CHAPTER

6

COST
ESTI MATI ON

An acceptable plant design must present a process that is capable of operating
under conditions which will yield a profit. Since net profit equals total income
minus all expenses, it is essentia that the chemica engineer be aware of the
many different types of costs involved in manufacturing processes. Capital must
be alocated for direct plant expenses, such as those for raw materials, labor,
and equipment. Besides direct expenses, many other indirect expenses are
incurred, and these must be included if a complete analysis of the total cost isto
be obtained. Some examples of these indirect expenses are administrative
salaries, product-distribution costs, and costs for interplant communications.

A capital investment is required for any industrial process, and determina-
tion of the necessary investment is an important part of a plant-design project.
The total investment for any process consists of fixed-capital investment for
physical equipment and facilities in the plant plus working capital which must
be available to pay sdaries, keep raw materias and products on hand, and
handle other specia items requiring a direct cash outlay. Thus, in an analysis of
costs in industrial processes, capital-investment costs, manufacturing costs, and
genera expenses including income taxes must be taken into consideration.

CASH FLOW FOR INDUSTRIAL OPERATIONS

Figure 6-1 shows the concept of cash flow for an overal industrial operation
based on a support system serving as the source of capital or the sink for capital*
receipts. Input to the capital sink can be in the form of loans, stock issues, bond
releases, and other funding sources including the net cash flow returned to the

150



Net profit after toxes

Income taxes

(generally 34% of net profit

before taxes)

Net profit before taxes
=5,-C~d

d = depreciation charge
(for the books)

Profit = si —¢o
(betoee depreciation cHwvge)

$ from sales =s;
(total income)

Operations Costs for _
for |, oOperations =¢,

(not including
complete project depreciation)

N

w
Working-capital

Repayment
of

borrowed
capital

investment for

Ax
Nonmanufacturing
fixed-capital
invesiment

for pejpet

Total capital
Investment = T
=W+ A, +V

(without land
ond depreciation
charge must
write off

A, + V over
fife of

project)

v
Manufacturing
fixed-capital
investment
for project

investment
(without land)

‘ Total capital

Stockholders
dividends

Capital Net cash flow to capital sink
source from the project
and o proj
Other sink
capitol  Input Loans
Bonds Preferred  stock
Common  stock
FIGURE 6-1

Tree diagram showing

cash flow for industriad operations.

151

COST ESTIMATION

Net cash
flow from
the project
including
depreciation
write-off
for the
books

capital sink from each project. Output from the capital source is in the form of
total capital investments for each of the company’s industrial operations,
dividends to stockholders, repayment of debts, and other investments.

The tree-growth concept, as shown in Fig. 6-1, depicts a trunk output to
start the particular industrial operation designated as the total capital invest-
ment. This total capital investment includes all the funds necessary to get the
project underway. This encompasses the regular manufacturing fixed-capital
investment and the working-capital investment along with the investment re-
quired for al necessary auxiliaries and nonmanufacturing facilities. The cash
flow for the capital investments can usually be considered as in a lump sum or
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in-an-instant such as for the purchase of land with a lump-sum payment or the
provision of working capital as one lump sum at the start of the operation of the
completed plant. Fixed capita for equipment ideally can be considered as
in-an-instant for each piece of equipment although the payments, of course, can
be spread over the entire construction period when considering the fixed-capital
investment for a complete plant. Because income from sales and necessary
operating costs can occur on an irregular time basis, a constant reservoir of
working capital must be kept on hand continuously to draw from or add to as
needed.

The rectangular box in Fig. 6-1 represents the overall operations for the
complete project with working-capital funds moving in and out as needed but
maintaining a constant fund as available working capital. Cash flows into the
operations box as total dollars of income (s;) from &l sales while actual costs for
the operations, such as for raw materials and labor, are shown as outflow costs
(c,). These cash flows for income and operating expenses can be considered as
continuous and represent rates of flow at a given point in time using the same
time basis, such as dollars per day or dollars per year. Because depreciation
charges to allow eventua replacement of the equipment are in effect costs
which are paid back to the company capital sink, these charges are not included
in the costs for operations shown in Fig. 6-1. The difference between the income
(s;) and operating costs (c,) represents gross profits before depreciation or
income-tax charges (s, = ¢,) and is represented by the vertical line rising out of
the operations box.

Depreciation, of course, must be recognized as a cost before income-tax
charges are made and before net profits are reported to the stockholders.
Consequently, removal of depreciation in the cash-flow diagram as a charge
against profit is accomplished at the top of the tree diagram in Fig. 6-1 with the
depreciation charge (d) entering the cash-flow stream for return to the capital
sink. The resulting new profit of s; - ¢, = d is taxable, and the income-tax
charge is shown as a cash-flow stream deducted at the top of the diagram. The
remainder, or net profit after taxes, is now clear profit which can be returned to
the capital sink, aong with the depreciation charge, to be used for new
investments, dividends, or repayment of present investment as indicated by the
various trunks emanating from the capital source in Fig. 6-1.

Cumulative Cash Podtion

The cash flow diagram shown in Fig. 6-1 represents the steady-state situation
for cash flow with s;, ¢,,, and d all based on the same time increment. Figure 6-2

is for the same type of cash flow for an industrial operation except that it

depicts the situation over a given period of time as the cumulative cash position.
The time period chosen is the estimated life period of the project, and the time

value of money is neglected.

In the situation depicted in Fig. 6-2, land value is included as part of the
total capital investment to show clearly the complete sequence of steps in the

e s e b e o e



cosT EsTIMATION 153

Life of project earnings
3M Ya A .
Land, salvage, ond )
Cumulative [ working £apital —————""
cosh recovery
position
doilors (+) ZMF cumulative cash position = (net profit after
taxes + depreciction_— total capital Net profit
I investment) \. over total
lite of
Construction g L project
period End of project
life {shutdown)
Start of -
construclion
Zero
\' I O | ! ] ) Cos'h
/{ 1 2 3 7 8 9 10;} line
Land © Total capital K
investment P
F'ng_l " (including Annual net profit /// Land, salvage, and
frigs?mem 1/ lond) ofter taxes working capital
/
(depreciable) o (constant) \ recovery
;\ //" Book” vatlie™ of investment
15 - (with straight-line depreciation)
H [
- .____Annuol depreciation chorge
Working- { T L _____ (straight line)
capital
Investment Zero-
time
Dollars {—) line

FIGURE 6-2
Graph of cumulative cash position showing effects of cash flow with time for an industrid operation
neglecting time vaue of money.

full life cycle for an industrial process. The zero point on the abscissa represents
that time at which the plant has been completely constructed and is ready for
operation. The total capital investment at the zero point in time includes land
value, fixed-capital and auxiliaries investment, and working capital. The cash
position is negative by an amount equivaent to the total capital investment at
zero time, but profits in the ideal situation come in from the operation as soon
as time is positive. Cash flow to the company, in the form of net profits after
taxes and depreciation charges, starts to accumulate and gradually pays off the
full capital investment. For the conditions shown in Fig. 6-2, the full capital
investment is paid off in five years. After that time, profits accumulate on the
positive side of the cumulative cash position until the end of the project life at
which time the project theoretically is shut down and the operation ceases. At
that time, the working capital is still available, and it is assumed that the land
can ill be sold at its original value. Thus, the final result of the cumulative cash
position is a net profit over the tota life of the project, or a cash flow into the
company capital sink (in addition to the depreciation cash flow for investment
payoff) over the ten-year period, as shown in the upper right-hand bracket in
Fig. 6-2

The relationships presented in Fig. 6-2 are very important for the under-
standing of the factors to be considered in cost estimation. To put emphasis on
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the basic nature of the role of cash flow, including depreciation charges, Fig. 6-2
has been simplified considerably by neglecting the time value of money and
using straight-line relationships of constant annual profit and constant annual
depreciation. In the chapters to follow, more complex cases will be considered
in detall.

FACTORS AFFECTING INVESTMENT AND
PRODUCTION COSTS

When a chemical engineer determines costs for any type of commercial process,
these costs should be of sufficient accuracy to provide reliable decisions. To
accomplish this, the engineer must have a complete understanding of the many
factors that can affect costs. For example, many companies have reciprocal
arrangements with other concerns whereby certain raw materials or types of
equipment may be purchased at prices lower than the prevailing market prices.

Therefore, if the chemical engineer bases the cost of the raw materials for the

process on regular market prices, the result may be that the process is uneco-

nomical. If the engineer had based the estimate on the actua prices the
company would have to pay for the raw materials, the economic picture might
have been altered completely. Thus the engineer must keep up-to-date on price
fluctuations, company policies, governmental regulations, and other factors
affecting  costs.

Sources of Equipment

One of the mgjor costs involved in any chemical process is for the equipment. In
many cases, standard types of tanks, reactors, or other equipment are used, and
a substantial reduction in cost can be made by employing idle equipment or by
purchasing second-hand equipment. If new equipment must be bought, several
independent quotations should be obtained from different manufacturers. When
the specifications are given to the manufacturers, the chances for a low cost
estimate are increased if the engineer does not place overly strict limitations on
the design.

Price Fluctuations

In our modern economic society, prices may vary widely from one period to
another, and this factor must be considered when the costs for an industrial
process are determined. It would obviously be ridiculous to assume that plant
operators or supervisors could be hired today at the same wage rate as in 1975.
The same statement applies to comparing prices of equipment purchased at
different times. The chemica engineer, therefore, must keep up-to-date on
price and wage fluctuations. One of the most complete sources of information
on existing price conditions is the Monthly Labor Review published by the U.S.
Bureau of Labor Statistics. This publication gives up-to-date information on
present prices and wages for different types of industries.
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Company Policies

Policies of individual companies have a direct effect on costs. For example,
some concerns have particularly strict safety regulations and these must be met
in every detail. Accounting procedures and methods for determining deprecia
tion costs vary among different companies. The company policies with reference
to labor unions should be considered, because these will affect overtime labor
charges and the type of work the operators or other employees can do.
Labor-union policies may even dictate the amount of wiring and piping that can
be done on a piece of equipment before it is brought into the plant, and, thus,
have a direct effect on the total cost of installed equipment.

Operating Time and Rate of Production

One of the factors that has an important effect on the costs is the fraction of the
total available time during which the process is in operation. When equipment
stands idle for an extended period of time, the labor costs are usualy low;
however, other costs, such as those for maintenance, protection, and deprecia-
tion, continue even though the equipment is not in active use.

Operating time, rate of production, and sales demand are closely interre-
lated. The idea plant should operate under a time schedule which gives the
maximum production rate while maintaining economic operating methods. In
this way, the total cost per unit of production is kept near a minimum because
the fixed costs are utilized to the fullest extent. This ideal method of operation
is based on the assumption that the sales demand is sufficient to absorb all the
material produced. If the production capacity of the process is greater than the
sales demand, the operation can be carried on at reduced capacity or periodi-
caly at full capacity.

Figure 6-3 gives a graphica anayss of the effect on costs and profits when
the rate of production varies. As indicated in this figure, the fixed costs remain
constant and the total product cost increases as the rate of production increases.
The point where the total product cost equals the total income is known as the
break-even point. Under the conditions shown in Fig. 6-3, an ideal production
rate for this chemical processing plant would be approximately 450,000
kg/month, because this represents the point of maximum net earnings.

The effects of production rate and operating time on costs should be
recognized. By considering sales demand along with the capacity and operating
characteristics of the equipment, the engineer can recommend the production
rate and operating schedules that will give the best economic results.

Governmental Policies

The national government has many regulations and restrictions which have a
direct effect on industrial costs. Some examples of these are import and export
tariff regulations, restrictions on permissible depreciation rates, income-tax
rules, and environmental regulations.
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Prior to 1951, the United States had strict governmental regulations
against rapid write-offs for industrial equipment. These restrictions increased
the income-tax load for new companies during their first few years of existence
and tended to discourage new enterprises. Therefore, during the Korean war, a
fast amortization policy for certain defense installations was authorized. This
policy permitted at least part of the value of the installation to be written off in
5 years as compared to an average of 10 to 15 years under the old laws. In 1954,
a new law was passed permitting approximately two-thirds of the total invest-
ment for any process to be written off as depreciation during the first half of the
useful life. A rapid write-off of this type can be very desirable for some concerns
because it may reduce income taxes during the early years of the plant life.

In 1971 and again in 1981 and 1986, there were major changes in Federa
income-tax regulations relative to acceptable methods for determining deprecia-
tion write-offs. Other changes have from time to time been adopted by Congress,
and the cost engineer must keep up-to-date on these changes.?

Governmental policies with reference to capital gains and gross-earnings
taxes should be understood when costs are determined. Suppose a concern
decides to sell some valuable equipment before its useful life is over. The
equipment has a certain asset or unamortized value, but the offered price may

tFor a discusson of depreciation write-off methods, see Chap. 9 (Depreciation).
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be more than the unamortized value. This profit over the unamortized vaue
would have been taxable as long-term capital gain at 28 to 30 percent if it had

been held for nine months in 1977, one year from 1978 to mid 1984, and six
months from mid 1984 through 1987. Starting in 1988, the period for long-term

capital gain was one year and the tax rate on both short-term and long-term

capital gains was generally the same as that for ordinary income. Therefore, in
the example referred to above where a long-term capital gain would be realized
by selling equipment, the capitad gain would have been fairly large if a fast
depreciation method had been used by the company. Prior to 1988, this gain

would probably have been taxed at a low rate (perhaps as low as 28 percent)
while the amount saved through fast depreciation allowance could have been at
an income-tax rate of nearly 50 percent. However, after 1987, new Federal tax
rules have been enacted which could make the capital-gains tax the same as the
income tax on ordinary income of about 34 percent.?

The preceding examples illustrate why the chemical engineer should
understand the effects of governmental regulations on costs. Each company has
its own methods for meeting these regulations, but changes in the laws and
dterations in the national and company economic situation require constant
surveillance if optimum cost conditions are to be maintained.

CAPITAL INVESTMENTS

Before an industrial plant can be put into operation, a large sum of money must
be supplied to purchase and install the necessary machinery and equipment.
Land and service facilities must be obtained, and the plant must be erected
complete with all piping, controls, and services. In addition, it is necessary to
have money available for the payment of expenses involved in the plant
operation.

The capital needed to supply the necessary manufacturing and plant
facilities is called the fixed-capital investment, while that necessary for the
operation of the plant is termed the working capital. The sum of the fixed-capital
investment and the working capital is known as the total capital investment. The
fixed-capital portion may be further subdivided into manufacturing fixed-capital
investment  and  nonmanufacturing  fixed-capital investment.

Fixed-Capital Investment

Manufacturing fixed-capital investment represents the capital necessary for the
installed process equipment with al auxiliaries that are needed for complete
process operation. #Expenses for piping, instruments, insulation, foundations,
and site preparation are typical examples of costs included in the manufacturing
fixed-capital investment.

tFor a discusson of incometax rates, see Chap. 8 (Taxes and Insurance).



158 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS

Fixed capital required for construction overhead and for all plant compo-
nents that are not directly related to the process operation is designated as the
nonmanufacturing fixed-capital investment. These plant components include the
land, processing buildings, administrative, and other offices, warehouses, labora-
tories, transportation, shipping, and receiving facilities, utility and waste-dis-
posal facilities, shops, and other permanent parts of the plant. The construction
overhead cost consists of field-office and supervision expenses, home-office
expenses, engineering expenses, miscellaneous construction costs, contractor’s
fees, and contingencies. In some cases, construction overhead is proportioned
between manufacturing and nonmanufacturing fixed-capital investment.

Working Capital

The working capital for an industria plant consists of the total amount of
money invested in (1) raw materials and supplies carried in stock, (2) finished
products in stock and semifinished products in the process of being manufac-
tured, (3) accounts receivable, (4) cash kept on hand for monthly payment of
operating expenses, such as salaries, wages, and raw-material purchases,
(5) accounts payable, and (6) taxes payable.

The raw-materials inventory included in working capital usualy amounts
to a I-month supply of the raw materials valued at delivered prices. Finished
products in stock and semifinished products have a value approximately equa to
the total manufacturing cost for 1 month’s production. Because credit terms
extended to customers are usually based on an alowable 30-day payment
period, the working capital required for accounts receivable ordinarily amounts
to the production cost for 1 month of operation.

The ratio of working capita to total capital investment varies with differ-
ent companies, but most chemical plants use an initial working capital amount-
ing to 10 to 20 percent of the total capital investment. This percentage may
increase to as much as 50 percent or more for companies producing products of
seasonal demand because of the large inventories which must be maintained for
appreciable periods of time.

ESTIMATION OF CAPITAL INVESTMENT

Of the many factors which contribute to poor estimates of capital investments,
the most significant one is usually traceable to sizable omissions of equipment,

services, or auxiliary facilities rather than to gross errorsin costing. A check list

of items covering a new facility is an invaluable aid in making a complete

estimation of the fixed-capital investment. Table 1 gives a typica list of these
items.
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TABLE 1
Breakdown of fixed-capital investment items for a chemical process

Direct Costs

1

7.

Purchased equipment

All equipment listed on a complete flow sheet

Spare pats and nonindtaled equipment spares

Surplus  equipment, supplies, and equipment allowance
Inflation cost allowance

Freight  charges

Taxes, insurance, duties

Allowance for modifications during startup

Purchased-equipment  installation
Installation of al equipment lised on complete flow sheet
Structural  supports, insulation, paint
Instrumentation and controls
Purchase, instalation, caibration, computer tie-in
. Piping
Process piping-carbon steel, aloy, cast iron, lead, lined, auminum, copper, ceramic, plastic,
rubber, reinforced concrete
Pipe hangers, fittings, vaves
Insulation-piping, equipment
Electrical equipment and materials
Electricd equipment -switches, motors, conduit, wire, fittings, feeders, grounding, instrument
and control wiring;lighting, panels
Electricdl materids and Iabor
Buildings (including services)
Process  huildings-substructures,  superstructures,  platfforms,  supports, ~ Stairways, ladders, access
ways, cranes, monorails, hoidts, elevators
Auxiliary  buildings-adminigtration and  office, medical or dispensary, cafeteria, garage, product
warehouse, parts warehouse, guard and safety, fire dation, change house, personnel building,
shipping office and platform, research laboratory, control laboratory
Maintenance  shops-electric, piping, sheet metd, machine, welding, carpentry, instrument
Building services-plumbing, heating, ventilation, dust collection, air conditioning, building
lighting, elevators, escalators, telephones, intercommunication systems, painting,  sprinkler
sysems, fire dam
Yard improvements

Ste development-site clearing, grading, roads, wakways, ralroads, fences, parking areas,
wharves and piers, recreational facilities, landscaping
Service facilities
Utilities-steam, water, power, refrigeration, compressed air, fud, waste disposa
Facilitieshoiler plant incinerator, wells, river intake, water treatment, cooling towers, water
storage, electric substation, refrigeration plant, ar plant, fuel storage, waste disposa plant,
environmental  controls,  fire  protection
Nonprocess  equipment-office  furniture  and  equipment, cafeteria  equipment, safety  and
medicdl  equipment, shop eguipment, automotive equipment, yard materia-handling  equip-
ment, laboratory equipment, locker-room equipment, garage equipment, shelves, hins, palets,
hand trucks, housekeeping equipment, fire extinguishers, hoses, fire engines, loading stations
Digtribution and  packaging-raw-materiadl  and product storage and handling equipment, product
packaging equipment, blending facilities, loading stations

(Continued)
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TABLE 1 )
Breakdown of fixed-capital investment items for a chemical process (Continued)

Direct Costs

9.

Land

Surveys and fees
Property  cost

Indirect costs

1

Engineering and supervision

Engineering  costs-administrative, process, design and general engineering, drafting, cost
engineering,  procuring,  expediting, reproduction, communications, scale models, consultant
fees,  travel

Engineering  supervision and inspection

Construction  expenses

Congtruction, operation and maintenance of temporary facilities, offices, roads, parking lots,

rallroads, electrica, piping, communications, fencing

Congtruction tools and  equipment

Congtruction  supervision, — accounting,  timekeeping,  purchasing,  expediting
Warehouse personnel  and  expense, guards

Safety, medica, fringe benefits

Permits, field tests, specia licenses

Taxes, insurance, interest

Contractor’s fee

. Contingency

Types of Capital Cost Estimates

An estimate of the capital investment for a process may vary from a predesign
estimate based on little information except the size of the proposed project to a
detailed estimate prepared from complete drawings and specifications. Between
these two extremes of capital-investment estimates, there can be numerous
other estimates which vary in accuracy depending upon the stage of develop-
ment of the project. These estimates are called by a variety of names, but the
following five categories represent the accuracy range and designation normally
used for design purposes:

1. Order-of-magnitude estimate (ratio estimate) based on similar previous cost

2.

3.

data; probable accuracy of estimate over + 30 percent.

Study estimate (factored estimate) based on knowledge of major items of
equipment; probable accuracy of estimate up to +30 percent.

Preliminary estimate (budget authorization estimate; scope estimate) based
on sufficient data to permit the estimate to be budgeted; probable accuracy
of estimate within +20 percent.



cosT EsTIMATION 161

y-y
Q

N
o O

/
/
-
"T/Mosf probabie cost
._Y\

5 o o

Error range %

n
(=]

w
(o]

o~
~
~

»H
()]

Detaiied estimate
+5% range
Definitive
estimate
+10% range
Preliminary
estimate
+20% range
y estimate

30 % range
Order-of ~
magnitude
estimate
>130% range

Stud
*

Required information

Location
Generol description
SoiTbearing
Location B dimensions R.R, roads, impounds, fences
Well-davaloped zite plot plan 8 taragraphised map 3 |
Well-developed site facilities 1 t
Process Rough sketches T u
tiow Preliminary 4
sheet Engineered ;
Preliminary sizing & material specifications 4 2
Engineered specifications 4 b
Equipment | Vessel sheets 3
list Generall orrangement
(g _Preliminary [
{b] Engineered 3
Approximate sizes B Fype of construction ®
. Foundation sketches 4 4
B”'E&"g Architectural 8 consfruction [ d
s?r:cfures Preliminaryefructural design
Generaf arrangements 8 elevations 4
Detailed drawings
Rough quantilies {steom, water, electricity, efc.] 4
Preliminary heat balance - 3
Utility Preliminary flow sheets 3
requirements [ Engineered heat balonce [ []
Engineered flow sheets 3
Well-develgped drawings
Preliminary flow sheet & specitications 4
Piping Engineered flow sheet * h
Piping fayouts B schedules [
Rough specitications *
Preliminory list of equipment B piping 1o be insylated [d
Insulation specifications & schedules )
Well-develaped deawings or specifications |
Preliminary intTrymentl st 1 [
instrumentation] Engineered lisy low sheet 3 3
Well-developed drawings 4
Preliminary motor list - approximote sizes
ngineered list 8 sizes y
Substations, number & sizes, specifications >
istribution specifications 3
Prefiminary lighting specifications b
Preliminary inferlock, control, & instrument wiring specs.
Engineered single-Tine diagrams {power & light] 3 ;
Well-developed drawings 3
Engineering & dratting , 3 3
Mon-hours Labor by crat
Supervision b
. Product, capacity, location & site requirements.
Project scope | ;4ility & se‘:viceyrequiremenfs. Build?nq 8 auxiliary
standard requirements. Row materials 8 finished product
provesses handling 8 storage reauirements

Site

Insulation

Electrical

FIGURE 6-4
Cost-estimating  information ~ guide.



162 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS

TABLE 2
Typical average costs for making estimates (1990)%

Less than $2,000,000 to $10,000,000 to
Cost of project $2,000,000 $10,000,000 $100,000,000
Order-of-magnitude estimate $ 3,000 $ 6,000 $ 13,000
Study  estimate 20,000 40,000 60,000
Preliminay  estimate 50,000 80,000 130,000
Definitive  estimate 80,000 160,000 320,000
Detailed  estimate 200,000 520,000 1,000,000

t Adapted from A. Pikulik and H. E. Diaz, Cost Estimating for Major Process Equipment, Chem.
Eng., 84(21):106 (Oct. 10, 1977).

4. Definitive estimate (project control estimate) based on amost complete data
but before completion of drawings and specifications; probable accuracy of
estimate within + 10 percent.

5. Detailed estimate (contractor’s estimate) based on complete engineering
drawings, specifications, and site surveys;, probable accuracy of estimate
within +5 percent.

Figure 6-4 shows the relationship between probable accuracy and quantity
and quality of information available for the preparation of these five levels of
estimates.? The approximate limits of error in this listing are plotted and show
an envelope of variahility. There isatarge probability that the actual cost will be
more than the estimated cost Where information is incomplete or in time of
rising-cost trends. For such estimates, the positive spread is likely to be wider
than the negative, e.g., +40 and = 20 percent for a study estimate. Table 2
illustrates the wide variation that can occur in the cost of making a capital-
investment estimate depending on the type of estimate.

Predesign cost estimates (defined here as order-of-magnitude, study, and
preliminary estimates) require much less detail than firm estimates such as the
definitive or detailed estimate. However, the predesign estimates are extremely
important for determining if a proposed project should be given further consid-
eration and to compare adternative designs. For this reason, most of the
information presented in this chapter is devoted to predesign estimates, a-
though it should be understood that the distinction between predesign and firm
estimates gradually disappears as more and more detail is included.

It should be noted that the predesign estimates may be used to provide a
basis for requesting and obtaining a capital appropriation from company man-
agement. Later estimates, made during the progress of the job, may indicate
that the project will cost more or less than the amount appropriated. Manage-
ment is then asked to approve a variance which may be positive or negative.

‘tAdapted from a method presented by W. T. Nichols, znd. Eng. Chem., 43(10):2295 (1951).
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TABLE_3
Cost indexes as annual averages

Marshall amd Swift Chemical
. " Nelson-Farrar engineerin
installled aquipment  Eng. VéfewsRecord refinery pgllant cost ’
indexes, 1926 = 100 construion index construction index
All- Process- 1913 1949 1967  index, 1957-1959

Year industry industry =100 =100 =100 1946 = 100 = loo

1975 444 452 2412 464 207 576 182

1976 472 479 2401 503 224 616 192

1977 505 514 2576 540 241 653 204

1978 545 552 2776 582 259 701 219

1979 599 607 3003 630 281 757 239

1980 560 675 3237 679 303 823 261

1981 721 745 3535 741 330 904 297

1982 746 774 3825 802 357 977 314

1983 761 786 4066 852 380 1026 317

1984 780 806 4146 869 387 1061 323

1985 790 813 4195 879 392 1074 325

1986 798 817 4295 900 401 1090 318

1987 814 830 4406 924 412 1122 324

1988 852 870 4519 947 422 1165 343

1989 895 914 4 965 429 1194 355

1990

(Jan.) 904% 924 4673 979 435 1203 356

+ All costs presented in this text are based on this value of the Marshall and Swift index
unless otherwise indicated.

COST INDEXES

Most cost data which are available for immediate use in a preliminary or
predesign estimate are based on conditions at some time in the past. Because
prices may change considerably with time due to changes in economic condi-
tions, some method must be used for updating cost data applicable at a past
date to costs that are representative of conditions at a later time.? This can be
done by the use of cost indexes.

A cost index is merely an index value for a given point in time showing the
cost at that time relative to a certain base time. If the cost a some time in the
past is known, the equivalent cost at the present time can be determined by
multiplying the original cost by the ratio of the present index value to the index
value applicable when the origina cost was obtained.

tSee Chap. 11 for a discussion of the strategy to use in design estimates to consider the effects of
inflation or deflation on costs and profits in the future.
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index value at present time

Present cost = original cost index value at time origina cost was obtained

Cost indexes can be used to give a genera estimate, but no index can take
into account al factors, such as specia technological advancements or local
conditions. The common indexes permit fairly accurate estimates if the time
period involved is less than 10 years.

Many different types of cost indexes are published regularly. Some of
these can be used for estimating equipment costs; others apply specifically to
labor, construction, materials, or other specialized fields. The most common of
these indexes are the Marshall and Swift all-industry and process-industry equip-
ment indexes, the Engineering News-Record construction index, the Nelson-Farrar
refinery construction index, and the Chemical Engineering plant cost index. Table 3
presents a list of values for various types of indexes over the past 15 years.

Marshall and Swift Equipment Cogt Indexesf

The Marshall and Swift (formerly known as Marshall and Stevens) equipment
indexes are normally divided into two categories. The all-industry equipment
index is simply the arithmetic average of individua indexes for 47 different types
of industrial, commercial, and housing equipment. The process-industry equip-
ment index is a weighted average of eight of these, with the weighting based on
the total product value of the various procgss industries. The percentages used
for the weighting in a typical year are asc?o\gvs: cement 2; chemicals, 48; clay
products, 2; glass, 3; paint, 5; paper, 10; petroleum, 22; and rubber, 8.

The Marshall and Swift indexes are based on an index value of 100 for the
year 1926. These indexes take into consideration the cost of machinery and
major equipment plus costs for installation, fixtures, tools, office furniture, and
other minor equipment. All costs reported in this text are based on a Marshall
and Swift al-industry index of 904 as reported for January 1, 1990 unless
indicated otherwise.

Engineering News-Record Construction
Cod Indexi

Relative construction costs at various dates can be estimated by the use of the
Engineering News-Record construction index. This index shows the variation in

tValues for the Marshall and Swift equipment cost indexes are published each month in Chemical
Engineering. For a complete description of these indexes, see R. W. Stevens, Chem. Eng., 54(11):124
(Nov., 1947). See dso Chem. Eng., 85(11):189 (May 8, 1978) and 92(9):75 (April 29, 1985).

iThe Engineering News-Record construction cost index appears weekly in the Engineering News-
Record. For a complete description of this index and the revised basis, see Eng. News-Record,
143(9):398 (1949); 178(11):87 (1967). History is in March issue each year; for example, see Eng.
News-Record, 220(11):54 (March 15, 1988).

B T
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labor rates and materias costs for industrial construction. It employs a compos-

ite cost for 2500 Ib of structural steel, 1088 fbm of lumber, 2256 Ib of concrete,

and 200 h of common labor. The index is usualy reported on one of three
bases: an index value of 100 in 1913, 100 in 1949, or 100 in 1967.

Nelson-Farrar  Refinery  Congruction Cost Indext

Construction costs in the petroleum industry are the basis of the Nelson-Farrar
construction index. The total index percentages are weighted as follows:. skilled
labor, 30; common labor, 30; iron and steel, 20; building materials, 8; and
miscellaneous equipment, 12. An index value of 100 is used for the base year of
1946.

Chemical Engineering Plant Cost Indexi

Construction costs for chemical plants form the basis of the Chemical Engineer-
ing plant cost index. The four major components of this index are weighted by
percentage in the following manner: equipment, machinery, and supports, 61;
erection and ingalation labor, 22; buildings, materials, and labor, 7; and
engineering and supervision, 10. The maor component, equipment, is further
subdivided and weighted as follows: fabricated equipment, 37; process machin-
ery, 14, pipe, vaves, and fittings, 20; process instruments and controls, 7, pumps
and compressors, 7; electrical equipment and\ materials, 5; and structural
supports, insulation, and paint, 10. All index ‘components are based on
1957-1959 = 100.

Other Indexes and Analyss

There are numerous other indexes presented in the literature which can be used
for specialized purposes. For example, cost indexes for materials and labor for
various types of industries are published monthly by the U.S. Bureau of Labor
Statistics in the Monthly Labor Review. These indexes can be useful for special
kinds of estimates involving particular materials or unusual labor conditions.
Another example of a cost index which is useful for world-wide comparison of
cost charges with time is published periodicaly in Engineering Costs and

$The Nelson-Farrar refinery congtruction index is published the first week of each month in the oil
and Gus Journal. For a complete description of this index, see Oil Gas J., 63(14):185 (1965);
74(48):68 (1976); and 83(52):145 (1985).

$The Chemical Engineering plant cost index is published each month in Chemical Engineering. A
complete description of thisindex isin Chem. Eng., 70(4):143 (Feb. 18, 1963) with recapping and
updating in issues of 73(9):184 (April 25, 1966); 76(10):134 (May 5, 1969); 7%(25):168 (Nov. 13, 1972);
82(9):117 (April 28, 1975); 85(11):189 (May 8, 1978); 8%(8):153 (April 19, 1982); and 92(9):75 (April
29, 1985).
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Production Economics. This presents cost indexes for plant costs for various
countries in the world including Australia, Belgium, Canada, Denmark, France,
Germany, Italy, Netherlands, Norway, Japan, Sweden, the United Kingdom,
and the United States.?

Unfortunately, all cost indexes are rather artificial; two indexes covering
the same types of projects may give results that differ considerably. The most
that any index can hope to do is to reflect average changes. The latter may at
times have little meaning when applied to a specific case. For example, a
contractor may, during a slack period, accept a construction job with little profit’
just to keep his construction crew together. On the other hand, if there are
current local labor shortages, a project may cost considerably more than a
similar project in another geographical location.

For use with process-equipment estimates and chemical-plant investment
estimates, the Marshall and Swift equipment cost indexes and the Chemical
Engineering plant cost indexes are recommended. These two cost indexes give
very similar results, while the Engineering News-Record construction cost index,
relative with time, has increased much more rapidly than the other two because
it does not include a productivity improvement factor. Similarly, the Nelson-
Farrar refinery construction index has shown a very large increase with time and
should be used with caution and only for refinery construction.

COST FACTORS IN CAPITAL INVESTMENT

Capital investment, as defined earlier, is the total amount of money needed to
supply the necessary plant and manufacturing facilities plus the amount of
money required as working capital for operation of the facilities. Let us now
consider the proportional costs of each maor component of fixed-capital
investment as outlined previously in Table 1 of this chapter. The cost factors
presented here are based on a careful study by Bauman and associates plus
additional data and interpretations from other more recent sourcest with input
based on modern industrial experience.

tFor methods used, see Eng. Costs Prod. Econ., 6(1):267 (1982).

tH. C. Bauman, “Fundamentals of Cost Engineering in the Chemica Industry,” Reinhold Publish-
ing Corporation, New Y ork, 1964; K. M. Guthrie, “Process Plant Estimating, Evaluation, and
Control,” Craftsman Book Company of America, Sofana Beach, CA, 1974, D. H. Allen and R. C.
Page, Revised Techniques for Predesign Cost Estimating. Chem. Eng., 82(5):142 (Mar. 3, 1975);
W. D. Baasdl, “Preliminary Chemical Engineering Plant Design,” American Elsevier Publishing
Company, Inc, New York, 1976; R. H. Perry and D. W. Green, “Chemical  Engineers  Handbook,”
6th ed, McGraw-Hill Book Company, Inc, New York, 1984; G. D. Ulrich, “A Guide to Chemica
Engineering Process Design and Economics,” Wiley, New York, 1984, R. K. Sinnott, “An Introduc-
tion to Chemical Engineering Design,” Pergamon Press, Oxford, England, 1983; P. F. ostwald,
“AM Cost Estimator,” McGraw-Hill Book Company, Inc, New York, 1988.
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TABLE 4
Typical percentagﬁ of fixed-capital investment values for direct and indirect

cost segments for multipurpose plants or large additions to existing facilities

Y

Component: Range, %
Direct costs
Purchased ~ equipmen 15-40
Purchasedequipment installation 6-14
Instrumentation  and controls  (installed) 2-8
Piping (instaled 3-20
Electricd  (installed 2-10
Buildings (including services) , - \ 3-18
Yard improvement. 2-5
Service facilities (installed) 8-20
Land 1-2
Total direct césts
Indirect costs
Engineering and supervision 4-21
Construction  expense 4-16
Contrector's ~ fee 2-6
Contingency 5-15

Totad  fixed-capitd  investment

Table 4 summarizes this typical variation in component costs as percent-
ages of fixed-capital investment for multiprocess grass-roots plants or large
battery-limit additions. A grass-roots plant is defined as a complete plant erected
on a new site. Investment includes all costs of land, site development, battery-
limit facilities, and auxiliary facilities. A geographical boundary defining the
coverage of a specific project is a battery limit. Usually this encompasses the
manufacturing area of a proposed plant or addition, including all process
equipment but excluding provision of storage, utilities, administrative buildings,
or auxiliary facilities unless so specified. Normally this excludes site preparation
and therefore, may be applied to the extension of an existing plant.

Example 1 Edimation of fixed-capital invesment usng ranges of processplant
component costs. Make a study estimate of the fixed-capital investment for a
process plat if the purchessdrequipment cogt is $100000. Use the ranges of
processplant component cogt outlined in Tade 4 for a process plant handing bath
glids and fluds with a high degee of autometic conrs and essantidly  outdoor
operation.
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Solution
Assumed ¢, Ratioed %
Components of total Cost of total
Purchased equipment 25 $100,000 23.0
Purchased-equipment installation 9 36,000 8.3
Instrumentation (installed) 7 28,000 6.4
Piping (installed) 8 32, 000 7.3
Electrical (installed) 5 20,000 4.6
Buildings (including services) 5 20,000 4.6
Yard improvements 2 8,000 1.8
Service facilities (installed) 15 60,000 13.8
Land 1 4,000 0.9
Engineering and supervision 10 40,000 9.2
Construction expense 12 48,000 11.0
Contractor’s fee 2 8,000 1.8
Contingency 8 32,000 7.3
$436,000 100.0

Range will vary from $371,000 to $501,000 for norm g] conditions; if g{nomy is
inflationary, it may vary from $436,000-$566,000.

Purchased Equipment

The cost of purchased equipment is the basis of several predesign methods for
estimating capital investment. Sources of equipment prices, methods of adjust-
ing eguipment prices for capacity, and methods of estimating auxiliary process
equipment are therefore essentia to the estimator in making reliable cost
estimates.

The various types of equipment can often be divided conveniently into (1)
processing equipment, (2) raw-materials handling and storage equipment, and
(3) finished-products handling and storage equipment. The cost of auxiliary
equipment and materials, such as insulation and ducts, should aso be included.

The most accurate method for determining process equipment costs is to
obtain firm bids from fabricators or suppliers. Often, fabricators can supply
quick estimates which will be very close to the bid price but will not involve too
much time. Second best in reliability are cost values from the file of past
purchase orders. When used for pricing new equipment, purchase-order prices
must be corrected to the current cost index. Limited information on process-
equipment costs has aso been published in various engineering journas. Costs,
based on January 1, 1990 prices, for a large number of different types and
capacities of eguipment are presented in Chaps. 14 through 16. A convenient
reference to these various cost figures is given in the Table of Contents and in
the subject index.
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Application of “six-tenth-factor” rule to costs for shell-and-tube heat exchangers.

Edimating Equipment Cods by Scaling

It is often necessary to estimate the cost of a piece of equipment when no cost
data are available for the particular size of operational capacity involved. Good
results can be obtained by using the logarithmic relationship known as the
six-tenths-factor rule, if the new piece of equipment is similar to one of another
capacity for which cost data are available. According to thisrule, if the cost of a
given unit at one capacity is known, the cost of a similar unit with X times the
capacity of the first is approximately (X)"° times the cost of the initial unit.

capac. equip. a 06 (1)
capac. equip. b

The preceding equation indicates that a log-log plot of capacity versus
equipment cost for a given type of equipment should be a straight line with a
slope equal to 0.6. Figure 6-5 presents a plot of this sort for shell-and-tube heat
exchangers. However, the application of the 0.6 rule of thumb for most pur-
chased equipment is an oversimplification of a valuable cost concept since the
actual values of the cost capacity factor vary from less than 0.2 to greater than
1.0 as shown in Table 5. Because of this, the 0.6 factor should only be used in
the absence of other information. In general, the cost-capacity concept should
not be used beyond a tenfold range of capacity, and care must be taken to make
certain the two pieces of equipment are similar with regard to type of construc-
tion, materials of construction, temperature and pressure operating range, and
other pertinent variables.

Cost of equip. a = cost of equip. b (
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TABLE 5
Typical exponents for equipment cost vs. capacity
Equipment Siie range Exponent
Blender, double cone rotary, c.s. S0-250 ft3 0.49
Blower,  centrifugal 103-10* ft>/min 0.59
Centrifuge, solid bowl, ¢.s. 10-102 hp drive 0.67
Crystallizer, vacuum baich, ¢.s. 500-7000 ft3 0.37
Compressor,  reciprocating, ar cooled, two-stage,
150 psi discharge 10-400 ft > /min 0.69
Compressor, rotary, singlestage, dliding vane,
150 psi discharge 102--103 3 /min 0.79
Dryer, drum, single vacuum 10-102 ft? 0.76
Dryer, drum, single amospheric 10-10? f? 0.40
Evaporator  (installed), horizontal tank 102-10* 2 0.54
Fan,  centrifugal 103-10* ft3/min 044
Fan, centrifuga 2 X 10%-7 x 10* §t3 /min 1.17
Heat exchanger, shell and tube, floating head, ¢.s.  100-400 ft? 0.60
Heat exchanger, shell and tube, fixed sheet, c.s. 100-400 ft2 0.44
Kettle, cast iron, jacketed 250-800 gal 0.27
Kettle, glass lined, jacketed 200-800 gd 031
Motor, squirrel cage, induction, 440 valts,
explosion  proof 520 hp 0.69
Motor, squirrel cage, induction, 440 valts,
explosion  proof 20-200 hp 0.99
Pump, reciprocating, horizontal cast iron
(includes  motor) 2-100 gpm 0.34
Pump, centrifugd, horizonta, cast steel
(includes  motor) 104-10° gpm x psi 0.33
Reactor, glass lined, jacketed (without drive) 50-600 gd 054
Reactor, s.s, 300 psi 102-10% gd 056
Separator,  centrifugd, ¢.s. 50-250 ft3 0.49
Tank, fla head, ¢.s. 10%-10* gd 0.57
Tank, cs., glass lined 102-10° gd 049 |
Tower, ¢.. 103-2x 108 Ib 0.62 |
Tray, bubble cup, c.s. 3-10 ft diameter 1.20 %
Tray, sSeve, cs. 3-10 ft diameter 0.86 *'

Example 2 Estimating cost of equipment using scaling factors and cost index.
The purchased cogt of a 50-gal glasslined, jacketed reactor (without drive) was
$8350 in 1981. Edimate the purchased cogt of a smilar 300-gal, glasslined,
jacketed reactor (without drive) in 1986. Use the annual average Marshal and
Swift equipment-cost index (dl industry) to update the purchase cost of the
reactor.

Solution. Marshall and Swift equipment-cost index (all industry)
(From Table 3) For 1981 721
(From Table 3) For 1986 798
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From Table 5, the equipment vs. capacity exponent is given as 0.54:

798 \ { 300 )"-5“

In 1986, cost of reactor = ($8350)(ﬁ)( 50

= $24,300

Purchased-equipment costs for vessels, tanks, and process- and materials-
handling equipment can often be estimated on the basis of weight. The fact that
awide variety of types of equipment have about the same cost per unit weight is
quite useful, particularly when other cost data are not available. Generally, the
cost data generated by this method are sufficiently reliable to permit order-of-
magnitude estimates.

Purchased-Equipment Installation

The installation of equipment involves costs for labor, foundations, supports,
platforms, construction expenses, and other factors directly related to the
erection of purchased equipment. Table 6 presents the general range of instal‘l\$\
tion cost as a percentage of the purchased-equipment cost for various types; o
equipment.

Installation labor cost as a function of equipment size shows wide varia-
tions when scaled from previous installation estimates. Table 7 shows exponents
varying from 0.0 to 1.56 for a few selected pieces of equipment.

TABLE 6 )
Installation cost for equipment as a

percentage of the purchased-equipment costt

Installation
Type of equipment cost, %
Centrifugdl  separators 20-60
Compressors 30-60
Dryers 25-60
Evaporators 25-90
Filters 65-80
Heat exchangers 30-60
Mechanical  crystallizers 30-60
Metal  tanks 30-60
Mixers 20-40
Pumps 25-60
Towers 60-90
Vacuum crystailizers 40-70
Wood tanks 30-60

t+ Adapted from K. M. Guthrie, “Process Plant
Estimating, Evauation, and Control,” Craftsman Book
Company of America Solana Beach, Cdlifornia, 1974.
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TABLE 7

Typical exponents for equipment installation labor vs. size
Equipment Size range Exponent
Conduit, auminum 0.5-2-in. diam. 0.49
Conduit, auminum 2-4-in. diam. 111
Motor, squirrel cage, induction, 440 volts 1-10 hp 0.19
Motor, squirrel cage, induction, 440 volts | 10-50 hp 0.50
Pump, centrifugal, horizontal 0.5-r.5hp 0.63
Pump, centrifugal, horizontal 1.5-40 hp 0.09
Tower, ¢.s. Constant  diam. 0.88
Tower, ¢.8. Congtant height, 1.56
Transformer, single phase, dry 9-225 kva 0.58
Transformer, single phase, oil, class A 15-225 kva 0.34
Tubular heat exchanger Any size 0.00

Tubular heat exchangers appear to have zero exponents, implyin%\thcat
direct labor cost is independent of size. This reflects the fact that such
equipment is set with cranes and hoists, which, when adequately sized for the
task, recognize no appreciable difference in size of weight of the equipment.
The higher labor exponent for installing carbon-steel towers indicates the
increasing complexity of tower internals (trays, downcomers, etc.) as tower
diameter increases.

Analyses of the total installed costs of equipment in a number of typical
chemical plants indicate that the cost of the purchased equipment varies from
65 to 80 percent of the installed cost depending upon the complexity of the
equipment and the type of plant in which the equipment is installed. Installation
costs for equipment, therefore, are estimated to vary from 25 to 55 percent of
the purchased-equipment cost.

Insulation Costs

When very high or very low temperatures are involved, insulation factors can
become important, and it may be necessary to estimate insulation costs with a
great dea of care. Expenses for equipment insulation and piping insulation are
often included under the respective headings of equipment-installation costs
and piping codts.

The total cost for the labor and materials required for insulating equip-
ment and piping in ordinary chemical plants is approximately 8 to 9 percent of
the purchased-equipment cost. This is equivalent to approximately 2 percent of
the total capital investment.

Instrumentation and Controls

Instrument costs, installation-labor costs, and expenses for auxiliary equipment
and materials constitute the major portion of the capital investment required for
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instrumentation. This part of the capital investment is sometimes combined with
the general equipment groups. Total instrumentation cost depends on the
amount of control required and may amount to 6 to 30 percent of the purchased
cost for al equipment. Computers are commonly used with controls and have
the effect of increasing the cost associated with controls.

For the normal solid-fluid chemical processing plant, a value of 13 percent
of the purchased equipment is normally used to estimate the total instrumenta-
tion cost. This cost represents approximately 3 percent of the total capital
investment. Depending on the complexity of the instruments and the service,
additional charges for instalation and accessories may amount to 50 to 70
percent of the purchased cost, with the installation charges being approximately
equal to the cost for accessories.

Piping

The cost for piping covers labor, valves, fittings, pipe, supports, and othenitems
involved in the complete erection of al piping used directly in the process. This
includes raw-material, intermediate-product, finished-product, steam, water, air,
sewer, and other process piping. Since process-plant piping can run as high as
80 percent of purchased-equipment cost or 20 percent of tied-capital invest-
ment, it is understandable that accuracy of the entire estimate can be seriously

affected by the improper application of estimation techniques to this one
component.

Piping estimation methods involve either some degree of piping take-off
from detailed drawings and flow sheets or using a factor technique when neither
detailed drawings nor flow sheets are available. Factoring by percent of pur-
chased-equipment cost and percent of fixed-capital investment is based strictly
on experience gained from piping costs for similar previoudy installed
chemical-process plants. Table 8 presents a rough estimate of the piping costs
for various types of chemical processes. Additional information for estimating

TABLE 8 o
Estimated cost of piping

Percent of  purchased-equipment Percent of - fixed-capita

investment
Type of
process plant Material Labor Total Total
Solid t 9 7 16 4
Solid-fluid 17 14 31 7
Fluid § 36 30 66 13

t A coal briquetting plant would be a typical solid-processing plant.

t A shale ail plant with crushing, grinding, retorting, and extraction
would be a typical solid-fluid processing plant.

§ A digillation unit would be a typical fluid-processing plant.
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TABLE 9

Component electrical costs as percent of total
electrical cost

Typical
Component Range, % vue, %
Power wiring 25-50 40
Lighting 1-25 12
Transformation and service 9-65 40
Instrument  control  wiring 3-8 5

The lower range is generally applicable to grass-roots single-product plants;
the higher percentages apply to complex chemical plants and expansions
to major chemical plants.

piping costs is presented in Chap. 14. Labor for instalation is esymaited as
approximately 40 to 50 percent of the total installed cost of piping. Méatsgial and
labor for pipe insulation is estimated to vary from 15 to 25 percent of the tota
installed cost of the piping and is influenced greatly by the extremes in
temperature which are encountered in the process streams.

Electrical Installations

The cost for electrical installations consists primarily of installation labor and
materials for power and lighting, with building-service lighting usually included
under the heading of building-and-services costs. In ordinary chemical plants,
electrical-installations cost amounts to 10 to 15 percent of the vaue of all
purchased equipment. However, this may range to as high as 40 percent of
purchased-equipment cost for a specific process plant. There appears to be little
relationship between percent of total cost and percent of equipment cost, but
there is a better relationship to fixed-capital investment. Thus, the electrical
installation cost is generally estimated between 3 and 10 percent of the fixed-
capital investment.

The electrical installation consists of four major components, namely,
power wiring, lighting, transformation and service, and instrument and control
wiring. Table 9 shows these componat cods as rdios of the toid dedricd ood.

Buildings Including Services

The cost for buildings including services consists of expenses for labor, materi-
als, and supplies involved in the erection of al buildings connected with the
plant. Costs for plumbing, heating, lighting, ventilation, and similar building
|vices ae induded The oog of huldngs indudng savicss for differet  types
of process plants, is shown in Tables 10 and 11 as a percentage of purchased-
equipment cost and tied-capital investment.
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TABLE 10
Cogt of buildings including services based on purchased-equipment cost

Percentage of  purchased-equipment  cost

New plant at New unit at
Type of process new site existing site Expansion a an
plant} (Grass  roots) (Battery  limit) existing site
Solid 68 25 15
Solid-fluid 47 29
Fluid 45 5-18% b

t See Table 8 for definition of types of process plants.
t The lower figure is applicable to petroleum refining and related industries.

TABLE 11
Cogt of buildings and services as a percentage of fixed-capital investment
for various types of process plants

Type of process New plant a New unit a Expanson a an
plant} new site existing site existing site
Solid 18 1 4

Solid-fluid 12 7 2

Fluid 10 2-4% 2

1 See Table 8 for definition of types of process plants.
t The lower figure is applicable to petroleum refining and related industries.

Yard Improvements

Costs for fencing, grading, roads, sidewalks, railroad sidings, landscaping, and
similar items congtitute the portion of the capital investment included in yard
improvements. Y ard-improvements cost for chemical plants approximates 10 to
20 percent of the purchased-equipment cost. Thisis equivalent to approximately
2 to 5 percent of the fixed-capital investment. Table 12 shows the range in
variation for various components of yard improvements in terms of the fixed-
capital investment.

Service Facilities

Utilities for supplying steam, water, power, compressed air, and fuel are part of
the service facilities of an industrial plant. Waste disposal, fire protection, and
miscellaneous service items, such as shop, first aid, and cafeteria equipment and
facilities, require capital investments which are included under the general
heeding of savicefadlies ocost

The totd cogt for savice fadliies in chamicd plats genedly ranges from
30 to 80 percent of the purchased-equipment cost with 55 percent representing
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TABLE 12
Typical variation in percent of fixed-capital investment
for yard improvements

Typical
Yard  improvement Range, % vaue, %
Ste clearing 0.4-1.2 0.8
Roads and walks 0.2-1.2 0.6
Railroads 0.3-0.9 0.6
Fences 0.1-0.3 02
Yard and fence lighting 0.1-0.3 0.3
Parking areas 0.1-0.3 0.2
Landscaping 0.1-0.2 01
Other  improvements 0.2-0.6 0.3

an average for a normal solid-fluid processing plant. For a single-product, small,
continuous-process plant, the cost is likely to be in the lower part of the range.
For a large, new, multiprocess plant at a new location, the costs are apt to be
near the upper limit of the range. The cost of service facilities, in terms of
capital investment, generaly ranges from 8 to 20 percent with 13 percent
considered as an average value. Table 13 lists the typica variations in percent-
ages of fixed-capital investment that can be encountered for various components
of service facilities. Except for entirely new facilities, it is unlikely that all
service facilities will be required in al process plants. This accounts to a large
degree for the wide variation range assigned to each component in Table 13.
The range aso reflects the degree to which utilities which depend on heat
balance are used in the process. Service facilities largely are functions of plant
physical size and will be present to some degree in most plants. However, not
dways will there be a need for each servicefacility component. The omission of
these utilities would tend to increase the relative percentages of the other
service facilities actually used in the plant. Recognition of this fact, coupled with
a careful appraisal as to the extent that service facilities are used in the plant,
should result in selecting from Table 13 a reasonable cost ratio applicable to a
specific  process  design.

Land

The cost for land and the accompanying surveys and fees depends on the
location of the property and may vary by a cost factor per acre as high as thirty
to fifty between a rura district and a highly industrialized area. As a rough

average, land costs for industrial plants amount to 4 to 8 percent of the
purchased-equipment cost or 1 to 2 percent of the total capital investment.
Because the value of land usually does not decrease with time, this cost should

not be included in the fixed-capital investment when estimating certain annual

operating costs, such as depreciation.



cosT EsTiMATION 177

TABLE 13 _ o
Typical variation in percent of fixed-capital investment
for service facilities

Typicd
Service  facilities Range, % value, %
Steam  generation 2.6-6.0 30
Steam  distribution 0.2-2.0 10
Water supply, cooling, and pumping 0.4-3.7 18
Water  treatment 0.5-2.1 13
Water  distribution 0.1-2.0 08
Electric  substation 0.9-2.6 13
Electric  distribution 04-21 10
Gas supply and distribution 0.2-0.4 0.3
Air compression and distribution 0.2-3.0 10
Refrigeration including  distribution 1.0-3.0 2.0
Process waste disposal 0.6-2.4 15
Sanitary waste  disposal 0.2-0.6 0.4
Communications 0.1-0.3 02
Raw-materid  storage 0.3-3.2 05
Finished-product  storage 0.7-2 4 15
Fire-protection  system 0.3-1.0 05
Safety  installations 0.2-0.6 04

Engnexing and Supeavison

The costs for construction design and engineering, drafting, purchasing, ac-
counting, construction and cost engineering, travel, reproductions, com-
munications, and home office expense including overhead constitute the capital
investment for engineering and supervision. This cost, since it cannot be directly
charged to equipment, materials, or labor, is normally considered an indirect
cost in fixed-capital investment and is approximately 30 percent of the pur-
chasdhequipment cot o 8 pacat of the told direct cods of the proces plat.
Typica percentage variations of tied-capital investment for various components
of engineering and supervision are given in Table 14.

Condrudion  BExpense

Another expense which is included under indirect plant cost is the item of
construction or field expense and includes temporary construction and opera
tion, construction tools and rentals, home office personnel located at the
construction site, construction payroll, travel and living, taxes and insurance,
and other construction overhead. This expense item is occasionally included
under equipment installation, or more often under engineering, supervision,
and construction. If construction or field expenses are to be estimated sepa-
rately, then Table 15 will be useful in establishing the variation in percent of
fixed-capital investment for this indirect cost. For ordinary chemical-process
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TABLE14 = =~ , N
Typical variation in percent of fixed-capital investment

for engineering and services

Typical
Component Range, % value, %
Engineering 1.5-6.0 2.2
Drafting 2.0-12.0 4.8
Purchasing 0205 0.3
Accounting, construction. and cost
engineering 02-1.0 0.3
Travel and living 0.1-1.0 0.3
Reproductions and communications 0.2-0.5 0.2
Total engineering and supervision
(including  overhead) 4,0-21.0 8.1

plants the construction expenses average roughly 10 percent of the total direct
costs for the plant.

Contractor’s Fee

The contractor’ s fee varies for different situations, but it can be estimated to be
about 2 to 8 percent of the direct plant cost or 1.5 to 6 percent of the
fixed-capital  investment.

Contingencies

A contingency factor is usually included in an estimate of capital investment to
compensate for unpredictable events, such as storms, floods, strikes, price

TABLE 15 _ o
Typical variation in percent of fixed-capital investment
for construction expenses

Typical
Component Range, % value, %
Temporary construction and opetations 1.0-3.0 1.7
Construction tools and rental 1.0-3.0 1.5
Home office personnel in field 0.2-2.0 0.4
Field payroll 0440 1.0
Travel and living 0.1-0.8 0.3
Taxes and insurance 1.0-2.0 1.2
Startup materials and labor 0.2-1.0 04
overhead 0.3-0.8 0.5

Total construction expanses 4.2-16.6 7.0
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changes, small design changes, errors in estimation, and other unforeseen
expenses, which previous estimates have statistically shown to be of a recurring
nature. This factor may or may not include allowance for escalation. Contin-
gency factors ranging from 5 to 15 percent of the direct and indirect plant costs
are commonly used, with 8 percent being considered a fair average value.

Startup Expense

After plant construction has been completed, there are quite frequently changes
that have to be made before the plant can operate at maximum design
conditions. These changes involve expenditures for materials and equipment
and result in loss of income while the plant is shut down or is operating a only
partial capacity. Capital for these startup changes should be part of any capital
appropriation because they are essential to the success of the ventur:&These
expenses may be as high as 12 percent of the fixed-capita invet ment. In
general, however, an allowance of 8 to 10 percent of the fixed-capital investment
for this item is satisfactory.

Startup expense is not necessarily included as part of the required invest-
ment; so it is not presented as a component in the summarizing Table 26 for
capital investment at the end of this chapter. In the overall cost analysis, startup
expense may be represented as a one-time-only expenditure in the first year of
the plant operation or as part of the total capital investment depending on the

company  policies.

Methods for edimating capital investment

Various methods can be employed for estimating capital investment. The choice
of any one method depends upon the amount of detailed information available
and the accuracy desired. Seven methods are outlined in thischapter, with each
method requiring progressively less detailed information and less preparation
time. Consequently, the degree of accuracy decreases with each succeeding
method. A maximum accuracy within approximately +5 percent of the actual
capital investment can be obtained with method A.

METHOD A DETAILED-ITEM ESTIMATE. A detailed-item estimate requires
careful determination of each individual item shown in Table 1. Equipment and
material needs are determined from completed drawings and specifications and
are priced either from current cost data or preferably from firm delivered
guotations. Estimates of installation costs are determined from accurate labor
rates, efficiencies, and employee-hour calculations. Accurate estimates of engi-
neering, drafting, field supervision employee-hours, and field-expenses must be
detailed in the same manner. Complete site surveys and soil data must be
available to minimize errors in site development and construction cost esti-

mates. In fact, in this type of estimate, an attempt is made to firm up as much of
the estimate as possible by obtaining quotations from vendors and suppliers.
Because of the extensive data necessary and the large amounts of engineering
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time required to prepare such a detailed-item estimate, this type of estimate is
almost exclusively only prepared by contractors bidding on lump-sum work from
finished drawings and specifications.

METHOD B UNIT-COST ESTIMATE. The unit-cost method results in good
estimating accuracies for fixed-capital investment provided accurate records
have been kept of previous cost experience. This method, which is frequently
used for preparing definitive and preliminary estimates, also requires detailed
estimates of purchased price obtained either from quotations or index-corrected
cost records and published data. Equipment installation labor is evaluated as a
fraction of the delivered-equipment cost. Costs for concrete, steel, pipe, electri-
cals, instrumentation, insulation, etc., are obtained by take-offs from the draw-
ings and applying unit costs to the material and labor needs. A unit costt|is also
applied to engineering employee-hours, number of drawings, and specifi cations.

A factor for construction expense, contractor's fee, and contingency is estimated
from previoudy completed projects and is used to complete this type of
estimate. A cost equation summarizing this method can be given ast

Cn = [E(E + EL) + z:(foMx +fyMl’.) + EfeI_Ie + Zfddn](fl“) (2)

where C, = new capita investment
E = purchased-equipment cost
E, = purchased-equipment labor cost

f, = specific material unit cost, eg., f, = unit cost of pipe
M, = specific material quantity in compatible units
fy specific material labor unit cost per employee-hour
labor employee-hours for specific material

fe unit cost-for engineering

H, = engmeermg employee-hours
unit cost per drawing or specification
d = number of drawings or specifications
fF = construction or field expense factor always greater than 1

1 H

|| ]

Approximate corrections to the base equipment cost of complete, main-plant
items for specific materials of construction or extremes of operating pressure
and temperature can be applied in the form of factors as shown in Table 16.

METHOD C PERCENTAGE OF DELIVERED-EQUIPMENT COST. This method
for estimating the fixed or total-capital investment requires determination of the
delivered-equipment cost. The other items included in the total direct plant cost
are then estimated as percentages of the delivered-equipment cost. The addi-
tional components of the capital investment are based on average percentages
of the total direct plant cost, total direct and indirect plant costs, or total capital

tH. C. Bauman, “Fundamentals of Cost Engineering in the Chemical Industry,” Reinhold Publish-
ing Corporation, New York, 1964.



TABLE 16

Correction factors for operating pressure,
operating temperature, and material of construction
to apply for fixed-capital investment of major plant

itemsti

Operating pressure, psa (am)

Correction  factor

0.08 (0.005)
0.2 (0.014)
0.7 (0.048)

~700.54 (48) 100 (69)

3000  (204)
6000 (408)

13
12
11
1.0 (besd)
1

1.3

Operding temperdure, °C

Correction  factor

-80

0

100
600
5,000
10,000

13
1.0 (base)
1.05
11
1.2
14

Materid  of  congtruction

Correction  factor

Cabon  sted-mild
Bronze
Carbon/molybdenum
Aluminum

Cst sed

Stainless  sted
Worthite dloy
Hastelloy C dloy
Monel dloy
Nickel/inconel aloy
Titanium

1.0 (base)
1.05
1.065
1.075
11

128 to 15
14

154

165

17

20

t Adapted from D. H. Allen and R. C. Page, Revised
Techniques for Predesign Cost Estimating, Chem. Eng., 82(5):

142 (March 3, 1975).

1 It should be noted that these factors are to be used
only for complete main-plant items and serve to correct from
the base case to the indicated conditions based on pressure or
temperature extremes that may be involved or specid materias
of condruction tha may be required. For the case of gmall o
sngle pieces of equipment which are completely dedicated to
the extreme conditions, the factors given in this teble may be
far too low and factors or methods given in other pats of this

book must be used.
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investment. This is summarized in the following cost equation:

C,=[EE+L(fLE+HE+fE+ . .)I(f) (3)

where f,, f,... = multiplying factors for piping, electrical, instrumentation, etc.
f; = indirect cost factor always greater than 1.

The percentages used in making an estimation of this type should be
determined on the basis of the type of process involved, design complexity,
required materials of construction, location of the plant, past experience, and
other items dependent on the particular unit under consideration. Average
values of the various percentages have been determined for typical chemical
plants, and these values are presented in Table 17.

Estimating by percentage of delivered-equipment cost is commcily used

for preliminary and study estimates. It yields most accurate results when applied
to projects similar in configuration to recently constructed plants. For epmpara-
ble plants of different capacity, this method has sometimes been reported to
yield definitive estimate accuracies.

Example 3 Estimation of fixed-capital investment by percentage of delivered-
equipment cost. Prepare a study estimate of the tied-capital investment for the
process plant described in Example 1 if the delivered-equipment cost is $100,000.

Solution. Use the ratio factors outlined in Table 17 with modifications for
instrumentation and outdoor operation.

Components cost
Purchased equipment (delivered), E $100,000
Purchased equipment installation, 39% E 39,000
Instrumentation (installed), 28% E 28,000
Piping (installed), 31% E 31,000
Electricd (installed), 10% E 10,000
Buildings (including services), 22% E 22,000
Y ard improvements, 10% E 10,000
Service fadlities (ingtdled), 55% E 55,000

Land, 6% E 6,000
Totd direct plant cot D 301,000
Engineering  and  supervison, 32% E 32,000
Construction expenses, 34% E 34,000
Total direct and indirect cost (D +1) 367,000
Contractor’sfee, 5% (D + I) 18,000
Contingency, 10% (D + 1) 37,000
Fixed-capital investment $422,000

METHOD D “LANG” FACTORSFOR APPROXIMATION OF CAPITAL INVEST-
MENT. This technique, proposed originally by Langt and used quite frequently
to obtain order-of-magnitude cost estimates, recognizes that the cost of a

tH. J. Lang, Chem. Eng., 54(10):117 (1947); H. J. Lang, Chem. Eng., 55(6):112 (1948).
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TABLE 17

Ratio factors for estimating capital-investment items based on delivered-
equipment cost

Vaues presented are applicable for major process plant additions to an existing site where the
necessary land is available through purchase or present ownership.? The values are based on
fixed-capita investments ranging from under $1 million to over $20 million.

Percent of deliveredequipment cost for

Solid- Solid-fluid- Fluid-
processing processing processing
Item plant} plant % plant ¢
Direct  costs
Purchased  equipment-delivered  (including ‘
fabricated equipment and process machinery) § 100 100 100
Purchased-equipment installation 45 39 47
Instrumentation and  controls  (installed) 9 13 18
Piping (installed) 16 31 66
Electricd  (installed) 10 10 11
Buildings (including services) 25 29 18
Yard improvements 13 10 10
Service facilities  (installed) 40 55 70
Land (if purchase is required) 6 6 6
Total direct plant cost 264 293 346
Indirect costs
Engineering and  supervision 33 32 33
Construction  expenses 39 34 41
Total direct and indirect plant costs 336 359 420
Contractor's fee (about 5% of direct and
indirect plant costs) 17 18 21
Contingency (about 10% of direct and
indirect plant costs) 34 36 42
Fixed-capital ~ investment 387 413 483
Working capita (about 15% of total capital
investment) 68 74 86
Total capitdl  investment 455 487 569

t Because of the extra expense involved in supplying service facilities, storage facilities, loading
terminals, transportation facilities, and other necessary tilities a a completely undeveloped site,
the fved-capital invesment for a new plant located a an undeveloped sSte may be as much as
100 percent greater than for an equivalent plant constructed as an addition to an existing plant.

1 See Table 8 for definition of types of process plants.

§ Includes pumps and compressors.
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TABLE 18 S
Lang multiplication factors for estimation of

fixed-capital investment or total capital investment

Factor x delivered-equipment cost = fixed-capitd investment
or total capita investment for major additions to an existing

plant.
Factor for
Fixed-capitd Totd  capital
Type of plant investment investment l’
I

Solid- Processmg plant 39 4.6 \
Solid-tluid-processing plant 41 49

Fluid-processing plant 4.8 5.7

process plant may be obtained by multiplying the basic equipment cost by some
factor to approximate the capital investment. These factors vary depending
upon the type of process plant being considered. The percentages given in
Table 17 are rough approximations which hold for the types of process plants
indicated. These values, therefore, may be combined to give Lang multiplication
factors that can be used for estimating the total direct plant cost, the fixed-capital
investment, or the total capital investment. Factors for estimating the fixed-
capital investment or the total capital investment are given in Table 18. It
should be noted that these factors include costs for land and contractor’s fees.

Greater accuracy of capital investment estimates can be achieved in this
method by using not one but a number of factors. One approach is to use
different factors for different types of equipment. Another approach is to use
separate factors for erection of equipment, foundations, utilities, piping, etc., or
even to break up each item of cost into material and labor factors.? With this
approach, each factor has a range of values and the chemical engineer must rely
on past experience to decide, in each case, whether to use a high, average, or
low figure.

Since tables are not convenient for computer calculations it is better to
combine the separate factors into an equation similar to the one proposed by
Hirsch and Glazier}

Co=Fi[EQ + fr+f, + fu) + Ei + 4] 4

tFurther discussions on these methods may be found in W. D. Baasel, “Preliminary Chemical
Engineering Plant Design,” American Elsevier Publishing Company, Inc., New York, 1976; S. G.

Kirkham, Preparation and Application of Refined Lang Factor Costing Techniques, AACE Bul.,

15(5):137 (Oct, 1972); C. A. Miller, Capitd Cost Edtimating-A Science Rather Than an Art, Cost
Engineers’ Notebook, ASCE A-1666 (Jung, 1978).

$J. H. Hirsch and E. M. Glazier, Chem. Eng. Progr., 56(12):37 (1960).
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where the three installation-cost factors are, in turn, defined by the following
three equations:

log fr=0.635 = 0.15410g0.001E - 0.992; + 0.506% (5)
log f, = -0.266 — 0.01410g0.001E — 0.156; + 0.556—2- (6)
log f,, = 0.344 + 0.033 log0.001 E + 119 (7)

and the various parameters are defined accordingly:

E = purchased-equipment on an f.o.b. basis
f, = indirect cost factor always greater than 1 (normally taken as 1.4)
fr = cost factor for field labor
f, = cost factor for piping materials
f,, = cost factor for miscellaneous items, including the materials cost for insula-
tion, instruments, foundations, structural steel, building, wiring, painting,
and the cost of freight and field supervision
E; = cost of equipment aready installed at site
A = incremental cost of corrosion-resistant alloy materials
e = total heat exchanger cost (less incremental cost of aloy)
Jf, = total cost of field-fabricated vessels (less incremental cost of alloy)
p =total pump plus driver cost (less incremental cost of aloy)
t =total cost of tower shells (less incremental cost of alloy)

Note that Eq. (4) is designed to handle both purchased equipment on an f.o.b.
basis and completely installed equipment.

METHOD E POWER FACTOR APPLIED TO PLANT-CAPACITY RATIO. This
method for study or order-of-magnitude estimates relates the fixed-capita
investment of a new process plant to the fixed-capital investment of similar
previously constructed plants by an exponential power ratio. That is, for certain
similar process plant configurations, the fixed-capital investment of the new
facility is equal to the fixed-capital investment of the constructed facility C
multiplied by theratio R, defined as the capacity of the new facility divided by
the capacity of the old, raised to a power y, This power has been found to
average between 0.6 and 0.7 for many process facilities. Table 19 gives the
capacity power factor (x) for various kinds of processing plants.

c, = CR" (8)

A closer approximation for this relationship which involves the direct and
indirect plant costs has been proposed as

C.=f[D(R)" + 1] 9)
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TABLE 19

Capital-cost data for processing plants (1990)+

$ of fixed-
Fixed- capital Power factor (x)}
Product Typical capital investment for plant-
or plant size, investment, per annual capacity
process Process remarks 1000 tons / yr  million § ton of product ratio
Chemical plants

Acetic &cid CH,0OH and CO-catalytic 10 6 650 0.68
Acetone Propylene-copper  chloride  catalyst 100 32 320 0.45
Ammonia Steam reforming 100 24 240 0.53
Ammonium nitrate Ammonia and nitric &cid 100 5 50 0.65
Butanol Propylene, CO, and H,O-—catalytic 50 40 800 0.40
Chlorine Electrolysis of NaCl 50 28 550 0.45
Ethylene Refinery  gases 50 13 260 0.83
Ethylene oxide Ethylene-catalytic 50 50 1000 0.78
Formaldehyde

(37%) Methanol-catalytic 10 16 1600 0.55
Glycol Ethylene and chlorine 5 15 2900 0.75
Hydrofluoric ~ acid Hydrogen fluoride and H,0 10 8 800 0.68
Methanol CO,, naturd gas, and steam 60 13 200 0.60
Nitric acid

(high  strength) Ammonia-catalytic 100 6 65 0.60
Phosphoric  acid Cdcium phosphate and H,SO, 5 3 650 0.60
Polyethylene

(high  density) Ethylene-catalytic 5 16 3200 0.65
Propylene Refinery  gases 10 3 320 0.70
Sulfuric  acid Sulfur-catalytic 100 3 32 0.65
Urea Ammonia and CO, 60 8 130 0.70
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TABLE 19 ) .
Capital-cost data for processing plants (1990) (Continued)
Fixed- $ of fixed- Power factor (x)

Product Typical capital capital for plant-
or plant size, investment, investment capacity
process Process remarks 1000 bbl / day  million $ per bbl / day  ratio

Refinery units
Alkylation (H,SO,) Catalytic 10 19 1900 0.60
Coking (delayed) Thermal 10 26 2600 0.38
Coking (fluid) Thermal 10 16 1600 0.42
Cracking (fluid) Catalytic 10 16 1600 0.70
Cracking Thermal 10 5 500 0.70
Distillation (atm.) 65%  vaporized 100 32 3m 0.90
Distillation (vac.) 65%  vaporized 100 19 200 0.70
Hydrotreating Catalytic desulfurization 10 3 320 0.65
Reforming Catalytic 10 29 2900 0.60
Polymerization Catalytic 10 5 500 0.58

t Adapted from K. M. Guthrie, Capital and Operating Costs for 54 Chemical Processes, Chem. Eng., T13):140 (June 15, 1970) and K. M.

Guthrie, “ Process Plant Estimating, Evaluation, and Control,” Craftsman Book Company of America, Solana Beach, California. 1974. See also
J. E. Haselbarth, Updated Investment Costs for 60 Chemical Plants, Chem. Eng., T4(25):214 (Dec. 4, 1967) and D. Drayer, How to Estimate Plant
Cost-Capacity Relationship, Petro/Chem Engr., 42(5):10 (1970).
+ These power factors apply within roughly a three-fold ratio extending either way from the plant size as given.
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TABLE 20
Relative labor rate and productivity indexes in the

chemical and allied products industries for the United States
(1989)t

Relative Relative

labor productivity
Geographical area rate factor
New England 1.14 0.95
Middle Atlantic 1.06 0.96
South Atlantic 0.84 0.91
Midwest 1.03 1.06
Gulf 0.95 1.22
Southwest 0.88 1.04
Mountain 0.88 0.97
Pacific Coast 1.22 0.89

+ Adapted from J. M. Winton, Plant Sites, Chem. Week, 121(24):49 (Dec. 14, 1977),
and updated with data from M. Kiley, ed., “National ~ Construction  Estimator,”  37th
ed., Craftsman Book Company of America, Carlsbad, CA, 1989. Productivity, as
considered here, is an economic term that gives the value added (products minus
raw materials) per dollar of total payroll cost. Relative values were determined by
taking the average of Kiley's weighted state values in each region divided by the
weighted average value of all the regions. See also Tables 23 and 24 of this chapter;
H. Popper and G. E. Weismantel, Costs and Productivity in the Inflationary 1970,
Chem. Eng., 77(1):132 (Jan. 12, 1970); and C. H. Edmondson, Hydrocarbon Process.,
53(7):167 (1974).

where f is a lumped cost-index factor relative to the origina installation cost. D
is the direct cost and Z is the total indirect cost for the previously installed
facility of a similar unit on an equivalent site. The value of x approaches unity
when the capacity of a process facility is increased by adding identical process
units instead of increasing the size of the process equipment. The lumped
cost-index factor f is the product of a geographical labor cost index, the
corresponding area labor productivity index, and a material and equipment cost
index. Table 20 presents the relative median labor rate and productivity factor
for various geographical areas in the United States.

Example 4 Estimating relative costs of construction labor as a function of
geographical area. If a given chemical process plant is erected near Dallas
(Southwest area) with a construction labor cost of $100,000 what would be the
construction labor cost of an identical plant if it were to be erected at the same
time near Los Angeles (Pacific Coast Area) for the time when the factorsgivenin
Table 20 apply?

Solution
Relative median labor rate-Southwest 0.88 from Table 20
Relative median labor rate-Pacific Coast 1.22 from Table 20

122
Relative labor rate ratio = Y = 1.3864
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Relative productivity factor-Southwest 1.04 from Table 20
Relative productivity factor-Pacific Coast 0.89 from Table 20

0.89
Relative productivity factor ratio = T = (0.8558

Congtruction labor cost of Southwest to Pecific Coast = (1.3864) /(0.8558) = 1.620
Construction labor cost & Los Angdes = (1.620X$100,000) = $162,000

To determine the fixed-capital investment required for a new simmitar—
single-process plant at a new location with a different capacity and with the
same number of process units, the following relationship has given good results:

C
C,= Rx[fEE+fMM+foFeL(EL+fy L)] D= C -1 (10)

where fp = current equipment cost index relative to cost of the purchased
equipment
fu = current material cost index relative to cost of material

M = materia cost
fi = current labor cost index in new location relative to E, and M/ at

old location

e, = labor efficiency index in new location relative to £, and M/ a old
location

E, = purchased-equipment labor cost

M = labor employee-hours for specific material
= gpecific materia labor cost per employee-hour
C = origina capita investment

In those situations where estimates of fixed-capital investment are desired
for a similar plant at a new location and with a different capacity, but with
multiples of the original process units, Eq. (11) often gives results with some-
what better than study-estimate accuracy.

c
C, = [ RfcE + R*fuM + R*f, fre (EL+ [,M)| (D=7 (1)

More accurate estimates by this method are obtained by subdividing the
process plant into various process units, such as crude distillation units, reform-
ers, akylation units, etc., and applying the best available data from similar
previoudly installed process units separately to each subdivision. Table 19 lists
some typical process unit capacity-cost data and exponents useful for making
this type of estimate.

Example5 Egimation of fixed-capital investment with power factor applied to
plant-capacity ratio. If the process plant, described in Example 1, was erected in
the Dallas area for a fixed-capital investment of $436,000 in 1975, determine what
the estimated fixed-capital investment would have been in 1980 for a similar
process plant located near Los Angeles with twice the process capacity but with an
equal number of process units? Use the power-factor method to evauate the new
fixed-capital investment and assume the factors given in Table 20 apply.
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Solution. If Eq. (8) is used with a 0.6 power factor and the Marshall and Swift
al-indugtry  index (Table 3), the fixed-capitd investment is

C, = Cfe(R)"
C, = (436, 000)( )(2)06 = $982,000

If EQ. (8) is used with a 0.7 power factor and the Marshall and Swift all-industry
index (Table 3), the fixed-capital investment is

C, = (436, 000)(444)(2)"7 = $1,053,000

If Eq (9 is used with a 06 power factor, the Marshdl and Swift al-industry index
(Table 3), and the relative labor and productivity indexes (Table 20), the fixed-
capitd  investment  is

C,=f[D(R)" +1]
where f = fi.f, e;,and D and Z are obtained from Example 1,

¢, = () (122} (2241 308 000)(2)°* + 128,000]
"_(444)(0.88)(089) ( )@

C, = (1.486)(1.620)(467.000 + 128,000)
C, = $1,432,000
If Eq. (9 is used with a 07 power factor, the Marshdl and Swift al-industry
index (Table 3), and the relative labor and productivity indexes (Table 20), the
fixed-capitd  investment  is
C, = $1,513,000
Results obtained using this procedure have shown high correation with
fixed-capital investment estimates that have been obtained with more detailed
techniques. Properly used, these factoring methods can yield quick fixed-capital
investment requirements with accuracies sufficient for most economic-evalua
tion purposes.

METHOD F I NVESTMENT COST PER UNI T OF CAPACI TY. Many data have
been published giving the fixed-capital investment required for various pro-
cesses per unit of annual production capacity such as those shown in Table 19.

Although these values depend to some extent on the capacity of the individua

plants, it is possible to determine the unit investment costs which apply for
average conditions. An order-of-magnitude estimate.of the fixed-capital invest-
ment for a given process can then be obtained by multiplying the appropriate
investment cost per unit of capacity by the annual production capacity of the
proposed plant. The necessary correction for change of costs with time can be
made with the use of cost indexes.

METHCD G TURNOVER RATI GS. A rapid evauation method suitable for or-
der-of-magnitude estimates is known as the “turnover ratio” method. Turnover
ratio is defined as the ratio of gross annual sales to the fixed-capital investment,

gross annual sales

Tumover ratlo = o capital investment (12)
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where the product of the annual production rate and the average selling price of
the commodities is the gross annual sales figures. The reciprocal of the turnover
ratio is sometimes defined as the capital ratio or the investment ratio.f Turnover
ratios of up to 5 are common for some business establishments and some are as
low as 0.2. For the chemica industry, as a very rough rule of thumb, the ratio
can be approximated as 1.

ORGANIZATION FOR PRESENTING CAPITAL

INVESTMENT ESTIMATES BY
COMPARTMENTALIZATION

The methods for estimating capital investment presented in the preceding
sections represent the fundamental approaches that can be used. However, the
direct application of these methods can often be accomplished with consider-
able improvement by considering the fixed-capital investment requirement by
parts. With this approach, each identified part is treated as a separate unit to
obtain the total investment cost directly related to it. Various forms of compart-
mentalization for this type of treatment have been proposed. Included in these
are (1) the modular estimate,+ (2) the unit-operations estimate,§ (3) the func-
tional-unit estimate,y and (4) the average-unit-cost estimate.t+

The same principle of breakdown into individual components is used for
each of the four approaches. For the modular estimate, the basisis to consider
individual modules in the total system with each consisting of a group of similar
items. For example, al heat exchangers might be included in one module, al
furnaces in another, all vertical process vessels in another, etc. The total cost
estimate is considered under six general groupings including chemica process-
ing, solids handling, site development, industrial buildings, offsite facilities, and

tWhen the term investment raio iS used, the investment is usualy considered to be the total capital
investment which includes working capital as well as other capitaized costs.

iW. J Dodge et a., Metropolitan New York Section of AACE, The Module Estimating Technique
as an Aid in Developing Plant Capita Costs, Trans. AACE (1962); K. M. Guthrie, Capitd Cost
Estimating, Chem. Eng., 76(6):114 (March 24, 1969); K. M. Guthrie, “Process Plant Estimating,
Evaluation, and Control,” Craftsman Book Company of America, Solana Beach, CA, 1974;
A. Pikulik and H. E. Diaz, Chem. Eng., 84(21):106 (Oct. 10, 1977); R. H. Perry and D. H. Green,
“Chemical Engineers Handbook,” 6th ed., McGraw-Hill Book Company, Inc, New York, 1984.
§E. F. Hendey, “The Unit-Operations Approach,” American Associaion of Cost Engineers, Paper
presented a Annual Meeting, 1967, E. W. Merrow, K. E. Phillips, and C. W. Meyers, “Understand-
ing Cost Growth and Performance Shortfals in Pioneer Process Plants” Rand Corporation, Santa
Monica, CA, 1981; see dso Chem. Eng., 88(3):41 (Feb. 9, 1981).

YA. V. Bridgewater, The Functional-Unit Approach to Rapid Cost Estimation, AACE Bull.,
18(5):153 (1976).

++C. A. Miller, New Cost Factors Give Quick Accurate Estimates, Chem. Eng., 72(19):226 (Sept. 13,
1965); C. A. Miller, Current Concepts in Capital Cost Forecasting, Chem. Eng. Progr., 69(5):77
(1973); 0. P. Charbanda, “Process Plant and Equipment Cost Estimation,” Craftsman Book
Company of America Solana Beach, CA, 1979; S Cran, Improved Factored Method Gives Better
Preliminary Cost Estimates” Chem. Eng., 88(7):79 (Apr. 6, 1981).
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project indirects. As an example of an equipment cost module for heat exchang-
ers, the module would include the basic delivered cost of the piece of equip-
ment with factors similar to Lang factors being presented for supplemental
items needed to get the equipment ready for use such as piping, insulation,
paint,- labor, auxiliaries, indirect costs, and contingencies.

In presenting the basic data for the module factors, the three critical
variables are size or capacity of the equipment, materials of construction, and
operating pressure with temperature often being given as a fourth critical
variable. It is convenient to establish the base cost of al equipment as that
constructed of carbon steel and operated at atmospheric pressure. Factors, such
as are presented in Table 16, are then used to change the estimated costs of the
equipment to account for variation in the preceding critical variables. Once the
equipment cost for the module is determined, various factors are applied to
obtain the fina fixed-capital investment estimate for the item completely in-
stalled and ready for operation. Figure 6-6 shows two typica module ap-
proaches with Fig. 6-6a representing a module that applies to a “normal”
chemical process where the overall Lang factor for application to the f.o.b. cost
of the origina equipment is 3.482 and Fig. 6-6b representing a “normal”
module for a piece of mechanical equipment where the Lang factor has been
determined to be 2.456.

The modules referred to in the preceding can be based on combinations of
equipment that involve similar types of operations requiring related types of
auxiliaries. An example would be a didtillation operation requiring the distilla-
tion column with the necessary auxiliaries of reboiler, condenser, pumps, holdup
tanks, and structural supports. This type of compartmentalization for estimating
purposes can be considered as resulting in a so-called unit-operations estimate.
Similarly, the functional-unit estimate is based on the grouping of equipment by
function such as distillation or filtration and including the fundamental pieces of
equipment as the initial basis with factors applied to give the final estimate of
the capital investment.

The average-unit-cost method puts special emphasis on the three variables
of size of equipment, materials of construction, and operating pressure as well
as on the type of process involved. In its smplest form, al of these variables and
the types of process can be accounted for by one number so that a given factor
to convert the process equipment cost to total fixed-capital investment can apply
for each “average unit cost.” The latter is defined as the total cost of the
process equipment divided by the number of equipment items in that particular
process. As the “average unit cost” increases, the size of the factor for
converting equipment cost to total fixed-capital investment decreases with a
range of factor values applicable for each “average unit cost” depending on the
particular type of process, operating conditions, and materials of construction.

ESTIMATION OF TOTAL PRODUCT COST

Methods for estimating the total capital investment required for a given plant
are presented in the first part of this chapter. Determination of the necessary
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capital investment is only one part of a complete cost estimate. Another equally
important part is the estimation of costs for operating the plant and selling the
products. These costs can be grouped under the general heading of total product
cost. The latter, in turn, is generally divided into the categories of manufacturing
costs and general expenses. Manufacturing costs are al'so known as operating or
production costs. Further subdivision of the manufacturing costs is somewhat
dependent upon the interpretation of direct and indirect costs.

Accuracy is as important in estimating total product cost as it is in
estimating capital investment costs. The largest sources of error in total-prod-
uct-cost estimation are overlooking elements of cost. A tabular form is very
useful for estimating total product cost and constitutes a valuable checklist to
preclude omissions. Figure 6-7 provides a suggested checklist which is typical of
the costs involved in chemical processing operations.

Total product costs are commonly calculated on one of three bases:
namely, daily basis, unit-of-product basis, or annual basis, The annual cost basis
is probably the best choice for estimation of total cost because (1) the effect of
seasonal variations is smoothed out, (2) plant on-stream time or equipment-
operating factor is considered, (3) it permits more-rapid calculation of operating
costs at less than full capacity, and (4) it provides a convenient way of
considering infrequently occurring but large expenses such as annual turnaround
costs in a refinery.

The best source of information for use in total-product-cost estimates is
data from similar or identical projects. Most companies have extensive records
of their operations, so that quick, reliable estimates of manufacturing costs and
general expenses can be obtained from existing records. Adjustments for in-
creased costs as a result of inflation must be made, and differences in plant site
and geographical location must be considered.

Methods for estimating total product cost in the absence of specific
information are discussed in the following paragraphs. The various cost ele-
ments are presented in the order shown in Fig. 6-7.

Manufacturing Costs

All expenses directly connected with the manufacturing operation or the physi-
cal equipment of a process plant itself are included in the manufacturing costs.
These expenses, as considered here, are divided into three classifications as
follows: (1) direct production costs, (2) fixed charges, and (3) plant-overhead
costs.

Direct production costs include expenses directly associated with the manu-
facturing operation. This type of cost involves expenditures for raw materias
(including transportation, unloading, etc.,); direct operating labor; supervisory
and clerical labor directly connected with the manufacturing operation; plant
maintenance and repairs;, operating supplies, power; utilities; royalties; and
caayds.
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It should be recognized that some of the variable costs listed here as part
of the direct production costs have an element of fixed cost in them. For
instance, maintenance and repair decreases, but not directly, with production
level because a maintenance and repair cost still occurs when the process plant
is shut down.

Fixed charges are expenses which remain practically constant from year to
year and do not vary widely with changes in production rate. Depreciation,
property taxes, insurance, and rent require expenditures that can be classified as
fixed charges.

Plant-overhead costs are for hospital and medical services, general plant
maintenance and overhead; safety services; payroll overhead including pensions,
vacation allowances, social security, and life insurance; packaging, restaurant
and recreation facilities, salvage services, control laboratories, property protec-
tion, plant superintendence, warehouse and storage facilities, and specia em-
ployee benefits. These costs are similar to the basic fixed charges in that they do
not vary widely with changes in production rate.

Genera  Expensss

In addition to the manufacturing costs, other general expenses are involved in
any company’s operations. These general expenses may be classified as (1)
administrative expenses, (2) distribution and marketing expenses, (3) research
and development expenses, (4) financing expenses, and (5) gross-earnings ex-
penses.

Administrative expenses include costs for executive and clerical wages,
office supplies, engineering and legal expenses, upkeep on office buildings, and
general communications.

Distribution and marketing expenses are costs incurred in the process of
selling and distributing the various products. These costs include expenditures
for materials handling, containers, shipping, sales offices, salesmen, technical
sales service, and advertising.

Research and development expenses are incurred by any progressive concern
which wishes to remain in a competitive industrial position. These costs are for
salaries, wages, special equipment, research facilities, and consultant fees re-
lated to developing new ideas or improved processes.

Financing expenses include the extra costs involved in procuring the money
necessary for the capita investment. Financing expense is usualy limited to
interest on borrowed money, and this expense is sometimes listed as a fixed
charge.

Gross-earnings  expenses are based on incometax laws. These expenses are
a direct function of the gross earnings made by all the various interests held by
the particular company. Because these costs depend on the company-wide
picture, they are often not included in predesign or preliminary cost-estimation
figures for a single plant, and the probable returns are reported as the gross
earnings obtainable with the given plant design. However, when considering net
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profits, the expenses due to income taxes are extremely important, and this cost
must be included as a specia type of general expense.

DIRECT PRODUCTION COSTS
Raw Materials

In the chemical industry, one of the magjor costs in a production operation is for
the raw materials involved in the process. The amount of the raw materials
which must be supplied per unit of time or per unit of product can be
determined from process material balances. In many cases, certain materials act
only as an agent of production and may be recoverable to some extent.
Therefore, the cost should be based on the amount of raw materials actualy
consumed as determined from the overall material balances.

Direct price quotations from prospective suppliers are preferable to pub-
lished market prices. For preliminary cost analyses, market prices are often used
for estimating raw-material costs. These values are published regularly in
journals such as the Chemical Marketing Reporter (formerly the Qil, Paint, and
Drug Reporter ),

Freight or transportation charges should be included in the raw-materia
costs, and these charges should be based on the form in which the raw materias
are to be purchased for use in the final plant. Although bulk shipments are
cheaper than smaller-container shipments, they require greater storage facilities
and inventory. Consequently, the demands to be met in the final plant should be
considered when deciding on the cost of raw materials.

The ratio of the cost of raw materias to total plant cost obviously will vary
considerably for different types of plants. In chemical plants, raw-material costs
are usualy in the range of 10 to 50 percent of the total product cost.

Operating Labor

In general, operating labor may be divided into skilled and unskilled labor.
Hourly wage rates for operating labor in different industries at various locations
can be obtained from the U.S. Bureau of Labor Monthly Labor Review. For
chemical processes, operating labor usually amounts to about 15 percent of the
total product cost.

In preliminary costs analyses, the quantity of operating labor can often be
estimated either from company experience with similar processes or from
published information on similar processes. Because the relationship between
labor requirements and production rate is not aways a linear one, a 0.2 to 0.25
power of the capacity ratio when plant capacities are scaled up or down is often
used.

If a flow sheet and drawings of the process are available, the operating
labor may be estimated from an analysis of the work to be done. Consideration
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TABLE21 . .
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Operating labor requirements for chemica process industries.
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must be given to such items as the type and arrangement of equipment,
multiplicity of units, amount of instrumentation and control for the process, and
company policy in establishing labor requirements. Table 21 indicates some
typical labor requirements for various types of process equipment.

Another method of estimating labor requirements as a function of plant
capacity is based on adding up the various principa processing steps on the flow

TABLE 22
Operating labor, fuel, steam, power, and water requirements for

various processest

Operating Mantenance ~ Power and utilities, per ton/yr or

labor and  labor and bbl/day capacity

Capacity supervision supervision

thousand workhours/ workhours/  Fuel Steam Power Water

ton/yr ton ton MM Btu/h Ib/h kWh  gph

Chemica  plants
Acetone 100 0518 0.315 o 173 310 5.18
Acetic acid 10 1483 0.984 e 180  0.58
Butadiene 100 0.345 0.285 oo 0.012 130 0.73
Ethylene oxide 100 0.232 0.104 S 488 140  0.148
Formaldehyde 100 0.259 0.328 o 46 200 0.029
Hydrogen peroxide 100 0.288 0.352 S 262 160 0.186
Isoprene 100 0.230 0.325 S 081 710  0.001
Phosphoric  acid 10 185 0.442 : 0.18 40 003
Polyethylene 100 0.259 0.295 o 0.23 450  0.0004
Urea 100 0.238 0.215 . 0.33 135 0.0002
Vinyl acetate 100 0.432 0.528 S 134 275 0.27
Refinery  units

Thousand ~ Workhours/ Workhours/

bbl/day bbl bbl
Alkylation 10 0.007 008% ... 1083  0.07 148
Coking (delayed) 10 0.011¢ 0.0096 0.007 18 007 ...,
Coking  (fluid) 10 0.0096 0.0058 0.012 255 0.06 0.64
Cracking  (fluid) 10 0.0122 0.0115 C (4.73)8 0.02 0.33
Cracking  (themd) 10 0.0096 0.0025 0.012 (2.55)§ 0.06 0.64
Digtillation  (atm) 10 0.0048 0.0042 0.004 025 003 0.16
Distillation ~ (mc) 10 0.0024 0.0154 0.003 095 0.04 0.18
Hydrotreating 10 0.0048 0.0028 0.006 0.92 001 0.14
Reforming, catalyt. 10 0.0048 0.0078 0.002 138 023 0.28
Polymerization 10 0.0024 0.0158 C 4,85 007 0.43

t Based on information from K. M. Guthrie, Capitd and Operating Costs for 54 Chemica
Processes, Chem. Eng., 77(13): 140 (June 15, 1970).

t Includes two coke cutters (1 shift/day).

§ Net steam generated.
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TABLE 23
Cost tabulation for selected utilities and laborti

1989 costs hased on U.S. Gulf Coast location

cost
Steam costs
Exhaust, $,/1000 Ib 110
Pressure of 100 psig, $,/1000 |b 240
Pressure of 500 psig, $,/1000 Ib 3.60
Fuel costs
Gas a well head including gathering-system costs:
Existing contracts, $/million Btu 240
New contracts, $/million Btu 3.00
Fuel oil in $/million Btu with 6.25 million Btu/bbl 3.00
Gas transmission costs in ¢/100 miles 7.30
Plant fuel gas in $/million Btu 320
Purchased power for midcontinent USA in ¢/kWh 7.00
Water costs
Process water (treated) in ¢/1000 ¢d 80
Cooling water in ¢,/1000 gal (tower or river) 10
Labor rates
Supervisor, $/h 28.00
Operators, $/h 21.00
Helpers, $/h 17.40
Chemists, $/h 20.00
Labor burden as % of direct labors 25
Plant generad overhead as % of totd labor + burden 40

+ Based on information updated from C. C. Johnnie and D. K. Aggarwal,
Calculating Plant Utility Costs, Chem. Eng. Progr., 73(11):84 (1977) and
M. Kiley, “National Congtruction Estimator,” 37th ed, Craftsman Book
Company of America, Carlsbad, CA, 1989.

1 See Appendix B for a more detailed listing of utility and related costs.

§ Labor burden refers to costs the company must pay associated with and

above the base labor rate, such as for Socia Security, insurance, and other
benefits.

sheets.§ In this method, a process step is defined as any unit operation, unit
process, or combination thereof, which takes place in one or more units of
integrated equipment on a repetitive cycle or continuoudly, e.g., reaction,
digtillation, evaporation, drying, filtration, etc. Once the plant capacity is fixed,
the number of employee-hours per ton of product per step is obtained from Fig.
6-8 and multiplied by the number of process steps to give the total employee-
hours per ton of production. Variations in labor requirements from highly
automated processing steps to batch operations are provided by selection of the
appropriate curve on Fig. 6-8.

fMethod originally proposed by H. E. Wessel, New Graph Correlates Operating Labor for
Chemical Processes, Chem. Eng., $5%(7):209 (July, 1952).
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TABLE 24 , L ”
Engineering News-Record |abor indexes to permit estimation of prevailing

wage rates by locationt
(See table 23 for values of labor rates as $/h)

ENB Skilled Labor Index (December values). (Based on 1967 = 100)

Location 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989
Atlanta 256 304 330 312 312 312 330 335 348 392
Baltimore 281 304 333 337 329 339 355 377 395 478
Birmingham 289 309 320 332 343 343 338 355 368 422
Boston 265 2% 353 378 396 413 433 462 490 542
Chicago 289 314 349 355 358 361 381 401 417 442
Cincinnati 314 342 359 378 377 378 378 386 397 481
Cleveland 294 315 349 382 395 406 419 419 426 439
Dallas 302 352 386 409 385 364 357 353 335 434
Denver 281 324 366 406 406 359 373 373 347 386
Detroit 314 350 356 369 369 377 3% 412 433 441
Kansas City 307 340 372 394 397 404 410 427 436 498
Los  Angeles 336 375 375 452 445 433 457 465 472 541
Minneapolis 276 314 351 388 372 397 407 417 426 461
New Orleans 297 325 350 376 376 311 376 3% 372 469
New York 250 274 303 334 361 381 408 427 456 470
Philadelphia 267 307 324 354 374 393 418 431 454 559
Pittsburgh 282 304 324 342 370 370 372 373 383 428
St Louis 262 297 306 318 350 362 378 382 400 448
San Francisco 307 330 381 400 407 411 442 455 464 508
Seattle 327 363 386 387 389 397 401 405 414 450

f Published in Engineering News Record monthly in the second issue of the month with summariesin the
third issue of the March and December issues.

Example 6 Estimation of labor requirements. Consder a highly automated
processng plant having a cgpacity of 100 tongday of product and requiring
principa processng steps of heet trandfer, reaction, and didtillation. What are the
average operaing labor requirements for an annud operation of 300 days?

Solution. The proeess plant is consdered to require three process steps. From Fig.
6-8, for a capacity of 100 tons product/day, the highly automated process plant
requires 33 employee-hours/day/processing step. Thus, for 300 days annua
operation, operating labor required = (3X33X300) = 29,700 employee-hours'year.

VRMEEN

f Because of new technologicd devdopments including computerized con-
E trols and long-distance control arrangements, the practice of relating
employee-hour requirements directly to production quantities for a given prod-
uct can give inaccurate results unless very recent data ae used. As a generd
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rule of thumb,? the labor requirements for a fluids-processing plant, such as an
ethylene oxide plant or others as shown in Table 22, would be in the low range
of } to 2 employee-hours per ton of product; for a solid-fluids plant, such as a
polyethylene plant, the labor requirement would be in the intermediate range of
2 to 4 employee-hours per ton of product; for plants primarily engaged in solids
processing such as a coa briquetting plant, the large amount of materials
handling would make the labor requirements considerably higher than for other
types of plants with a range of 4 to 8 employee-hours per ton of product being
reasonable. The data shown in Fig. 6-8 and Table 22, where plant capacity and
specific type of process are taken into account, are much more accurate than
the preceding rule of thumb if the added necessary information is available.

In determining costs for labor, account must be taken of the type of
worker required, the geographical location of the plant, the prevailing wage
rates, and worker productivity. Table 20 presents data that can be used as a
guide for relative median labor rates and productivity factors for workers in
various geographical areas of the United States. Tables 23 and 24 provide data
on labor rates in dollars per hour for the U.S. Gulf Coast region and average
labor indexes to permit estimation of prevailing wage rates.

Direct Supervisory and Clerical Labor

A certain amount of direct supervisory and clerical labor is always required for
a manufacturing operation. The necessary amount of this type of labor is closely
related to the total amount of operating labor, complexity of the operation, and
product quality standards. The cost for direct supervisory and clerical labor
averages about 15 percent of the cost for operating labor. For reduced capaci-
ties, supervision usualy remains fixed at the MO-percent-capacity rate.

Utilities

The cost for utilities, such as steam, electricity, process and cooling water,
compressed air, natural gas, and fuel ail, varies widely depending on the amount
of consumption, plant location, and source. For example, costs for a few .
selected utilities in the U.S. Gulf Coast region are given in Table 23. A more
detailed list of average rates for various utilities is presented in Appendix B.
The required utilities can sometimes be estimated in preliminary cost analyses :
from available information about similar operations as shown in Table 22. If 7}
such information is unavailable, the utilities must be estimated from a prelimi-  §
nary design. The utility may be purchased at predetermined rates from an 3
outside source, or the service may be available from within the company. If the 4
company supplied its own service and this is utilized for just one process, the i§
entire cost of the service installation is usually charged to the manufacturing 3
process. If the service is utilized for the production of several different products, §

1J. E. Hasdlbarth, Updated Investment Costs for 60 Chemicd Plants, Chem. Eng., 74(25):214 (Dec. 4
4, 1967). :
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the service cost is apportioned among the different products at a rate based on
the amount of individual consumption.

Steam requirements include the amount consumed in the manufacturing
process plus that necessary for auxiliary needs. An alowance for radiation and
line losses must also be made.

Electrical power must be supplied for lighting, motors, and various pro-
cess-equipment demands. These direct-power requirements should be increased
by a factor of 1.1 to 1.25 to allow for line losses and contingencies. As a rough
approximation, utility costs for ordinary chemical processes amount to 10 to 20
percent of the total product cost.

Maintenance and Repairs

A considerable amount of expense is necessary for maintenance and repairs if a
plant is to be kept in efficient operating condition. These expenses include the
cost for labor, materials, and supervision.

Annua costs for equipment maintenance and repairs may range from as
low as 2 percent of the equipment cost if service demands are light to 20
percent for cases in which there are severe operating demands. Charges of this
type for buildings average 3 to 4 percent of the building cost. In the process
industries, the total plant cost per year for maintenance and repairs is roughly
equal to an average of 6 percent of the fixed-capital investment. Table 25
provides a guide for estimation of maintenance and repair costs as a function of
process conditions.

For operating rates less than plant capacity, the maintenance and repair
cost is generally estimated as 85 percent of that at 100 percent capacity for a 75
percent operating rate, and 75 percent of that at 100 percent capacity for a 50
percent operating rate.

TABLE 25 _ _
Estimation of costs for maintenance and repairs

Maintenance cost as percentage
of fixed-capital investment
(on annual basis)

Type of operation Wages Materials Total
Simple chemical processes 1-3 1-3 2-6
Average processes with normal 24 3-5 59
operating  conditions

Complicated processes, severe 3-5 4-6 7-11

corrosion operating conditions,
or extensve ingrumentation
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Operating Supplies

In any manufacturing operation, many miscellaneous supplies are needed to
keep the process functioning efficiently. Items such as charts, lubricants, test
chemicals, custodia supplies, and similar supplies cannot be considered as raw
materials or maintenance and repair materials, and are classified as operating
supplies. The annual cost for this type of supplies is about 15 percent of the
total cost for maintenance and repairs.

Laboratory Charges

The cost of laboratory tests for control of operations and for product-quality
control is covered in this manufacturing cost. This expense is generaly calcu-
lated by estimating the employee-hours involved and multiplying this by the
appropriate rate. For quick estimates, this cost may be taken as 10 to 20 percent
of the operating labor.

Patents and Royalties

Many manufacturing processes are covered by patents, and it may be necessary
to pay a set amount for patent rights or a royalty based on the amount of
material produced. Even though the company involved in the operation ob-
tained the original patent, a certain amount of the total expense involved in the
development and procurement of the patent rights should be borne by the plant
as an operating expense. In cases of this type, these costs are usually amortized
over the legally protected life of the patent. Although a rough approximation of
patent and royalty costs for patented processes is 0 to 6 percent of the total
product cost, the engineer must use judgement because royalties vary with such
factors as the type of product and the industry.

Catalysts and Solvents

Costs for catalysts and solvents can be significant and depend upon the specific
manufacturing processes chosen.

FI XEDCHARCES

Certain expenses are aways present in an industrial plant whether or not the
manufacturing process is in operation. Costs that are invariant with the amount
of production are designated as fixed costs or fixed charges. These include costs
for depreciation, local property taxes, insurance, and rent. Expenses of this type
are a direct function of the capital investment. As a rough approximation, these ;
charges amount to about 10 to 20 percent of the total product cost.
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Depreciation

Equipment, buildings, and other material objects comprising a manufacturing
plant require an initial investment which must be written off as a manufacturing
expense. In order to write off this cost, a decrease in value is assumed to occur
throughout the usual life of the material possessions. This decrease in vaue is
designated as depreciation.

Since depreciation rates are very important in determining the amount of
income tax, the Internal Revenue Service has established allowable depreciation
rates based on the probable useful life of various types of equipment and other
fixed items involved in manufacturing operations. While severd dternative
methods may be used for determining the rate of depreciation, a straight-line
method is usually assumed for engineering projects. In applying this method, a
useful-life period and a salvage value at the end of the useful life are assumed,
with due consideration being given to possibilities of obsolescence and economic
changes. The difference between initial cost and the salvage value divided by the
total years of useful life gives the annual cost due to depreciation.

The annual depreciation rate for machinery and equipment ordinarily is
about 10 percent of the tied-capita investment, while buildings are usualy
depreciated at an annual rate of about 3 percent of the initial cost.

Loca Taxes

The magnitude of local property taxes depends on the particular locality of the
plant and the regiona laws. Annual property taxes for plants in highly popu-
lated areas are ordinarily in the range of 2 to 4 percent of the fixed-capital
investment. In less populated areas, local property taxes are about 1 to 2
percent of the tied-capital investment.

Insurance

; Insurance rates depend on the type of process being carried out in the

E manufacturing operation and on the extent of available protection facilities. On
an annua basis, these rates amount to about 1 percent of the fixed-capital
investment.

Rent

Annual costs for rented land and buildings amount to about 8 to 12 percent of
the value of the rented property.

PLANT OVERHEAD COSTS

The costs considered in the preceding sections are directly related with the
production operation. In addition, however, many other expenses are always


GUEST


206 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS

involved if the complete plant is to function as an efficient unit. The expendi-
tures required for routine plant services are included in plant-overhead costs.
Nonmanufacturing machinery, equipment, and buildings are necessary for many
of the general plant services, and the fixed charges and direct costs for these
items are part of the plant-overhead costs.

Expenses connected with the following comprise the bulk of the charges
for plant overhead:

Hospital and medical services

Genera  engineering

Safety  services

Cafeteria and recreation facilities

General plant maintenance and overhead

Payroll overhead including employee benefits
Control laboratories

Packaging

Plant protection

Janitor and similar services

Employment  offices

Digribution of utilities

Shops

Lighting

Interplant communications and transportation

Warehouses

Shipping and receiving facilities

These charges are closely related to the costs for al labor ‘directly
connected with the production operation. The plant-overhead cost for chemical
plants is about 50 to 70 percent of the total expense for operating labor,
supervision, and maintenance.

ADMINISTRATIVE COSTS

The expenses connected with top-management or administrative activities can-
not be charged directly to manufacturing costs; however, it is necessary to
include the administrative costs if the economic anaysis is to be complete.
Salaries and wages for administrators, secretaries, accountants, stenographers,
typists, and similar workers are part of the administrative expenses, along with
costs for office supplies and equipment, outside communications, administrative
buildings, and other overhead items related with administrative activities. These
costs may vary markedly from plant to plant and depend somewhat on whether
the plant under consideration is a new one or an addition to an old plant. In the
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absence of more-accurate cost figures from company records, or for a quick
estimate, the administrative costs may be approximated as 20 to 30 percent of
the operating labor.

DISTRIBUTION AND MARKETING COSTS

From a practical viewpoint, no manufacturing operation can be considered a
success until the products have been sold or put to some profitable use. It is
necessary, therefore, to consider the expenses involved in selling the products.
Included in this category are saaries, wages, supplies, and other expenses for
sales offices; salaries, commissions, and traveling expenses for salesmen; ship-
ping expenses;, cost of containers, advertising expenses; and technical sales
sarvice.

Distribution and marketing costs vary widely for different types of plants
depending on the particular material being produced, other products sold by the
company, plant location, and company policies. These costs for most chemical
plants are in the range of 2 to 20 percent of the total product cost. The higher
figure usually applies to a new product or to one sold in small quantities to a
large number of customers. The lower figure applies to large-volume products,
such as bulk chemicals.

RESEARCH AND DEVELOPMENT COSTS

New methods and products are constantly being developed in the chemical
industries. These accomplishments are brought about by emphasis on research
and development. Research and development codts include sdaies and wages for
al personnel directly connected with this type of work, fixed and operating
expenses for all machinery and equipment involved, costs for materials and
supplies, direct overhead expenses, and miscellaneous costs. In the chemical
industry, these costs amount to about 2 to 5 percent of every sales dollar.

FINANCING
Interest

Interest is considered to be the compensation paid for the use of borrowed
capital. A fixed rate of interest is established at the time the capital is borrowed;
therefore, interest is a definite cost if it is necessary to borrow the capital used
to make the investment for a plant. Although the interest on borrowed capita is
a fixed charge, there are many persons who claim that interest should not be
considered as a manufacturing cost. It is preferable to separate interest from
the other fixed charges and list it as a separate expense under the genera
heading of management or financing cost. Annual interest rates amount to 5 to
10 percent of the total value of the borrowed capital.

When the capital investment is supplied directly from the existing funds of
a company, it is a debatable point whether interest should be charged as a cost.
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For income-tax calculations, interest on owned money cannot be charged as a
cost. In design calculations, however, interest can be included as a cost unless
there is assurance that the total capital investment will be supplied from the
compay's fuds and the company polides pemit exduson of inteest es a oo

GROSSEARNINGS ~ COSTS

The total income minus the total production cost gives the gross earnings made
by the particular production operation, which can then be treated mathemati-
caly by any of severa methods to measure the profitably of the proposed
venture or project. These methods will be discussed later in Chaps. 7 and 10.

Because of income-tax demands, the final ret profit is often much less than
the gross earnings. Income-tax rates are based on the gross earnings received
from al the company interests. Consequently, the magnitude of these costs
varies widely from one company to another.

On an annual basis, the corporate income-tax laws for the United States in
1979 required payment of a 17, 20, 30, and 40 percent normal tax on the Ist,
2nd, 3rd, and 4th $25,000, respectively, of the annual gross earnings of a
corporation plus 46 percent of al annual gross earnings above $100,000. In
addition, if other levies, such as state income taxes, were included, the overall
tax rate could have been even higher. By 1988, the corporate income-tax laws
had been changed to 15 percent on the first $50,000 of annual gross earnings, 25
percent on annual gross earnings of $50,000 to $75,000, and 34 percent on
annual gross earnings above $75,000 plus a special graduated-tax phase-out of
5 percent on the gross earnings from $100,000 to $335,000. Tax rates vary from
year to year depending on Federal and state regulations as is shown in the
following example where 1988 Federal-tax rates are considered.

Example 7 Break-even point, gross earnings, and net profit for a process plant.
The annual direct production costs for a plant operating a 70 percent capecity are
$280,000 while the sum of the annud fixed charges overhead costs, and generd
expenses is $200,000. What is the bresk-even point in units of production per year
if total annual saes are $560,000 and the product sdls a $40 per unit? What were
the annua gross earnings and net profit for this plant a 100 percent capacity in
1988 when corporate income taxes required a 15 percent tax on the first $50,000 of
annua gross earnings, 25 percent on annud gross earnings of $50,000 to $75,000,
34 percent on anuad gross eanings above $75000, and 5 percent on gross
earnings from $100,000 to $335,000?

Solution. The bresk-even point (Fig. 6-3) occurs when the total annua product
cost equas the totd annua sdes. The totd annua product cogt is the sum of the
fixed cogts (incduding fixed charges, overhead, and generd expenses) and the direct
production cogts for a units per year. The totd annua sdes is the product of the
number of units and the sdling price per unit. Thus

Direct production cost/unit = $20 /unit

(560,000,/40) =
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and the number of units needed for a bresk-even point is given by

200,000 + 20n = 40n
200,000

n= = = 10,000 unitsyear

This is [(10,000)/(14,000,/0.7)1100 = 50% of the present plant operating capacity.
Gross annud earnings = tota annua sdes = totd annua product cost

_ LOOO - MO/ -t
= 07 units (MO/unit)

Y

—200,000 +

units ($20/unit)

800,000 — 600,000
= $200,000
Net annua earnings = gross annud earnings — income taxes
= 200,000 ~ [(0.15)(50,000) + (0.25)(25,000)
+ (0.34)(200,000 = 75,000)
+ (0.05)(200,000 = 100,000)]
= 200,000 —~ 61,250
= $138,750

CONTINGENCIES

Unforeseen events, such as strikes, storms, floods, price variations, and other
contingencies, may have an effect on the costs for a manufacturing operation.
When the chemical engineer predicts total costs, it is advisable to take these
fadtors into acoount. This can be accomplished by indudng a contingency  factor
equivalent to 1 to 5 percent of the total product cost.

SUMMARY

This chapter has outlined the economic considerations which are necessary
when a chemical engineer prepares estimates of capital investment cost or total
product cost for a new venture or project. Methods for obtaining predesign cost
estimates have purposely been emphasized because the latter are extremely
important for determining the feasibility of a proposed investment and to
compare alternative designs. It should be remembered, however, that predesign
estimates are often based partially on approximate percentages or factors that
are applicable to a particular plant or process under consideration. Tables 26

and 27 summarize the predesign estimates for capital investment costs and total

product costs, respectively. The percentages indicated in both tables give the
ranges encountered in typical chemical plants. Because of the wide variationsin

different types of plants, the factors presented should be used only when more
accurate data are not available.



TABLE 26 . . . Lo

Estimation of capital investment cost (showing individual components)

The percentages indicated in the following summary of the various costs constituting the capital
investment are approximations applicable to ordinary chemical processing plants. It should be
redlized that the values given can vary depending on many factors, such as plant location, type
of process, complexity of instrumentation, efc.

1. Direct costs = material and labor involved in actual instalation of complete facility
(70«85% of fixed-capitd investment)
. Equipment + instalation + instrumentation + piping + electricd + insulation + painting
(50-60% of fixed-capital investment)
1. Purchased equipment (15-40% of fixed-capitd  investment)
2. Installation, including insulation and painting (25-55% of purchased-equipment cost)
3. Instrumentation and controls, installed (6-30% of purchased-equipment COst)
4. Piping, installed (10-80% of purchased-equipment cost)
5. Electricd, installed (10~40% of purchased-equipment cost)
B. Buildings, process and auxiliary (10-70% of purchasedequipment cost)
C. Savice facilites and yard improvements (40-100% of purchased-equipment cost)
D. Land (I-2% of fixed-capitd investment or 4-8% of purchased-equipment cost)
[I. Indict costs = expenses which are not directly involved with material and labor of actual
installation of complete facility (15-30% of fixed-capital investment)
A. Engineering and supervision (5-30% of direct cogts)
B. Congtruction expense and contractor's fee (6-30% of direct costs)
C. Contingency (5-15% of fixed-capitd investment)
Ill. Fixed-capitd investment = direct costs + indirect costs
IV. Working capitdl (10-20% of total capita investment)
V. Totd capital investment = fixed-capitd investment + working capitd

TABLE 27
Estimation of total product cost (showing individual components)
The percentages indicated in the following summay of the various costs involved in the complete
operation of manufacturing plants are approximations applicable to ordinary chemical processing
plants. It should be redlized that the values given can vary depending on many factors, such as
plant location, type of process, and company policies.

Percentages are expressed on an annud basis.

1. Manufacturing cost = direct production costs + fixed charges + plant overhead costs
A. Direct production costs (about 60% of total product cost)

1. Raw maeriads (10-50% of total product cost)

2. Operating labor (10-20% of tota product cost)

3. Direct supervisory and clerical labor (10-25% of operating labor)

4. Utilities (10-20% of total product cost)

5. Maintenance and repairs (2-10% of fixed-capital invesment)

6. Operating supplies (10-20% of cost for maintenance and repairs, or 0.5-1% of fixed-
capita  investment)

7. Laboratory charges (10-20% of operating labor)

8. Patents and royaties (0~6% of total product cost)

B. Fixed charges (10-20% of tota product cost)

1. Depreciation (depends on life period, sdvage value, and method of calculation-about
10% of fixed-capital investment for machinery and equipment and 2-3% of building
value for huildings)

2. Locd taxes (1-4% of fixed-capitd investment)

3. Insurance (0.4-1% of fixed-capital investment)

4. Rent (8=12% of value of rented land and buildings)

210
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TABLE 27
Estimation of total product cost (showing individual components) (Continued)

C. Plant-overhead costs (SO-70% of cost for operating labor, supervision, and maintenance,
or §-15% of tota product cost); includes costs for the following: genera plant upkeep and
overhead, payroll overhead, packaging, medical services, safety and protection, restaurants,
recreation, savage, laboratories, and storage facilities.

Il Genera expenses = administrative costs + distribution and selling costs + research and
development  costs

A. Adminigtrative costs (about 15% of costs for operating labor, supervision, and maintenance,
or 2-6% of tota product cost); includes costs for executive sdaries, clerical wages, lega
fees, office supplies, and communications

B. Distribution and selling costs (2-20% of total product cost); includes costs for sdes offices,
sdesmen, shipping, and advertising

C. Research and development costs (2-5% of every sdes dollar or about 5% of tota product
cost)

D. Financing (interest)? (0-10% of totad capita investment)

I1l. Tota product ecosti = manufacturing cost + generd expenses

IV. Gross-earnings cost (gross earnings= total income total product cost; amount of gross-
eanings cost depends on amount of gross earnings for entire company and income-tax
regulations; a genera range for gross-earnings cost is 30-40% of gross earnings)

t Interest on borrowed money is often considered as afiied charge.
t If desred, a contingency factor can be included by increasing the total product cost by
[-5%.

NOMENCLATURE FOR CHAPTER 6

A = incrementa cost of corrosion-resistant alloy materials
A, = nonmanufacturing fixed-capital investment

c costs for operations (not including depreciation)
origina capital investment

C, = new capital investment
d = depreciation charge
d, = number of drawings and specifications

D = total direct cost of plant
e = total heat exchanger cost (less incremental cost of alloy)

e, = labor efficiency index in new location relative to cost of E; and M;
E = purchased-equipment cost (installation cost not included) on f.o.b. basis
; = installed-equipment cost (purchased and installation cost included)

E, = purchased-equipment labor cost (base)
f = lumped cost index relative to original installation cost

f1» f, = multiplying factors for piping, electrical, instrumentation, etc.

f; = unit cost per drawing and specification

f. = unit cost for engineering

fe = current equipment cost index relative to cost of E

fr = construction or field-labor expense factor aways greater than 1

fF, = indirect cost factor always greater than 1

Iy
I
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f;, = current labor cost index in new location relative to cost of E; and M/

= current material cost index relative to cost of M
cost factor for miscellaneous items
cost factor for piping materials

f, = total cost of field-fabricated vessels (less incremental cost of alloy)
fe = specific material unit cost, e.g., f, = unit cost of pipe
f, = specific material labor unit cost per employee-hour

H, = engineering employee-hours
I = total indirect cost of plant
M = materia cost
M = labor employee-hours for specific material

M, = direct labor cost for equipment installation and material handling

=
I

specific material quantity in compatible units

; = total pump plus driver cost (less incremental cost of alloy)
R

= ratio of new to original capacity

§; = total income from sales

t = total cost of tower shells (less incremental cost of alloy)

T = total capital investment
V = manufacturing fixed-capital investment
W = working-capital investment

x = exponential power for cost-capacity relationships

PROBLEMS

1.

The purchased cost of a shell-and-tube heat exchanger (floating head and carbon-steel
tubes) with 100 ft? of heating surface was $3000 in 1980. What will be the purchased
cost of asimilar heat exchanger with 200 ft? of heating surface in 1980 if the
purchased-cost-capacity exponent is 0.60 for surface area ranging from 100 to 400
ft29 If the purchased-cost-capacity exponent for this type of exchanger is 0.81 for
surface areas ranging from 400 to 2000 ft2, what will be the purchased cost of a heat
exchanger with 1000 ft? of heating surface in 1985?

. Pot the 1985 purchased cogst of the shdl-and-tube heet exchanger outlined in the

previous problem as a function of the surface area from 100 to 2000 ft2. Note that
the purchased-cost-capacity exponent is not constant over the range of surface area

requested.

. The purchased and indalation costs of some pieces of equipment are given as a

function of weight rather than capacity. An example of this is the ingtdled costs of
large tanks. The 1980 cogt for an ingaled duminum tank weighing 100,000 Ib was
$390,000. For a size range from 200,000 to 1,000,000 Ib, the indaled cost-weight
exponent for duminum tanks is 0.93. If an duminum tank weighing 700,000 Ib is
required, whet is the present capita invesment needed?

. What weight of indaled stainlessgted tank could have been obtained for the same

capital investment as in the previous problem? The 1980 cost for an indaled 304
danlessged tank weighing 300,000 |b was $670,000. The inddled cost-weight
exponent for stainless tanks is 0.88 for a size range from 300,000 to 700,000 Ib.

. The purchased cogt of a 1400-gal Stainless-gted tank in 1980 was $7500. The tank is

cylindrical with flat top and bottom, and the diameter is 6 ft. If the entire outer
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surface of the tank is to be covered with 2 in. thickness of magnesia block, estimate
the present total cost for the ingtaled and insulated tank. The Jan. 1, 1980 cost for
the 2-in. magnesia block was $2.20 per ft? while the labor for ingtaling the insulation
was $5.00 per ft2.

. A onestory warehouse 120 by 60 ft is to be added to an existing plant. An

agphdt-pavement service area 60 by 30 ft will be added adjacent to the warehouse. It
will aso be necessary to put in 500 lin ft of ralroad sding to service the warehouse.
Utility sarvice lines are dready avalable a the warehouse site. The proposed
warehouse has a concrete floor and sted frame, walls, and roof. No hest is necessary,
but lighting and sprinklers must be indaled. Estimate the total cost of the proposed
addition. Consult App. B for necessary cost data

. The purchased cost of equipment for a solid-processing plant is $500,000. The plant

is to be congructed as an addition to an exiging plant. EStimate the total capita
investment and the tied-cepitd invesment for the plant. What percentage and
amount of the fixed-capitd investment is due to wst for land and contrector’s fee?

. The purchased-equipment cost for a plant which produces pentaerythritol (solid-

fud-processing plant) is $300,000. The plant is to be an addition to an existing
formaldehyde plant. The magor part of the building cost will be for indoor construc-
tion, and the contractor's fee will be 7 percent of the direct plant cost. All other cogts
are close to the average vaues found for typica chemica plants. On the basis of this
information, estimae the following:

(8 The totd direct plant cost.

(b) The fixed-capitd investment.

(¢) The total capital investment.

Edimate by the turnover-ratio method the fixed-capitd investment required for a
proposed sulfuric acid plant (battery limit) which has a capacity of 140,000 tons of
100 percent sulfuric acid per year (contect-catalytic process) using the data from

Table 19 for 1990 with sulfuric acid cost at $72 per ton. The plant may be considered

as operating full time. Repeat using the cost-capacity-exponent method with data
from Table 19.

The totd capitd investment for a chemicd plant is $1 million, and the working

capitd is $100,000. If the plant can produce an average of 8000 kg of find product
per day during a 365-day year, what selling price in dollars per kilogram of product
would be necessary to give a turnover ratio of 1.0?

11. A process plant was congtructed in the Philadelphia area (Middle Atlantic) at a labor

13.

cost of $200,000 in 1980. What would the average costs for the same plant to be in
the Miami, Florida area (South Atlantic) if it were constructed in late 1988? Assume,
for smplicity, that the relative labor rate and relative productivity factor remain
essentialy constant.

. A company has been sdlling a soap containing 30 percent by weight weter at a price

of $10 per 100 Ib f.ob. (i.e, freight on board, which means the laundry pays the

freight charges). The company offers an equdly effective sogp containing only
5 percent water. The water content is of no importance to the laundry, and it is
willing to accept the sogp containing 5 percent water if the ddivered costs are
equivadent. If the freight rate is 70 cents per 100 Ib, how much should the company

charge the laundry per 100 Ib f.0.b. for the soap containing 5 percent water?

The total capitd invesment for a conventiond chemica plant is $1,500,000, and the
plant produces 3 million kg of product annudly. The sdling price of the product is
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$0.82 /kg. Working capita amounts to 15 percent of the total capita investment. The
investment is from company funds, and no interest is charged. Raw-materids costs
for the product are $0.09/kg, labor $0.08/kg, Utilities $0.05/kg, and packaging
$0.008 /kg. Didtribution costs are 5 percent of the total product cost. Estimate the
following:

(a) Manufacturing cost per kilogram of product.

(b) Tota product cost per year.

(¢) Profit per kilogram of product before taxes.

(d) Profit per kilogram of product after taxes (use current rate).

14. Edimate the manufacturing cost per 100 Ib of product under the following condi-
tions:
Fixed-capital investment = $2 million
Annua production output = 10 million Ib of product
Raw materials cost = $0.12/1b of product
Utilities
100 psig steam = 50 Ib/lb of product
Purchased dectrical power = 04 kWh/Ib of product
Filtered and softened water = 10 gd/Ib of product
Operating labor = 20 men per shift a $12.00 per employee-hour
Plant operates three hundred 24-h days per year
Corrosive liquids are involved
Shipments are in bulk carload lots
A large amount of direct supervision is required
There are no patent, roydty, interest, or rent charges
Pant-overhead costs amount to 50 percent of the cost for operaing labor,
upervison, and maintenance

15. A company has direct production cogts equd to 50 percent of tota annua sdes and
fixed charges overhead, and generd expenses egud to $200,000. If management
proposes to increase present annual sdes of $800,000 by 30 percent with a 20
percent increase in fixed charges, overhead, and generd expenses, what annud sdes
doller is required to provide the same gross earnings as the present plant operation?
What would be the net profit if the expanded plant were operated at full capacity
with an income tax on gross earnings fixed a 34 percent? what would be the net
profit for the enlarged plant if total annua sales remained the same as a present?
What would be the net profit for the enlarged plant if the totd annua sdes actudly
decreased to $700,0007

16. A process plant making 2000 tons per year of a product sdling for $0.80 per Ib has
annua direct production cogts of $2 million a 100 percent capacity and other fixed
cogts of $700,000. What is the fixed cost per pound at the bresk-even point? If the
sling price of the product is increased by 10 percent, what is the dollar increase in
net profit at full capacity if the income tax rate is 34 percent of gross earnings?

17. A rough rule of thumb for the chemica industry is that $1 of annud saes reguires $1
of fixed-capital investment. In a chemicd processng plant where this rule goplies,
the total capital investment is $2,500,000 and the working capital is 20 percent of the
total capitd investment. The annud tota product cost amounts to $1,500,000. If the
nationd and regiond incometax rates on gross earnings total 36 percent, determine
the following:

(@ Percent of tota capitd investment returned annualy as gross earnings.
(b) Percent of totd capitd investment returned annudly as net profit.
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The tota capitd investment for a proposed chemicd plant which will produce
$1,500,000 worth of goods per yeer is estimated to be $1 million. It will be necessary
to do a consderable amount of research and development work on the project
before the find plant can be condructed, and management wishes to edimate the
permissible research and development codts. It has been decided that the net profits
from the plant should be sufficient to pay off the total capital investment plus all
research and development codts in 7 years. A return after taxes of a least 12 percent
of sdes mugt be obtained, and 34 percent of the research and development cost is
tax-free (i.e, incometax rate for the company is 34 percent of the gross earnings).
Under these conditions, whet is the total amount the company can afford to pay for
ressarch and development?

A chemicd processng unit has a capacity for producing 1 million kg of a product per
year. After the unit has been put into operation, it is found that only 500,000 kg of
the product can be disposed of per year. An andyss of the exigting Situation shows
that al fixed and other invariant charges, which must be paid whether or not the unit
is operating, amount to 35 percent of the totd product cost when operating at full
capacity. Raw-materid costs and other production costs that are directly propor-
tiona to the quantity of production (i.e, constant per kilogram of product a any
production rate) amount to 40 percent of the total product cost at full capacity. The
remaining 25 percent of the tota product codt is for variable overheed and miscdla
neous expenses, and the andysis indicates that these costs are directly proportiona
to the production rate during operation raised to the 1.5 power. What will be the
percent change in totd cost per kilogram of product if the unit is switched from the
|-million-kg-per-year rate to a time and rate schedule which will produce 500,000 kg
of product per year a the least tota cost? All codts referred to above are on a
per-kilogram baesis.

Edtimate the tota operating cost per day for labor, power, steam, and water in a
plant producing 100 tons of acetone per day from the data given in Table 22 and
using utility costs from Table 23. Consider al water as treated city weter. The steam
pressure may be assumed to be 100 psig. Labor costs average $20 per employee-hour.
Electricity must be purchased. Plant operates 365 days per year.



CHAPTER

7

| NTERESTAND
| NVESTMENT
COSTS

A considerable amount of confusion exists among engineers over the role of
interest in determining costs for a manufacturing operation. The confusion is
caused by the attempt to apply the classical economist’s definition of interest.
According to the classical definition, interest is the money returned to the
owners of capital for use of their capital. This would mean that any profit
obtained through the uses of capital could be considered as interest. Modern
economists seldom adhere to the classical definition. Instead, they prefer to
substitute the term return on capital or return on investment for the classica
interes.

Engineers define interest as the compensation paid for the use of borrowed
capital. This definition permits distinction between profit and interest. The rate
at which interest will be paid is usually fixed at the time the capita is borrowed,
and a guarantee is made to return the capital at some set time in the future or
on an agreed-upon pay-off schedule.

TYPES OF INTEREST
Smple Interest

In economic terminology, the amount of capital on which interest is paid is
designated as the principal, and rate of interest is defined as the amount of
interest earned by a unit of principal in a unit of time. The time unit is usualy

taken as one year. For example, if $100 were the compensation demanded for

216
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giving someone the use of $1000 for a period of one year, the principa would be
$1000, and the rate of interest would be 100,/1000 = 0.1 or 10 percent/year.

The simplest form of interest requires compensation payment at a con-
stant interest rate based only on the origina principal. Thus, if $1000 were
loaned for a total time of 4 years at a constant interest rate of 10 percent/year,
the smple interest earned would be

$1000 x 0.1 x 4 = $400

If P represents the principal, »n the number of time units or interest
periods, and i the interest rate based on the length of one interest period, the
amount of simple interest Z during n interest periods is

Z=Pin (1)

The principal must be repaid eventualy; therefore, the entire amount § of
principal plus simple interest due after n interest periods is

S=P+2Z=P( +in) (2)

Ordinary and Exact Simple Interest

The time unit used to determine the number of interest periods is usualy
1 year, and the interest rate is expressed on a yearly basis. When an interest
period of less than 1 year is involved, the ordinary way to determine simple
interest is to assume the year conssts of twelve 30-day months, or 360 days. The
exact method accounts for the fact that there are 365 days in a normal year.
Thus, if the interest rate is expressed on the regular yearly basis and d
represents the number of days in an interest period, the following relationships

apply:

. . . . d
Ordinary simple interest = Pz% 3)

Exact simple interest = Pi— 4
Ordinary interest is commonly accepted in business practices unless there
is a particular reason to use the exact value.

Compound Interest

In the payment of simple interest, it makes no difference whether the interest is
paid at the end of each time unit or after any number of time units. The same
total amount of money is paid during a given length of time, no matter which
method is used. Under these conditions, there is no incentive to pay the interest
until the end of the total loan period.

Interest, like al negotiable capital, has a time value. If the interest were
paid at the end of each time unit, the receiver could put this money to use for
earning additiona returns. Compound interest takes this factor into account by
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dipulating that interest is due regularly at the end of each interest period. If
payment is not made, the amount due is added to the principal, and interest is
charged on this converted principal during the following time unit. Thus, an
initial loan of $1000 at an annual interest rate of 10 percent would require
payment of $100 as interest at the end of the first year. If this payment were not
made, the interest for the second year would be ($1000 + $100X0.10) = $110,
and the total compound amount due after 2 years would be

$1000 + $100 + $110 = $1210

The compound amount due after any discrete number of interest periods
can be determined as follows:

Interest earned dur-
Principal ing period (i = in-
at sart terest rate based on | Compound amount S
Period | of period length of one period) | at end of period

! P Pi P+ Pi= Pl+i)
2 P(1 + 1) P(1 + 1)(2) P + i) + P(1 + D)) = Pa + )2
3 P(1+ 7)? P+ i)*(i) P + ) + Pl + i)*(i) = P + %)?
n P(l1 + g)»t P(1 + 4)»1(3) P11+ 4

Therefore, the total amount of principal plus compounded interest due after n
interest periods and designated as § ist

s=P1 + i)’ (5)

The term (1 + )" is commonly referred to as the discrete single-payment
compound-amount factor. Values for this factor at various interest rates and
numbers of interest periods are given in Table 1.

Figure 7-1 shows a comparison among the total amounts due at different
times for the cases where simple interest, discrete compound interest, and
continuous interest are used.

NOMINAL AND EFFECTIVE INTEREST RATES

In common industrial practice, the length of the discrete interest period is
assumed to be 1 year and the fixed interest rate i is based on 1 year. However,
there are cases where other time units are employed. Even though the actual
interest period is not 1 year, the interest rate is often expressed on an annual
basis. Consider an example in which the interest rate is 3 percent per period

tFor the analogous equation for continuous interest compounding, see Eq. (12).
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TABLE 1

Discrete compound-interest factor (1 + #)” at various values of i and at

Number Value of (1 + i) at indicated percent interest
of i
periods,
n 1% 2% 3% 4% 5% 6% 7% 8% 107 12% 14% 16% 18% 20%
1 1.0100 | 1.0200 1.0300 1.0400 1.0500 1.0600 1.0709 1.0800 1.100( 1.1209 1.1409 1.1600( 1.180( 1.2000
2 1.0201 1.0404 | 1.0609 1.0816 1.1025 1.1236 1.1449 | 1.1664 1.210¢ 1.2544 1.2996 1.3456( 1.392 1.4400
3 1.0363 1.0612 1.0927 1.1249 1.1576 1.1910 1.2250 1.2597 1.331( 1.4040 1.4815 1.5600| 1.643( 1.7280
4 1.0406 1.0824 1.1256 1.1699 1.2155 1.2625 1.3108 1.3605 1.4641 1.5735 1.6890 1.810¢| 1.938 2.0736
5 1.0510 | 1.1041 1.1593 1.2167 1.2763 1.3382 1.4026 1.4693 1.6105 1.7623 1.9264 2.100:1| 2.2871 2.4883
6 1.0615 1.1262 1.1041 1.2653 1.3401 1.4185 1.5007 1.5869 1.7716 1.9738 | 2.1950 2.4364(  2,690( 2.9860
7 1.0721 | 1.1487 | 1.2299 1.3159 1.4071 1.5036 1.6058 1.7138 1.9487 2.2107 | 2.5023 2.826:1| 3.188! 3.6832
[ 1.0829 1.1717 1.2668 1.3686 1.4775 1.6838 1.7182 1.8509 2.1438 2.4766 2.8502 3.278'  3.758¢ 4.2998
9 1.0037 | 1.1961 1.3048 1.4233 15513 | 1.8895 | 1.8386 1.9990 2.3579 2.7731 3.2620 3.8030)( 4.4351 5.1598
10 1.1046 1.2190 1.3439 1.4802 1.6289 1.7908 1.9672 2.1589 2.5931 3.1058 3.7072 4.4114| 52331 6.1917
n 1.1157 1.2434 | 1.3842 1.6395 1.7103 1.8983 2.1049 2.3316 2.8531 3.4785 4.2262 5.1173| 6.1751 7.4301
12 1.1268 1.2662 1.4258 1.6010 1.7959 | 2.0122 2.2522 2.5182 3.1384 3.8960 4.8179 5.9360 7.287( 8.9161
13 1.1381 1.2936 1.4685 1.6651 1.8856 [ 2.1329 2.4098 2.7196 3.4623 4.3635 6.4924 6.8856{/| 8.509' | 10.699
14 1.1495 1.3195 1.5126 1.7317 1.9799 | 2.2609 2.5785 | 2.9372 3.7975 4.8871 6.2614 7.9875( 10.147 12.839
15 1.1610 1.3459 1.5580 | 1.8009 2.0789 ( 2.3966 | 2.7590 | 3.1722 41771 5.4736 7.1380 9.2655| 11.974 15.407
16 1.1726 1.3728 1.6047 1.8730 2.1829 | 2.5404 | 2.9522 3.4259 4.595( 6.1304 8.1373 | 10.748 14.129 18.488
17 1.1843 1.4002 1.6528 1.9479 2.2920 2.6928 3.1588 | 3.7000 5.0546 6.8660 9.2765 | 12.468 16.672 22.186
18 1.1961 1.4282 1.7024 | 2.0258 2.4066 2.8543 3.3799 3.9960 5.5599 7.6000 | 10.575 14.462 19.673 26.623
19 1.2081 1.4568 1.7535 2.1068 2.5270 | 3.0256 3.6166 4.3157 6.115¢ 8.6128 | 12.056 16.777 23.214 31.948
20 1.2202 1.4859 1.8061 2.1911 2.6533 | 3.2071 3.8697 4.6610 6.727¢ 9.6463 | 13.744 19.461 27.393 38.338
21 1.2324 1.5157 1.8603 2.2788 2.7800 | 3.3996 4.1406 5.0338 7.400% | 10.304 15.668 22.574 | 32.324 46.005
22 1.2447 1.5460 1.9161 2.3699 2.9263 3.6035 4.4304 | 5.4365 8.1402 | 12.100 17.861 26.186 38.142 55.206
23 1.2522 1.5769 1.9736 2.4647 3.0715 3.8197 4.7408 5.8715 8.954% | 13.552 20.362 30.376 45.008 | 66.247
24 1.2697 1.6084 | 2.0328 2.5633 3.2251 | 4.0489 5.0724 6.3412 9.8497 | 15.179 | 23.212 35.236 | 53.109 | 79.497
25 1.2824 1.6406 2.0938 2.6658 3.3864 4.2919 5.4274 6.8485 | 10.835 17.000 | 26.462 40.874 62.669 95.396
30 1.3478 1.8114 | 2.4273 3.2434 4.3219 5.7435 7.6123 | 10.063 17.449 29.960 50.950 87.044 | 143.37 237.38
35 1.4166 | 1.9989 | 2.8139 3.9461 6.5160 7.6861 | 10.677 14.785 28.102 52.800 98.101 | 180.31 328.00 590.67
40 1.4889 2.2080 3.2620 | 4.8010 7.0400 | 10.286 14.974 21.725 45.259 93.051 | 188.88 378.72 750.38 | 469.8
46 1.5648 2.4379 3.7816 5.8412 8.9850 | 13.765 21.002 31.920 72.891 | 163.99 163.68 795.44 |1716.7 1657.2
so 1.6446 2.6916 4.3839 7.1067 | 11.467 | 18.420 29.457 | 46.902 17.39 289.09 100.24 670.7 1927.3 1100.4

t Percent intereat = (£} (100).
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and the interest is compounded at half-year periods. A rate of this type would
be referred to as “6 percent compounded semiannually.” Interest rates stated in
this form are known as nominal interest rates. The actual annual return on the
principal would not be exactly 6 percent but would be somewhat larger because
of the compounding effect at the end of the semiannual period.

It is desirable to express the exact interest rate based on the original
principal and the convenient time unit of 1 year. A rate of this type is known as
the effective interest rate. In common egneaing pradice it is usdly prefadde
to deal with effective interest rates rather than with nominal interest rates. The
only time that nominal and effective interest rates are equal is when the interest
is compounded annually.

Nominal interest rates should always include a qualifying statement indi-
cating the compounding period. For example, using the common annual basis,
$100 invested a a nominad interest rate of 20 percent compounded annually
would amount to $120.00 after 1 year; if compounded semiannually, the amount
would be $121.00; and, if compounded continuously, the amount would be
$122.14. The corresponding effective interest rates are 20.00 percent, 21.00
percent, and 22.14 percent, respectively.

If nominal interest rates are quoted, it is possible to determine the
effective interest rate by proceeding from Eqg. (5).

$=P01+i)" (5)

In this equation, § represents the total amount of principal plus interest due
after n periods at the periodic interest rate i. Let r be the nominal interest rate
under conditions where there are m conversions or interest periods per year.
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Then the interest rate based on the length of one interest period is r/m, and
the amount S after 1 year is

ra\m
\ Safter 1 year — P(l + ;) (6)

Designating the effective interest rate as i.4, the amount S after 1 year
can be expressed in an aternate form as

Safter 1 year = P(I + ieff) (7)

By equating Egs. (6) and (7), the following equation can be obtained for
the effective interest rate in terms of the nominal interest rate and the number
of periods per year:

r m
Effective annual interest rate = i 4 = (1 + —) -1 8)
m
Similarly, by definition,
r
Nominal annual interest rate = m( —) =r )
m

Example 1 Applications of different types of interest. It is desired to borrow

$1000 to meet a financid obligation. This money can be borrowed from a loan

agency a a monthly interet rate of 2 percent. Determine the following:

(@ The totd amount of principa plus smple interest due after 2 years if no
intermediate payments are made.

(b) The total amount of principa plus compounded interest due after 2 years if no
intermediate payments are made.

(c) The nomind interest rate when the interes is compounded monthly.

(d) The effective interest rate when the interest is compounded monthly.

Solution
(@ Length of one interest period = 1 month

Number of interest periods in 2 years = 24

For dmple intered, the totld amount due dter » peiods a& paiodc interet

raei is

S=P( + in) (2)
= initial principd = $1000
0.02 on a monthly basis
24 interest periods in 2 years
§ = $1000(1 + 002 x 24) = $1480

(b) For compound interest, the totad amount due after n periods a periodic
interest rate i is

p
i
n

S=P(1+i)" (5)
S = $1000(1 + 0.02)* = $1608
(¢) Nomind interest rate = 2 x 12 = 24% per year compounded monthly
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{d) Number of interest periods per year = m = 12

Nominal\i@st rate = r = 0.24
r

m
Effective interest rate = (1 + ;l-) -1 €))]

024\ 1
Effective interest rate :(1 + 1—2) -1 =0.268 = 26.8%

CONTINUOUS INTEREST

The preceding discussion of types of interest has considered only the common
form of interest in which the payments are charged at periodic and discrete
intervals, where the intervals represent a finite length of time with interest
accumulating in a discrete amount at the end of each interest period. Although
in practice the basic time interva for interest accumulation is usualy taken as
one year, shorter time periods can be used as, for example, one month, one day,
one hour, or one second. The extreme case, of course, is when the time interval
becomes infinitesimally small so that the interest is compounded continuously.

The concept of continuous interest is that the cost or income due to
interest flows regularly, and this is just as reasonable an assumption for most
cases as the concept of interest accumulating only at discrete intervals. The
reason why continuous interest has not been used widely is that most industrial
and financial practices are based on methods which executives and the public
are used to and can understand. Because normal interest comprehension is
based on the discrete-interval approach, little attention has been paid to the
concept of continuous interest even though this may represent a more redlistic
and idedlized situation.

The Basc Equations for Continuous
Interest Compounding

Equations (6), (7), and (8) represent the basic expressions from which continu-
ous-interest relationships can be developed. The symbol r represents the
nomina interest rate with m interest periods per year. If the interest is
compounded continuously, m approaches infinity, and Eq. (6) can be written as

(10)

The fundamental definition for the base of the natura system of loga
rithms (e = 2.71828) isf

mn r \ (msrXen)
Safler nyears — P lim (]- + H) = P lim (]_ + E-)

m-—oow m-—row

m/r
lim (1 + %) = e=271828.. . (1)

m— oo

tSee any book on advanced calculus. For example, W. Fulks, “Advanced Calculus,” 3d ed., pp.
55-56, John Wiley & Sons, Inc., New York, 1978.
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Thus, with continuous interest compounding at a nominal annual interest rate
of r, the amount § an ifgiidi principal P will compound to in » years isti

S = pe’” (12)

Similarly, from Eq. (8), the effective annual interest rate i, g4, which is the
conventional interest rate that most executives comprehend, is expressed in
terms of the nominal interest rate r compounded continuously as

feg=e¢"— 1 (13)
r=lIn(ig + 1) (14)
Therefore,
e = (1+ i) (15)
and
S=Pe” = Pl + i) (16)

As s illustrated in the following example, a conventional interest rate (i.e.,
effective annual interest rate) of 22.14 percent is equivalent to a 20.00 percent
nominal interest rate compounded continuously. Note, also, that a nomina
interest rate compounded daily gives results very close to those obtained with
continuous compounding.

tThe same result can be obtained from calculus by noting that, for the case of continuous
compounding, the differentia change of s with time must equal the nominal continuous interest
rate times S, or dS/dn = rS. This expression can be integrated as follows to give Eq. (12):

S
In 2= mor §= P (12)

A generalized way to express both Eq. (12) and Eq. (5), with direct relationship to the other
interest equations in this chapter, is as follows:

Future worth = present worth x compound interest factor
§=PC
or
Future worth x discount factor = present worth
SF=P
1

Discount factor = F = ' = -
F compound interest factor  C

Although the various factors for different forms of interet expressons are derived in terms
of interest rate in this chapter, the overall concept of interest evaluations is simplified by the use of
the lesscomplicated nomenclature where designated factors are applied. Thus, expressng both Egs.
(12) and (5) as SF = P would mean that F isg="" for the continuous interest case of Eq. (12) and
(1 + §)7" for the discrete interest case of Eq. (5). See Table 4 for further information on this
subject.
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Example 2 Calculations with continuous interest compounding. For the cae of a

nomina annua interest rate of 20.00 percent, determine:

(a) The totd amount to which spe dollar of initid principa would accumulate
after one 365-day year witth daily compounding.

(b) The tota amount to which one dollar of initid principd would accumulate
after one year with continuous compounding.

(c) The dfective annud interest rate if compounding is continuous.

Solution
(a) Usng Eq. (6). P = $1.0, r = 0.20, m = 365,

r\” 0.20 %
Safler 1year = P(l + ;’) = (1-0)(1 + %5—) = $1.2213

(b) Using Eq. (12),
S= Pe™ = (1.0)(e) 02X = $1.2214
(c) Usng Eq. (13),
lg = € 1=12214 1=02214 or 22.14%

Tabulated values of .z and the corresponding r with continuous interest
compounding are shown in Table 2.

TABLE 2 ) _ _
Effective annual interest rates compared to equivalent nominal

interest rates with continuous interest

Effective  anud Nomind  continuous || Effective ahnud Nominal  continuous
rateof return, %, | rateof return, %, rate of return, 9, | rate of return, ¢,
1 0.99504 35 30.010
2 1.9803 40 33.647
3 2.9559 45 37.156
4 3.9221 50 40.547
5 4.8790 60 47.000
6 5 8269 70 53.063
7 6.7659 80 58.779
8 7.6961 90 64.185
9 8.6178 100 69.315
10 9.5310 110 74.194
15 13.976 120 78.846
20 18.232 130 83.291
25 22.314 140 87.547
30 26.236 150 91.629
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Example 3 Use of digital computer to give tabulated values of amount accumula-
ted with continuous interest compounding. Present the digital computer program
and the tabulated printout to Six dgnificant figures giving the amount to which an
initial principal of $100 will accumulate year by year from 1 to 20 years with
continuous interest compounding based on a nomind interest rate of 20 percent.

Solution. The equation to be solved on the digitd computer is
S= pe™
where S will be evaluated to six significant figures for
n=123,..,2
P =$100
r =020
The Fortran IV program and the computer print-out follow:

$IBJOB MAP
$IBFTC DECK 1

1 DO1IN=120

2 AN=N

3 S = 100.*EXP(.20*AN)

4 1 WRITE(, 2)N, S

5 2 FORMAT(14,F12.3)

6 END

$ENTRY
Printout
1 122.140 1 902.501
2 149.182 12 1102.318
3 182.212 13 1346.374
4 222.554 14 1644.465
5 271.828 15 2008.554
6 332.012 16 2453.253
7 405520 17 2996.410
8 495,303 18 3659.823
9 604.965 19 4470.118
10 738.906 20 5459.815

(Nore: The preceding illustrates the method used to prepare tabulated results of
factors and emphasizes the smplicity of the procedure with a digital computer. This set
of rexults represents a dandard exponential function available in tabulated form in
dandard mathematical tables. See Prob. 8 at the end of this chapter for a requested
computer solution for a more complicated continuous-interest case)

PRESENT WORTH AND DISCOUNT

It is often necessary to determine the amount of money which must be available
a the presnt time in order to have a cetan amount accumulated a some
definite time in the future. Because the element of time is involved, interest
must be taken into consideration. The present worth (or present value) of a
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interest rate to yield the desired amoynt at some future date.?

In Eq. (5), S represents the amount available after n interest periods if the
initial principal is P and the discrete compound-interest rate is i. Therefore, the
present worth can be determined by merely rearranging Eq. (5).

future amount is the present pr’ -ag;{: which must be deposited at a given

1
Present worth = P=§——— (17)
1+
The factor 1/(1 + i)" is commonly referred to as the discrete single-payment
present-worth  factor.
Similarly, for the case of continuous interest compounding, Eq. (12) gives

1
Present worth = P = S;; (18)

Some types of capital are in the form of bonds having an indicated value at
a future date. In business terminology, the difference between the indicated
future value and the present worth (or present value) is known as the discount.

Example 4 Determination of present worth and discount. A bond has a maturity

vaue of $1000 and is paying discrete compound interest a an effective annua rate

of 3 percent. Determine the following a a time four years before the bond reaches

maturity vaue:

(8 Present worth.

(») Discount.

(¢) Discrete compound rate of effective interest which will be received by a
purchaser if the bond were obtained for $700.

(d) Repeat pat (a) for the case where the nomind bond interest is 3 percent
compounded  continuoudly.

solution
(@) By Eq. (17), present worth = §/(1 + §)" = $1000/(1 + 0,03)* = $883
(b) Discount = future value — present worth = $1000  $888 = $112
(¢) Principd = $700 = S/(1 + )" = $1000/(1 + i)*
1000
b= ( 700

1/4
) - 1 = 00935 or 9.35%
(d) By Eqg. (18), present worth = S/g” = $1000/e%X9 = $869

ANNUITIES

An annuity is a series of equal payments occurring at equal time intervals.
Payments of this type can be used to pay off a debt, accumulate a desired

tIn the analyses presented in this chapter, effects of inflation or deflation on future worth are not
consdered. See Chap. 11 (Optimum Design and Design Strategy) for information on the dtrategy for
dealing with inflation or deflation in design economic evaluations.
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amount of capital, or receive a Iumpm of capital that is due in periodic
installments as in some life-insurance plans. Engineers often encounter annu-
ities in depreciation calculations, where the decrease in value of equipment with
time is accounted for by an annuity plan.

The common type of annuity involves payments which occur at the end of
each interest period. Thisis known as an ordinary annuity. Interest is paid on dl
accumulated amounts, and the interest is compounded each payment period.
An annuity term is the time from the beginning of the first payment period to
the end of the last payment period. The amount of an annuity is the sum of all
the payments plus interest if allowed to accumulate at a definite rate of interest
from the time of initial payment to the end of the annuity term.

Relation between Amount of Ordinary Annuity
and the Periodic Payments

Let R represent the uniform periodic payment made during n discrete periods
in an ordinary annuity. The interest rate based on the payment period is i, and
S is the amount of the annuity. The first payment of R is made at the end of the
first period and will bear interest for n — 1 periods. Thus, a the end of
the annuit}/ term, this first payment will have accumulated to an amount of
R(I + D))" . The second payment of R is made at the end of the second period
and will bear interest for n = 2 periods giving an accumulated amount of
RQ + i)"2 Similarly, each periodic payment will give an additional accumu-
lated amount until the last payment of R is made at the end of the annuity
term.

By definition, the amount of the annuity is the sum of al the accumulated
amounts from each payment; therefore,

S=RI+ )" T+ RI+i)"P+RI+i)"+ . +R1+ i) + R (19)

To simplify Eq. (19), multiply each side by (1 + i) and subtract Eq. (19)
from the result. This gives

si= R(l+i) =R (20)

or N
R(l’“li# 1)

The term [(1 + i)" = 1]/i is commonly designated as the discrete uniform-
series  compound-amount  factor or the series compound-amount factor.

S =

Continuous Cash Flow and Interest Compounding

The expression for the case of continuous cash flow and interest compounding,
equivalent to Eq. (21) for discrete cash flow and interest compounding, is
developed as follows.

As before, let r represent the nominal interest rate with m conversions or
interest periods per year so that i = r/m and the total number of interest



228 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENG]N{ERS

periods in n years is mn. With m annuity payments per year, let R represent
the total of al ordinary annuity payments occurring regularly and uniformly
throughout the year so that R/m is the uniform annuity payment at the end of
each period. Under these conditions, Eq. (21) becomes

R [ 1+ ( r/m)](m/r)(m) -1
“m r/m

For the case of continuous cash flow and interest compounding, m
approaches infinity, and Eq. (22), by use of Eq. (11), becomes?

S

(22)

s=re(‘"" ‘1) (23)

r

Present Worth of an Annuity

The present worth of an annuity is defined as the principal which would have to
be invested at the present time at compound interest rate i to yield a tota

amount at the end of the annuity term equal to the amount of the annuity. Let

P represent the present worth of an ordinary annuity. Combining Eq. (5) with
Eq. (21) gives, for the case of discrete interest compounding,

o+ -1
i1+ i)
The expression [(1 + )" = 1]/[i(1 + )"] is referred to as the discrete
uniform-series present-worth factor or the series present-worth factor, while the
reciprocal [i(1 + i)"]/1(1 + )" = 1] is often called the capital-recovery factor.
For the case of continuous cash flow and interest compounding, combina:

tion of Egs. (12) and (23) gives the following equation which is analogous to Eq.
(24):

(28

P=R—— (25)

Example § Application of annuities in determining amount of depreciation with
discrete interest compounding. A piece of equipment has an initid ingaled vaue
of $12,000. It is estimated that its useful life period will be 10 years and its scrap

1The same result is obtained from calculus by noting that the definition of R is such that the
differential change in Swith n isequal to R, which is the constant gradient during the year, plus
the contribution due to interest, or dS/dn = R + r§. This expression can be integrated as follows to
give Eq. (23):
s ds n
j(; R+rS = j;) dn
R+rs — ( eM=1 )
In

()

R =mor S§=R ;
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vaue at the end of the useful life will be $2000. The depreciation will be charged
as awd by making equa charges each year, the firsd payment being made a the
end of the firs year. The depreciation fund will be accumulated a an annua
interest rate of 6 percent. At the end of the life period, enough money must have
been accumulated to account for the decrease in equipment vadue. Determine the
yearly cost due to depreciation under these conditions.

(Note:  This method for determining depreciation is based on an ordinary annuity
and s known as the sinking-fund method.)

Solution. This problem is atypica case of an ordinary annuity. Over a period of 10
years, equa payments must be made each year a an interest rate of 6 percent.
After 10 years, the amount of the annuity must be equa to the total amount of
depreciation.

Amount of annuity = S

Totd amount of depreciation = $12,000 = $2000 = $10,000 = S
Equa payments per year = R = yearly cost due to depreciation
Number of payments = » = 10

Annud interest rate = i = 0.06.

From Eg. (21),

! .06
=S—-= — $759
R a i)" 1 $10,000 (#.06)1 _1 /year

Yearly cost due to depreciation = $759

Example 6 Application of annuities in determining amount of depreciation with
continuous cash flow and interest compounding. Repeat Example 5 with contin-
uous cash flow and nomind annua interest of 6 percent compounded contin-

uoudy.

Solution. This problem is solved in exactly the same manner as Example 5, except
the appropriate Eq. (23) for the continuous-interest case is used in place of the

discrete-interest  equation.

Amount of annuity = S

Totd amount of depreciation = $12,000 — $2000 = §

Equal payments per year based on continuous cash flow and interest
compounding = R = yearly cost due to depreciation

Number of years = n = 10

Nomind interest rate with continuous compounding = r = 0.06

From Eq. (23),

R=S

0.06
e _1 - $10,000m=_1 = $730/year

Yealy cost due to depreciation = $730
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Special Types of Annuities

One specia form of an annuity requires that payments be made at the
beginning of each period instead of at the end of each period. This is known as
an annuity due. An annuity in which the first payment is due after a definite
number of years is caled a deferred annuity. Determination of the periodic
payments, amount of annuity, or present value for these two types of annuities
can be accomplished by methods analogous to those used in the case of ordinary
annuities.

PERPETUITIES AND CAPITALIZED COSTS

A perpetuity is an annuity in which the periodic payments continué indefinitely.
This type of annuity is of particular interest to engineers, for in some cases they
may desire to determine a total cost for a piece of equipment or other asset
under conditions which permit the asset to be replaced perpetually without
considering inflation or deflation.

Consider the example in which the original cost of a certain piece of
equipment is $12,000. The useful-life period is 10 years, and the scrap value at
the end of the useful life is $2000. The engineer reasons that this
piece of equipment, or its replacement, will be in use for an indefinitely long
period of time, and it will be necessary to supply $10,000 every 10 years in order
to replace the equipment. He therefore wishes to provide a fund of sufficient
size so that it will earn enough interest to pay for the periodic replacement. If
the discrete annual interest rate is 6 percent, this fund would need to be
$12,650. At 6 percent interest compounded annualy, the fund would amount to
($12,650X1 + 0.06)” = $22,650 after 10 years. Thus, at the end of 10 years, the
equipment can be replaced for $10,000 and $12,650 will remain in the fund.
This cycle could now be repeated indefinitely. If the equipment is to perpetuate
itself, the theoretical amount of total capital necessary at the start would be
$12,000 for the equipment plus $12,650 for the replacement fund. The total
capital determined in this manner is called the capitalized cost. Engineers use
capitalized costs principally for comparing aternative choices.?

In a perpetuity, such as in the preceding example, the amount required for
the replacement must be earned as compounded interest over a given length of
time. Let P be the amount of present principa (i.e., the present worth) which
can accumulate to an amount of S during n interest periods at periodic interest
rate i. Then, by Eq. (5),

S=P(+ i) (5)

tFor further discussion of capitalized costs used in engineering, see Chap. 10 and F. C. Jelen and
M. S. Cole Methods for Economic Analysis, Pat |, Hydrocarbon Proc., 53(7):133 (1974); Part I,
Hydrocarbon Proc., 53(9):227 (1974).
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If perpetuation is to occur, the amount § accumulated after n periods
minus the cost for the replacement must equa the present worth P.  Therefore,
leting Cg represent the replacement cod,

P-s-C, (26)
Combining Egs. (5) and (26),

_ Cr

Tar) -1 @7

The capitdized cost is defined as the origind cost of the equipment plus
the present value of the renewable perpetuity. Designating K as the capitdized
cot and Cp, as the origind cost of the equipment,?

K=C, (28)

. A
a+i"-1

Example 7 Determination of capitalized cost. A new piece of completdy ingaled
equipment costs $12,000 and will have a scrap vadue of $2000 a the end of its
useful life. If the useful-life period is 10 years and the interest is compounded at
6 percent per year, what is the capitaized cost of the equipment?

Solution. The cogt for replacement of the equipment at the end of its useful life
(assuming costs unchanged) = $12,000 - $2000 = $10,000.

By Eq. (28)
tlized cost = C, + — R
Capitaliz Ot Tr o1
where C,, = $12,000
Cg = $10,000
i = 0.06
n=10
$10,000

itaized cost = $12000 + ————
Cap (1+0.06)° -1

= $12,000 + $12,650 = $24,650

Example 8 Comparison of alternative investments using capitalized costs. A
reector, which will contain corrosive liquids, has been designed. If the reactor is
mede of mild sted, the initid ingaled cost will be $5000, and the useful-life
period will be 3 years. Since gainless sted is highly resistant to the corrosive action

of the liquids, sainless sted, as the materia of congtruction, has been proposed as

an dternative to mild ded. The dainlesssted resctor would have an initid
installed cost of $15,000. The scrgp vaue at the end of the useful life would be

tFor the continuous-interest-compounding expression equivalent to the  discrete-interest-compound-
ing case given in Eq. (28), see Prob. 13 a the end of the chapter.
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zero for either type of reactor, and both could be replaced a a cost equa to the
origind price. On the basis of equa capitalized costs for both types of reactors,
what should be the useful-life period for the dainlesssted reactor if money is
worth 6 percent compounded annudly?

Solution. By Eq. (28), the capitaized cost for the mild-sted reector is

$5000

R
K=Cor a1~ 300+ e =1

K = $5000 + $26,180 = $31,180

Therefore, the capitaized cost for the stainlesssted reactor must aso be
$31,180.
For the dtainlesssted reactor,

$31180 = C, + —4 K = $15,000 $15000
T T AT Ty e P T @+ 008 - 1

Solving dgebraicdly for a,
n = 113 years

Thus, the useful-life period of the stainless-steel reactor should be 11.3
years for the two types of reactors to have equal capitalized costs. If the
stainless-steel reactor would have a useful life of more than 11.3 years, it would
be the recommended choice, while the mild-steel reactor would be recom-
mended if the useful life using stainless steel were less than 11.3 years.

RELATIONSHIPS FOR CONTINUOUS CASH
FLOW AND CONTINUOUS INTEREST

OF IMPORTANCE FOR

PROFITABILITY ANALYSES

The fundamental relationships dealing with continuous interest compounding
can be divided into two general categories: (1) those that involve instantaneous
or lump-sum payments, such as a required initial investment or a future
payment that must be made at a given time, and (2) those that involve
continuous payments or continuous cash flow, such as construction costs dis-
tributed evenly over a construction period or regular income that flows con-
stantly into an overall operation. Equation (12) is a typical example of a
lump-sum formula, while Egs. (23) and (25) are typical of continuous-cash-flow
formulas.

The symbols S, P, and R represent discrete lump-sum payments as future
worth, present principal (or present worth), and end-of-period (or end-of-year)
payments, respectively. A bar above the symbol, such as §, P, or R, means that
the payments are made continuously throughout the time perlod under consid-



