunlight directly or via organisms such as algae or renewable electricity from nuclear, hydro,
wind or other renewables.

In the long-term, the direct methanol fuel cell (DMFC) may be commercialised so as to use methanol more
efficiently than in an ICE. However, the potential for developing very efficient use of methanol fuel in long-



established low cost ICEs will push overall vehicle efficiency to very high levels without dependence on the
uncertain timing of arrival of new technologies.

In the meantime there are many ways of making and using low carbon methanol which can contribute very
significantly to reducing GHG emissions from transport. The rate at which benefits could be achieved may be
illustrated through the following scenarios:

A5.1. Rapid Adoption Scenario

A near-zero duty rate guaranteed into the medium-term encourages rapid uptake of first-generation methanol
conversions and also stimulates major investment to develop very high-efficiency vehicles running on methanol,
particularly as OEMs bring their formidable technical skills to bear to take a dvant age of
characteristics. Methanol transport use builds rapidly and continues to grow in both depth and breadth of market
penetration.

An aggressive RTFO-style obligation leads to increasingly large quantities of low carbon and renewable
methanol becoming available as the development of gasification, AD and electro-synthesis routes to methanol
are implemented at commercial scale.

These, together, would lead to a world by 2020 where the WTW GHG emissions from the very significant number
of HGVs and LGVs running on methanol fuel are reduced by 80%.

A5.2. Moderate Progress Scenario

A near-zero duty rate guaranteed only into the short-term encourages moderate uptake of first generation
methanol conversions and some investment in developing high-efficiency vehicles to run on methanol, with
cooperation from OEMs to help in taking advantag e o f met hanol '. dMethano fracpporte
use would probably build rapidly at first but continued growth would be less certain.

A more moderate RTFO-style obligation would encourage piecemeal development of commercial scale low
carbon and renewable methanol production facilities. This would contribute to a reduced WTT carbon footprint,
but a large part of the market growth would continue to be supplied by methanol from large-scale plants using
natural gas.

These, together, would lead to a world by 2020 where it is estimated the WTW GHG emissions from the HGVs
and LGVs running on methanol fuel are reduced by 50%.

A5.3. Slow Decarbonisation Scenario

Where the duty incentive is neither significant nor guaranteed, the uptake of first generation methanol
conversions would be minimal. The development of specific methanol fuel systems with the potential for
improving vehicle efficiencies would be piecemeal and commitment from OEMs to produce very efficient
methanol fuelled vehicles into a minimal niche-market would not be forthcoming. Methanol market penetration
would not be significant.

In this scenario, the opportunity for methanol to stimulate de-carbonisation of commercial transport would be lost.
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