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LAKE POWELL RESEARCH PROJECT

The Lake Powell Research Project (for-
mally known as Collaborative Research on

Assessment of Man's Activities in the Lake
Powell Region) is a consortium of univer-
sity groups funded by the Division of Ad-
vanced Environmental Research and Techno-
logy in RANN (Research Applied to National

Needs) in the National Science Foundation.

Researchers in the consortium bring a
wide range of expertise in natural and so-
cial sciences to bear on the general prob-
lem of the effects and ramifications of
water resource management in the Lake
Powell region. The region currently is
experiencing converging demands for water
and energy resource cevelopment, preserva-
tion of nationally unigue scenic features,
expansion of recreation facilities, and
economic growth and modernization in pre-

viously isolated rural areas.

The Project comprises interdisciplin-
ary studies centered on the following
topics: (1) level and distribution of
income and wealth generated by resources

development; (2) institutional framework

for environmental assessment and plarning;
(3) institutional decision~making and re-
source allocation; (4) implications for
federal Indian policies of accelerated
economic development of the Navajo Indian
Reservation; (5) impact of development on
demographic structure; (6) consumptive wa-
ter use in the Upper Colorado River Basin;
(7) prediction of future significant
changes in the Lake Powell ecosystem; (8)
recreational carrying capacity and utili-
zation of the Glen Canyon National Rec-
reation Area; (9) impact of energy
development around Lake Powell; and (10)
consequences of variability in the lake

level of Lake Powell.

One of the major missions of RANN proj-
ects is to communicate research results
directly to user groups of the region, which
include government agencies, Native Ameri-
legislative bodies, and inter-
The Lake Powell Re-

can Tribes,
ested civic groups.
search Project Bulletins are intended to
make timely research results readily acces-
sible to user groups. The Bulletins sup-
plement technical articles published by

Project members in scholarly journals.
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ABSTRACT

The proximity of the as yet undeveloped Kaiparowits
Plateau coalfield to a potentially large Southern California
market and the high gquality of the field's coal prompted re-
search into the following gquestions: (1) Of what order of
magnitude would coal transportation costs from Kaiparowits
to Southern California be? (2) Which transportation mode 1is
less expensive in this case, unit train or coal slurry pipe-
line? (3) How would Kaiparowits transportation costs com-
pare to those for transportation to California from devel-

oped coalfields in Wyoming, Utah, and New Mexico?

Marketing of Kaiparowits coal will require substantial
construction of new rail, tunnels and bridges for railroads,
or pipelines, pump stations, and slurrification and dewater-
ing facilities for coal slurry pipelines. Models were de-
veloped to estimate, for each mode, capital investment re-
requirements, annualized capital cost, operating cost, and
total annual cost of delivering 10 million tons per year.
The rail cost model was applied to 27 alternative combina-
tions of new and existing rail lines, and the lowest cost
route was selected. For that route, the delivery cost would
be about $10.20 per ton. The rail transportation cost for
Kaiparowits coal would be from $1.90 to $3.70 per ton higher
than that for the alternate coal sources, mainly because the
latter would not reguire new construction. When coal quality
is considered, however, Kaiparowits would compare favorably

with distant sources having lower-heating-value coal.

For this particular case (the results are not generali-
zable), the per-ton cost of coal slurry pipeline transporta-
tion would be about half that for rail. cCapital investment
costs would also be twice those for pipelines. The total

vii
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delivered fuel cost at Barstow, California, would be $0.94
per million British thermal unit (Btu) for rail and $0.74
per million Btu for a pipeline. The total fuel cost to a
coal-fired powerplant would be about 7 to 9 mills per kilo-
watt-hour. The decisive factors in the advantage of slurry
pipelines here is their shorter length and the need for new

rail construction.

Other considerations not taken into account in the an-
alysis presented here include the political and legal prob-
lems of obtaining water for the pipelines; the environmental
impacts of extensive new rail construction; the use of die-
sel fuel for railroads versus electricity for pipeline oper-
ations; the greater potential of railroads for regional
growth stimulation; and the certainty of long-term pipeline
contracts versus the short-term nature of rail tariff

agreements.

viii



INTRODUCTION

Objectives of the Study

The Kaiparowits Plateau in southern Utah is the site of
one of the largest undeveloped deep~-mined coalfields in the
United States, with recoverable resources estimated at 4 bil-
lion tons.l That virtually none of this coal is presently
on the market is due primarily to relatively difficult mining
conditions and, as seen in Figure 1, to a near total lack of
road or rail connections between the coalfield and the out-
side world. Although the recent demise of a proposed mine-
mouth electric powerplant project appeared to set development
back further, the proximity of this coalfield to a potentially
large California market and the high heating value and low
sulfur content of its coal justify an examination of the eco-
nomic feasibility of transporting the product to Southern

California.

This Bulletin addresses three questions concerning coal

transportation from Kaiparowits to Southern California:

o O0f what orxrder of magnitude are the transportation L
costs, and what percentage of total delivered fuel |

costs would they represent?

o Which transportation mode is less expensive: unit

train or coal slurry pipeline?

o How would the lowest cost for either mode compare
with that for rail transportation to Southern Cali-
fornia from established coalfields in Wyoming, Utah,

and New Mexico?
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Ground Rules and General Assumptions

To make this analysis realistic and comparable with
similar studies, several major assumptions were necessary.
It was assumed that a nominal 10 million tons of coal would
be shipped annually from Kaiparowits (or from the coal sour-
ces with which Kaiparowits is compared) to powerplants near
Barstow, Cadiz, or Blythe, California. The powerplant sites
were among seven evaluated recently by the Institute of Geo-
physics and Planetary Physics and the Environmental Science
and Engineering Program at the University of California at
Los Angeles in their assessment of the potential use of coal-
fired powerplants to generate electricity for the California
State Water Project.2 Given an average heating value of
12,000 British thermal units per pound (Btu/lb) for Kaiparo-
wits coal,3 and a powerplant thermal efficiency of 35 per-
cent, the 10 million tons per year would be converted into
2.5 x lOlo kilowatt-hours per year (kWh/yr) of electricity,
produced by 3,500 megawatts (MW) of busbar generating capa-

city operating with a 70-percent load factor. The 10-million-

ton throughput would be sufficient to make slurry pipelines,
at least on first examination, appear competitive with

railroads.

It is important to distinguish between transportation
costé and tariffs. The latter are set through negotiations
between shipper and carrier. In the case of railroads, at
least, there is no clear and consistent relationship between
the tariff and the actual cost of a particular movement,
apart from subjectively interpreted Interstate Commerce Com-
mission (ICC) strictures against "predatory pricing"; that
is, tariffs cannot be set below a railroad's "out-~of-pocket"
costs for the run in question. Unfortunately, the problem

of allocating fixed costs, such as for infrastructure, and

o “-‘ﬁn’n’n_vi_m
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railrocad-wide costs, such as for advertising, to specific
movements is still unsolved, and railroad personnel admit
to the impossibility of allocating costs to everyone's
satisfaction.5 The costs developed in this Bulletin there-
fore represent a lower bound for the tariffs which would
actually be charged. In additicn, it is assumed that coal
transportation bears the full burden of project financing,
which would not be true were the new railroad segments to be
used for transportation of other commodities. In the case
of coal slurry pipelines, coal would be the only product
transported, so that tariffs would presumably bear a more

consistent relationship to costs.
The following are other assumptions made in this study:

o Capital costs will be converted to annualized
capital costs through multiplication by a single
"fixed charge rate," F , which is defined as the
sum of interest or return on investment, depreci-
ation, insurance, and all taxes; all financing

would be for 30 years

o Unit trains, running over single track, will be

used for rail transportation

o] Capital costs will be escalated at 6 percent per
year, while future capital expenditures are dis-

counted at 12.5 percent
o) Costs are expressed in January 1977 dollars
A final note: it is not the purpose of this Bulletin

to compare rail and slurry transportation in general. Re-

cent studies performed for the U.S. Congress, Office of



6,7 .
Technology Assessment, ’'° show how both the economics and the
environmental impacts of coal transportation are highly
route-dependent. The reader is referred to these studies

for more detailed information on this subject.

TRANSPORTATION ROUTES FROM KAIPAROWITS
TO SOUTHERN CALIFORNIA

Identification of Alternative Rail Routes

In a recent study for the California Department of Water
Resources,2 a team of investigators from the University of
California at Los Angeles (Institute of Geophysics and Plane-
tary Physics and the Environmental Science and Engineering
Program) identified 14 potential new rail segments which, in
various combinations, could connect the Kaiparowits Plateau
coalfields with existing main or branch lines. Segment tra-
Jectories were first tentatively laid out on large-scale
maps, then modified after field investigation. Figure 2 shows
the segments, which are summarized in Table 1 and described in
detail in. Reference 8. The region's irregular terrain and
the need to limit railroad grades to 1 percent make extensive
cuts and fills necessary for many of the segments. In addi-
tion, certain segments would require tunnels and/or bridges
to be built. Table 2 lists lengths and special construction

requirements for each segment.

A subsidiary objective of this Bulletin was to determine

the lowest-cost "route," which is defined as a sequence of -
new and existing rail segments, from the coalfield to Southern
California. Because all 27 possible routes pass through Lund,
Utah, that town was considered the end point of each alterna-

tive route. 1In the route optimization, however, the total
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route distance, i.e., that from Kaiparowits to a Southern

california powerplant site, was used in the calculations.

Figure 3 shows the rail segment network used for the op-
timization. Circled numbers represent nodes, or places where
segments are joined. All possible sequences of segments
were enumerated, as seen in Table 3. The characteristics of
the routes thus defined are listed in Table 4. The total an-
nual cost for each route was calculated by the methods de-
scribed in the following subsection, and the minimum-cost

route was identified.

Identification of Alternative Coal Slurry Pipeline Routes

As part of the same coal transportation study mentioned
previously,2 two alternative coal slurry pipeline routes from
Kaiparowits to Southern California were identified. Because
pipeline operation can tolerate grades of up to 16 percent,9
slurry pipeline routes can be more direct than those for rail-
roads. An attempt was made, where possible, to follow exist-
ing transportation corridors, such as that for the Black Mesa

pipeline. Figure 4 shows the alternative routes examined.

RAIL TRANSPORTATION COST MODEL

To estimate capital, operating, and total annual rail
transportation costs for various routes, an updated version
of a previous cost model designed by the authorlo was used.
While symbols have been changed throughout the model, it is
only in the operating cost algorithm that one finds substan-
tial departures from the original. As will be seen in the
following subsection, it was felt that a straightforward ac-
counting of cost items would be preferable to the tariff re-

gression formula used before.

10
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Table 3:

Definition of Alternative Routes
from Kaiparowits to Lund

Route
Number Nodes
1 1 2 3 4 5 6 8 9 10 11 12 13 22
2 1 2 3 4 5 6 8 9 21 22
3 1 2 3 4 5 6 814 15 16 17 18 20 21 22
4 1 2 3 4 5 6 814 15 16 20 21 22
5 1 2 3 4 5 6 814 15 17 16 20 21 22
6 1 2 3 4 5 6 814 15 17 18 20 21 22
7 1 2 3 4 5 6 814 18 17 16 20 21 22
8 1 2 3 4 5 6 814 18 20 21 22
9 1 2 3 4 5 6 819 20 21 22
10 1 2 3 4 5°7 8 9 10 11 12 13 22
11 1 2 3 4 5 7 8 9 21 22
12 1 2 3 4 5 7 814 15 16 17 18 20 21 22
13 1 2 3 4 5 7 814 15 1le 20 21 22
14 1 2 3 4 5 7 814 15 17 16 20 21 21 22
15 1 2 3 4 5 7 814 15 17 18 20 21 22
16 1 2 3 4 5 7 814 18 17 16 20 21 22
17 1 2 3 4 5 7 814 18 20 21 22
18 1 2 3 4 5 7 g§1lg 20 21 22
19 1 2 3 41110 9 21 22
20 1 2 3 41110 9 8 19 20 21 22
21 1 2 3 411 12 13 22
22 1 2 312 13 22
23 1 2 31211 10 9 21 22
24 "1 2 3121110 9 19 20 21 22
25 1 2 13 22
26 1 213 12 11 10 9 21 22
27 1 213 12 11 10 9 19 20 21 22

12
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Logistics

If recent trends continue, a high percentage of the coal
to be shipped by rail from western mines will travel by "unit
trains." While the definition of a unit train is, along with
tariffs, subject to negotiation between shipper and carrier
for each movement, in general the term applies to a train
dedicated to carrying a single commodity nonstop between des-
ignated points and according to a strict schedule. A unit
train typilcally consists of about 70 to 110 hopper cars, up
to six locomotives, and a caboose. The following analysis
assumes such a configuration, including 100 hoppers with 100
tons net capacity each. Unit train systems operate night
and day, all year round. Equations (1) through (3) describe

the logistics of unit train operations:

Ooperating hours pexr year (1)
hours per cycle

Cycles per year =

tons per year (2)
cycles per year

Tons per cycle =

tons per cycle (3)

Trains per cycle = .
P Y tons per train

The values to the right of the egual signs in the above
three equations depend upon annual tonnage, haulage distance,
and the time taken by loading and unloading, crew changes,
and various other delays. To estimate operating hours per
year, we assume a 5-percent downtime for the system:

Operating-hours per year = (365 days/year) (24 hours/day)

| (0.95)
= 8322

16




Six elements enter into the hours per cycle (round trip) as

seen in eqguation (4):

Hours per cycle = locaded transit time + unloaded
transit time + inspection time
+ crew change time + loading

time + unloading time (4)

It was assumed, after discussions with railrocad repre-
sentatives, that reasonable loaded and unloaded train speeds
for Utah-California runs would be 25 and 35 miles per hour,
respectively.ll Field observations and discussions with min-
ing and powerplant 0perators12 resulted in estimates of 2 to
5 hours, respectively, for loading and unloading one train.
Federal regulations require inspections every 500 miles,13
and current labor agreements require a crew change every 100
miles.l4 It is assumed that these two delays take 30 and 15
minutes, respectively. .Letting Dr be the one-way haulage

distance, equation (4) may be rewritten:

D D
_ r r
Hours per cycle = 3T + 55 + 2 + 5

(O.5)(2)Dr (O.25)(2)Dr

500 + 100

7 + 0.0756 Dr (5)

-+

Il

It may be noted in péssing that the average train speed (tak-
ing idle time into account) is found from equation (6):

2D

average speed (miles/hour) = 5—p o7§6 D (6)
° r

For the haulage distances considered here, the average speed
would be about 24 miles per hour.

17
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substituting equation (5) and the value for operating-

hours per year into equation (1) results in equation (7):

_ 8322
Cycles per Year = s——g 575 5. (7)

If the haulage distance were 800 miles, for example, a single
train.would make 123 trips per year. Railroads, however,
normally have several trains dedicated at any given time to
unit train service. To find the number of trains in the

coal haulage "fleet," we first substitute eguation (7) into
equation (3), letting T (tons/yr) be the annual tonnage
hauled:

(7 + 0.0756 Dr)T
Tons per cycle = 8373 (8)

The number of trains in service at any given time is then
found from equation (3), assuming that each train carries
10,000 tons of coal: '

Trains per cycle = 1.20 x 1078

(7 + 0.0756 Dr)T (9)
If the railroad in the preceding example carried 10 million
tons per year, then, by equation (9), about eight trains

would be in service at any given time.

Capital Cost of New Rail, Tunnels, and Bridges

Coal transportation from Kaiparowits would require sub-
stantial construction of new rail line, tunnels, and bridges.
The costs of these items depend heavily upon local topography
and geology, and can be estimated accurately only after a de-
tailed engineering analysis has been made. For the present
model, it was necessary to assume unit costs on a per-mile

basis for these capital items.

18



To estimate the unit cost of new single-track construc-
tion over "average” terrain, we considered the cost esti-
mates for three proposed new railroads in Utah and New Mex-
ico; these are shown in Table 5. 1In addition, new-single-
track cost has been estimated to be $300,000 per mile15 and
double-track construction has been reported to reach
$1,584,000 per mile.16 As all these estimates assume differ-
ent land costs, types of signalling systems, ancillary equip-
ment, conétruction wage rates, and means of financing, they
are not directly comparable. To remain within the reported
cost range, we have assumed that new rail construction will

cost $1,000,000 per mile.l7

As was described previously, a preliminary survey of
potential routes between Kaiparowits and existing rail lines
revealed a wide variety of terrains, ranging from gentle al-
luvial valleys to steep cliffs and narrow canyons. Poten-
tial new rail segments were judged to have "average," "rough,"
or "very rough" terrain. For the three types, the rail con-
struction unit cost was multiplied by a terrain factor, b ,
which equals 1, 1.5, and 3, respectively. If DS (miles) is
the length of new rail segment k , then the corresponding
capital cost, Cl ($) , 1s given by equation (10):

Average terrain: b = 1.0
Rough terrain: b = 1.5
Very rough terrain: b = 3.0

In certain cases a potential new rail segment traverses two
or more terrain types. The rail construction cost is then
found by weighting the terrain factors by the corresponding
mileages. For example, if a segment has 20 miles of average,
10 miles of rough, and 10 miles of very rough terrain, the

terrain factor becomes:

19
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Table 5: Estimates of New Rail Unit Costs

Distance Cost

Project Cost?® (miles) ($/mile) Reference
Star Lake-Prewitt 50 70 714,000 50
Emery-Wellington 70 65 1,077,000 51
Kaiparowits-Caineville 450 190 2,368,000 52

1L millions of dollars

Table 6: Unit Construction Costs Used in the Model

Item Unit Cost
New Rail $ 1,000,000/mile
Rail Upgrading $ 140,000/mile
Tunnel $ 10,000,000/mile
Bridge $ 12,000,000/mile
Cuts and Fills? $§ 4/cubic yard

q1ncluded in variable Co in the model
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. passage of 500 million gross tons.

_1(20) + 1.5(10) + 3.0(10) _
b = 20 + 10 + 10 = 1.625

As there has been relatively little new long-distance
rail construction in the United States during the past sev-
eral years, unit costs for railroad bridges and tunnels were

unavailable. A survey of costs reported in Engineering News-

Record showed tunnel costs ranging from $10 million to $173
million per mile and bridge costs between $12 million and
$1.5 billion per mile.18 As seen in Table 6, bridge and tun-
nel costs were set conservatively at the lower end of the re-
ported ranges. In later equations, C represents the sum

2
of tunnel and bridge costs.

Capital Cost of Rail Replacement and Upgrading

Rail in unit train service is used more intensively than
is that in conventional freight movements. It has been esti-

mated that a given stretch of rail must be replaced after the

19 Hopper cars and locomo-

tives weigh 31 tonszo and 175 tons21 respectively. If Ht

~and L are the number of hoppers and locomotives per train,

t
respectively, and a caboose weighs about as much as a hopper

car, then the weight of an empty train, Wy o 7 is
’

wtle (tons) = 31 (H,c + 1) + 175 L. (11)

A loaded train has a weight wt 1 given by
’

W,y (tons) = (31 + 100)H_ + 31 + 175 L, (12)
The weight exerted during one round trip is therefore
W (tons) = wt,e + wt,l = 162 He + 62 + 350 L, (13)

22



Assuming six locomotives and 100 hopper cars per train, W

T
would be 18,362 tons. Let R Dbe the number of trainloads
per year; because each train carries 10,000 net tons,

_ T
R = 10,000 (14)
The gross weight exerted by the R trainloads per year is
Gross tons exerted per year = W_.R = 1.84 T (15)

T

The fraction of track mileage which must be replaced annually
is

1.84 T

5.00 x 108

Replacement fraction = (16)

In the scenarios examined in this Bulletin, haulage of 10 mil-
lion tons per year would necessitate replacement of about 3.7
percent of the trackage per year. The cost of rail replace-

ment 1s given by eguation (17):

1.84 T(l4O,OOO)Dr

Rail replacement cost ($/yr) 5
5.00 x 10

5.15 x 10 D, (17)

It

Because only first investment costs are estimated, it is nec-
essary to calculate the present worth of a 30-year series of
capital expenditures for replacement rail. Assuming an infla-
tion rate of 6 percent and a discount rate of l2.5lpercent,

the present value of all rail replacements, Cs is

1l

. 29 nl
-4 - 1.06

7.42 x 1072 D_ (18)

]
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Capital Cost of Loading and Unloading Facilities

Unit trains serving the newer coal mines in the West
are loaded two cars at a time in enclosed silos having a
storage capacity of about 10,000 tons each. A recent study
of loading costs in the Gillette, Wyoming, area estimated
capital costs for facilities of various sizes.22 Equation
(19) was derived from results presented in that study. C4

is the capital investment cost.
C, ($) = 0.222 T + 5.57 x 10° (19)

A loading facility able to handle 10 million tons per year
would thus cost about $7.8 million. It is assumed that

three 3.33-million-ton capacity unloading facilities cost-
ing $1.12 x lO7 each would be necessary.23 The capital cost
for unloading facilities, C_ ($) , is therefore $3.36 x 10'.

Capital Cost of Rolling Stock

We assume that a l0-percent reserve of hopper cars, lo-
comotives, and cabooses will be part of the "fleet" of roll-
ing stock. The number of trains in service at any given time
was given by equation (9). The size of the hopper car, loco-
motive, and caboose fleets is estimated by equations (20),

(21), and (22), respectively:

H, = (1.1)(100) [1.20 x 10°% 7(7 + 0.0756 D_)]
= 1.32 x 10°° T(7 + 0.0756 D) (20)
L, = (1.1)(6)[1.20 x 107% T(7 + 0.0756 D_)]

7.92 % 1078 T(7 + 0.0756 D_) (21)
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. = (L.1) (1) [1.20 x 107° 7(7 + 0.0756 D_)]
1.32 x 10°8 (7 + 0.0756 D_) (22)

Il

Although freight cars in general service have an aver-
age useful life of about 25 year524 and locomotives last 30
years or more, rolling stock in unit train service 1is sub-
ject to much more intensive use. As a consequence, their
useful lifetimes have been estimated to be about 15 years,25
after which they are switched to less demanding service or
are scrapped. To simplify computation, we assume that all
rolling stock is replaced every 15 years. The present worth
of original and replacement stock is found by multiplying

the first-year capital cost by equation (23):

1.125

30
. <1_96_> 1578 (29)

15
Present worth factor = 1 + (%‘06 >

1.125

Table 7 lists the unit costs of rolling stock. The capital
investment costs of hopper cars, C6 , locomotives, C7 ;, and
cabooses, C8 , are found by multiplying the unit cost of
each vehicle by the respective fleet sizes and by equation

{(23):

C($) = (30,000) (1.578) [1.32 % 107% T(7 + 0.0756 D))
= 0.0625 T(7 + 0.0756 D) (24)

C,($) = (550,000 (1.578) [7.92 x 1078 7(7 + 0.0756 D_)]
= 0.0687 T(7 + 0.0756 D_) (25)

Cg($) = (43,000)(1.578) [1.32 x 107° T(7 + 0.0756 D)}
= 8.96 x 1074 T(7 + 0.0756 D) (26)

25
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Table 7:

Unit Costs of New Rolling Stock

Item

Unit Cost (dollars)

Hopper Car
Locomotive

Caboose

30,000
550,000

43,000

Source: Reference 27
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The total first-year capital investment cost for any

route, C. , is found by summing costs C

I

1 through C8

8
_ 6
c_(S) = il Ci = 1.0 x 10 ibk(Ds)k +

+ 7.42 x 1073 D_ + 0.222 T

4 5.57 x 10° + 3.36 x 107

z (C,)
" 2’k

+ 0.0625 T(7 + 0.0756 Dr)

+ 0.0687.T(7 + 0.0756 Dr)

8.96 x 10”4 T(7 + 0.0756 D) (27)

+

where the subscript k denotes one of the segments of which
the route is composed. Egquation (27) may be simplified to
equation (28):

6

CI($).= 1.0 x 10 Zbk(D )

+ I (C
X s’k

)
k 2k
+ 1.15 T(1 + 0.0152 Dr) j

+3.92 x 107 (28)

The annualized capital cost, CA , is found by multiply-
ing equation (28) by the fixed charge rate, F . Since F is
assumed to be 0.15 in this Bulletin, the annualized capital

cost is

Cp($/yxr) = 1.5 x 10%

3 k(Pglx * i(cz)k

+ 1.15 T(1 + 0.0152 Dr)

+ 5.88 x lO6 : (29)
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Rail Operating Costs

Operating costs in this model are limited to those for
fuel, labor, rolling stock maintenance, track maintenance,
and overhead. The sum of these provides a lower bound for
actual operating costs, inasmuch as other railroad expenses
cannot readily be allocated to specific unit train movements.
Except where otherwise noted, cost equations were derived
from unit cost information presented by General Research Cor-
poration in a recent study for the U.S. Congress, Office of

7
Technology Assessment.
Fuel Cost

Locomotives consume between 2 and 7 gallons per mile,
depending upon load, terrain, and speed. For runs similar
to those considered here, fuel consumption was reported by
Union Pacific Railroad to be 2.6 gallons per mile.26 This
27 1o f£ind the

number of locomotive-miles traveled, we first note that

fuel was assumed to cost $0.35 per gallon.

equation (l14) gives the number of train trips per year as
T/10,000. Assuming six locomotives per train and noting
that the length of a round trip is 2Dr , we have the follow-

ing expression for locomotive-miles per year:

(6) (2D,) T

Locomotive-miles/year = <0000

1.20 x 102 T D, (30)

Equation (31) gives C9 , the annual fuel cost:

Cy($/yr) = (0.35) (2.6) (1.20 x 1073 ¢ D_)

1.09 x 1073 ¢ D_ (31)

28



Labor Cost

The labor cost for fully loaded train operation was
. . 2
assumed to be $550 per train crew per 100 miles. 7 From

equation (14) the number of crew-miles per year is

(2Dr)(10~4T). The labor cost, ClO , 1is thus given by egua-
tion (32):

_ 550 -4

- 1.10 x 1077 T D_ (32)

Operating Cost foxr Loading and Unloading Facilities

Equation (33), which gives the operating costs for load-
ing facilities, Cyq r was derived from data tabulated in
Reference 28:

€, ($/yr) = 5.38 x 1072 7 + 4.46 x 10° (33)

Reference 29 gives the operating cost of a 3.3-million-ton-
per-year unloading facility as $1,090,000 per year. Since
three such facilities would be needed, the unloading facility
operating cost, C12 , would be $3.27 x lO6 per year.

Track Maintenance

Equation (34), which gives the annual track maintenance
cost per mile, was derived from data tabulated in Reference
30:

Track maintenance cost = 3.42 x 10_4 T

($/mile/yr) 3
+ 5.30 x 10 (34)
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The annual track maintenance cost, is then found by

c ’
13
multiplying equation (34) by the route length, D_:

Cl3($/yr) = (3.42 x lO—4 T + 5.30 x 103) D_ (35)

Rolling Stock Maintenance

Operating and maintenance costs for each hopper car,
locomotive, and caboose are assumed to be, respectively,
$0.03, $0.44, and $0.02 per mile per year.27 To find annual
costs, we multiply these values times the number of vehicle-
miles per year for each type of rolling stock. The result

is shown in equation (36), where is the total annual

C
14
rolling stock operating and maintenance cost:

C ,(8/yD) = 2 x 1074 ¢ D_(1.1) [(0.03) (100)

+ (0.44)(6) + (0.02) (L))

1.25 x 1073 D_ (36)

Overhead Cost

As noted previously, overhead cannot be allocated with
any certainty to specific unit train movements. It was
assumed that overhead was equal to 5 percent of the revenue
for the movement, and that the revenue was 6 mills per ton-
mile.30 Equation (37) gives C15 , the overhead cost:

C o ($/yr) = (0.05) (0.006) T D= 3.0 x 1074 1 P (37)

Total Operating Cost

The total operating and maintenance costs, CO : are

found by summing costs C9 through C

15
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201+ 7.58 x 102

6

CO(S/yr) = 5.38 x 10

+ 5.30 x lO3 Dr + 3.72 x 10

Total Annual Rail Cost

The total annual cost for rail shipment,

by summing equations (28) and (38). If it is

is 0.15, then the result is given by equation
6
CT($/yr) = 1.5 x 10 ibk(Ds)k + i(cz)k

+ 6.71 x 1077

+2.27 x 1005 T + 9.60 % 10°

T D_+ 5.3 x 10°

D)

CT ’

(38)

is found

assumed that F

(39):

D
r

(39)

For the case at hand, where T 1is 10 million tons per year,

equation (39) may be simplified for computational purposes

to
6
CT($/yr) = 1.5 x 10 ibk(DS)k + i(cz)k
+ 7.24 x lO4 D_ + 1.19 x 107
SLURRY PIPELINE COST MODEL
Assumptions

(40)

The following analysis is based in large part upon an
independent study of coal slurry pipeline costs performed

for the U.S. Congress, Office of Technology Assessment, by

General Research Corporation (GRC).7 GRC estimated the

costs of four hypothetical slurry pipeline systems, one of

which would transport coal from Price, Utah, to Barstow,

California, using a route coincident with Alternative I in

31




Figure 4. Where possible we have derived general pipeline
cost formulae from data reported in the GRC case studies.
Where this was not possible we used the costs calculated by
GRC for throughputs or distances similar to those contem-

plated in the present analysis.

In any discussion of slurry transportation, it is im-
portant to distinguish between "contract coal" and "dry

w31 All coals, as mined, have at least some water bound

coal.
in their organic and inorganic matrices and held in surficial
micropores. Contract coal is coal whose physical and chemi-
cal characteristics must lie within ranges specified in a
contract between the mine and the purchaser. Dry coal is the
solid fraction which would theoretically remain if all the
moisture could be removed from the coal. In the present an-
alysis it is assumed that the 10 million tons per year to be
transported from Kaiparowits are of contract coal. The aver-
age moisture content of this coal is 11.3 percent.3 The dry
coal throughput is therefore 8.87 million tons per year.

Following are the other assumptions we made:

o The slurry has a specific gravity of 1.165, as
has the Black Mesa Pipeline coal;32 for a coal
with 11.3 percent moisture, it can be shown that
the dry solids weight percentage (called the

"consist") is 49.6

o Slurry velocity is between 5.6 and 6.0 feet per
second
o Positive displacement pumps rated at 1,700 horse-

power and having a 80-percent efficiency are used
o} The system is in operation 95 percent of the time

32




An emergency flushing reservoir is located at

each pump station

Capital Costs for the Pipeline

Fro

m data provided by GRC,34 we derived equation (41)

for the required pipe outside diameter, d

where

do(

T

inches) = 8.12 x 10° TdO’S (41)

is the dry coal throughput in tons per year. Sub-

d 6

stituting 8.87 x 10~ for Td » we find that a nominal 24-

inch pipeline would be necessary. C

15 the cost of steel,

wrapping, valves, right-of-way, excavation, welding, instal-

lation, and backfill35 is given by equation (42):

where

Cis

D
P

($) = 3.87 x lO5 Dp (42)

is the length of the 24-inch outside diameter

pipe in miles.

Capital Cost of Slurry Preparation, Dewatering, and

Pumping Facilities

The slurry preparation cost, Cl6 , 1is found36 from

equat

_ 7
C16($) = 1.9 x 10 [

where

ion

m

(43):

(43)

(1 - myr]0-8
107

is the moisture fraction. For the case of Kaiparo-

wits coal, equation (43) simplifies to

0.8

Cigls) = 43.4 177" (44)
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In a similar manner, the dewatering facility capital cost,

36

C , may pbe shown to be

17

_ 0.9 |
Cl7($) = 15.5 T (45)

To determine the pumping facility capital cost, we assume
that there will be one station every 75 miles.37 The number

of stations will thus be Dp/75. The cost per pumping sta-

tion, PI ; was derived from GRC data38 to be

P_($) = 4.82(1 ~ m)T0-83 (46)

To find the cost of all the pumping stations C18 , we multi-
ply equation (46) by the number of stations and, for the case
of Kaiparowits coal, set m equal to 0.113. The result is

equation (47):

_ 0.83
Cig($) = 0.0582 T D, (47)

Crv s the total investment cost for a pipeline with

length Dp and throughput T , is given by egquation (48):

c.. (s) = 43.41°°8 4+ 15.5 p0:9

I 1

+ 3.87 x lo5 Dp(l + 1.5 x .'Lo_7 T0'83) (48)

The annualized capital cost, CA' , 1s found by multiply-

ing equation (48) by the fixed charge rate, F . Since F
is assumed to be 0.15 in this Bulletin, the annualized capi-

tal cost is given by equation (49):

0.8

($/yr) = 6.51 T ° 6.9

C + 2.33 T

AI

+ 5.81 x 107 Dp(l + 1.50 x 107/ TO‘83)

(49)
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Operating Costs

Operating and maintenance costs for slurry preparation
and dewatering facilities were determined from graphs pre-
pared by GRC.39 The annual totals for a 10-million-ton-per-
year contract coal throughput (8.87 million tons per year dry

coal) would be $4.56 million and $8.39 million, respectively.

The transmission water requirement, W_ , for a coal

T
slurry pipeline was determined by using equation (50), which
was derived by the author in a previous study:33
W. (acre-feet/year) = 1.51 x 10‘3 (0.51 - m)T (50)

T

The water needed to refill the emergency flushing reservoirs,
WE , is given by equation (51) which was also derived by the
author: 0

W_ (acre-feet/year) = 3.08 x 1078

- (L -~ m)T En (51)

where EJ (inches/yr) 1s the net excess of evaporation over
precipitation along the pipeline route. For the case under
consideration, En is about 75 inches,4l so that the total

annual water requirement, W , becomes
"W (acre-feet/yr) = 6.02 x lO—-4 T (52)

Assuming an annual water cost (including annualized capital
cost, water rights, pumping, and conveyance costs) of $100
per acre-foot, the annual water cost, C19 , ;s given by
equation (53):

C19 ($/yxr) = 0.0602 T (53)
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The annual operating and maintenance cost per pump sta-
tion, PO , was derived from GRC data42 for values of T be-~
tween 7.5 and 15 million tons per year and is shown in equa-

tion (54):

P ($/yr) = 0.140 T + 1.05 x 10° (54)
This cost includes the costs of power, maintenance materials
and supplies, labor, and administration. Since there are
Dp/75 pump stations, the total operating cost for pumping
is Pon/75 » or C,, . as seen in equation (55) :

3

C. (S/yr) = (1.87 x 1072 T + 1.40 x 10°) D, (55)

20

The total annual operating cost for slurry pipelines
is given by adding Cig v C20 , and the costs for slurry
preparation and dewatering:

3

T+ 1.40 x 10°)D

C ($/yr) = 0.0602 T + (1.87 x 10

O 1
+1.30 x 10/ (56)

Total Annual Slurry Pipeline Cost

The total annual cost for slurry pipeline transportation,
Cpr 7 is found by adding equations (49) and (56). If it is
assumed that F 1is 0.1l5, then the result is given by eqgua-

tion (57):

Cpr ($/y1) = 6.5107°°8 4+ 5. 33p0-9
+ 5.81 x 10° D (1 + 1.5 x 10”7 ¢0-83,

+ 0.0602T.+ (1.87 x 10 °

+ 1.30 x 107 (57)

T + 1.40 x 10°) D,
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For the case at hand, where T is 10 million tons per yvear,
equation (57) may be simplified for computational purposes

to

c.. ($/yr) = 8.38 x 10° D, = 2.08 x 10 (58)

Tl
APPLICATION OF COST MODELS

Optimum Rail Route Determination

Table 8 shows the results of applying the rail cost
model to the 27 alternative routes from Kaiparowits to Bar-
stow, California. The least expensive route is No. 20, which
is marked by double circles in Figure 5. It should be noted
that the next four routes in order of increasing cost, Nos.
22, 17, 21, and 18, have costs within $0.10 per ton of the
optimum route. Given the rough nature of several of the unit
cost estimates, especially that of new rail, tunnel, and
bridge coﬁstruction, any of a dozen low-cost routes could
very well be the least expensive one. The model appears to
be relatively insensitive to these construction unit costs;
raising the latter by 10 percent would increase total annual

costs by 1 or 2 percent.

Table 9 summarizes the costs of transporting coal by
any of the five lowest~-cost routes to three.alternative South-
ern California powerplant sites. Increasing the total route
distance increases the cost differential among alternative
routes, but the difference between the costs of Routes 20 and
18 is still only $0.03 per million Btu at most.
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Comparison with Other Rail-Based Coal-Supply Scenarios

To see whether the extensive new construction required
for rail transportation from Kaiparowits would raise trans-
portation costs enough to make this coal significantly more
expensive than coal from other western sources, the rail
transportation cost model was applied to 12 other coal-
source powerplant scenarios, none of which would require ap-
preciable new construction. Book Cliffs, Utah, and Grand
Hogback and Carbondale (GHC), Colorado, represent rela-
tively high-Btu, deep-mined coal sources, while the Star
Lake, New Mexico, and Kemmerer, Wyoming; coaifields provide
surface-mined, relatively low-Btu coal. Book Cliffs and
Star Lake are at about the same distance from Southern Cali-

fornia, while GHC and Kemmerer are more distant.

Table 10 shows the costs of transporting coal from Kai=-
parowits and the four alternative sources to the three rep-
resentative Southern California powerplant sites. For the
shipment of 10 million tons per year of coal, the Kaiparowits
transportation cost is from 17 to 89 percent more expensive
than those of the alternatives shown. When the gquality of
the coal is taken into account, Kaiparowits is at less of
a disadvantage. The shipping cost in cents per million Btu
is at most 67 percent higher than that of the least expen-
sive alternative. That the cents-per-million-Btu cost of
transporting Kemmerer coal to California is only slightly
lower than that for Kaiparowits indicates that the latter
source may be competitive (at least as far as transportation

is concerned) with low-guality coal from distant sources.
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Coal Slurry Pipeline Costs

Table 11 shows the results of applying the slurry pipe-
line cost models to the hypothetical pipeline routes shown
in Figure 4. sShipment of 10 million tons per Year would

cost about $50 million per year.

Comparison of Rail and Slurry Transportation Costs

It is beyond the scope of this Bulletin to compare rail
and slurry pipelines in general. 1Indeed, as recent studies
for the U.S8. Congress have shown,s’7 generalizations made
from route-specific economic and environmental analyses are
likely to be invalid. Table 12 shows three measures of the
cost of transporting 10 million tons per year from Kaiparo-
wits to Southern California by the two modes. By the measure
of dollars per ton--which is of most concern to the utility
receiving the coal--the slurry pipeline alternative is deci-
dedly cheaper. Indeed, for Cadiz and Blythe, the slurry cost
would be less than half that for railroad shipment. The
decisive factors in the advantage of slurry pipeline trans-
portation in this case were the pipeline's shorter distance
and the need for extensive new rail construction. This was
discovered by running the model for the same respective rail
and slurry pipeline distances but without any new rail, tun-
nel, or bridge construction. For any throughput up to about
7 million tons per year, rail shipment is less expensive; at

all higher throughputs, slurry pipelines are cheaper.

When rail and slurry pipeline costs are compared on the
basis of mills per ton-mile, the cost differential is much
smaller; indeed, for shipment to Cadiz and Blythe, rail
ton-mile costs are lower than those for pipelines. This is

a prime example of the danger of using the ton-mile measure
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to compare costs of different transportation modes. Here
rail ton-mile costs are lower simply because the cost in
mills per ton is divided by a larger distance than that for

pipelines.

Finally, the initial capital investment cost for rail
transportation would be about twice that for pipelines. 1In
this case, due to the extensive rail construction, the an-
nualized capital cost represents about the same percentage
of the total annual cost (60 percent) for each transportation

mode.

DISCUSSION

Development of the coal resources of the Kaiparowits
Plateau will require either extensive new rail construction
or a new coal slurry pipeline. 1In this particular case, the
slurry alternative would be significantly cheaper, in terms
of both capital investment requirements and annual costs.

Rail transportation from Kaiparowits would be more expensive
than transportation from other western coal sources, although
other factors could compensate somewhat for this disadvantage.
For example, other coal deposits may already be committed to
other markets. Long-term, low-price contracts for coal pur-
chase might be arranged (although such arrangements are not
now made for rail movements), so that the sum of purchase

and transportation costs may be competitive. For example,
while Kaiparowits coal is not in commercial production, it
may be reasonably assumed that its mine-mouth cost would be
comparable to, and slightly higher than, the cost of coal

from the Book Cliffs, Utah, coalfield.47
escalated at 6 percent per year to 1977 dollars, would be
$0.515 per million Btu. The total delivered fuel cost at

This price, when
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Barstow would thus be $0.94 per million Btu, which, though
comparatively high, is by no means unreasonable in today's
energy market. Using the energy conversion assumptions
given in the Introduction, one finds that the total fuel

cost to a powerplant would be about 9 mills per kWh.

One topic which this Bulletin has not addressed is
that of the "soft costs" of coal transportation.48 These
are defined as costs which are not readily gquantifiable yet
which may still heavily influence decision-making. For ex-
ample, while coal slurry pipelines are demonstrably cheaper
in this case, it may be legally or politically impossible to
obtain the necessary 6,000 acre-feet per year of water and
transport it from an Upper Colorado River Basin state to a
Lower Basin state. The extensive new rail, tunnel, and
bridge construction may incur a number of environmental im-
pacts;6 impact statements must be prepared and filed, and
délays could add to the construction cost. Other soft~cost
considerations are the use of diesel fuel for railroads ver-
sus electrical energy for pipeline operations; the greater
potential of railroads for regional growth stimulation in
areas presently unserved by major transportation networks;49
and the certainty of long-term pipeline contracts versus the

short-term nature of rail tariff agreements.
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GLOSSARY

algorithm a computational procedure
British thermal unit a unit of energy, defined as the
(Btu) quantity of heat required to

raise the temperature of one
pound of water by one degree
Fahrenheit

busbar a connecting bar carrying heavy
electrical current to supply
several electrical circuits; in
this Bulletin, "busbar costs"
are those for electricity at the
point where it leaves the power-
plant, before transmission
elsewhere

dewatering facility a facility for separating coal
: from water at the end of a
slurry pipeline; may consist of
centrifuges, filters, etc.

hopper car an open-top railroad car used
for transporting bulk commodi-
ties such as coal, grain, ore,
or gravel

load factor the fraction of the time that a
facility, such as a powerplant
or slurry pipeline, is in

operation

mill _ one-thousandth of a dollar; one
cent equals 10 mills

single track a set of two rails, ties, and
ballast

slurry a suspension of a finely divided

solid such as coal or iron ore
in a liquid, such as water

slurry pipeline a pipeline used to transport a
suspension of solids in a car-
rier medium such as water

throughput the guantity of material passing
through a system; e.g., a pipe-
line may have a throughput of
10 million tons per year of coal
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