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Abstract

A complete low pressure natural gas adsorbent storage system is described. This work was
carried out by the Atlanta Gas Light Adsorbent Research Group, (AGLARG), and co-funded by
the US Department of Energy.

The objective of the project was to install in a vehicle an adsorbent storage system capable of
delivering 150 V/V from a fill pressure of 3.5 MPa (500 psi) at ambient temperature.

Three breakthroughs with this system are reported. First, a carbon adsorbent in a form capable
of storing greater than 170 V/V was developed and produced. Secondly, a new design of flat
tank to contain the adsorbent has been made. This has two principal advantages, it allows for
more acceptable installation in the vehicle than cylindrical vessels and it greatly improves the
adsorptive heat problem. Thirdly, a guard bed system has been used which prevents storage
capacity loss due to non-methane components in the natural gas being irreversibly adsorbed on
the carbon adsorbent.

This system has been installed in both a van and a light truck where pressure, temperature, flow
and demand can be remotely measured in real time.

Introduction

Natural gas has become entrenched as an alternate vehicular fuel, particularly in countries
where gasoline prices are high. Emission control legislation in other countries may also
encourage further use of natural gas as a fuel. Currently Argentina leads with about 340,000
vehicles and there are about one million operating worldwide,(1).

As a fuel, natural gas ranks as one of the best, with its clean burning and low emission
characteristics, but it suffers from a major drawback, it is difficult to store. Presently, itis
predominantly stored as compressed natural gas, (CNG), at pressures about 20 MPa, (3000 psi)
and even higher pressures have been suggested. Only, perhaps, a thousand vehicles are
operated using liquefied natural gas, (LNG), this being limited mainly to heavy duty vehicles
operating nearly continuously, twenty-four hours a day.

An alternative to these storage methods is an adsorbent storage system, usually referred to as
adsorbed natural gas, (ANG). Here the natural gas is adsorbed by a porous material where the
storage density of the adsorbed methane is greater than that of the gas phase at the same
pressure. This provides an enhancement in the storage capacity.

To be a commercially viable system, it is generally considered that a delivered gas volume at
STP, 150 times greater than the storage volume, 150 V/V, is necessary. This can be achieved
relatively easily using existing carbon adsorbents by either cooling the adsorbent below ambient
or by using fill pressures in excess of 7 MPa, (1000 psi). However, cooling cannot be considered
practical and the use of pressures greater than 7 MPa creates similar problems to those of CNG.

Recognizing this, the US DoE co-funded a research program by a consortium of oil and gas
utility companies and a carbon manufacturer, collectively known as AGLARG, (Atlanta Gas Light




160

Adsorbent Research Group). The target of this research program was to produce an ANG
system capable of delivering 150 V/V from a fill pressure of 3.5 MPa, (500 psi), at 298K. This
was considered to be a demanding but possibly achievable goal. However, this storage capacity
was not the only objective of the program. The system as a package was to use advantageously
the attractive properties of ANG while at the same time addressing some of the problems known
to exist with ANG storage.

The Storage System

Gains in gas storage density by adsorption occur at pressures less than 10 MPa, (1500 psi), but
if simplicity and ease of use is considered, then the pressure should be limited to that achievable
by using only single stage compression, less than § MPa. This pressure is about gas trunk line
pressure and so in some places recompression could be avoided. However, the de facto vaiue,
somewhat arbitrarily chosen, has been 3.5 to 4 MPa. Thus an adsorbent material, with
properties which optimize storage capacity at this pressure, had to be developed. Secondly,
design of a storage vessel for this material had to be undertaken.

This relatively low pressure does not mandate the use of cylindrical shaped vessels, and so other
shapes for the storage vessel could be considered. With limited available space, an aiternative
to a large gas cylinder appears attractive.

Earlier work on ANG storage has shown that the storage capacity gradually reduces with
repeated refueling. For a successful ANG storage system, this problem has to be overcome,
and so the AGLARG group examined the use of a guard bed to protect the adsorbent from the
undesirable higher hydrocarbons, minor components of natural gas, which are mainly
responsible for this reduction.

The complete storage sysiem therefore comprised of a new type of carbon adsorbent
maximizing storage density, a new design of storage vessel taking advantage of the relatively
low pressure and a guard bed to ensure no reduction in storage capacity on repeated refueling.

The Adsorbent

Presently, carbon adsorbents would appear to be the best for natural gas. What kind of carbon
is required to achieve 150 V/V delivered ?

For delivery of 150 V/V, it will be necessary to store about 175 V/V since some methane remains
adsorbed at less than 0.1 MPa, (1 Bar). This is equivalent to 117 grams gas per liter of storage
volume.

Since adsorption only takes place in micropores, pores of less than 2 nm, the micropore volume
of the adsorbent should be maximized.

Parallel slit pore models suggest that a maximum density of 170 g methane per liter of
micropore occurs in pores of 0.78 nm width, (two methane molecules wide), at 298K and 3.5
MPa,(2).

To store 117 grams, 0.69 liters of ideal micropore, (0.78 nm width), will be needed.
Only 0.31 liters per liter of storage volume will remain for the skeletal carbon atoms.

Using a graphite density of 2.2 g/mL, 0.31 liters of carbon atoms will weigh 630 grams.

So, 690 g carbon with 630 mLs of ideal micropore per liter of storage volume will be necessary
to achieve 150 V/V delivered. ( Carbon density 0.69g/mL, 1.0 mL micropore per gram.)
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The next questions then become, “How do we make a carbon with these properties ?", and,
“How do we know how close we have come to this ideal structure ?"

The direct measurement of storage capacity by packing a vessel with adsorbent and measuring
methane delivery, is not always practical when creating adsorbent carbons. Often only a few
grams of carbon are made. Characterization measurements on these materials can be carried
out and methane isotherms measured using less than one gram quantities. However, no reliable
method for obtaining a pore size distribution, (PSD), of these carbons is available. Using the
methane isotherm at 298K, a new method was developed for the assessment of PSD,(3). This
provides a “picture” of any prepared carbon, which enables us to see how close the prepared
carbon is to the “ideal” structure. Any change in preparation conditions can be monitored against
any change in the PSD. Figure 1 shows the 298K methane isotherms for two carbons prepared
in the same way but at different temperatures and Figure 2 shows how this change in preparation
conditions altered the PSD of the carbon adsorbents,(4). The carbon used in this present study
had a pore volume of 1.30 ml/g, 37% of which was in the ideal pore size region.

The Storage Vessel

With adsorbent storage, large diameter cylindrical tanks are not necessary and indeed are
undesirable. They are difficult to pack the carbon into, and are not efficient in removing heat
from the carbon during filling, (adsorption), or supplying heat during fuel use, (desorption). In
practice a 25 - 30 cm diameter densely packed, carbon filled vessel can take many hours to
return to an equilibrium state after one fill-empty cycle.

Cylindrical tanks are also space intrusive, in that, nearly always, they are placed in areas which
otherwise would be used for passengers or baggage. Also, the space occupied by these is, in
reality, greater than their simple geometric volume.

The design of an ANG tank should therefore consider several factors.

It should
(a) take advantage of the lower pressure used in ANG
(b) minimize heat effects
(c) be easy to fill with adsorbent
(d) be space efficient and easier to locate into the vehicle
(e) be relatively light in weight
(f) be easy to manufacture
(g) must be safe and certifiable as a pressure vessel

Figure 3 shows the design chosen for this study. The twenty-two cell aluminum single step
extrusion with welded end caps incorporates all of the above criteria in its design. Its low flat
profile offers a great deal of flexibility for incorporation into any vehicle, and it can be of any
length without requiring any redesign or retooling. The profile and interior web aids greatly in the
heat management during filling and emptying. Itis relatively lightweight, aithough this is fully
offset by the weight of the carbon adsorbent. These vessels were designed to meet the British
Standard , BS5500 safety code using extensive finite element analysis. A program of pressure
fill-empty cycle testing on sample tanks was carried out to establish fatigue life and safety
factors. After 380,000 cycles from 0.5 to 4.5 MPa, a pinhole leak developed at a weld. A
sample tank split close to a weld at 21.5 MPa, (3200 psi), during a burst test, giving a factor of
safety of at least five . An adsorbent filled vessel will not immediately depressurize on rupture.
Rather, there will be a relatively slow loss of pressure as the adsorbed methane desorbs over a
few seconds. Further slowing the evolution of gas from the adsorbent is the considerable cooling
associated with rapid desorption.
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For test purposes, both on the vehicle and also on a stationary fill-empty cyclic test-bed, tanks
were filled with granular carbon and with monolithic blocks. Presently extruded carbon pieces
are being prepared and will be tested in the near future.

The Guard Bed

The problem of deterioration of storage capacity using adsorbents is largely due to the
cumulative adsorption of the higher hydrocarbons, C5 and above, which are present in small
amounts in natural gas. These are continually adsorbed by the highly microporous carbon
adsorbent, but because of their higher adsorption potential, unlike methane, are not desorbed
during fuel use. Thus they gradually fill micropores which otherwise would be available to
methane. Other components in natural gas, such as nitrogen, carbon dioxide or the lighter
hydrocarbons, C2 - C4, are desorbed as the pressure is reduced. Table 1 shows a typical natural
gas composition and the potential for uptake of each of the components. Possible odorants are
also included in this table. It is clear that the only odorant likely to be retained by the storage
carbon would be diethyl sulfide. Other odorants would odorize the complete system but would
be desorbed as the tank is emptied.

For rapid filling of a storage tank, the gas flow rate through an adsorbent guard bed is very high,
making the capture of small amounts of C5+ hydrocarbons difficult. Thus a narrow micropore
carbon structure somewhat similar.to the storage carbon structure is favored. However, since
facile desorption of C5+ hydrocarbons from the guard bed carbon is required to prevent
retention, a carbon with a more open pore structure is desirable. Evaporative loss control
devices, (ELCD’s), used for the control of gasoline emissions, use an upper micro, lower
mesopore type of carbon. This type of carbon appears to be suitable for use in the guard bed.

Presently, a three liter cylindrical shaped guard bed packed with granular carbon is being tested.
The guard bed is placed in line just in front of the main storage tank. On filling the storage tank,
gas must pass through the guard bed, where the C5+ hydrocarbons are adsorbed, before
entering the main storage tank. The guard bed has built in electric heaters. During fuel use,
(desorption), these heaters are switched on and gas from the storage vessel again passes
through the guard bed. The CS5+ hydrocarbons are desorbed from the heated granular carbon in
the guard bed and swept along in the gas stream for consumption in the engine.

Results and Conclusions

Small scale experiments, with vessels of less than one liter, gave deliveries in excess of 150 VIV
using packed granular carbon. However, difficulty was encountered in packing the granular
carbon into the full size tank to a sufficiently high density to obtain a delivery of 150 V/V.

This same carbon was then briquetted as shaped monoliths to fit the cell dimensions, avoiding
wasted void space. In its briquetted form, the carbon had a higher density than the packed
granular material, and in this form has been consistently delivering in the low 140 V/V on both
the stationary test bed and on the vehicles. The tests, to date, indicate that the guard bed is
doing its job and that no deterioration in storage capacity has been observed.

The tank design has given flexibility for fitting within the frame of a Dodge “B” van. In the past
few weeks, four tanks have been fitted to a Dodge Dakota truck bed, a protective false bed has
been placed on top of the tanks raising the bed by about five inches.

The goal of delivering 150 V/V has not been met to date using a flat tank, but 94% of this goal
has been achieved. It is felt that over the next few months, briquettes of higher density will be
produced so that this 150 V/V delivered target can be met. Extrusion forming, which is just
underway, could also help in reaching this goal.
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It is important to bear in mind that this study was undertaken as a “proof of concept”. The tank
design is sound but will no doubt be further refined. The guard bed is effective. The carbon
used for this study is only a development carbon. It is not yet available for commercial
application and a further objective is to be able to commercially produce a carbon with these
properties at a competative price.
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Figure 1
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Figure 2
Methane PSD Analysis
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Typical Composition of Natural Gas (Bacton Terminal)

Component ‘Concentration Relative Potential
vol.% Pressure Uptake g/g

Carbon dioxide 0.25

Nitrogen 3.17

Hydrocarbons

Methane 92.81

Ethane 2.84 7.320E-04

Propane 0.58 2.350E-04 0.019

Butane 0.20 9.480E-04 0.068

Pentane 0.067 1.370E-03 0.127

Hexane 0.032 2.240E-03 0.176

Heptane 0.017 3.970E-03 0.232

Octane 0.007 4.800E-03 0.259

Nonane 0.001 2.220E-03 0.262

Benzene 0.022 2.960E-03 0.127

Odorants

Diethyl sulfide 7.00E-04 1.160E-04 0.143

Methyl ethyl sulfide 6.00E-05 4.260E-06 0.029

Ethyl mercaptan 6.00E-05 1.180E-06 | 8.600E-04

Tert. butyl mercaptan 1.20E-04 8.500E-06 0.079

e ——————————
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SLIDE 1: INTRODUCTION LABEL

Good morning. My name is Shawn Yates and | work in the Product Development
& Engineering Group at Chrysler Canada. | would like to thank the organizers of this
propane session for allowing me to be here with you. This presentation is a brief
overview of two main areas of propane or LPG vehicle technology; fuel metering and fuel
storage; from both a traditional and future technology perspective.

SLIDE 2: PROPANE CHARACTERISTICS

Propane, as a member of the hydrocarbon family, can exist as either a liquid or
.a vapour, depending on the pressure or temperature surrounding it. Propane is usually
stored and transported as a liquid under pressure. Under atmospheric pressure
conditions, propane vaporizes becoming a gas at -44°F.

SLIDE 3: GASEOUS FUEL METERING #1

Almost all presently available propane fuel systems meter fuel in the gaseous state.
The majority of these systems operate at low fuel delivery pressures but the emergence
of higher pressure gaseous metering systems has begun. Shown in this slide is a
traditional gaseous metering system. Whether it is low pressure or high pressure
metering, liquid propane is first delivered from a fuel tank by natural flow to a fuel shut
off device. The liquid propane then flows through a regulator or vaporizer, to reduce the
fuel pressure and vaporize the propane by allowing the propane to absorb heat from its
surrounding area. If there is not enough heat available to satisfy the vaporization
requirements, some propane will not change state and could enter the metering system
as a liquid and cause engine flooding. In a more traditional gaseous fuel metering
approach, propane is then delivered to the engine in a gaseous state at low pressure,
through venturi or air valve mixers mounted above the throttle blades. In the venturi
system, properly sized metering jets and openings at the throat area of the venturi nozzle
are used to control the flow of fuel in response to the differential pressure signal created
in proportion to the air flow. The air valve system uses a fuel metering valve that opens
in proportion to the intake air flow. For a given air flow, the air-fuel ratio is primarily
controlled by the contour of the metering valve. Systems like this are'normally designed
to operate at very low fuel delivery pressures which considerably extends their low
temperature capability compared to other systems. These low pressure systems have
also been in existence for many years, but without the use of electronic control systems
to improve the accuracy of fuel metering characteristics, fuel economy and performance
can be sacrificed.

SLIDE 4: GASEOUS FUEL METERING #2

Design activity aimed at producing higher pressure gaseous propane fuel systems
have begun. The benefits of high pressure metering are largely based on the improved
control possible with a high speed solenoid valve or fuel injector and the associated
control electronics. Fuel injector response would have to be fast enough to give
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predictable flow characteristics down to millisecond pulsewidths and opening and closing
rates, in order to ensure adequate performance at high engine speeds. Also, the
required increase in operating pressure to the injectors, may seriously affect the low
temperature (below 32°F) operating capability of the system. This would not be as much
of a problem in the southern United States as it would in Canada. Other factors such as
injector lack of lubricity, durability and noise characteristics would have to be assessed
" to ensure the fuel system performance would be unaffected.

SLIDE 5: LIQUID FUEL METERING #1

The primary incentive for attempting to produce a liquid propane fuel metering
system, is associated with the power benefit derived from the cooling effect of vaporizing
liquid fuel in the intake air stream. Anocther incentive is the potential enhancement of cold
start ability of propane vehicles at temperatures approaching -20°F. The higher charge
density and the resulting power increase creates the potential to operate a standard
gasoline engine, without a loss in power. Electronic control and a pressure sensor are
essential to provide optimum mixtures to the engine with liquid fuel metering. Single-Point
Metering or Throttle Body Metering usually meter fuel with an intermittent opening and
closing of a calibrated orifice above the throttle blades. Operation of the control system
would be quite similar to that of present gasoline electronic control systems which are
usually engine mapped based systems, with manifold vacuum and engine speed as the
primary factors used to determine the fuel requirements. Feedback control would be
essential to provide the required mixture consistency and accuracy to compensate for
component variations or wear.

SLIDE 6: LIQUID FUEL METERING #2

Multi-Point liquid fuel metering systems offer the same advantages as single-point
fuel metering and feature a few unique advantages of their own. Improved cylinder-to- .
cylinder fuel distribution is possible with multi-point systems. Engine packaging
requirements, closely resembling gasoline fuel metering systems, are also an advantage
of multi-point liquid fuel metering systems.

The most obvious problem associated with liquid propane metering is the fuel’s
tendency to change state as a result of an increase in the local temperature anywhere
in the fuel lines, or at the fuel injectors. The only way to avoid this problem is to ensure
that the fuel is metered as saturated liquid by using a pump to boost the delivery
pressure beyond the fuel's accompanying boiling point. This system would basically
require a fuel pump in place of a vaporizer in the gaseous fuel metering systems.

SLIDE 7: TRADITIONAL PROPANE FUEL STORAGE

All current motor fuel tanks are designed and manufactured to standards set by
the ASME code and usually involve cylindrical steel construction or a combination of
cylindrical steel construction. The fuel tank on a propane vehicle has a system of valves
and safety features to fill the tank, remove fuel from the tank for delivery to the engine,
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measure how much fuel is in the tank, and relieve the tank should the pressure increase
excessively. The problem with the traditional fuel storage is to optimize capacity using
cylindrical shapes in a rectangular envelope that is usually allocated for gasoline fuel
storage.

SLIDE 8: GASOLINE FUEL STORAGE

Gasoline fuel storage systems of today usually utilize light weight "blow molded"
plastic technology to optimize fuel capacity within a given envelope. The fuel tank
attaching methods used on gasoline fuel tanks are very "simple"; straps are usually used
to hold the tanks in place. As well, gasoline fuel storage systems must meet the
corrosion, environmental resistance and safety standards as specified by federal
regulations. Corrosion and environmental resistance, durability, and weight, become main
issues with traditional propane fuel tanks, especially when they are mounted external to
the vehicles structure.

SLIDE 9: CONFORMABLE PROPANE FUEL STORAGE

Design activity aimed at the development of "conformable" propane fuel storage
systems has begun. As discussed earlier, weight reductions, improved materials
selection, capacity increases and corrosion and environmental resistance benefits are
potentially available with conformable designs. Plastic or composite propane fuel storage -
systems, that further resemble gasoline fuel storage systems, are still a few years away.

SLIDE 10: PROPANE VEHICLE CHALLENGE

As you have just heard, advanced propane vehicle technologies have emerged this
past week, as thirteen colleges and universities from across North America competed in
the 1996 Propane Vehicle Challenge.

SLIDE 11: PROPANE VEHICLE CHALLENGE #2

Gasoline powered 1996 NS Chrysler Minivans were modified, totally at the
discretion of the school, to operate on dedicated propane fuel systems. Almost all of the
technology | have discussed was displayed at the Challenge, even with the time
constraints imposed on the schools. Gaseous carburetion and high pressure metering
was used by many schools. Liquid fuel injection technology was also displayed at the
competition, but there are still many areas of improvement available for next year.

SLIDE 12: PROPANE VEHICLE CHALLENGE #3

Maybe next year we will see more advanced fuel storage systems, but | am sure
we will experience closer resembling gasoline equivalent vehicles. Students, your
experiences and efforts have been so valuable in preparing you for "real world" problem
assessments.
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SLIDE 13: CONCLUSION

Whenever new technology is discussed it should be kept in perspective. The cost
of a propane fuel system is a big factor to fleet customers analyzing their potential
payback. Emission performance is also a big factor to fleets, as they are becoming more
regulated. Gasoline vehicle technology is improving every model year and propane
vehicles have a lot of catching up to do. The competition to propane is not other

alternative fuels like CNG, but it is gasoline. Without the advancement of propane vehicle

technology, the industry will lag behind gasoline and any "perceived advantages" of
propane over gasoline will simply not be true.

| think this years’ Propane Vehicle Challenge has gone a long way to advance
propane vehicle technology and keep the propane minivans rolling down in Texas next
year.
- Thanks for your attention, good luck to the schools and participants in this years’
Challenge and thanks again for the opportunity of being here today.
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NOx/BSFC Tradeoflls

-

(Diesel Equivalent BSFC)

8 Mode BSFC (g/Bhp-Hr)
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DME Emissions Results

Particulates (g/Bhp-Hr)
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...DME & Diesel Fuel...

Combustion Noise (dBa(A))

Combustion Noise Survey
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Cylinder Pressure Diagrams
...DME Fuel w/Proprietary EFl System...

Cylinder Pressure (Bar)
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Light Duty Vehicle Applications
(Stoichiometric Alcohol or Gasoline)

* Enhanced Ignition - Intermittent duty
high energy “boost”
for cold starting

+ Combustion Monitoring - on-board
diagnostics (OBD i)
for misfire detection

“\

Medium/Heavy Duty Vehicle Applications
(Lean Burn Natural Gas or Propane)

« Enhanced Ignition = continuous duty,
low energy operation
for lean burn
(extend lean limit)

» Combustion Monitoring - closed loop
air/fuel ratio control
near the lean limit
(detect poor
combustion prior to
misfiring)
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Low Energy Plasma Jet Ignition

Ignition by plasma jets involves a different
mechanism than ignition by conventional
sparks

Ignition by plasma jets does not necessarily
involve higher energy levels than ignition by
conventional sparks




Current (A)

Current (A)

Current (A)
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Inductive Coil Ignition
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Flush Tip
Surface Gap

Projected Tip
Recessed Gap

Flush Tip
Recessed Gap
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Standard Air Gap
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Inductive Ignition
Standard Spark Plug

Plasma Jet
Ignition (300 mJ)

Ignition of Lean Methane-Air Mixtures with 10 m/s Swirl
(Murase et al, 1989)
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Spark Voltage
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Multistrike Plasma Jet Ignition
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Waveform
Combustion Misfire
Quality Indicator
Signal Signal
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Cycle Number

Lean Mixture Comparison of Cylinder

Pressure and ETW Si;
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Relationship Between Peak ETW Values and
Indicated Mean Effective Pressure of
Consecutive Cycles (A/F=19)
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Synergy Between Ignition System
and Combustion Monitoring
Technology

. Plasma jet ignition can provide lean limits
which are imposed by slow burning
rather than ignition failure

Exhaust Temperature Waveform
monitoring is particularly sensitive to
slow burning cycles
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BIODIESEL - AN UPDATE

Steve Howell, National Biodiesel Board
Leon Schumacher, University of Missouri/Columbia

Wendel Goetz, ORTECH Corporation

(Presentation unavailable at time of publication)
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SESSION 6

HOW CLEAN ARE ALTERNATIVE FUELS?

Chair: Greg Rideout, Environment Canada
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