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In this paper we describe an educational tool 
which effectively illustrates how basic chemical 
engineering skills in reactor design and process 
analysis are combined with economic consideration 
to design a processing plant whose performance 
is tested by its ability to compete profitably in 
the market place. 

Since it is not possible to actually build and 
test proposed designs, we have developed a busi­
ness game to provide evaluation of the process 
designs in a more realistic fashion than by the 
usual procedure of grading a design report. The 
game also deals with the important aspects of 
competition and uncertainty in projected market, 
facto ts · which are almost impossible to incorpo­
rate into most design teaching. 

The game described in this paper requires 
the very simplest reactor, process and economic 
analysis. It was deliberately designed this way 
after some early experimentation so that the 
student would clearly see the interaction between 
the basic engineering skills, economic considera­
tions and the need to have a profitable operation. 

Class and student time required to complete 
the game varies with the sophistication of the 
students from 15 to 25 hours. More complicated 
forms of the game are under development which 
will take longer and require much more analysis. 

GAME FORMAT 

ALL PARTICIPANTS are given a copy of 
• Figure 1 which shows expected sales of 

product "D" and expected selling price at various 
sales levels. In addition the following information 
is given in memo form. 

18: 

(i) Chemical Equation A • D 
(ii) Constitutive Relation for Reaction Rate 

rA = kCA 
k = 0.005 min-1 

The simplest possible chemistry is chosen so 
that process design can be developed with a mini­
mum of mathematical manipulation. 

(iii) The design equations for a continuous flow 
stirred-tank reactor 

where 
V 
q 

a) Component mass balance for A (1) 
0 = q [CA~' - CA] - kCA V 

b) Component mass balance for D (2) 
0 = -qCn-kCAV 

volume of fluid in the CFSTR, liters 
volumetric flow rate of fluid, into and from 
the CFSTR, liters/min 
specific reaction rate constant = 0.005 min-1 

concentration of reactant A in the inlet 
stream, gm-mole/liter 
concentration of reactant A in the CFSTR 
and in the exit stream from the CFSTR, 
gm-mole/liter 

- concentration of product D in the CFSTR 
and in the exit stream from the CFSTR, gm­
mole/liter 

The simple reactor is chosen so that those 
new to process design thinking are not over-
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FIGURE 1. Sales Demand and Selling Price. 
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whelmed by mathematical computation. It is a 
simple matter to modify the memo to let more 
experienced students develop their own design 
equations. 

(iv) The concentration of raw materials A, 

C 
g-moles 

=02---
AF • liter 

(v) A simplified process flow diagram as shown in 
Figure 2 

(vi) Cost of reactant A, $0.20/g-mole 
(vii) Depreciated capital cost, maintenance costs and 

operating costs of the process unit are assumed 
proportional to the reactor volume V, and ap­
proximated as Sv = $45/liter-year 

This is another simplification introduced to 
keep the algebra simple. The economics can be 
made more realistic by basing the separation 
column capital cost on unit throughput, q, and re­
lating all operating costs to the unit throughput, 
q. This complicates the algebra but, because of the 
nature of the process, makes very little numerical 
difference from the simple expression given above. 

(viii) Inventory charges will be $ .10 per gm mole 
per year. 

(ix) Operations which develop a debt of $2,000,000 
will be assumed bankrupt and not permitted to 
continue. 

With the above information a process unit can 
be designed and then operated to produce product 
D for a simulated market with four companies. 
Each of the four companies must decide upon the 
reactor size that they will have in their process 
uriit and how to operate it each year to produce a 
maximum profit. The game begins when each 
company has made its decisions and submitted to 
control the reactor size and the process unit out­
put for year one. A typical set of such inputs is 
shown in Table I. 

Once the size of the reactor has been specified 
the company cannot change it by adding addi-
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tional capacity during the simulated five year 
operation of the game. Each company is of course 
free to manipulate feed rate, and hence conver­
sion, to the reactor for each of the five . .periods. 

Input data from each group is processed by 
control using the program shown on the Logic 
Flow charts presented in Appendix A. The pro­
gram operates in the following manner. 
• Input is checked for accuracy and internal consistency; 

i.e., a company could not call for a rate of production 
which would necessitate a larger volume of CFSTR 
than they had designed and built. 

• The true total market demand is generated randomly 
within limits about the projection · supplied to the 
players in Figure 1. Selling prices are computed con­
currently. 

• Sales are allocated to the companies by a simple 
algorithm based on previous market share and the 
projected sales which the company specifies on its input 
sheet. · 

• Profits, cumulative profits and inventories are computed. 
The output is presented to each company in 

the following format: 

(i) Total Market 
(ii) Selling Price 
(iii) Company Sales 
(iv) Market Share 
(v) Profit for the Period 

(vi) Cumulative Profit. 

The companies make their decisions for the 
next period based on these results. The game is 

TABLE I 
A Typical Set ~of Input Data to Process Design 
Game. · · 

Reactor Process Unit 
Size Output 

Company (liters) (gm-moles/year) 

A 50,000 9.25 X 106 
B 42,700 6.30 X 106 · ;) .. 
C 70,000 6.20 X 106 
D 77,~00 6.05 X 106 

run for five periods and performance is evaluated 
by comparing cumulative profits. 

CLASS EXPERIENCE 

TO PROPERLY DEVELOP a game it must be 
played a number of times and modified as a 

result of the experience gained. To date this game 
has been played about ten times with most of the 
modifications carried out in the first three to five 
sessi9ns. A listing of the course using the game is 
given in Appendix B. 
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In the first two games the companies were 
allowed to set the selling price as if the product 
were new on the market. Market share was 
partially based on this selling price in the control 
program and this gave the participants an extra 
degr_ee of freedom to manipulate for market share. 
The scheme worked reasonably well for upper 
level students (seniors and first year graduate 
students in a technical management course) but 
turned out to be too complicated for the freshman­
sophomore level student for which we were de­
signing the game. We modified our procedure to 
the more realistic situation where price is deter­
mined by total market · demand. The function­
ability is shown in Figure 1. 

We·nextmodified the game to add an inventory 
charge. This also is a more realistic simulation of 
what actually occurs in the real world. It is a 

TABLE II 
Typical Set of Results for Process Design Game. 

PERIOD 1 

Projected Market (Figure 1) 25.2 X 106 g-moles/ 
Actual Market (Program) 26.2 X 106 year 

• Selling Price $0.73/ 
g-mole 

Comula-
Conver- Inventory tive Profit 

Market sion 106 Thousands 
Company Share CA/CAF g-moles of$ 

A 31.6 % 0.40 0.97 590 
B 23.1% 0.407 0.24 335 
C 22.8 % 0.191 0.22 -355 
D 22.4% 0.23 % 0.18 -811 

PERIOD 2 

Projected Market (Figure 1) 27.2 X 106 g-moles/ 
Actual Market (Program) 26.8 X 106 year 
Selling Price $0.73/ 

g-mole 

A 35.6% 0.439 1.59 1,450 
B 22.7% 0.407 0.41 473 
C 23.7% 0.19 0.69 -1,010 
D 20.4% 0.238 0.62 -2,430* 

*Bankruptcy! 

PERIOD 5 

Projected Market (Figure 1) 37.8 X 106 g-moles/ 
Actual-Market (Program) 37.5 X 106 year 
Selling Price $0.64/ 
-~ ~ -· ' g-mole •.... 

~ 
.. 

28.5% 0.439 0.82 4,988 
B 27.3% 0.511 0.95 2,089 
C 44.2% 0.518 1.86 596 
D Bankrupt 

20 

necessary element of the game which helps to 
prevent companies from "flooding" the market to 
gain a large market share. 

A bankruptcy limit also was imposed after 
our initial experiences to make the game more 
true to life and to prevent companies from un­
realistic operation in the initial periods to build 
up market share. We have found that a bank­
ruptcy occurs about every second or third game. 
Sometimes this is because of deliberatively ag­
gressive action and sometimes because of error. 
When a bankruptcy occurs, the structure of the 
game changes markedly since the tqtal demand 
must be met by three instead of four companies 
and companies who have designed a small reactor 
may find themselves at a considerable disad­
vantage. 

A typical set of results is shown in Table II 
for the companies whose input data for period 1 
are shown in Table I. In this particular game, 
Company D went bankrupt and Company C almost 
went bankrupt. The large reactors were unprofit­
able with four companies competing for the 
market and only became profitable when one 
company was forced out. 

Some basic process analysis can be easily per­
formed for this game since the simplest possible 
chemistry, and reactor type have been specified. 
It is also quite easy for students familiar with 
basic calculus to compute an optimum value for 
the conversion, CA/ CAF• One can then compute the 
optimal volume for a given production rate as 
follows: 

Yearly Profit 
Income from - Cost of - Capital-Operating 

Sales A costs 
= SnqCnY - 0.20qCAFY - 45V (3) 

This yearly profit can be expressed in terms 
of the variable CA 

= SnqCnY - 0.20qCnCAFY - 45qCn (4) 

where 
Sn 
y 

CAF - CA 0.005CA 

selling price of D, $/ g-mole 
504,000 min/year 

This yearly profit can be differentiated with 
respect to CA to yield a quadratic equation in the 
variable, CA/CAF, which can be solved to yield 

CA ) CAF optimal = 0.4015 (5) 

The relationship between reactor volume and 
the throughput q is 
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FIGURE 2. Process Flow Diagram. 

V = 2490 qCD 

UNREACTED A 

SEPARATION 
COLUMN 

PRODUCT D 

(6) 

The simple analysis is a necessary step in the 
problem solution but it is far from sufficient to 
assure that one will have a good profit or in fact 
even a profitable operation. Two factors, competi­
tion and a growing market need to be considered. 
There is no theoretical analysis, sophisticated or 
simple, which can be carried out to deal with 
these two factors. 

Most groups design their reactor to supply 
some share of the market (usually 30-40 % ) in 
years three or four. In the game shown in Tables 
I and II, Companies C and D felt they could cap­
ture a large share of the market so they con­
structed larger reactors than Companies A and B. 
Unfortunately, they did not operate them close 
enough to the optimal in the early years; they did 
not achieve large shares of the market and 
Company D went bankrupt. Had Companies C 
and D been more aggressive and operated with a 
higher throughput in years 1 and 2, they might 
well have forced Company B with the small re­
actor into bankruptcy. In this particular game, 
Company Chad the best position with only three 
companies supplying the market. Unfortunately, 
they did not do the simple optimal analysis and 
as a result, operated with values of CA/ CAF which 
were too low. 

It is necessary for the students to draw upon 
learning experiences from several disciplines in 
order tn make design decisions. We feel that the 
engineering game exercise was much more re­
warding for introductory students than a dry 
optimization problem using only principles of the 
calculus. The game impressed upon the players 
that engineering is more than finding equations 
and plugging in numbers: it is more of an art in 
which the engineer, and not a textbook, must 
make decisions. Hopefully, this experience will 
enable the students to keep their coursework in 
its proper prospective, and discourage the point 
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of view that macroscopic balances and differential 
equations are all that is necessary to pinpoint an 
answer to any engineering problem. 

The game captivated student interest in engi­
neering, since the groups were always eager to 
receive and evaluate their output, and make de­
cisions for the next selling period. The added 
feature of near instantaneous feedback makes the 
game approach valuable from an educational psy­
chology standpoint. 

The game also has worked surprisingly well 
with engineers and chemists with some consider­
able industrial experience. Some of our most en­
thusiastic players have come from this group of 
mature persons. We feel that this is partly at­
tributable to the insights that are obtained with 
regard to the process analysis and partly attribut­
able to the simple insights that are obtained into 
the economics of the chemical process industries. 

Since it is not possible to actually build and test 
proposed designs, we have developed a busi-

ness game to provide evaluation of the 
process designs in a more realistic 
· fashion than by the usual pro• 
cedure of grading a design report. 
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START 

Data a re e nte red 

READ T1 N 

READ (1 , 1, N) : CUPROFJ , T-J 

=t,N 

INV I I T-1 

5 1iT-l 

V1) q 1; x1; PUO I 

Each company is checked for 
bankruptcy 

NO 

Each company is checked for 
compatibility of flow rate 

Write 

"Company I Bankrupt" 

and conversion with reactor Write 

f-v"o"'l"'u"'me"--------- ----l-= ~1 "Company I Violated 

NO 

=t 

Each company is checked for 
compatibility of flow rate 
and conversion with process 
unit out ut 

t I 0 
Projected Total Sales are calculated 
Note : all pr evious inventory is put on 

.PTS
1 

= PUOI ( 5.04XlO ' J + I NV I I T-1 

i 
True market demand is genera ted 

GENERmB~~~3i~ N~ U~~~~u~? ' l 0 

i 

Volume Cons train t" 

Write 

"Company I Miscal ­

culated PUO" 

sale 

QT = [ 50 .4 5+RI -0 . 78T 3 +7 .• 02 T 2 - ll.7T 

t 
Is the sum of all product on 
sale less than total demand? 

N - 0 . 35 
v c o 

p=2. 9 ( 1t PTS / 5_-0 4X 10 '} 
N 
! PTS ' QTl 5 . 04XlO' J 

J= t I ? 
1=1 , N ! 

! NO 

Price is computed from tota l 
demand 

S1 , r=PTs/ J/TSI - 0 . 35 
p = 2 . 9 IQT ) 

1=1,N { 
1= 1,N ! i::;acn company se J.J.S 

every thing it can put 

$ l1T= o . 2 lsl1T-1 J+ o . 8 [PTs/J,PTs l l I on the market 

i 
a 1=PTs 1 

INV l 1T=o 
Sales are allocated to ~ach 
company 

a 1=s 1;Tl a r lx 5 . 04 Xl 0
5 i 0 to pro 

computa 
fit 
tion 

i 2 0 To double - check 

APPENDIX A. LOGIC FLOW CHARTS. 

GAME FLOWCHART: NOMENCLATURE 
I = Company Index 
N = Number of Companies 
T = Selling Period Index 
C AF = Feed Concentration of "A" 0.20 gm-mole-liter-1 

CUPROF 1,T = Cumulative Profit,$ 
INV1 T = Inventory, gm-mol 
k = Specific Reaction Rate Constant, min-1 

P = Selling Price,$ - (gm-mole)-1 

PROF 1 T = Profit, $ 
PTS1 .,; Projected Total Sales, gm-mole 
PUO 1 = Process Unit Output, gm-mole-min-1 

qI = Volumetric Flow Rate, liter-min-1 

QT True Total Demand, gm-mole-min-1 

SI T = Normalized Market Share 
sI'T = Non-Normalized Market Share 
s; = Volume Cost Parameter= 45 $ - (liter-year) -1 

VI = Reactor Volume, liter 
x = [1-Conversion of A] = C# CAF 
R = Random Number O<R<lO 
QI = Sales Volume, gm-mole 
NOTE : 350-day operating period • 5.04 x 108 min 

Doub l e - check 

J=t ,N J 
Is the sales allocation greater 
than the projected total sales 
for anv comnanv? ....... 

The company sells 
everything 

Inventories are completed 

To profit 
I 

r:i'\ 
compu tation i' 0 

0 
J= t ,N 1 

Profits are computed 

Profit 

INVl,T=o 

Market share is recom­
p uted since it is an 
input parameter for the 
next sellinq oeriod 

To profit i 
computation 0 

comp u ta ti on 

PRO F I., T = PQ 1 - SvV 
1

- qcAF [ O. 20 $-(g~- mole A)- 11 [ 5 . 04Xl0 5 min) 

t 
Cumulati ve profits are computed 

CUPROF I, T = CUPROF 1, T- I + PROF I, T- JNVI, T [ O. JOS-( gm- mole ) 1J 
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APPENDIX B. 
COURSES USING THE PROCESS DESIGN GAME 

1) ChE 690 
Technical Project 

Management 

2) EG 125 
Introduction to 

Engineering 

3) ChE 530 
Engineering Analysis 

for Non-Majors 

4) ChE 667 
Special Topics 

Course 

5) Engineering Analysis 
for Chemists 

6) Introduction to 
Engineering 

7) Engineering Analysis 
for Chemists 

Fall 1973; Fall 197 4 
Seniors and graduate 
students in chemical 
engineering 

Fall 1973 
Freshmen students in 
chemical engineering 

Spring 1974 
Junior and senior 
students in chemistry 
life science, mathematics 
and electrical engineering 

Winter 1974 Session 
A group of senior students 
in chemical engineering 

Summer 1974 
A course for industrial 
chemists-a group from 
the Swiss chemical and 
pharmaceutical industry 

Spring 1975 
A course to introduce 
high school juniors to 
engineering 

Spring 1975 
A course for industrial 
chemists-a group from 
the Organic Chemicals 
Department of the E. I. 
DuPont Company 

[;) ij pl book reviews 
CELLULOSE AS A CHEMICAL AND 
ENERGY RESOURCE 

5th Symposium of Biotechnology and 
Bioengineering 
Plenum, New York. ($25.00) 

Reviewed by Charles Walter, University of 
Houston 

The 5th Symposium of Biotechnology and 
Bioengineering was about "Cellulose as a Chemi­
cal and Energy Resource." The organization of 
the topics includes contributions about "The Sub­
strate," "The Enzyme System," "The Process," 
and "The Product." 

"The Substrate" is cellulose. In this section 
there is a weak chapter about cellulose economics 
which reflects confusion about scientific matters 
and relies heavily on meaningless figures (for 
example, the figures about cellulose conversion 
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into protein or ethanol, or alcohol conversion into 
adenesine triphosphate). 

The remainder of the section about "The Sub­
strate" is highly recommended. An excellent intro­
ductory statement establishes that the greatest 
portion of what we call waste cellulose is not 
really "waste" at all, and that processes utilizing 
the substrate must be economically viable. This 
theme is continued in a later chapter dealing 
principally with agricultural "wastes." Other 
chapters in this section contain excellent discus­
sions of the relationship between energy input and 
energy yield for cropping systems and a specific 
cost analysis for producing plant biomass on a 
hypothetical plantation. This analysis leads to an 
optimistic estimate of about $10 / ton of dry bio­
mass, or$ .65/ 106 Btu. The important chapter by 
Diaz puts into prospective however, that even if 
cellulose were obtained from "waste" sources that 
were "free," the substrates used as chemical or 
energy resources would be considerably more ex­
pensive due to the high processing costs involved. 
Bassham's chapter provides an excellent sketch 
of the overall energetics of cellulose production 
in green plants, including a discussion of the 
merits of C-4 plants versus plants without this 
extra CO2 - fixing pathway, and an estimate of 
the photosynthetic efficiency expected for this 
process. The number Bassham arrives at is 5% 
which is about half the often-quoted maximum 
theoretical efficiency for photosynthetic processes. 

"The Enzyme System" is cellulase but the 
worthwhile contribution to this section of the 
volume is about the action of H2Od Fe(II) on 
cellulose-a process which obviously could lead 
to significantly lower costs for commercial cellu­
lose digestion. This, together with the fact that 
many cellulolytic organisms apparently secrete 
little or no cellulase, is a compelling argument for 
more research on the H2Od Fe(II) system and 
brown-rot fungi and less emphasis on isolated 
and reconstituted enzyme systems. The deep­
seated prejudice that compels many biochemists 
to isolate biomolecules from their three-dimen­
sional, functional environment and study their 
properties in an irrelevant setting dominates most 
of the other papers in this section. Judging from 
comments made in other sections of the volume 
(for example, "Too much of our existing 
knowledge about cellulose hydrolysis has been 
derived from studies with purified raw materials" 
by E. L. Gaden on page 161) many of the sym-

Continued on page 4 7. 


