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Abstract

Global warming, growing dependence on diminishing oil reserves and increasing air pollution
in cities and towns around the world have made the need for alternative fuel usage more
important than ever before. Compressed natural gas (CNG) as a vehicle fuel offers an
immediate solution to these pressing problems, but use of CNG also presents technical,
regulatory and economic challenges.

From the standpoint of safety, the fuel storage system is one of the most critical—and
costly—subassemblies of any compressed natural gas vehicle (NGV). To provide an NGV
with adequate range and to achieve the required fuel-energy density level, natural gas must
be stored at a pressure between 200 and 250 bar. Moreover, the system must operate
efficiently and effectively over a temperature range of —40C to +85<C, be capable of being
fast-filled, provide an instant supply of gas at low pressure on demand to the engine system,
and discharge gas safely from high-pressure cylinders in the event of a fire.

This paper compares safety aspects of a lightweight, United Nations ECE R110-compliant
CNG fuel storage system for buses to traditional steel cylinder systems, such as those in
widespread use in India.

Introduction

Rapid growth of major economies in Asia, combined with existing large
economies in North America and Europe, is increasing demand for oil every
year—and rising oil use is contributing both to global warming caused in part
by greenhouse gas emissions and to increasingly dangerous levels of air
pollution in major cities around the world.

It is well documented [1-2] that reducing oil usage and substituting natural gas
as an alternative vehicle fuel could immediately improve this distressing
environmental situation and could also provide a stepping stone towards
hydrogen as a fuel source.

Today the worldwide number of natural gas vehicles (NGVs) in service has
grown to more than 6.8 million [3]. A significant part of this growth in recent
years has been attributable to government legislation that has made use of
certain types of natural gas vehicles mandatory in large cities—notably in
Dehli, India, where introduction of alternative-fuel technology is making an
important contribution to improvements in air quality.

According to central Pollution Control Board reports, in 1998 about 65% of the
air pollution in Delhi came from vehicle exhausts. This was hardly surprising,
given the exponential increase in the vehicle population of that city—from
about 235,000 vehicles in 1975 to about 2,100,000 in 1991 [4]. Consequently,
Delhi was designated one of the most polluted cities in the world. The
situation was becoming so dire that Public Interest Litigation (PIL), filed in the



Supreme Court of India in 1985, sought direct government intervention to
improve air quality. In 1998, the high court directed the Delhi government to
convert the entire city fleet of buses, autos and taxis from liquid fuel to
CNG/Clean Fuel and to add 10,000 CNG buses to the city fleet by 2001.

As a result, the existing city bus fleet was converted in a relatively short time.
However, because of economic considerations and the advanced ages of
many of the buses, quite rudimentary steel cylinder fuel-storage systems were
installed beneath them—systems that would not meet today’s much more
rigorous safety regulations, such as those found in Europe under United
Nations ECE R110 [5].

Bhure Lal, chairperson of the Environment Pollution (Prevention and Control)
Authority (EPCA), the pollution-monitoring arm of the Supreme Court of India,
recently stated: “Globally, CNG vehicles are considered safe and clean.
However, the lack of proper implementation of the safety regulations must not
be allowed to compromise the quality of the programme [in Delhi, India],
which has enormous potential to clean up the air and public health of the city.”

The remainder of this paper explores key differences among fuel storage
systems, with emphasis on added safety features offered by R110-compliant
systems compared to systems built to less-rigorous standards. It is also
noteworthy that, compared to running a bus with a conventional steel cylinder
system, a lightweight, R110-compliant system offers a lower-cost solution
over the life of a vehicle because of significant operational cost savings that
far more than offset initial installation costs.

System Outline

The attributes of a compressed natural gas (CNG) fuel-storage system vary
depending on the needs of a given customer. Figure 1 outlines a complete
fuel storage system, from the fill receptacle through to the low-pressure
metered supply and engine fuel system.

Typically the system will be specified and supplied in two sections. One
section is comprised of fuel-storage tanks, complete with valves, safety
devices and a high-pressure manifold, all assembled and mounted in a frame.
This is commonly referred to as the fuel cylinder pod.

The second section includes up-stream and down-stream components, which
are either incorporated in different locations around the bus—as fitted by the
original equipment manufacturer or converter—or are supplied as a complete
package mounted in one unit, in which case this section is commonly referred
to as the fuel management board.

In a complete fuel-storage system, most of the cost and weight is incorporated
in the fuel cylinder pod. It is also the section with the greatest inherent
potential for problems due to the numerous high-pressure pipes (also called
tubes), connections and components, which not only must be correctly
assembled, installed and shielded from potential damage, but also inspected
on a regular basis. For these reasons, the emphasis of this paper is upon the
safety and weight aspects of the fuel cylinder pod.
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Figure 1: Schematic representation of a typical CNG fuel-storage system.

Figure 2 shows a typical under-floor cylinder fuel pod, installed into a high-
floor bus converted from diesel. The section shown is comprised of three
small-diameter strap-mounted steel cylinders fitted with manual shut-off
valves that incorporate a burst-disc-type pressure-relief device (PRD).

The connecting manifold consists of a series of pipes (or tubes) anchored by
their connections to the tanks. There is no evidence of any shielding to protect
the cylinder fuel pod from road debris.

Figure 3 shows a lightweight fuel cylinder pod of the type commonly found on
low-floor CNG buses in Europe. The system consists primarily of large-
diameter ( 400mm), lightweight composite cylinders mounted in a frame.
The configuration presented in figure 3(b) shows four 320-litre neck-mounted
cylinders, 410mm in diameter and 3m in length, which provide a fuel-storage
capacity equivalent to 340 litres of gasoline. In addition to the cylinders, the
fuel system pod contains numerous safety features. The structural integrity of
the frame under specific loads (as outlined in ECE R110) will have been
verified by careful calculations. The system is subject to a detailed in-service
inspection programme. Various aspects of an ECE R110-compliant
lightweight system, from cylinder construction to the selection of components,
will now be considered.



Figure 2: Typical under-floor bus installation of Type-1 steel cylinders in a fuel cylinder pod,
strap-mounted with manual shut-off valves with integrated burst-disc pressure-relief devices.

Figure 3: Schematics of a roof-mounted system assembly, including (a) a general schematic
showing location of lightweight composite cylinders on a low-floor bus and (b) a typical Luxfer
Gas Cylinders system consisting of 4 x 320-litre cylinders that provide a total storage volume

of 315 Specific Cubic metres of gas at 200 bar—equivalent to 340 litres of gasoline. (Images
courtesy of Luxfer Gas Cylinders.)

Cylinder Type Selection
Four types of cylinders are used in CNG vehicles:

Type-1: Constructed completely from metal only, typically steel.



Type-2: Metal liner (aluminium or steel) hoop-wrapped with composite
material, typically carbon; see figure 4(a).

Type-3: Metal liner (aluminium or steel) fully wrapped in composite
material, typically carbon, often with a glass-fibore overwrap to offer
additional wear resistance; see figure 4(b).

Type-4: Polymer liner fully wrapped in composite material, generally a
combination of carbon and glass fibre.

(@)

O Lightweight aluminum liner.

O Precision-machined thread.

O Protexal® — Smooth, inert, corrosion-resistant internal finish.

O High-performance carbon-fiber hoop-wrap in epoxy resin matrix.

O Lightweight aluminum liner.

O Precision-machined thread.

O Protexal® — Smooth, inert, corrosion-resistant internal finish.

O High-performance carbon-fiber overwrap in epoxy resin matrix.

Figure 4: Schematics of a) Type-2 aluminium-lined, composite hoop-wrapped CNG cylinder
and b) Type-3 aluminium-lined fully wrapped composite CNG cylinder.



Type-1 and Type-2 steel cylinders have an initial cost advantage over Type-3
and Type-4 cylinders, but they weigh considerably more—a distinct
disadvantage in terms of total payload and fuel economy. Whilst the weight
penalty associated with lower-priced steel cylinders may be acceptable for
some smaller vehicle applications, the significant weight advantages of large-
diameter, large-volume Type-3 and Type-4 tanks are contributing to their
increasing use on buses and trucks in North America and Europe. Currently
between 30,000 and 40,000 large-diameter composite cylinders are being
sold globally each year.

Figure 5(a) shows the weight-to-volume performance of the four different
types of cylinders calculated as a function of water capacity from published
data from leading cylinder manufacturers. It can be seen that steel Type-1
cylinders are available in sizes up to ~150 litre, with a weight-to-volume
performance indicator in the range of 0.8 to 1.1 kglt™. Type-3 (aluminium liner)
and Type-4 cylinders, available in volumes up to at least 320-litres, have a
similar weight- to-volume performance indicator of 0.3 to 0.5 kglt™. Type-2
steel-lined cylinders have a weight-to-volume performance indicator of 0.6 to
0.8 kglt* and a maximum water capacity of ~250 litres, which lies between
that of Type-1 and that of fully wrapped composite cylinders.

The weight-to-volume indicator level clearly decreases for all cylinder types.
This trend is evident in detail in figure 5(b), which shows weight multiplied by
working pressure over cylinder volume decreases from 100 to 75 litres

bar kg™ from a cylinder water capacity of 25 to 320 litres, respectively. This
indicates that gas storage efficiency of a cylinder increases with cylinder size.
Thus a 320-litre Type-3 cylinder would be more weight-efficient at storing gas
than two 160-litre Type-3 cylinders. This trend also applies to cylinder cost,
since a significant proportion of the cost of a Type-3 cylinder is in the
materials, the quantity of which is directly indicated by cylinder weight.
Additional cost savings is generated from handling and manufacturing only
one large cylinder as opposed to two smaller cylinders. Moreover, a system
composed of a limited number of large cylinders needs fewer valves and other
components than an equivalent fuel pod system composed of a larger number
of smaller cylinders.

Figure 5 shows that with the typical required storage volume on a 12m low-
floor European bus of 1,200-1,400 litres of water capacity, the fuel-storage
requirements can be met by four fully wrapped composite 320-litre cylinders
mounted in a longitudinal orientation upon the roof of the bus; this has a total
empty-cylinder weight of ~ 420kg. By comparison, an equivalent steel cylinder
set-up using thirteen 100-litre tanks mounted in a transverse orientation and
at a weight-to-volume performance indicator level of 0.85 kglt™, gives a total
empty-cylinder storage weight of 1,105kg—260% heavier than the composite
cylinder set-up. Alternatively, comparing a steel cylinder set-up that has an
equivalent empty-cylinder weight to the low-weight solution illustrated in
Figure 5(b) (420kg), the lightweight solution provides the vehicle a distance
range that is 2.5 times greater. The operational cost savings associated with
this additional range may vary among fleet operators, but it will be
nonetheless significant. In addition, such increased range also appreciably



enhances safety, because there is no need to overfill cylinders to achieve
greater operating range. There have been reported instances of operators of
conventional steel cylinder fuel pod systems engaging in the dangerous
practice of replacing original burst-disc PRDs with stronger ones so that each
cylinder can be filled to a higher working pressure than specified by the tank
manufacturer [6].
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Figure 5: (a) Cylinder weight (kg) / cylinder Volume (water capacity, litres) performance
indicator as a function of cylinder water capacity; (b) performance indicator of working
pressure (bar) x empty cylinder weight (kg) / cylinder volume (water capacity, litres), as a
function of cylinder water capacity.

Valves and Associated Safety Devices

The CNG cylinder valves commonly used in Asia, as shown in Figure 2, have
a manual shut-off valve and pressure-relief device (PRD). Whilst valves of this
nature are cost-effective, they lack many of the safety features required of
CNG valves in Europe that comply with ECE R110, such as the one shown in
figure 6. As well as a manual tap and a burst-disc-type pressure-relief valve,
the following valves and features are common in Europe and North America:

Excess-flow Valve: Prevents gas leakage in the case of rapid
pressure change (~ P 2 bar), such as that caused by a break in the
high-pressure tubing. The excess-flow valve will effectively reset itself
once pressure in the system is equalized.

Thermal Pressure-relief Valve (Melting plug-PRV): Operates at
110C £6<C, so that in the event of a fire, gas is allowed to escape
from the cylinder and dangerous pressure is not allowed to build in the
cylinder. Thermal PRDs trigger either through the use of a eutectic
alloy, which liquates over a very small temperature range, or
alternatively use a glass bulb containing a liquid that expands and
breaks the bulb at the required temperature. A 320-litre cylinder, such
as that shown in figure 3(b), typically has three PRDs, one located at
either end and a third located in the middle of the cylinder, connected
via a pipe (or tube) from the valve. Each of the PRDs is directly in
contact with the cylinder pressure at all times.

Solenoid Shut-off Valve: A solenoid valve (figure 6) will only open
and allow gas to flow from a cylinder when the vehicle ignition is
switched on. Under ECE R110, use of a solenoid valve is mandatory.



Additional Safety Tap (optional): If a solenoid valve is damaged or
otherwise becomes inoperative, the safety tap allows safe venting of
the cylinder so that the valve can be removed for servicing or
replacement.

Low-pressure Venting System: In case of damage to the high-
pressure O-ring (shown in black) on a solenoid valve, the low-pressure
O-ring (shown in white) prevents any leaking gas from exiting at the
valve/cylinder interface and directs gas out via exit holes. This allows a
low-pressure hose to be fitted (as shown in figure 7) to direct gas out of
the vehicle.

It should be noted that specific cylinder models must be approved with
specific valves and thermal pressure-relief devices. This is done in a bonfire
test to prove that the thermal PRD operates correctly and that the PRD
configuration is adequate to ensure that gas is vented from the cylinder at a
rate that avoids unsafe build-up of pressure in the cylinder.

In addition to ECE R110-compliant valves, the manifold is produced from
high-quality stainless steel tubing that has a burst pressure of four times (4X)
working pressure. Manifolds are connected using either high-quality fittings or
are friction-welded, in which case welds are internally inspected. Complete
systems are also fully leak-tested. PRD venting occurs through tubing
designed to vent gas upwards, out of any coverings and away from the bus.

Figure 6: Example of ECE R110-compliant valve, complete with integrated safety devices.
Shown is an OMB Vega valve (image courtesy of OMB Saleri SpA).



Figure 7: OMB Vega valve shown with low-pressure hose attached, which allows any gas
leaking over the high-pressure O-ring to be directed out of the vehicle. This feature,
particularly well-suited to cylinders mounted inside passenger cars, prevents dangerous gas
build-up.

Evolution and Implementation of Safety Standards

Until the late 1970s, countries essentially used industrial gas cylinder
standards when approving NGV cylinders for vehicle fuel storage. However, it
soon became apparent that these standards were not ideal in terms either of
safety or optimum product performance.

Italy was the first country to introduce new, specific regulations for lighter-
weight, high-strength steel cylinders used for natural gas storage. The Italian
standard proved very successful, and hundreds of thousands of cylinders
made to these specifications are in service around the world.

In North America, large-scale conversion of vehicles to natural gas began in
the 1980s. In 1982, hoop-wrapped cylinders—consisting of aluminium liners
wrapped with glass-fibre composite reinforcement—were introduced into NGV
service. Steel cylinder manufacturers followed suit in 1985 with their own
lighter-weight, hoop-wrapped designs. All these hoop-wrapped products were
approved by exemption (now called “special permit”) by the United States
Department of Transportation (DOT) since no dedicated NGV cylinder
standard was then available.

Since those early days, various cylinder standards have emerged, including
New Zealand Standard (NZS) 5454 in 1989; Canadian Standard (CSA) B51-
1995, an adaptation of NZS 5454, in 1991; Natural Gas Vehicle (NGV) 2 in
the US in 1992, updated in NGV2-1998, NGV2-2000 and NGV2-2007; and
ISO 11439, based on the US NGV2 standard. The details of these cylinder
standards are beyond the scope of this paper; suffice it to say that they
contained progressively more stringent safety standards that positively



influenced the development of the ECE R110 system standard for NGV,
which will now be considered.

ECE R110. The United Nations (UN) issued this regulation in 1995 to define
“Uniform Provisions Concerning the Approval of Specific Components of
Motor Vehicles Using Compressed Natural Gas (CNG) in Their Propulsion
System”; the standard was revised in 2001. As the title suggests, this wide-
ranging document considers all components in the fuel systems of natural gas
vehicles, including CNG cylinders. ECE R110, which was recently accepted in
Thailand, is already in wide use around the world.

Although R110 contains many of the provisions of ISO 11439, there are
enough minor differences that ISO deemed it necessary to issue ISO
TC58/SC3/N1036, which is a detailed comparison of the two documents.

The expressed intention of ISO and the UN is eventually to merge 1SO 11439
and ECE R110, thus producing a new standard intended to gain worldwide
acceptance.

For purposes of the current discussion, it is the view of the authors that the
current provisions of ECE R110 should be adopted as a minimum safety
standard for NGV systems around the world.

Economic and Safety-related Benefits of a Lightweig ht Fuel
Storage System

Improved fuel economy.

Up to 2.5 times the fuel-storage capacity compared to the weight of
conventional steel set-ups, or alternatively up to a 66% empty-cylinder
weight saving for an equivalent storage volume of 315 scm.

Increased vehicle range, which opens up longer routes and reduces
time spent travelling to and from filling stations.

Increased cylinder size, reducing the number of cylinders required per
system—thus also reducing the number of valves, PRDs and pipes
(tubes).

Vehicles can carry additional freight and passengers.

Composite cylinders need only a periodic visual inspection, not a
hydrostatic test—which reduces vehicle out-of-service time during tank
inspection.

Given the increased freight/passenger capacity, greater vehicle range,
improved fuel economy and lower operating costs, it is possible for bus
and truck manufacturers easily to calculate the expected pay-back.

Roof-mounted systems are inherently safer since they take tanks out of
the crash zone and are ideally positioned to allow natural gas to vent
upwards and away from a vehicle in the event of a fire.

Ideally suited for low-floor buses.
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Modular system design is possible—i.e., the number of standard-sized,
interchangeable cylinders needed to achieve the required storage
volume can be varied from vehicle to vehicle, thus streamlining fleet
maintenance and providing optimal value.

Summary

Global warming, increasing air pollution and diminishing oil reserves
have made the need for alternative fuel use imperative around the
world.

Use of CNG as an alternative fuel is an effective, currently available
way to help solve pressing environmental and fuel-resource problems.

Large composite cylinders provide a safe, lower-cost CNG storage
solution over the life of a bus or other large vehicle.

Initial investment costs should not be minimized at the expense of
safety.

To achieve maximum economic benefit, the total operating life of a
vehicle should be considered when choosing a CNG (fuel cylinder pod)
system.

Operating a bus (or other large vehicle) with a heavy fuel cylinder pod
may be significantly more expensive over time than using a lightweight
system.

The safety aspects of United Nations ECE R110 should be considered
as a minimum global standard for CNG systems.

References

1. Marko P. Hekkert, Franka H. J. F. Hendriks, Andre P. C. Faaij and Maarten L. Neelis,
“Natural gas as an alternative to crude oil in automotive fuel chains well-to-wheel
analysis and transition strategy development,” Energy Policy, Volume 33, Issue
5, March 2005, pp. 579-594.

2. Sonia Yeh, “An empirical analysis of the adoption of alternative fuel vehicles: The
case of natural gas vehicles,” Energy Policy, Volume 35, Issue 11, November
2007, pp. 5,865-5,875.

Gas Vehicles Report, September 2007, p. 68.

4. Sh. A.K.De, Development of CNG Infrastructure in India with Special Reference to
National Capital Territory of Delhi, February 2004.

5. United Nations ECE R110 (Rev. 2, Addendum 109, 19 June 2001).

6. Peckham, J, “Delhi's slap-dash CNG mandate poses fire, explosion dangers; 'tip of
iceberg' found in report”, Diesel Fuel News, Dec 9, 2002.

11



