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FORWORD

In June 1978, the University of Missouri-Columbia received a research
contract (EM-78-5-02-4935) from the U.S. Department of Energy to investigate
the feasibility of HCP (Hydraulic Container Pipeline)* as a viable means of
freight transport that conserves energy. HCP is a particular type of freight
pibe]ine which transports cargoes in containers moving through pipelines
filled with liquid--usually water. It is a new concept of freight transport
originated in Canada in the 1960's. Potential advantages of this new mode of
transport include (1) energy conservation, (2) pollution free, (3) reduction
of highway and railroad accidents, (4) automation, (5) no interruption by ad-
verse weather, and (6) protection of environment.

The four tasks of the contracted research are: (1) assessment of the energy
conservation value of HCP as compared to other modes of freight transport such
as truck, railroad, and slurry pipeline, (2) assessment of the market of HCP
for coal transportation, (3) development of design concepts on HCP for trans-
porting coal, and (4) design and construction of a small HCP system for the
demonstration of the concept of HCP transportation. This report deals with
the second and the third tasks. An earlier report entitled "Energy Conservation
Value of Hydraulic Container Pipeline (HCP)" deals with the first task.

This research was funded through the Non-Highway Program, Division of
Transportation Energy Conservation, Office of Conservation and Solar Applica-
tions, U.S. Department of Energy. Encouragement and guidance provided by
Mr. Richard Alpaugh of the funding agency is greatly appreciated. The research
reported herein was performed by M. Assadollahbaik and J.C. Yang--the two research
assistants of the project.

Toewy Liw

Henry Liu, P.E., Ph.D.
Professor of Civil Engineering
University of Missouri-Columbia
Principal Investigator

*Hydraulic container pipeline 1is usually referred to as "hydraulic capsule
pipeline" or simply "capsule pipeline." In this report, the terms "capsule"
and "container" will be used as synonyms.
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ABSTRACT

The purpose of this sponsored research is to assess the feasibility and the
potential value of HCP (Hydrau]iq.Contéiner Pipeline) as a new mode of freight
transport. The tasks df the study involve (1) assessment of the energy conser-
vation value of HCP as compared to other modes of freighf transporf such as truck,
rail and slurry pipeline, (2) assessment of the mafketkof HCP for coal transporta-
tion, (3) development of design concepts on HCP system for transporting coal, and
(4) design and construction of a small HCP system for the demonstration of the con-
cept of HCP transportation. |

To date, the first three of the four aforementioned tasks have been com-
pleted; task 4 has just begun. This report deals with tasks 2 and 3. Another
report, entitled "Energy Consérvation Vé]ue of Hydraulic Container Pipeline (HCP),"
deals with task 1. |

It is shown in this report that a large market exisfs for HCP to transpoft
coal. Not only is HCP the most environméntally and socially acceptable way to
transport coal, it can also compete effectively with truck, train and even slurry

pipeline on economic grounds.



IT.
[II.
Iv.

CONTENT

INTRODUCTION © « o o o o ettt e e e e e e e e e
PURPOSE OF STUDY . » « « « « v v o v v U
SUMMARY OF FINDINGS. .

‘A. Technical (Engineering) Feasibility.

General Technical Feasibility Assessment . .
Injectors. . e e e e e
Ejectors . .

Pumps. . .

HCP System for Transport1ng Coa]

P WN —

B. Environmental/Social Feas1b1]1ty ..
C. Economic Feasibility .

1. General Comments . . . . . . . . . . . . .. ..
2. Cost Comparison Between HCP and Slurry P1pe11ne. ..
a. Capital Cost for Terminal Facilities . .
b. Operational/Maintenance Cost for Terminal
Facilities . . . ..
c. Costs for 0perat1on/Ma1ntenance of Pumps ..
d. Costs for Pipeline, Capsules, and Pumping
Facilities . . . . . . . e e e e
e. Total Capital Cost . . .
f. Life-Cycle Cost and Unit Cost

3. Cost Comparison Between HCP and Truck and Train. . . .

a. Cost for Transporting Coal by Truck. .
. b. Cost for Transporting Coal by Train. .
c. Comparison of Unit Costs . . . .
4. Conclusions and Comments on Cost Comparisons .
V. APPENDICES. .
APPENDIX 1 - REFERENCES .

APPENDIX 2 - RELATED DOCUMENTS.

jv

FEASIBILITY/DESIRABILITY ASSESSMENT OF HCP TO TRANSPORT COAL .

12
15
24
27
31
31
34
34
39
43
45
45
56

58
58

61
62
62
64



I. INTRODUCTION

The most versatile and sophisticated mode of pipeline transportation is
container (capsule) pipelines. In this new mode of freight transport, cargo
Taden capsules (containers) of large size are forced through pipeline by the
fluid flowing in the pﬁpe. When the fluid is liquid (usﬁa]]y water), the

pipeline is called hydraulic capsule pipeline (HCP); when the fluid ‘s gas

(usually air), the‘pipeline is termed pneumatic capsule pipeline (PCP).

In the case of PCP, because the fluid is air which is too light to generate
significant bouyancy, éapsu]es that confain heavy cargo must be suspended on-
wheels rolling inside the pipeline. On the other hand, because HCP uses water
which is a thousand times heavier than air, the capsules ih HCP need no
wheels. They are suspended by the bouyancy and the 1ift of the water moving
through the pipe. How 1ift is generated in HCP was clarified by Liu in 1977
[1].* Fig. 1(a) and (b) give the configurations of HCP and PCP, respectively.
In certain instances, a band (collar) may be placed near the front of a capsule
of HCP, as shown in Fig. 1(a), to increase the hydrodynamic 1ift and to reduce
frictional Toss. | |

As analyzed in [2], while PCP seems to be more suitable than HCP for short
distance transportation, the opposite is true for long distances. Therefore,
PCP and HCP are suited respectively for urban and intercity freight transports.
They do not compete for tﬁe same market.

There are many potential applications of HCP for long-distance freight
transport other than hauling coaif* In‘fact, éoa] may not even be the most

important application of HCP. However, because the nation desperately needs coal

* Numerals in [ ] refer to corresponding items in APPENDIX 1 - REFERENCES.

**A discussion of various applications of HCP is given in [3]. A special appli-
cation is grain transportation discussed in the newspaper clipping in
APPENDIX 2 - RELATED DOCUMENTS.
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and needs energy-conserving and environmentally acceptable ways to transport
large quantities of coal, an assessment of HCP for coal transportation is much
needed. Another reason for choosing to study HCP for coal transportation is

that HCP is a new technology not yet fully developed. All new technology must
start from a simp]é form, and then gradually increase sophistication as more

and more about the technology is learned. Coé] transportation seems to offer

an opportunity to develop the simplest type of HCP c;nceivable. The system

is simple for five reasons: (1) oh]y a single cargo is involved. This makes
capsule preparation and handling an easy task. (2) Accidental leakage of water
into capsules has no serious consequences. (3) The bulk density of cba] is

such that when capsules are filled with coal, the capsule density becomes only
slightly greater than water density. This minimizes contact Befween capsu]es‘
and pipe, and optimizes energy consumption. It also makes staft-up an easy task.
(4) Unlike the transport of perishable commodities which require speedy delivery,
speed is not needed at all for transporting coal; what counts in this case is the
throughput. Even at very low speed HCP can produce an amazingly large throughput
of coal (see Table 1).. This offers an opportunity to run the flow at rather

low speed to conserve energy. At low speed the injection and handling of capsules

also become easier. (5) The piping consists of only two parallel pipes (a delivery

TABLE 1 - Variation of Coal Throughput of HCP
with Pipeline Diameter

(Assumptions: Capsule velocity = 6 ft/sec,
diameter ratio = 0.9, linefill rate = 0.9,
bulk specific gravity of coal = 0.83, etc.)

Pipe]ine Diameter Coal Throughbut
(ft) (million tons per year)
1 2.8
1.5 _ 6.2
2 v 11

3 25



and-a return line) connecting between a coal mine aid a large power plant. No

branching or telescoping of pipes are involved.
II. PURPOSE OF STUDY

The purpose of the study is to ‘assess the feasibility and desirability of -
transporting coal by HCP. The feasibitity of any engineering project depends on
(1) engineering or technical feasibility, (2) environmental and social feasibility,
and (3) economic feasibility. A1l three criteria must be met before a.project can
be considered feasible and desirable. Therefore, the feasibility and desirability

of HCP for coal transport will be examined in light of -these three criteria.
IIT. SUMMARY OF FINDINGS

It was found that HCP.is technically feasible although much remains to be:
researched and developed before an efficient and trouble-free system of HCP
can be built. A small crash R&D program costing five to ten million dollars and
lasting five to ten years is required for the successful development of HCP for
coal transportation. |

On the environmental/social side, the study found that HCP is clearly
the most environmentally and socially acceptable way to transport large quantities
of coal. The method saves energy;'heduces u.s. dépendence on.oil, does not
cause air, water and noise pollutions, saves lives, reduces traffic and accidents
on highways and railroads, and consuﬁes little water.

As far as economics is concerned, it was found that in many circumstances it
_is more ec0nomica] to transpdrt coal by HCP than by slurry pipeline or unit train.
It is always economical to transport‘coa] by HCP than by truck, even for distances
as short as about 20 miles. Therefore, HCP can compete economically with slurry

pipeline, unit train and, especially, trucks.  HCP could play an important role



in coal transportation in the future.
IV. FEASIBILITY/DESIRABILITY ASSESSMENT OF USING HCP TO TRANSPORT COAL

A. Technical (Engineering) Feasibility

1. General Technical Feasibility Assessment

Two decades of extensive study of HCP at the Alberta Research Counéi] in
Canada [4-6] has generated a wealth of knowledge in capsule hydrodynamics
and in how to design and operate HCP ;ystems(v The Council's study 1nc1udedl
extensive experimentation with pipes up to ten 1nch¢s in diameter. The Council's
researchers also carried out a specia]wtest in whichna.cy1jndrica1 capsule of ,
16 inch diameter weighing 514 1bs was injected into a 20 inch diameter crude
0il pipe]ine at Edmonton, Canada. The capsule trave]ed a hilly countryside of
109 miles before it was picked up. No difficulty was encountered in the move-
ment of the capsule in the experiment. A recent account of this test is giveﬁ
by E1lis [7].

From the Canadian experience alone, one can conclude thgt HCP is techni-
cally feasible,. However, the Canadian study so far has‘been concentrating on
the hydrodynamic§ of HCP;‘it has not explored the system hardware with equal
eagerness. Much ébéut the hardware of HCP remains to be researched before an
efficient and reliable HCP can be built. Thus, for early development of HCP,
future research in the field should be focused on hardware.

The hardware components which require greatest attention from researchers
are (1) injectors to inject capsules into the pipe, (2) ejectors which eject or
retrieve capsules from pipe, and (3) capsule pumps. Handling of capsules, such

as filling capsules with coal, sealing the capsules, and transporting capsules



to (from) injector (ejector), also requires some attention. However, the main
task there is design based on exisfing technology. Special valves that do not
block capsule passage can also be built within current technology of the valve
manufacturers. A slight modification of the design of ball valves will make the
valve suitable for HCP. The pipe and the construction technique for HCP will be

little different from that for regular pipelines, except sharp bends must be

avoided at all costs, and pipe joints should be as smooth as practical.

2. Injectors

Several schemes to inject capsules into pipeline have been investigated in
Canada by the Alberta Research Council. Fig. 2 illustrates the lock-type in-
jector. The operation of the system involves two steps: First, open valves 1,
4 and 5 and close valves 2 and 3; the suction pump draws capsules into the lock
as shown, and the main pump drives water into the downstream pipeline. In the
second step, valves 2 and 3 are_opened, whereas valves 1, 4 and 5 are closed.
The flow through the main pump now drives the capsule train out of the lock and
into the downstream pipeline.

Although the lock-type injector produces densely spaced- capsules within each
train, the 1inefill of the entire pipeline is low due to the large distances
separating trains. The system is not suited for commercial operation when high
degree of 1inefill* is required for economical reasons. Although several lock-
type injectors placed in parallel may be used to increase the linefill, the
operation of a system with parallel locks becomes rather complex. The main

advantage of the lock-type injector is that the pumps used for such a system

*Linefill s the Tength of the pipe occupied by capsules divided by the total
length of the pipe.
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(both the main pump and the suction pump in Fig. 2) are ordinary centrifugal
pumps. If the line is so short that booster pumps are not required, the
entire HCP system can be powered by ordinary centrifugal pumps. No capsule
pumps (i.e., special pumps which allow passage of capsule through the pumps)
are needed. |

Another type of injector studied in Canada is the multi-barrel revolver
shown in Fig. 3. Each time thé injector revolves to a new position, a capsule
is injected into the pipeline. The force that causes the capsule to accelerate
out of the barrel is the water-hammer force generated by pressure surges. For
this type of injector to work, it must be mounted on the suction side of capsule
pumps where the line pressure is low, and it must bé immersed in a reservoir.
Otherwise, there would be serious leakage problems. Other shortcomings of the
revolver injector are the difficulty in loading capsules into the revolver at a
fast rate, and problems associated with the high pressure surges (the water -
hammer effect). The problems are expected to be especially hard to overcome in
large pipelines.

Two new ways to inject capsules have been explored in this study. The first

is the multi-tube launcher as shown in Fig. 4. The system consists of a set of

parallel launching tubes mounted on a wide conveyor belt which can cause the

tubes to move laterally one step at a time. Capsules are fed into several tubes
(say four as in the figure)* simultaneously at a slow rate. Each time when a tube
in position 1 through 4 moves one step laterally, an additional capsule is fed
into the tube. Thus, when the tube comes to position 4, it will have accumu-
lated in it 4 capsules. As the tube moves fo position 5, a water jet

(hydraulic catapult) accelerates the capsules. Finally, when the tube reaches

*In Commercial application, it is believed that five to ten tubes are needed.
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position 6, another jet.pushes the entire train of capsules into the pipe.

Note that by using the multi-tube launching system described above,
‘densely spaced capsules can be accelerated before they enter the pipe. Thfs
makes rapid jnjection and high degree of 1linefill possible for any size of
pipelines. It is anticipated that this system should be able to produce 1line-
fill greater than 80%. The main shortcoﬁfngs of the multi-tube launching sys-
tem are the bulkiness of the systems:and'the need for precise control. In
spite of these shortcomings, the system is the only known practical means that
can produce high linefill by continuous feeding at pipeline inlet. The system
is not intended either for intermittent operations, or for pipelines with more
than one capsule feeding stations along the pipe.

Another new ﬁethod to inject capsules, first revealed in this report, is

the grévity feeders or injectors shown in Fig. 5(a) and (b). The feeder is

somewhat similar to the vending machine that releases bottles of soft drinks
by gravity. While Fig. 5(a) shows the gravity feeder for use at pipeline in-
let, 5(b) gives the type used at intermediate stations along the pipe. The in-

termediate feeder is different from the inlet feeder in that the former must

allow capsules coming from upstream to paés through the bottom of the feeder.
Unlike the capsules in the inlet feeder being free to drop into the pipe at a
steady rate, the capsules in the intermediate feeders are restrained by sup-
porting pins. They cannot drop into the pipe unless the pins under them are
activated. The pins are activated electrically when sensors upstream do not
detect any capsule approaching the intermediate feeder.

The gravity feeders are designed for injecting capsules at more than one
location a]ong’any pipeline. Although eacﬁ gravity feeder does not produce

high degree of linefill, when several of them are used in series in a given
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pipeline, they can produce high linefill. They are particularly suited for
cargoes (such as grain or coal) that must be picked up from several nearby
locations for transport to a distant location. Note that both the inlet and the
intermediate gravity feeders must bé'placed inside a }eservoir. Due to the
existence of free surface, the feeders must be placed on the suction side of the
pump.

3. Ejectors

At the exit of HCP, capsules come out of the pipe with the fluid (water) in
a natura1.manner; ho special effort is needed to eject theh. Nonetheless,
an automatic system is needed to collect the capsules and to convey them to
terminal buildings wheré the capsules aré.emptied éf thgir content, cleaned,
and then either stored temporarﬁ]y or sent back through_the retﬁrn pipeline with
or without another cargo. 'A”proposed conveyor system to collect capsules at
pipeline exit for transport to terminal buildings is shown in Fig. 6. The con-
veyor belt that receives the capsules coming out of the pipes should be moving
at the same speed as the capsule velocity in the pipe.

Ejection of capsules from pipeline at intermediate stations is more diffi-
cult. Although various schemes are possib]e,’one which seems most practical is
the one shown in Fig. 7, first‘disc1osed iﬁ this report. The system consists of
a carefully shaped bifurcation near the entrance of the intermediate station.

A LIM (i.e., linear induction motor) will be placed on each side of the bifurca-
tion. The LIM‘produces two components of force: oné is'é thrust on the cap-
sules in the direction of the flow, and the other is an attractive force to-
ward the LIM. Thus, when LIM #1 is turned on and #2 turned off, capsules will
pass thrdu§h<the intermediate injector and remain in the pipeline. On the

other hand, when LIM #2 is turned on and #1 turned off, the capsules will be
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sucked into the exit branch and then retrieved by a moving conveyor belt in

the same manner as at regular pipeline exit shown in Fig. 6.

4. Pumps

Two types of capsule pumps were studied by researchers at the Alberta Re-

search Center in Canada: the vortex pump and the rotary-vane pump. The vortex

pump is based on the same principle as conventional jet pumps, except the jet
nozzle does not protrude into the pipe, and there is no change in pipe diameter
at the pump. The energy transferred to the flow and the capsules comes from a
set of wall jets injected into the pipe, as shown in Fig. 8. Capsules can pass
through the pump completely unhindered. The main advantage of the vortex pump
1s'its simplicity. The main shortcomings are low efficiency and low head. The
developers of the vortex pump in Canada were on1y'ab1e to get 15% efficiency for
their small-scale test model [6]. It is believed that-a well designed large
vortex pump should have much higher efficiency, although no efficiency as high
as those for ordinary centrifugal pumps is anticipated. Modern ordinary water
.jet pumps have efficiency in the neighborhood of 40% only. Theoretical analysis
shows that the vortex pump develops low head at best efficiency. Although vortex
pumps can be put in stagés to produce high head, the economics of multi-stage
vortex pumps may not be favorable.

A sketch of the rotary-vane pump developed in Canada is shown in Fig. 9.
To date, only small-scale models of the pump have been tested. The main draw-
back'of this pump is its buikineSs. For instance, to pass cylindrical capsules
of a length of 15 feet, the diameter of the rotary pump will have to be about
40 feet. This could cause economical as well as technical problems, for the

water in the pump will be under high pressure.
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Several schemes to cause capsules to bypass ordinary pumps have been
studied in Canada; one is illustrated in Fig. 10. This scheme, involving the
closing and opening of valves accordiga\go the sequence shown in Fig. 10, allows
the capsules to bypass the pump. \

The advantage of the bypass scheme is that when it is used in association
with the lock-type injector, only ordinary pumpsf(centrifugal pumps) are needed
for the entire HCP system. No special pumps that can pass capsules need to be
developed. In spite of this advantage, some serious disadvantages exist with
the bypass scheme. One disadvantage is the high pressure surges (the water
hammer e%fect) generated from rapid closure or opening of valves. If valves are
not closed and opened rapidly, the efficiency and the linefill of the system will
be low. Another disadvantage is the complexity of the operation involved. Due
to the above, the bypassing scheme is not considered a practical means for HCP
systems that must operate at high linefill rate. However, in circumstances in
which only a Tow degree of 1inefil1 is needed*, the bypassing schemé may
be a good solution.

A1l of the aforementioned bumping systéms for HCP require the use of mechani-
cal pumps in one way or another. Engineers at the University of Missouri-Columbia
have investigated two alternative methods to pump capsglesvwithout having to use
mechanical pumps. These new methods, involving a direct transfer of electro-
magnetic energy to capsules, are described as follows:

The first method uses a special form of linear induction motor (LIM). In-
duction motors operate on the principle that a moving magnetic field induces a
current and a force on a conductor (the 'rotor') exposed to the magnetic field.

The force on the 'rotor' of a LIM is linear and hence causes the 'rotor' to

*Such a system exists when the primary cargo to be transported is the fluid rather
than the capsules, such as the Canadian proposal of using existing oil pipe-
Tines tn ship grain [8].
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move in a straight path. LIM devices have proved to be useful in many unusual
applications; they have received wide attention in recent years. A recent re-
view of the LIM was given by Laithwaite and Nasar [9].

The LIM has been investigated thoroughly in recent years for the propul-
sion of high speed trains, as described in an article by Kolm and Thornton [10].
The high-speed'train uses no wheel and hence must be 1ev{tated either pneu-
matically or magnetiéal]y. LIM has also been investigated for low speed mass
transit application, as discussed by Caudill in 1976 [11]. In HCP, the cap-
sules are levitated by the 1ift force'génerated by watér~[1j; no magnetic
or other energy is needed for levitation. The only magnetic force needed in
HCP is the force of propulsion in the direction of flow. The use of the LIM
for HCP is further simplified due to the fact the system does not require a mag-
netic field along the entire length of the pipe. As long as there is a continuous
train of densely-spaced capsules iq the pipe, thg magnetic field needed to push
the capsules can be concentrated at pumping stations along the pipeline.  The
capsules which are pushed by fhe magnetic field in turn push other capsules
and/or the water in the pipe, céusing a continuous movement of capsules and water

through the pipe.

The LIM device used for HCP is called a LIM capsule pump. It is a tubular
motor with special windings around the pipe through which capsules pass.. The
capsules to be used with the LIM capsule pump should have a'ferromagnetic wall
(such as steel) covered by a good conductor (such‘gs aluminum). A LIM capsule
pump is shown in Fig. 11.

Another way to‘pump capsules electromagnetically involves the use of cap-
sules with ferromagnetic walls but without aluminum cover. With a set of solenoids
placed around a short segment of the pipe, ferromagnetic capsules can be pumped
through the pipe by electric pulses. The action is similar to attracting an

iron or a steel bar to a solenoid when a switch is closed, except in HCP a set of
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solenoids operating in succession are needed to cause the continuous motion
of capsules. This can be seen as follows:

Reférring to Fig. 12, S],...S5 are a set of five solenoids around a pipe.
When a ferromagnetic capsule approaches S] as shown in the sketch, S] is switched
on. This causes a magnetic force on the capsule, forcing the capsule to move to
the right. As soon as half of the capsule has entered S], the solenoid is
switched off while 52 is switched on, causing the capsule to move further to the
right. Continuing this process until the capsule has entered the last solenoid
Ss, the capsule will be moved a distance L.a]ong the pipe.

The above scheme to move capsules through pipe does not work when the pipe
is filled with ferromagnetic capsules at a high degree of linefill. In such a
situafion, each solenoid attracts capsules on both sides at equal strength, caus-
ing no net movement of the entire capsule train. However, by placing at least
one non-ferromagnetic capsule between any two ferromagnetic capsules, or by mak-
ing a segment of each capsule non-ferromagnetic, trains of capsules can be made
to pass through the solenoids continuously. Such'a device is called a solenoid

capsule pump or a magnetic capsule pump.

In both the LIM and the magnetic capsule pumps, electromagnetic energy is
transferred directly to capsules which in turn push the liquid and the other
capsules forward. In such a case, a hiéh pump head or pressure can be generated
only if the gap between the capsule surface and the inner surface of the pipe is
small. This means the segment of the pipe going through an electromagnetic pump
or the short reach immediately downstream must have an inner'diameter smaller
than the inner diameter of the rest of the pipeline. A smooth transition at the
inlet of the narrow section is, of course, required. More details about the LIM

and the magnetic capsule pumps are given by Liu and Rathke in 1976 [12].
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The greatest advantage of electromagnetic pumping is its simplicity. The
pump has no moving or rotating parts, and it requires only a short segment of
pipe wrapped with wires. The electrical energy in the wires is transmitted to
the walls of the capsules. The capsules in turn push other capsules and the
liquid through the pipe. The greatest limitation of electromagnetic pumping
is that the pump does not work unless there are capsules passing through the
pump. Therefore, the pump is not suitable for systems having low linefill rates.
Even at high 1inefill, an auxilliary pump such as a vortex pump may be needed to
start the system and to keep the flow going during periods when no capsule is
passing through the pump.

Of the two types of electromagnetic capsule pumps discussed, the LIM type
seems more practical than the solenoid type. It should be the type investi-
gated for coal transportation. From a recent preliminary investigation [13]
conducted by E. R. Laithwaite who is the world's foremost authority on linear
motors, the efficiency that can be eipected from a well-designed LIM capsule
pump shog]d be around 50%. Although this efficiency is less than the peak
efficiency of ordinary rotating mbtors, it should be considered as satisfactory
for HCP application. As revealed in a previous report [14], even at 50% efficiency
HCP still uses much less energy than slurry pipeline, trucks, and trains under

most conditions.

5. HCP System for Transporting Coal

The overall process of transporting coal by HCP is illustrated in Fig. 13.
The first step is coal preparation (crushing and cleaning) which is required
regardless of how coal is transported (by HCP or other transportation modes ).
With HCP, coal does not have to be pulverized as with slurry pipeline trans-

portation.
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‘As shown in Fig. 13, after the coal has been prepared, it can ‘be trans-
ported either by conveyor belts or by pneumatic pipelines to the capsule
filling station where the coal is fed into capsu]és through automatic hoppers
and trolleys. The hoppers can be controlled by the weight of the coal fed
into each capsule. Each time after a certain weight of coal has entered a
capsule, the hopper stops feeding and the fiTled capgule is moved by the‘trolley
into the capsule preparation station where the capsule is sealed and inspected
. for the sealing. . The sealed capsules are then carried by conveyor belts for
direct feed1ng into the capsule 1nJect10n system .

In cases where all the coal to be transported by an HCP system‘comes from
a single 1arge coal mine, the multi-tube 1auncher discussed on page 8 should
be used to inject capsules. On the other hand, when the coal to be transported
comes from several mines, the gravity feeders discussed on pagé 10 are more |
appropriate.

As shown in Fig.- 13, a LIM capsule pump should be placed near the pipeline
‘intake to maintain proper water level in theAreservoir housing the inlet in-
jector or feeder. The LIM pumb should be followed by a vortex pump used as an
auxilliary device. The vortex pump is needed only during start-up and at times
when there is no capsule going through the LIM. In cases where more than one
injection stations are needed, a LIM and a vortex pump are needed at each
station. In addition, every 10 to 100 miles of tﬁe pipe should have a booster
pump which is a LIM. The optimum distance between booster pumps cannot be
determined until more is learned about the characteristics of the LIM capsule
pump.

| Finally, affeF the capsules have reached ﬁhe éxit end of the pipeline,

they will be carried by conveyor belts to a handling station where the capsules
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are emptied of tﬁeir content, c1eaﬁed; and.either stored témporarily or refi]]ed
with another cargo or water: Then they will be shipped back through the retufn
pipeline in a similar manner . 'l i |

| It can be concluded that HCP is techni£a11y feasible although much remains to
be researchéd and deve]opéd before an efficient and trouble-free system#éf?HCP can
be built. It is estimated that a mini crash problem of R&D costiﬁg five to teh
million dollars and lasting five to ten years is required for successful dengdp—

ment of this

ot

new technology for transport{hg coal.

B. Environmental/Social Feasibility

The environmental/social feasibility of HCP 1is most easy‘td demonstrate. As
will be shown shortly, HCP has vast environmental and social values..- It is the
most environmentally and socially acceptable way to transport freight--especially
coal.

An important social value of HCP is energy conservation. According to the
finding of this research project reported earlier [15], HCP uses far less energy
than slurry pipeline and trucks under most situations. Large systems of HCP also
use less energy than rail and waterways. Thus, the development of HCP for com
mercial use can produce great saving of energy (trillions of Btu's per year)
and 0il (billions of gallons per year), resulting primarily from penetration
into the markets of trucks and trains for intercity transport.

Even in the penetration of the market of coal slurry pipelines, the saving
of energy'is substantial. For instance, as computed in [14], if instead of
building a slurry pipeline 2 feet in diameter 100 miles long, one uses an HCP
of the same diameter and length, the saving of energy accomplished by this
single pipe]ine system alone will be approximately 3x10]2 Btu per year, which
is equivalent to the saving of 100 thousand tons of coal per year, or 20

million gallons of oil per year. The saving of money from fuel cost for this
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pipeline in 40 years--the expected 1ife span of the system--is more than 100
~million dollars. A

In addition to. the fact that HCP uses less energy than trucks; it also has
the advantage that the energy used by HCP is electricity which can be generated
from hydro, nuclear, or coal-powered plants. Therefore,?substituting a signifi-
eant portion .of trucks by HCP means a-significant reduction in our nation's re-
--Tiance on oil=-a matter of great importance to the nation. |

Another important social benefit of HCP is in lifesaving. According to the
statistics compiled by the U%S;‘Department of Transportation [15], truék accidents
in 1975 resulted in 2,232 fatalities, 26,375 injuries, and $158,200,000 property
damages. Even if in the future HCP can replace only 10% of the freight car-
ried by trucks, it still means the saving of ‘more than two Hundred Tives and two
thousand injuries per“year. This alone will be a great contribution to society.
The assuﬁed']O% penétratidn of truck market by HCP is believed to be a conser-
vative estimate, in view of the findings of a freight pipeline demand study con-
ducted receht1ywby Zandi [167].

An important'environmenté1 value of HCP is réducihg air and hoisg‘pollution
resdlting from reduced usage of trucks and trains; Because HCP uses electricity,
it does not pollute the air. Even if one considers the fact that the electricity
used is generated by coal-fired power p]antsvwhich emit po]iutaﬁts, a recent
study by Zandi [17] shows that far smaller quantities of pollutants are emitted
from these power plants than from trucksﬁfor producing the enefgy needed to
transport the same cargo over the same distance. Besides, thérpollution generated
by power plants is concentrated at fewer locations and hence can be moré easily
controlled. The fact that HCP creates much less noise than ‘trucks and.trains

is easy to see and needs no elaboration.
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Another environmental or social value of HCP; stemming from the fact that
HCP is underground, is that it does not interrupt traffic For 1nstance
Zandi has shown that [17] if instead of bu11d1ng the proposed Wyom1ng-to-
Arkansas coal slurry pipeline*, the coa] were transported by ra11 it wou]d

require one un1t train of 100 cars every hour and forty m1nutes Th1s means

every town and every ra11road crossing a]ong the more than one thousand m1]es

of the railroad between Wyoming and Arkansas w111 be 1nterrupted by a tra1n
every hour and forty minutes. The use of HCP or other p1pe11ne systems will not
cause any such disruption.

Another 1mportant contribution of HCP is the system is best su1ted for the
transport of hazardous chemicals or nuclear wastes The chance of an acc1dent in-
volving a capsule traveling in an HCP is practically n11: The only acc1dent that
might happen in HCP is at pipeline terminals where the cargoes are 1oaded and
un]oaded Thus, HCP not 0n1y reduces the chance of sp111 of hazardous chem1ca1s
that must be transported over long distances, 1t also conf1nes acc1dents to
special 1ocat1ons where the equipment to combat Sp111 can be stored and made
readily available in the event of a spill. In fact, 1f in the" future the U S.
will have an underground network of HCP, the government should require that
all hazardous chemicals and nUc]ear wastes be transported by HCP, whenever
possible. | o | | |

A1l of the aforement1oned env1ronmenta1 and social beneflts of HCP resu]ted
from substituting the use of a port1on of trucks and trains by HCP. Benef1ts 1
may also be derived by subst1tut1ng HCP for some slurry pipelines. A1though

slurry pipeline has all the aforementioned advantages of HCP, it has some

*The pipeline, designed by the Energy Transportat1on System, Inc. (ETSI), fis
to deliver 25 million tons of coal per year. Due to law suits involved, the con-
struction of this slurry pipeline has not yet started to date.
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environmental problems HCP does not have. For instance, as mentioned in a

U.S. congressional report [18], "Slurry pipelines consume large quantities:of
water, and, owing to the geographic location of coal, most of the pipelines /
originate in somewhat arid regions." For instance, great controversy surrounds
the proposed ETSI slurry pipeline from Wyoming to Arkansas. The main concern by
the people in Wyoming and South Dakota is how this pipeline will affect the
existing water users (such as the farmers) and the ground water table of the
Madison Formation. This concern has been analyzed in great detail in [18], in
association with congressional considerations of granting the right of eminent
domain to coal slurry pipelines. On the other hand, the water in HCP is recircu-
lated through the return pipeline which transports emptied capsules to coal mines.
Once an HCP system-is filled with water, it needs little replenishment.’

Another problem of coal slurry pipeline is water pollution. Coal slurry
must be dewatered at the exit terminal of the pipeline. The water released from
the slurry may contain high concentration of pollutants [18]. If discharged into
the environment without treatment, it could cause serious pollution problems to
surface and ground waters. Because the water in an HCP system is recirculated
and not ‘in contact with coal, there is no water pollution problem with HCP. Coal
slurry pipeline also consumes a great amount of energy in the process of de- -
watering. Thus, using HCP instead of slurry pipeline conserves energy. This
is true especially for shorter systems [14].

The above shows the positive impacts of HCP. The only significant negative
impact happens during construction, when both the environment and the people's
Tives will be disrupted temporarily. However, this disruption is no more
serious than the disruption caused by the construction of slurry pipeline or
highway. It is a price that must be paid for increased utilization of coal and

conservation of energy.
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Concerns have been raised that wfth the introduction of HCP, truckers may
lose their jobs in the future.. The fear is unwarranted not only because HCP
can rep]éce only a small portion of truck business but also because the reb]ace~
ment can take p]éce only gradually. It will take decades before enough HCP's
can be built to cut into truck market substantially. What this‘means'is thét
with the development of HCP, in the future fewer people will enter into truck-
drivfng jobs; the jobs of existing truck drivers will not be eliminated. Be-
sides, new jobs will be genérated by HCP which may be more comfortable and
secure than trucking jobs. It should be realized that Whenever any improved
technology is introduced, it always replaces some pjd jobs with neQ jobs. Such
a change represents progress; it is needed if the n;tion is to remain technologi-
cally strong and continue to enjoy the highest living standard in the world.

It can be concluded from the foregoing analysis that endrmogs social and
environmental benefits can be reaped by using HCP to transport coal and other

cargoes.

C. Economic Feasibility

1. General Comments

Great difficulties exist in assessing the economic feasibi]ity of HCP. The
difficulties aré.due mainly to the fact that HCP is still a not-yet-fully-
déve1oped fechno]ogy. thwithstanding two decades of fesearch in HCP conducted
mainly in Canada, more R&D works are redui;ed before commercial utilization is
possible. The economic assessment of any undeveloped and unproven new technology
is bound to be conditibna] and uncertain; it should not be taken without reserva-
tion. Nonetheless, it is important toygive some considerations to the economics

of any new technology before it is developed. Such considerations are of value
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not only to thg_po]icy makér who must decide whether to support the development
of a new techno]ogy, but also to the researchers themselves who must make a-
choice among several alternatives about the best way to accomplish the same
goal. |

As is well-known by transportation experts, the cost of any ground trans-
portation system depends on many important variables such as river crossings
‘(the number of crossings and the size of the rivers), topography (whether the
route crosses mountains or whether the land is hilly or not), land value (urban
or rural setting), climate (cold or warm, wet or dry), availability of con- -
struction materials, etc. Different transportation modes depend on each of these
factors in a different manner. For instance, because railroads cannot have large
slopes, they are vefy expensive to built in hilly areas. The same does not‘hold
for pipelines which can have much greater slopes without any adverse effect.
Therefore, it is impossible to compare the costs of two transportation modes in
general. One mode may be more economical under one set of conditions, whereas
the opposite may be true under a different set of conditions. This is clearly
illustrated in the economic comparison of slurry pipeline with rail as given in
the congressional report on slurry-pipeline mentioned before [18]. O0f the four
cases studied in the said report, two cases (the Wyoming-to-Texas, and the
Tennessee-to-Florida lines) turned out in favor of slurry pipeline, whereas the
other two cases (the Montana-to-Minnesota, and the Utah-to-California lines)
turned out in favor of railroad. Note that in all the four cases, the cost of
building railroads was not considered. It was assumed that existing railroads
can be used. To build new railroads merely for transporting coal would be

clearly uneconomical in most situations.
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In spite of the aforementioned great ditficu1ties in comparing different .
modes, a comparison may sometimes offer an insight, as will be shown next.

Generally, pipelines provide one of the most economic ways to ‘transport -
materials. For example, according to Hirst [19], the price for inter-city
freight transport by ordinary'(11qujd) pipelines in 1970 was 0.27¢ perAton-m11e.
The corresponding figures for ra11road and truck were respect1ve1y 1.4 and 7 5¢
This means transportat1on of fre1ght by rail and trucks are respect1ve1y 5 and
28 times more expens1ve than by ord1nary p1pe11nes A]though the transport of
solids by HCP is. bound to be more expens1ve than the transport of ]1qu1d by
pipelines, it is likely that under favorab]e cond*tions HCP transportation cost
will not be more than 28 times or even 5 t1mes the transport cost of ordinary pipe-
line. This means it is 11ke1y that under favorab1e cond1t1ons coa1 transporta-
tion by HCP will turn out cheaper than by truck and ra11road .

In the ensu1ng d1scuss1on, an econom1c comparlson will be made f1rst between
coal slurry p1pe11ne and HCP. Then HCP will be compared with truck and tra1n for
hauling coal. B - |

In general, slurry pipelines require 1arge 1nvestment on the facility for
slurry preparation at the p1pe11ne intake, and even a 1arger 1nvestment on the .
dewatering facility at pipeline exit. In addition, large costs are encountered 5
for the power required for slurry preparat1on and dewatering, and for the pur- )
chase of flocculants used in the dewatering process. All these expenses are
independent of the 1ength of the p1pe11ne On the other hand, two major items
of HCP wh1ch cost more than slurry p1pe11ne are p1pe11ne cost (due to the need
for a return pipeline) and container cost - an item which does not exist for
slurry pipe1ine.' The costs for these two items are directly proportional to
pipeline length. Because what makes s]urry p%pe]ine nore costly 1s independent

of pipeline 1ength,whereas what makes_HCP more costly depends on length, it is
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expected that‘s1urry pipeline will be more economical than HCP when transporta-
tion distance is 1on§, wheréas the opposite may hpid for short-distance trans-
portation. Of course, the distance of HCP cannot. be too short or it may lose

competitiveness to trains or. trucks.

2. Cost Comparison between HCP and Slurry Pipeline*

a. Capital Cost for Terminal Facilities

The cost of the terminal facilities (i.e., the facilities at the two ends
of HCP) depends.on the total cda] throughput and the kind of capsule injection
system used. Whether one'uses the multi-tube launcher or the grav%ty feeders
makes a difference.

First, consider ﬁhe cost of HCP-termina1 facilities using a muiti-tube
launcher that can produce as high as 90% linefill. Use the throughputs of the
systems given in Table 1 on page 3, and use the design given in Fig. 13 on page 25.
The costs for the termina]kfécjlities are itemized in Table 2 on the next page.

"Note that the terminal building cost listed in Table 2 is based on 30
doi]ars ber square-foot. The.aréa of the building is calculated from
A=BxlL
where B = width = 60', L = length = 88 D + 20', and D = pipe diameter in ft.
'fhe‘feservoir cost 1s,bésed on 15 dd]]grs per square foot. The aréa of

the réservoir is determined from
| A=8xL=(20D) x (100 D) = 2,000 D°
where‘DAisvin ft.

‘The land cost is based on $1,000 per acre. The totai area occupied by ééch
terminus, including recfeationa] and landscape afeaé, is assumed to be 100 acres.

The above computations assume the facilities with multi-tube launchers which

are needed when all the coal transported by the pipeline comes from a single

*The cost figures for slurry pipeline used herein are those obtained from [18].
It was found that they are slightly more conservative than figures given. in a
GRC (General Research Corporation) report [20].



TABLE 2 - Capital Costs of HCP Terminal Facilities

With Multi-Tube Launchers (Million Dollars)

Items and Quantity Throughput (Million Tons Per Year)-
_ 2.8 6.2 T 25

22 conveyors (from coal » :
storage to hoppers) 0.20 0.30 0.40 0.60
22 hoppers 0.04 0.06 0.08 0.12
44 trolleys for filled capsule 0.18 0.26 0.35 0.53
Terminal Building 0.19 0.27 0.35 0.51
8 conveyors (from trolleys to
multi-tube Tauncher) 0.08 0.12 0.14 0720
1 special conveyer system for the l
multi-tube Tauncher 0.02 0.03 0.04 0.05
1 reservoir 0.03 0.07 0.12 0.27
1 conveyor system for capsule i C
retrieval % 0.02 0.03 0.04 0.05
44 trolleys for emptied capsules . 0.18 0.26 0.35 0.53
100 acres of land | 0.10 0.10°  0.10 0.10
Control equipment 1.00 1.00 1.00 1.00

Total Above 2.04 2.59 2.97 3.96
18% of total (for engineering, i
inspection and contingencies) 0.37 0.45 0.53 0.71
i Total for One Terminus ? 2.41 2.95 3.50 4.67
: i
‘ .

Total for the Two Termini ;

of an HCP System Ag 4.82 5.90 7.00 9.34

35
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large mine. whén the co;1~to'be transporfed comes from‘sé&éré] adjééexg mines,
the gravity feeders (1njectors) are to be used. The capital cost for the termi-
nal facilities owaCP;éystem Q{th"gfavfty*feeders.is.tp be considered next.

When only one 1Q£ermedjaté‘feeder is uééd,;the inlet and the intermediate
feeders may injecf respectively, say; 50% and 40% cap;uleé; together they pro-.
duce 90% linefill. ThéAco§ts of ‘terminal facilities for this case are shown in
Table 3. Note that while the cost of the inlet sfation is obtained by summiﬁg
up the costs offééch éomponénf of the inlet station; éhe cosf of the intermediate
station is assumed to be the same as that of the inlet station. The outlet
station cost (i.e., the:cést of the terminal facilities at the exit end Qf the
pipe]ine) should be the same as that for each: terminus given in Table 2 because
gravity feeders are not suitable for use at the exit end of the pipe to inject
empty capsu]e; back t6<the coal mines.

Comparison of the results ihiTable 2 with those given in Table 3 shows that
it costs more to build gravity feeder stations than multi-tube 1aunche?vtype |
stations. The reasbn fbr the Highef cost for'grévity feeders is-that this type
of feeder requires fntermediate injection stations. It should be clear that the
more intermediate ﬁtations are required %ﬁ’a given pipeline, the higher the coét )
will be. - ' . - | |

To compare HCP with a slurry pipeline having only one injection statioﬁ,
the HCP a1so‘shou1d havé énly oné injection station. This means it is in-
appropriate to-Compareﬁé gravity feeders type HCP. with a slurry pipeiine.having
only one injection station. For this reason,.only the multi-tube launcher type
HCP will be uged in the ensuing comparison.

Table 4 gives a comparison between slurry pipeline and HCP regarding the

costs for terminal facilities. The costs for HCP are obtained from Table 2,



TABLE 3 - Capital Costs of HCP Terminal Facilities Having An
Intermediate Feeder Station (Million Dollars)

Items and Quantity Throughput (Million Tons Per Year)
2.8 6.2 11 25
Inlet Station: : o1 1es - 1,96 T 2.47
12 conveyors (from c6a1 A
storage to hoppers) 0.1 Q.16 0.22 0.33
~ 12 hoppers co - E 0.02 0.03 0.04 0.07
R 48~tro1Téys'(for emptied and = o ) . ‘
, ‘filled capsules) ’ 0.20 0.28 0.38 0.60
; Terminal Building - 0.10 0.20 ~0.30  0.40
1 convéyor (from trolleys to . _
inlet feeder) _ 0.04 ™ 0.06 0.07 0.10
1 inlet feeder ‘ 0.01 0.01  0.02  0.02
1 resefvbir 0.01 0.01 0.02 0.03
1 capsule exit tube 0.01 0.01 0.02 0.02
1 conveyor system for
capsule retrieval , 0.02 0.03 0.04 0.05
50 acres of land 0.05 0.05 0.05 0.05
Control equipment 0.80 0.80 0.80 0.80
Intermediate Station 1.37 1.64 1.96 2.47
}Outlet Station 2.04 2.50 2.97 3.96
f Total for the 3 Stations { 4.78 5.78 6.89 8.90
!
18% of total (for engineering,
inspection and contingencies 0.86 1.04 1.24 1.60
Total for an HCP System 5.64 6.82 8.13 10.50




TABLE 4 - Comparison of HCP with
. of Terminal Facilities

Slurry Pipeline About Costs
(Million Dollars) .

Throughput (Million Tons Per Year)

Item - .
‘ 2.8 6.2 1. .. 25
S1urrj Pﬁpe}ine Termini: - 16 37 62 118
.}‘Dewatering,Fadility‘”T, 23 y - 78
Slurry-Preparation Fagility 6 _ 14‘ 21' 40

HCP Termini

4.8 - 5.9 7.0  -9.3

38
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whereas the costs for slurry pipeline are those determined from throughputs .by
using Fig. 10 of [18]. It is clear from Table 4 that the cost of terminal
facilities is much less for HCP than for slurry pipeline, especially when the

throughput is large.

b. Operational/Maintenance Cost for Terminal Facilities

It is expected that due to the need fbr loading and un]oadinj of capsules,,
HCP is more Tabor intensive than slurry pipeline. This means the labor cost
for HCP is expected to be higher than that for slurry pfpe]jné. Counter;;fi:'
balancing the higher labor costs is the lower cost for power'consgmption at;
HCP teﬁmini than at slurry pipeline termini. Beqause tpevhlfiMate_degFee of
automation of HCP cénnot be predicted with accukaéy:at this stége,ithe labor .:
cost of HCP used 1ﬁ this analysis is based on three levels or degrees of automa-
tion: Tow (1,000 workers), medium_(200~worker§) and high (50 workers). The
lTabor costs listed in Table 5 are based on the assumptioh that each worker costs
the company $20,000 a year. (This includes salary, fringe bqnéfité, quié]
security, etc.) The energy costs of HCP'termini afe thosevégﬁedjdn thevgnefgy
consumptions listed in Table 4 of [14], assuming the brice of eiectricity tb}gé:f
2.6¢ per kwhr--the same as assumed in [18] for computing the power cosf for
slurry pipeline. Energy used at HCP termini is for transporting capsules within
each terminus, heafing, air conditioning, lighting, etc. Energy used in pump- |
ing will be considered separately later. Note that the large consumption of
power at slurry pipeline termini is mainly the result of pulverizing
coal at the slurry intake terminus and dewatering coal at the exit terminus. Both
the power cost and the cost of flocculants for‘slurry pipeline are those found

from Figs. 13 and 14 of [18]. The costs of slurry water listed in Table 5 are



TABLE 5 - Comparison of HCP with Slurry Pipeline About Costs for
_ 0perat1on/Ma1ntenance of Termini (Million Dollars Per Year)

Thrpughput (Million Tons Per Year)-

Item .
2.8 6.2 11 25
HCP Labor Cost:
Low Automation 20 20 .20 20
Medium Automation ' 4.0 - 4.0 4.0 4.0
High Automation 1.0 0 1.0 1.0
Slurry Pipeline Labor Cost: 1.2 1.8 2.7 4.7
Dewatering Facility . . 1 0.6 0.9 1.4 2.5
Slurry Preparation Fac111ty 0.6 0.9 1.3 2.2
HCP Termini Energy Cost ' 0.03 0.03 0.04 0.07
S]urry'Term1hi Energy Cost: o .0 3.5 5.7 11.2
Dewatering Facility - . 1.1 1.9 3.0 6.0
Slurry Preparatlon Fac111ty 0.9 1.6 2.7 2
Siurry F]occu]ants Cost 0.6 1.4 2.6 5.7
Slurry Water Cost 0.6 1.5 2.1 5.4
General Administration Cost - 0.6 0.8 1.0 1.4
‘(Same for HCP and Slurry Pipeline)
Ma1ntenance Mater1a1s and SupP11es
|(same for, HCP.and Slurry Pipelin 0.8 1.6 2.6 5.4
~|Total for HCP:
' Low Automation 21.4 22.4 23.6 26.8
Medium Automation - 5.4 6.4 7.6 10.8
High Automation 2.4 3.4 4.6 7.8
Total for Slurry Pipeline 5.8 10.6 16.7 33.8
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obtained from Fig. 20 of [18] using a rate of 70¢ per 100 cubic feet of water.

It is assumed that 1ittle water is consumed by HCP.

c. Costs for Operation/Maintenance of Pumps

The cost values listed {n Tables 4 and 5 are those independent of pipeline
length. Cost values that depend on the length of the pipe include the costs
for pipeline, capsules, pumps, pumping stations, pumping power, etc.; they are
listed in Tables 6 and 7. ‘

From Table 7 of [14], the power dissipated through internal friction ofA
fluid aiong one-mile reach of a coal slurry pipeline is approximately 34, 46,
56 and 78 Btu/sec., respectively for 1', 1.5', 2" and 3 pipe]ines.' Assuming
the efficiency of s]urry pumps to be 70%, the corresponding ﬁower consumptions
by.the pumps over 100 miles of the pipe]ﬁne is 5110, 6930? 8430 and 11700 Kw.
Assuming as before each kw-hr of electrical energy costs 2.6¢, the costs for
running the slurry pumps over a onebyear period are 1.2,.1.6, 1.9 and 2.7
million dollars, respectively for 1, 1.5', 2' and 3' pipelines. This result
is listed in Table 6.

Ffom [14], the pressure gradient aiong a well-designed HCP system is only
about 0.6 times that of an equivalent slurry pipeline system. However, while
slurry pumps have efficiencies_in the neighborhood of 70%, the efficiency of
HCP pumps (LIM capsule pumps) are expected to be dnly 50%. Due to this fact,
and due to the fact that HCP requires pumping in both the deﬁivery and the re-
turn pipelines, it is'expected that the power consumed in HCP pumping will be
about 0.6 x %% x 2 = 1.7 times the power .consumed by slurry pumps in an equiva-
lent system. Thus, the pump power costs for HCP listed in Table 6 are obtained

by multiplying the corresponding figures for slurry pipeline by 1.7.



TABLE 6 - Comparison of HCP with Slurry Pipeline about Annual Costs
for Operation/Maintenance of Pumps (Million Dollars Per

100 Miles) -

Throughput (Million Tons Per Year)

Item
2.8 6.2 11 25

Pump Power Cost Per Year: .

Slurry Pipeline 1.2 1.6 . 1.9 2.7

HCP 2.7 3.2 4.6
Maintenance Materials and Supplies:

Slurry Pipeline 0.2 0.3 0.3 0.4

HCP - 0.1 0.1 0.2 0.2
Labor and General Administration:

Slurry-Pipeline 0.1 0.1 0.1 - 0.2

HCP 0.1 0.1 0.1 0.1

Total Above

Slurry Pipeline 1 3 3.3

. HCP
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The costs- for maintenance materials and supplies, and the costs for labor
and administration for pumping stations of slurry bipe]ines, listed in Table 6,

are obtained from Fig. 14 of [18].

d. Costs for Pipeline, Capsules, and PumpinQ_Faci]ities

Due to the use of dual pipelines in HCP, the pipéline cost of HCP is
assumed to double that of slurry pipeline given in Fig. 11 of [18]. This is
slightly conservative because the costs for excavation, backfill, and right-
of-way should be essentially the same for a dual as for a single pipé]ine. The
cost of capsules depends on capsule diameter and Tinefill. 1In this analysis,
it is assumed that the cost of capsules for 90 linefill is equal to 3 times the
price for pipe steel obtained from Fig. 13 of [18] based on sing1e—p1pe]fﬁe length.

The costs for pumping station facilities for slurry pipeline listed in
Table 7 are obtained from Fig. 10 of [18], and from the costs of the Black Mesa
slurry pipeline. The costs of HCP pumping facilities are determined in tﬁe fol-
lowing manner: | |

It is believed that large linear induction motors (LIM) for use in HCP
should cost about the same as large transformers: approximately $25Aper horse-
power. To get good pump efficiency, the regular 60-hertz electricity must be
changed to a current of much Tower frequency. The frequency conversion device
(inverter) for use in this case costs in the neighborhood of $50 per horsepower.
Thus, the equipment cost for LIM capsule pump is approximately 25 + 50 = 75 $/Hp.
Using this figure and knowing the power needed for HCP pumping, the cost for puhp
equipment (LiM and inverter) is found as listed in Table 7. The Cost»of shelters
for HCP pump listed in Table 7 is believed to be conservative.

Table 7 shows that pipeline cost and capsule cost are the two biggest ex-
penses for long lines of HCP. It is these posts thét makes HCP more eipensive

than slurry pipeline when transportation distance is very long.



TABLE 7 - Comparison of HCP with Slurry Pipeline about Capital. Costs

for Components Dependent on Pipeline Length (Million
Dollars Per 100 Miles)

Throughput (Million Tons Per Year)

Item
2.8 6.2 11 25
Pipeline Costs (Including Pipe
Steel, Excavation, Welding,
Installation, Right-of-Way, etc.):
Slurry Pipeline 15 22 30 54
HCP 30 44 60 108
Capsule Costs 21 32 45 102
Pumping Facilities:
Slurry Pipeline 4 5 7 10
HCP: 1.0 1.3 1.6 2.1
LIM and Inverters 0.9 . 1.2 1.5 2.0
Shelter for HCP Pumps 0.1 0.1 0.1 0.1
Total Above:
Slurry Pipeline 19 27 37 64
HCP 52 ~ 77 107 212
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e. Jotal Capital Cost

The total capital cost for HCP (or for slurry pipeline) is the sum of the
capital cost for terminal facilities (figures given in Table 4) and the capital
cost for pipelines, capsules and pumping facilities (figures given in Tab]e 7
md]tip]ied by transportation distance). The results are given in Table 8 which
shows that HCP 1s‘more capital intensiye than coal slurry pipeline for distances
above approximéte]y 50 miles. The reason.HCP has a higher capital cost than
slurry pipeline at distances above 50 miles is of course due to the need for
capsu]és and a return pipeline for HCP--two costly items that do not exist for |

slurry pipeline.

f. Life-Cycle Cost and Unit Cost

The 11fe-cyc]e cost and the unit cost of HCP are computed assuming the same
life span as that of coal slurry pipeline: 30 years. This is believed to be a
conservative assumption because the abrasion of pipes caused by capsules with
specifﬁc gravity close to 1.0 should be less than that by coal slurry. The cost
computation for a 500-mile HCP of 25 x 106-tons-per—year throughput and of high
automation is given in Table 9. An explanation of thé method of computation now
follows:

Capital Cost: - From Table 8, the capital cost for the system is 1069.3

million dollars. This capitél cost represents current or present value; it does

not include the interest to be paid on the loans to finance the project.

Labor/Energy Cost: - This includes not only the costs of labor and energy

but also all the other costs for operating the termini listed in Table 5. For
the first year of operation, Table 5 gives a value of 7.8 million dollars which

is the first-year value.used in Column 2 of Table 9. The labor/energy costs for
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TABLE 8 - Comparison of Total Capital Cost of HCP
with Slurry Pipeline (Million Dollars)

E¥B§1?ze Dlgggzggrzggqgg) zogoa1 Througﬁgut (Mi]l:?n Tons Pe;SYear)
25 20.75 43.75 71.25 134
50 25.50 50.50 80.50 150
75 30.25 57.25 89.75 166
Slurry 100 35 64 99 . 182
200 54 91 136 246
500 111 172 247 438
1,0004 v 206 307 432 758
25 . 17.8 25.15 33.75 62.30
50 30.8 44.40 60.50  115.30
75 43.8 63.65 87.25 168.30
HCP 100 56.8 82.9 114 221.3
200 . 108.8 159.9 221 433.30
500 264.8 4390.90 542 1069. 30
524.8 775.9 1077 2129.3

1,000




TABLE 9. - Computation of Life-Cycle Cost and Unit Cost for Transporting Coal by HCP (High Automation)

LENGTH OF PIPELINE : 500 MILES

THRGUGHPUT 25 MILLION TUNS PER YEAR' T et i o i e e e il e e e o— e e i e = o e
CAPITAL COST : 1069.3 MILLION DULLARS
INFLATION RATE™T 6 'PERCENT & 77 <=~ : i ——- - -

INTEREST RATE : 125 PERCENT

YEAR LABZENR CP/MAINT TAXES DEPRN RETURN XTCTAL ucsT PXTOTAL PUCST
e AN AN e AN ING N AN IN NN ——
MILLICNS MILLIGNS MILLIONS MILL IONS MILLIONS MILLTIONS L/TM MILL IONS $/TM
(1) e Y 830 L)Y teY Ty ey L9y (10)
1 7.80 24 490 20. 049 35.643 133.663 221 695 0.0177 1¥7.027 0.0158
2 be27 25.97 16.331 35,643 129,207 218.40Y9 0.2175 172.61E 0.0138
3. . 8e76 ... 2753 . 18.712 35,643 124.752 _ 215.400 0.0172 151.282 0.0121
% Ye29 2%.14 18044 25.543 120.296 777 212445967 7777TT040170 7T TTTTTT 1324636 T 0.0106 T T —
S, SeiiS 3093 17376 35.643 115,841 20%.6385 0.0168 116.334 0,0093
[ 10.44 32.79 16708 35.043 111.335 206.961 0.0166 102.038 0.0082
7 11.06 . 3%.75 . 16.039 _ 35.6643_ 106,930 _ 2044431 0.0166 89.635 0.0072
.8 1173 36 e 83 15.371 35.643 7'102.,487S TT202.0%6777 0.0!c2"" T T 78.750 T 0.00€3
9 12.43 39 .05 14,703 39543 -+ 98.019 19%.847 0.0160 69,235 0.0055
i0 13.18 41634 14.025 35643 93.504 197.312 0.0158 €0.915 0.0049
11 13697 ... %3603  _ _ 13.3060 3%.643 89.108  ° 195.962 0.0157 . 53.641 G.0043
12 14 .91 T a4neal - - 12.0698 ‘35,043 7 84,6537 194,309 060158 TTTTTTTT Y 47,278 7 7 040038 T T e
13 15.70 4930 12,030 35043 804198 192. 865 0.0154 41,713 0.0033
14 1v.64 £2.26 11.3¢€1 35.643 75742 191641 0.,0153 36.843 00029
15 17.66 455439 ~ 10,693 = 35.643  T1.287 190.650 0.0153 32.580 0.0026
1é 18.69 © S3.72 10.025 39.043 77 664831 7T 189.908 7T 0.01852777 T TTT2E.B47 T 00,0023 T T —
17 1ve31 0ldel24% 9. 356 35.643 62.3706 LU0Y. 429 0.0152 25.577 0.0020
18 2100 Ooe97 8.6886 25.643 S7.920 18G.229 Ce.0151 22.711 0.0018
15 226 . 06Y.93 e, £0028 35.643 534465 1LY .324 V.0151 20.198 0.0016
20 22+060 74413 7.391 25643 49.010 T 18Y. 732 DeQ1S2 "7TTTTTTTITTTT 17,902 7 0.0014 ™ - T -
21 £ 02 78.508 Ce6G3 35.643 444554 1906472 N0.01S52 16.056 0.,0013
22 2be52 d3.29 6L.015 35643 40.099 191563 060153 14,303 0.0011
23 2uel1l o . 8Be29 5.347 35.0643 25.0643 1930206 G.0154 12.85¢ 0.0010
24 2%e l9 L 93.58 TTTTT 4,678 "35.643 77 314188 777 194,538 77 0.0156 ~7 T 11653877777 0,0009 T T T
<S> - 3153 Y9.20 4,010 35643 26733 19/7e4167 0.,0158 10376 0.0008
20 33.48 105.1% Je382 35.643 22.277 199,890 0.0160 Y250 0.0007
27 2549 111.46 . 2a673 35643 17.822 203,034 0s0162 Bebs44 0.0007
20 37.061 Ll1Be19 T T 24005 35.643° 7 1363667206777 7T 060165 T o0 7642 7777040006 "I —
ped™] 3¥e37 125424 16337 35.643 CeSl1l 210999 00,0169 : 6.932 0,2006
30 4220 132475 0008 35.643 %0455 215,782 0.0173 ©.301, 0.000S

f
s
‘
1
i
i
)
'
i

1601745 . 0.0043

CURE USAGE . GBJECT CODE= 4226 BYTES,ARRAY AREAS 2520 BYTES.TOTAL AREA AVAILAGBLES 143360 BYVES
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the subsequent years.listed in Column 2 are computed from the first-year value
based on a 6% inflation rate using the following formula:

Fo=p(1+i)N

where P is the present cosf; F is the future cost after N years; and i is the
inflation rate.

Operation/Maintenance Cost: - This includes all the costs listed in Table 6.

Since Table 6 lists a total of 4.9 million dollars for 100 miles of HCP, for the
500-mile HCP thé Qperation/méihtenance cost shog]d be 4.9 x 5 = 24.5 million
dollars which is the first-year value listed in Co]uﬁn 3 of Table 9. For the
subsequent years, the cost is agaih,computéd“baéed on 6% inflation rate.

Depreciation: - The same'émouﬁt of capital cost. is depreciated every year.

The amount depreciated each year is
T069.3  ap cpa i
D T_ﬁegﬁj—f = 35.543 m11]1on dol1lars
which is listed in Co]uanS of Table 9.
Return: - This ‘is a combination of interest on debt financing and return on

investment for equity financing. A return rate of 12.5% is assumed. For the

N-th year, the return is computed from
R =T[C - (N-1)D] x 12.5%

where C is the capital cost. The above formula yields a first-year value of

R = 1069.3 x 12.5% = 133.66 million do]lars as listed on the top of Column 6.
Taxes: - Taxes are paid‘on the retﬁrn from equity. A debt/equfty ratio of

40%/60% and a tax rate of 25% are assumed in this study. The taxes are computed

from |

T =R x (Equity %) x'(Tax Rate)
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For the first year it is 133.66 x 0.6 x 0.25 = 20.049 million dollars which is

the first value Tisted in Column 4. | ,
Annual Cost: - Annual cost for the system is the. sum of the annual labor/

energy cost, operation/maintenance cost, return, taxes, and depreciation. For

the first year, it amounts to
7.80 + 24.50 + 133.66 + 20.05 + 35.64 = 221.65 million dollars.

The annual costs are listed in Column 7 under the heading of 'XTOTAL'.
Unit Cost: - Unit cost is the cost to transport a unit weight of cargo over
a unit distance. The unit costs, listed in Column 8, are obtained from

Annual Cost
Unit Cost = {Tength of Pipe) x. (Throughput)

For the HCP system under 1nvest1gat1on this yields a first-year value of 221 65/
(500x25) = 0.0177 $/TM as listed in Column 8.

Present Cost: - Both the annual costs given in Column 7 and the unit costs

given in Column_8 are those computed at the end of each year. To get their cur-
rent or present values, the following equation is used:

F
(T+r

P = )N

where P is the present cost; F is the future cost at the end of the Nth year,_
and r 1s the rate of return (assumed to be 12. 5%). The present value of the
annual cost for each of the 30 years is ]1sted in Column 9 under the head1ng

"PXTOTAL", whereas the present value of the unit cost for each of the 30 years

is listed in Column 10 under the heading "PUCST."

Present Life-Cyele Cost: - The‘present value of the 11fe-cyc1e cost is com-
puted by summing up all the 30 values of PXTOTAL listed in Co]umn 9 The result

is 1,601. 75 m1111on do]]ars which is 1lsted beneath Co]umn 9.
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Present Average Unit Cost: - The present value of the average unit cost over

the 1ife'cyc]e‘of 30 years is’computed by taking the arithmetic mean of the 30
values of the present unit cost listed in Column 10. The result is 0.0043
$/TM which is listed beneath Column 10.

Using the same method of cost accounting discussed before, the costs for an
equivalent slurry pipeline (500 miles long and 25-million-tons-per-year throughput,
etc) can be computed. The results are listed in Table 10. Comparison between the
values given in Table 10 and the corresbonding values in Table 9 shows that the
pipeline life-cycle cost and the unit cost for transporting coal are greater for
this 500-mile HCP fhan for an equivalent slurry pipeline. The HCP is more costly
in this case because of the-great length of the pipelines involved. As mentioned
before, due to the need for capsules and a return pipeline, it is expected that
the cost for HCP will be higher than that for an equivalent coal slurry pipeline
when the transportation distance is very long.

The foregoing computations have been carried out for HCP and $lurry bipeline
of four different throughputs (2.8, 6.2, 11.0 and 25.0 million tons per year),
seven different lengths of pipes (25, 50, 75, 100, 200, 500 and 1,000 miles), and
three different 1evé]s of adtomation for HCP (low, medium and high, corresponding
to 1,000, 200 and 50 employees). The present average'unit cost for each of these
combinations is summarized in Table 11. To facilitate comparison between HCP and
slurry pipeline, ﬁhe results-]isted in Table 11 are represented graphically in
Figures 14, 15 and 16, respectively for low, medium and high degree of automation.

It is clear from Fig. 14 that HCP almost always turns out to be more ex-
pensive than slurry pipe11ne when the degreerf automation is Tow. This shows
the importance of automation to HCP rather than the weakness of HCP. It
is believed that medium or high degree of automation is feasible for HCP, and no

more than 200 workers are needed to operate an HCP system.



TABLE 10 - Computation of Life-Cycle Cost and Unit Cost for Transporting Coal by Slurry Pipeline
"LENGTh UF PIPELINE I 500 MILES
THROUGHPUT  :2%5 MILLIUN TUNS PER YEAR STUTTTTTTITTTTTTT - T o TormemT TS TSI mmme s e mmm e e
CAPLTAL CUST : 6¢38. MILLICN DCLLARS
TINFLATIGN RATE 3 6 PERCENT ~ 777777 -
INTEREST RATE : 1205 PERCENT
YEAR LAB/ENR UP/MAINT TAXES DEPRN RETUR XTCTAL ucsd PXTGTAL PUCST
. InN e . AN .. INC LN DN NN AN N
MILLIUNS MILL IONS MILLICNS MILLIONS MILLIONS M ILL IONS $/Tia MILL IONS $/TH™
) (2) T - 3 N £ RSN 3 NSRS & O R N O T sy | 9) L0y e o
-1 33.40 16.60 ve212 14,600 54,750 127.962 0.0102 113.744 0.0291
z 395.083 17.60 7.959 14.000 524925 128,088 0.0103 101.837 0.0081
3 ... ... 37.98, e o 1BeOS .. T7e665 14,5603 51,100 129.994 __ 0.C106& . 91299 _ 0.0073 _
4 40426 L1477 7e391 14.600 49,27 131.293 0.0105 81.966 0.0066 T
5 42.07 20.496 7.117 14,600 47,450 132.796 0.0106 73,693 0.0059
< 45.23 22.21 6o 366 14.600 45.625 1364519 0.0108 66.352 0.0953
7 47.99 25.9% .. .. . GeS7C. . 144600 _ 43.800 136463 | 0.0109 _ . __50.834 ___ 0.0048 o
& 50602 24 ¢ 90 Ge2J6 14,600 Al1.97% 1334604 0.0111 54,040 D.0043 T
G 93.07 20.46 G.022 14.600 404150 141,103 0.0113 43.R32 0.0039
10 5710 26405 Se 749 14.600 3d.32% 143.324 00115 464,290 0.0U35
11 G0e53 29.74 B} 5.475 14.600  36.5090 160.5334% 01T .. %0.193 0.0332 _ B ;
12 Ghell 31e51 Se291 14600 24.675% 1506151 0.0120 3 eS5J0 0eN229 - ) )
13 bde 01 33.40 4e927 14.6C0 32.850 193792 G123 23,262 0.0027
14 7240 35.41 4,654 14.600 J1le025 157729 0.0126 30.333 0.0026
15 . .. 76.42 - . 37.53 . G0 3650 146,600 294200 _ _ 162.130 0.0130  _ 27.700 0.0022 ..
1o L1990 39.78 : 4,106 14.609 274375 1664368 0.0133 25.367 0.0020
17 €Y. 30 42,17 3.832 14.500 25.550 172.017, 0.0138 23.22¢ 0.0019
14 ¥l.02 44,79 3.959 14600 23.725 177.600 C.0182 21.316 0.0017
19 B SO BTG e 47038 o 3.2H5 _+. 144000 21,900 . __183.044 0.,0147 _ . 19e%Y2 _0.0016
20 10227 9423 3.011 144600 20.075 1904177 0.0152 14.035 0.001a R
21 1C8.40 52024 2.728 14,000 18.250 197.228 0.0158 16.62S 2.0013
22 11391 56 .43 2,464 14500 16.425 204,828 0.0164 15347 0.0012
23 121.80 59,82 2,190 _ 14.600 14,600 _ 213.006 __ 0.0170 - 13,187 __ 0.0011
24 12911 03.41 1.916 14,600 12775 221.3808 0.0177 — 13.132 0.0211 T T T
25 13085 67.21 1.043 14.600 10.950 231.200 0.0185 12.170 0.0010
206 143,07 71.25 1.366 14.600 9e125 2414405 0.0193 11.292 0.0009
27 . 153.77 75452 1,095 14.000 . 74300, _ 252.285 . 0.0202 ... .. ._.10.490 __ 0.0008
Zo 16300 ST INNEN O.u21 14.6C0 Se4 75 263.944 0.0211 9,755 0.0004 T o
29 172.78 83 .U5 D4 8 14.600 3.650 276.426 0.0221 9.082 0.0007
30 183.14% LYeYUD 0.274 14.600 1.825 289.787 0.0232 He863 0.0007
1132.021 0.0030
CCRE USAGE OUJECT CODE= 4224 BYTES.ARRAY AREA= 2520 §YIE§1TQféLAé@ﬁ&.AYAlLAEEEEnw!ﬁliég_ﬂﬂ!Tﬁﬁ_”
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TABLE 11 - Average Unit Costs for Transporting Coal by
HCP and Slurry Pipeline (1977 Value)

52

Type of Trg?zgg:§:t1on Coal Throughput (Tons Per Year)

Pipeline (Miles) 2.8 6.2 1 25
25 0.0487 0.0410 0.0364 0.0316
50 0.0267 0.0220 0.0193 0.0165
75 0.0194 0.0157 0.0136 0.0115
Slurry. 100 0.0158 0.0125 0.0107 0.0090
200 0.0103 0.0077 0.0064 0.0053
500 0.0070 0.0049 0.0038 0.0030
- 1,000 0.0059 0.0039 0.0030 0.0023
25 0.1433 0.0697 0.0425 0.0228
50 0.0768 0.0381 0.0237 0.0134
HCP 75 0.0546 0.0276 0.0175 0.0103
(Low 100 0.0435 0.0224 0.0144 0.0087
Automation) 200 0.0269 0.0145 0.0097 0.0063
500 0.0169 0.0097 0.0068 0.0049
1,000 0.0136 0.0082 0.0059 0.0044
25 0.0457 0.0256 0.0177 0.0119
HCP 50 0.0280 0.0161 0.0113 0.0079
(Medium 75 0.0220 0.0129 0.0092 0.0066
Automation) 100 0.0191 0.0114 0.0081 0.0060
-200 0.0147 0.0090 0.0066 0.0050
500 0.0120 0.0075 0.0056 0.0044
1,000 0.0111 0.0071 0.0053 0.0042
25 0.0274 0.0174 0.0130 0.0099
HCP 50 0.0188 0.0120 0.0090 0.0069
(High 75 0.0159 0.0102 0.0076 0.0059
Automation) 100 0.0145 0.0093 0.0070 0.0054
200 0.0124 0.0079 0.0060 0.0047
500 0.01M 0.0071 0.0054 0.0043
1,000 0.0107 0.0069 0.0052 0.0041
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Figure 15 shows that at medium level of automation, HCP may be more economi-
cal than slurry pipeline when transportation distance is less than about 150
miles and when throughput is greater than about 5 million tons per year. Like-
wise, Fig. 16 shows that at high level of automation, HCP may be more economical
than slurry pipeline when the distance is less than about 250 miles and when
throughput js greater than about 10 million tons. It is clear from Figures 15
and 16 that bofh short distance and large throughput tend to favor HCP over
slurry pipeline. o

The fact that when transportation distances are short HCP becomes more
ecohomica] than slurry pipeline ié a matter of significance. With increasing
émphasis on using regionally availab]e coal*, transportation of coal over short
“and medium distances will become inéréasing]y important in the future. HCP is

ideally suited for such distances.

3. Cost Comparison Between HCP qhd'Truck and Train

a. Costs for Transporting Coal éx Truck

Transportation of coal by truck is expensive and”it s done usually only over
“short distances. A recent U.S. Senate document [21] reVea]s that although coal
trucks éccounf for less than 5% of the total ton-m{]es of coal transported in the
U.S. by all transportation modes, about three;foufth of coal produced move some
distance over:highway. This shows trucking is an important mode of coal trans-

bortation, primarily for short distances.

*For instance, Section 125 of the Clean Air Act Amendments of 1977 stipulates
that EPA can order major coal users, such as utilities, to buy "regionally
available coal". (See Wall Street Journal Article in APPENDIX 2).
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Coal trucking may be classified into two kinds: (1) mine-to-tipple trucking
which has an average distance of 5 to 10 miles, and (2) mine-to-market trucking
which moves an average distance of about 50 miles. Trucking coal over a dis-
tance greater than 100 miles is uncommon.

The cost for trucking coal varies greatly with transportation distance and
the size of the truck. For instence, a study cited in [21]hfound that for
mine-to-tipple trucking at 5.5 miles, the cost js 22.5 cents per ton for the
65-ton truck, 20.5 cehts per ton for an 85-ton truck, 15.5 cents for a 150-ton
tractor-trailer, and 14 cents per ton for a 390-ton tractor-trailer. Of course,
these heavy trucks are allowed only on private roads owned by coal companies;
they are now allowed on public highways.

For mine-to-market trucking, a Kentucky study [22] indicates that the cost of
coal transportation by trucks in Kentucky in 1974 lies between 6.5 cents per ton-
mile at 50 miles and s]1ght1y more than 4 cents per ton-mile at 400 miles. The
study concludes that since the majority of coal- hau]s in Kentucky are less than
150 m11es, truck transport costs average 6 cents per ton-mile there.

An equat1on to determ1ne trucking cost as a funct1on of transportat1on dis-

tance and cargo dens1ty has been proposed by Zandi [23]. The equat1on is
C = 23.15 + 0.134L + 0.103L EXP[ -0. 162(D 7. 5)]

where CS is the unit highway cost in cents per hundred weight; L is the trans-
portation distance in miles; and D is the commodity density in pounds per cubic
foot. The above formu]a is for shipment we1ght greater than 43 700 1bs. Since
the formula was derived for general cargoes wh1ch are more d1ff1cu1t to hand]e
(load and un]oad) then coal, it over est1mates the costs for transport1ng coa1
when the distance is short. Nonetheless, the formula may ‘be used to determine’

the upper bound for the cost of trucking coal. Usihg this as an upper'bound
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and using information contained in [21], the costs for hauling coal by truck at
various transportation distances are estimated and listed in Table 12. The values
listed in Table 12 will be compared with the unit costs for hauling coal by HCP

and the slurry pipeline.

TABLE 12 - Unit Costs for Trucking Coal
(Estimated Average for 1977)

Transportation Estimated
Distance ' Unit Cost
(Miles) ($/™™)

25 0.13
50 0.10
75 0.090
100 0.080
200 0.065
500 0.050
1,000 0.040

b. Cost for Trahsportigg Coal by Train

The most common way to fransport coal over long distances is by trains--
especially the unit train which carfy oh]y coal from mines to power plants. Data
provided in [21] indicate that rail accounts for more than 70% of the coal shipped
over distances greater than 25 miles. Using the values listed in Table III-9 of
[21] and assuming an annual rate increase of 6%, the unit costs for transporting

coal by trains in 1977 are estimated in Table 13.

c. Comparison of Unit Costs

For comparison purpose, the unit costs for truck given in Table 12 and the
unit costs for trains given in Table 13 are represented graphically in Fig. 17.
The ‘graph clearly shows that it is much more economical to transport coal by

train (especially the unit train) than by truck.
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TABLE 13 -'Unit Costs for Transporting Coal by Trains
(Estimated Average for 1977)

Estimated Unit Cost

($/TM)

Transportation Unit Train
Distance Single.Car (Minimum Volume and Load
(Miles) (No Volume Requirement) " Requirement)

25 0.1 0.066
50 ' 0.085 0.043

75 0.068 , 0.034
100 0.057 0.028
200 0.033 0.014
500 0.019 0.0076
1,000 0.012 0.0050

Comparison of Figs. 14-16 with Fig. 17 reveals that it is almost always much
more economical to transport cbal by HCP than by trucks, even for distances as
short as 25 miles. The comparison also shows that HCP is more economical than
unit train in most circumstances. Even at low level of automation, HCP is still’
cheaper than unit train as long as the throughput is gkeater than 6.2 million
tons per year and as long as the distance is no more than a few hundred miles.
For instance, for a distance of 500 miles and a throughput of 25 million tons
per year, the unit cost for transporting coal by HCP with a low level of automa-
tion is 4.8¢/TM. The corresponding cost by unit train is approximately 8¢/TM.
The advantage of HCP is even more apparent if high level of automation is possible
and if the throughput is large. For instance, for a distance of 100 miles and a
throughput of 25 million tons per year, the unit costs for transportinglcoa] by ..

HCP of high automation, slurry pipeline, unit train and truck are respectively
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0.54, 0.90, 2.5, and 8.0 ¢/TM. -

4. Conclusions and Comments on Cost Comparison

From the foregoing analysis, it can be said that coal can be transported
more economically by HCP than by s]urry pipeline when transportation distance is
not much more than about one hundred miles and when the throuéhput is at least a
few million tons per year. It also can be said that transﬁortation of coal by
HCP is cheaper than by unit train except when the diétance_is very long and when
the throughput .is low. Finally, it can be conclﬁded that {t 1s'a]most a]ways:
much cheaper to transport coal by HCP than by truck, as long as the transporta-
tion distance is longer than approximately 20 miles.

It should be realized that in the foregoing economic analysis, it was assumed
that each HCP system requires two pipelines (i.e., a pipeline to deliver ;oa] and
another to return empty capsules back to coal minés). In contrast, the cost com-
putation on s1urky pipeline was baséd'on a sing]e pipeline. Therefore, if in a
situation it is possible to utilize the return pipe]iﬁe of HCP to transport some
kind of cargo to mine fields*, the ecqnomic comparison betweeniHCP and slurry
pipeline will be even more favorab1y-tilted toward HCP. "The-sémé holds if slurry
pipeline cannot get water from negk_the’mine field and it has to pipe in water
from distant locations. | .

Another point that should be mentioned is that the trucking cost figures
used in the foregoing analysis are the costs charged to cﬁ§tomers; they do not .
include the cost to all the taxpayers‘whO'mUSt finance the repair of roads

damaged by trucks. As mentioned in [21], coal trucks are heavy and they cause

*An examﬁ]e’fs to use the return line to carry fly ash from power plant to coal
mine for filling the mine pits. This would both restore the contours of stripped -
mine fields and solve a solid waste disposal problem.



62

severe damage to roads. If the cost for road repair is added to trucking cost,
the cost for transporting coal by truck will be even higher than that mentioned
earlier.

One should also realize that the cost comparisons made herein are'based on
1977 costs. Because of1'bfices have been rising and will continue to rise at a
rate faster than the rate of inflation for electricity, it is expected fhat the
cost fof trénsporfing coal by trucks and trains (which use 0il) will'rise at a
pace faster than for HCP (which uses electricity). Therefore, the economic ad-
vantage of HCP over truck and train is expected to further increase in the

future.
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Pipelines and grain: -
a new transportation system

By DICK HANSEN, JR.

Haasen is a Joplin, Mont., wheat farmer
who specializes in asricultyrid journalism. He
is agriculture writer fov the Great Falls Tri-
bune in Great Falls, Jornt.

OUR NATION'S dcteriorating rail freight
system, coupled with a chronic bexear short-
age and continually soaring freight rates. has
American grain producers Jooking fer alter-
native transport means.

Trucks are scen as about the only other
yay. But given the huge voluities 10 be tran-
sported, our truck sysiem at best can make
only a dent.

There could, ithough. he a third alternative
which has heen around for reany years—anil
generally ignored as being oo farfetched. This
concerns using pipelines in move grain, and in
fact, a wide variety of freight and solid prod-
ucts.

Not only is this concept beceming mcreas-
ingly attractive, most rescarchers aindd other
avthoritics agree it is coomemically feasible.

Also, they point out that with agricultiral
products in particular, the expor:’of US. ag-
ricultural commodities plays an increasingly
vital role in balancing our trade deficit and
feeding the world's cxji-ding hungry popuia-
‘tion. Therefore, it is expected that in the fu-
ture the production level of US. agriculture

will have to be drastically increased and ex- -

port of agricuitural products greatly expand-
ed. Some authoritics predict freight transport
needs as doubling by the ¢nd of this century.

THIS WOULD rcquire a transportation
capacity much larger thain our present exist-
ing, and inadequate, network of railroads can
handle. -

Instead of building new railroads or trying
to upgrade what we have, it could well be
cheaper to build pipelines. Also, it is pointed
out by both the U.S. Dcpartments of Energy
and Transportation that our vast neiwork of

. existing gas, oil and slurry pipelines could fall

into disuse by the year 2000 il new use for

them isn’t found.

Research tends to lean
heavily toward the develop-
ment of specialized pipelines
exclusively for freight.

These lines could be converted easily to
freight pipclines dt minimal cost. Pipeiine op-
erators and manufacturers of related equip-
ment have Jong been aware of this. as weil as
the tremendous potential for their wsiems
presented by the grain fields. )
~ Transportation of commodities via pipeline
is economical only when these products exist
in a somewhat concentrated urca and m a
relatively Jarge and stable volume. Also, pipe-

" lines aic expensive o construct.

But when weighed against cost of upgrading
our existing rawl system @r huiiding new
raifroads o meet proatly expanded funue
transportation needs. this cost ton bivomes
less siznificant.

PIPELINFES offer huge potential energy
savings, since the only energy nccded . for their
operation is eleciricity, which nced not he
generated with oil.

Traffic congestion by trucks and tiains
couid be cut dramatically, as well iis noise ad
air pollution. There scerns litile argument that,
once in place, pipelines not oaly can aperaic
more ecenomucaily but need far less nuinte.
nance than ratlroads or highways.

_ The concept of pipelining was first reccoded
in 1667 by French physicist Denis Papin, who
proposed a pneumatic dispatch svatem. Sinve
then the method has been used throughout the
world for transporting light-weight cargoes
such as cash, documents, mail or telegrams.
Pneumo trains, different from preumatic
dispatch in that the trains are suspended by
wheels inside the pipe, were built experimen-
tally by the Russians a decade or more ago.
In the United States, Tubeexpress Sysiem,

Inc.. of Houston, Tex., has a pncumo tramn



sisiom corrently on the market They are ale
the only U.S. firm currcatly making pipcline
capsiies, This systeny 18 knows as pacinatic
vapsaie pipeline (PCP), as opposed te by
dranlic capsule pipetine (HCP).

PIPELINEGS 1n this country wid in Froace
and Rui:aia hiave become fiemly esizbhiahed
carriers of such mincrals and vhemicals as
mickle-Gipper concentrates, borax, sulphur,
trom, fexd, cine, as welt acrack st Sy, sund,
gravet and many otlier solid commodities

‘This furm of transportation is particularly
altracidve ju arcas where rugced terrzin re-
sinets or prohibits ather means of shipping,
such as the 72.mile pipeline used by the
Aawrican Gilsonite C . 1o move solid petro-
leum product across a summit 3,000 fcet
abine the mine al Bovanza, Litah, 10 a refin-
erv at Grand Junction, Ceio.

In the case of nnuerals, chemicals and
sutids, liowever, moveineat is usually accom-
plinhied by imeans of reducing them to slurrics
and pumping them throngh hic line undec
pressure with water as the transport vehicle.
In some cases, minerais such as iron and lead
aie castoanto solid “slups™ and propelled
tiroush the lines.

Yipciine engineers abxu bave woiked on
praposals involvigg partiat processing of some
chemicals and minerals whule moviag through
the lines.

Introduction of chemica!s, for cxample, into
lines carrying wood chips wouid partialiy pulp
the chips while they travel to their destination.
Another example concerns treatment of pul-
verized phosphate rock in the line so upen
Jdelivery the material is ready for recoverinyg
phosphoric acd.

CONVENTIONAL centrifugal or positive
Jdisplacement pumps are used to help propel
sohds through the liacs, the tvpe depending
upun the length of the line and upon pressure
feiurements.

Theorctically, there is no limit as to the
distance solids can be pumped, although in
long-distance iincs boostar pumps usually are
imstailed at 20- to 50-mile spacings.

Winle such slurry pipelines have carried a
wide variety of products with few problems
for years, it is obvious that such commoditics
as gra:n could not be handied in this manner.

Rescarchers in this country and Canada
turned o their laboratories for the answer
during the mid-"60s. One of their first con-
siderations was use of air to move grain and
other water-absorbent products, However, the
high velocity and resulting damage to grain
through abrasion and deeradation cast doubt
on ais as a carrier veliele,

Rescarch engreers at the U S Department
ol Agncuhure Coeperative Sced Procesaing
Peborziory m L envaind, Gre, fimally devel-
preoad L pRCEIGEC Convaving system requining
from 30 to 40 times i3y velocity than conven-
tional air systems. A test madci was built and
successfully inwered prodoct dainage. But it is
prescntly regarded as feasible mostly for
Do t-distance use. .

in 1859 another an.wer came from the
Adperta Rescarch ol of Edmonton, Al
tierta, Canada. The solution: encapsulation.

it

TIUS CONSISTED of simnly sealing grain
v stmiiar moistuee-ahsorhent products n
capsules™ of wazer-tight miterial, which then,
.outld be handled with liquid as the transport
medium.

Maost of tie exrly Cinaddian research i
veived using exetne o pipelines, and scen-
Ut at BEdmcinton were asceessful in sending »
capsule weighing severid hondred  pounds
threegh an o papelise for a distance of more
than 100 miles.

These and further tests revealed that both
power and pumping costs, as compared with
that for oil alone, actually decrease as the
destiy of the capauie introduced into the Line

srcases. Al it wan Jdetennined a further
coonantic advaniazge of ing existing lines for
wiain shipinenion part:onlur, with a crude oil
propetland, was that it w.uld allow for salvape
cicdit of the oil on the receiving end.

CONTINUED :c.iarch, however, icnds 1o
lcan heavily toward the development of spe-
cialized pipelines exclasively for freight. The
general concept is that of using fluid—most
Likely water, to move the capsules. This s
known as hydiaulic capiule pipeline (HCP).

At present, miost rescarch in progress in the
United States invelves movement of coal.
Coal slurry pipelines tiave been around for
many years. However, they use tremendous
amounts of wates, and pollution and environ-
mental problems contirue to plague the
method.

Also. the coal must be reduced to slurry
form. then dewatered at destination.

With HCP, the system involves two lines.
Oac to move the capsules, the other to return
them. Once the system is charged with water,
little or no additional water or other fluid is
needed.

Ahout the only work presently under way in |

the United States is being conducted by Dr.
Hteary Liu, professor of civil engineering,
University of Missouri. Operating under a
grant froin the U.S. Department of Energy,
Dr. Liu and his associates agree that once the
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system is perfected for coal it can ecasily be
adapted {or grain or othes freight.

A RECENT major breakthrough in the
technology of HCP is the electromagnetic
capsule pump, developed by the University of
Missoun research team. The university has
applied for a patent, and it is feit by most
rescarchers that the pump has revolutionized
the whole technolegy of HCP by making
pumping of capsules through pipe an casy
task. :

Two related studies also are being conduct-
cd there under sponsorship of the U.S. De-
partment of Transportation and Department
of Agricuiture.

But, as noted, perhaps the greatest push for
freight pipelines comes from the energy crisis,
as well as environmental and social factors.

According to statistics compiled by the De-
' Eanmem of Transportation, some 3,000 fata-

ities, over 26,000 injuries, and hundreds of
millions of dollass in property damage occurs
cach year from truck accidents alone.

If HCP can replace only 10 percent of the
truck freight a significant savings in lives and
property damage would result.

Along with this, HCP bencfits would in-
clude reduced truck traffic and alleviation of
much highway congestion, energy conserva-
tion, air and noise pollution, and more effi-
cient use of our present rail system for such
things as improved passenger service.

SINCE HCP can rcplace only a small por-
tion of the truck business, and that replace-
ment would take place gradually, proponents
see little fear for wuckers losing jobs. It would
likely be decades before enough HCPs could
be built to seriously affect jobs.

As for railroads, they already are demon-
strating their inability to cope with current
shipping demands and show httle concern for
preparing for future increased traffic. Thus,
HCPs would do little except greatly facilitate
coal, grain and other freight at much cheaper
rates.

Capsule pipelining of freight and transpor-
tation of solids via pipeline is a broad new
technology involving a wide range of com-
modities. Due in part to comparatively
simpler problems involved, as well as energy,
environmental, pollution and other factors,
development of transporting grain and other
solids could be the wave of the future.

Dr. Liu thinks perfccting the eitire concept
and bringing it to market will take another
five vears. '

“Once the system is developed for coal, it
can easily be adapted for grain,” Dr. Liu said.
“In fact, the system appears to be more at-
tractive for grain and other agricultural prod-
ucts than for coal, for the siinple reason that
for transporting ag products HCP will be
compeling with trains and trucks rather than
siurry pipclines as in the case of coal trans-
port. Transportation costs are generally much
higher for trucks and trains ihun for pipelines,
as ous studizs make clear.”

technology involving a wide sange of com-
modities. Due in part to comparatively
simpler problems involved, az well as energy,
environmental, pollution and other factors,
development of transporting grain and other
solids could be the wave of the future.

Dr. Liu thinks perfecting the entire concept
and bringing it to market will take another
five years.

. “Once the system is Juveloped for coal, it
can casily be adapted for grain,” Dr, Liu said.
“In fact, the system a[mcars 10 be more at-
tractive for grain and other agricultural prod-
ucts than for coal, for the simple rcason that
for transporting ag products. HCP will be
competing with trains and trucks rather than
slurry pipelines as in the case of coal trans-

ort. Transportation costs are generally much
Kigher, for trucks and trains than for pipelines,
as our studies make clear.”

A spokesman for the Alberta Research
Council pointed up another interesting devel-
opment. “This relates to the common knowl-
edge that rail handling of grain in particular is
noticably inefficient. We think we see the
possibility of grain pipelining forcing the rail
industry, including the rail regujatory bodies,
10 examine their operations to become. sub-
stantially more efficient.”

SO, with all the bright potential, why then
diid the big push for freiggt pipelining die on
the vine a decade ago?

“Simply because governments at various
levels which underwrote much of the research
and development, failed to realize that it is not
enough to come up with a good idea,” said one
carly researcher.

*I'be idea has to be explained and sold, and
this requires a major educational effort. Very
little was done in this area at the time.”
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U.S. Judge Upholds Antipollution Law

Allewing Curbs on Interstate Coal Sales

Ry a WALL STREET JOURNAL Staff Reporter

CATLETTSBURG, Ky.--A federal judge
in the eastein district ccurt of Kentucky
here upheld the constitutionality of an anti-
pollution law that alluws restrictions on in-
terstate cout-sales, leaving open the question
of whetlier state toundaries conld be the de-
terminants of where coal may be purchased.

The dccision is one fragment of a coniro-
versy involving the Environmental Protec-
tion Agency and major Ohio coul users, es-
pecially coal-buming utilities. The EPA
wants the utilities to reduce their sulphur
dioxide emissions, and the cheapoest way for
the uglities to do that is.to switch from high-
sulphur OChio cond to low-sulphur coad mined
elsewhere. The Ohio coal industry is [ighting
that move.

At issue is Section 125 of the Clean Air
Act Amendments of 1977, which stipulates
that the EI'A can order major coal uscrs,
such as utilitics, to buy “‘regionndly avail-
able coal” and, if necessary, install antipol-
lution equipment to corply with emission
standards if ‘'siguificant local or regional
disruption of unemployment’ would resuit
from purchases of other than lccal or re-
gional coal.

The Kentucky case was brought by a sub-
sidiary of Generad Fnergy Corp.. McCoy
Elkkorn Coal Corp., Lexmngton, Ky. The ba-
sic thrust of the challenge to Section 125 by
McCoy Elkhots and Ohio Edison Co., an Ak-
ron, Ohio-based utility that acted as an in-
tervening prainliff, is that the luw deprives
thein of the right to engage in interstate
commerce to seek economic gain. That
right, they argued, can't be impaired by
geographical boundaries.

But the cowmt disagreed: “Congress has
the power to define a region abkout which it
is concerned in terms of a state’s bounda-
ries or upcn any other rational basis regard-
less of the size of the region. Censequently,
there isn't any merit in the argurment about
the definition of a region or its size.” The
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court didu't attempt to define what “re-
pionally available™ means.

Tit its opinion, the court was careful that
it didn't dizeount the picintifis’ arguments
that section 125, in effect, favors the hizh-
sulpher Ohio coal pruducers to preserve
jubs. Tt susgested, though, that the plaintiffs
“address themselves to the political process,
not to the judiciary, for remdy.”

In response to the court’s decision, Don-
ald 1. Vish, general connsel for McCoy Eik-
horn's parcnt company, said the concern
was “disappointed but wasn't discouraged™
and is considering apuealing the decision.
The implication of the rueling, he said, is that
it, “in effect, validates a lepislative scheme
which reguires consimers o buy local guads
first and tius fosters econcmic Balkaniza-
tion and a protectionist eccaomy that isn'tin
the Lest intorest of national solidarity ov na-
tionw prozperity.” .

Ohin Fdison noted the definition of “'re-
gional cond” wasn't snelindd eat by the couit.
"1 they specily vour rejion and it happens
to have strictly high-sthar coal,” Ohio Ed-
jsen said, “you're then required to install
exponsive antipolluiion  devices, such as
scrubbers. A scrubbei recenty added to (ts
Bruce Mansfield) plant inwestern Fennsyl:
vania is costing about 2130 million, or abwiit
a third the cost of the riant. A dust collec-
tor, used with low-sulvimr coal, would be:
mugch cheaper,” the utility said.

The court said the cnly basis for chal-
lenge to Section 125, which it says is “‘seloly
an cconontic legislativa act,” is through a
“showing of arbitrariness or irrationahity”
that it couldn't find in cither the “‘nar-
rowvness of the act’s scepe or its lack of uni-
form geogriphic applicatiun.”

{n a reference to the meaning of ‘'re
oionally available,” the conrt said Section
125 makes an “'economic distinction and that
docen't constitute a sespect classification
stibjeet to special scrutiny.”” ;

The Kentucky case is one of two lawsuits
in the Ohio col controvery. 'The other, filed
by Cleveland Electric Hlaminating Co. in
fedevid district court in Cleveland, sull is
peadiny. The Cleveland sint charges that the
EPA's hearings on the Ohio cod situation
were a “sham’ and that the agency was
biased prior to the hesrings, according to
James M. Friedinan, an catside attorney for
Cleveland Electrice.

Mr. Fricdiman suid the Cleveland Elee-
tric siit idso questicns the censtitutionadity
of Sectivn 1Y but the ntin tirrust of jt is to
challoege the conduct of the LPA.




