BELTCON 1

BELT CONVEYORS - DESIGN, OPERATION AND OPTIMIZATION

PAPER B1

A COMPARISON OF OVERLAND CONVEYING SYSTEMS

I. Zandi Ph.D.

Dept. of Civil and Urban Engineering
University of Pennsylvania
U.S.A.

University of the Witwatersrand
S.A. Institute of Materials Handling
S.A. Institution of Mechanical Engineers



A Comparison of Overland Conveying Systems

by

Iraj Zandi, Professor
Department of Civil & Urban Engineering
University of Pennsylvania
Philadelphia, Pennsylvania 19104

I - Introduction. A cost comparison among various modes of transporting minerals
and coal is sensitive to the transportation configuration, i.e., location,
transport distance, and the number of terminals; annual tonnage; the size of
shipment; the design parameters, i.e., among others, the characteristics of raw
materials and the users specification; and the methods of accounting. To be
realistic, the conditions under which the comparison is made should be identical
for all modes. Thus, for instance, if the user requirement necessitates crushing
of the material to a fine consistancy, the cost of pre-sizing in the sturrifi-
cation plant should not be included in the comparison.

When a bulky material is to be transported between two points, the shipper
has a choice of selecting among the following modes of transport or an appropriate
combination thereof: truck, rail, freight pipelines (slurry, pneumatic, and
capsule pipelines), conveyor belts, and sometimes barges and ocean going vessels.

Whenever these facilities exist the proper method of cost estimation would
be to contact the operating companies involved. However, if there is a need to
construct a new facility or to extend the one that already exist, a component
analysis would be the most accurate way the estimate can be developed. Such a
component analysis would include capital, operating, and maintenance costs of each
component of the system:

n n
C= i C.F, + 5 0. (1)



where C = the total annual cost of the system in dollars, n = the number of
components, Ci = capital cost of i-th component in dollars, Oi =
- operation and maintenance cost of i-th component in dollars per year,
r = annual interest rate (o<r<1.0) [0.06]%,

Fi'= cap1ta1 recovery factor equal to -———-ll—-—— s Ny = 1ife span
associated with i-th component in yearl ;nd) Index for counting cost
components ., **

The structure of the cost model for slurry pipeline, preumo-capsule pipeline,**
rail, and truck is shown in Figures 1, 2, 3, and 4 respectively.
The annualized cost per ton-mile in dollars, Ci, can be written as:

a C
C = ol (2)
where Q = the annual freight transported in tons per year, and LM = the

transport distance in miles [30d].

The cost estimated according to Equation (2) is composed of two components:
fixed and variable. While the fixed cost remains constant, the variable cost changes
with time. A more comprehensive cost estimation may be made by evaluating the
present value of the total cost over the 1ife span of the coal pipeline. In this
procedure the variable cost needs to be increased annually to account for inflation.
Subsequently, future annual cost must be discounted to represent the present value
of future expenditures. The summation of these inflated-discounted costs
represents the project's present value. This statment can be formulated as:

n N n
T+r! :
I C,+ & zo( ) T C
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t : N
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* Numbers in [ ] refer to numerical values in calculating costs shown in Figure 1,
see Comparison. Note that the values of financial parameters were selected for
the comparison with OTA study.

** Note that equation 1 assumes zero salvage value.



where Ct = the pfoject'é present value in dollars per ton-mile,* r' = the rate

of inflation [.06], ¢ = the discount rate [.12], r = the interest rate [.06]**

N = Tife span of the project in years [20], e = the annual rate of freight
increase [,03], and T = index for counting years of operation.

The present gaper discussés the cost model for slurry pipeline. The cost
models for raiT(] . truck(T), and capsule pipelines are described elsewhere.

The cost models for barges, conveyor belts, and pneumatic pipeline are under
development.

*If components of. the project have different 1ife spans the, the term

n . N n . T=N. n o
) C;»> in equation (3) must be replaced by R L ¢ $ic,) (1er')7
i=] . =1 1 10 =19

" L

TN, o m T - | '
Tgc | (kélck) (et} () - where.N] and N, are the Tife spans in

years of n, and n, components of the system. It is assumed that no major
component ‘of the“system will be replaced more than once in the 1ife of the project
and also all components inflate at the same rate. If further refinements need to
be included, the replacement term becomes more complicated.

Such complication is
not warrented for preliminary evaluation of a pipeline project.

**It is assumed that the capital will be needed in three successive years during the
~ construction phase of the project. '



11 - Slurry Pipeline System < A slurry pipeline system is composed of the following

major components: slurrification plant, pipeline, pump stations, communication
system, and dewatering plant. In a typical plant such as Black Mesa, coal
entering the system first is crushed, dry, in cage-paktor crushers to a % inch X 0
inch size and then by wet grinding in rod-mills,to below 8 mesh (.093 inches)
size. Slurry thus produced in rod-mills, is delivered into holding tanks prior to
being pumped 273 miles in an 18 inch pipeline to Mohave generating station. Four
pumping stations along the line provide the required energy for the transport. At
the Mohave dewatering plant the slurry is stored in agitated tanks prior to being
passed through a series of Dynacone'centrifuges to separate the water from the coal.
The moist coal is sent to pulverizers where it is dried with hot air and fed to
the furnaces while the supernatent is treated through c]afif1occu1ators.(3)

While future slurry pipeline systems may be designed somewhat differently
than the Mesa pipeline, the differences will not be extensive. Future improve-
ments in facilities and equipments are bound to reduce cost in constant dollar
rather than increase them. Therefore, a cost estimate based on Black Mesa pipe-
Tine design may be treated as a conservative estimate and used with reasonable
confidence in feasibility studies. Thus, in development of the cost model .which
follows, first a design, similar, in its major components, with Black Mesa pipe-
Tine system was assumed and then the cost of each component was formulated.
Subsequently, these cost formuTae were incorporated via the use of equation (2)
or equation (3) into a pipeline system cost model. Equation (2) may be used
when the annualized cost is of interest and equation (3) when the project's
present value is needed.

In costing the equipments, the following "type formula" was used for
scale=up:

C o= (LM - .
Cn = S5 (4)
n
where Cm = the %nstalled cost in dollars of a given equipment of the capacity

. in T/h, Cn = the installed cost 1n dollars of the same equipment of
the capacity n in T/h, @ = a scale up power having a value between
Q0 and 1. ,

This formulation allows the estimation of the cost of various sizes of a given



equipment when the cost of a single unit, of the same type, is known. In
developments that will follow, we will assume that Cn for a given egquipment of
capacity a4, is known in a given base year. When the unit used is the same unit
for which the cost of installation is known then, Cm_= Cn.
A - Capital Cost

1 - Slurrification Plant - Coal reaching sturrification plant normally
consists of lumps smailer than 2 inches. This coal enters first the cage-paktor
and {s crushed to minus % inch and then into the rod-mi1l where slurry is
formed for pumping. The major components of a slurrification plant are cage-
paktor, rod-ni]ls,'storage tanks and mixer. In addition, there are other equip-
ments such as conveyer belts, p1p1ng, and c1rcu1at1ng pUTPS ..

- @ - Cage-paktor - This equipment crushes ‘coal 1umps by propelling them

aga1nst solid surfaces at a proper veioc1ty The installed cost of a unit cage-
paktor can be written as: '

ccu.=-qbu f=cfu.+ Cou * Csu * Ciu (5)
where Ccu = the installed cost of a unit of cage-paktor with the capacity

a, T/h, Cbu = the unit's base price, Cfu = the cost oflfreight and
handling, Cmu = the cost of motor control and instrumentation, CSu =
the cost of foundation and support, and Ciu = the installation costs
all in dollars per unit.
The total cost of cage-paktor insta]Tation.for a slurrification plant which
uses N units, each having a capacity q,> is:

C. =(N+a)C (6)

cage cu N

where ccége = the total cost of N cage-paktor installation in dollars,
= the number of standby cage-paktors, I = the Engineering News
Record Cost Index ratio (1977) [11.

Using the formulation of Equation (4) we can write:

*In this papeé cost indexes ara given as a ratio of the index at the design
year to the index at a base year. The base years are shown in { ) after
each index. T



q
- Uy .
ccage = (N + a) C, (E;) Iy (?)

where N= QarT%l—?rd rounded to its nearest integer, as shown by
op -

subscr1pt r.
" The knowledge of the installed cost of a cage-paktor of capacity Gy

allows the estimate of the installed cost of cage-paktors needed for a system
using units of the size 9y

In 1977 Bernstrom(4) estimated the installed cost of six 300-tons-per-hour
cage-paktor units for a 10,000,000 ton per year coal slurrification plant in
dollars. This estimate is shown in Table 1.

Table 1 - Breakdown of Cost of Installation of
Cage-Paktors (75") 1977, in Dollars

Six Units . Th =
each having One Unit of %

300 T/h capacity 300 T/h capacity
= 176,666=180,000

Base price 1,060,000

_ Cbn
Motor Control & Instruments 365,000 cmn = 60,833= 61,000
Foundation & Support 60,000 CSn = 10,000= 10,000
Installation : _60,000 cin = 10,000= 10,000
Freight & Handling = 110,000 C,p = 18,333= 20,000
| ST,705,000 - TEETETIn

The C column has been estimated by'simp1e proportioning. If plants of
larger capac1t1es use multiples of 300 T/h units (Black Mesa pipeline uses
‘three) then 4, =9, and equation (7) becomes:

ccage = [(2_40—03?)} * f-‘] N ‘ | (8)



where Cn = 310,000 $/Uni€'of 300 T/h 75" cage-paktor fnstal]éd, a = one

or two (in Black Mesa it is one), and Iy = 1 for 1977.

b - Rod Mi1l - In the rod mill, the coal sizes are further reduced by wet
grinding to acceptable distribution for pipe transpori. '

The installed cost of a unit of rod-mill, can be written as:

v = X . ‘ 1 . .
Cu ™ G * Chu * Chu * Ol * Ciu* Oy * S e

where C;u = the installed cost of a unit of rod-mill with the capacity q»
' T/h,.Cbu = the units' base price, Céu = the cost of motor control and
instrumentation, C%q = the freight and handling charges, C;u = the
- cost of foundation and support, C%u = the installation cost,
_ . C;u = the cost of initial rod charges,
and Céu = the building cost, all in dollars per unit.
The total cost of rod-mill installation for a slurrification plant which
uses N' units, each having a capacity q& in T/h is:.

crod = ;N + b)cru IN _ ‘ (10)

Following the formulation of Equation (7) we can write:

. - ot + [] qlll 8 ‘ ] . (11 ) .
Crod © [(N b)cn (E;a * Crc] Iy ' '
where crﬁd =-thé installed cost of rod-mills ihsta11ation_in dollars,

Cﬁ = the instalied cost (known) of a rod-mill with capacity q;
T/h in dollars per unit, 8 = the scale-up power, C;c = the cost
of a rod-charging facility in dollars per unit
In 1977 Bernstrom 4)'presented a cost estimate for rod-mill installation
based on 6 units of 300 T/h capacity. This breakdown is shown in Téble 2

*A 10 per cent miscellanegus cost was assumed.



Table 2 - Breakdown of Cost of'Insté1Tatibn'of (13" X 18') Rod-Mills in

8

doliars (1977) .
$ix Units each having One unit of g}=300

300 T/h capacity T/h_capacity
. L}
Base Price 4,060,000 Con = 576,655.=700,000
e
Motor Control & Instruments 665,000 Ccﬁ!=‘110,833 =111,000
. | ‘ )
Freight & Handling ' 290,000 . . Cen = 48,333 =~ 48,000
. . .-
Foundation & Support 270,000 ) csn.=- 45,000 = 45,000
" ]
Installation © 230,000 Cin. = 38,333 = 40,000
! .
b
Equalized building L 110,000 cd,.= 18,333 = 20,000
$ 5,815,000 € = 969,164 2996,000
ot . i ) ]
Rod Charger Machine : . crc = = 35,000

Assuming that through-put warrants: the multiple use of the 3007T/h unit, then

q'

=|
u

where

and equation 11 can be written as:

: .= f_J_ & ¢ | ‘ '
.crod {[‘24Dopqn l * b] Cn * Crc IN : iz}

t

Cn = 996,000 X1.1* dollars per unit of 300 T/h (13' X 18" Rod-Mills
instaTTed},‘b = one or two (in Black Mesa pipeline it is one} [1],
C;c = 35,000 in dollars per unit, and IN = one for 1977.

¢ - Storage and Mixing - A few hours of slurry storage at the slurrification

plant must be provided. To maintain the consistancy of the slurry it should be

kept uniform by mixing. The volume of storage in cubic feet at the slurrifi-
cation plant, Ss, can be written as:

*1.1 1s a coefficient taking account of miscellaneous costs.



.'Q- -
2000Q
Tt (Y—s)ts (C c)t
g = S8._8s °__¢ § 03)
s D I Y0 | 13
op op s op
*
where t_ = the duration of storage in days and may vary between .4 and .8 ,
s .

—V; = the volume of slurry in cubic feet per year, w = the weight of
slurry in pounds per year, Q = the weight of dry coal in tons per
year, Cc = the concentration by weight of coal in slurry in fraction
[.48], and y_ = the specific weight of slurry in pounds per cubic

s
foot and is equal to: '
< 1
ot o, Ut (14)
where Yo = the”specific weight of coal in 1b/ft3 [1.41 x 62.4], and
v, = the specific weight of water in 1b/ft’ [62.4].

Cost of storage and mixing can be formulated as follows:

= ' 15
cst cstu‘ss.IN ) : : (15)
cmi N cmiu Ss IN ' - (16)
where Cst = the cost of storage in dollars, Cstu = the cost of storage per

cubic foot of storage in dollars [.8], Cmi

the cost of mixing in
dotlars, cmiu = the cost of mixing per cubic foot of storage in
dolars [.3]. | '

In fact, Cstu and.cmiu_are both functions of the storage capacity. However,

the relative amount, compared with the cost of other components,are so small
th;t the assumption of constant values will not introduce too great an

approximation.

*At Black Mesa slurrification plant Tour Eanks, each with dimensions of 49'
diameter by 45' height provxde storage for a transport system of 370 tons per
hour of coal.
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d - Cost of slurrification plant - In addition to the above major

components, a typical slurrification plant includes raw coal bins, conveyer
belts, cyclone classifier, distributor, and pumps. A1l these are small and
uncomplicated mechanical systems and can be cost EVa1uated individually if it
is so desired. However, for the feasibility study it is sufficient to add a
certain percentage to the costs of other components to take care of these items.
Therefore, the cost of sTurrification'p1antlcs1, in dollars can be written as:

C 3 {ccage *lrod Flst * Cmi} (1+e) Iy _ (a7)

where g=the coefficient f@r miscellaneous costs [.1]_~

Using equations 8, 12, 15, 16, and 17 one can write:

op “n

{[(240 e F 2l * [(‘24—0_0—') ¥ b]‘”n * et

(c

stu * cmiu) SS}IN ‘ . (18)

Notging that Q = 1+ W)Qc, where W = the moisture content of coal as it arrives

at the slurrification plant in fraction [.08], and substitution from previous
equations will yield:
9,1 + W) . T
-C s1 = {| sr——— (Cn + Cn) + aCn +-an + Crc + (C

24
D pq

stu+ cmiu)

2000 £ Q. fC v, + (1 - C.)y (19).

c + 8y
C oY YWDOP - %}IN (1 | )




11

2‘- Pipeline - The cost of Cross Country 1ine-haul in dolilars, Cc, can be
written as: '

(2
1

LR+ P+ P (L = L) +PLT (14 5) (20

where PM = the cost in dollars per 1ineal foot of pipe delivered at the
site, PI = the cost in dollars per lineal foot of installation, Pw =

the cost in dollars per lineal foot of right-of-way, Lc = the total

length of cross-country pipeline in feet including river crossings
[1425600], Lr = the length of river crossings in feet [15840], P. =

the cost of river ¢rossing in dollars per lineal foot of crossing,
and E. = 2 coefficient for miscellaneous costs [.01].

The following equations have been developed e]sewhere:tz)

o
]

2150tT_ | o | R

where Im a ratio incorporating the pipeline price change with year1973[1.43]#,

D = the inside diameter of pipe in feet, and t = the thickness of the
pipe in feet [.03].
(2)

- Installation cost 1s given as:

A 920 1.1 ' o
Py =0.:0.40u Py T L4 (22)

where W = the wage rate factor which is a ratic of average annual wage rate
in the gecgraphic location under consideration over the average annual
national wage rate [1.021], P4 = the population density in persons
per square mile [265], Ii = the ratio of ICC pipeline construction
index for the design year over the same index for . the base
year (1973) [14 1. | |

*See reference (8) for more information. The ratio can be approximated by
using whole sale price index.
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The right of way cost was found to be ( ):

P, = 0.04P I, , _ (23)
where If = the ratio of the Farm ﬁea] Estate Index for the design year over
the same index for this study base year (1973) [1.0].

‘The Cost of River Crossing was g1ven(5):
P.= .04D1,L, - (24)

where I, = the ratio of the ICC Pipeline Constructxon Index 1973 [ 1, and
Lr = the length of river crossing in feet..
therefore:

~ - i

[(21snt1 + 17000H" 92 P, 11 +.04P 1) (L -L ) + 04DI,L 16, J(r+g)

.(25)

-~ .

3 - Pumgs - Long d1s£anée slurry pipelines are designed to maintain an 1nter-
mediate regime. An accurate method of predicting energy losses in such a
system has been proposed by E. Uasp(S)'and nis co-workers at Bechtel, Inc
This methodology is comurehens1ve1y detailed and depends on many variables.
However, if the designer wishes to create a system which operates in a similar
'reg1me as occuring in Black Mesa pipeline, J. Herb1ch(6) has suggested a very
simple calculation based on rheology of coal slturry of Black Mesa type. He
suggested the use of Darcy-Weisbach head loss equation with a friction factor
calculated from Moody diagram using the viscosity and deﬁsity of slurry to |
calculate the Reynolds number. This simplifies the calculation considerably
without loss of much accuracy.

The Darpﬁwe1sbach equation is :

hg =T =3 2g - (26)

where hf = the pressure loss per lineal foot of pipeline in be}ft /ft, ap =
the pressure loss in 1bf/ft2 for a distance of L ft, f = the friction
factor [.0193], D = the inside diameter of pipe in ft.
= the specific we1ght of siurry in 1bf/ft3, Y= the velocity of
s?urry in ft/sec [ﬁ?], ahd g = the acceleration of gravity in ft/seez-
[32.2].



Friction factor f can be evaluated from the Moody diagram using Reynolds number

VDps '

NRe = —u;ﬂ ) ' C27)

where P and . are the density (s1ug/fr ), and viscosity of slurrv Herbich
suagested that the relationship developed hy Wasn and shown in figure 2 can
be used as a hasis of calculating ug. Horsepower required:

h'f.VAL c

= : 28
- e
where .78 = the efficiency of the pump, L = the length of pipe in ft, and

A = the cross section of the pipe in ft2
The cost of pumping stations, cpump’ is proportional to the 1nstal1ed horsepower
and can-be written as:

3
C f

¢ “c w1 __4guhf VAL.I, _ Sou TgVTA L.

' = e~ T 550 %x .78 29 X 550 X .78 (29)

pump pu

where Cp = the cost per one horsg_power installed in dollars [600], and I
ICC pipeline Cost Index Ratio (1976) [11].

4 - Communication - This cost is small and will be included in the
miscellaneous capital cost. ,

5 - Dewater1nc plant - A typical dewatering plant s shown in Figure 1.
It consists of a series of active storage tanks, centrifuges, pulverizers,
clarifiocculators, and a system of reslurrification of coal stored in inactive
storage basins.

a - Storage tanks and Mixing - The active storage requirement of the

dewatering plant is larger than that of the slurrification plant It can be
estimated from the following equat1on

V 2000 Q E: '\r + -C )‘f J
Sn = ------—..s t. = _C
D D D C cY D (30)

op . ch op
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where SD = fhe_storage requirement in ft3, and tD = the detention time in
days [7]. ' '

A value of 4 to 7 days may be selected for tD' Following formulation of

equation 15 and 16 we can write: '

Cst ® Csty Sp Iy R (31)
' ’ '
Coe = Caiy Ss Iy | - : (32)
. v : ‘ _
where . cst = the cost of storage in dewatering plant 1in dollars, and Chc = the
cost of mixers in the dewatering plant in dollars,
Combining equations 3G and 31, and 32, we find:
st ';cYch de (33)
Cf. N 2000 Q [Cch + (1 Cc)Tc] ] Qniu tD_IN
mi Ty, Dop (34)

pipeline built in Ohio the disc filter was used to perform the dewatering
function. At the later stage, however, they fnstalled, for a period of one

The Mohave dewatering plant of the Mesa pipeline uses exclusively centrifuges
for dewatering. The slurry from the slurry tanks are pumped into a total of 20
Dynacone centrifuges, where it is dewatered. The coal cake then is conveyed to
bulverizers where it is furthur dried and sent to furnaces. ’

The cost of centrifuges and pulverizers can be formulated as follows:

»

= TRV.¥N U .a .
Ceent = (N, + 2 % S

(35)
a4 N



. N qun _ :
- = c m " g' ‘ 6
Co = (7 +a") o - —)° 1, (36)
n .
where N, = ( ) the number of centrifuges required, rounded to its
240op q -

nearest integer (Subscr1pt r implies rounding operation), V_ V = the
volume of slurry in ft /year, C" = the cost of a unit centr1fuge

~ having the capacity of q" ft /h [1600] in dollars {known at the base
year) [230000], « the scale-up power, arying between 0 and 1),
a"= the number of standby centrifuges [2] q" = the capacity of the
centrifuge selected in the design in £t /h [1600] Coent = the total
cost of centrifuges at the dewatering p]ant in dollars, Cpu] = the
total cost of pulverizers at the dewatering pilant, a"' = the number

~ of standby pulverizers [2], C"' = the cost of a unit of pulverizer
having the capacity of q"' T/h in dollars [30000] q"' = the capacity

- of pulverizer selected in the design in T/h [60] ( ut is solid
content of 2 q"), and 8' = the scale-up power (vary1ng'between @ and 1).

When the unit used in the design s of the same capacity of the unit for which

the prices are known then q = qp, a3’ = qp's
| AA _
= nyan - S n{pw
Ceent = (N +2")e I [( ) * a]cn N (37)
24D r _
Op .
C = ( NC + au_t) e I o= __,_TL_ + a"ic “"I
pul 2 n N " n N (38)
. | 24D, qp /r -

¢ - Clariflocculators - Dynacone centrifuge's effluent still contains
significant amounts of fine coal (about 8.5 per cent) and needs to be treated to
make it suitable for discharge. The cost of clariflocculators in dollars, Cer?
can be formulated as: '

=Y ¢

ccl cen “clu

Iy -_ | '  (39}
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. ZOGO'Qc (1 - Cc) .
where vcen = g~ = approximately the flow of centrate
Cc Do X 7.48 x 10 .
p ) -
in million gallon per day, and cc]u = the cost in dollars of treat-

ment facility per million gallon capacity [72000]. Therefore:

26 Q, (1-¢) 10-3

C.q : € I
cl cc Dop- ‘ ‘ciu °N

(40)

d - Cost of dewatering plant - Ih'additioh to above major equipments
a dewatering plant includes others. Haivorsen(7) in 1976 presented a
. - cost estimate for a centrifuge plant capable of handling 970 T/h
coal (See Table 3). . '

Table 3 - Cost Breakdown for a Centrifuge Plant,
970 T/h (1976)

Cost in § % of Total

Storage tanks 4-125" diam X 87° 8,960,000 24.9
Mixers | B 2,770,000 7.7
Charger pumps 6-14" ¢t (2 sp) ‘ 431,000 1.2
Effluent sump & pumps | . 79,000 0
Centrifuges . _ 8,400,000 23.3
Main Effluent Thickener 12-160" 550,000 _ 1.5
Additicnal boiler cost - | 2,730,000 7.6
Piping _ - - , 799,000 2.2
Foundation (no piling) & £i11 973,000 2.7
Misc. structures 54,000 .0
Emergency pounds, 3 @ 115,000 tons ea. 777,000 2.1
Reclaim system ‘ 898,000 2.4
Misc. Electrical _ 1,848,000 o 5.1
Engineering profit contingency . 6,731,000 T%%fgb

From Table 3 it can be seen that the cost of componenté calculated
separately above comprises about 65% of the total. Therefore, the cost of
dewatering plant can be writien as:
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. . 20000.[C v, + {1 - C.)v.] +0 o eyl Vo .
de B "wlop stu " “miv’ ‘-Eﬁ"ﬁ;;'ﬁﬁ r

oo+ ooy » 2% - ¢ )07 : .
n n _EcDop ciu (1+¢ )IN . (41)

where 8" = a coefficient having a value approximately 0.35

Lost of Slurry Pipeline - Combining equations 18, 25, 29, and 41 will yield
the capital cost of slurry pipeline. The sum of all elements need to be in-
creased using an appropriate miscellaneous coefficient:

= I - . C ity . )
ccap- [y +C. + cpump +Chd (1 +2") (42)

where z® = a coefficient having value of [1]
B - Uperation Cost - Operation cost consist of costs associated with sturrifi-

cation plant, water, energy, corrosion prevention chemicals, dewatering plant,
labor, repair and supply. insurance, administration, and taxes. Ih‘the formu-
Jation that follows we have included the labor cost of all components including
sturrification and dewatering plants within the labor category. On the other
hand, energy catagory only includes the energy required for pumps;' Other
. energy requirements such as the need of slurrification and dewatering plants
are included in their specific components costs. ; )
1 - Slurrification plant -~ The annual cost of operating the slurrification
plant, exciuding labor, water, and chemicals; can be written as:

0

O-'

(0 rod * O0r) (14 ") (43)

' +
s1 cage

the cost of operating the plant in $§/Y, ocage = the cost of
- operating the cage paktors in $§/Y, Okod = the cost of operating the
rodmills in §/Y, Onix = the cost of operating mixers in $/Y, and

¢' = a coefficient to account for miscellaneous cost in fractions.

I

where 051.

However, using formulation of equation 4, we can write:

0 =2 (N +a) on(:—")“’ I _ (44)

cage nocS

-. | o | o
Opgq = (N + b) % (E;) Ies . . (45)



=

Also: 0. =VO0I =-20

mix smes oy (46)

mIcs
where 0n = the cost of operation of one unit of cage-paktor with the
' capacity q, T/h [300] in $/Y {35000], 0' = the cost of operating
one unit of rod-mill with the capacity q T/h {3007 in $/Y [33000],
0, = the cost of operating the storage tanks and mixers
" in dollars per year per ton of slurry treated [.00013] o =
scale-up cdefficient’(petween 0 and 1), 0’ = scale-up coefficient
{between 0 and 1) and I = ICC Service Ccﬁsumer Price Index ratio (1977)
[1.0]. '

When units selected for the design are of the same capacity as the units for
which prices are known q, = g, and:

Ocage = (N +a) 0, I | | )

= (N+b) 01

0 n “cs

rod (48)

The equation for annual cost of operation of slurr1f1cat1on plant can be found
. by combining equat1ons 43, 46, 47 and 48 to yield:

= EQFTTT__' +a) 0, * ( 28D, o -+ b) 0, * Omix] Ies (49)

op n
Bernstrom in.1927'presented a breadkown of operating cost for a cage-paktor
and a rod-mi1T. ‘This is shown in Table 4.

Table 4 - Breakdown of Operating Costs of one Cage-paktor
and one Rod-Mill in Cents per Ton, 1977

78" Cage-Paktor 13' X 18' Rod-MiT1l
(300 T/h) (300 _T/h)
Power - 9.86 9.28
Labor (Operating) ' 0.81 . .0.81
Liner Replacement : - "3.24 . 2.28
Grinding Rod Consumption - ' ' 0.89
Maintenance & Supply 0.33 ’ 0.4¢9
Repair Costs _0.62 . 0.75
Total 14.86 o 13.69
minus labor cost ' _0.81 0.81

Total in cents per ton : 14.04 ' 12.88
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Using this information one can write for the annual cost, of operating a 300
T/h unit in dollars as: ) -

= | = .‘-1".. | 50
0n .1494 X 300 X 24 x Dop 1011 Dop 350,000 _ (50)
ba 1 = | 51
0.n .1288 x 300 x 24 x Dop 927 Dop==330,000 (51)
Bernstrom data also can be used for estimating Om.' He gives the cost of

operating the mixing facilities to be .0075 dollars per ton of slurry.
. 2 - Energy, Water, Chemical and Labor

where

...o-en = WP x .74 x B x 28 x Dy I | (52)
L= M, - €W -
_e’s c's 53
O = —7asx 73560 — * Cwles - _ (533
Opp = Vg % Wy x Cch x I _ . (54)
OL. =.NL X SL X ICS . . ' (55)
0., = annual energy cost in $/Y, HP = the required horsepower (see

equation ~ 23}, Ec = the cost of one KWH electricity in $/KWH, [.021,
W = the coal moisture as it enters the slurrification plant in

fraction [.08],‘Cw‘= the cost of one acre foot of water in $/af [160],
"ch = ;he concentration of chemical for corrosion protection in

155{ft [.001], Ccp = the cost of chemical in §/1b [1600], 0, =
annual average labor cost in $/Y, N, = the number of laborers (Mesa
pipe1ine-emp1oyee$ 84), and 5, = the salary of an average laborer in

- $/Y [12000].

3 - Repair & Supply, Administration, Insurance, Tax, Misc.

These costs have been developed elsewhere(8) and are:

= -6 ' . . : -
Ogs = 6 x 10700, (1.00¢ s)1, + 180p1, (56)

»
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= | : | 57
in 0.320 ICI _ , (57)
04 =07 Q1 : . ' {s8)
0 "t (C,+C +C._+C,) |
tax = ypr VUsT 7 e T pump T “de (59)

= L +Ln.= the d1stance between terminal of origin to term1nal of
dest1nat1on in feet, wf the fraction of r}ght- of-way in wet land
(vs. dry land), [0.03], Ié.= the ICC. Pipeline Cost Index Ratio (1977)
[1]. HP = required horse power, and I, = the ICC Pipeline Construction
Index ratio (1977) [1].

-y ——— . P - -

1 the Serv1ce Consumer Pr1ce Index ratio (1977) [1] CI = the

cs
Insurance and Finance Consumer Price Index ratio. (1877) [1] and

ry = the tax ratic on assessed value of the system in percent [ 1J.

4 - Dewatering plant - Since no breakdown of overating cost of individual

equipment within a_dewatering plant could be found in Titerature, the data
given by Halvorsen was used to formulate this item. Table 5 presents the
annual operating cost for a dewatering plant of 970 tons per hour ¢f a 8 per
cent moist coal. '

‘TabTe 5.. Qperating Costs of a Centrifuge Plant in Dollar per Tan of Coal 7
Operating Labor . 0.006
Extra fuel 0.340
Power 0.189
Maintenance o
pumps 012
= centrifuges 0.170
flocculators 0.800
etc. 5% 0.120

0.898 0.298

minus labor

Q

[+ N

n
oy fy
- L
10 o
n oW
~ W
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Thus, we may write:
Ogew = 0401, (60 )
where 0.d = the cost of dewatering, in dollars per ton of coal,

0perat1ng Cost of Slurry Pipeline - Annual operat1ng cost of slurry pipeline,
0, can be written as:

rRs ¥ oin‘+ Oyg * Odew + 0tax) (1+a")
(6T)

Op= (057 + 0y + 0, + 0, +0 +0

where o" = the coefficient accounting for miscellanecus costs [1].

To calculate 0 we need to use equations 49, 52, 53, 54, 55, 53, 52, 50, 51,
and 60, :

Total Transportation Cost - Using Equations developed so fan allows . uys to
calculate the annualized cost per ton-mile of transporting coal via a slurry

-pipeline system. This can be achieved by using Equation (2):

ca' [Fy(C +0.8C;; +o0.8C, ) + Fy(0.2¢, + cmp +0.2c, )] (1+) + 0,

'ti- ' . QLP/SZBO (52)

where F] and F2 = cap1ta1 recovery factors and can be est1mated by Equations:

= r . r N
N 1- (1+r) C T o (63
and r is the interest rate in fraction, N and n, are the expected Tifespans
of various components (20 percent of slurrification and dewatering plants
assumed to have shorter life span). Using Equation (3), on the other hand, will
yield the project's present value: '
e
p  (1#2r) [(c_ +0.8C, +0.8C, + €, ) + ﬁ“’(c

- pump
ct-

+02c1+0.2cde+c2)a +

(Lp/5280) Z q(1+e)7

+ EO(}:E : e |
M T | ('64)
(L /5280) Z Q(1+e)
T=0
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where CMI and CM2 are miscellaneous costs and can be estimated by finding the
products. of z" times approximate capital costs.

€ - Comparison

There are not very many independent cost estimates for coal slurry pipeline.
The most widely accepted one has been developed by General Research Corporation
under contract with the Office of Technology Assessment (OTA) of the U.S.
Congress(ﬁ). Since the slurry advisory panel of OTA was compoéed of both advo-
cates of slurry pipeline and its agnostics the information bears at least the
tacit agreement of experts. Unfortunately, the General Research Corporation's
finding has not been presented in a form that it would be possible to change
the conditions under which the study has been made and sti1l be able to predict
the cost. Tha present study, on the other hand, is formulated in such a manner
that it is possible to change any parameter of the system and observe its impact '

_on the ton-mile cost. | '

1t is not possible ta compare the results of the present study with the
General Research Corporation’s findings item by item because of different
breakdown of the cost items. However, in the capital cost category, the total
cost of installed pipeline, dewatering piant and slurrification plant can be
compared. Fig. 5 compares these costs. Considering the number of variables
javolved, the closeness of findings is interesting.

-
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COST IN MILLIONS OF DOLLARS
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