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Trial of biomethane-powered refuse collection vehicles in Leeds

Executive summary

This report details the operation and results of a trial of two biomethane powered refuse collection
vehicles in Leeds between May 2009 and July 2010. The vehicles trialled were a Mercedes-Benz
Econic LLG vehicle with a spark ignition engine running on biomethane alone, and a Dennis-Eagle Elite
modified by Hardstaff to run on a mixture of diesel and biomethane, commonly known as dual-fuel. This
report provides a well-to-wheel analysis of the greenhouse gas savings achieved by the vehicles as
well as an analysis of the drivers and barriers to their extended uptake.

The trial was initiated after a review by Leeds City Council of its vehicle fleet identified its refuse
collection vehicles (RCVs) as a major source of greenhouse gas (GHG) emissions. The Green Fleet
Review showed that RCVs accounted for just 7% of the fleet but around 25% of overall fuel use. With
advice from Cenex the council identified switching to gas powered RCVs running on biomethane as
potentially the most cost effective way to reduce emissions from this segment of the fleet.

The Mercedes-Benz Econic LLG is estimated to have achieved a 49% saving in well-to-wheel GHG
emissions during the trial, compared to the fleet’s diesel Econics. This is using a temporary filling
station — a more efficient permanent station raises the GHG saving to 64%, and possible savings of
78% are estimated if the council were to generate biomethane on-site from its own anaerobic digester.

The gas Econic’s energy consumption was higher than that of its diesel equivalents, at 39.91 MJ/km
(equivalent to around 2.66 mpg) compared to 31.20 MJ/km (or 3.31 mpg). This is broadly as expected,
due to the lower efficiency of the spark ignition engine. However, it should be noted that the gas Econic
was not used on exactly the same routes as its diesel counterparts, and was also 2-wheel drive
compared to its 4-wheel drive stable-mates, and therefore these results can only be seen as indicative.

Based on current prices, the gas Econic is estimated to have an annual running cost £2,500 less than
the diesel Econics. Given that the vehicle currently costs £20,000 - £25,000 more than its diesel
counterpart, this does not yet make a compelling economic case. However, rising diesel costs, falling
vehicle costs and increasing incentives for renewable fuels are all serving to make the economics more
attractive over time. The Econic LLG is a fully developed, commercially available vehicle from a major
OEM, and during the trial its performance was as reliable as its diesel equivalents.

By contrast with the Econic, the Dennis-Eagle/Hardstaff Elite dual-fuel was still in a relatively early
stage of development at the start of the trial. Adapting dual-fuel technology to the stop-start drive-cycle
of an RCV presents serious technical challenges, and this was reflected in the progress of the trial. The
vehicle performed reliably, but while some gas use was observed the vehicle failed to achieve the
desired level of gas use combined with reduction in diesel consumption under the particular trial
conditions. The results of this trial were therefore inconclusive, but Dennis-Eagle and Hardstaff have
continued development since the end of the trial and now have a revised configuration in use by other
fleets which they believe achieves desirable cost and emissions savings.

Results in this trial were achieved despite a number of setbacks and methodological issues. The gas
Econic could not be used on routes for which data from diesel Econics was available, due to a lack of
drivers and crews trained in the right combination of vehicle and routes. In addition to this key issue,
vehicle operation was interrupted by industrial action and severe weather, and data collection was
restricted by the late installation of a mass flow meter on the filling station.

The results achieved have been sufficient to persuade Leeds City Council to extend the trial for a
further three to five years. With the assistance of the Infrastructure Grants Programme they have
installed a permanent filling station, and they plan to increase the number of gas vehicles in their fleet.

More broadly, trials like this highlight the potential to switch RCVs to run on biomethane. Ideally this
would be biomethane produced from either landfill sites or purpose built anaerobic digesters, offering
the potential to save around 80% of emissions and achieve running cost savings greater than seen in
this trial. Based on a simple scaling up of the results from this trial, fuelling the UK’s RCV fleet in this
way could save over 300,000 tonnes CO,e per year.
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1 Introduction (background)

1.1 General background

In the UK the latest inventory of greenhouse gas (GHG) emissions shows that transport contributes
around 138 MtCO.,e (mega-tonnes of carbon dioxide equivalent), or 24% of the total. Transport has
been one of the most difficult areas of the economy in which to reduce emissions. Due to the general
economic climate, emissions across all sectors have fallen since 2008, but those from transport have
fallen less steeply than in other sectors, by only 4% between 2008 and 2009. Against this background,
the EU’s Renewable Energy Directive (RED) requires that 10% of all energy used in transport in the UK
should come from renewable sources by 2020 — the current figure is around 3%.

Heavy duty vehicles (HDVs) contribute a disproportionately high percentage of overall emissions, as
can be seen in Figure 1 below. In 2009 heavy goods vehicles accounted for just 1% of the vehicles on
the road, but 20% of overall emissions — due to their high fuel consumption and high mileage.

UK vehicle fleet (2009) UK vehicle emissions (2009)
15 1% % 0%

W Cars

B Maotor cycles

W Light goods

B Heavy goods

W Huses & coaches

m Other vehicles

Figure 1 : UK road transport fleet composition compared to r oad transport emissions sources

Within local authority fleets, there is a similar pattern, with refuse collection vehicles (RCVs) typically
making the largest contribution to overall fleet emissions. Fleet analysis in 2007 revealed that RCVs
made up just 7% of Leeds City Council’s fleet of vehicles, but consumed over 25% of the council’s
bunkered fuel supply.

There are relatively few technologies that can significantly reduce emissions from HDVs in a cost
effective way. While government efforts to reduce emissions from private cars are currently favouring
electric vehicles, this is not a practical option for HDVs — the weight and cost of the batteries precludes
it. Hybridisation is possible, but very expensive, while aerodynamics can provide significant savings, but
only in vehicles travelling long distances at relatively high speeds, notin RCVs.

Running vehicles on natural gas or biomethane is one possible way to reduce emissions from HDVSs,
including RCVs, in a cost effective way. Methane, CHy,, is a hydrocarbon like petrol or diesel, and can
be burned in an internal combustion engine in the same way. However, the overall GHG emissions of
methane per unit of energy are as low as can be achieved from a hydrocarbon, as the ratio of carbon to
hydrogen is as low as is chemically possible. Natural gas and biomethane also burn more completely
than petrol or diesel resulting in much lower emissions affecting air quality as well.

! DECC statistical release 31% March 2011,
www.decc.gov.uk/assets/decc/Statistics/climate_change/1515-statrelease-ghg-emissions-31032011.pdf

Revision 2.3 Page 5 of 31



Q

W
=

’f«

: . : : . cenex
Trial of biomethane-powered refuse collection vehicles in Leeds

Global sales of gas powered vehicles have risen by an average of 24% per year for the last ten years,
and are now around 13 million. The majority of these vehicles use fossil gas, or ‘natural’ gas, as fuel,
and sales are driven primarily by cost savings (gas is cheaper and often taxed less than petrol and
diesel), and by air quality benefits — all buses in Los Angeles now run on gas for example.

Vehicle technologies

There are two available technologies for using gas in an internal combustion engine — spark ignition, or
‘oil-ignition-gas-injection’ (OIGI), commonly known as ‘dual-fuel’. A spark ignition gas engine is
essentially the same as a petrol engine, and is the better developed of the two technologies — most of
the gas vehicles currently sold use spark ignition engines. However, like any spark ignition engine, they
are not as thermodynamically efficient as a compression ignition engine — the same reason petrol
engines are less efficient than diesel.

Dual-fuel technology has been developed to create a compression ignition engine that can run on gas.
This is complicated by the fact that gases in general are highly compressible, and so unlike diesel fuel
they will not ignite under compression. In a dual-fuel engine gas is injected into the engine on the air
intake stroke, and a reduced amount of diesel is then injected to ignite the gas-air mixture under
compression. Typically the engine will start on diesel and then the fuel injection technology will seek to
inject more and more gas into the mixture as the drive cycle will allow, up to a theoretical maximum of
around 90%. Dual-fuel has two key advantages over spark ignition gas engines — it maintains the
overall efficiency of compression ignition, and if the gas stored on board runs out the engine will simply
continue to run on diesel alone. However, in order for the cost and emissions savings to justify the
additional investment, a dual-fuel engine must achieve a sufficient level of gas substitution overall, and
this has proven to be the main technical challenge in their development.

Natural gas vs biomethane

While using natural gas in vehicles improves air quality and can save money, the overall reduction in
GHG emissions is usually low. This is because most gas vehicles are spark ignition, and they are likely
to replace a diesel (compression ignition) vehicle — thus the lower CO, emissions per unit of energy
from burning gas are offset by the lower efficiency of the engine. (By how much depends on the specific
circumstances, and is addressed in the context of this trial — see section 3.1.3.)

‘Biomethane’ is a term generally used for gas that is ~95% methane, produced from renewable
sources. Anaerobic digestion of biological material produces a mixture of gases typically referred to as
biogas — the three main sources in the UK are landfill gas, sewage gas and gas produced by purpose
built anaerobic digesters fed with farm wastes, municipal food waste etc. The methane content of
biogas varies between 30-65% methane depending on the source. A variety of technologies can be
used to purify and concentrate the methane in biogas, producing biomethane.

The use of biomethane instead of natural gas in gas powered vehicles offers much higher potential
GHG savings. Since the feedstocks for biomethane production are renewable, the gas is considered to
have zero net carbon emissions at the point of use, although there will still be some emissions
associated with the production, transport, storage and dispensing of the gas. These emissions will vary
depending on the source of the biomethane and its associated infrastructure, and they are explored in
section 3.2 of this report.

Compressed gas vs liquid gas

Natural gas or biomethane can be either compressed or liquefied for transportation and storage.
Compressed natural gas (CNG), or compressed biomethane (CBM), is relatively cheap and easy to
store and handle, but it has a low energy density making it hard to transport in large quantities.
Liguefied natural gas (LNG), and liquefied biomethane (LBM) are much denser — a single road tanker
can transport 20 tonnes of LBM, but only 6 tonnes of CBM. However, it must be kept cold, and as some
methane boils off vapour pressure builds up in the tanks and must be vented making it only suited to
vehicles used almost every day. More energy is also required to liquefy the gas versus compression,
offset to an extent by the reduced energy needed to transport the liquefied gas.
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The choice between liquefied or compressed gas will depend on the individual operational
requirements. Gasrec, currently the only commercial supplier of biomethane in the UK, liquefy their gas
so that it can be transported easily to a variety of UK and international customers by tanker. Fleet
operators running vehicles over long distances are also likely to choose liquefied gas to provide the
required vehicle range. More localised operations are likely to choose the cheaper option of
compressed gas, and if natural gas is used this could simply mean running gas from a gas main
through a compressor at their site.

1.2 Decision to carry out a trial in Leeds

Prior to setting up this trial, Leeds City Council’'s Transport Policy group completed a ‘Green Fleet
Review. In doing so they worked closely with Cenex, Energy Savings Trust (EST) and the council’s
Fleet Services team, and the review established the existing carbon footprint for the Authority’s vehicle
fleet and other transport related activities. The work also contributed towards the baseline data of both
NI 185 and the Authority’s Climate Change Strategy.

Although emissions from fleet vehicles are a relatively small part of the Authority’s total carbon
emissions, they are likely to increase if they are not managed. Other council targets such as increased
social care and waste segregation will lead to increased mileage, and offsetting these increases will
require positive steps to increase efficiency and lower emissions per kilometre.

The Green Fleet Review allocated fleet based emissions to different vehicle groups and service
operations. This helped identify where the biggest and easiest reductions in carbon emissions can be
achieved. It was clear that the most significant group of vehicles within the council fleet are the HDVs
of which around 50% are Refuse Collection Vehicles (RCVs). Despite accounting for only 7% of the
Council fleet, the RCVs consumed over 25% of the bunkered fuel supply in 2007.

In consultation with various expert groups including Cenex, gas vehicles running on biomethane were
identified as offering the best potential to reduce emissions from RCVs without excessive cost.

1.3 Trial objectives

Having identified the potential to use biomethane powered RCVs, it was recognised that a trial would be
needed to establish emission reductions, financial savings and reliability. It was decided that the trial
should encompass both spark ignition and dual-fuel vehicles.

The trial objectives were three-fold;

1. To establish that the technology is sufficiently reliable and useable to become part of a high
dependency front line fleet.

2. To help establish the accuracy of some of the assumptions and projections given from Cenex’s
Biomethane Toolkit and manufacturers.

3. To establish whether the use of biomethane as a vehicle fuel is a viable option and thereby feed
into the wider debate over the future of the long term Waste Strategy in Leeds.

In discussion with the vehicle manufacturers, Leeds City Council’'s Fleet Services agreed “success”
criteria and key performance indicators (KPIs) for the outcome of the vehicle trials. The agreements
offered protection to Leeds City Council should the vehicles not perform, whilst giving the
manufacturers confidence the vehicles would be purchased should they perform as claimed.

The KPIs for the vehicles on trial were as follows:-
1. Be no less reliable or useable as the other vehicles in the Fleet
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2. Return at least a 10% CO, saving over the diesel variant

3. Be no more expensive to operate than a diesel variant

The Council agreed to retain the vehicles if the KPIs were met, with the intention of keeping them
operating as part of the daily refuse collection service for up to 5 years. During this extended period of
operation, the stated intention was to aquire additional gas vehicles as part of an extended trial. This
extended trial period would help evaluate the longer term reliability and running costs of different gas
vehicle applications, which will in turn help inform the Council on the future viability of rolling out much
higher numbers of gas vehicles within its fleet.

1.4 Partners

Although Leeds City Council is largely financing and running the trial alone, it is only through the help,
advice and agreements reached with the following partners that it was able to commit to doing so.

1.4.1 Cenex —technical advisor

Cenex is the UK’s centre of excellence for low carbon and fuel cell vehicle technologies. Consisting of a
small team of staff, supported by associates, it reports to a board consisting of representatives from
government and the automotive industry.

Cenex has a history of contributing to projects on biomethane vehicles. Through its work on trials with
partners including Camden, Westminster and Coca-Cola Enterprises, Cenex has previously developed
the ‘Biomethane Toolkit’ which informed much of the background work to the Leeds trial described in
this report.

Cenex’s role within the Leeds trial was as a technical advisor on both the vehicles themselves and the
analysis of the trial results. Cenex provided independent advice on calculating the well-to-wheel carbon
emissions under different scenarios, some verification of the data collected, and took responsibility for
production of this report.

1.4.2 Mercedes-Benz and Dennis Eagle — vehicle manufactur  ers

Leeds looked to Mercedes-Benz and Dennis Eagle to supply trial vehicles due primarily to their existing
track record with the Leeds fleet. Leeds already operate 49 diesel powered Mercedes-Benz Econics
with a strong record of reliability, as well as a smaller number of Dennis Eagle vehicles.

Mercedes-Benz produce a gas powered version of the Econic, built on their main production line with
full warranty. This was an obvious vehicle to trial not only because of the manufacturer’s support, but
also because it could be compared directly with diesel variants of the same vehicle. Furthermore,
European cities such as Milan had reported great success in switching to gas using the Econic.

Initial approaches to the local Mercedes-Benz dealer revealed that no gas Econics were available in the
UK, but a vehicle was ordered direct from the factory in Germany. Mercedes-Benz-Benz UK and local
dealer Northside Truck and Van then provided strong support to the vehicle throughout the trial, both in
maintenance and in providing access to the vehicle’s on-board data-gathering systems.

Dennis Eagle produce a ‘narrow track’ RCV well suited to certain refuse collection routes. Four of these
vehicles in the Leeds fleet were due for replacement at the time the trial was under consideration, and
Dennis Eagle expressed interest in supplying one of these as a ‘dual-fuel’ or Qil Ignition Gas Injection
(OIGI) version of their ‘Elite’ model.

The OIGI Elite was the first attempt in the UK to develop a refuse collection vehicle with a dual-fuel
engine. The OIGI system was developed by Hardstaff group, who have several years’ experience of
successfully converting Heavy Goods Vehicles (HGVs) to run on a mixture of gas and diesel.
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1.4.3 Gasrec — biomethane supplier

All of the biomethane used in the trial was supplied by Gasrec, who produce biomethane from landfill
gas at their facility in Albury, Surrey. Gasrec also arranged for a temporary refuelling facility and
delivery of the gas to the Leeds depot. In addition, they have provided essential help and advice
regarding health and safety issues surrounding gas installations, and technical advice on the properties
of the gas itself. Later in the trial Gasrec also sourced an accurate mass flow meter, which proved vital
for accurately assessing the amount of gas used by the trial vehicles.
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2 Trial methodology

2.1 Overview

As illustrated in Figure 1 below, the trial essentially consisted of comparing two biomethane powered
RCVs against the existing fleet of diesel RCVs in Leeds.

Diesel RCV fleet Temporary biomethane
=70 vehicles filling station

sFull range of routes s5upplies compressed gas
»Fuel use data collected s5upplied by Gasrec

sFlow meter installed later in trial

Mercedes-BenzEconic LLG Dennis Eagle Elite OIGI
=Runs on compressed gas =’Duak-fuel’ dieseland gas

a5 parkignition engine = Compression ignition engine
=lsed on urban routes sUsed on rural routes

sEstahlished vehicle in wide use in sFirstvehicle of its kind
Europe

Figure 2: Overview of the trial

The vehicles trialled were a Mercedes-Benz Econic LLG, and a Dennis Eagle Elite OIGI. Detail of the
vehicles’ specifications and roles, including the routes and duties they were assigned to, are given
below in sections 2.2.1 and 2.2.2 respectively.

The vehicles were supplied with biomethane from a temporary fuelling station provided by Gasrec, the
biomethane supplier. The way that biomethane was supplied and monitored did change in some
respects over the course of the trial, and additional detail on this is provided in section 2.3 below.

The trial began in July 2009 and ended in June 2010, although for various reasons only the last three
months of the trial provided complete and accurate data. Additional detail on the timing of the various
events that occurred during the trial is provided in section 2.4 below, and a detailed breakdown of the
data sources used is given in section 2.5.
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2.2 Vehicle roles and specifications

2.2.1 Mercedes-Benz Econic 2628LLG — Fleet 4499

The gas powered Mercedes-Benz Econic 2628LLG was designated ‘Fleet 4499’ and used on routes G9
and G12 around Leeds. The vehicle is based on the Mercedes-Benz standard 26-tonne GVW 4x2
Econic chassis, with steering rear axle. It replaced a Seddon-Atkinson vehicle previously used on these

routes.

The key difference between Fleet 4499 and the other Econics on the Leeds fleet is that the 2628LLG
uses a spark ignition engine, whereas the others are all diesel, i.e. compression ignition. The only other
differences are the four 80 litre steel gas tanks mounted either side of the chassis, and the fact that the
vehicle is a 4x2 rather than 6x4 drive. All of the Econics in the Leeds fleet are fitted with a Faun

Variopress body and Terberg Omnidel binlift.

Mercedes Econic 2628LLG

» Designated ‘Flest 4409

= 5 88 It spark ignitionengine, 278 hp
= EFY emissions standard

» -wheeldrive{dieselEconicsin

Leedsfieet are 4wd)

= Gasstored infour 80 litretanks
along sides of vehicle

* Has ‘Fleetboard’ on-board dats-
logging system

Routes and duties

*  RoutesG9andG12, chosento
be topographicaly
representative
700 - 1,000 wheelie bins, 30-50
milesper day, b days per week
Deliveries to recycling transfer
station —unableto drive onto
landfill sites

Seddon Atkinson

sEuro3

Figure 3: Mercedes-Benz Econic trial vehicle Fleet

... used previously on
routes G9 & G12

4499 — overview of specification and duties
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Fleet 4499 was operated as part of the front-line fleet from the 16th June 2009 until the end of the trial
in July 2010. With the exception of attending a handful of vehicle demonstrations/exhibitions, it has
been operating as any other RCV in the fleet, collecting recyclable waste from the streets of Leeds for
delivery to the transfer station. The vehicle has generally been operating six days per week including
bank holidays, with the exception of Christmas and New Year’s Day.

The routes operated, G9 and G12, were chosen to be geographically representative of the Leeds
district as a whole. They cover a variety of different topography, housing and highway types, enabling
their performance and compatibility with the Leeds fleet to be assessed as fairly as possible.

Each route typically covers the urban areas of the Leeds District and consists of 6 different daily
collection rounds, which are repeated on a fortnightly basis. Each daily collection round is between 30
and 50 miles per day, depending on how far away the collection area is from the depot and transfer
station. Daily collections consist of between 700 and 1000 “wheelie” bins depending on the number of
bins presented for collection by residents.

Throughout the trial Mercedes-Benz made data available from their on-board telematics system known
as “Fleetboard”. Further information on the data gathered through this system can be found in section
2.5 below.
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2.2.2 Dennis Eagle Elite OIGI

The dual-fuel Dennis Eagle Elite OIGI was designated ‘Fleet 4471’ and used on what are known as the
‘farm routes’ in rural areas near Leeds. The vehicle is based on Dennis Eagle’s 24 Tonne GVW Elite
6x2 Narrow Track chassis, fitted with a Dennis Eagle Phoenix Il body, and is one of four such vehicles
purchased to operate these routes due to the requirement for a narrower vehicle than the Econics used
on other routes.

The key difference between Fleet 4471 and the other three Dennis Eagle Elites is the conversion of the
standard engine to run on a dual-fuel or ‘Oil Ignition Gas Injection’ (OIGI) system. The conversion is
carried out by Hardstaff Group, and involves adding a system to inject gas into the engine along with
the diesel®. Although Hardstaff has many years’ experience of developing and installing these systems,
their use in an RCV is comparatively new, and presents a considerable technical challenge due to the
technology not being naturally suited to a ‘stop-start’ drive-cycle. At the time the trial began, this vehicle

was still considered to be very much under development.
‘Farm Rnutes’ ‘

9 l.ﬂ?"'?""""‘

Iloutes and duties
One of three Dennis Eagle Elites
operating the “farm routes’ —
dispersed locations inmore
rural areas near Leeds
Routes include some narrow
Streets, requiring a narrower
vehicle than the Econic
Daily rounds of 50-100 miles,
with360-760 collections

Dennis Eagle Elite OIGI

= Designated ‘Fleet 4471

= Volvo D7 engine, 290 bhp

» Euro'5i emissions standard

= 24 tonne GVW, 6x2

= 5Bke gas stored in two tanks at 200
bar, 250 litres diesel

= Yehicle position tracked, but no on-
board engine data IogEing

.. used alongside ..

Diesel variants of the
same vehicle

Figure 4: Dennis Eagle Elite trial vehicle Fleet 44 71 — overview of specification and duties

The vehicle carries the gas in two compressed gas cylinders providing a capacity of 58kgs of gas at a
fill pressure of 200 bar, and like the other vehicles in the fleet is fitted with a Terberg Omnidel bin lift.

2 Since methane gas does not ignite on compression, it is not possible to simply put gas into a compression
ignition (diesel) engine. However, if both diesel and gas are present in the cylinder of such an engine, the diesel
will ignite and then ignite the gas — effectively using the diesel as a spark plug.
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The trial period during which Fleet 4471 was operated in dual-fuel mode as part of the front line fleet
was from 24™ May to the end of July 2010. Although the vehicle was delivered to Leeds in August 2009,
a combination of technical difficulties, industrial action and inclement weather delayed the start of its full
operation.

During the trial period, the vehicle operated on similar duty cycles to the three other narrow-bodied
RCVs in the fleet. It operated what are known as the ‘farm routes’, in more rural locations outside the
city of Leeds, collecting household recyclable waste for delivery to the transfer station. The routes were
chosen to enable the performance to be assessed as fairly as possible against the other similar
vehicles in the fleet. These routes generally cover dispersed locations, and daily collection rounds are
between 50 and 100 miles with generally fewer collection points (between 360 and 760) than the other
routes, but with greater distances between them.

As with most RCVs, Fleet 4471 has been generally operating 6 days a week including bank holidays
with the exception of Christmas and New Years’ Day.

The Dennis Eagle is not equipped with any onboard engine logging system, although it does have a
Terberg Bin Lift monitoring system which logs bin lifts and geographical location. Further information on
the data gathered through this system can be found in section 2.5 below.
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2.3 Refuelling infrastructure

Biomethane was dispensed to both of the trial vehicles from a temporary filling station provided by
Gasrec, the biomethane supplier. As can be seen from the picture in Figure 5 below, the station was
supplied to the Leeds fleet depot on a flatbed trailer, with the gas stored in ‘cascades’ of gas cylinders
at an initial pressure of 250 bar.

Measuring fuel consumption

The refuelling station was initially supplied without a mass flow meter, making it difficult to monitor the
exact amount of gas supplied to each vehicle. Although it was possible to calculate the volume of gas
dispensed by a ‘longhand’ method, this required the manual recording of several different points of data
each day, with an inevitable loss of accuracy.

More reliable and accurate data collection was possible from May 2010, when a mass flow meter was
added to the refuelling station.

as consumption — paper
alculation

=Paper logs and formula used initialky
=M anual recording of data unreliable

sFormula reguires constant to be
estimated from other data

sS5tores gasat 250 Bar
s Taken ofT site for re-filling

(& IMass flow meter

= |nstalied May 2010

=Provides consistent, accurate
resufts

Figure 5: Summary of refuelling infrastructure and fuel monitoring

In the case of the Econic, it was possible to use the mass flow meter readings to calibrate the data from
the vehicle’s on-board diagnostics, and thereby verify fuel data back to the start of the trial. (The
Econic’s ‘Fleetboard’ system measures gas use by volume and calculates an estimate of mass and
therefore energy used. However, since gas is compressible, this estimate cannot be verified without
knowing the specific gravity of the gas. By comparing the gas use estimated by Fleetboard with the gas
use measured by the mass flow meter from its installation until the end of the trial, it is possible to verify
the Fleetboard estimate — see Table 2.)

The Elite vehicle did not start regular operation until after the mass flow meter was installed, so all of its
fuel consumption was calculated by comparing the mass flow data and vehicle distance travelled.
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2.4 Project timeline

The trial was planned to run from June 2009 until the end of June 2010, but in practice was extended
until the end of July 2010. The key milestones in the trial are listed below, and illustrated in Figure 7
overleaf.

The key milestones in the trial were as follows:

5" May 2009 — Temporary filling station delivered on site

16™ June — Mercedes-Benz Econic 2628 LLG delivered

Mid August — Dennis Eagle Elite OIGI delivered

7™ September — Industrial action by refuse collection staff halts operations

Mid November — Industrial action ends, but refuse collection does not resume due to severe
weather (flooding followed by extreme winter conditions)

January 2010 — Trial resumes, Elite is used but gas consumption is seen to be very low —
however, collection of manual records and longhand calculation of gas use proves impractical,
so data gathering is abandoned until mass flow meter is installed (vehicle continues to be used
on diesel only)

6™ May — Mass flow meter is added to gas filling station, allowing the accurate and reliable
measurement of gas dispensed. Data confirms that Elite is not using any gas, and also is not
using AdBlue

16" May — Elite sent back to Dennis Eagle for adjustment of dual-fuel system

24" May — Elite is returned from Dennis Eagle and enters service, running on both gas and
diesel for the first time, with AdBlue problem fixed

30™ July 2010 — Trial ends, one month after the planned finish date

Following the trial, the vehicles continued to operate, and a permanent filling station was installed early
in 2011 — see Figure 6 below.

Figure 6 : Permanent filling station installed at Leeds depo t with financial assistance from the
Infrastructure Grant Programme
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E conic arrives Industrial action stops Extreme weather
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Figure 7: lllustrated summary of key trial mileston es
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Mass flow meter installed
61 May
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2.5 Data sources

2.5.1 Econic

Data from the on-board telematics system known as “Fleetboard” was combined with a variety of paper
records. In summary, the following data was recorded or calculated during the trial:

. Maintenance and repair logs

. Weight of gas dispensed through flow meter for last three months of trial
. Daily route assignment

. Average speed

. Fuel consumption in kgs

. Number of times the bin lift was engaged

In addition, the overall fleet fuel bunkering system was used to record diesel consumption of diesel
Econic vehicles in the fleet.

2.5.2 Elite

The Dennis Eagle was not equipped with any onboard engine logging system, although it does have a
Terberg Bin Lift monitoring system which logs bin lifts and geographical location. To evaluate the
performance, sustainability, reliability of the vehicles the following data was recorded during the trial:

. Maintenance and repair logs

. Diesel Consumption — with and without OIGI System working (via bunkering system)
. Weight of gas dispensed through flow meter

. Gas substitution rate

. Daily mileage

. Number of times the bin lift was engaged

In addition, the overall fleet fuel bunkering system was used to record diesel consumption of diesel Elite
vehicles in the fleet.
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3 Data analysis and results

3.1 Fuel consumption

3.1.1 Mercedes-Benz Econic, Fleet 4499

Overall, during its nine months of operation, Fleet 4499 consumed 0.79 kg of biomethane per km. This
is equivalent to 2.66 miles per gallon of diesel’.

The biomethane consumption of the Econic, Fleet 4499, was measured in two ways — via the
Fleetboard system, and via mass flow meter readings of the gas dispensed. Fleetboard data is
available for approximately nine months of vehicle operation, whereas mass flow data were collected
for three months, following the introduction of the mass flow meter.

Leeds City Council
Mercedes-Benz Econic 2628LLG 6x2rs YRO9CXN
FleetBoard Daily Reports
.
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mph mpg mpg kg gallons gallons gallons miles hours hours hours
16/06/2009 Tu 18 3.4 4.9 415 11 3.4 7.6 37 05:15 =~ 02:05 = 00:05 363 218
17/06/2009 W 17 3.1 45 48.3 12.8 3.9 8.9 40 05:35  02:23  00:19 476 345
18/06/2009 Th 18 3.4 47 48.3 12.8 3.4 9.5 44 05:08  02:26  00:00 377 239
19/06/2009 F 13 2.4 46 50.6 13.4 6.3 7.1 32 07:13  02:25  00:08 695 520
20/06/2009 Sa 14 2.7 5 29.4 7.8 35 4.3 21 04:37  01:29  00:00 381 340
22/06/2009 M 17 3.3 5.5 55.8 14.8 5.8 9 50 07:32 0251  00:06 599 450
23/06/2009 Tu 15 3 4.9 53.2 14.1 5.6 8.5 42 07:36  02:46  00:00 642 489
24/06/2009 W 15 2.7 4.3 55.1 14.6 5.4 9.2 39 06:38  02:33  00:24 634 478
25/06/2009 Th 16 2.7 44 445 11.8 46 7.2 32 05:35  02:01  00:02 508 384
26/06/2009 F 16 2.8 4.4 54.7 14.5 5.2 9.3 41 06:35  02:32  00:00 570 416
27/06/2009 Sa = 19 3.3 47 55.5 14.7 43 10.4 49 05:58  02:30  00:14 500 339
29/06/2009 M 15 2.7 4.3 56.2 14.9 5.5 9.4 40 06:39  02:38  00:05 673 478
30/06/2009 Tu 17 35 49 415 11 3.2 7.9 38 0529  02:15  00:16 385 199
June 2009
Averages 15.1 2.9 4.4 45.4 12.1 4.4 7.8 36.1 486 350
Totals 634.6 168 60 108 505

Table 1: Example of Fleetboard data

The vehicle’s on-board Fleetboard system only directly measures the volume of gas used by the
vehicle. Gas volume is of course affected by temperature and pressure, both of which are variable — it
is the mass of the gas which is needed to calculate its cost, and its energy content. The Fleetboard
system does monitor these other variables, and does calculate the mass of gas used, but to do so it
requires a value for the specific gravity of the gas. The specific gravity of the gas depends on its exact
composition, and will vary slightly between different gas sources (since biomethane is not simply pure
methane).

By contrast, a mass flow meter directly measures the mass of gas which passes through it. Thus, if
mass flow readings are combined with readings of temperature and pressure, it is possible to calculate
an accurate value for the specific gravity of the gas.

Prior to collection of mass flow data, an estimated value for the specific gravity of the gas was fed into
the vehicle’s Fleetboard system. Once mass flow data was available, the results obtained from it were

% Assumes energy content of biomethane is 49.1 MJ/kg, a figure derived from a Cenex-funded analysis of the gas
supplied by Gasrec. It also assumes the energy content of diesel is 36.607 MJ/litre, a figure taken from the
International Energy Agency statistics manual.
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compared with the results calculated by the Fleetboard system, to see if they required recalibrating. The
comparison is shown in Table 2 below.

Given that the difference between the mass flow reading and the Fleetboard data are very small (i.e.
less than 0.5%), the Fleetboard data have been used in subsequent analysis without recalibration.

Data Recorded and Calculated via
Calculated by Mass Flow Meter Difference

Fleetboard and Driver sheets

Distance Covered 3335 3340 5 km (0.1%)
(km)

Total Biomethane

Consumed (kg) 2828 2819 ko (03%)
Biomethane used per 0.848% k 0.844 k 0.004 kg (0.5%)
kilometre ' J ' J ' o

Table 2: Comparison of Econic biomethane consumptio n data collected by Fleetboard and mass
flow

3.1.2 Denis Eagle Elite OIGI, Fleet 4471

While operating in its dual-fuel mode, Fleet 4471 consumed 0.57 litres of diesel and 0.1 kg of
biomethane per km, or 26 MJ of energy overall. Although in energy terms this means that around 20%
of the energy consumed was from gas, when compared to the vehicle’s earlier operation on diesel
alone, it appears that this 20% was additional energy consumption rather than substitution of gas for
diesel (see Table 3 below).

Total . .
distance D_|esel LT < Gas (kg)  kg/km
(litres) m

(km)
Dual-fuel May 2nd -
not May 22nd 1031 568 0.55 0 0
operating
Dual-fuel May 27th -
operating July 24th 1929 1103 0.57 198 0.1

Table 3: Comparison of Fleet 4471 fuel consumption with and without dual-fuel system
operating

There are several potential explanations for this result, such as incomplete combustion of the fuel or
decreased engine efficiency. The efficient running of a dual fuel system requires adjustments to the
engine mapping used by the fuel injection system, and as explained in section 2.2.2, at the time of the
trial this vehicle was still at a developmental stage. Since the trial, Hardstaff have continued to refine
the system for use in this type of drive-cycle and have developed a revised configuration. Further trials
will be needed to demonstrate whether or not this can achieve desirable results.

* Note that this is higher than the figure of 0.79 kg/km recorded overall — this is because the data in this table are
calculated from that subset of the total dataset for which both Fleetboard and mass flow data are available.
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3.1.3 Comparison with diesel vehicles

Fuel consumption data is available for comparator diesel vehicles for both Fleet 4499, the Econic, and
Fleet 4471, the Elite.

In the case of the Econic, the only diesel vehicle operating the same routes previously was a different
make and model, a Seddon Atkinson. There are however 32 other Econics in the Leeds fleet which run
on diesel, operating on a variety of routes, although they are four-wheel-drive rather than two-wheel-
drive.

In the case of the Elite there are two other diesel Elites running on the same routes. There is also
comparison data available from the trial vehicle while it was operating on diesel alone, without any gas
substitution.

All the available data is summarised in Table 4 below.

Vehicle Gas use Diesel Total Equiv. Notes
(MJ/km)  use fuel diesel
(MJ/km)  (MJ/km)  mpg
Fleet 4499 gas Econi ¢ 38.91 - 38.91 2.66
Diesel Seddon - 36.18 36.18 2.86 Although on the same
comparators Atkinson route, this is a different
vehicle
Diesel 28.04 31.20 3.31 These vehicles show a
Econics range of mpg from 2.86
to 3.97 depending on the
route®
Fleet 4471 dual -fuel Elite  4.91 20.87 25.78 4.01
Diesel 4471 - 20.13 20.13 5.14
comparators diesel
only
Diesel - 19.78 19.78 5.23
Elites

Table 4: Comparison of fuel consumption between tri al and comparator vehicles

The following points should be noted from Table 4:

The gas Econics use more energy per km than the diesel Econics, even though the diesel
vehicles are 6x4 and the gas vehicles are 4x2. Although this may be due in part to different
routes, this result is broadly as expected given the inherently greater efficiency of the diesel
vehicles’ compression ignition engines over the spark ignition gas engine.

The data illustrate the wide variation in energy use per kilometre between different vehicles.
This is due to differences in both the vehicles themselves, and the duty cycles they carry out —

® This range excludes vehicles with less than one year in service, and two vehicles on the fleet which are used for
very different routes and therefore have an unusually high efficiency.
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as evidenced by the wide range of mpg figures for the diesel Econics in the fleet, and by the
noticeably higher efficiency of the Elite vehicles operating on longer routes with fewer stops.

3.2 Comparative CO e emissions °

The burning of all fuels releases carbon dioxide (CO,) into the atmosphere, along with other
greenhouse gases such as oxides of nitrogen. The total amount of greenhouse gases released by
burning one unit of fuel is the emissions factor for that fuel — for example, burning 1 litre of diesel
releases 2.672 kgCO.e into the atmosphere. The ‘e’ in CO,e stands for ‘equivalent’, indicating that this
emissions factor takes account of greenhouse gases other than CO, by including an amount of CO,
with the same greenhouse warming potential within the overall emissions factor.

The figure of 2.672 kgCO,e given above is the ‘tank-to-wheel’ (TTW) emissions factor for 1 litre of
diesel. This means it only includes the emissions released at the point where the fuel is burned —i.e. in
the engine of the vehicle using the fuel. However, for every litre of diesel, additional energy is used in
the process of extracting the oil, refining it, and transporting, storing and dispensing the diesel
produced. The energy used in these processes will be derived from a variety of sources, but most of it
will probably contribute greenhouse gas emissions — the total of these emissions, calculated per litre of
final diesel dispensed, is called the ‘well-to-tank’ (WTT) emissions factor. In the case of diesel it is
0.5067 kgCO,e per litre in the UK — the WTT emissions factors for fuels vary around the world
depending on the typical origins of fuels in different countries.

Combining the well-to-tank and tank-to-wheel emissions factors gives a ‘well-to-wheel’ (WTW)
emissions factor. The standardised reporting of CO, emissions’ from vehicles is done on a TTW basis,
but for vehicles using biofuels such as biomethane it is important to compare on a WTW basis, since
the net direct TTW emissions from biofuels are considered to be zero. This is because all the CO,
released from burning biofuels was previously taken out of the atmosphere during the production of the
fuel (or its feedstock). However, biofuels still require energy during their production, transport and
dispensing, and this is included in their WTW emissions factor.

The UK government publishes UK average emissions factors for all biofuels, but given that all the
biomethane used in this trial was from one source, we have calculated factors directly. Table 5 shows
the figures calculated for three different compressed biomethane (CBM) supply scenarios for Leeds —
the temporary filling station used in this trial, a permanent filling station (which is now installed), and a
scenario in which Leeds constructs its own AD plant and produces its own CBM on site.

® This section of the report discusses only the emissions from the Econic RCVs, as the engine configuration of the
Elite vehicle was not developed to a sufficient level to be representative of the emissions savings that might be
achieved.

" Note the absence of the ‘e’ here — standard EU emissions reporting involves the direct measurement of CO,
from a vehicle’s exhaust when it is driven over the New European Drive Cycle (NEDC), rather than measuring fuel
used and multiplying by an emissions factor. For this reason, it is only the CO, emissions that are included.
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Gas
Feedstock  Upgrading transport Gas
transport of gas and dispensing

Scenario Total (Total)
storage

kgCO,e/lkg kgCO.,e/kg kgCO.,elkg kgCO.elkg kgCO.elkg | kgCO,e/MJ

Temporary

station 0.000 1.107 0.347 0.333 1.787 (0.0364)
Permanent

i 0.000 1.107 0.132 0.039 1.278 (0.0260)
On-site AD 0.000 0.623 0.000 0.140 0.764 (0.0156)

Table 5: Breakdown of WTT emissions factors calcula  ted for Leeds compressed biomethane
supply scenarios

The following points should be noted from Table 5:

‘Feedstock transport’ is zero for all three scenarios — this is because the feedstock is municipal
solid waste, and must by law already be transported to a treatment facility, so there are not
considered to be any additional emissions associated with supplying it to an AD plant.

The figures for ‘gas upgrading’ in the first two scenarios come from direct analysis of data from
the Gasrec facility in Albury. The process emissions are relatively high, since the biomethane is
liquefied, requiring a lot of energy — currently this energy is taken from the electricity grid, but
Gasrec hope in future to use their own biogas to generate their own power, in which case this
figure would drop to a figure close to that for the third scenario. This third figure is from a
CONCAWE study®, and assumes that the plant supplies its own process energy needs in this
way. It might be expected that if an AD plant supplies its own process energy, the emissions
should be almost zero, however, the CONCAWE study identifies that there will be significant
methane emissions, both ‘fugitive’ emissions from the plant, and from the spreading of
digestate.

Emissions from transporting the biomethane are very high for the temporary station — this is
because the entire station had to be taken away to be refilled, and then brought back to site,
and only one tonne of gas was supplied at each refill.

For both the temporary and permanent station scenarios, biomethane is supplied to site as a
liquid, then evaporated and compressed for dispensing to the vehicle. This process makes use
of the energy from evaporation to help in compression, and the permanent station has lower
emissions simply because it uses a more efficient compressor. In the case of the on-site AD
plant, the biomethane is supplied in gaseous form and must be compressed without the benefit
of evaporation, requiring more energy than the permanent station.

The final column gives the total figures in emissions per MJ of energy, to allow comparison with
Table 6.

Table 6 below compares the WTW emissions for each of the CBM supply scenarios with the WTW
emissions from other possible fuels — diesel, diesel blended with 5% biodiesel and CNG.

8 ‘well-to-wheels analysis of future automotive fuels and powertrains in the European context’, Concawe, 2006,
found at www.europabio.org/Biofuels%20reports/well-to-wheel.pdf
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WTW emissions based WTW emissions in use, allowing for engine
on energy equivalence efficiency

kgCO.,e/MJ % saving Efficiency kgCO,e/km % saving (diesel
(diesel base) MJ/km base)
Diesel 0.089 NA 31.2 2.775 NA
5% biodiesel 0.087 2% 31.2 2.711 2%
CNG 0.068 24% 38.91 2.639 5%
CBM Temp 0.036 59% 38.91 1.416 49%
Permanent 0.026 71% 38.91 1.012 64%
Local AD 0.016 83% 38.91 0.605 78%

Table 6: Comparison of WTW CO ,e emissions for Econic RCVs run on different fuels

The first two columns of figures show the comparison per unit of energy. However, this does not allow
for the fact that the compression ignition diesel engines are inherently more efficient than the spark
ignition gas engines. Therefore the third column shows the relative energy used per km (based on the
average fuel consumption of vehicles in this trial), and the final two columns adjust for this and show
CO,e emissions per km driven on the road. Other key points to note from Table 6 are as follows:

The emissions factors (per MJ) for diesel, biodiesel and CNG are from Defra, 2010.

CNG produces 24% less CO,e than diesel per MJ of energy, due to its higher ratio of carbon to
hydrogen. This saving is reduced in use, due to the lower efficiency of a spark ignition engine,
but there is still a saving of 5%, which combined with the noise, air quality and financial savings
makes the vehicle an attractive ‘green’ choice even when run on fossil gas rather than
biomethane.

As Leeds now has a permanent filling station, this trial suggests it would save 64% of its greenhouse
gas emissions compared to diesel. The 33 Econic RCVs in the fleet covered 535,452 km during the trial
period — based on the figures above, if all 33 vehicles had been running on biomethane it would have
saved 728 tonnes CO.e.

3.3 Overall reliability and running cost

3.3.1 Reliability

Overall the reliability of the gas Econic, Fleet 4499, has been little different to its diesel equivalents.
With the exception of a specialised replacement cover for the gas refuelling point, it has required no
more service or maintenance than is typical of the rest of the fleet, and scheduled maintenance and
servicing is expected to be similar.

The reliability of the OIGI Elite, Fleet 4471, has yet to be properly tested. During the limited trial the
vehicle did not break down, but as reported above, the particular configuration of the dual-fuel system
used in the trial vehicle proved ineffective over the particular drive cycle it was operated on. Later in the
trial there was also an issue with the Adblue system that probably resulted in increased NO, emissions
from the vehicle, but this was successfully repaired.
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3.3.2 Running cost

Although the gas Econic uses more fuel than its diesel equivalent on an energy basis, because gas is
cheaper and subject to less duty than diesel, there are significant running cost savings. The basic
calculation shown in Box 1 below shows that at current prices (May 2011) a biomethane-powered
vehicle in the Leeds RCV fleet would, on average, save a little over £4,000 per year on fuel compared
to its diesel equivalent.

Box 1: Calculation of running cost saving for gas E conic

Total distance covered by Econics 535,452 kmlyear
Number of vehicles 33
Average distance covered 16,226 km/year
Diesel use per km 0.85 litres/lkm  (or 31.2 MJ/km)
Total diesel use 13,828 litres/year
Adblue use at 6% of diesel use 830 litres/year
Cost of diesel (current est) £ 1.15 £llitre
Cost of AdBlue (latest in report) £ 0.49 £llitre
Total cost of diesel + adblue £ 16,309 £lyear
Gas use per km 0.79 kg/km (or 38.91 MJ/km)
Total gas use 12,859 Kkglyear
Cost of biomethane (including delivery) £ 1.07 £/kg
Total cost of biomethane £ 13,751 €£lyear
Total saving per year £ 2,558
Saving over 5 years £ 12,791
Vehicle premium over diesel equiv £ 23,000
Simple break-even period 9.0 years

Gas powered heavy duty vehicles such as the Econic currently have a price premium of around
£20,000 — 25,000. The technology in a gas engine is little different to other internal combustion engines,
and this premium due to two factors — the shorter current production runs for gas vehicles, and the cost
of gas tanks (which are also currently a ‘niche’ product with short production runs). As gas vehicle
production increases in the medium term, economies of scale in both vehicle production, and especially
in the production of gas tanks, will be expected to bring vehicle cost down to a level much closer to that
of diesel equivalents.

Due to the price premium, it can be seen that on a basic level, the fuel savings cover the additional cost
of a gas vehicle in around nine years. (This calculation does not include residual values or discounting).
However, the rapidly rising cost of diesel is reducing this payback time.
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4 Discussion and conclusions

4.1 Key conclusions from current trial

This trial has demonstrated that a spark-ignition biomethane-powered RCV can perform effectively and
deliver significant running cost and emissions savings against its diesel equivalent.

The gas powered Mercedes-Benz Econic trialled was as reliable as its diesel counterparts, and it
consumed an average of 0.79 kg of biomethane per km travelled. The lower price of biomethane
compared to diesel, and its lower emissions, mean that this translates into a running cost saving of
around £2,500 per year, and a 49-78% reduction in greenhouse gas emissions (depending on how the
biomethane is supplied). The vehicle also exceeds Euro VI emissions standards for air quality
pollutants, and is significantly quieter than the diesel equivalent.

Since the trial only included one of these vehicles, a larger sample would be needed to confirm the
exact results with any degree of statistical certainty. However, the results exceed what is required to
make a robust case for further investment in the technology.

Before the trial began, Leeds City Council viewed the use of a purely gas-powered vehicle as a risk,
due to the low incidence of the technology in the UK, and the need for dedicated fuelling points. For
these reasons a second vehicle was also trialled, the Dennis-Eagle Elite fitted with OIGI, or dual-fuel,
technology. This approach is widely used in UK haulage fleets and offers the security of being able to
run on diesel only should there be a problem with the gas.

In practice the trial of the dual-fuel Elite has proved inconclusive. However, Dennis-Eagle and Hardstaff,
the developers of the dual-fuel system, have developed a revised dual-fuel system which they believe
delivers a worthwhile level of gas substitution in a dual-fuel RCV. Further trials will be needed for this to
be independently verified.

4.2 Limitations of the trial methodology and lesson s learned

The objectives of this trial were to establish the accuracy of the figures given by vehicle manufacturers,
and to assess the reliability of the technology in a front-line fleet. The trial was set up in the context of a
busy depot, and this led to several methodological compromises and unforeseen issues, detailed
below. These issues limit the accuracy of the data obtained, but despite this the results were sufficiently
reliable to support further investment.

In terms of statistical analysis of the trial results, the key issue was the lack of a direct comparator to the
gas-powered Econic RCV. There were two issues with the comparison between the gas Econic and its
diesel equivalents. Firstly, the diesel vehicles were 6x4 (equivalent to 4-wheel-drive), and the gas
vehicle was 4x2 (equivalent to 2-wheel-drive). This was down to the difficulty of obtaining a 6x4 variant
in the UK, where there is currently little demand for gas vehicles, and therefore minimal supply capacity.

The second problem was the routes chosen, and was due to operational constraints. Ideally, the gas
Econic would have been trialled on routes previously serviced by a diesel Econic, thus allowing a direct
comparison of the two vehicles in a situation where the duty cycle is known to be identical. In fact, the
gas Econic replaced a Seddon Atkinson vehicle, partly because this was the next vehicle due for
replacement. Although it would have been desirable to switch vehicles between routes to get
comparative data, this proved impractical due to requirements to retrain crews on different routes, and
complications with the 2-wheel-drive gas Econic not being able to access landfill sites. Looking at the
fuel consumption data for the diesel Econics, it is clear that this can vary quite widely depending on the
routes covered, and unfortunately it is impossible to know without further telemetry data which of the
diesel vehicles is operating in similar conditions to the trial vehicle.

Measuring biomethane consumption was key to calculating both financial performance and CO,e
emissions. The difficulties associated with recording the amount of biomethane through manual
records, and the extra technical information and/or equipment required to calculate the amount of
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biomethane used, compared to the same operation for liquid fuel, only became apparent during the
trial.

In addition to technical difficulties, there were a variety of external factors that affected vehicle
operations. Industrial action, severe weather, the health and safety aspects of electrical installations in
the vicinity of the gas station, and the logistics of locating a large refuelling facility in a busy depot with
limited space all had to be overcome.

Finally, winning the hearts and minds of vehicle crews was also as much a part of the trial as the
performance of the vehicles. Success or otherwise could easily be affected their willingness to
cooperate with the trial. For example it is not normally a requirement to need to teach a driver how to
refuel a vehicle with diesel or petrol or for a driver to perceive there to be a danger to his safety from
refuelling his vehicle.

It also became apparent during the trial that the relatively slow and complicated refuelling process can
potentially affect the acceptance of the vehicle. It is therefore not just the vehicle which needs to be
reliable, but the refuelling infrastructure as well.

4.3 Potential for increased uptake of BM vehicles

4.3.1 Key drivers and barriers to uptake of vehicles

There are broadly three main drivers to the uptake of natural gas or biomethane powered vehicles.
These are the rising cost of diesel fuel, the pressure to reduce greenhouse gas emissions, and the
pressure to reduce air quality emissions. There are other benefits to the use of these vehicles, such as
reduced noise and vibration, and lower reliance on imported oil, but these are (currently) incidental in
most cases rather than driving adoption.

Driver — Fuel price saving

It is very likely that the cost of diesel will continue to rise at a rate outstripping inflation, although
historically the world price of oil is extremely volatile. The fundamentals of increasing demand from
developing economies, combined with the need to supply oil from more costly sources, strongly support
a continuing upward trend in oil price. Within the UK, fuel duty is the largest component of the pump
price, and while government policy may oscillate between freezing or raising duty, there is little
historical precedent for the exchequer sanctioning a decrease.

Although diesel prices seem likely to continue to rise, the price differential between diesel and gas is
harder to predict. Natural gas is historically 50-65% of the oil price because its lower energy density
makes it a less useful fuel. In the last few years the economic downturn, combined with the exploitation
of large deposits of shale gas, reduced the price of gas to around 25% of the price of oil — this in turn
stimulated demand so that the relative price is climbing again.

Recognising the environmental benefits of using natural gas as a fuel, the UK government also
maintains a differential of around 40p/litre between it and diesel. However, vehicle operators are
concerned that this could be reduced if sufficient vehicles switched fuels to impact on government
revenue.

Biomethane is subject to the same duty, but is also eligible for Renewable Transport Fuel Certificates
(RTFCs) under the Renewable Transport Fuels Obligation (RTFO). The value of RTFCs is determined
by the market, but has been steadily increasing since the start of the RTFO, and was between 15 and
24p per litre of biofuel (or kg of gas) in the first half of 2011°. This trend seems likely to continue as
targets under the RTFO increase, with concern over sustainability impacts currently limiting the
enthusiasm for meeting the targets using primary energy crops. The RTFO is currently being brought

° Answer to parliamentary question at:
http://services.parliament.uk/hansard/Lords/bydate/20110607/writtenanswers/part027.html
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into alignment with the EU Renewable Energy Directive, which states that all biofuels derived from
wastes are allowed to ‘count double’ towards national renewable energy targets, which might mean that
producers selling biomethane as a transport fuel may be allowed to claim two RTFCs per kg of gas.

The price of biomethane in the UK currently tracks the price of natural gas. Gasrec is the only
commercial supplier of biomethane in the UK, and all of Gasrec’s biomethane is liquefied, a relatively
expensive process, and then distributed by tanker. The biomethane is therefore priced to compete with
commercially available LNG, with a small ‘green’ premium.

It is possible that increased competition among suppliers, and increasing fossil gas prices, could see
the biomethane price drop below the fossil gas price. It seems likely that the number of suppliers will
increase over the next few years — see section below on availability of fuel.

Drivers — Greenhouse gas savings

Ultimately, the potential for saving CO, and other GHG emissions is the biggest strategic driver for the
interest in gas vehicles. Although the fuel price differential drives individual decisions, this differential is
largely due to a set of incentives set by government to promote GHG savings.

Although reducing GHG emissions in transport has so far been mostly voluntary, this is likely to change.
Previous initiatives, such as the Climate Change Levy, Renewables Obligation and EU Emissions
Trading Scheme, have not included transport emissions. The EU ETS now includes aviation emissions,
and the Renewable Energy Directive, which requires the UK to produce 15% of its energy from
renewable sources by 2020, specifically requires that at least 10% of energy used for transport is
renewable by the same date.

The public sector, and especially local authorities (LAS), is also under increasing pressure to lead by
example in reducing emissions. Although the coalition government has largely removed the set of
‘National Indicators’, LAs are still expected to report on the GHG emissions of their own estates, and for
many such as Leeds, their RCV fleet will be a significant contributor to overall emissions.

Transport offers the biggest technical challenge to reducing emissions, and heavy duty vehicles offer
the smallest range of emissions reduction options. The energy density of diesel is very high, making it
ideal for mobile applications and very difficult to replace, which is why transport has so far been
excluded from most policies to tackle GHGs. In the case of passenger transport, the options range from
teleworking, to expansion of public transport, through to walking, cycling, car sharing and electric cars
when independent mobility is essential. However, the need for heavy duty vehicles such as trucks,
buses and RCVs is almost impossible to remove, and the energy they require makes electrification
largely unsuitable.

For heavy duty vehicles, there are very few mature technologies with the potential to offer GHG savings
of 50-80% compared to diesel. If more mechanisms are introduced to effectively price carbon
emissions, the economic case for biomethane as a vehicle fuel will quickly become compelling.

Drivers — Air quality

The very low emissions of particulates and oxides of nitrogen from gas vehicles may already be an
important driver for their use in big UK cities, especially London. Dedicated gas vehicles such as the
gas Econic in this trial meet or exceed Euro V and EEV emissions standards, currently the toughest in
force, due to the inherently cleaner burning characteristics of gas compared to diesel — although they
will need some additional abatement technology to meet the even higher standard for NO, when Euro
VI comes into force in 2013.

London urgently needs to curtail particulate and NOx emissions from heavy duty vehicles if it is to avoid
heavy fines from the EU. The London Low Emission Zone is a response to this problem, and will force
many vehicle operators to update their fleets earlier than would otherwise have been the case, and
choose the cleanest technologies available. Achieving Euro V, EEV and Euro VI standards with diesel
engines requires expensive technology and levels of particulate filtration which may start to impact on
engine efficiency.

Barriers — Vehicle cost
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The additional capital cost of gas powered vehicles is currently a significant barrier to the use of
biomethane. Gas powered variants of vehicles such as those in this trial are currently £20,000 — 25,000
more than their diesel equivalents. Even in applications with high annual fuel use, this premium is 5-10
times the annual fuel savings seen in practice, on current fuel prices, and this combined with an
uncertain residual value for the vehicle makes the choice of a gas vehicle difficult to justify on economic
grounds.

There are, however, two good reasons to suppose that vehicle cost is a barrier that will be quickly
overcome. The first is that the annual running cost savings are increasing as the differential between
the cost of diesel and the cost of biomethane increases, as discussed above. However, no matter what
the savings are, a price premium will still require additional up-front investment to achieve future
savings.

The second reason is that the engineering and economic fundamentals suggest that the vehicle
premium will reduce significantly. A dedicated gas engine, such as in the Econic vehicle tested in this
trial, is fundamentally still an internal combustion engine — the current price premium is mainly due to
shorter production runs rather than inherently more expensive components. Gas engines do require
more costly fuel tanks, to contain a gaseous (or cryogenic) rather than conventional liquid fuel.
However, the tanks, like the vehicles, will see cost reductions as demand and production increase.
Furthermore, as emissions standards are tightened, the price premium of gas vehicles will be offset by
the fact that a gas engine requires less costly pollution control equipment than a diesel engine,
especially to control particulate emissions.

Globally, the growth in sales of gas powered vehicles are such that production runs are increasing
rapidly. Current global sales of gas vehicles are close to 13 million, and the average annual growth in
sales over the last ten years has been 24% (14% in Europe, and 42% in the Asia-Pacific region)*.

The aspect of vehicle cost which is harder to predict is residual value, and this may prove a more
intractable barrier. It is difficult to see fleet operators having certainty in the residual value of a gas
vehicle until there are many more on the road, presenting a ‘chicken and egg’ problem. In common with
electric vehicles, manufacturers may well choose to provide leasing options as a way round this
problem, and additional research into how the issue has developed in other markets, such as in the
Asia-Pacific region, might prove useful.

Barrier - Availability of fuel

The fact that there is only one commercial source of biomethane in the UK is seen by fleet managers as
a risk factor when investing in it as a fuel. Given that using natural gas would provide the same cost
savings, as well as air quality and noise benefits, this suggests that the GHG emissions savings of
using biomethane are a very important consideration for ‘early adopter’ fleets.

Until now there has been little financial incentive for producers of biogas to invest in the costly
equipment needed to upgrade biogas to biomethane. Electrical generators are relatively cheap, and
biogas producers have thus far been eligible for Renewables Obligation Certificates if they use their gas
to produce electricity, and smaller installations can now claim 9p/kWh under the Feed-In Tariff scheme.
The main use for biogas upgraded to biomethane has been as a vehicle fuel, and with so few gas
vehicles in the UK this has been a risky investment compared to the guaranteed returns from electricity
generation, even if the high price of diesel suggested that upgrading to biomethane would theoretically
be more valuable.

The potential to inject biomethane into the gas grid is about to radically change this set of incentives.
The injection of biomethane into the grid was effectively prohibited until recently, due to overly stringent
standards, but these have now been relaxed following successful trials. In addition, this year sees the

19 |International Association for Natural Gas Vehicles at http://iangv.org/tools-resources/statistics.html
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introduction of the Renewable Heat Incentive, which includes a tariff of 6.5p/kWh for biomethane
injected into the gas grid, guaranteed for 20 years®®.

Under the new set of incentives, a biogas producer will get around 70% higher return per kg of gas by
upgrading it and injecting it into the grid. Although grid injection has a higher capital cost, this incentive
will probably make biogas upgrading a more attractive option in many cases, especially as the incentive
accounts for most of the revenue and this is guaranteed for 20 years, and increases with inflation.
Furthermore, the cost of upgrading equipment can be expected to reduce to some extent as its sales
increase.

Once a biogas producer has invested in gas upgrading, it will be financially advantageous for them to
use the biomethane as vehicle fuel as and when a market develops. As discussed above, biomethane
sold as a vehicle fuel will be eligible for RTFCs, possibly at double the current rate. Analysis by Cenex
suggests that current prices for gas, diesel and RTFCs would already make it financially attractive for a
biomethane producer injecting into the grid to divert some of their gas to fuel their own vehicles — this is
because the saving is based on the high cost of the diesel replaced. The return for selling biomethane
to other fleet operators is lower because it's pegged to the wholesale price of natural gas, and is
approximately equal to the return from injecting into the grid, but this will change if the price of gas and
diesel both rise.

On the basis of this analysis it seems likely that there will be many more sources of biomethane, which
will inject the gas into the grid but switch to supplying gas vehicles as they become more common. The
greatest benefits will be available to biomethane producers who use their own gas as fuel, but greater
competition should also drive down the price of biomethane for fleet operators buying it from a third
party supplier.

Barriers — Fuelling infrastructure

The cost of refuelling infrastructure is likely to remain a barrier to widespread use of gas vehicles,
restricting their use to commercial fleets.

Filling stations for liquefied gas are cheaper than the compressors needed to dispense compressed gas
— however, this is offset by the additional upstream cost of liquefying gas in the first place. Currently,
most infrastructure is based on liquefied gas because it is much easier to transport, however this is
likely to change if the RHI encourages more widespread injection of biomethane into the grid. A
partnership of several energy companies and other stakeholders is currently attempting to set up a
‘green gas certification scheme’, which would allow biomethane injected into the grid to be taken out of
the grid elsewhere as biomethane, in the same way as it is currently possible to buy ‘green’ electricity
from the grid.

If operators where able to take biomethane from the grid then transport costs would be dramatically
reduced, and compressing gas from the grid would be expected to become widespread. The costs of
this would depend on the existing pressure of the gas in the grid at the filling location, on the number of
vehicles to be serviced and on the ability of the operator to share the infrastructure with other parties.

4.3.2 Likely effect of scaling up on the outcomes seen in the Leeds trial

Given the emerging set of technologies and incentives, there will soon be a strong economic case for
local authorities and waste operators to fuel their vehicles on biomethane, ideally generated from their
own waste. For local authorities especially, this could save money, help meet GHG emissions targets,
improve air quality and reduce noise.

Under an aspirational scenario, in which all RCVs are replaced by gas vehicles run on locally generated
biomethane, this could save around 300,000 tonnes CO ,e per year . This is based on analysis of two
local authority fleets, Leeds and Camden, scaling up their RCV fleets and fuel use on a per capita basis
to the whole UK population. This provides a rough estimate of 8,000 RCVs in the UK, using 120 million

1 It should be noted that this incentive is designed primarily to encourage anaerobic digestion, and excludes
landfill gas.
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litres of diesel per year, to which a WTW CO.e saving of 78% is applied (see Table 6). (This may be
considered a conservative estimate, as it is based on two urban areas, whereas fuel use per household
collection is likely to be higher in suburban and rural areas.)

While it may seem optimistic to imagine a case in which all RCVs are converted in this way, it is at least
possible to see a clear sequence of events leading to this outcome. Whereas until now it was difficult to
see how investment in biogas upgrading could take place without vehicles, or vice versa, the
introduction of a generous financial incentive for upgrading biogas for grid injection changes the picture.
Local authorities and waste operators can now invest in new AD plant and biogas cleanup with
confidence, and then look at replacing their vehicles to generate additional savings as and when vehicle
costs decrease and/or diesel costs increase.
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