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The chemical engineering design student is re­
quired to calculate the material and energy balance, 
the size and cost of equipment, the operating cost, 
and some profitability criterion for each process he 
studies. Once the student has mastered these pro­
cedures by hand computation, repetitive calculations 
become monotonous and time consuming. The result 
is that often little time is available for the study 
of design principles. 

A computer ftowsheet s imulation program, 
.named CHESSE, has been developed at the Uni­
versity of Missouri-Rolla that does the above calcu­
lations and provides the user with the profitability 
of the simulated process. The development of the 
CHESSE program is discussed and several 
examples of processes simulated by design students 
are presented. 

The use of CHESSE during the latter part of 
the design course has been found to enhance the 
student's education in this area. Additional cases 
can be studied in synthesizing and analyzing t he 
optimal process and a better grasp by the student 
of design principles is apparent. 

THE PROCESS OF EDUCATING chemical 
engineers culminates in the design course. 

This course requires the student to apply the basic 
technology from other courses, such as thermo­
dynamics and transport operations, to predict the 
performance and economics of chemical systems. 

Students often realize, for the first time in 
the senior design course, the practical application 
of much of the course content of their undergrad­
uate curriculum. It is, therefore, essential that the 
design course be a comprehensive integration of 
technological principles from earlier courses with 
design and economic procedures. 

Comprehensive design coverage represents a 
challenge to educators who must often accomplish 
this coverage in three semester hours. Conse­
quently, new and innovative methods are con­
stantly being sought to improve the teaching ef­
ficiency. 
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One innovative teaching technique is 
the use of flowsheet simulation programs 

for the solution to classroom design problems. 

FLOWSHEET SIMULATION PROGRAMS 

QNE SUCH INNOVATIVE teaching technique 
is the use of flowsheet simulation programs 

[1,2] for the solution to classroom design problems. 
These programs define the chemical process ma­
terial and energy balances from a description of 
the equipment in the process [3]. 

A typical design problem is the ethylene proc­
ess [ 4] shown in Figure 1. Ethylene is produced 
by cracking ethane and propane. The product is 
purified in three distillation columns. Hydrogen 
and methane are recovered for fuel, and ethane is 
recycled. Propylene and heavier hydrocarbons are 
by-products. 

The material and energy balance data for the 
ethylene process are shown in part in Figure 1. 
These data could be obtained by hand calculation 
or a flowsheet simulator could be employed to pro­
vide this information. 

ETHANE RECYCLE, 19 MOLS / HR 

PROPYLENE AND HEAVIER 
BY- PRODUCTS 60 MOLS/HR 

FIGURE I, S:MPLE E TH YLENE PLANT [41 

1-E\'F0RAlLFfr.URES : 
DISi"DistillationTower 
HX£R:Hedt EHhanger 
P.EACsReactor 
C01"J':Compressor 
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The design student must proceed, exactly as 
would the computer, in calculating material and 
energy balance relationships for such a process. 
Once the basic concepts are understood by the 
student, these calculations become routine and 
time consuming. Thus, the use of a simulation 
system removes some of the monotony from the 
design course and allows more emphasis to be 
placed upon the principles of design. The incorpo­
ration of flowsheet simulation programs in teach­
ing design has been practiced for many years at 
several universities [5]. 

Design, of course, does not stop with the ma­
terial and energy balance, but culminates with 
economic analysis of the process which leads to 
an optimal design [2]. In making an economic 
analysis, the student is required to make detailed 
estimates of the equipment and operating costs in 
the process. The procedure of cost estimating must 
be repeated for each case studied in arriving at 
the optimal design. Again, such procedures are 
routine, time consuming, and afford little learning 
value to the student. 

The University of Missouri has developed a 
simulation program, named CHESSE ( Chemical 
Engineering Simulation System with Economics), 
[6] which does the cost estimating and provides a 
complete economic analysis of the chemical proc­
ess. This program is a modification of the basic 
CHESS system [4]. The purpose for developing 
such a program was to enhance the teaching of 
design. Several advantages were expected: 

• Provide the student the opportunity to study more proc­
esses. 

• Provide the student the means of arriving at a better de­
sign since more cases can be studied in searching for the 
optimum. 

• Introduce the student to computer oriented design meth­
ods used _by industry. 

The purpose of this paper is to discuss the de­
velopment of the CHESSE program and to report 
on its us·e in teaching design. A basic understand­
ing of flowsheet simulation programs by the 
reader is presumed. 

CHESSE 

Economic analysis is the determination of 
some economic criterion, such as return on invest­
ment, that can• be used to judge the worth of the 
system under study. The choice of the best process 
design is made by reviewing the economic cri­
terion for all processes studied and choosing the 
process that maximizes the profitability. The basic 
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information required for calculation of an eco­
nomic criterion is the investment and profit. 

The economic calculations can be done on the 
computer and are easily integrated with the usual 
flowsheet simulation programs which provide 
much of the data for the economic balance. The 
computations can best be done in a stagewise man­
ner. First, the material and energy balance must 
be converged for all recycle loops. Then the plant 
investment, which is dependent upon the material 
and energy balance, can be determined. Finally, 
the profit, which depends upon the investment as 
well as the material and energy balance data, is 
found. The procedures used in CHESSE to find 
the investment and profit will be summarized. 

DETERMINATION OF INVESTMENT 

The total investment for a chemical process is 
made up of the cost of the process equipment plus 
the cost of auxiliary facilities, such as the supply 
of utilities. The auxiliaries cost can generally be 
calculated as a function of the investment in proc­
ess equipment. Therefore, the total investment can 
be found from the size and cost of each individual 
item of equipment within the process. 

The basis for sizing and costing the equipment 
in the CHESSE program is given in Table 1. Most 
of the data for these computations is available 
from the material and energy balances and only a 
minimum amount of additional information must 
be supplied by the student. 

The cost calculations for each equipment item 
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TAB LE 1. SUMMARY OF DATA FOR DETERMINATION OF EQUIPMENT SIZE 'ANO COST IN CHESSE 

Equipment Co s t Basis Design Basis in CHESSE Data Source 

Di s till ati on 
Tm-1e r 

Tower height, diameter, 
material of cons t ruction, and 
type of trays 

Number of trays by Fenske , Underwood, Gilliland 
procedure (7). Tray by tray determination also 
available. Tray spac ing set at 2 ft . Tower 
diaineter by max imum vapor velocity method of 
So,uders and Brown (8) 

Reflux ratio, type of tray 
and materia 1 of construction 
by programmer. Flow rate 
and thermodynamic properties 
from CHE SSE. 

Abso r be r Height , di ame ter, material 
of cons truction, and type of 
tray or pa cking 

For packed col t1nns, height based on absorption 
fa ctor method (9), and diameter based on flooding 
velocity me thod of Lobo (10). For tray towers 
diameter found as in distillat i on. 

Programmer spec ifies type of 
column, material of construc­
tion. Other calculations by 
CHES SE . 

Fl as h Co lumn Height , di ame ter , and material 
of cons t ru c t i on 

Three f eet of liquid holdup provided. Three 
feet of vapor disengaging space provided . 
Diameter same as for distillation. 

Flow rates and thermodynamic 
properties by CHESSE. Material 
of construction by prograrnner . 

l!eJ t Exchanger Area , ma te rial of construction, 
number of pass es and she 11 s, 
and type exchanger 

Area from heat duty, overall heat transfer 
coefficient and 1 ogarithni c temperature 
difference. 

Heat duty and temperatures 
from energy balance . Coeffici­
ent and other data by programmer. 

Reac t or Volume, materi al of construction, 
and type of reac tor 

None PrograITTTier must specify vo l ume, 
material of construction and 
type of reactor . 

Purup and 
Compressor 

Capaci ty, type of pump and 
drive, pressure rise and 
materia l of construc tion 

Work of compreHi on calculated from specific 
heat rati o. Pump work from product of flow 
rate and pressure rise (4) . 

PrograITTTier specifies pressure 
rise, type of material, and 
whethersparepump is needed. 

Va 1 vc Diameter and material 
of construction 

Valve Diameter as pipe diameter to give 1 iquid 
veloci ty of 4 fps or vapo r velocity t>f 10 fps . 

Material of construction 
specified by programmer 

Tank Vo lume and ma ter ial of 
constr ucti on . 

Tank Volume from flow rate and desired holdup . Flow rate from material 
balance . Ho l dup and 
materia l of construction 
by programme r . 

. . . . - . -~•-•--·~~--
are based on the modular cost concept of Gutherie 
[11]. The cost computed is the total installed cost 
including foundations, piping, wiring, instru­
mentation, etc. For each piece of equipment, the 
cost depends upon the equipment size, material of 
construction, pressure, and specific type, such as 
steam or gas fired heat exchanger. The size is 
computed by CHESSE from the appropriate flow 
rate and design equation. Pressures are available 
from the energy balance. The programmer must 
specify equipment type and material. Options are 
available for the programmer to specify the cost 
separately for any piece of equipment, if the meth­
ods for costing in CHESSE are not appropriate. 
All costs in CHESSE are from 1970 data and pro­
vision is made to adjust these costs to the present 
time by use of the Marshall and Stevens Index 
[13]. 

The total process equipment cost is found by 
adding the costs for the individual items of equip­
ment in the process. Auxiliary equipment costs 
are then found according to the percentages given 
in Table 2 [12] . These percentages total about 40 
percent of the process equipment cost, and the 
programmer may change this percentage, if de-
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sirable. CHESSE assumes a Gulf Coast location 
and a location factor is provided for adjusting the 
cost for a difference in geographic location. Con­
tingency is then added to give the total invest­
ment. A contingency of 10 percent is added by the 
program, but the programmer has the option of 
varying this percentage. 

REVENUE, OPERATING COST, AND PROFIT 

The basic data for the determination of rev­
enue and process operating cost in CHESSE is 
summarized in Table 3. These data are computed 
from the total investment and material and en­
ergy balance information. 

The method of computation and the source of 
the data are also given in Table 3. Revenue and 
raw materials cost are calculated from the prod­
uct and input stream flow rates supplied by the 
material balance. Stream prices are furnished by 
the programmer. Utilities costs are determined 
from the energy requirements and the prices for 
power, fuel, steam and water. Labor requirements 
are found from the Wessel correlation [14]. Other 
fixed costs are determined as a percentage of the 
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Table 2. Summary of Investment in Auxiliary Facilities for 

Chemical Process Plants 

Auxiliary Facilities 

Process Piping 

Yard Improvement 

land Cost 

Site Clearing 

Parking Areas 

landscaping 

Yard and Fence lighting 

Other Improvements 

Utilities 

Steam Generation 

Steam Distribution 

Water-Supply, Cool and Pump 

Water-Distribution 

Water Treatment 

Electric-Main Substation 

Electric-Distribution 

Gas Supply and Distribution 

Air Comp. and Distribution 

Sanitary-Waste Disposal 

Service Facilities 

Auxiliary Buildings 

Railroads 

Fire Protection System 

Communications 

Location Factor 

(Basis-Gulf Coast Location) 

Contingency 

Pe rcentage of Installed* 

Process Equipment Cost Added [1 2] 

20.0 

2,0 

0.6 
0.2 
0.1 

0.2 
0.4 

3.0 

1.0 

1.8 

0.9 
0.6 
1.5 

1.0 

0.3 

1.0 

0.3 

5.0 

0.6 
0.7 
0.2 

0.0 

10.0 

*NOTE: Installed equipment cost includes equipment instrumentation, 

wiring, piping, minor steelwork, concrete foundations, substructures 

insulation, and painting. 

total investment, labor cost or working capital. 
Cost items such as advertising, product distribu­
tion and research are computed as a percentage of 
revenue [12] . CHESSE uses industry wide average 
utilities prices or percentages to compute these 
costs. The programmer has the option of speci­
fying values different from these averages, if de­
sirable. 

The total operating cost is the sum of the 
items, except revenue and working capital, given 
in Table 3. The before-tax earnings are computed 
as the difference between the revenue and total 
operating cost. Income taxes are figured as a per­
centage of the before-tax earnings and are sub­
tracted from before-tax earnings to give net profit. 

The cash accumulation is calculated as the 
sum of net profit and depreciation. CHESSE pres­
ently computes two economic criteria; return on 
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investment and payout period. The return on in­
ventment is the net earnings divided by the invest­
ment expressed as an annual percentage. The pay­
out period is the investment divided by the cash 
accumulation. 

If desired by the programmer, the investment 
and economic calculations in CHESSE can be by­
passed entirely. 

TEACHING EXPERIENCE WITH CHESSE 

The experience with the use of CHESSE in 
the classroom has been encouraging. Several ex­
amples of the types of problems the students have 
solved will exemplify the kinds of results obtain­
able from a program such as CHESSE. 

Ethylene Process 

The ethylene process shown in Figure 1 was 
simulated by the design students using CHESSE. 
This plant was designed to produce 115 mols/ hr 
of ethylene for 330 days per year, i.e., 25 million 
pounds per year. A total investment of $1,008,965 
is required. The investment summary of individu­
al equipment items is also available from 
CHESSE. 

A total operating cost of $1,445,715 is com­
puted. This represents a cost of ethylene of about 
3.5 cents per pound, allowing credit for by-prod­
ucts . By comparison, Gutherie [15] gives the in­
vestment for this size ethylene plant as $1,100,000 
and the operating cost as 3.2 cents per pound. 

With an ethylene price of 4 cents per pound, 
the return on investment is 6.2 percent per year 
and the payout period is about 7 years. From this 
initial design, the students proceed to evaluate the 
effects of larger plant sizes, product price and 
process variables on the economics of the ethylene 
process. 

flGUR!c ~ . $IMP~< D1$TIL,L,ATION PROC<S$ WITH H~AT R<COV!;RY 
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Simulation of this process requires about 20 
seconds of computer time on an IBM-360-50 ma­
chine. 

Hydrocarbon Distillation Optimization 

A simple distillation column with heat recov­
ery, shown in Figure 2, is used to illustrate op­
timization principles. The column splits a multi­
component paraffin mixture and the products ex-

change heat with the feed. The process variables 
for optimization are tower pressure, column re­
flux ratio and approach temperatures in the heat 
exchangers. 

Benzene Process 

Figure 3 is a typical process for the hydro­
genation of toluene to produce benzene. Hydrogen 
and toluene are heated to 1250°F and reacted at 

TABLE 3. SlMIAAY OF ECONOMIC DATA FOR DETERMINATION OF OPERATING COST IN CHESSE 

Data 

Work ing Capital 

Revenue 

Utilities Cost 

Electricity 
Fuel 
Steam 
Water 

Raw Materials Cost 

Operating Supplies 

Labor Costs 

Supervision 

Payro 11 Burd e n 

Overhead 

Maintenance 

Taxes and lnsurance 

Depreci.-, ti on 

Interest 

Sales and Advertis.ing 

Adl'1inistrat ion 

Product Dis tr i but ion 

Resear ch and 
De ve 1 opmen t 
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Method of Coll'4'utation 

(5 percent of Investment) + (8 percent of 
revenue)[l2] 

r [ ( '/olume of product streams) x (product 
prices)] 

(Power consumed) x (S . 01 / kwh) 
(Fuel con su:,ied) x (S . 30.'mn BT U) 
(Steam constr.1ed) x ( S. 65 /r:m BTU) 
(Water consumed) x ( S.10/ m gal) 

r [(Vo]ulll? of !ncoming_Stre<W11s) x 
f'ri ces)J 

(6 percent of labor) + (catalyst cost)[l2] 

(Operating labor hours / yr) x (labor cost/hr) 

20 pe r cent of labor cost Ll2J 

(.25) , ( l abor cost• supe r vi s i on ) [ 12) 

(. 5), (labor cost• su perv isi on ) [12] 

·5 percent of investment [1 2) 

2 . 5 percent of inve s t n.,nt [1 2) 

( 1 - Sd l vage Vi '.ue) , (lnve strien t ) .,­
Deprec iable l i fe 

( .1), (Investment• Work i ng Capital) 

15 percent of Revenue [ 12] 

6 ,-ercent of ReYen''" [12) 

3 percent of Revenue L 12) 

10 percent of Revenue (1 2) 

Source of Data 

Investment and revenue ca l culated by 
CHESS£ 

Vo 1 "'1e of product streams from 
material balance . Prices furnished by 
prograirrner . 

Power conSl6Tlption from energy balance . 
Fuel consumption frc:m ene rgy balan ce . 
Steam comsumpt i on from eoergy balance . 
water consl.lTlption from energy balance . 

Quantity of fn 'coming streams frcm 
material bdlance. Pr ice s spe c ified 
by programmer. 

Labor cost frcm CHE SS£. Catalyst cost 
by prog cdlllrrer. 

Options 

Other percentages may 
be specified by prograirrner . 

Alternate unit power, fuel 
steam and water co s t s mdy 
be spec ifi e d by pr og rarrr.er 
or prograrrmer may specify 
utilities cost in any 
equipme nt i tern. 

Percentage may be varied 
by progra,nner . 

Man hrs • [tons prodyct ]( IO )( N)/ A1lerna t e ho ur s or cost 
(Capa c ity, tons/ da y)·'"[l 4) whe r e N = may be sup pli ed by 
number of pr oces-. steps . Capac ity , pro- progranr.:e r. 
du c t ion and nl611ber of s t eP s fo und by CHES SE. 
La bor cost / hr of !J. 50 i s used . 

Labor cost froll' CHE SS[ Percentage Variable 

Ldbo r cos t an d supervision fr om (HES SE Pe rce ntage Var iahle 

Labor cost and supervision frcm CHESS[ Percentage Vari abl e 

Investment from CHESS[ Percentage Variable 

In vestment from CHESS [ 

Investment fr om (HESSE. Sa lv age va lue 
= 10 l of investment 

Investment and "°rking capital from 
CHE SSE 

Revenue from CHESS[ 

Re ven ue fr om CH ES SE 

Revenue frcm CHESS£ 

Revenue from CHESS£ 

Percentage Vari able 

Sal vage val ue an d 
depreciable life are 
variab l e 

Percentage Variable 

Percentage may be varied 
by prograrrmer 

Percentage Var i abl e 

Percentage Variable 

Percentage Variab l e 
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The student should never 
use a computer unless he knows 
exactly what the machine is doing. 

800 psia. The effluent from the reactor is sep­
arated by a series of flash and distillation towers. 
Hydrogen and toluene are recycled bback to the 
reactor. 

CONCLUSIONS 

At the University of Missouri-Rolla the 
CHESSE program is not introduced into class­
room use until about the middle of the design 
course. At this time, the student has been through 
several equipment design problems and at least 
one detailed process design by hand calculation. 
The procedures of making material and energy 
balances, sizing equipment, cost estimation, eco­
nomic analysis, and optimization have been mas­
tered. The use of CHESSE is not to teach these 
procedures, but rather to facilitate their use in 
learning design principles. 

The use of CHESSE requires no special or 
prior computer programming skill. The NAME­
LIST format is used to furnish all data for the 
program. These procedures are quite simple and 
the student usually is ready to design a process on 
the computer with a few hours instruction and 
practice. 

During the second half of the design course, 
after CHESSE has been introduced, the student 
will design and optimize about three complete 
chemical processes, such as those shown in the 
earlier examples. The optimization may involve 
several variables and advanced optimization tech­
niques are introduced. The class may work on the 
same process at one time, but each student can be 
assigned a different problem by changing the plant 
size or some other parameter of the system. 

Students seem to enjoy the use of CHESSE. 
More importantly, they seem to obtain a deeper 
grasp of design principles. The economic effect of 
changing values of a variable become readily ap­
parent. Important variables are more readily dis­
tinguished. The point of diminishing returns in 
optimization becomes real. Computer design per­
mits study of areas, such as plant location and 
distribution costs, that do not receive much atten­
tion otherwise. Furthermore, the area of process 
synthesis can be stressed since the student has 
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more capability in the allotted time for modifying 
processes. 

It is not implied that the CHESSE program 
provides the ultimate in design education. Many 
refinements and improvements are still needed. 
Improved thermodynamic capabilities, additional 
unit operations, more precise methods of equip­
ment sizing, and better cost estimation are some 
of the areas that are under study. 

The student should never use a computer un­
less he knows exactly what the machine is doing. 
Therefore, he should always be required to do 
process design calculations by hand. However, 
the subsequent use of computer aided design pro~ 
grams can be used to enhance his education. • 

FIGUf; E 3. BEra ENE PROCESS 
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