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APPLICATION OF INPUT-OUTPUT ANALYSIS 
TO PLANNING REFINERY OPERATIONS:
A THEORETICAL AND EMPIRICAL STUDY

CHAPTER I 

INTRODUCTION

Purpose of the Study

The purpose of this research is to apply input-output 
analysis to micro-economic planning- An input-output model
has been developed, empirically tested, and validated.

1 2 3Ijiri, Livingstone, and others have applied the input-
output analysis to some hypothetical accounting problems,
but not to actual operating systems. In this research,
input-output analysis has been applied to the operations of
an actual refinery. In order to examine the feasibility of
using the model in micro-economic planning, the following
issues have been emphasized.

1. Implementing the model. An input-output model 
has been developed and implemented using historical data 
obtained from the records of an actual refinery. The extent 
to which the input-output model represents the relationships 
existing in the refinery have been evaluated through the

1



use of model validation techniques." Problems of implemen­
tation have been identified, evaluated, and, where possible, 
quantified.

2. Evaluate usefulness. To evaluate the usefulness 
of the model, the costs involved have been discussed and the 
information obtained from the model has been evaluated. It 
may be feasible to implement a model (Part 1) but uneconomi­
cal to do so. Evaluation of the information obtained from 
the model is included as a part of the model validation con­
ducted in Chapter VI. Discussion of the costs involved is 
also considered, without details, in Chapter VI.

Statement of the Problem
Management accounting and the accountant's role in 

planning and controlling business activities have been dis­
cussed extensively in the accounting literature over the 
last two decades. Among the problems considered are joint 
costs, cost allocation models, inventory costing, budgeting, 
standard costs, variance analysis, etc. Several mathemati­
cal and statistical models have been suggested by different 
writers to help solve the above-mentioned problems. However, 
some issues related to the use of models are-still unsolved, 
and need to be investigated further:

1. To what extent can we benefit from models which 
have been suggested?

2. To what extent do models succeed in describing 
existing real relationships?
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3. What are the problems of implementation and how

should these problems be pursued?
4. How do you justify the use of a particular model?
The problem, as dealt with in this research, is how

to develop and test models that will facilitate the planning 
and control process by providing better, more timely, and 
lower cost information.

The Need for the Study 
Input-output analysis has been productively applied 

to macro-economic analysis and planning. The input-output 
analysis originated by Leontief (1951) was used first to 
analyze the flows of commodities or services between the in­
dustrial sectors of an economy for the purpose of describing, 
analyzing, planning, and forecasting the industrial structure 
of a particular region.^ The analysis, since then, has been 
applied successfully to macro-economic regional planning.^
The United States Navy has used the input-output analysis to

7plan and develop personnel programs. Other applications 
have been suggested to help control air pollution, and man's

ghazardous emissions which affect the environment. Moreover, 
input-output analysis has been used with great success in 
preparing national income accounts, in planning and forecast­
ing public investments, in evaluating international trade,

9and other areas of macro-economic planning.
A noted Operations Research consultant has pointed



out the benefits of modeling at the firm level. In his 
article "Operations Research and Decision-Oriented Manage­
ment Information System," Professor Arnoff states:

Through the application of operations research and 
computers, the accountant has a unique opportunity to 
control and mold his destiny. Here there are new hori­
zons to challenge the accountant and, at the same time, 
dazzling opportunities to improve his ability and his 
performance in serving operating management . . . oppor­
tunities that arise through the design, development, and 
implementation of a decision-oriented management infor­
mation system.10

Two other articles have emphasized the role of the 
accountant in providing reliable information to be used for 
decision making and as a member in an Operational Research 
team. Davidson and Trueblood have explained the link between 
the accounting process and the decision-making process:

The tie between the accounting process and the 
decision-making process . . .  is basically one of infor­
mation. In its broadest and most fruitful sense, account­
ing is an information or data-providing function— and 
information of one kind or another is required at each 
stage of the problem-solving process.H

Hartley describes the type of information which is 
more likely to be needed in the future and indicates that the 
accountant should meet the new challenge:

It perhaps can be argued that accounting is being 
replaced by the total information system. This, to a 
large extent, may be true. But we must come to a reali­
zation soon that there will be little demand in the 
future for the type of accounting we once knew. A redef­
inition of accounting will not help. What matters is the 
development of the profession and its members to meet the 
current needs of management by employing up to date 
techniques . . . since OR deals with the future, the rel­
evant data may consist of projections based on past 
accounting recorded data as well as opportunity costs.



Thus, the accountant should provide incremental data and 
opportunity costs if he is to. contribute to the OR data
collection p r o c e s s .

Two academicians have postulated, using hypothetical 
examples, the potential advantages of input-output for micro- 
economic planning and control. Livingstone has pointed out 
some of the advantages of the input-output micro-model:

. . . the technique [input-output] has advantages 
for planning and resource allocation purposes, and also 
for insuring proper coordination of input and output 
requirements.-3

In addition, Ijiri has explained the propriety of 
the input-output model for business activities:

The input-output analysis is an effective method of 
analyzing interacting transactions between two or more 
accounts. Such interactions are often seen in business 
activities, particularly in manufacturing a c t i v i t i e s . 14

Livingstone supports different applications of input- 
output analysis to micro-economic planning and expects suc­
cessful results:

There seems to be no reason why it cannot be as 
valuable a technique for intrafirm as it has been for 
interfirm and inter-industry economic a n a l y s i s . 15

\<!hat is needed, then, is an objective study of the 
strengths and weaknesses of linear planning models in various 
operating contexts.

Based upon the foregoing statements the need for this 
kind of research is evident. This study should provide some 
evidence as to the applicability of input-output models to 
the planning and control functions of a refinery.
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Metlïodology

The research is conducted in two stages. In the first 
stage, an input-output model is developed for the refinery 
under consideration and its performance is tested using his­
torical data as obtained from the refinery records. In the 
second stage, technical validity of the input-output model is 
examined and the results are evaluated.

The following discussion explains where data for the 
study are obtained and the stages in which the study is con­
ducted -

Source of data. Data for this study are obtained 
from a small size refinery located in Libya which, at their 
request, will not have its name revealed. The refinery is 
owned jointly by an American Company and a Libyan corporation. 
The refinery uses oil obtained from oil fields through pipe­
lines .

The refinery represents one of the simplest refining 
systems. Re-refining and re-processing relations do not 
exist. Corrosive oils are not used in the refinery. There­
fore, sophisticated equipment for highly corrosive oils are 
not used.

The refinery operates on a continuous basis using 
three shifts daily. Most of the time, the refinery is oper­
ated at its maximum capacity or near capacity.

Crude oil is processed in the refinery to produce 
six products. These products are:
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Premium Mogas (PMOG)
Regular Mogas (RMOG)
Naphtha (NAPE)
Kerosene (KEROS)
Auto Diesel Oil (ADO)
Heavy Fuel Oil (HFO)

Information about production, consumption, losses, 
and sales was obtained directly from the refinery management. 
Data were obtained in the form of production reports which 
are prepared monthly by the refinery’s superintendent. Data 
pertaining to the years of 1975 and 1976 were received. A 
summary of these data is presented in the Appendix to this 
study.

Next, the basic stages of this study are considered.
Stage (I). Acutal data obtained from the records of 

the refinery under consideration for the year of 1975 are 
used to build the input-output model for the refinery. For 
the purpose of this research, seven major processes within 
the refinery are identified. Inter-process relationships are 
described, identified and quantified. From these relation­
ships, a consumption matrix is developed. The consumption 
matrix, C, describes production relationships and the flow of 
production from one process to another. The consumption matrix 
is presented in the following form:



c =

^11 ^12

^21 ^22

'71 '72

'17

'27

'77

where

represents the amonnt of output from process i needed 
per each unit to be started into process j.

The system is related to the outside world through 
demand for its final products. This demand for final pro­
ducts, referred to in input-output terns as the bill of 
goods, is represented by a vector of quantities, d:

d = , where

d^ = the net amount of product i available for distribution 
to outsiders.

The input-output mechanism is used to determine the 
total amount to be started into each process, X, based on 
inter-process relationships, as expressed in the consumption



matrix, and to satisfy the outside demand for the refinery 
products. The total amount to be started into process is 
represented by a column vector, X.

X,

X = where

X^ = the gross amount of production started into process i.
An input/output coefficient matrix is obtained by 

subtracting the consumption matrix from a seven-by-seven 
identity matrix;

Input/Output Coefficient Matrix = (I - C), 
where I = a seven-by-seven identity matrix.

The input-output relationships for the refinery under 
consideration are expressed as follows:

(I - O X  = d

X = (I - C)"^d

(1)

(2)

From these equations, the total amount to be started into 
process is easily determined for any level of outside demand. 

Successful applications of input-output analysis
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depend on the ability to obtain reliable estimates of the 
technological coefficients, the C^j's. Therefore, at this 
stage, the aim is to develop reliable technological coef­
ficients for the refinery under consideration.

In building the consumption matrix, input rather 
than output coefficients are used. In addition, physical 
units of flow, expressed in barrels, are used to develop 
the transactions matrix.

The model as developed in this research is applied 
to planning refinery operations to test its applicability 
and predictive validity. The model is used to predict the 
total amount to be started into production in each process 
for the months January through December of 1975. Moreover, 
the model is used to develop a general operating plan for 
the refinery. This general plan explains how the model 
might be used by the refinery in planning for production 
requirements.

Stage (II). In stage one, the input-output model 
for the refinery under consideration is developed and em­
pirically tested. In the second stage, the model validity 
is examined and the results obtained from the model are 
evaluated using statistical procedures.

Model validation. Schellenberger’s framework for 
model validation includes three kinds of validity: (1) tech­
nical validity; (2) operational validity; and (3) dynamic 
validity. Schellenberger states:
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Three kinds of validity must be recognized:

(1) technical validity; (2) operational validity; and 
(3) dynamic validity. Technical validity requires the 
identification of all divergences in model assumptions 
from perceived reality, as well as the identification 
of the validity of the data. Rarely will one be able
to find an analysis in which the model perfectly fits
reality and in which the data are entirely valid.
Thus, the analyst and manager must raise the question 
of the impact— or influence— of these divergencies on 
the model's validity. Operational validity deals with 
the questions of the importance of the divergences 
which are identified under technical validity. Finally, 
we must assume that the model will continue to be oper­
ationally valid. This is called dynamic validity and 
requires an analysis of the provisions for the applica­
tion to be modified in light of new c i r c u m s t a n c e s . 16

For the purpose of this study, technical validity
of the refinery input/output model is examined. Operational 
and dynamic validities may be discussed in the future as 
extensions of this study.

Technical validity is identified as ", . . a set of 
criteria against which any application of managerial analy­
sis may be c o m p a r e d . I n  this analysis, a judgment about 

_the importance of the divergence from the mode is not in­
cluded. Judging the importance of the divergence from the 
model is the subject of operational validity, as indicated 
above. The primary components of technical validity are:
(1) model validity; (2) data validity; (3) logical validity; 
and (4) predictive validity. Each is judged on the basis 
of sub-criteria as indicated in Figure I.l.

This set of criteria and subcriteria as outlined in 
Figure I-l is used in this study to examine the technical 
validity of the input-output model as it is applied to



X
Hodol Validity!

1) Hathoroatical Asaumptlonsi

2) Content Aeoumptione.

3) Casual Assumptions.

I Technical Validity*1

-Valid Results 
-Comparability 

-Same Conditions 

-Missing Data

Data Validity; Logical Valldltyi Predictive Validity;

a) Validity of Raw Data 1) Correct Mathemati­ a) Predictive Vali­
cal manipulation. dity In Predic­

-Accuracy tion Models.
2) Logical flow of

-Impartiality the model. D) Predictive Vali­
dity In Final

-Representativeness 3) Identify omis­ Models.
sions of relevant

D) Validity of Constructed Data variables.

FIGURE I-l 
Model Technical Validity

M

*Thls Figure Is drawn by the author dlrootly from the article written by Robert B. Schllenbergert 
"Criteria For Assessing Model Validity for Managerial Purposes". Decision Sciences 1 Vol. 5i No. h, 
October, 19̂ 4.
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planning refinery operations.

Schellenberger's framework for model validation is 
selected because it offers a more comprehensive approach 
upon which model validation might be based.

Evaluation of the results. To evaluate the results
obtained from the model the chi-square "goodness of fit"
test is used. The chi-square test is frequently used to
evaluate the applicability of a theory or a mathematical

18model under certain circumstances. The basic hypotheses 
to be evaluated are stated in the following form;

The operations of a simple refinery can be 
expressed in terms of an input-output model 
with sufficient validity to be of value in the 
planning and control of refinery operations. 
The operations of a simple refinery cannot be 
expressed in terms of an input-output model 
with sufficient validity to be of value in the 
planning and control of refinery operations.

If the differences between the actual (x), which 
represents the total amount to be started into process, 
vector and the calculated (x) obtained from the model are 
insignificant, the null hypothesis is accepted. If the 
differences are significant and cannot be attributed to
chance fluctuations, the null hypotheis is rejected.

2The chi-square statistic, x , is calculated using 
the following equation:
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2

fto=t=l

where = an observed frequency (calculated frequency),
f^ = an actual frequency, and
n = the number of observations.

The chi-square goodness of fit test is used in two
2ways. First, the chi-square statistic, x , is calculated 

on a month by month basis for the months of January through 
December of 1976. In this case, for each month there are 
seven observations representing the amount to be started 
into each of the seven processes included in the model. 
Therefore, the number of degrees of freedom is six, degrees 
of freedom equal the number of observations minus one 
(7 - 1). The null hypothesis, as stated above, is tested at
three levels of significance. The levels of significance
are arbitrarily selected. The null hypothesis is tested at 
the 2%, 5%, and 10% levels of significance.

2Second, the chi-square statistic, x , is calculated 
for each process. In this case, there are twelve obser­
vations for each process, representing the amount to be 
started into that process for each month during 1976. 
Therefore, the number of degrees of freedom is eleven (12 - 
1). The null hypothesis, in this case also, is tested at 
the 2%, 5%, and 10% levels of significance.
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Organization of the Study

In Chapter II, the input-output model is discussed 
in general. The model is described, and its structure is 
explained. Different applications of the model to micro 
planning problems are reviewed with specific applications 
to cost accounting problems being emphasized. Also, a dis­
cussion of how the input-output model might be extended 
into a linear program is included.

In Chapter III, refinery accounting is discussed 
along with the basic accounting concepts underlying refinery 
accounting and the problems encountered in refinery planning. 
Current developments and their implications for refinery 
accounting are also discussed in Chapter III.

In Chapter IV, applications of linear programming 
to different refining problems are reviewed. The difference 
between previous applications and the expected contribution 
of this study is outlined.

In Chapter V, the input-output model for the refin­
ery under consideration is developed and its applicability 
is tested. The model is used to predict the total amount 
to be started into each process in order to satisfy the 
final demand for the refinery outputs. In addition, the 
model is used to develop a general operating plan for the 
refinery.

The results obtained from the model are explained 
and analyzed in Chapter VI. The model's technical validity
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is examined and results are evaluated- Model validation 
techniques and statistical procedures are applied as needed 
to help in the analysis. In addition, costs associated 
with the model are briefly considered in Chapter VI,

Finally, the scope of the study along with summary 
of the results and recommendations are presented in 
Chapter VII.

The Appendix includes a summary of the refinery's 
data which were used for the purpose of this study.
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CHAPTER II 

THE INPUT-OUTPUT MODEL

The input-output analysis, as perfected by Leontief,^ 
is concerned with the study and analysis of the flow of 
commodities and services between the industrial sectors of 
an economy. Professor Mattessich described the input-output 
analysis as follows:

The input-output analysis inspired by the general 
equilibrium approach of Leon Walras (1874) and origi­
nated by Wassily Leontief (1951) is concerned with 
analyzing the flow of commodities or services between 
the industrial sectors of an economy for the purpose 
of describing, analyzing, planning, and forecasting 
the industrial sectors of a particular region.2

The input-output analysis, developed as a macro- 
economic tool, was first used to describe and analyze the 
American economy for the period 1919-1939.^ Since then, the 
model has been applied successfully in macro-economic plan­
ning and forecasting. It has been applied extensively in 
the field of regional economic planning.^ Other uses of the 
input-output analysis have been found in the process of con­
structing national income accounts, in planning and forecast­
ing public investment, and in evaluating international trade 
Efforts have been exercised to extend the input-output analy­
sis through its application to different areas of micro­

1 9
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economic planning. In addition, several authors have out­
lined possible applications of the input-output analysis to 
accounting problems at the firm level.

The Model Described
The input-output analysis makes use of matrix algebra 

in the solution of simultaneous linear equations. Different 
writers have taken different approaches in describing the 
model and its use. However, they all come to similar results 
and conclusions. The analysis and discussion presented in 
this part of the study follows the presentation used by 
Draper and Klingman.^ In describing the input-output analy­
sis, Draper and Klingman state:

Analysts frequently find it convenient to think of 
a manufacturing firm as a 'black box' with an input of 
various kinds of raw materials and an output of finished 
products. Similarly, all the firms that manufacture 
the same type of finshed products can be considered as 
an industry group that takes similar kinds of inputs and 
transforms them into finished products. In economics, 
the systematic recording of inputs used by all industries 
in the economy, expressed in mathematical form, is re­
ferred to as input-output analysis.?

To explain the system, assume that an economy is 
divided into (M) industries, and each industry produces only 
one type of output. Industries are interrelated in a sense 
that each industry must use some of the others' products.
In addition to the amount consumed by different industries 
each industry must satisfy demand by entities other than 
industries. This demand is defined as the final demand for 
the industry's product. One use of input-output analysis is
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to determine the production requirements of each of the in­
dustries if final demand changes, assuming the structure of 
the economy does not change.

Assuming that C., represents the total dollar amountĴC
of the products of industry j used by industry k, and h^ is
the final demand for the products of industry j , it follows 

m
that X. = 1 c-T. + h./ where X. represents the total output3 j=l ] ]
of industry j. For this hypothetical economy. Table II-l is 
prepared to summarize input-output relations.

TABLE II-l
Input-Output Relations for an Economy 

.Consisting of M Industries

Industry
User

2  m Final Demand Total Output

o0to
&

"11
'21

"12
"22

.CIm
. .C2m h. X.

m 'ml 'm2 mm hm Xm

The technical matrix which represents the structure

of the economy is represented by A = aj^, where a
•

The element a., can be explained as the dollar value of the 
3^
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output of industry j which industry k nust purchase to pro­
duce one dollar's worth of its own products. For a stable 
economy each industry must produce output to satisfy other 
industries' needs as well as final demand. The interindustry 
demand can be written in matrix form as AX, where

A =

11

'21

12

22

Im

2m

a .  a _ ... aml m2 mm

, and X =

X.

X,

And the final demand vector can be written as H;

H =

h.

, where

hj, and Xj all must be ^  0 for j = 1, 2  m, and k

1 / # . m m..
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Now the general model can be written as follows:

X = AX + H (1)

And the solution to the system is obtained as follows:

Cl - A)X = H (2)

X = (I - A)~^ H (3)

Given a stable and linear economic structure (the tech­
nological matrix does not change) the model can be used to 
determine the final output needed for any expected level of 
final demand.

The input-output models might be either open or closed 
models. In an open model, one or more of the variables will 
be determined exogenously (outside the model), where in a 
closed model all variables are determined endogenously 
(within the model).

Leontief's initial work included a closed input- • 
output model for the American economy. However, experience 
has indicated that open models have been extensively applied 
to a wider range of problems.

In most of the input-output studies, .the final demand 
vector is considered the open-end of the system, that is de­
termined exogenously. Also the input-output model might be. 
a static or a dynamic model. In static models, capital 
transactions are not included and only operating transactions
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are included, while in dynamic models, capital transactions 
are also included.

The usefulness of input-output analysis in macro- 
economic analysis and forecasting is now well accepted. Many 
authors have suggested that the methodology of input-output 
analysis may be equally useful for planning and control at 
the firm level. The nature of the proposed uses of input- 
output analysis at the firm level are reviewed next.

Input-Output Analysis in 
Accounting Literature

For a long time, conventional accounting was mainly 
concerned with the past. Accountants used to present histori­
cal data which were used for different analyses and as the 
basis for business decisions. Moreover, accountants seemed 
to be conservative in dealing with the future and in using 
mathematical models, as was pointed out by Mattesich:

Traditionally, accounting has been directed toward 
the past; only relatively recently with the spread of 
budgeting, standard costing, and input-output analysis, 
has an immediate orientation toward the future come 
about. . . . There exist many tokens that accounting is 
in a position to make important contributions, on the 
micro- and macro- level, to the projection of future 
economic data. Thus, during the next decade the center 
of gravity of accounting might shift from the descriptive- 
legalistic to the analytic-predictive side.8

Application of quantitative methods to solve account­
ing problems, especially cost accounting problems, started in 
the late 1950’s with the advent of computers. Before this 
time, cost accountants used generalized approaches to estimate
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and to solve cost accounting problems. Since model appli­
cation, at that time, was neither economical nor timely 
because of the difficulty in obtaining solutions to the mo­
dels. Advancement in computer technology in the 1950's has 
allowed a multiple number of mathematical operations to be 
perfoirmed in a relatively short period of time and at lower 
cost. As a result, a great number of articles have appeared 
in accounting literature, within the last two decades, deal­
ing with quantitative aspects of linear models. Arnoff, 
among others, has pointed out possible impacts of linear 
models on accounting education and practice:

Linear programming is so effective, and often so 
essential, in developing meaningful costs that I feel 
safe in saying that, in the not too distant future, 
it will be firmly established as an integral part of 
all accounting education and, eventually, accounting 
practice.9

In addition, Mattesich has discussed possible appli­
cations of matrix algebra to explain accounting systems and 
to develop a general framework for accounting theory:

There are strong indications that the matrix formu­
lations of accounting facilitate not only the classifying 
analysis of flows, but also the explanation why such 
flows occur. The combination of accounting equations 
with production functions by means of matric concepts has 
been successfully initiated in input-output accounting 
and might find further application and extension (to 
liquidity preference and investment functions and so on) 
in other kinds of accounting systems.^0

Several short-run and long-run planning models have 
been used to help solve planning problems at the micro-level. 
The accountina literature in the last two decades has been
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enriched with many articles -dealing with modeling business 
operations and applying different mathematical and statisti­
cal techniques to help solve accounting problems. Linear- 
programming techniques have been widely used in solving dif­
ferent planning problems at the micro-level.

However, the first attempt to apply input-output 
analysis to micro-planning, that the writer is aware of, was 
made by Professor Richards in 1960.^^ The model he proposed 
consisted of translating a complete accounting system in the 
form of an open input-output model. His goal was to illus­
trate the relationship between input-output analysis and 
business accounting and to indicate how input-output account­
ing might be used as a tool for financial analysis and plan­
ning.

He grouped the accounts of a real company into five 
groups: current and other nonfixed assets, fixed assets
(net), all equity accounts, balance account (a fictitious 
account which represents debits and credits to the balance of 
the operating accounts normally found in a business account­
ing system). He then used the model to predict changes in 
the levels of the balance sheet accounts which arise from 
some level of operations, to analyze the dollar flows into 
and out of the accounts, and to investigate the impact on the 
accounting system and levels of accounts caused by changes 
in operating levels and conditions.

His findings indicated that the differences between
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computed and actual debits to the current assets and equity 
accounts were insignificant. On the other hand, the differ­
ences between the computed and actual results for the balance 
and fixed assets accounts were significant. The results indi­
cate, as he said, that the coefficients for the current 
assets and equity accounts were quite stable from year to 
year. However, the coefficients for the balance and fixed 
assets accounts indicated much less stability:

It was found that the estimated changes were very 
close to actual changes for two accounts and somewhat 
variable for the other two accounts. The input-output 
system provides a method whereby management can predict 
changes in thé level of the balance sheet accounts 
which arise from some level of operations, analyze the 
dollar flows into and out of accounts, or investigate 
the impact on the accounting system and level of accounts 
brought about by changes in operating levels and condi­
tions. The framework common to all firms also provides a 
uniform procedure for aggregating firm data and thus a 
method of consistently establishing an inter-firm analysis 
for an industry or an inter-industry analysis for the 
economy.12

One important argument raised against Richards' model 
was based on the fact that the model attempts to subject all 
the accounts of a business enterprise to the assumptions of 
input-output analysis. While the production accounts of an 
enterprise can be subjected to input-output type of analysis 
and assumptions, the other accounts of the enterprise may 
contain many irregular items and adjustments which make their
estimation by input-output methods subject to wide margins
4T 13of error.

14Williams and Griffin ' have explained, using hypo­
thetical examples, the applications of matric algebra to



28
solve sorae accounting problems. Their work extended matrix
theory to the problem of cost allocation when reciprocal
relationships exist:

In respect to reciprocally related accounting ele­
ments, matrix theory may be usefully applied both in 
aid of calculational simplicity and in promoting a clear 
understanding of the basic structure of the interrelated 
elements.15

They explained the problem of reciprocal relationships
using the example of an employee profit sharing bonus. They
outlined the problem in a matrix form, AX = B. Then, the
solution was obtained using the technique of the matrix in- 

—verse, X = A B. In another application, they extended ma­
trix theory to another type of business problems involving 
the allocation of costs incurred in service departments to 
producing departments. They have described the existing de­
partmental relationships in terms of simultaneous linear 
equations and used matric concepts to obtain solution to the 
system. Their findings were, theoretically, reasonably 
sound. However, their model was not tested in real situations.

Neil Churchill postulates that linear algrebra can 
be useful in representing and solving allocation and analysis

 ̂Aproblems encountered in cost a c c o u n t i n g . H e  illustrated, 
using hypothetical examples, how linear algebra is used to 
solve the following problems: (1) reciprocal cost allocation;
(2) the analysis of costs charged to various departments and 
inventory accounts in a simple process cost system; (3) the 
analysis of residual cost balances in cost collection centers
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under changing cost incurrence conditions; and (4) the analy­
sis of product costs under varying levels of expenditures.^^

Churchill recast the abovementioned accounting 
problems in matrix form. Then, matrix techniques were used 
to obtain solutions to these problems. As Churchill has indi­
cated, the intent of his paper was not the immediate appli­
cability. Rather, the purpose of his paper was to explore 
some possible areas for mathematical analysis in the research 
and the teaching of accounting. His paoer is considered 
among the pioneer studies dealing with mathematical appli­
cations in accounting.

A more comprehensive analysis of input-output analysis
was conducted by Farag. His work has outlined the historical
background for input-output analysis, reviewed its previous
applications and examined its applicability to micro-economic 

18accounting. Farag used input-output analysis to describe 
the operations of a divisionalized enterprise. The model 
that he proposed is a static open-end input-output model. It 
is a static model because it is concerned only with operating 
transactions and does not include capital transactions. The 
open-end in the model is represented by the sales and inven­
tory requirements which are determined outside the model 
(exogenously). This model was used to predict total output 
needed to meet a given outside demand for the products of 
the enterprise:



30
Using the sales forecast and inventory requirement 

information, it is possible to use the micro input- 
output model to obtain conditional point predictions of 
the levels of production in each department correspond­
ing to each level of sales. The model also permits the 
calculation of the costs and profits associated with 
each production program. This method of planning enter­
prise activities ensures the consistency of the plan in 
the sense that overproduction or bottlenecks can be 
avoided, assuming the accuracy of the sales forecasts.^9

Farag has pointed out some of the basic advantages 
of the input-output model:

The micro input-output model, therefore, possesses 
the advantage of integrating all the relevant cost ac­
counting data in one unified framework and of using 
these data in a systematic manner to prepare a budget 
or a plan.20

The model was used to predict total outputs of each 
department, given final demand predictions and inter­
department demand. Farag suggests the use of certain mea­
sures to ensure that predicted data and actual data are in 
an acceptable range.

Farag has concluded that the assumptions underlying 
the micro input-output model will always turn to be its lim­
itations in every application where these assumptions are

21not good approximations of the real situation. _ He further 
states that the model has three general limitations. First, 
the model does not incorporate explicitly the constraints on 
the resources available to the enterprise and thus it may 
yield non-feasible solutions. Second, the model does not 
permit optimization. Finally, the model relies on the ex­
istence of market prices for all inputs and outputs, i.e..
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2 2it is incapable of independent price determinations. To

overcome the first of the three general limitations mentioned
above, Farag suggests the conversion of the input-output
model into a linear programming model. Using the primal and
dual solution of linear programming and the decomposition
principle, the output of a divisionalized enterprise can be

2 3optimized subject to a set of operating constraints.
Ijiri (1968) has described input-output analysis and 

explained its possible application to different cost account­
ing problem a r e a s . I j i r i ' s  work represents a comprehensive 
review of a number of cost accounting problems for which 
input-output analysis can provide practical solutions. Ijiri 
states the purpose of his paper as follows:

The purpose of this paper is to select some cost 
accounting problems and apply the techniques of input- 
output analysis in order to make more effective use of 
the accounting data.25

In his paper, Ijiri has explained the flow of costs 
within a hypothetical factory in terms of input-output rela­
tions, Using the technique, he calculated the per unit cost 
and total costs; summarized data for general journal entries; 
and estimated the effect of price changes (prices of materials, 
labor, and overhead) on total production costs. He demon­
strated that input-output analysis can be implemented using 
either input or output coefficients based on dollar amounts 
or physical quantities:

. . . even if the data is shown in physical quanti­
ties, we can make the detailed analysis by dealing with
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the input coefficients as well as by dealing with the 
output coefficients.26

Ijiri's work is considered a milestone for input- 
output application to cost accounting problems and micro 
planning. His findings are concluded as follows:

The input-output analysis is an effective method of 
analyzing interacting transactions between two or more 
accounts. Such interactions are often seen in business 
activities, particularly in manufacturing activities. .
. . Two approaches are possible to the interacting trans­
actions— one based on the output coefficients and the 
other based on the input coefficients. Both approaches 
can achieve the same results. . . .  It was shown by 
numerical examples how various useful data can be de­
rived when the input-output analysis applied to cost 
data. The areas in business operation where such an ap­
plication of the input-output analysis are useful will 
be expanded more in the future as we know more about 27 
the regularities that may exist in business operations.

Gambling has presented and described a model-building
technique to cope with accounting problems due to frequent

28technological changes. He explained a technological model, 
which he developed with other associates, to be used in 
input-output analysis and cost accounting. This model, as 
Gambling points out in his paper, was found not merely feasible 
but virtually essential for the solution of a practical prob­
lem. In his paper. Gambling has explained this model using 
the example given by Ijiri in his above mentioned article.

Livingstone has outlined possible applications of
2 9input-output analysis to micro-economic planning. He re- 

casted, in an input-output framework, the example used by 
Williams and Griffin. In his paper, Livingstone has indicated 
that input-output analysis is used to allocate costs, to
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record transactions, and, most important, to facilitate 
forecasting and planning business operations.

He started by constructing the transaction matrix 
from which different uses of the input-output analysis can 
be derived:

Input-output applications normally proceed by gathering 
the data for the transactions matrix and then computing 
the technological coefficients from these data.^O

Moreover, Livingstone has explained how input-output
analysis is used to predict and plan total production if the
final demand is projected:

. . .  it has been shown how any vector of expected final 
demand can be translated into the required vector of 
primary inputs. In addition, we have shown how to de­
rive the associated interactivity transactions . . . the 
technique has advantages for planning and resource allo­
cation purposes, and also for ensuring proper coordina­
tion of input and output requirements. In fact, it con­
forms to the normal budgeting procedure of commencing 
with expected sales and then working back to determine 
production and other budgets consistent with the sales 
forecast. However, in the standard budget procedure 
this internal consistency is not assured as it is in 
input-output analysis— where the output of any activity 
is consistent with the demands, both final and from other 
activities, for its product.

Livingstone has explained how to convert a monetary 
transactions matrix into physical units and unit costs. He 
stated that using physical units and unit costs is more ef­
fective because it enables the management to separate the 
price and the quantity effects. He further demonstrated 
that input-output analysis can be extended to include produc­
tion for inventories as well. Professor Livingstone expects 
that input-output will be as valuable for intrafirm as it has
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been for interfim and interindustry economic analysis.

Feltham (1970) has pointed out how linear algebra
and linear programming techniques can be used in planning

32business operations. He explained how the accountant can 
use these techniques to help estimate per unit costs for 
various products and calculate the estimated total activities 
and inputs required to achieve a given level of net output.

Feltham used both input-output analysis and linear 
programming in his paper. His work extended input-output 
analysis to include by-products. He started his analysis by 
building input-output matrices, using physical units, for a 
multi-product production system. Then, he extended the 
analysis by using linear programming techniques to find op­
timum production levels under a set of operational con­
straints .

Butterworth has proposed a multi-stage input-output 
model from which all possible alternatives may be derived 
as special cases :

Our principal purpose is to show that all the pos­
sible models of input-output analysis for a given problem 
may be derived from a single general model, under one or 
two alternative sets of assumed conditions, each leading 
to a distinct concept of economic activity. One such 
set of conditions applies to the output-oriented systems, 
designed to determine the unknown inputs for a given 
output, and the other to the less common input-oriented 
systems, in which the inputs are given and the outputs 
are unknown. Only under exceptional circumstances can 
both sets of conditions be satisfied by the same system.

Kaplan (1973) studied the variable and self-service
34costs in allocation models. ' His work was basically to
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analyze alternative cost allocation models by relating them 
to cost functions obtained from input-output models. In 
his paper, Kaplan estimated incremental costs based on in­
formation obtained from input-output models.

Russo anticipates increasing application of input- 
output models in the areas of financial decision-making.^^
He states that the input-output model is to be preferred 
when compared with regression forecast and trend projections:

There are a few of the different ways the ideas of 
input-output analysis are being used or can be used in 
some areas of financial decision-making. There are many 
more. The growing interdependence in our society and 
the world will demand a greater utilization of this tool. 
I expect that with this growth will come its application 
to areas other than those that are sales d e p e n d e n t . 36

Extending the Micro Input-Output Model 
Into a Linear Program

The input-output model does not indicate the optimal 
solution under certain conditions. In this respect, Farag 
states :

. . . all production activity being carried out at 
a certain point of time can be represented by.the input- 
output matrix of coefficients or technology matrix at 
unit level which leaves open a whole range of possible 
production arrangements.3'

For this reason, Farag and others recommended that 
the linear programming model should be used along with the 
input-output mcdel to arrive at optimal solutions. To con­
vert into a linear program, either the primal or the dual 
linear programming problem is used.
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The primai linear proqramp.ing problem. In this case, 

the objective is to maximize the enterprise’s profit. Using 
matrix notations, as developed in the input-output model, 
the primal problem is constructed as follows:

Max P = cx
subject to:

A X < e

where :
X  ^  0

P = total profit 
c = vector of profit margin
X = vector of outputs
A = matrix of input-output coefficients
e = vector of input constraints

The dual linear programming problem. The dual prob­
lem is always associated with the primal problem. If the 
objective of the primal is to maximize, the dual will be a 
minimization problem and vise versa. In the primal problem 
stated above, the purpose is to find a vector of non-negative
outputs X, that maximizes profits. In the dual problem, the
purpose is to find a vector of non-negative input shadow 
prices w, that minimizes costs. The dual problem is stated 
as follows:
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37
Minimize Z = e'x.

subject to:
A'w ^  o'

w > 0

z = total value of the resources 
e ' = the transpose of inputs constraint vector 
w = vector of input shadow prices 

A* = the transpose of input-output matrix of 
coefficients

C  = the transpose of the vector of profit margins.

For each input i,- there is a dual variable w^ which is called 
the imputed value or shadow price of that input. The shadow
price has nothing to do with actual cost. It represents the
marginal contribution of that input to the total profits. It 
simply measures the rate of change in total profit with re­
spect to each input, that is:

w. = 3P/3e
X

The above presentation indicates how linear program­
ming may be used to complement input-output analysis in order 
to achieve maximum profits under certain operation constraints. 
The objective of combining both techniques is to provide bet­
ter information for planning purposes. The above analysis is 
not prepared in detail, since the integration of linear pro­
gramming with input-output analysis is beyond the scope of 
this study.
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CHAPTER III 

REFINERY OPERATIONS DESCRIBED

In this chapter, the oil refining process is described, 
the financial characteristics of refining operations are ex­
plained, and the future of planning and control in refinery 
operations is considered.

oil Refining Processes
In the oil refining industry, crude oil is used to pro­

duce several products for different uses. Crude oil comes 
into the refinery where high heat temperatures and different 
cracking methodologies are used, in processing crude oil, to 
produce several products.

Describing oil refining, Mr. Waters states:
The leading processes, simply classified, which are 

chiefly utilized are: topping, cracking, reforming, lube
manufacture and catalytic processes for specialized pro­
ducts. Crude oil comes to the refinery a single homoge­
nous material, which when charged into toppig stills is 
separated by the process of boiling or distillation into 
gases, gasoline, kerosene, fuel oils, lubricating oils, 
asphalt, coke, and many other products and chemical com­
pounds. This is accomplished by heating to successively 
higher degrees of temperature and the vapors of the vari­
ous overhead light products are separated. Each of 
these constituent portions of the raw crude oil has a 
different boiling or vaporization point. The vapors are 
passed from the still to condensers where, by cooling, 
the vapors become liquid products. The products so se­
cured may be either finished or unfinished, depending on

41
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the type or kind of distillation that produced it and 
the particular specifications. If unfinished, the product 
may be redistilled, washed, treated with chemicals, fil­
tered, or subjected to some further special processing.
The other processes all utilize the application of heat 
and seek as their purpose a molecular rearrangement to 
produce the desired products; cracking, reforming, poly­
merization, hydrogenation, and catalytic reaction comprise 
this group, and they are generally found in a variety of 
combinations of methods and processes in any individual 
refinery.1

Another simplified description of oil refining, 
which might contribute to a better understanding of refinery 
processing, has been developed by Mr. Fox:

Refining in its elementary form involves vaporizing 
of the crude oil by heating it to a high temperature, 
collecting thé resulting vapors, and condensing them back 
into liquid state. The basic Petroleum Products are ob­
tained through a physical change caused by the applica­
tion of heat through a wide temperature range. The 
initial application of heat drives off the lightest 
fractions, the napthas and gasoline; the successively 
heavier fractions such as kerosene and gas oil, follow 
as temperature rises. This process of varpoizing the 
crude and condensing the gaseous vapors to obtain the 
various "cuts" is commonly referred to as primary dis­
tillation. Certain of these cuts are marketable with but 
little treating while it is necessary for the others to 
undergo further processing in order to make them more 
readily salable and, therefore, more valuable. Thus, 
heavier fractions, such as kerosene and gas oil, may be 
subjected to cracking and, consequently, made to yield 
a more valuable product, i.e., gasoline. The heaviest 
of the fractions resulting from primary distillation 
is known as residuum or heavy bottoms. The residuum, 
after processing, treating, and blending, forms lubrica­
ting oils and ancillary wax or asphalt products. The 
unit which brings about this physical separation of the 
crude oil into its component fractions might be thought 
of as constituting the primary process in refining. As 
the primary process, it separates the various fractions 
which may serve as charging stocks for the secondary 
processes. The term "charging stock" as used in re­
fining terminology refers to unfinished products which 
are to be further processed in some secondary refining 
operation. These secondary processes constitute addi­
tional refinery treatments which either result in new 
products or bring primary products up to required quality 
standards.2
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The refining process starts with crude distillation 

which is performed in the fractionating tower. In the 
fractionating tower, heat is applied at a. wide temperature 
range which will cause products with lowest boiling points 
to vaporize first and rise to the top of the tower. Simi­
larly, the products with the highest boiling points will 
remain near the bottom of the tower. Other products will 
come off in between according to their boiling points. The 
products obtained through this process are called "raw pro­
ducts." They have to be treated or further processed before 
they are sold. Schmeltz^ listed the usual processes involved 
as follows:

1. Thermal Cracking. This process applies heat 
and pressure to break down the heavier molecules of fuel 
oils and distillates into gasoline of high anti-knock 
quality.

2. Catalytic Cracking. This more recent cracking 
process also is designed to increase the yield of high 
quality anti-knock gasoline by changing the molecular 
structure of fuel oils and distillates.

3. Catalytic Reforming. This process upgrades low 
octane naphtha to high octane gasoline by a rearrange­
ment of molecular structure. It also produces some 
commercial chemicals such as benzene.

4. Polymerization. This process converts the light 
ends such as propylenes and butylenes, which are by­
products of other cracking processes, into gasoline, a 
heavier product. It consists of uniting smaller hydro­
carbon molecules into products with larger molecular 
structures. There are both thermal and catalytic poly­
merization methods.

5. Alkylation. This process is similar to polymeri­
zation except that it combines dissimilar light-end 
molecules. It unites propylene and butylene with iso­
butane to produce a high quality and relatively stable 
product important to the blending of aviation gasoline.
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6. Other Special Processes. Solvent extraction, 

lube oil manufacturing, isomerization, aromatization, 
hydrogenation, dehydrogenation, and many other chemical 
names are used to describe special processes which alter 
hydrocarbon structures to produce improved fuels and 
lubricants. These special units are the result of refin­
ers' efforts to maximize their yields from crude oil.
A large refinery might have all of the above special .
units.

7. Treating Processes. After the product meets its
specifications, it usually has to be treated to remove 
objectionable odors and corrosive substances. Treating 
plants further process raw products to reduce gum forma­
tion and stabilize color.

8. Blending Processes. Gasolines are blends of
various products. In this process, gasoline stocks and 
alkylates from the process described above are mixed 
with varying quantities of purchased materials— aromatics, 
tetraethyl lead, and butane— to produce high quality 
gasoline products.

Therefore, oil refining is the process of converting 
crude oil into several usable products. The process has 
one main input, crude oil, and several outputs represented 
by the different products produced. Refinery operations are 
very complex especially when primary and secondary process­
ing exist together in huge refineries.

A simple and partial flow chart of a refinery opera­
tion is shown in Fig. III-l. In most operational- refineries 
there are many more stages and many more fractions at each 
stage. However, Fig. III-l will suffice for the purpose of 
this research and will help the reader visualize and better 
understand the refining process.

The oil refining industry has developed from a very 
simple process to a highly complicated industry. The
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FIGURE III-l 
Flow Chart of a Refinery Operation

Source: G. Hadley, Linear Programming (Reading,
Massachusetts: Addison-Nesley Publishina Comoany, Inc., 1962),
p. 452.



46
refiner's objective has been to increase the total yield of 
the refinery process and, especially, the yields of those 
products in great demand. Most of the processes discussed 
above are designed to increase the yields of profitable pro­
ducts from a barrel of crude oil.

The oil refining industry has been known as a re­
search-oriented industry. Refiners have invested heavily in 
chemical and mechanical research in order to increase the 
total yield of the refinery process and especially the yields 
of those products in great demand. Innovations and advance­
ments in refining technology have increased the refiner's con­
trol over the mix of end products which might be produced from 
a barrel of crude oil. Improvement in refining technology 
was one of the landmarks of the first half of this century.

Several innovations in refinery technology have sig­
nificantly influenced the refining process. An account of 
the major innovations and their effect on the industry in 
general is provided by Enos in his book. Petroleum Progress

4and Profits. The objective of this discussion is to provide 
general understanding of the importance of these technologi­
cal advancements in planning and control aspects of refinery 
operations.

Innovations and technological advancements in re­
finery processing have increased the yields of end products 
with high demand and have given refiners the ability to control 
their products. The effect of these innovations on the yields
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of a barrel of oil is depicted in Table III-l. Schmetz
has indicated that the refiner has become a manufacturer
rather than a processor:

The refiner has thus become, through advance in tech­
nology, a manufacturer rather than a processor. He is
no longer bound irrevocably to the natural fractions 
provided by the distillation process. Technological 
advances have given him the ability to alter his pro­
duction and manufacture new products or convert old 
products to ones with more utility. If he is a manu­
facturer, then it should logically follow that much more 
detailed information is necessary in order for him to 
choose wisely among his many alternatives, and evaluate 
and control his operating performance.5

Those advancements in oil refining technology along 
with the new role taken by the refiner, as a manufacturer 
rather than a processor, have significantly influenced the 
planning and control process of a refinery. The need for 
much more detailed information for planning and control pur­
poses has become evident. Refiners have become more inter­
ested in searching for models and procedures to help them 
in planning their operations, choosing among differenet al­
ternatives, and evaluating and controlling their operating 
performance. This implies the need for more timely informa­
tion which will help refiners in planning and controlling 
their operations. Refiners have effectively used the linear 
programming model to help them solve several practical prob­
lems, as discussed in Chapter IV. The search for new tools 
to facilitate the planning and control process is continued.



TABLE III-l
U.S. AVERAGE PERCENTAGE YIELD OF PETROLEUM PRODUCTS

PER BARREL OF CRUDE OIL 1920-1968

Product 1920 1930 1940 1950 1960 1965 1968
Gasoline 26.1 42.1 43.1 43.0 45.2 44.9 44.7
Kerosene 12.7 5.3 5.7 5.6 4.6 6.1 7.7
Gas Oil and Distillates 48.6 8.8 14.1 19.0 22.4 22.9 22.1
Residual Fuel Oil *-- 31.5 24.4 20.2 11.2 8.1 7.3
Lubricating Oils 5.7 3.7 2.8 2.5 2.0 1.9 1.7
Other Products 6.9 8.6 9.9 9.7 14.6 16.1 16.5

TOTAL 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Source: American Petroleum Institute Calculations, based on Bureau of Mines
Data, as published in Petroleum Facts and Figures (Washington, D.C.: The American
Petroleum Institute, May 1971).

4̂00
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Accounting Concepts Underlying 

Petroleum' Refining
In the accounting literature, little has been written 

about oil refining accounting. Mr. Waters indicates that 
"the reason for this lies in the fact that refinery account­
ing is not practiced on definite basis, which is due princi­
pally to products manufactured being both co-products and by­
products."^ Accounting Research Study No. 11, published by 
the American Institute of Certified Public Accountants, did

7not discuss refinery accounting. The Research Study was 
limited to prospecting, acquiring, exploring, developing, 
and producing crude oil and other mineral reserves. The Fi­
nancial Accounting Standards Board issued Statement No. 19 
dealing with financial accounting and reporting by oil and

Pgas producing companies. The FASB Statement, also, was 
limited to operations related to acquisition, exploration, 
development and production of gas and oil. The statement 
specifically says:

This Statement applies only to oil and gas producing 
activities; it does not address financial accounting 
and reporting issues related to the transportation, re­
fining, and marketing of oil and gas.9

Generally accepted accounting principles constitute 
a general framework for refinery accounting. However, the 
concepts which have affected the industry the most are the 
going concern concept, the matching principle, the cost . 
principle, and the principle of conservatism.^^ Adherence
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to conservatism has led refiners to immediately expense the 
outlays for research and development and to rapidly depreci­
ate their equipment. These practices have led to distortion 
of financial data and misleading financial statements.

As in other industries, the historical cost principal 
has affected the statements of refiners. Adherence to his­
torical cost has led to the matching of previous costs with 
current revenues. This has led to elusive profits and improper 
matching of costs and revenues. In addition, the going con­
cern concept has led to the depreciation of assets over longer 
periods of time and to procedures for capital maintenance and 
for evaluation of the management stewardship function. Adher­
ence to the matching principle has led to the development of 
different accounting procedures in order to account for costs 
and to allocate costs to different products produced. A de­
tailed analysis of the above mentioned accounting principles 
and their effect on the financial statements of refiners is 
provided by Schmeltz in his Ph.D. dissertation, "Accounting 
and Management Control Practices in Petroleum Refining.

Certain steps were exercised in order to eliminate 
some of the inadequacies in refiners’ accounting data. Some 
of the principles which have dominated for a long time were 
given less importance and other concepts and principles were 
gradually emphasized. The objective was to provide more re-
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liable data, as was indicated by Schmeltz:
. . . starting in the late 1950's, substantial pro­

gress was made in improving the financial reports relating 
to refinery operations. The trend was toward making the 
reports more useful management tools. Concepts of the 
going concern and of matching costs and revenue have 
gained in importance since that time. The historical 
cost concept has not changed, but the decline in the im­
portance of conservatism has helped overcome some of the 
objections to it.12

The Financial Accounting Standards Board has issued 
Statement No. 2 dealing with accounting for research and 
development c o s t s . T h i s  Statement might have a good effect 
on refinery accounting with respect to treatment of research 
and development costs and comparability of financial state­
ments . Also the requirements of the Securities and Exchange 
Commission that current costs of fixed assets and inventories 
be disclosed and that current cost of depreciation and mater­
ials used be disclosed will help overcome some of the inade­
quacies of reporting inherent in refinery reports.

Financial Characteristics Of 
Refining Operations

There are some important characteristics underlying 
refinery operations which are worth mentioning- Among these 
are: Cl) large amounts of capital expenditures are involved;
(2) large investments in inventories; and (3) the existence 
of joint products. In this section, a brief discussion of 
these characteristics is presented. The objective is to de­
velop a better understanding of the problems involved.
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Capital expenditures» Oil refining involves large 

amounts of capital investment. The two basic types for capi­
tal expenditures are purchases of plant assets and equipment, 
and payment for research and development. The fact that the 
industry is capital intensive rather than labor intensive 
requires better financial information to be furnished to in­
vestors. With the fact that refineries are located far away 
from owners, a better and an effective means of reporting to 
investors is needed. Management is separated from ownership, 
in most cases, which requires an effective reporting system 
to help owners evaluate management performance and policies.
To attract capital, refiners should provide financial infor­
mation as required by the money market.

Large investments in inventories. The large investments 
in crude oil, semi-processed products, and finished products 
requires close inventory control in order to secure stock 
balancing, as Schmeltz points out:

The physical control of production in a refinery 
includes metering products at various stages to accumu­
late production totals. Calculations are verified by 
periodic tank gauging, taking into account allowance for 
temperature and the basic sediment and water that ac­
cumulates in the tanks. Usually a production statement 
is prepared daily and summarized monthly as a result of 
these efforts. . . . accounting for the.quantities of 
all products, received, manufactured, and shipped pro­
vides an important link in internal auditing controls.
It also provides information on the value and quantities 
of crude oil consumed in the refining process.

Inventory control is of utmost importance for refiners be­
cause crude oil or its equivalent constitutes most of the
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total cost of all refinery products. Fox, in 1949, stated 
that "raw crude cost constitutes from 75 to 85 percent of the 
total cost of all refinery p r o d u c t s . T h e  percentages have 
not changed much since then. In 1964, once again Fox indi­
cated that "crude or its equivalent constitutes from 70 to 
90 percent of the total cost of all refinery products, de­
pending on the complexity of the r e f i n e r y . W i t h  the cur­
rent increase in crude oil prices, crude oil or its equivalent 
still constitutes the largest part of the total cost of all 
refinery products.

Inventory controls in a refinery generally include 
the following: (1) physical control of petroleum products
from the time crude oil and unfinished distillates enter the 
refinery until finished products emerge and are shipped;
(2) preparation of the production statement; and (3) com­
pilation of production statistics to evaluate technical
performance of processing units and to provide additional

17control over physical quantities.
Joint products. The existence of joint products is 

the most important feature of the oil refining accounting.
The costs incurred to process joint products up to the sep­
aration point' have to be assigned to revenue from those pro­
ducts. Different methods for the allocation of product 
costs in refinery accounting have been developed. Among 
these methods are: (1) realization method which assumes that
all products refined from crude oil are joint products and
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that each yields the same rate of profit; (2) by-products 
method which assumes that all refinery activities are directed 
toward the manufacture of one principal product, with all 
other products supplementary to its production; (3) replace­
ment value method which assumes that motor gasoline is the 
most important refinery product manufactured and that its 
cost should be determined as independently as possible of the 
many other products' costs; (4) barrel-gravity method which 
uses the specific gravities of the products refined as
weights to assign cost in the same way as current prices are

18used in the sales realization method. Another allocation
method, developed by Professor Feller, is the volume-oriented

19joint cost allocation.
Therefore, the existence of joint products is one of 

the most important characteristics of petroleum refinery 
operations. How to account for those products?, how to allo­
cate costs among those products?, and how to report on those 
products? are very important questions for the cost account­
ing department in a refinery.

The Future of Planning and Control 
In Refinery Operations 

Planning and control aspects of oil refining 
operations will be affected by technological advancements 
both in the refining process and in computing techniques. 
Advancements in refining technology have added greater
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flexibility to the refining process, and hence hâve increased the 
number of decisions to be made concerning planning and con­
trolling refinery operations. On the other hand, advance­
ments in computing techniques have given refiners an ample 
chance to benefit from different short- and long-run planning 
models and to improve their information gathering and report­
ing techniques. These advancements are expected to have a 
notable favorable effect on the planning and control aspects 
of a refinery. The following discussion points out the areas 
which are gaining importance and are expected to influence 
to a great extent the future of planning and control in re­
finery operations.

Manufacturing rather than Processing. Technological 
advancements and innovations in the first half of the cur­
rent century have given the refiner more actual control over 
the end products which might be obtained from a barrel of 
crude oil. This situation has raised the question whether 
the refiner should be considered a processor who is faced 
with limited or specific result known in advance or a manu­
facturer who is faced with several courses of action and can 
select from different alternatives. Most of the writings in 
refinery accounting support the second proposition. Schmeltz 
states :

All of this evidence . . . the historical evolution 
of refining; the recent and rapid increase in refining 
technology; the documented trends in capital investment, 
employment, production, and value added by manufacturing;
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the increased importance of modernization and automation; 
the trend towards the further processing of intermediate 
products and processing innovations . . , supports the 
hypothesis that refining has become a manufacturing ra- 

. ther than a processing a c t i v i t y . 2 0

Advocating the same idea. Professor Feller had con­
cluded that:

. . . regardless of the accounting methods used, one 
must bear in mind that refining, once exclusively a pro­
cessing operation, has become a manufacturing activity 
with all that attendant cost-accounting and management- 
information requirements.21

Therefore, the cost accounting department in a refin­
ery should provide refiners with useful information to help 
them in balancing inventories, controlling operating expen­
ses, allocating costs, costing products, and most important, 
evaluating different courses of action and selecting among 
alternatives. This implies the need for more reliable infor­
mation to improve planning and control refinery operations. 
Therefore, modeling refinery operations and extensive appli­
cations of different planning models to solve refining prob­
lems will become more important.

Broader Objective of Refinery Cost Accounting: The
objective of a cost accounting department within the refinery 
should be to provide useful factual information relating to 
all aspects of refinery operations. The cost accounting de­
partment, in addition to its conventional role, should help 
in assisting management with information required for decision­
making , different analyses, and evaluation of alternatives.
This new look at the responsibilities of the cost department
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in a refinery will serve better the needs of investors, man­
agement, and the society, as was concluded by Schmeltz:

Many departments do not accept this broad a statement 
of their responsibilities and are content to account for 
material, labor, and overhead costs; and to establish 
the inventory values that are required for the prepara­
tion of financial statements. If a department accepts 
this limited point of view, it assumes three basic re­
sponsibilities: (1) to account physically for all pro­
ducts received, manufactured, and shipped; (2) to account 
for operating expenses and to allocate these as accurately 
as possible to the manufacturing processes, service units, 
and end products; (3) to choose a product costing method 
to provide data for inventory purposes. If the depart­
ment assumes a broader level of responsibility, it adds 
to these three objectives a fourth which is to furnish 
management with additional meaningful information for 
evaluating and controlling the operations of the refin­ery.^2

It is the broader concept of responsibility which 
will dominate the work of the cost department in a refinery. 
This implies increasing involvement in planning and control­
ling refinery operations. This new role requires more atten­
tion to be directed towards modeling refinery operations 
applying planning models, and providing useful information 
for decision-making.

Computer Applications : Looking at the refiner as a
manufacturer who selects among different courses of action 
will require more useful information to be provided when 
needed. The availability of computers and different mathe­
matical programs has had a favorable impact on the quality 
of information gathered and has helped the refiners in evalu­
ating the impact of different alternatives and courses of 
action. Through the use of computers, the management of a
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m o d e m  refinery can obtain timely answers to different planning 
questions and can effect a more precise evaluation of differ­
ent alternatives.

Computers have been applied successfully in planning 
and controlling refinery operations. Computer applications to 
refinery planning and control have been one of the basic de­
velopments in the last two decades. With the new developments 
in computers, successful applications and increasing utiliza­
tion of computer capabilities will better serve the refining 
planning and control process.

The refining industry has developed several computer 
techniques for the purposes of planning and control of refinery 
operations. In the following discussion, some examples of 
successful computer applications are presented.

Continental has applied a computer technique for re-
23finery planning and control. The computer technique developed 

by Continental includes: (1) refinery 'simulation program
which calculates product yields, product properties cost data 
for any combination of feedstocks and refinery operations con­
ditions; (2) an optimization program which studies the alterna­
tives and selects an optim.um plan for the refinery; (3) yield- 
accounting program which provides the refinery management with 
data necessary for effective plant control by daily comparison 
of actual with optimum budgeted operation. The yield-accounting 
program also provides high-quality data as feedback to the simu­
lation and optimization functions. Commenting on Continental's 
successful experience with computers, Mr. Withey states:
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We at Continental feel that the computer has a place 

in refinery planning and control because of the mass of 
information which must be handled, the complexity of the 
logic which must be applied, and the repetitive nature 
of the work. We believe that the economic significance 
of the decisions to be made can justify the time, effort, 
and cost of seeking a more nearly optimum solution to 
the refinery planning and control p r o b l e m . 24

Another refinery-simulation procedure was developed
25by Standard Oil Company of California. The procedure was 

found to be of value for planning studies for existing re­
fineries, processing studies for individual plants, selection 
of new facilities, and integration into existing refineries.

A very recent application has been undertaken
2 6by Gulf Oil Canada Ltd. in 1978. Gulf Oil Canada has de­

veloped a new refinery computer technique which is expected 
to produce big payout. The computer system is designed, by 
Gulf Oil Canada, to; (1) improve planning, scheduling, and 
cost accounting; (2) to maximize production of the most valu­
able products within constraints imposed by product specifi­
cations; (3) to improve efficiency of fuel and steam usage; 
and (4) to maximize recovery of heat to crude and reduce 
furnace fuel consumption. The system has two parts: (1) the
refinery information system; and (2) the supervisory control 
package.■ This system,provides valuable information for operating, 
planning, and controlling the refinery activities. Projected 
costs and benefits promises Gulf Oil Canada a high rate of 
return.

Refinery accounting should continue to benefit from
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computers. Computers will give the cost accounting depart­
ment more ability to apply different mathematical programs 
and to produce more reliable information on a timely basis. 
Refiners can expect more benefits from computers applications 
as it was disclosed by Farrar:

Refiners can expect substantial profit or cost sav­
ings in many instances from proper application of com­
puter process control. That's the conclusion reached in 
a survey of companies using this new, sophisticated control technique.27

In general, and as explained above, the three charac­
teristics which mark the future of planning and control in 
refinery operations are: (1) Manufacturing rather than pro­
cessing; (2) Broader objective of refinery cost accounting; 
and (3) Computer applications.
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CHAPTER IV

LINEAR PROGRAMMING APPLICATIONS IN 
REFINING OPERATIONS

During the early days of oil refining, all refining 
was done in batch processes. Crude oil was placed into 
large vats and its temperature was gradually increased by 
applying heat either from fire or high pressure steam. Lower 
boiling fractions were vaporized first and then condensed.
The process was continued until all of the desired products 
were obtained. The vats had to be cleaned after each batch 
and the residue was usually burned or dumped. The process 
was very simple. The cost of each batch was accounted for 
separately and then allocated to the resulting final pro­
ducts .

Several innovations in technology have transformed 
refining into a production process. Today, refininc takes 
place on a continuous basis in a fractionating tower. Refiners 
have limited control over the combination of end products 
and thus the yields of the various products from each barrel 
of crude. Modern refining processes are more efficient and 
require product mix decisions.

Refiners must deal with a variety of very important
63
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planning and control issues ranging from the location of 
crude inputs to the final distribution of end products. Among 
these problems are: (1) crude oil allocation problems; (2)
blending problems; (3) running plan problems; and (4) trans­
portation problems. Refiners have developed various solutions 
to these problems.

The application of mathematical models to help solve 
refinery related problems started in the early 1950's. The 
development of computers and computing techniques made such 
application economically feasible. As a result, linear models 
have been applied to a variety of problem areas concerning 
oil refining. In essence, linear programming has been the
most widely used technique in solving refiners' problems.

1 2 Symonds (1955), and Manne (1956) have outlined oil refining
problem areas for which linear programming has provided prac­
tical solutions.

The following analysis provides an overview of the 
application of linear models to refinery planning and control. 
In particular, for each of the aforementioned problems, we 
briefly point out the problem area, state the objective, out­
line the model to be used, and describe the outputs of the 
model.

The Crude Oil Allocation Problem 
The crude oil allocation problem involves the assign­

ment of crude oils among the various refineries of a multi­
plant firm. Different crude oils with different viscosity
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and gravity numbers at different locations might be available 
for the firm. The multiplant firm must decide on an alloca­
tion scheme which indicates the quantities of different 
crudes to be routed to each refinery.

The objective, in this case, is for the firm to as­
sign the different crudes available to its various refineries 
in a more profitable way. This objective is measured in terms 
of the company's net realization per barrel of the i^^ crude 
oil at the j"̂  ̂ refinery.

The company’s net realization per barrel of the i^b 
crude oil at the j ^  refinery is determined by crediting the 
yield of each product with its refinery gate realization, 
debiting each product for the manufacturing expenses associ­
ated with it, and also debiting the costs of producing, trans­
porting, and distilling one barrel of the crude.

To apply the linear programming model, the firm must 
specify the objective function and the operating constraints. 
Let represent the company's net realization per barrel of 
the i^^ crude at the j'̂  ̂ refinery; represents the total 
daily quantities available of the i't̂  ̂ crude; and represents 
the distillation capacity limits of the j'̂  ̂ refinery, the 
problem can be reduced to the following linear programming 
form:

Maximize £ P.. X..,
ij

Subject to £j X^j —  ^i ~ 1,2,...n).
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where

n
m

> 0 (all i and j).

indicates the quantity of the i ^  crude which 
should be shipped to the refinery, 
the number of crudes available, and 
the number of refiners.

Solving the above model provides the multiplant firm 
with the assignment scheme which maximizes its overall reali­
zation value for the constraints specified. The solution to 
the above model is in the form of a rectangular matrix which 
includes quantities of different crude oils to be routed to 
different refineries. The optimal solution is of the form:

X* =

^11 ^12

^21 ^22

Xnl Xn2

XIm
X2m

Xnm

An important constraint which is always included in 
crude oil allocation problems pertains to the capability of
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different refineries to process corrosive oils. Some refin­
eries are equipped with special facilities for processing 
highly corrosive oils while other refineries may tolerate 
only a certain maximum degree of hydrogen sulfide. There­
fore, constraints pertaining to the physical and chemical 
composition of different crude oils must be included in ac­
tual crude oil allocation problems. This will insure that 
each refinery will receive maximum quantities from different 
crude oils subject to its capability in handling the hydro­
gen sulfide. Other constraints pertaining to the yields of 
different products in different refineries are always con­
sidered in such problems.

Crude allocation problems actually require a more 
complex model which incorporates all of the constraints dis­
cussed above. However, these constraints are omitted in the 
above analysis just to simplify the illustration.

Next we turn to another problem which is of utmost 
importance to refiners. This is the blending problem, where 
the refiner must decide on the different streams to be blended 
and the different products to be developed from the blending 
process. Blending problems represent another case in which 
linear programming has provided the refiner with practical 
solutions.

The Blending Problem 
Blending activities represent very important part of 

the refining process, as Hadley explains:
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Gasoline blending is a very important problem be­

cause a small percentage improvement in operations could 
mean millions of dollars to the oil companies. Many of 
the larger oil companies have been using linear program­
ming for some time to solve their blending problems.
Some have claimed that substantive amounts of money were 
saved by means of linear programming.3

Blending problems in refining involve both gasoline blending 
and fuel oil blending. Linear programming has been widely 
used in these areas and was proved to be significantly effec­
tive, as Hadley points out:

Linear programming forms a natural technique for 
optimizing blending operations provided that the various 
quantities of interest blend linearly. It is by no means 
true that all physical quantities blend linearly, and 
hence if linear programming is applied in a case of non­
linear blending, it will yield only an approximate answer. 
In many instances, however, the assumption of linearity 
has given answers which were good enough to make linear 
programming a very useful tool for studying blending 
operations.-

Gasoline blending problems can lead to a very large linear 
programming problem. In one oil company the number of con­
straints involved in a blending problem reached eighty con­
straints . ̂

Blending activities in a refinery include both gaso­
line blending and fuel oil blending. Although the blending 
problem formulation is the same in each case, a brief discus­
sion of both problems is presented to see how. they are solved 
using linear programming techniques.

Gasoline blending. Gasoline blending problems in­
volve the blending of different refinery streams to produce 
regular gasoline, premium gasoline, and aviation gasoline.
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The refinery has to blend different streams including naph­
tha, reformed gasoline, and cracked gasoline in a complex 
process in order to satisfy the final demand for its regular, 
premium, and aviation gasolines. The blending process is 
performed under certain specifications and subject to con­
straints.

The objective is to increase the company's total 
profit from sales of different gasolines. The profit per bar­
rel of final output is different from one gasoline blend to 
another. However, the quantities that can be produced and 
that can be sold from each kind are also specified. There­
fore, it is very important for the company to decide on the 
production mix that would increase its total profit under 
the given circumstances.

Let us assume that three different refinery streams,
X, y ,  and Z, are blended into regular (R), premium (P), and 
aviation (A) gasolines. The daily available quantities of 
the three streams are Q^, Q^, and , respectively. For 
simplicity, we assume that for each gasoline, there is only 
a single octane requirement to be satisfied. It is required 
that regular, prem.ium, and aviation gasoline have octane num­
bers of at least M^, and M^, respectively. Let M^,
and be the octane numbers of the three refinery streams.

Let X^, Xp, and X^ denote the daily quantities of 
stream X blended into regular, premium, and aviation gasolines, 
respectively. Similarly, Y^, Yp and Y^ will denote the
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quantities of stream Y, and Z^, and will denote the
quantities of stream Z blended into regular, premium, and 
aviation gasolines, respectively.

The objective function is of the form:

Maximize ? = C: (X„ + Y_ + Z_) + c  (X_ + Y_ +
J . X  -LX J v  p  ir  ir

where
C^, Cp, and represent the contribution margin per

barrel of regular, premium., and aviation gaso­
lines, respectively.

The objective function will be maximized subject to 
a set of constraints. Quantity constraints, in this case, 
will read as follows:

+ %P + %A 1 °X

Zp + Zp + i  Oz

The octane constraints for regular, premium, and aviation 
gasolines, respectively, will read as follows':

(M^ - M^) X_ + (M^ - M^) + (M^ - m/) £ 0

(M^ - M^) Xp + (M^ - M^) + {mP - M^) Z^ ^ 0
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CM^ - M^) + CM* - M^) + CM^ - M^) < 0

In addition to octane requirements on gasoline, there 
may be some constraints related to production specifications. 
A typical specification constraint requires that the premium 
gasoline produced be a given fraction (X) of the output of 
regular gasoline. This constraint has the following form:

X + Y + Z - XX„ - XY„ - XZ„ = 0. p p p R R R

Constraints related to demand for different gasolines 
may also be incorporated. If the total demand for regular, 
premium, and aviation gasolines are D^, Dp, and D^, respec­
tively, demand constraints will read as follows:

%R + ?R + =R 1  G;

Xp + Yp + Zp < Dp

%A + ?A + ^A 1  Da

Solution to the linear programming problem, outlined
above, is obtained using the simplex method. The solution 
to this blending problem will provide the optim.um quantities 
of different gasolines which should be produced in order to 
increase total profit. The output obtained from the model 
will read as follows :
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From From From Total

Stream Stream Stream To Be
X Y Z Produced

Reaular Gasoline X_ Y_ Z_R R R
Premium Gasoline Xp Y^ Z-̂

Aviation Gasoline X, Y, Z_A A A

Fuel oil blending. Fuel oil blending problems also 
involve a very complex setting. The objective in fuel oil 
blending is to increase profits by blending different streams 
in order to produce products with higher revenue. Constraints 
pertaining to availabilities of raw stocks, production speci­
fications, gravity, and viscosity are all incorporated in the 
model.

A fuel oil blending problem is formulated for solution 
in a linear programming context in the same ws.y as the gaso­
line blending problem is formulated. The objective function 
will be to maximize profits from various fuel oils subject to 
constraints related to quantities of primary stocks, produc­
tion specifications, gravity and viscosity numbers, and the 
quantities demanded. The solution will provide the refinery's 
management with the optimal quantities of various fuel oils 
to be produced. This optimal solution will provide for the 
maximum profit scheme that can be attained under the given 
circumstances -

Seasonal demand for different products affects the
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blending process. More fuel oil is produced during winter 
time while more gasoline is produced during summer time. In 
addition, the government may intervene and order some change 
in the production mix as was demonstrated by the U.S. govern­
ment action in 1973. The U.S. government, in 1973, ordered 
the industry to cut back production of gasoline and increase 
production of fuel oil. Constraints pertaining to seasonal 
demand or government actions which affect the production mix 
must be included in the blending problems.

A third problem which we discuss next represents 
another successful application of linear programming. This 
problem represents the development of a running plan for a 
refinery. A running plan for a refinery sets the production 
strategy to be used by the refinery in order to satisfy the 
demand for its final products. It helps the refinery's man­
agement select the combination of crude oils to be used in 
producing its final products.

The Running Plan Problem
Symonds argues that plans that will assure maximum 

running profit can be prepared by the simplex method of lin­
ear programming.  ̂ »A running plan for a refinery involves 
the combination of crude oils to be used in order to satisfy 
final demand for the refinery products. Here, the refinery 
is faced with an outside demand for its final products that 
should be satisfied. On the other hand, there are several
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crude oils available for the refinery which can be used to 
produce that final demand. The refinery’s management is to 
decide on the combination of crude oils to be used which will 
increase the overall profits-

The objective is to make a selection of crude oils 
which will meet production requirements with maximum possible 
profit. The simplex method of linear programming is effec­
tively used to set up this kind of problem for solution.

Let us assume that a refinery has five crude oils 
available in stated quantities and wishes to meet the require­
ments for four different products. Crude oils are available
in daily quantities of Q^, (for i = 1.... 5). Daily demand
for the refinery products is , (for j = 1...4). The yields
for each crude are expressed in decimal fractions as \ ,1]
which represents the percentage of product j obtained from a 
barrel of oil from crude i. We further assume that repre­
sents the daily amount of crude i used in production, and 
represents the profit obtained from processing one barrel 
from crude i.

Using the linear programming technique, the above 
problem is set up for solution in the following form:

5
Maximize i t  =  Z P.X.

i=l ^ ^
Subject to: X. < Q., for i = 1....5.1 —  X

5
Z X..X.. < D. , for j = 1....4.

i=l 1] 1] - ]
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X. > 0 ,  for i = 1....5. r  —

D . > 0, for j =] -

^  0, for i =

Usine the simplex method to solve the linear program­
ming problem, the refinery’s management can find the optimal 
solution which will maximize the total profits for the con­
straints specified. The optimal solution, in this case, will 
consist of a vector of quantities from different crude oils 
which should be used in production;

XŸ = [%_, X^,.... ,Xg], where

X^ = the quantity of crude i used in production.

The last problem considered in this brief discussion 
concerns the transfer of final outputs from different refin­
eries to different distribution points. It is known as a 
transportation problem. Linear programming has provided the 
refiners with economical and practical solutions for this 
class of problems.

The Distribution Transportation Problem
Transportation problems are generally concerned with 

minimizing total transportation costs for the entity. For a 
multiplant firm which operates more than one refinery at 
different locations, the transportation problem involves
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transferring the required quantities of final products from 
different supply points (refineries) to different destinations 
(distribution points) at a minimum cost. In this case, re­
finers are concerned with transferring final products from 
different refineries to different distribution outlets, while 
in a crude oil allocation problem the cost of transferring 
crude oils to different refineries is treated as an element in 
calculating the net realization per barrel of crude oil. It 
is in this sense that a transportation problem is different 
from a crude oil allocation problem.

The linear programming model, in this case, is devel­
oped in the following manner:

Define = quantity available at the supply point 
(refinery),

= quantity required at the i^^ destination,

= quantity transferred from refinery j to 
destination i, and 

= the cost of transferring one unit from j 
to i.

The objective function is:

Mininize cost = Z Z C . . A . .1]

The constraints are:

Z A.. = Y., i = l . . . m
j ^
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and

Z A.. — X./ j — l...«n ± 1 3  3

A y  > 0.

The solution to this problem is obtained using the 
simplex method. The solution would provide the multiplant 
firm with quantities to be transferred from different refin­
eries to different destinations. This scheme would provide 
for the needs of different destinations at a minimum cost. 
The output from the model is of the form:

11 12 A

• A21 A22

In

'2n

ml Am2 mn

Notice that all of the above models are integrated 
together to optimize the performance of a refinery. All of 
the above models contribute to the general objective of any 
operating refinery which is to increase profits and reduce 
costs. These activities are compatible and optimization in 
any single activity is not implemented at the expense of other 
activities.

The problems considered above represent some ways in
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which linear programming has been used to solve refinery prob­
lems. Although these problems represent important applica­
tion areas, linear programming has been used to solve several 
other problems which are faced by refiners. Next, some spe­
cific applications of linear programming by different oil 
companies will be discussed.

Other Applications of Linear Programming
Standard Oil Company of California has incorporated 

linear programming into its refinery simulation program.
Linear programming was used to indicate the feasible solutions 
without optimizing. Raats and Spellman, explaining the model, 
have stated ;

Gasoline blending is an area which challenges the 
ability of many planners. Linear programming is a widely 
used procedure for optimizing gasoline blends. However, 
for this simulation procedure, a motor-gasoline blending 
module was developed, based on linear programming, pri­
marily to consistently achieve feasible blends rather than 
to attempt an optimal answer.7

The refinery simulation program has successfully helped plan­
ning studies for existing refineries, processing studies for 
individual plants, selection of new facilities and integration 
into existing refineries. Pointing some of the advantages of 
the program, Raatz and Spellman further observe that:

A great advantage of the simulation procedure is its 
ability to efficiently explore many refinery plans pivot­
ing around a base case. This is an important attribute 
of a nonoptimizing simulation procedure. Normal use in­
volves calculation of several cases to develop a final g 
plan for, say, selecting the optimal size of a new plant.
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Continental has incorporated the linear programming 

model into a refinery simulation program. The company's 
optimizer program is to evaluate different alternatives sub­
mitted by the refinery simulator and select the optimum plan. 
The results are incorporated into a general operating plan 
as Withey, in his article, explains:

Optimized case studies provide economic information 
to the crude oil supply, marketing, transportation, and 
manufacturing organizations. In addition, an optimum 
operating scheme is prepared for the refinery each month.
A 12-month refinery operating plan is obtained using 
standard linear-programming techniques. This year-around 
operation must be broken down into 12 separate monthly 
periods to be an effective planning and control tool.^

Thus far, specific applications of linear programming 
in refinery operations have been reviewed. The above analysis 
has indicated the extent to which linear programming has been 
used to solve specific refining problems. Next, input-output 
analysis is briefly discussed to indicate how this form of 
analysis can be used in planning and controlling refinery 
operations.

Applications of Input-Output Analysis 
To Refinery Operations

Input-output analysis, as far as the writer is aware 
of, has not been applied to planning and control of refinery 
operations. Refinery operations may be subjected to the 
linearity assumption, as explained above, and this increases 
the likelihood that input-output analysis may prove to be a 
valuable planning technique for refiners.
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Input-ou.tput analysis describes and analyzes the flow 

of production between different processes. If the interac­
tions among different processes can be explained using an 
input-output framework, then input-output techniques can be 
used to develop valuable operating plans.

Applications of input-output analysis have been sug­
gested by noted scholars as an effective means of planning 
and controlling process activities. It is expected that input- 
output analysis can well contribute to the solution of several 
problems which face refiners. Among these problems is that of 
developing a general operating plan for the refinery.

Input-output analysis is expected to influence the 
process of planning and controlling refinery operations by 
providing valuable information that can be used by refiners in 
making their decisions. The analysis is advocated as a plan­
ning model that can be used in different areas. Among these 
areas are: (1) planning production levels; (2) planning pro­
duction requirements; (3) planning inventory levels; (4) plan­
ning sales mix; (5) developing operating budgets; and (6) gen­
erating total debit and credit entries. However,'in this 
research, application of input-output analysis into two speci­
fic planning areas is considered. In addition, the study 
examines the extent to which refinery operations can be sub­
jected to an input-output framework.

First, it is expected that input-output analysis can 
be used to provide the refiner with estimates of production
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levels that correspond to different levels of final demand. 
Using production relationships within the refinery, the re­
finer is able to determine production volumes corresponding 
to final demand estimates.

Second, input-output analysis can be further used to 
develop estimates of total production requirements for dif­
ferent levels of production. This, in turn, can be used to 
develop general operating plans for the refinery.

It is expected that these new applications, and the 
valuable information to be provided by the micro input-output 
model, can make significant contributions to the development 
of an effective planning and controlling measures of refinery 
operations.

Input-output analysis, as considered in this study, 
is by no means advocated as a substitute for the linear pro­
gramming model. Linear programming will continue to provide 
refiners with practical solutions for the problems discussed 
above. Both techniques provide solutions to different plan­
ning problems, and hence should be complementary to each 
other. It is expected that the use of input-output analysis 
will contribute to the solution of refining problems which 
have not been modeled before.
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CHAPTER V

FORMULATION OF THE INPUT-OUTPUT MODEL

This chapter includes a description of the refining 
process being modeled, the means by which the input-output 
coefficients were derived, the input-output relationships of 
the refinery being studied, and the ways in which the model 
can be used. An evaluation of the validity of the input- 
output representation of the underlying refining process is 
presented in Chapter VI.

The Refining System Being Modeled
Production takes place through different successive 

processes. In describing the refining process, reference is 
being made to the refinery simplified flow diagram which is 
presented in Figure V-1. In addition, production relation­
ships among different processes within the refinery are 
further explained in Figure V-2. Seven basic processes are 
identified according to significant stages thoughout the 
refining system. The following is a general description of 
the basic processes and interprocess relationships.

Process I: Crude distillation. The production pro­
cess in the refinery starts with crude distillation (refer to

83
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FIGURE V-1
Source: This diagram was prepared by refining engineers and

released to the writer by the refinery's superintendent.
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interprocess relationships.
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Figure V-1). In this process, crude oil is received and is 
separated by the process of applying high heat temperatures 
through a wide range. Because of heat, crude oil is separated 
into naphtha, kerosene, auto diesel oil and heavy fuel oil.
The heavy fuel oil (HFO) is considered the final product of 
this process because no further processing is performed on 
the HFO. However, the naphtha, kerosene, and auto diesel oil 
are transferred into other processes. This process is repre­
sented by Process I of Figure V-2.

Process II: Treating the auto diesel oil. This
process receives the auto diesel oil (ADO) from Process I in 
the form of gases. These gases are condensed in the gas 
oil stripper, washed, and treated to produce the ADO in its 
final form. This process is represented by Process II of 
Figure V-2.

Process III : Treating kerosene. In this process,
kerosene (KEROS) is received from Process I in the form of 
gases. The KEROS is further processed through the kerosene 
hydrofiner and the kerosene stripper. The gases are trans­
formed to liquid which is washed and further treated to pro­
duce the KEROS in its final form. This process is represented 
by Process II of Figure V-2.

Notice that Processes II and III both provide outputs 
for final demand only. Outputs of these processes are not 
inputs for other processes within the refinery. This is to 
say that internal demand for the products of Processes II and
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III does not exist.

Process IV: Naphtha refoiiaing. This process receives
naphtha (NAPE) from Process I in the form of gases. The 
naphtha is processed through naphtha hydrofiners, naphtha 
depropanizers, and naphtha splitters. In this process, part 
of the gases is condensed into liquid and treated to produce 
naphtha in its final form. (NAPE) to meet final demand. The 
other part (reformed gasoline) is sent to Process V. This 
process is referred to as Process IV on Figure V-2. Notice 
that Process IV provides final output to meet outside demand 
and it also provides inputs to Process V. Also notice that 
fuel gases are driven out of the naphtha depropanizer (refer 
to Figure V-1). These fuel gases are sent out to flare and 
that is why in building the model, as is explained later, 
production losses are assumed to occur in Process IV.

Process V: Gasoline blending. This process provides
inputs for Processes VI and VII only and does not produce for 
outsiders. That is why the outside demand for its product 
is zero. In Process V the reformed gasoline received from 
Process IV is cycled through reheat furnaces to subject it 
to higher temperatures. Then it is introduced to powerform.er 
reactors with, different heat temperatures (refer to Figure V-1). 
In this process the gasoline is split into two streams repre­
senting low octane and high octane. The high octane stream 
is transferred into Process VI and the low octane stream is 
sent to Process VII. This process is referred to in Figure V-2 
as Process V.
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Process VI:' Premiuiri gasoline treatment. This process 

receives high octane gasolines from Process V in the form of 
gases. These gases are cycled through gasoline stabilizers 
(refer to Figure V-1) and condensed into liquid form. The 
liquid is washed, treated, and raised to the required octane 
number. Lead is added in this process as needed. The output 
from this process is premium gasoline, referred to in the 
refinery as premium mogas (PMOG). This process is represen­
ted by Process VI of Figure V-2.

Process VII: Regular gasoline treatment. Inputs to
this process are received from Process V in the form of 
gases. The low octane gasolines as received from Process V 
are cycled through gasoline stabilizers and condensed into 
liquid form. The liquid is washed, treated, and raised to 
the desired octane number for regular gasoline. Lead is 
added in this process as needed. The output from this pro­
cess is regular gasoline, referred to in the refinery as 
regular mogas (RMOG). This process is referred to as Pro­
cess VII in Figure V-2.

The basic processes, as explained above, will be 
identified by their Roman numerals throughout this study.
This identification is used for simple and quick reference.

The above description and analysis of the refining 
system was presented based on the information obtained from 
the refinery's superintendent and a review of previous
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studies in similar situations. In addition to the simplified 
flow diagram which is presented in Figure V-1 above, the 
writer reviewed with the superintendent a more complex dia­
gram which includes detailed analysis of production relation­
ships. Moreover, the writer reviewed the ideas pertaining 
to modeling refinery operations which were developed by Manne 
and other authorities. Manne has explained in his article,
"A Linear Programming Model of the U.S. Petroleum Refining,”^ 
the basic operations of a refinery and how these operations 
may be identified within a general planning model. Schmeltz
has also identified the basic processes of a refinery and

2used them in developing his refinery model. In addition, 
Hadley has described the refinery operations using a simpli­
fied model.^ Hadley's model is reproduced in Figure III-l 
above.

The cibove description of the refining system and 
interprocess relations is used as the basis for estimating 
input-output coefficients and constructing the refinery's 
input-output model.

Estimating Technological Coefficients 
The input-output model for the refinery was construc­

ted using information provided in production reports obtained 
from the refinery. Quantities are expressed in barrels of 
42 U.S. gallons at 60°F., B.S. & W. Free. Data obtained from 
the records of the refinery for the year of 1975 were used to
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construct the input-output model. Data for one year, rather 
than one month, were used to overcome the effect of cyclical 
changes. The Appendix to this study includes a summary of 
the refinery's data used in this research.

Building the input-output model for the refinery re­
quires reliable estimation of technological coefficients. To 
estimate technological coefficients, production relationships 
within the refinery must be identified and quantified. As has 
been explained above, production takes place within the refin­
ery through seven processes. These processes are illustrated 
in Figure V-2 above. The production relationships for the 
year of 1975 are quantified and tabulated in Table V-1 below.

In Table V-1, Process I should provide 100% of the 
total amount started into Processes II, III, and IV. Also, 
Process I should provide the necessary amount of output to 
meet outside demand, d, for its product, HFO. Moreover, part 
of the crude started into Process I is consumed as a result 
of production in that process. The entry of 75,840 barrels 
in the first column of Table V-1 above represents the amount 
consumed in production.

Processes II and III, as shown in Table V-1, produce 
only to satisfy the requirements of outside demand, d, for 
their products, ADO and KEROS. They, do not trasfer to other 
processes. This can also be realized from Figure V-2. As 
a result. Table V-1 shows zeroes all the way for these two 
processes except for the d, and the x columns.



TABLE V-1
Production Relationships for the Year of 1975 

(Quantities are Expressed in Barrels)

Process: TO I . II _, III IV V VI VII d X

I 75,480 639,979 257,054 594,565 0 0 0 948,925 2,516,003
II 0 0 0 0 0 0 0 639,979 639,979

III 0 0 0 0 0 0 0 257,054 257,054
IV 0 0 0 63,607 384,312 0 0 146,646 594,565

a „
g V 0 0 0 0 0 258,966 125,346 0 384,312
VI 0 0 0 0 0 0 0 258,966 258,966

VII 0 0 0 0 0 0 0 125,346 125,346
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Table V-1 shows that Process IV should provide for 
100% of the amount to be started into Process V. Also,
Process IV should meet the outside demand, d, for its pro­
duct, NAPH. Morover, notice that production losses occur 
within this process. The loss is a result of burning fuel 
gas. The refinery does not utilize this element and it is 
sent only to flare. The amount of fuel gas loss is included 
as self consumption for Process IV. This should not indicate 
that Process IV is responsible for the loss. The loss existed 
as a result of burning fuel gases. The amount of fuel gas 
loss of the equivalent of 63,607 barrels was included in Pro­
cess IV to account for its effect on the model.

Process V, as presented in Table V-1, provides for
100% of the amount to be started into Processes VI and VII.
As expressed in Table V-1, Process V has no outside demand 
for its products. It only transfers to Processes VI and VII. 
Therefore, the outside demand for its product is included as 
zero in Table V-1. This situation can be easily examined in 
Figure V-2 above.

Processes VI and VII both produce to satisfy outside 
demand for their products, PMOG and PMOG. They do not trans­
fer to other processes, as may be seen from Table V-1. This 
is also apparent from. Figure V-2 above.

In Table V-1, the d dolumn represents the outside 
demand for the refinery products "bill of goods" and the 
column X represents the total amount to be started into pro­
cess. Notice that outside demand does not exist for Process V
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and internal demand (internal transfers), does not exist for 
Processes II, III, VI, and VII.

Technological coefficients, representing elements of 
the consumption matrix (C^^'s), are developed from the infor­
mation presented in Table V-1 above in the following manner:

= 75,480

Cii = 75,480 + = 75,480 + 2,516,003 = .03

^12*^2 ^ 639,979

C^2 = 639,979 = 639,979 f 639,979 = 1.00

^13*^3 ^ 257,054

= 257,054 ? X^ = 257,054 -r 257,054 = 1.00

^14*^4 = 594,565

Ci4 = 594,565 ? X^ = 594,565 T 594,565 = 1.00

^ 44*^4 =  63,607
C44 = 63,607 ? X^ = 63,607 f 594,565 = .10

C^g'Xg = 384,312

= 384,312 ? X^ = 384,312 384,312 = 1.00
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C c f . X f  = 258 ,966  56 6

Cgg = 258 ,966  f  Xg = 25 8 ,9 66  -r 258 ,966  = 1 .00

= 125 ,346

C-^ = 125 ,346  ? X^ = 125 ,346  -r 125 ,3 46  = 1 .00

The coefficient represents the air.ount of output 
from process i needed per each unit to be started into pro­
cess j . Notice that the rest of the technological coeffi­
cients (CLj's), other than those calculated above, are equal 
to zero.

Next, the input-output relationships for the refinery 
being studied are considered. These relationships represent 
the refinery's input-output model.

Input-Output Relationships of the Refinery
The first step in developing input-output relation­

ships of the refinery under consideration is the compilation 
of the consumption matrix; C. Using estimates of the techno­
logical coefficients (C^j's) as developed above, the following 
7 by 7 consumption matrix is constructed for the refinery.

Notice that the entries included in the consumption 
matrix for the refinery are mostly zeroes. This is because 
there are few interprocess transfers. All transfers are 
forward transfers, backward transfers do not exist. Also 
notice that = .03 represents the amount consumed in
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.03
0
G
0
G
G
0

1
G
0
G
G
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1
G
G
G
G
G
0

1
G
0
.10
G
G
0
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G
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1
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0
0
0
1
G
0

G
0
G
G
1
0
0

Process I, and = .10 represents the average loss which, 
for the purpose of constructing the model, was included as 
part of Process IV.

The identity matrix minus the consumption matrix, 
the input-output coefficient matrix, reads as follows:

(I - C) =

.97 -1 -1 -1 0 G 0
G 1 0 0 0 0 0
G 0 1 G G 0 G
G 0 0 .90 -1 0 G
0 G 0 0 1 -1 -1
G G G G G 1 0
0 G G G G G 1

Using a computer program developed by Professor
4W. F. Bentz for linear planning models, the.inverse of the 

input/output coefficient matrix (I-C) vras obtained, 
inverse of the input/out coefficient matrix, (I-C)  ̂

as follows:

The 
, reads
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(I - C)-1

1 .0 3 1 .0 3 1 .0 3 1 .1 5 1 .1 5 1 .1 5 1 .1 5

0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 .1 1 1 .1 1 1 .1 1 1 ,1 1

0 0 0 0 1 1 1

0 0 0 0 0 1 0

0 0 0 0 0 0 1

Now the inverse of the input/output coefficient ma- 
-1trix, (I-C) , can be used to predict the total amount to

be started into production in each process, x, if the outside 
demand, d, is given. The x vector is obtained using the 
following relationship:

(5 -1 )

Testing the Model 
In the preceding section an input-output model for 

the refinery under consideration was developed and con­
structed. In this section, the performance of the input- 
output model, as developed above, is tested. Testing the 
model involves the application of the model in order to 
determine its predictability, and to point out the problems 
of application, if any. The results of this application 
should provide support to any conclusion regarding future 
applications of the model for planning purposes within the 
refinery.
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The model has been tested using data related to 

the year of 1976 on a month to month basis. The objective 
is to see how well the model predicts the total amount to 
be started into production (x), if the quantities of outside 
demand for the products (d) "the bill of goods," are 
given. The actual outside demand, (d), for the refinery 
products, as obtained from the records of the refinery, is 
presented in Table V-2 for the months January through De­
cember of 1976.

In Table V-2, the outside demand for the refinery 
products is given on a month by month basis. This informa­
tion, as presented in Table V-2, is used as an input to the 
model in order to have the model predict the total amount 
to be started into production to meet the requirements of 
final demand, (d) . The structure of the input-output model 
as developed in this research are explained by equation (5-1) 
above. In applying the model, to obtain the total amount to 
be started into production, (x), a vector of outside demand 
for the products, (d), during each month is post-multiplied 
to the inverse of the input/output coefficient matrix, as 
obtained above.

For example, using the input-output model developed 
above, the total amount to be started into production in each 
process, (x), for the month of January 1975 is obtained in 
the following manner:
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TABLE V-2
Actual Outside Demand for the Products, (d), as Obtained 

From the Refinery's Records for the Months January 
Through December of 1976 (Quantities 

Are Expressed in Barrels)

HFO ADO KEROS NAPH PMOG RMOG
Products . I . II III . . IV V VI

January 102,204 69,901 30,667 14,772 27,551 15,620
February 109,685 74,522 33,624 15,409 27,511 16,827
March 100,267 78,135 28,093 12,733 39,632 4,521
April 107,121 77,754 38,098 16,603 38,947 13,944
May 98,868 77,424 27,725 15,969 31,146 13,682
June 108,493 82,453 37,422 19,699 30,417 19,328
July 100,285 82,281 34,212 12,210 31,297 20,701
August 80,199 68,079 22,155 17,748 31,519 1,810
September 101,473 75,081 35,928 14,353 25,319 25,449
October 106,709 79,525 37,862 19,323 32,563 15,476
November 102,448 73,933 36,236 19,616 28,086 16,264
December 105,365 80,264 39,278 21,801 35,318 8,795
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X  =

Cl - C) -1 d
1.03 1.03 1.03 1.15 1 .15 1.15 1.15* 102,204”

0 1 0 0 0 0 0 69,901
0 0 1 0 0 0 0 30,667
0 0 0 1.11 1 .11 1.11 1.11 14,772
0 0 0 0 1 1 1 0
0 0 0 0 0 1 0 27,551
0 0 0 0 0 0 1 15,620

Notice that the outside demand for Process V outputs is 
included as zero in the d vector'. This is in accordance 
with the above analysis of production flow within the refin­
ery.

The calculations to obtain the x vector are performed 
using the same computer program referred to above which was 
developed by Professor W. F. Bentz.^ The total amount to be 
started into production in each process, (x), is calculated 
by the model for the month of January of 1976 as follows:

X (Predicted by the = 
Model)
January 1976

275,415
69,901
30,667
64,381
43,171
27,551
15,620
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In the same way as the x vector for the month of 

January 1976 was calculated, the model was used to predict 
the total amount to be started into production in each pro­
cess, (x), for the months February through December of 1976. 
Predictions, as obtained from the input-output model, are 
presented in Table V-3 for the months January through Decem­
ber of 1976.

Thus far, the input-output model for the refinery 
has been tested using actual data. The model has produced 
a set of predictions which are presented in Table V-3 below. 
However, no conclusions can be reached until these predic­
tions are compared with actual results. Comparing the re­
sults obtained from the input-output model with actual 
results and testing the extent to which the model succeeded 
in its predictions are both discussed in Chapter VI, along 
with the analysis of results.

Considered next is the question of how the refinery's 
management may apply the input-output model in planning and 
controlling refinery operations. An example of how to de­
velop a general operating plan for the refinery is explained.

Application of the Model to 
Planning and Budgeting

In the preceding sections, the refinery's input- 
output model was developed and empirically tested. The model 
was used to predict the production levels associated with 
different levels of final demand. In this section, the
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TABLE V-3

The Total Amount to be Started into Production, (x) as Predicted 
By the Model for the Months January through December 

Of 1976 • (Quantities-are Expressed in Barrels)

Process 1 II III IV V VI VII

Jan. 275,415 69,901 30,667 64,381 43,171 27,551 15,620
Feb. 293,006 74,522 33,624 66,385 44,338 27,511 16,827
Mar. 278,043 78,135 28,093 63,206 44,153 39,632 4,521
Apr. 309,472 77,754 38,098 77,217 52,891 38,947 13,944
May 279,965 77,424 27,725 67,549 44,828 21,146 13,682
Jun. 314,977 82,453 37,422 77,160 49,745 30,417 19,328
Jul. 297,030 82,281 34,212 71,342 51,998 31,297 20,701
Aug. 234,211 68,079 22,155 56,752 33,329 31,519 1,810
Sep. 293,647 75,081 35,928 72,356 50,768 25,319 25,449
Oct. 308,188 79,525 37,862 74,846 48,039 32,563 15,476
Nov. 292,464 73,933 36,236 71,073 44,350 28,086 16,264
Dec. 307,365 80,264 39,278 73,237 44,113 35,318 8,795
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refinery's input-output nodel is used to illustrate the de­
velopment- of a general plan for the refinery.

Consequently, the objective of the following analysis 
is to explain how the model is used in planning production 
levels and financial operating plans for the refinery under 
consideration. Planning for production levels is represen­
ted by the set of predictions which was obtained from the 
model and presented in Table V-3 above.

However, to explain how the refinery's input-output 
model is used in planning production requirements, some new 
relationships are to be identified. Let W be defined as a 
rectangular matrix which depicts the per unit requirements 
from different inputs. The per unit matrix, W, reads as 
follows :

VI =

VI11

Wml

W,12

m2

VIIn

wmn

where,

• thW . . represents the amount of the i inpui 
(labor, material, parts, utilization of 
capacity, etc.) per unit of the pro­
duct started into process.

From the per unit requirement matrix, a total input 
requirement vector is developed. The total input require­
ment vector (r) is obtained by multiplying the per unit
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requirement matrix (W) times the vector of total amount to be
started into process (X), in the following form:

r = WX (5-2)

Next, total production cost is obtained by premultiply- 
ing the total input vector (r) by the row vector (P) of input prices:

Total Cost = Pr (5-3)

Substituting for X in equation 5-2 above, the equa­
tion can be written in the following form:

r = W(I - C)“^ d (5-4)

= Wa "^ d = (Wa "^) d (5-5)

where A ^ = ( I - C )

Thus far, it has been explained how input-output 
analysis may be used in planning production requirements for 
the firm. Next, the refinery's input-output model is used to 
develop a general operating plan for the refinery under con­
sideration.

Planning Production Requirements for the Refinery
The micro input-output model, as a planning tool, is 

applied in two important areas of planning production opera­
tions. First, it is applied in planning production levels 
corresponding to different demand levels. Second, input- 
output analysis is applied in planning production require­
ments from different inputs.
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In previous sections of this chapter, it has 

been explained how the refinery's input-output model is used 
in planning production levels within the refinery to corres­
pond to outside demand for the refinery's products. Using 
the model, the total amount to be started into each process 
for the months January through December of 1976 has been pre­
dicted. These predictions are presented in Table V-3 above. 
The final demand vector (d) as given, and the total amount 
to be started into each process (x), as predicted by the model, 
are reproduced below for the month of January 1976:

d =

102,204 275,415
69,901 69,801
30,667 30,667
14,772 ; X = 64,381

0 43,171
27,551 27,551

^ 15,620 15,620

Next, the refinery's input-output model is used to 
estimate total production requirements for the refinery under 
consideration. For simplicity, estimates of production re­
quirements are presented only for the month o'f January 1976. 
However, the same analysis can be used to develop estimates 
of production requirements for other months.

The analysis begins with calculations of the W matrix 
for the refinery, in the same way as explained above. Then,
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the W matrix is used to. calculate the total requirement 
vector, r. Finally, total cost is calculated and an operat­
ing budget for the refinery is completed.

The W matrix, which represents the per unit require­
ments from different inputs, for the refinery under consider­
ation is prepared from the analysis of refinery costs during 
the year of 1975, as shown in Table V-4 below.

Notice that all crude oil is started in Process I. 
Refinery operating costs include all costs incurred in the 
refinery. The administration, general, and distribution 
costs include management salaries, office expenses, marketing 
and distribution expenses and other related costs. The 
total number of barrels of crude oil started into production, 
the total refinery operating costs, and the total administra­
tion, distribution, and general costs are all obtained from 
the refinery records for the year of 1975. However, the 
assignment of costs to different processes has been worked 
out, by the writer, based on approximation of the market re­
alized value of different products.

The W matrix has been developed for the refinery 
based on the information given in Table V-4 below. The W 
matrix reads as follows:

1 0 0 0 0 0 0
w = .010 .074 .046 .020 .094 .1116 .100

.001 .009 .006 .002 .011 .014 .012
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where the represents the amount of the ith input (in 
this case, crude oil, refinery operating costs, and adminis­
trative and distribution costs), per unit of input started 
into the process.

TABLE V-4 
Summary of Refinery Costs— 1975

Crude Oil 
(in units)

Refinery 
Operating 
Costs ($)

Administrative, 
General, and 
Distribution 
Costs (?)

T 2,516,003 $ 238,837 $109,070
II 0 447,205 217,925

III 0 121,308 55,400
IV 0 115,482 52,736
V 0 367,443 167,800

VI 0 335,550 139,535
VII 0 128,175 58,534

Total 2,516,003 $1,754,000 $801,000

Notice that crude oil is included in terms of units 
needed per each unit started into process. The refinery 
operating costs are measured in terms of direct labor hours. 
For example, = .010 indicates that 1% of a direct labor
hour is needed for each unit started into process I. Admin­
istrative, general, and distribution expenses are measured 
in terms of total hours worked in office and on distribution.
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The total requirement vector (r) for the refinery 

is obtained, using the methodology developed above, as follows:

r = W  (I - C) d (from equation 5-4 above)

Therefore, for the month of January 1976:

r =
1

.010
0

.074
0

.046
0

.020
0

.094
0

.116
0

.100 •

.001 .009 .006 .002 .011 .014 .012

1.03 1.03 1.03 1.15 1.15 1.15 1.15 102,204 275,415
0 1 0 0 0 0 0 69,901
0 0 1 0 0 0 0 30,667 = 16,245
0 0 0 1.11 1.11 1.11 1.11 14,772
0 0 0 0 1 1 1 0 1,880
0 0 0 0 0 1 0 27,551
0 0 0 0 0 0 1 15,620

fow, assuming that prices for the month of January 1976 are
expected to be as follows:

P = [$10 $20 $40]

This means that crude oil will cost $10 per barrel, operating 
costs will be $20 per direct labor hour, and administrative 
and distribution costs will be $40 per each hour worked in 
office or on distribution. The total cost in this case is 
calculated in the following manner:
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275,415

Total Cost = P.r = [10 20 40]

= $3,154,250

16,245
1,880

Hence, using the input-output model, the refinery 
management is able to predict the level of production neces­
sary to meet the requirement of an expected outside demand 
for its products. This prediction has been represented, in 
this study, by the total amount to be started into each pro­
cess (x). Also, the refinery is able to estimate the total 
costs expected at the desired level of production.

Therefore, for the month of January 1976, an opera­
ting budget for the refinery is developed based on the in­
formation provided by the input-output model, as explained 
above. The general operating budget for the refinery for 
the month of January 1976 is presented in Table V-5 below.

This kind of information is vital for planning and 
budgeting refinery operations. The quality and content of 
this information can be improved by breaking down the re­
finery operating costs into fixed and variable parts. Also, 
the variable element may be broken into its components as 
labor, indirect material, heat, etc. The same thing is true 
for the administrative, general and distribution costs.

It has been explained how the model is used in plan­
ning the refinery operations for the month of January. How­
ever, the model can be easily used to develop a year-around
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plan on a month by month basis.

The example of planning production requirements for 
the refinery, as explained above, is a crude example. In 
reality, a refinery would separate costs into fixed and vari­
able, by process, and forecast costs accordingly.

The objective of the above presentation is to show 
that the model can be used to forecast operating costs given 
input usage rates and input prices.

The model is capable of predicting profits associated 
with different levels of production in the same way as it 
predicts costs. However, profits have not been calculated 
in this study due to lack of information.

The model has been recommended by several writers as 
a means of planning and budgeting production levels. Farag 
explains the advantages of the model as follows;

Using the sales forecasts and inventory requirement 
information, it is possible to use the micro input- 
output model to obtain conditional point predictions 
of the levels of production in each department corres­
ponding to each level of sales. The model also permits 
the calculation of the costs and profits associated 
with each production program. This model of planning 
enterprise activities ensures the consistency,of the 
plan in the sense that overproduction or bottlenecks 
can be avoided, assuring the accuracy of the sales fore­
casts. Moreover, by comparing the vector of total 
production of the departments, X, to the yector of ca­
pacity of these departments, K, an index of the degree 
of utilization of the resources of the enterprise may 
be obtained.G

Thus far, the input-output model has been developed 
and empirically tested. Its possible application to planning 
refinery operations has also been demonstrated. Next, the
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model will be validated and the results obtained will be 
analyzed. This phase of the study is the subject of the 
next chapter.
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TABLE V-5
A General Operating Plan for the Refinery 

For the Month of January 1976

Production Levels :
Quantitites To Be Started Into Each Process 

(Expressed in Barrels of Oil)

Process Process
I. 245/415 Barrels V: 43,171 Barrels

II- 69/901 " VI. 27/551
III: 30,667 " VII. 15,620
IV: 64,381

Production Requirements :

Expected Production Costs 
(In Dollars)

Crude O i l ................................... $2,754,150
Refinery Operating Costs.................. 324,900
Administrative, General, and

Distribution Costs .....................  • 75,000

TOTAL COSTS (Expected) $3,154,250
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CHAPTER VI

ANALYSIS OF THE RESULTS AND MODEL VALIDATION

This chapter includes an analysis of the results 
obtained from the refinery model and an evaluation of its 
performance. Basically, the analysis is performed within 
the framework of model validity, which includes evaluation 
of the model and its basic assumptions in addition to evalu­
ation of the results obtained from the model. As part of 
the model validation process, model performance is examined 
statistically and its results are evaluated. For the pur­
pose of this study, only technical validity of the refinery 
input-output model is considered.

Validating the Model

Schellenberger's framework for model validation 
is used to examine the validity of the input-output model 
for the refinery under consideration.^ In the following 
analysis, technical validity of the refinery's input-output 
model is considered. Technical validity refers to a rea­
sonably identifiable set of criteria, against which any

2application of managerial analysis may be compared.

113
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Technical validity encompasses fonr components: (1-) model
validity; (2) data validity; (3) logical validity; and 
(4) predictive validity. Each of these components is dis­
cussed and examined in relation to the refinery input-output 
model developed above.

Model Validity
Model validity involves the process of identifying 

the assumptions underlying the model and comparing them with 
what exists in the real world, as explained by Schellenberger:

Model validity refers to the correspondence of the 
model to the real world. The best possible model is one 
that exactly reproduces what is perceived. The validity 
of the model must be judged by comparing each assumption 
to the real world.3

The basic assumptions underlying the input-output 
model are: (1) homogeneity of products; and (2) constant
technological coefficients.

Homogeneity of products. According to this assump­
tion each activity included in the matrix must have one input 
or one output. By-products and joint products are not al­
lowed. Professor Ijiri states:

In order to apply the input-output analysis, the 
products of any process must be homogeneous, i.e., 
joint products or by products should not be produced in 
any process included in the matrix. The reason of this 
assumption is that each cell in a matrix must have a 
single input or output coefficient.4

However, if in a specific situation by-products or 
joint products appear, data can be modified and adjusted 
to comply with the homogeneity assumption. The adjustment
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might be achieved by expressing joint and by-products in 
terms of relative quantities of the basic output. Or, if 
possible and practical, the process can be broken into two 
or more processes each of which has a single product.

Constant technological coefficients. This assump­
tion implies that production takes place with fixed rela­
tionships between inputs and outputs. Professor Livingstone 
states :

Production takes place through process with fixed 
technological yields of constant proportionality.
There is only one process used with no substitution in 
each activity.5

It is difficult to satisfy this particular assumption because 
of the fact that innovation and advanced technology might 
extremely affect the existing technological coefficients.
When coefficients change, the relationships expressed in the 
technological matrix no longer hold and the matrix should 
be revised.

The operations of the reinfery under consideration 
meet both of these assumptions. First, homogeneity of pro­
ducts is secured because for each process included in the 
model there is only one basic input and one basic output. 
Second, technological coefficients are constant over time per­
iods. This is true since production relationships within the 
refinery studied do not change. The percentages of input to 
each process provided by other processes do not change over time.

Technological coefficients were held constant
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because intermediate products are not purchased from outside 
for rerefining. The accurate predictions of the amount to 
be started into process for five of the processes included 
in the model support this contention. The inaccurate predic­
tions in the case of the other two processes were due to 
excessive losses, as will be explained later, and do not 
appear to be related to change.'inproduction relationships.

Notice that even though the yields of different pro­
ducts obtained from a barrel of crude oil have changed sig­
nificantly during 1976, this change did not affect the model 
performance.

Another assumption which is inherent in input-output 
analysis is the linearity assumption. This assumption has 
been discussed with production people in the refinery. It 
has been concluded that production relationships can be ap­
proximately explained by a linear function, as might be 
proven from Table V-1 of Chapter V.

As a result of the above analysis of the assumptions 
underlying the input-output model, it is concluded that the 
model fairly describes the operations of the refinery under 
consideration.

Data Validity
For data validity the objective is to examine and 

insure the validity of raw and structured data. Data ob­
tained from records of the refinery comprise the raw data.
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Raw data were examined for accuracy, impartiality, and rep­
resentativeness. Accuracy means the ability to correctly 
identify and measure what is desired.^ Data used in the 
study are obtained from refinery records and are fairly ac­
curate. Impartiality is the assurance that data are correctly 
recorded.^ Necessary steps have been performed to secure 
correctness of the collected data. Finally, the amount of 
data collected represents fairly the universe from which it 
is drawn.

Structured data refer to raw data upon which some 
manipulations have been performed, involving addition and 
subtraction. Calculations have been reviewed step by step 
and the validity of structured data has been assured.

Logical Validity
Logical validity of the model deals with the pro­

gression from model construction to solution, and assuring 
that the progression is logical. This process includes:
(1) correctness of the solution procedure, i.e., whether the 
mathematical manipulations are correct and accurate; (2) the 
logical flow of the model; and (3) identifying the obvious 
omission of a relevant variable. Schellenberger points out 
the difficulty of evaluating logical validity because no 
clear methodology to conduct such an evaluation exists. He 
adds that the analyst is tempted to skip lightly over this 
phase because of such difficulty.

Mathematical manipulations within the refinery
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input-output model were tested and accuracy and correctness
were assured. Solution to the model was obtained using an

8algorithm developed by Professor Bentz which is self checked 
for accuracy, correctness and logical flow. This logarithm 
provides certain measures to control and identify missing 
variables and accounts for irregular progression. An error 
message is received, if irregularities exist. The matrices 
and vectors are reprinted by the computer for double-checking 
before they are processed.

Predictive Validity 
Predictive validity of the model deals with predic­

tion errors. . In.this case, the focus is on the differences 
between actual and predicted results. Schellenberger dis­
cusses two concepts of predictive validity. The first deals 
with predictive validity in prediction models. The second 
deals with predictive validity in final models. Final models 
portray the environment and are considered general models.

The input-output model developed in this research 
is considered a final model. Prediction models are used to 
develop parameter values to be used as inputs to final models. 
If the final demand vector (d) which is used as input to the 
model developed in this research is obtained using other 
models, these other models are called prediction models. 
However, this research deals only with a final model.

Predictive validity deals with differences between
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actual and predicted results and the significance of these 
differences. The question to be answered is to what extent 
did the model succeed in predicting actual performance? 
Usually, statistical techniques are used in this phase of 
model validity to help the analyst in his conclusions regard­
ing the model.

The total amount to be started into production in 
each process, x, as predicted by the input-output model, is 
presented in Table V-3 above. In Table VI-1 below, the 
actual total amount to be started into production in each 
process, x, as obtained from the refinery's records, is pre­
sented. Comparison of Tables V-3 and VI-1 indicates the 
differences between actual and predicted results.

Next, differences between actual and predicted re­
sults are examined and the significance of those differences 
is evaluated. Statistical techniques are used to evaluate 
the significance of these differences on the overall per­
formance of the input-output model.

Application of statistical techniques. The chi- 
square "goodness of fit" test is used to evaluate the results 
obtained from the application of the refinery's inout-output 
model. The chi-square goodness of fit test is frequently used • 
to evaluate the applicability of a theory or a mathematical

9model under certain circumstances. The test deals with 
differences between actual and predicted results and the 
significance of such differences. For the purpose it serves.
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TABLE VI-1

The Total Amount Started into Production, Cx) as Obtained 
From the Records of the Refinery for the Months January

Through December of 1976 
(Quantities are Expressed in Barrels)

Process I. . . . .11 . . Ill . . IV . . V VI VII

Jan. 275,982 69,901 30,667 64,930 43,171 27,551 15,620
Feb. 294,083 74,522 33,624 67,429 44,338 27,511 16,827
Mar. 278,543 78,135 28,093 63,692 44,153 39,632 4,521
Apr. 307,404 77,754 38,098 75,209 52,891 38,947 13,944
May 281,233 77,424 27,725 68,779 44,828 31,146 13,682
Jun. 317,725 82,453 37,422 79,825 49,745 30,417 19,328
Jul. 298,875 82,281 34,212 73,131 51,998 31,297 20,701
Aug. 240,390 68,079 22,155 62,745 33,329 31,519 1,810
Sep. 291,052 75,081 35,928 69,838 50,768 25,319 25,449
Oct. 311,620 79,525 37,862 78,175 48,039 32,563 15,476
Nov. 297,869 73,933 36,236 76,316 44,350 28,086 16,264
Dec. 312,464 80,264 39,278 78,183 44,113 35,318 8,795
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the test fits the needs of this research and is used in 
evaluating the predictive validity of the refinery's input- 
output model.

The chi-square goodness of fit test provides that 
if the aggregate discrepancy between the observed (actual) 
and theoretical (predicted) frequencies is too great to at­
tribute to chance fluctuations at the selected significance 
level, the null hypothesis is rejected.

The test proceeds by calculating the chi-square sta- 
tistic, X , whose value depends on the aggregate discrepancy
between the actual and predicted results. The value of the

2chi-square statistics, x , is calculated from the following
equation on a month by month basis:

N  ( f  -  f  ) 2  

= I — — -—  f (n = 7), (VI-1)
t=o=l

where, f^ refers to calculated frequency (obtained from the 
model), and f^ refers to actual frequency (obtained from the 
records).

The chi-square statistic, x^, was calculated using 
the results obtained from the refinery input-output model for 
the months January through December of 1976. Using chi- 
square tables with six degrees of freedom, degrees of freedom 
are equal to the number of observations minus one (7 - 1), 
the decision rules reported in Table VI-2 were developed to 
test the'null hypothesis.
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The null and alternative hypotheses to be tested, 

as developed in Chapter I, read as follows:
Ho: The operations of a simple refinery can be

expressed in terms of an input-output model 
with sufficient validity to be of value in 
the planning and control of refinery opera­
tions .

Ha: The operations of a simple refinery cannot
be expressed in terms of an input-output model 
with sufficient validity to be of value in 
the planning and control of refinery opera­
tions .

Using predicted results obtained from the model, 
as shown in Table V-3, and the actual results obtained from 
the refinery records, as shown in Table VI-1, the chi- 
square statistics for the months January through December 
of 1975 are calculated.

2The chi-square statistics, x , and the decision to 
accept or reject the null hypothesis, based on the decision 
rules for different significance levels, are presented in 
Table VI-2 below.

Evaluation of the results. Reviewing the results 
obtained from the application of the chi-square "goodness 
of fit" statistical techniques, as presented in Table VI-2, 
one might conclude that the null hypothesis ought to be



TABLE VI-2 
2The Chi-Square Statistics/ x , and the Decision 

To Accept or Reject the Null Hypothesis 
Presented for the Months January Through December of 1976

The Chi-Square Stat­ Decision Rules
istics At 2% At 5% At 10%

(fo - ft)^ If x^> 15.033,Reject Ho
2

If x^ > 12.592,Reject Ho 
2

If x^> 10.645,Reject Ho
0=t=l "t If x ^  15.033,Reject Ho If X £ 12.592,Accept Ho If x ^ 5.10.645,Accept Ho

January 5.8 Accept Accept Accept
February 20.0 Reject Reject Reject
March 4.6 Accept Accept Accept

April 66.2 Reject Reject Reject
May 27.8 Reject Reject Reject
June 116.0 Reject Reject Reject
July 56.3 Reject Reject Reject
August • 795.0 Reject Reject Reject
September 110.5 Reject Reject Reject
October 186.3 Reject Reject Reject
November 486.7 Reject Reject Reject
December 412.6 Reject Reject Reject
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rejected, stating that the input-output analysis is not
applicable in this situation. However, a closer look at
the results will indicate that the performance of the model
was well accepted under all levels of significance for two
months, January and March. On the other hand, the chi-

2square statistic (x ) for the other months ranged from a low
of 20.0 to a high of 795.00. This cannot be attributed to
a chance fluctuation.

Because of the significant changes in the chi-square
values from month to month, the chi-square test was repeated.
This time the chi-square was calculated for each process
based on the amount to be started into production in each
process. Therefore, for each process, twelve observations
were obtained representing the amount to be started into
production for the months January through December of.1976.
In this case, the same levels of significance were used but
with eleven degrees of freedom (12 - 1).

?The chi-square statistic, x**, was calculated for the
seven processes. The chi-square for processes II, III, V,

2 •VI, and VII was equal to zero (x = 0 ) .  This indicates 
that the model performance as far as these processes are 
concerned is excellent and the null hypothesis is accepted.
However, for processes I and IV, the chi-square statistic

2 2 was very high; x = 469.7 for Process I and x = 1,818.1 for
Process IV. This indicates that the fluctuation in results
for these two processes is not attributable to chance
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fluctuations and the null hypothesis ought to be rejected.

It is understandable that the performance of the 
input-output model depends on the accuracy of technological 
coefficients and the extent to which these coefficients are 
held constant. For the two processes where variations ex­
isted, Processes I and IV, two elements are included in 
building the model. In the first process. Process I, an 
element representing the amount consumed in production is 
included. The coefficient for the amount consumed in pro­
duction in Process I is included as 3%. Analysis of the 
actual amount consumed in production in Process I for the 
months January through December Of 1976 indicated that it 
was held constant at 3%. Therefore, the coefficient for 
the amount consumed in Process I is not responsible for the 
differences between predicted and actual results.

In Process IV, the amount of the average production 
loss is included in the model as self consumption for this 
process. The coefficient for the loss as included in the 
model is 10%. However, the acutal loss during the months 
January through December of 1976 did not occur at the aver­
age rate of 10%, as may be depicted in Table VI-3. This 
was the reason for the differences between predicted and 
actual results. The model predicted the total amount to be 
started into process based on an average loss of 10% of the 
total amount to be started into Process IV, while the actual 
loss has occurred at a rate higher than the average expected
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TABLE VI-3

Comparison of Actual Loss Per Records With 
Average Loss as Included in the Model 
(Quantitites are Expressed in Barrels)

Month

Actual Amount 
Started into 
Production in 
Process IV

Actual Less 
Occurred cs 

. Per Recu^

Average Loss 
(10% of the 
Amount 

. Started
Excessive Loss 
(Actual Loss - 
Average Loss)

Jan. 64,930 6,987 6,493 494
Feb. 67,429 7,682 6,743 939
Mar. 63,692 6,806 6,369 437
Apr. 75,209 5,715 7,521 (1,806)
May 68,779 7,984 6,878 1,106
Jun. 79,825 10,381 7,983 2,398
Jul. 73,131 ' 8,923 7,313 1,610
Aug. 62,745 11,668 6,275 5,393
Sep. 69,838 4,717 6,984 (2,267)
Oct. 78,175 10,813 7,818 3,995
Nov. 76,316 12,350 7,632 4,718
Dec. 78,138 12,269 7,814 4,455
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loss. The differences in Process IV will have a carryover 
effect to Process I, because Process I provides for 100% of 
the amount to be started into Process IV. If excessive 
losses are ignored, the results will indicate that the chi- 
square statistics for all processes and all months are equal 
to or close to zero. This will lead to the acceptance of 
the null hypothesis stating that the input-output analysis 
is applicable to planning refinery operations.

In building the input-output model for the refinery, 
production losses were estimated and loss rates were pro­
vided for in the model. As a result, production volumes as 
predicted by the model were estimated based on loss rates as 
provided for in the model. The difference between the actual 
production volumes and the volumes predicted by the model is 
attributable to the fluctuations in actual loss rates during 
the year. Since loss rates as provided for in the model 
represent the average expected loss, the differences between 
actual and predicted results will be a function of loss rates.

Therefore, as a result of using the model> attention 
can be directed to the existence of excessive losses. The 
analysis of actual losses and comparisons of actual rates 
with predicted rates, as illustrated in Table VI-3, provides 
the refinery management with valuable information for control 
purposes. Analysis of these losses will point out weaknesses 
and initiatie corrective actions.

The results of this study support the hypothesis that
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input-output analysis is applicable to planning refinery 
operations. In addition, these results provide practical 
support for future research in this area.

Even though the input-output model is applied to 
the operations of a small size refinery with limited products, 
the results of this application are encouraging. However, at 
this point, generalizations are not intended. Further in­
vestigation of more complex situations should be performed 
before general conclusions regarding refinery industry as a 
whole are stated.

Model Costs
Thus far. .in. this research, an input-output model for 

the refinery under consideration has been constructed, imple­
mented, and validated. However, the costs involved have not 
yet been considered. In'the following paragraphs, model 
costs are briefly exposed. Detailed cost analysis is not 
intended.

Cost is a decisive factor in using the model, because
if the cost of the model is higher than the benefits to be
derived, the model is not economically feasible. Previous
studies indicate that assembling the basic data from various
sources presents the greatest problem and occupies most of
the time involved in building and implementing an input-output
model. The final calculations, involving matrix inversion,
can be made in a very short time and at relatively small cost 

10on a computer.
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Therefore, the process of estimating the technologi­

cal coefficients and constructing the matrix of technological 
coefficients is the costly process. It involves most of the 
time of the analyst. Also costs related to revising the 
matrix in the future and gathering data for such a revision 
are significant. The costs involved in this process will 
differ from one situation to another depending on the kind 
of firm involved and the availability of the revised data.

The writer did not estimate the costs involved in 
this process. However, it is believed that the model can be 
constructed at a reasonable cost and that the benefits de­
rived from the model, with no doubt, will exceed the costs of 
building and operating the model.

Previous experiences with model application and mo­
deling refinery operations have indicated that linear models 
are not only economical but also profitable, as Hadley points 
out:

Many of the larger oil companies have been using 
linear programming for some time to solve their blend­
ing problems. Some have claimed that substantive amounts 
of money were saved by means of linear programming.H

Based on past experience and according to the state­
ments of different writers, as cited above, the costs involved 
in building and implementing an input-output model are ex­
pected to be reasonable. This supports the contention that 
the model is feasible and its adoption could benefit the 
refinery. The benefits to be derived from the input-output
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model, as a micro-planning tool, are expected to exceed the 
cost of the model. However, exact estimations of costs and 
benefits is not intended in this research. This natter may 
be the subject of another paper.
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CHAPTER VII

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

This research was conducted because of the current 
need for testing different models and examining its propriety 
for planning and controlling operations of different firms. 
Different articles, in the accounting literature, have 
pointed out the benefits expected from modeling the activi­
ties of the firm.-.-

Several models have been successfully applied in 
planning and controlling the activities of different firms. 
There are other models such as input-output analysis which 
may contribute significantly to effective planning and con­
trol at the level of the firm. However, these models need 
to be tested before making recommendations regarding their 
application.

This research was undertaken to test the applicability 
of input-output models in planning refinery operations. Dif­
ferent articles in the literature have pointed out, theoreti­
cally, the expected advantages of the micro input-output mo­
del. Some of these articles have described the areas where 
input-output analysis may be successfully applied. Among the

132
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mentioned areas were refinery operations.

Scope of Study
The objective of this research was to develop an 

input-output model for a refinery and to test its applica­
bility. The main research hypothesis concerned the validity 
of input-output analysis in describing refinery operations. 
One refinery was selected and an input-output model was de­
veloped for that particular refinery.

The refinery selected for the study is a small size 
refinery which comprises only simple refining operations.
Most of the complex refining operations are not included in 
this refinery. The refinery uses crude oil only in its op­
erations. Intermediate products are not purchased from out­
side because rerefining facilities are not included.

Data for the years 1975 and 1976 on a month by month 
basis were used to develop and test the refinery's input- 
output model. The results of these two years represent 
normal operations of the refinery.

Summary
The refinery's model developed in this research is 

an open-end, static input-output model for a simple refinery. 
It is an open-end model because the vector for outside demand, 
d, is determined exogenously, outside the model. It is a 
static model because it does not deal with capital forma­
tion and capital transactions.

The model was developed from transactions matrix
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expressed in physical units. In this study, physical units 
were used instead of monetary units because information ob­
tained from the records of the refinery represents flow of 
physical units rather than monetary values. Since the trans­
actions matrix is prepared in physical units, it can be 
easily converted into monetary terms, if this is needed. 
Outputs coefficients rather than input coefficients might 
have been used without affecting the performance of the model. 
However, based on the information obtained and according to 
research assumptions, the refinery’s input-output model was 
constructed using physical input units.

The selected refinery represents the simplest setting 
for a modern refinery. It does not include a great number 
of processes. Only six final products are produced in the 
refinery. Most of the products might have been processed further 
had the refinery under consideration been a complex modern 
refinery. As has been illustrated in Figure V-2 in the pre­
vious chapter, the flow of production within the refinery is 
very simple. The operation is not complicated by rerefining 
and backward transfers.

The simplicity of the situation, as it exists in the 
rnfinery under consideration, should not affect the findings 
of this research. In a more complex situation, the analyst 
should provide additional care in estimating sequential re­
lations as they may exist within the refinery. The matrix of 
technological coefficients will be more complex, but the
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steps to the solution and the mechanism of the model are 
still the same. Therefore, simplicity of the refinery system, 
as discussed above, should not bear on the findings of this 
study. However, further testing of the input-output perfor­
mance in more complex situations is recommended.

In developing input-output models, gathering data 
to be used in estimating technological coefficients repre­
sents a major problem. The extent to which the analyst is 
successful in gathering needed information will greatly in­
fluence the model. This is because the .estimation of technologi­
cal coefficients will directly affect model predictions.
The extent to which technological coefficients are held 
constant over time will also bear on the results.

Technological coefficients as included in the re­
refinery model developed in this research, proved to be 
fairly constant except for the coefficient for production 
losses. The coefficient for the amount lost in production 
in Process IV was included in the model as 10% of the amount 
to be started in Process IV. However, actual results for 
the year of 1976 showed that losses occurred at higher rates. 
This situation indicates that either the coefficient for the 
amount lost in production was poorly estimated or excessive 
losses have occurred which disturbed the results obtained 
from the model. It was indicated that the rate of 10% which 
was included in the model represents the average loss accord­
ing to refinery estimates. Excessive losses did occur during
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the year of 1976, as was explained in the production reports 
obtained from the refinery, and that was the reason for the 
differences between actual and predicted results.

The refinery's input-output nodel was first used, in 
this research, to predict production levels corresponding to 
different levels of outside demand. Then the model was used 
to develop an operating plan for the refinery for the month 
of January 1976. Other potential applications of the model 
were not included in this research. Other areas where the 
model may be applied include: (1). evaluating the effect of
changes in prices of different inputs; (2) planning for in­
ventory requirements; (3) joint-cost allocation; and (4) gen­
eralizing debit and credit entries to different accounts. 
Applications of the model in these areas may be the subject 
of future research.

The results of this study support the hypothesis that 
input-output analysis is applicable to planning refinery op­
erations. The results are sufficiently encouraging to sug­
gest that future research is likely to be productive.

In this research, Schellenberger's framework for 
model validation was used to examine the model's technical 
validity. The three kinds of validity considered by Schellen­
berger include: (1) technical validity, (2) operational
validity, and (3) dynamic validity. In this research, only 
technical validity of the refinery's input-output model was 
considered. Technical validity includes a set of criteria
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against which any application of managerial analysis might 
be compared. Operational validity, which deals with the 
importance of the divergences which are identified under 
technical validity, and dynamic validity, which assures that 
the model will continue to be operationally valid, might be 
postponed to future studies without affecting this research. 
Schellenberger's framework was used in this study because it
includes a comprehensive set of criteria for model validation.

In studying the technical validity of the refinery's 
model, it was found that input-output analysis satisfactorily 
represents production relationships within the refinery. The 
most important of the assumptions underlying input-output 
analysis are: (1) the homogeneous products, (2) constant
technological coefficients, and (3) the linearity assumptions 
which are inherent in the model. The homogeniety assumption 
states that for each cell included in the matrix there should 
be only one input or one output. Joint-products and by­
products are not allowed. Joint-products and by-products, if 
they exist, should be translated in terms of the major pro­
duct or otherwise be included as separate products in the 
matrix. The assumption of constant technological coefficients 
assumes that production relationships remain constant and that 
innovation will not affect the way in which production takes 
place. If the technological coefficients change, the rela­
tionships expressed in the input/output coefficients matrix 
no longer hold and the matrix should be revised. The
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linearity assumption assumes that production processes can 
be characterized by linear functions.

In applying input-output analysis to refinery opera­
tions, in this research, no significant divergencies from 
these assumptions were depicted. However, the assumption of 
constant technological coefficients may not hold for either 
a long period of time or under different operating circum­
stances. Therefore, in other applications, it may be neces­
sary to construct several different input-output coefficient 
matrices for different situations. Thus, the matrix of tech­
nological coefficients might need to be revised to incorporate 
any expected change in production relationships within the 
refinery.

The analyst should proceed with care when dealing 
with these assumptions. In most of the input-output applica­
tions, estimating technological coefficients represented the 
most difficult task. If the ana]\t estimates such coeffi­
cients with extra care and intelligence, his work will be 
extensively reduced. In fact, estimating technological co­
efficients is a team task rather than an individual matter.

Input-output analysis is a general planning model 
which is usually used in predicting production levels and 
planning production requirements for different levels of 
final demand. The analysis describes and analyzes the inter­
process relationships and how they might be used to secure 
enough production to meet outside demand. Input-output
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analysis is not advocated as a substitute for linear pro­
gramming. Linear programming techniques are considered 
maximization models which optimize an objective function 
subject to constraint conditions. On the contrary, input- 
output analysis is not an optimization technique. It is a 
general model which provides specific results under certain 
circumstances. Linear programming techniques have been in­
corporated into input-output analysis by some writers.

Application of input-output analysis to petroleum 
refining operations is consistent with the application of 
linear programming in the same industry. Linear programming 
is usually used to provide estimates of how much should be 
produced for outside demand. Input-output analysis will 
help in planning for the production to satisfy the require­
ments of outside demand.

Linear programming has been successfully applied 
to solve several refining problems, as discussed in Chapter IV, 
Input-output is recommended as a complement to linear program­
ming .

Conclusions
The conclusions drawn from this research cannot be 

generalized to other refineries because only one refinery of 
small size and simple operations was selected for the study. 
However, the findings of this study should be of benefit in 
future studies of this type.
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This research was conducted based on the following 

assumptions which were emphasized in developing the refinery’s 
model:

1. It was assumed that refinery operations could 
be subjected to the assumption of input-output analysis, 
with respect to the homogeniety of products and the con­
stancy of technological coefficients.

2. It was assumed that the micro input-output model 
can be used to help refiners predict production levels and 
plan production requirements.

The following conclusions are reached in this re­
search :

1. Refinery operations can be subjected to the as­
sumptions of input-output analysis. Therefore, production 
relationships within a refinery can be expressed in an input- 
output framework.

2. The input-output refinery model can be used to 
predict the production volume in each process that corres­
ponds to particular levels of final demand for the refinery's 
products.

3. The input-output refinery model can be used to 
generate an operating plan for the refinery. This should 
contribute to better, more timely planning of production 
requirements within the refinery.

4. The results of this research support the
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hypothesis that input-output analysis is applicable to re­
finery accounting. However, additional research is recom­
mended, especially applying the model in a more complex 
situation, before generalizing this hypothesis.

Recommendations
The way in which this research was conducted and the 

results of the study have generated some ideas which might 
be considered for future research. These research possi­
bilities are presented below for the benefit of those who 
are interested in pursuing research in these areas:

1. This research focused on developing the input- 
output model using input coefficients in physical units. 
Constructing the model for another refinery using output 
coefficients and/or monetary units may be good subjects for 
future studies.

2. In this research, the applicability of input- 
output analysis to planning refinery operations was examined. 
Other applications of the model in other activities might be 
examined. Application of input-output analysis in planning 
the operations of a chemical plant was suggested by differ­
ent writers and might be considered as the subject for some 
future studies.

3. The technical validity of the input-output model 
was considered in this research. Model validation techniques 
include operational validity and dynamic validity in addition
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to technical validity. The input-output model should be 
examined for both operational and dynamic validity in 
future research.
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APPENDIX

This appendix includes a summary of the refinery's 
data pertaining to the years of 1975 and 1976. These data 
were originally obtained from the refinery in the form of 
production reports. Production reports are prepared, in the 
refinery, on a monthly basis.

The first five tables of this appendix.were prepared 
directly from the production reports. Information included 
in these five tables represents primary data as related to 
refinery activities.

The last two tables. Tables A-6 and A-7 which include 
the total amount started into process on a month by month 
basis for the years 1975 and 1976, were constructed by the 
writer based on direct information obtained from the refin­
ery's production reports. The last two tables were construc­
ted in this manner in accordance with the assumptions made 
in building the refinery's model.
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TABLE A-1
Refinery Production During 1975

(Quantities Expressed in Barrels of 42 U.S. Gallons @60®F.; B.S.&W. Free)

Total for
Product . . HF.0......... ADO KEROS NAPH PMOG RMOG Month

January 36,700 28,593 7,308 • 5,625 6,239 3,739 88,284
February 35,188 23,521 6,731 8,258 8,247 3,006 84,951
March 107,970 74,358 26,519 15,981 28,197 14,556 267,581
April 110,466 73,980 31,404 16,977 27,317 12,583 272,727
May 80,885 56,634 16,085 25,892 17,596 3,023 200,115

July 46,591 32,276 4,660 15,904 5,650 4,624 109,705
August 115,374 65,297 31,580 9,643 35,805 15,066 272,765
September 116,906 68,390 28,881 9,281 29,914 16,837 270,209
October 124,073 71,045 34,011 10,233 33,523 20,487 293,372
November 121,285 71,782 33,966 12,202 33,859 15,095 288,189
December .128,967 74,103 35,829 16,650 32,619 16,330 304,498

Total per
Year 1,024,40.5 . 639,979 257,054 146,646 258,966 125,346 2,452,396

*Refinery did not operate during the month of June 1975 because of some 
technical problems.
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TABLE A-2
Refinery Production During 1976

(Quantities Expressed in Barrels of 42 U.S. Gallons @60®F.; B.S.&W. Free)

Total for
Product HFO ADO. KEROS NAPH PMOG RMOG Month

January 110,484 69,901 30,667 • 14,772 25,551 15,620 268,995
February 118,508 74,522 33,624 15,409 27,511 16,827 286,401
March 108,623 78,135 28,093 12,733 39,632 4,521 271,737
April 116,343 77,754 38,098 16,603 38,947 13,944 301,689
May 107,305 77,424 27,725 15,467 31,146 13,682 273,249
June 118,025 82,453 37,422 19,699 30,417 19,328 307,344
July 109,251 82,281 34,212 12,210 31,297 20,701 289,952
August 87,411 68,079 22,155 17,748 31,519 1,810 228,722
September 110,205 75,081 35,928 14,353 25,319 25,449 286,335
October 116,058 79,525 37,862 19,323 32,563 15,476 300,801
November 111,384 73,933 36,236 19,616 28,086 16,264 285,519
December .114,739 80,264 39,278 21,801 35,318 8,795 300,195

Total per 
Year 1,328,33.6 . 919,352 401,300 200,234 379,306 172,417 3,400,945
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TABLE A-3
Refinery Sales During 1975

(Quantities Expressed in Barrels of 42 U.S. Gallons @60®F.; B.S.&W. Free)

Product HFO ADO KEROS NAPH PMOG RMOG
Total for 

Month

January 34,471 28,593 7,388 • 5,625 6,239 3,739 86,055
February 32,968 23,521 6,731 8,258 8,247 3,006 82,731
March 101,128 74,358 26,519 15,981 28,197 14,556 260,739
April 103,496 73,980 31,404 16,077 27,317 12,583 265,757
May 75,692 56,634 16,085 25,892 17,596 3,023 194,922
June* — — — — — — — — —
July 43,813 32,276 4,660 15,904 5,650 4,624 106,927
August 108,343 65,297 31,580 9,643 35,805 15,066 265,734
September 109,899 68,390 28,881 9,281 29,914 16,837 263,202
October 116,562 71,045 34,011 10,233 33,523 20,487 285,861
November 113,863 71,782 33,966 12,202 33,859 15,095 280,767
December 121,272 74,103 35,829 16,650 32,619 16,330 296,803

Total per 
Year 961,50.7 . 639,979 257,054 146,646 258,966 125,346 2,389,498

♦During this month refinery was shut down and there were no sales.
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TABLE A-4
Refinery Sales During 1976

(Quantities Expressed in Barrels of 42 U.S. Gallons @60°F.; B.S.&W. Free)

Total for
Product .... HFO . ADO KEROS . NAPH PMOG RMOG Month

January 102,204 69,901 30,667 14,772 27,551 15,620 260,715
February 109,685 74,522 33,624 15,409 27,511 16,827 277,578
March 100,267 78,135 28,093 12,733 39,632 4,521 263,381
April 107,121 77,754 38,098 16,603 38,947 13,944 292,467
May 98,868 77,424 27,725 15,967 31,146 13,682 264,812
June 108,493 82,453 37,422 19,699 30,417 19,328 297,812
July 100,285 82,281 34,212 12,210 31,297 20,701 280,986
August 80,199 68,079 22,155 17,748 31,519 1,810 221,510
September 101,473 75,081 35,928 14,353 25,319 25,449 277,603
October 106,709 79,525 37,862 19,323 32,563 15,476 291,458
November 102,448 73,933 36,236 19,616 28,086 16,264 276,583
December .105,365 80,264 39,278 21,801 35,318 3,795 290,821

Total per 
Year 1,223,117 919,352 401,300 200,234 379,306 172,417 3,295,726
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TABLE A-5
HFO Consumed in Production and Production Losses for 1975 and 1976 

(Quantities Expressed in Barrels of 42 U.S. Gallons @60°F.; B.S.&W. Free)

HFO Consumed in Production Production Losses
1975 1976 1975 1976

January 2,229 8,280 862 6,987
February 2,220 8,823 3,849 7,682
March 6,842 8,356 6,119 6,806
April 6,970 9,222 6,081 5,715
May 5,193 8,437 7,617 7,984
June* — — 9,532 10,381
July 2,778 8,966 1,406 8,923
August 7,031 7,212 8,477 11,668
September 7,007 8,732 10,084 4,717
October 7,511 9,349 7,085 10,813
November 7,422 8,936 8,706 12,350
December 7,695 9,374 3,321 12,269

Total per 
Year 62,898 105,219 63,607 106,295

inin

*The refinery was shut down during the month of June 1975
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TABLE A-6
Amount Started into Production in Each Process During the Year 1975

(Quantities Expressed in Barrels of 42 U.S. Gallons @60“F.; B.S.&W. Free)

Process I II III IV V VI VII

January 89,146 28,593 7,388 .16,465 9,978 6,239 3,739
February 88,800 23,521 6,731 23,360 11,253 8,247 3,006
March 273,700 74,358 26,519 64,853 42,753 28,197 14,556
April 278,808 73,980 31,404 62,958 39,900 27,317 12,583
May 207,732 56,634 16,085 54,128 20,619 17,596 3,023
June* — — — — — — — -
July 111,111 32,276 4,660 27,584 10,274 5,650 4,624
August 281,242 65,297 31,580 68,991 50,871 35,805 15,066
September 280,293 68,390 28,881 66,116 46,751 29,914 16,837
October 300,457 71,045 34,011 71,328 54,010 33,523 20,487
November 296,895 71,782 33,966 69,862 48,954 33,859 15,095
December 307,819 74,103 35,829 68,920 48,949 32,619 16,330

Total per 
Year 2,516,003 639,979 257,054 594,565 384,312 258,966 125,346

*Refinery was shut down during this month.
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TABLE A-7
Amount Started into Production in Each Process During the Year 1976

(Quantities Expressed in Barrels of 42 U.S. Gallons @60°F.; B.S.&W. Free)

Process I. II III IV V VI VII

January 275,982 69,901 30,667 64,930 43,171 27,551 15,620
February 294,083 74,522 33,624 67,429 44,338 27,511 16,827
March 278,543 78,135 28,093 63,692 44,153 39,632 4,521
April 307,404 77,754 38,098 75,209 52,891 38,947 13,944
May 281,233 77,424 27,725 68,779 44,828 31,145 13,682
June 317,725 82,453 37,422 79,825 49,745 30,417 19,328
July 298,875 82,281 34,212 73,131 51,998 31,297 20,701
August 240,390 68,079 22,155 62,745 33,329 31,519 1,810
September 291,052 75,081 35,928 69,838 50,768 25,319 25,449
October 311,620 79,525 37,862 78,175 48,039 32,563 15,476
November 297,869 73,933 36,236 76,316 44,350 28,086 16,264
December 312,464 80,264 39,278 78,183 44,113 35,318 8,795

Total per 
Year 3,507,240 919,352 401,300 858,252 551,723 379,306 172,417
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