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Preface to First Edition

The chemical industry is a major, growing influence on all our lives,
encompassing household commodities and utensils, industrial materials and
components, medicines and drugs, and the production of chemicals has
become an essential factor in the economy of any industrialized nation. The
scientists and engineers responsible for the efficient operation of the industry
must have a sound knowledge not only of the physical and chemical principles,
but also of the economic and environmental aspects and the cost-effective
use of energy.

This book provides an introduction to these topics and includes detailed
discussion of catalysis and petrochemicals. It is written as a basis from which
students of chemistry and chemical engineering will be able to build an
understanding and appreciation of the industry.

Acknowledgements
An undertaking of this nature requires teamwork and it is a pleasure to
acknowledge the efforts and cooperation of the contributors. Thanks are
also due to the publishers for their help and advice at all times. Finally, 1
wish to thank my wife Joy for typing part of the MS and for the support
which she and our children, Susan and Simon, have given.

C.AH.



Preface to Second Edition

The first edition of this book has been very well received and the few minor
criticisms made by reviewers were largely answered by the publication of the
complementary book—The Chemical Industry by C. A. Heaton (referred to as
Volume 2)—which was in preparation at the time. This covers each of the
major sectors of the chemical industry. They are designed to be used as a two
volume set and the contents of Volume 2 are listed on page 1i of this volume.
We have, however, taken the opportunity in this second edition to add two
new chapters: Chapter 1, Introduction to the chemical industry which gives
both an overview of the industry and a lead into other chapters, and Chapter
9, Chlor-alkali products which provides a balance on the inorganic side to the
Petrochemicals chapter on the organic side, plus leading into Chapter 3 of
Volume 2 (The chlor-alkali, sulphur, nitrogen and phosphorus industries).
Almost all statistics and tables have been updated as have references and
bibliographies, where appropriate, and it is a pleasure to record that this has
been done by the original team of authors. The new edition also reflects the
changed situation of the industry which is currently riding high, in contrast to
the recession when the first edition was written. Issues which have become
more topical during the last few years, mostly environmental concerns, are
also given increased coverage.

We hope you enjoy reading this new edition and find it both informative and
interesting.

C.AH.

Note

Where reference is made to West Germany this is because no figurcs were available for the
newly combined Germany at the time of printing.
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Conversion factors

Mass

1 tonne (metric ton) = 1000 kilograms = 2205 pounds
=0-984 tons

1 ton = 1016 kilograms = 2240 pounds

= 1-016 tonnes

Volume

1 litre =0-220 gallons (U.K. or Imperial) = 1 cubic metre
1 gallon = 4-546 litres

1 gallon = 1-200 U.S. gallons = 0-00455 cubic metres

1 barrel =42 U.S. gallons = 35 gallons = 0-159 cubic metres

(Densities of crude oil vary, but 7-5 barrels per tonne is an accepted average
figure.)

1 cubic metre = 35-31 cubic feet
1 cubic foot =0-02832 cubic metres
Pressure

1 atmosphere = 1-013 bar = 14:696 pounds per square inch
=1-013 x 10° newtons per square metre
= 1-013 x 10° pascal

Temperature

Degrees Centigrade = 0-556 (degrees Fahrenheit — 32)
Degrees Fahrenheit = 1-80 (degrees Centigrade) + 32

Degrees Kelvin = degrees Centigrade + 273

Energy

1 therm = 100000 British thermal units

1 British thermal unit = 0252 kilocalories = 1-055 kilojoules
1 kilocalorie = 4-184 kilojoules

1 kilowatt hour = 3600 kilojoules = 859-8 kilocalories
= 3412 British thermal units.
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CONVERSION FACTORS
Power

1 horsepower = 0-746 kilowatts
1 kilowatt = 1-34 horsepower
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Maleic acid

Maleic anhydride

Citric acid

Methyl laurate
Stearic acid
Acrylonitrile
Adiponitrile
Urea

Ketene

Toluene

Aniline

Cumene

Benzyl alcohol
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EDITORIAL INTRODUCTION

The importance of industrial chemistry

Chemistry is a challenging and interesting subject for academic study. Its
principles and ideas are used to produce the chemicals from which all manner
of materials and eventually consumer products are manufactured. The
diversity of examples is enormous, ranging from cement to iron and steel, and
on to modern plastics which are so widely used in the packaging of consumer
goods and in the manufacture of household items. Indeed life as we know it
today could not exist without the chemical industry. Its contribution to the
saving of lives and relief of suffering is immeasurable; synthetic drugs such as
those which lower blood pressure (e.g. S-blockers), attack bacterial and viral
infections (e.g. antibiotics such as the penicillins and cephalosporins) and
replace vital natural chemicals which the body is not producing due to some
malfunction (e.g. insulin, some vitamins), are particularly noteworthy in this
respect. Effect chemicals also clearly make an impact on our everyday lives.
Two examples are the use of polytetrafluoroethylene (polytetrafluoroethene
Teflon or Fluon) to provide a non-stick surface coating for cooking utensils,
and silicones which are used to ease the discharge of bread from baking tins. It
should also be noted that the chemical industry’s activities have an influence
on all other industries, either in terms of providing raw materials or chemicals
for quality control analyses and to improve operation, and to treat boiler
water, cooling water and effluents. The general public is increasingly interested
in the operations of the chemical industry, in its concern both about the safety
of chemicals and the operation of chemical plant.

Industrial chemistry is a topic of growing interest and importance for all
chemistry students. Indeed a survey' of all U.K. departments which offer a
degree course in chemistry showed that almost two-thirds included some
industrial chemistry in their courses and several offered a full degree in this
subject.

Industrial chemistry is characterized by the very broad nature of the subject,
spanning as it does several different disciplines. Apart from chemistry it
includes topics such as organization and management of a company, technical .
economics, chemical engineering and environmental pollution control, and it
would not be complete without an in-depth study of several particular sectors
of the chemical industry. The latter would be selected as a representative cross-
section of the entire industry.



2 AN INTRODUCTION TO INDUSTRIAL CHEMISTRY

Clearly a comprehensive treatment of all these topics would hardly be
possible even in a full degree in industrial chemistry, let alone as an option or
part of a chemistry degree course. Nor would this be appropriate. An
understanding of the basic aspects of, and an appreciation of, the language of
some of the above topics, and their linking with physico-chemical principles in
the manufacture of chemicals is required.

The growing interest in the study of industrial chemistry in undergraduate
courses clearly requires the availability of suitable accompanying student
textbooks. In some areas of the subject excellent monographs are available
(these are detailed in the ‘further reading’ section at the end of each chapter).
However, for a broad introductory treatment to the whole of industrial
chemistry they are too detailed and therefore inappropriate. Books presenting
an overall introduction to industrial chemistry are few and far between. The
few valiant attempts indicate the difficulties, since they either (a) attempt to
be too comprehensive and are therefore somewhat superficial in the treatment
of certain topics2, (b) tend to be rather a catalogue of factual material®,
or (c) adopt an entirely different approach—that of process development—
leading to the coverage of rather different topics®. A more recent two-volume
publication® has much merit but its very high cost puts it beyond the reach
of students.

The aim of writing this textbook is to provide a readable introduction to the
very broad subject of industrial chemistry (or chemical technology) in a single
volume of a reasonable length. Although the text is aimed primarily at
chemists, much of its material will be of value to first- and second-year students
studying for degrees in chemical engineering. Finally those graduates about to
enter industry after taking a ‘pure’ chemistry degree course should find that it
is a useful introduction to industry, and therefore provides a bridge between
their academic studies and their first employment. Our approach has been to
use a team of specialist authors comprising both practising industrialists and
teachers. We hope to convey the challenge, excitement, and also the difficulties
which are involved in chemicals manufacture. Emphasis will be given to
factors vital in the production process. Examples are the economics,
engineering and pollution-control aspects. However, it should be made clear
that our aim is just to introduce these subjects and not provide an extensive
course in them. This should equip the reader—assuming he or she is a
chemist—not only with a broader appreciation of their subject but also with
the understanding to enable them to converse with chemical engineers and
technical economists. This is vital in the very large projects undertaken by the
major chemical companies where co-operation within a team comprising
scientific and commercial personnel of several different disciplines is essential.
Those readers requiring a more detailed study are directed to the biblio-
graphy at the end of the appropriate chapter. Physico-chemical principles will
be integrated with the above aspects, where appropriate. The interplay, and
often the compromise, between these various factors will be discussed and
emphasized. Even within the chemistry itself there are often substantial dif-
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ferences between college and industrial chemistry. The general area of oxida-
tion reactions is a good example. In the academic situation sophisticated,
expensive, or even toxic reagents are often used, e.g. osmium tetroxide,
whereas industrially the same reaction will almost certainly be carried out
catalytically and using the cheapest reagent of all—air. Another important
point of difference is that in college decisions are usually made in a situation
where the required background information is virtually complete. For
example, assigning a particular mechanism to a reaction is usually carried out
on the basis of a substantial amount of experimental supporting evidence.
Although one can never prove a chosen mechanism correct, the more
supporting evidence that is collected the more confidence one has in it. The
manager in industry, in contrast, is invariably working in a situation of only
limited information. Thus he may have to decide which of several new projects
to back, on the basis of financial evaluations projected up to ten years ahead.
The uncertainty in the figures is considerable since assumptions have to be
made on the interest rates, inflation, taxation, etc. Nevertheless he has to use
his managerial ability to come to a decision in a situation of limited availability
of reliable information.

Statistics

Production statistics and prices are extensively used in certain chapters in this
book in order to illustrate points such as scale of operation, or comparison of
companies and national chemical industries. National and international
statistics, due to their extensive nature, take some considerable time to collect
and collate, and may refer to a period which ended a few years before the date
of their publication. We therefore recommend that the reader overcomes these
difficulties by regarding all figures not as absolute or currently correct but
more as being indicative of orders of magnitude, trends or relative positions. In
other words it is the conclusions which we can draw from the figures which are
important rather than the individual statistics themselves. If current figures are
of interest, however, they can often be gleaned from journals such as Chemical
and Engineering News, Chemical Marketing Reporter or European Chemical
News. More specific sources are detailed at the end of each chapter.

There are a number of points which should be borne in mind when
considering statistics—particularly those relating to economic comparisons.
Firstly, in terms of national and international statistics items included under
the term, say ‘chemicals’ may vary from country to country. In other words
there is not a single standard classification system. The information may also
be incomplete since it may cover only the larger companies, and in some
countries there may be a legal obligation to provide it whereas in others it may
be purely voluntary. Similarly, sales of chemicals compared either in-
ternationally or by individual multinational corporations (a term which
covers all large chemical companies) can be significantly affected by the
currency exchange rate chosen in order to obtain all figures in U.S. dollars or
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U K. pounds. Because of its fluctuating nature, depending on the time chosen
for the interconversion, it could favour some companies or countries and
adversely affect others. This reinforces the suggestion made above to treat
figures on a relative rather than an absolute basis.

Although figures relating to companies and national chemical industries are
available for most of the world, those relating to the communist bloc of
countries (USSR, Eastern Europe and China) are either difficult to obtain or
are of limited reliability. For this reason these countries have not been
considered in the text.

Costing details relating to specific processes are also difficult to obtain.
Whilst the reluctance of companies to make these known, for commercial
reasons, can to a large extent be appreciated, this does leave an important gap
when putting together case studies for use in teaching. It must be acknowled-
ged that U.S. companies are rather more forthcoming in this respect than their
European counterparts. Fortunately journals like European Chemical News
and particularly Chemical and Process Engineering do publish such inform-
ation from time to time.

Units and nomenclature

Thereis a general trend in science towards a more systematic approach to both
units and nomenclature, i.e. naming specific chemical compounds. For units
the S.I. (Systéme International) system has been widely introduced, and
science students in Europe are brought up on this. However, in industry a
range of non-S.I. units are used. For example, weights may be expressed as
short tons (2000 Ibs), metric tons or tonnes (1000kg or 2205 1bs) or long tons
or tons (2240 Ibs) or even (particularly in the U.S.A.) millions of pounds. It is
therefore necessary to be bi- or even multilingual and to assist in this
conversion factors are given at the beginning of this book.

There are arguments for and against whichever units are used but we have
chosen to standardize on tonnes for weight (tonnes), degrees centigrade for
temperature (°C), and atmospheres for pressure (atm). Both pounds sterling
(£) and U.S. dollars ($) are used for monetary values because of the volatility
of their exchange rates over the last two decades. Billions are U.S. billions,
i.e. one thousand millions.

In naming chemical compounds the systematic IUPAC system is increas-
ingly used in educational establishments. However in many areas of chemistry,
e.g. natural products, trivial names are still far more important, as indeed they
are in the chemical industry. Again it is desirable to be bilingual. To assist
in this trivial names are used in this book, but the IUPAC name is usually
given in brackets afterwards. A reference table for the two systems of naming
compounds is also provided at the front of the book. Since only trivial names
are used in the index in this book, this conversion table should be used to
obtain the trivial name from its systematic counterpart.
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General bibliography

A selection of some of the important sources of information on the chemical
industry and its major processes is given below. These should be used in
conjunction with the more specific references given at the end of each chapter.

(a) Reference works

(i) Encyclopedia of Chemical Technology, R. E. Kirk and D. F. Othmer,
Interscience, New York. This multi-volume series is very compre-
hensive and is usually the first source to consult for information.
Publication of the third edition has been completed.

(ii) Riegel’s Handbook of Industrial Chemistry, 8th edn., J. A. Kent, Van
Nostrand Reinhold, New York, 1982. A multiauthor survey of the
chemical industry.

(iil) The Chemical Process Industries, 3rd edn., N. Shreve, McGraw-Hill,
New York, 1967. A little dated now, strong on heavy inorganics and
weak on organics.

(iv) Chemical Technology, 1st English edn., F. A. Henglein, Pergamon
Press, London, 1969. Very strong on the technology of the German
chemical industry.

(v) Industrial Organic Chemicals in Perspective, Vols. I and II, Harold
A. Witcoff and Bryan G. Reuben, Wiley—Interscience, New York,
1980. An excellent account of the production and use of organic
chemicals.

(b) Textbooks

These are detailed under references 2, 3, 4, and 5 below.

(c) Journals

A selection are given below, the first four giving a fairly general coverage and
the remainder more specific coverage of the chemical industry.
(i) European Chemical News
(i) Chemistry and Industry
(ili) Chemical and Engineering News
(iv) Chemical Age
(v) Chemical Marketing Reporter
(vi) Chemical and Process Engineering
(vii) Hydrocarbon Processing

(d) Patents

These are covered in Chemical Abstracts plus specialist publications such as
those issued by Derwent Publications in the UK.
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CHAPTER ONE

INTRODUCTION

C. A. HEATON

The aim of this first chapter is to give something of an overview of that diverse
part of manufacturing industry which is called the chemical industry. In doing
0, a number of topics are introduced fairly briefly, but are discussed in more
detail later in the book. As well as being a lead in to the other chapters, it
should give the reader an idea of what the industry does, which are the major
chemical producing countries, the scale of operations, the major products, and
briefly discuss environmental issues.

The chemical industry exists to increase wealth, or add value (primarily of
the shareholders in the companies which make up the industry), by taking raw
materials such as salt, limestone and oil, and turning them into a whole range
of chemicals which are then either directly, or indirectly, converted into
consumer products. These products arguably improve our lives and lifestyles,
and we could not live the way we do without them. Examples such as synthetic
fibres being made into garments which drip dry and do not need ironing, and
the amazing range of their colours, testify to the achievements of the research
chemists, engineers and technologists. Also modern fresh fruit and vegetables
are of better quality and remain fresh longer thanks to the products of the
agrochemicals sector. However, the latter applications of chemicals plus a
number of other areas are not without controversy and these items are
addressed in more detail in a number of sections in this book (see sections 1.6
and 8.6 particularly). Although some people may question the addition of
chemicals to food, for example to hasten ripening of fruit or to extend the life of
fresh vegetables, ther is no doubt that without the products of the chemical
industry less food would be available to us and it would be of inferior quality
and have a shorter life time.

We should also draw attention to the many life saving and therapeutic drugs
and medicines produced by the pharmaceutical sector of the industry. These
have made a major contribution to the dramatically increasing life expectancy
rates during the 20th century. These topics are discussed in detail in Volume 2
(throughout this book references to Volume 2 refer to The Chemical Industry
by C. A. Heaton, Blackie and Son Ltd.), Chapters 4 and 5. The few unfortunate

7
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tragedies and disasters—thalidomide, Seveso, Bhopal (which are discussed
later in this chapter)—should not detract from the remarkable contribution
which the chemical industry makes to our lives. Sadly in the past it has, by
default, contributed to its own negative image by only speaking out in
response to some pollution incident which has occurred. It is surely time that
the industry took the initiative to put across to the public all the positive and
beneficial things which it does and the remarkable products which it continues
to develop. There are welcome signs that this change is starting to take place.

Clearly the chemical industry is part of manufacturing industry and within
this it plays a central part even though it is by no means the largest part of the
manufacturing sector. Its key position arises from the fact that almost all the
other parts of the sector utilize its products. For example, the food industry
relies on the chemical industry for its packaging materials; modern automo-
biles depend heavily on synthetic polymers and plastics, which also play an
increasing role in the building industry. Nowadays all manufacturing industry
must keep a careful check on the quality of the waste materials and effluents
which are produced. This necessitates chemicals for analysis and probably also
for treating the waste before discharge or for recovering by-products.

Having emphasized the central role which the chemical industry plays both
in our lives and within manufacturing industry, and having been given
examples to illustrate this, the reader should now look at section 3.2.1 to
appreciate how to define the chemical industry. As you will see it’s not as easy
as it seems!

Several references to the importance of the chemical industry to our society
have already been made and this is further emphasized in a number of places in
this book, but particularly in sections 3.2.2 and 3.3.1.

1.1 Characteristics of the industry

In the developed world, Europe, U.S.A. Japan, etc., the chemical industry has
now become a mature manufacturing industry, following its explosive growth
in the 1960s and early 1970s. However, its rate of growth still exceeds that of
most manufacturing industries. In most developed countries the ratio is 1.5-2
to 1 (see p. 64). As expected, growth rates are higher in countries which might
be classed as developing countries in chemical terms. Examples are Korea,
Mexico and Saudi Arabia. In the latter two cases readily and cheaply available
supplies of crude oil and natural gas have created the stimulus for this growth.,

One of the main factors responsible for the growth in the developed world is
a major characteristic of the chemical industry—its great emphasis on
research and development (R&D). This led in the 1950s and 1960s to the
introduction of many new products which now command world markets of
over 1 million tonnes annually. Examples are synthetic polymers such as
polythene, PVC and nylon. Although the number of new products coming
forward has declined since those halcyon days, the very high commitment to
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R&D remains and expenditure as a percentage of sales income is double that
of all manufacturing industry.

The chemical industry is very much a high technology industry with full
advantage being taken of advances in electronics and engineering. Thus the
use of computers is extremely widespread: from automatic control of chemical
plant to automating and/or extending the abilities of analytical instruments.
This also partly explains why it is capital rather than labour intensive.

The scale of operations within the industry ranges from quite small plants (a
few tonnes per year) in the fine chemical area to the giants (100-500 thousand
tonnes per year) of the petrochemical sector. Although the latter take full
advantage of the economy of scale effect (section 5.7), if the balance between
production capacity and market demand is disturbed the losses due to running
at well under design capacity can be extremely high. This is particularly
evident when the economy is depressed, and the chemical industry’s business
tends to follow the cyclical pattern of the economy with periods of full activity
followed by those of very low activity.

The major chemical companies are truly multinational and operate their
sales and marketing activities in most of the countries of the world, and they
also have manufacturing units in a number of countries. For example ICI, the
U.K.’s largest chemical company, has sites in 40 countries and sells to over 150
countries. This international outlook for operations, or globalization, is a
growing trend within the chemical industry, with companies expanding their
activities either by erecting manufacturing units in other countries or by
taking over companies which are already operating there. Further discussion
of these characteristics can be found in section 3.7.

1.2 Scale of operations

It is important to appreciate that although most of the discussion about the
chemical industry tends to revolve around the multinational giants who are
household names—Bayer, Ciba-Geigy, DuPont, ICI—the industry is very
diverse and includes very many small-sized companies as well. There is a
similar diversity in the sizes of chemical plants. By and large these divide
according to whether the plant operates in a batch mode or a continuous one.
Generally speaking, the batch type are used for the manufacture of relatively
small amounts of a chemical, say up to 100 tonnes per annum. They are
therefore not dedicated to producing just a single product but are multi-
purpose and may be used to produce a number of different chemicals each
year. In contrast continuous plants are designed to produce a single product
(or arelated group of products) and as the name suggests they operate 24 hours
a day all the year round. Nowadays they are invariably controlled by
computers. They have capacities in the 20000 to 600 000 tonnes per annum
range and are generally used to make key intermediates which are turned into
a very wide range of products by downstream processing. Most examples
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(ethylene, benzene, phenol, vinyl chloride etc.) are to be found in the
petrochemicals sector but another well known example is ammonia. These
operations are discussed in detail in Chapter 11. Clearly such large and
sophisticated plants require a very high capital investment, and this is
illustrated by SHOP (Shell Higher Olefines Plant) which cost Shell £100
million to build at Stanlow on Merseyside in the early 1980s. In the late 1980s
further investment was made to increase its capacity. In contrast small-scale
batch plants are used to manufacture fine chemicals. These are chemicals
which are needed in relatively small quantities and high purity. Examples are
pharmaceuticals, dyestuffs, pesticides and speciality chemicals such as optical
fibre coatings and aerospace advanced materials (speciality polymers).

1.3 Major chemical producing countries

Comparisons between the U.K. chemical industry and those in other countries
are made in section 3.3.2. The U.S. chemical industry and other countries are
also discussed, in sections 3.4, 3.5, and 3.6. However, it is useful at this stage to
indicate which are the important chemical producing countries. The most
important by a considerable margin is the United States, whose total
production equates roughly with that of Western Europe. Within the latter
area West Germany is the largest producer followed in turn by France, UK.,
Italy and the Netherlands. Note, however, that the second most important
chemicals producer (based on value of sales) is Japan, which has double the
output of the third country, West Germany. The U.S.A.’s output is some 509
higher than that of Japan. Although reliable statistics are harder to obtain, the
U.S.S.R. and the Eastern Bloc are also important chemical manufacturers.

1.4 Major sectors and their products

The major sectors of the chemical industry are those forming most of the
chapter headings in The Chemical Industry (Volume 2). A similar categoriz-
ation is shown in Table 1.1, even though this is based more on end uses
of the chemicals. Note that kere the comparison between the sectors is based
on the value added, i.e. roughly the difference between the selling price and the
raw material plus processing costs. This means that pharmaceutical products,
which sell for very high prices per unit of weight (up to tens of thousands of
pounds per tonne or more), stand out much more than petrochemicals
(organics plus synthetics/plastics) which typically sell for several hundreds of
pounds per tonne. Even the vastly greater tonnage of the latter does not
reverse the positions. Some of the major sectors of the chemical industry are
listed below.

Petrochemicals Chlor-alkali products

Polymers Sulphuric acid (sulphur industry)

Dyestuffs Ammonia and fertilizers (nitrogen industry)
Agrochemicals Phosphoric acid and phosphates (phosphorus

Pharmaceuticals industry)
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Table 1.1 Sectors of the U.K. chemical industry (1987) (gross value added)

% share
Pharmaceuticals 27
Specialized chemical products—industrial/agricultural use 18
Organics 16
Soaps and toilet preparations 10
Synthetic resins, plastics and rubber 7
Paints, varnishes and printing inks 6
Dyestuffs and pigments 5
Inorganics 5
Specialized chemical products—household/office use 4
Fertilizers 2

The petrochemicals sector provides key intermediates, derived from oil and
natural gas, such as ethylene, propylene and benzene. These are then used as
raw materials for downstream processing in some of the other sectors listed. It
is clearly one of the most important sectors of the industry and forms the
subject of Chapter 11.

The polymers sector is the major user of petrochemical intermediates and
consumes almost half the total output of organic chemicals which are
produced. It covers plastics, synthetic fibres, rubbers, elastomers and adhes-
ives, and it was the tremendous demand for these new materials with their
special, and often novel, properties which brought about the explosive growth
of the organic chemicals industry between 1950 and 1970.

Although the dyestuffs sector is much smaller than the previous two, it has
strong links with them. This arose because the traditional dyestuffs, which
were fine for natural fibres like cotton and wool, were totally unsuitable for the
new synthetic fibres like nylon, polyesters and acrylics. A great deal of research
and technological effort within the sector has resulted in the amazingly wide
range of colours in which modern clothing is now available.

Agrochemicals (or pesticides) is an area of immense research effort with
demonstrable success in aiding the production of more and better food. Along
with pharmaceuticals it is a bluechip sector, i.e. very profitable for those
companies which can continue to operate in it.

Pharmaceuticals has been the glamorous sector of the industry for some
years now. This arises from an excellent innovative record in producing new
products which has led, for many companies, to high levels of profitability. In
addition, demand for its products is unaffected by the world’s economy and
therefore remains high even during recessions. This contrasts with the
situation for most other sectors of the chemical industry. Indeed criticism
seems to regularly surface that profits are too high, but this must be set against
the R&D costs, which exceed £100 million to get one new drug to market
launch. The chlor-alkali products sector produces mainly sodium hydroxide
and chlorine, both of which are key basic chemicals and are discussed in
Chapter 9. This chapter demonstrates nicely the influence of new technology
and energy costs on chemicals production.

Sulphuric acid is the most important chemical of all in tonnage terms. Its
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production can be regarded as having reached maturity some years ago, but
even now work is being done to remove the last traces of unreacted SO, (for
environmental reasons).

Ammonia and fertilizers is a sector in which it has been difficult to achieve a
balance between capacity and demand, and this has often led to major cost
cutting and losses for many companies. In tonnage terms it is one of the most
important sectors and it is based on the Haber process for ammonia. This is
very energy- demanding (moderately high temperatures and very high
pressures) and a fortune is awaiting anyone who can find a viable alternative
route. It will not be easy since no one has yet succeeded despite 70 years of
intensive research effort!

Various phosphates are produced from phosphoric acid which is made
either by adding sulphuric acid to phosphate rock (wet process) or by burning
phosphorus in air to give phosphorus pentoxide, which is then hydrated.
Major uses of phosphoric acid are the production of phosphate and
compound fertilizers, formation of sodium tripolyphosphate (which is used as
a builder in detergents where it forms stable water-soluble complexes with
calcium and magnesium ions) and the production of organic derivatives like
triphenyl and tricresyl phosphate. These are used as plasticizers for synthetic
polymers and plastics.

Soaps and detergents represent an interesting and rather different sector.
Interesting in that early production of soap, with its demand for alkali, can
be viewed as the beginnings of the modern chemical industry. Different from
the other sectors in that its products are sold directly to the public and
market share probably has more to do with packaging and marketing than
the technical properties of the product. Many of its products can be derived
from both petrochemical intermediates and from animal and vegetable oils
and fats, e.g. alkyl and aryl sulphonates. Chemicals from oils and fats are
discussed in section 2.2.4.

1.5 Turning chemicals into useful end products

Although some chemicals, such as organic solvents, are used directly, most
require further processing and formulating before they can be put to their end
uses. In some cases, where novel materials have been discovered, major
technological advances were required before they could be processed and their
unique properties utilized. Such a material is polytetrafluoroethylene, which is
better known as PTFE or under its trade names Fluon (ICI) and Teflon
(DuPont). When this was first made its special properties of great chemical
stability, excellent electrical insulation, very low coefficient of friction (hence
its non-stick applications) and very wide working temperature range were
quickly recognized. However, its use was delayed for several years because it
could not be processed by conventional techniques and it had to await the
development of powder metallurgy techniques.

In order to appreciate the downstream processing and technology, let us
take as an example polyvinyl acetate and one of its applications as a binder in
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emulsion paint. Here its function is to bind the pigment, e.g. titanium dioxide,
such that a homogeneous film is produced on evaporation of the water base.
What processing steps are involved in making the polyvinyl acetate and in
finally formulating the paint?

The story starts with crude oil or natural gas fractions, e.g. naphtha, which
are cracked to give principally ethylene. The ethylene is then reacted with
acetic acid and oxygen over a supported palladium catalyst to produce the
vinyl acetate (see section 11.7.4). Finally this is polymerized to polyvinyl
acetate which is then mixed with the other ingredients to produce the emulsion
paint.

The above examples teach us an important lesson; although it is the
chemists who make and discover the new chemicals which may have special
properties, a considerable input from engineers and technologists may be
required before the chemical can be processed and converted into a suitable
form in which it can be used. This emphasizes an important aspect of research
and technology in the chemical industry, namely the importance of inter-
disciplinary teamwork.

1.6 Environmental issues

Ever since Rachel Carson drew attention to the adverse environmental effects
of some pesticides in her book Silent Spring in 1962, there has been a growing
concern and awareness of environmental issues. The environmental move-
ment has grown very rapidly in recent years and this is evident from the
establishment and rapid growth of the Green political parties in countries like
West Germany and the U.K. It is therefore appropriate to examine the
position of the chemical industry with regard to the environment since a
number of the problems have been laid at the former’s doorstep.

Some of the major problems are much wider than the chemical industry;
acid rain (see section 8.6.1) and the greenhouse effect (section 8.6.3) are clearly
problems created by the energy industry, although in the latter case burning of
the rain forests is a significant and worrying contributor. Nuclear waste is also
a result of the activities of part of the energy industry. It is interesting to
speculate that if all our energy requirements were met by nuclear fission power
both the acid rain and greenhouse effect (caused largely by the combustion of
fossil fuels) would be considerably reduced, but would this merely replace one
set of problems by another? The answer to all this would seem to be the
generation of energy by nuclear fusion, but as we all know there are immense
technical problems to be overcome before this is a viable process.

Let us now briefly look into several major environmental
problems/disasters which clearly are associated with the chemical industry.

1.6.1 Flixborough

This major disaster occurred in 1974 at the Flixborough works of Nypro
(U.K.) Ltd. The plant involved was part of the process for producing Nylon 6,
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and was used for the stage in which cyclohexane is oxidized to cyclohexanol
plus cyclohexanone. One of the reactors had been removed for repair and
temporarily replaced by a large diameter pipe which was inadequately
supported. Cyclohexane began to leak and a very large cloud of it eventually
ignited, causing a massive explosion. This resulted in 28 dead, almost 100
injured and damage to nearly 2000 factories, houses and shops in the
neighbourhood.

It was the U.K. chemical industry’s blackest day but note that it appeared to
be caused by human error.

1.6.2 Minamata Bay (Japan)

This incident, in 1965, led to almost 50 deaths and to 100 seriously ill people.
They displayed symptoms of mercury poisoning and the problem was traced
to mercury which had been discharged into the bay by a chemical company.
There it was converted into the very toxic dimethyl mercury by micro-
organisms at the bottom of the sea. This substance concentrated in fish which
were subsequently eaten by the victims.

Incidents such as this led to a major tightening up of pollution laws in Japan
and nowadays up to 50% of the capital cost of a new plant can be earmarked
for pollution control equipment.

1.6.3 Thalidomide and drugs

The thalidomide tragedy in 1961, in which some pregnant women who were
prescribed the drug gave birth to grossly malformed babies, is one in which the
companies involved (Chemie Griinenthal and Distillers) were criticized for not
detecting this problem during testing of the drug before it was marketed. This
was unjustified because at that time no one had ever envisaged that a drug
could pass from the mother to the foetus and cause such dreadful results.
Nowadays of course testing for this—known as tetratogenicity—is routinely
carried out with several different mammals for all potential drugs and
pesticides. Where the companies were quite rightly criticized was in not
withdrawing the product quickly enough and in not compensating the victims
(until after litigation taking many years), once the link between the drug and
these side effects had been established.

Drug abuse involving e.g. barbiturates and tranquilizers, is an area where
the industry sometimes comes in for criticism. This is quite wrong because it is
a social problem of our whole society. It is also very important to place these
problems in context. These few tragedies must be viewed against the hundreds
of millions of lives which have been saved and prolonged by the thousands of
new drugs and medicines which the pharmaceutical industry has produced.
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1.6.4 Seveso, Bhopal and pesticides

Over the years pesticides have probably attracted more adverse comment than
any other chemical products. Whilst one should quite rightly discuss the
problems associated with products such as Dieldrin, DDT and Agent Orange,
and have these replaced by less toxic, more environmentally acceptable
products, these difficulties must again be put into context. These few problem
pesticides must be viewed against the many thousands which are in regular use
and have not caused any difficulties but have helped crop yields increase
dramatically. It is an accepted projection that if all pesticides were banned
world food production would fall by at least 50%,. Those products which
caused problems did so because they were not selective enough. However, the
selectivity of some recent pesticides is quite remarkable; for example, herbicides
now exist which kill wild oats (a weed) growing amongst the oat or barley crop,
leaving the crop totally unaffected.

In Seveso in Northern Italy in 1976, a plant used for manufacturing the
herbicide 2,4,5-T (2,4,5-trichlorophenoxyacetic acid), which was a component
of Agent Orange (used as a defoliant in Vietnam), blew up and released about
2kg of dioxin. This is one of the most stable and toxic chemicals known and is
also teratogenic, like thalidomide. Hundreds of people living nearby were
evacuated and the contaminated soil removed and destroyed. Although no
one died or appeared to suffer as a result of this accident, it was a potential
disaster. Like Flixborough, the cause again appears to be human error. Most of
the above points are discussed in more detail in Chapter 5 of Volume 2.

More recently an accident at a plant in Bhopal in India accidently released
methyl isocyanate onto the surrounding population with terrible
consequences—some reports have put the final death toll as high as 3000 and
many thousands more were seriously injured. After 4 years of legal wrangling
the company owning the plant, Union Carbide, in 1989, agreed to pay $470
million to the victims. Yet again human error appears to have been the cause of
the tragedy.

1.6.5 CFCs (chlorofluorocarbons)

CFCs are the remarkably inert and non-toxic chlorofluorocarbons such as
CFCl11, (CFCl;) and CFC12, (CF,Cl,). Their trade names are Freons
(DuPont) and Arctons (ICI). They have been widely used for many years as
refrigerants, aerosol propellants and polyurethane foam-blowing agents.
Ironically it is their very stability which has proved to be their undoing because
they rise up into the stratosphere unchanged. There they are decomposed on
exposure to the sun’s short wave U.V. radiation into CI" and these radicals
cause the breakdown of the ozone layer which screens us on earth from this
dangerous U.V. radiation. More detail is given on this topic in section 8.6.2.
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Most of the world’s developed nations, the major users of CFCs, plus some
third world countries, signed an agreement known as the Montreal Protocol
which is a timetable for reducing and phasing out the use of CFCs. Pressure is
being increased to speed up the phase out so that it is complete by the end of
this century.

All the major producers, about 10 worldwide, are working flat out to
produce a family of alternatives which are known as HFCs (hydro-
fluorocarbons). These generally do not contain chlorine and should therefore
have a much smaller effect on the ozone layer. The front runner is HFC 134a
(CF3;CH,F) and several companies have collaborated on joint toxicity tests for
this compound. The race is on to get the first manufacturing unit up and
running to produce this product in the most economical way and the
investment is huge. ICI, for example, has a team of 60 scientists and engineers
working on this project and by the time the first plant comes on stream in 1991
they will have invested a total of more than £100 million. Companies like
DuPont and Hoechst will have made similar commitments. There are also
some major technical difficulties to be overcome to ensure that the new
products are compatible with, for example, the mineral oils and gaskets used in
COmpressors, etc.

In concluding this section, although attention has been drawn to some
serious pollution problems these must be seen against the background of an
industry operating very many potentially very hazardous processes every day.
Clearly the vast majority operate safely and efficiently. There does also seem to
be a greater concern for the environment by the companies and although one
can see that they have to a degree been pushed towards this by organizations
like Greenpeace, they can take a good deal of credit themselves for their
changing attitudes to safety and the environment. After all, the people who
work for the companies live in the same environment as the rest of us.



CHAPTER TWO

SOURCES OF CHEMICALS

C. A. HEATON

2.1 Introduction

The number and diversity of chemical compounds is remarkable: over ten
million are now known. Even this vast number pales into insignificance when
compared to the number of carbon compounds which is theoretically possible.
This is a consequence of catenation, i.e. formation of very long chains of
carbon atoms due to the relatively strong carbon—carbon covalent bonds,
and isomerism. Most of these compounds are merely laboratory curiosities or
are only of academic interest. However, of the remainder there are probably
several thousand which are of commercial and practical interest and this text
will demonstrate the very wide range of chemical structures which they
encompass. It might therefore be expected that there would be a large number
of sources of these chemicals. Although this is true for inorganic chemicals,
surprisingly most organic chemicals can originate from a single source such as
crude oil (petroleum).

Since the term ‘inorganic chemicals’ covers compounds of all the elements
other than carbon, the diversity of origins is not surprising. Some of the more
important sources are metallic ores (for important metals like iron and
aluminium), and salt or brine (for chlorine, sodium, sodium hydroxide and
sodium carbonate). In all these cases at least two different elements are
combined together chemically in the form of a stable compound. If therefore
the individual element or elements, say the metal, are required then the
extraction process must involve chemical treatment in addition to any
separative methods of a purely physical nature. Metal ores, or minerals, rarely
occur on their own in a pure form and therefore a first step in their processing is
usually the separation from unwanted solids, such as clay or sand. Crushing
and grinding of the solids followed by sieving may achieve some physical
separation because of differing particle size. The next stage depends on the
nature and properties of the required ore. For example, iron-bearing ores can
often be separated by utilizing their magnetic properties in a magnetic
separator. Froth flotation is another widely used technique in which the
desired ore, in a fine particulate form, is separated from other solids by a
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difference in their ability to be wetted by an aqueous solution. Surface active
(anti-wetting) agents are added to the solution, and these are typically
molecules having a non-polar part, e.g. a long hydrocarbon chain, with a polar
part such as an amino group at one end. This polar grouping attracts the ore,
forming a loose bond. The hydrocarbon grouping now repels the water, thus
preventing the ore being wetted, and it therefore floats. Other solids, in
contrast, arereadily wetted and therefore sink in the aqueous solution. Stirring
or bubbling the liquid to give a froth considerably aids the floating’ of the
agent-coated ore which then overflows from this tank into a collecting vessel,
where it can be recovered. The key to success is clearly in the choice of a highly
specific surface-active agent for the ore in question.

Chemical treatment depends on the nature of the ore, but for metal oxides
and sulphides, reaction with a reducing agent like coke may be employed, as in
the blast-furnace where iron oxide is converted into iron. More recent
developments have centred on extracting metals from waste-heaps of old mine
workings. When these materials (or tailings) were first co-mined they were
discarded because the desired metal ore content was too low to make
the extraction economically viable. However over recent years the prices of
metals have increased and this, coupled with new processing methods, means
that the economics have now become favourable. An example is extraction of
copper from an aqueous solution of its nitrate using a selective complexing
agent or even using a specific micro-organism which concentrates a particular
metal.

Atypically, there are a few materials which occur in an elemental form.
Perhaps the most notable example is sulphur, which occurs in underground
deposits in areas such as Louisiana, Southern Italy and Poland. It can be
brought to the surface using the Frasch process in which it is first melted by
superheated steam and then forced to the surface by compressed air. This
produces sulphur of high purity. Substantial quantities of sulphur are also
removed and recovered from natural gas and crude oil (petroleum). This
amounted to 21 million tonnes out of a total world sulphur production of 35
million tonnes in 1980, and clearly demonstrates the vast scale on which the oil
and petrochemical industries operate since crude oil normally contains
between 0.1 and 2.5%; of sulphur, depending on its source. Desulphurization
of flue gases from some U.K. power stations will be another source of sulphur
in the future (see section 8.1.1.1). Over 80%; of all sulphur is converted into
sulphuric acid, and approximately half of this is then used in fertilizer
manufacture.

A second example of the occurrence in nature of materials in elemental form
is air, which may be physically separated into its component gases by
liquefaction and fractional distillation. In this way substantial amounts of
nitrogen and oxygen, plus small amounts of the inert gases argon, neon,
krypton, and xenon are produced. A recent development has been the use
of zeolites (p. 320) for carrying out this separation.



SOURCES OF CHEMICALS 19

In contrast to inorganic chemicals which, as we have already seen, are
derived from many different sources, the multitude of commercially important
organic compounds are essentially derived from a single source. Nowadays in
excess of 90%; (by tonnage) of all organic chemicals is obtained from crude oil
(petroleum) and natural gas via petrochemical processes. This is a very
interesting situation—one which has changed over the years and will change
again in the future—because technically these same chemicals could be
obtained from other raw materials or sources. Thus aliphatic compounds, in
particular, may be produced via ethanol, which is obtained by fermentation
of carbohydrates. Aromatic compounds on the other hand are isolated from
coal-tar, which is a by-product in the carbonization of coal. Animal and
vegetable oils and fats are a more specialized source of a limited number of
aliphatic compounds, including long-chain fatty acids such as stearic (octa-
decanoic) acid, CH,(CH,),,CO,H, and long-chain alcohols such as lauryl
alcohol (dodecanol), CH,(CH,),, OH.

The relative importance of these sources of chemicals, or chemical feed-
stocks, has changed markedly over the past thirty years. In 1950, in the UK.,
coal was the source of 60%; of all organic chemicals, oil accounted for 99 and
carbohydrates the remainder. Since 1970, oil and natural gas have dominated
the scene, providing the source for over 90%; of chemicals. Coal and carbohy-
drates complete the total, the latter contributing < 19/ of total production. The
relative positions in the next century could be quite different because supplies
of oil are limited and at the present rates of usage, even allowing for the current
discoveries of new oilfields, it is forecast that they will be exhausted some time
during the next century. Coal is in a similar situation, although because of its
lower rate of use and its vast reserves, the time-scale is greater and is measured
in hundreds of years before supplies run out.

Figure 2.1 shows the economically recoverable reserves of fossil fuel, i.e. oil,
gas and coal reserves'. The formation of these fossil fuels takes millions of
years and once used they cannot be replaced. They are therefore referred to as
non-renewable resources. This contrasts with carbohydrates which, being
derived from plants, can be replaced relatively quickly. A popular source is
sugar-cane—once a crop has been harvested and the ground cleared, new
material may be planted and harvested, certainly in less than one year.
Carbohydrates are therefore described as renewable resources. The total
annual production of dry plant material has been estimated? as 2x 10! tonnes.

Fossil fuels—natural gas, crude oil and coal—are used primarily as energy
sources and not as sources of organic chemicals. For instance various
petroleum fractions are used as gas for domestic cooking and heating, petrol
or gasoline for automobiles, and heavy fuel oil for heating buildings or
generating steam for industrial processes. Typically only around 8% of a barrel
of crude oil is used in chemicals manufacture. Thus the price of crude oil is
affected by the world supply/demand for energy. The lower-boiling fractions of
value as feedstock for the chemical industry have alternative uses as premium
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fuels. Prices have risen faster than energy prices in general. Thus the increasing
popularity of petroleum as a world energy source has had a double impact on
the organic-chemical industry, increasing both the price of feedstock and the
energy required for chemical conversion and separation processes. The
following figures demonstrate why the chemical industry can compete with the
fuel- or energy-using industries for the crude oil:

Form of oil Relative value of oil
Crude oil 1
Fuel 2
Typical petrochemical 10
Typical consumer product 50

This competition for the precious, limited, resource of crude oil will have to be
resolved in favour of its use for chemicals manufacture. Alternative energy
sources are available such as nuclear and, in certain locations, hydroelectric.
Despite varying degrees of opposition from some sections of the public
because of the possible hazards associated with the use of radioactive
materials, nuclear energy makes a significant contribution to the total energy
requirements of most nations in the developed world. A typical figure for
Western Europe is around 10%, with France leading the way by producing
40% of its needs by nuclear fission. If the immense practical problems of
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bringing about, and controlling, nuclear fusion can be solved then almost
unlimited supplies of energy will become available. The process of nuclear
fusion is not only a very important natural process but an essential one for life
on earth, since the fusion of two hydrogen nuclei together to produce a helium
nucleus occurs in the sun and is accompanied by the release of vast amounts of
solar radiation energy, which is required to warm our planet and enable plants
to carry out photosynthesis and hence grow to provide food. Tremendous
worldwide efforts are being made to satisfactorily harness many natural forms
of energy, notably solar, wind, tidal and wave. Again, despite the practical
problems, the long-term rewards will make a significant diminution in the
world use of fossil fuels and nuclear energy. Another energy medium which
is attractive from an environmental point of view, since it is clean, is hydrogen.
Combustion of this yields only water. There seems, however, to be a
psychological barrier to its use since it is thought of as a dangerous material
due toits flammability. Solid metallic tanks are required for its storage, but the
principal drawback is its currently expensive method of production by
electrolysis of water. Development of an efficient process for the photode-
composition of water is the key, and work towards this is progressing slowly.
However if some of these barriers can be overcome its attractions are obvious.

To demonstrate and assess the feasibility of hydrogen, a village has been
constructed in the United States which uses hydrogen as its only energy
medium—for cooking, heating and even powering automobiles and buses.
A West German company has also developed, and is currently evaluating,
a hydrogen-powered bus. Although it is a little early to pronounce judgements
on these experiments, nevertheless it would appear that most of the technical
problems have been solved and the only difficulties are economic and
psychological.

A further reason to discontinue the use of fossil fuels for energy generation is
that they produce mainly carbon dioxide and water by complete combustion.
Because this has taken place on such an enormous scale over many years, the
quantity of carbon dioxide released into the atmosphere has been very large
indeed. Considerable concern has been expressed for the consequences of this.
It has been suggested that as all this carbon dioxide diffuses into the earth’s
upper atmosphere it will reduce the amount of screening of the sun’s rays,
causing the so-called greenhouse effect (section 8.6.3).

Clearly alternative energy sources to fossil fuels are now available if we have
the will to use them, and we can confidently expect other alternatives to
become available in the not too distant future. It is therefore essential that we
retain our precious oil supplies for chemicals production. The statement that
‘the last thing you should do with oil is burn it” becomes more valid every year.
It is interesting, and salutory, to note that as early as 1894 Mendeleyev (the
Russian chemist who developed the Periodic Table) reported to his govern-
ment that ‘oil was too valuable a resource to be burned and should be
preserved as a source of chemicals’.
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A further benefit of replacing oil as an energy source is that most of the
known reserves—around 370 thousand million barrels out of a free-world
total (i.e. excluding the Communist bloc) of about 550 thousand million
barrels—are located in the Middle East, which is an area noted for its political
instability. Thus security of oil supply and gradual changes in its price cannot
be guaranteed. Therefore reducing dependence on oil to a large extent and
substituting for it, if possible, an indigenous material like coal not only secures
supplies but helps the balance of payments. A country like West Germany,
which does not have any oil of its own but has large coal reserves, could clearly
derive great benefit from such change, provided it were economically viable.
Even a change to nuclear energy would help, since the overall cost of the raw
material—the uranium ore—would be smaller due to the much smaller
quantities required, and the security of supply should be less of a problem since
the ore occurs throughout the world, particularly in North America, Southern
Africa, Australia and Sweden. The much higher capital costs for the nuclear
power station are an important factor which has to be taken into con-
sideration. Prototype fast-breeder reactors have been operated in the UK. for
several years now and when fully developed they could substantially improve
the economics of nuclear energy. This is because they enable more energy
to be extracted from ‘waste’ uranium and in addition utilize the plutonium
produced in conventional reactors as fuel.

2.2 Sources of organic chemicals

As we have already seen, these are surprisingly few in number and it is
technically possible for each to act as the raw material for the synthesis of the
majority of all the organic chemicals of commercial importance. The choice
between them is therefore largely a matter of economics, which has been
greatly influenced by the scale of operation. The dominant position of oil and
natural gas as the source of more than 90%; of all organic chemicals is due in
considerable measure to the very large scale on which the petrochemical
industry operates. This feature is shared with the oil-refining industry from
which it developed and which provides its feedstocks. For example, Shell’s
Stanlow refinery on Merseyside—a typical large modern refinery—has the
capacity to process 50 000 tonnes per day of crude oil, i.e. 18 million tonnes per
annum,

A different job is carried out at the very large on-shore establishments at the
U K. end of the pipelines from North Sea oilfields. They are primarily engaged
in removing the dissolved hydrocarbon gases in order to stabilize the oil for
export in tankers. Petrochemical plants having capacities between 100 and 500
thousand tonnes per year are commonplace. In times of high production levels
this allows the full benefits of the economy-of-scale effect (see chapter 5) to be
realized, resulting in a relatively low (but still profitable) selling price for the
chemical. Unfortunately the recession (or period of low demand) at the start of
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the 1980s shows the other side of the coin, where once production levels on
these very large continuous plants fall below something like 70%; of capacity
considerable losses are incurred, and these rise drastically the further this
figure falls. At the present time (1989), production is buoyant and operations
are quite profitable. However, some writers are already forecasting that there
will be overcapacity again by the mid 1990s, since in western Europe seven
new ethylene plants have been announced during the past eighteen months
and virtually all existing plants are having their capacity increased to varying
degrees. This contrasts completely with the early 1980s when only two new
ethylene crackers were built, at Ludwigshafen (BASF) in 1981 and Mossmorran
(Exxon/Shell) in 1986. During this period major rationalization of businesses
occurred as a result of heavy losses being sustained.

Natural gas is also a major petrochemical feedstock. Because it has a similar
chemical nature it will be included with oil (petroleum) in subsequent
discussions in this chapter. However it is less versatile than petroleum because
carbon—carbon bonds have to be built up. Carbonylation technology is
available (see section 11.4) and natural gas is far superior to coal as a source
of carbon monoxide. Nevertheless, although coal is much more difficult to
extract from the ground and handle than fluid hydrocarbons, it will grow in
importance as a source of organic chemicals as petroleum and natural gas
stocks decrease because of overall world shortage or political starvation (coal
is currently the major source of chemicals and hydrocarbon fuels in South
Africa). Carbohydrates (now generally called biomass) also involve solids
processing. They are mainly available in tropical countries where there is a
much smaller concentration of chemical processing plants.

Each of these chemical feedstocks—oil (and natural gas), coal, carbohy-
drates, and also animal and vegetable oils and fats—will be considered in
turn. Treatment of oil and natural gas will be more limited than its importance
merits because they are considered in detail in Chapter 11 on petrochemicals.

2.2.1 Organic chemicals from oil and natural gas

The petroleum or crude-oil processing industry dates from the 1920s, and in
these early days its operations were confined to separation of the oil into
fractions by distillation. These various fractions were then used as energy
sources, but the increasing sales of automobiles pushed up demand for the
gasoline or petrol fraction. Development of processes such as cracking and
reforming was stimulated and by this means higher-boiling petroleum
fractions, for which demand was low, were converted into materials suitable
for blending as gasoline. Additionally these processes produced olefins or
alkenes, and at this particular time there was no outlet for these as petroleum
products. Subsequent research and development showed that they were very
useful chemical intermediates from which a wide range of organic chemicals
could be synthesized. This was the start of the petrochemical industry.



24 AN INTRODUCTION TO INDUSTRIAL CHEMISTRY

Up to the early 1940s the production of chemicals from petroleum was
confined to North America. This was due in no small measure to the policy of
locating refineries adjacent to the oilfields. From 1950 this policy was reversed
and the crude oil was transported from oilfields (the major ones then being
located in the Middle East) to the refineries, now located in the areas occupied
by the major users of the end products. This coincided with, or led to, the
development of the European petrochemical industry, followed in the 1960s
by Japan. Oil-producing countries, such as Saudi Arabia, have continued
this trend into chemicals production and in the 1970s and 1980s petro-
chemicals production has become a truly worldwide activity.

The meteoric rise of 0il as a source of chemicals has already been attributed
mainly to economic factors—its remarkably stable price during the 1950-
1970 period, when prices generally were rising each year due to inflation, and
the benefits of the economy-of-scale effect (section 5.7) coupled with process
improvement over the years. However, over the past decade two factors have
had a marked effect leading to rising production costs, despite increased
competition in petrochemicals. The first of these was the policy of OPEC
(Organization of Petroleum Exporting Countries) which led in 1973 to the
price of crude oil quadrupling within a very short period. Its effect, not only on
chemicals and energy production, was dramatic on the economies of the
world, particularly in Europe. The ramifications of the resulting swing of
purchasing power from the oil-importing countries to the Arab countries has
had a profound influence on world financial dealings. Since 1973 crude oil
prices have fluctuated, sometimes quite markedly, in contrast to the period
of great stability up to 1970 (see section 11.1). The second factor influencing
production costs of petrochemicals and chemicals production in general, has
been the increasing concern of the public about the environment and also for
the safety of industrial plant. The need, and desirability, of conforming to
regulations in attempting to ensure a clean and safe environment have had a
significant influence in increasing processing costs. One extreme example of
this quotes 70% of the total capital cost of a plant constructed in Japan
being attributed to pollution-control equipment. These aspects are discussed
in detail in Chapter 8.

Crude oil or petroleum has been discovered in many locations throughout
the world, important reserves occurring in the Middle East, North America
(including Alaska), the North Sea (UK. and Norwegian) and North Africa
(Algeria and Libya). The precise composition of the oil varies from location to
location, and this may be apparent even from its odour and its physical
appearance, particularly with reference to viscosity, since oils vary from those
with very high viscosities, almost treacle-like in consistency, to much more
fluid liquids. Indeed analysis of oil slicks at sea, by gas-liquid chromatography,
has been used to identify the country of origin, and this, together with
knowledge of tanker movements, has been used in the prosecution of skippers
for illegal washing-out of empty crude-oil tanks at sea.
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Crude oil consists principally of a complex mixture of saturated hydro-
carbons—mainly alkanes (paraffins) and cycloalkanes (naphthenes) with
smaller amounts of alkenes and aromatics—plus small amounts (< 5% in
total) of compounds containing nitrogen, oxygen or sulphur. The presence of
the latter is undesirable since many sulphur-containing compounds, e.g.
mercaptans, have rather unpleasant odours and also, more importantly, are
catalyst poisons and can therefore have disastrous effects on some refinery
operations and downstream chemical processes. In addition, their combustion
may cause formation of the air pollutant sulphur dioxide. They are therefore
removed at an early stage in the refining of the crude oil (or else they tend to
concentrate in the heavy fuel oil fraction). One way of achieving this is by
hydrodesulphurization in which the hot oil plus hydrogen is passed over a
suitable catalyst. Sulphur is converted into hydrogen sulphide, which is
separated off and recovered.

The complex mixture of hydrocarbons constituting crude oil must first be
separated into a series of less complex mixtures or fractions. Since the
components are chemically similar, being largely alkanes or cycloalkanes, and
ranging from very volatile to fairly involatile materials, they are readily
separated into these fractions by continuous distillation. The separation is
based on the boiling point and therefore accords largely with the number of
carbon atoms in the molecule. Figure 2.2 shows the typical fractions which are
obtained, together with an indication of their boiling range, composition and
proportion of the starting crude oil.

Figure 2.2 Distillation of crude oil

Boiling range
(°C) (at Number of
atmospheric  carbon atoms Approximate %,

Fraction pressure) in molecule by volume
—GASES < 20 1-4 1-2
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—GAS OIL 250-340 14-19 15-20
—DISTILLATE
FEEDSTOCKS for
LUBRICATING OIL and 340-500 19-35 40-50
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FUEL OILS
~ BITUMEN > 500 > 35
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In terms of producing chemicals it is the lower-boiling fractions which are of
importance—particularly the gases and the naphtha fractions. However
consideration of the nature of the components of these fractions (they are
largely alkanes and cycloakanes) suggests that they will not be suitable for
chemical synthesis as they stand. Alkanes are well known for their lack of
chemical reactivity—indeed their old name, paraffins, is derived from two
Latin words, parum and dffinis, meaning, ‘little affinity’. They need to be
converted into more reactive molecules and this is achieved by chemical
reactions which produce unsaturated hydrocarbons such as alkenes and
aromatics. As expected, because of the alkanes’ lack of reactivity, the reaction
conditions are very vigorous, and high temperatures are required. Alkenes
are produced by a process known as cracking, which may be represented in
very simple terms as

800-1000°C

catalyst

2CH,, CH, + 3C,H, + C,H, + C;H,

In practice the feedstock, being a crude-oil fraction such as gases or naphtha,
is a mixture and therefore the product consists of a number of unsaturated and
saturated compounds (cf. p. 356). Cracking is used to break down the
longer-chain alkanes, which are found in (say) the gas-oil fraction, producing
a product akin to a naphtha (gasoline) fraction. This process was developed
because of the great demand for naphtha and the relatively low demand for
gas oil, particularly in the U.S.

Aromatics are made from alkanes and cycloalkanes by a process aptly
named reforming, which may be represented, again in over-simplified terms, as

heat
CeH, I + 4H,
catalyst, e.g. Pt metal

As in cracking, the feedstock is a mixture of compounds. A substantial
conversion (¢.50%) to aromatic compounds is achievable. The principal
components, benzene, toluene and the xylenes, are separated for further
processing.

Separation and purification of products is a major cost item in industrial
chemical processes. It is important not only to isolate the desired product but
also to recover the by-products. The economic success of many processes
involves finding uses for co-produced materials. Greater selectivity in the re-
action will minimize by-product formation and hence reduce the purification
requirements. It is often economically desirable to run a reaction at a lower
conversion level in order to increase selectivity even though this increases the
amount of recycling of reactants.

Natural gas is found in the same sort of geological areas as crude oil, and
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may occur with it or separately. It consists mainly of methane plus some
ethane, propane and small amounts of higher alkanes, and has long been a
very important chemical feedstock for ethylene (ethene) production in the
U.S.A,, although its importance has started and will continue to decrease as
supplies dwindle. In Europe natural gas was first discovered in the province of
Groningen in Holland in 1959. This turned out to be the largest natural gas
field in the world, containing an estimated 60 million million cubic feet of gas
and extended out under the North Sea. The gas consists almost entirely of
methane, with very few other alkanes being present. This discovery stimulated
searches in the other areas of the southern North Sea and was rewarded in
1965 when British Petroleum found natural gas. Further discoveries soon
followed and this gas has been used as a fuel for heating (both domestic and
industrial) and cooking. Drilling in the more exposed northern areas of the
North Sea has resulted, during the 1970s, in the discovery of several other
important oil and gas fields in areas east of the Shetland Isles. This has made
natural gas readily available in the United Kingdom as a chemical feedstock.
Steam reforming of natural gas (discussed in detail in section 11.4) is a very
large scale and important reaction for producing synthesis gas (syngas), which
is a mixture of carbon monoxide and hydrogen, viz.

Ni catalyst
CH, +H,0 —————— CO +3H,
850°C
Natural gas syngas

The importance of syngas as an intermediate for the production of a variety
of organic chemicals is demonstrated later (section 11.4). Large quantities of
hydrogen, produced as indicated above, are used in ammonia synthesis using
the high-temperature and high-pressure Haber process, viz.

N, +3H,=2NH,; (see section 11.4.1.2)

2.2.2 Organic chemicals from coal

Coal, like crude oil (petroleum), is a fossil fuel which forms over a period of
millions of years from the fossilized remains of plants. It is therefore also a non-
renewable resource. However, reserves of coal are several times greater than
those of petroleum’, and, in contrast to petroleum, most European countries
have deposits of coal varying from significant to very large quantities. The
United States also has large reserves of coal. Extraction and handling of the
coal is more difficult, and expensive, than for oil.

Although the precise nature of coal varies somewhat with its source (like
crude oil), analysis of a representative sample shows it to be very different from
oil. Firstly, its H :C ratio is on average about 0.85 :1 (the corresponding figure
for oil being around 1.70:1). Secondly, it consists of macro, or giant, molecules
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having molecular weights up to 1000. Thirdly, a significant proportion of
heteroatoms—particularly oxygen and sulphur—are present!. The com-
plexities of coal suggest that coal chemistry will develop along different lines to
that of 0il?, although the wealth of knowledge and experience gained with the
latter will provide considerable and valuable help in this development.

2.2.2.1 Carbonization of coal. Traditionally, and even today to some extent,
chemicals have been obtained from coal via its carbonization. This is brought
about by heating the coal in the absence of air at a temperature of between 800
and 1200°C, viz.

coa] 80=1200C ok e 4 town gas + crude benzole + coal-tar

The major product by far is the coke, followed by the town gas (a mixture
of largely carbon monoxide and hydrogen) with only small amounts of crude
benzole and coal-tar (~ 50kg per 1000kg of coal carbonized) being formed,
but it is from these that chemicals are obtained. It is therefore clear that for
the carbonization process to be viable there must be a market for the coke
produced. The steel industry is the main outlet for this, and therefore demand
for coal carbonization is closely linked to the fortunes of this industry. Until
some twenty years ago demand was high, certainly in Europe, not only for
coke but also for the town gas which was widely used for cooking and heating.
With its replacement by natural gas there is now no demand at all for town gas
in the United Kingdom. Coupled with this is a much lower demand for coke by
the steel industry due to a marked decrease in the level of output of steel plus
increases in the efficiency of the process which has reduced the quantity of
coke required per tonne of steel produced. Thus the demand for coal
carbonization has fallen considerably over the past few decades and it is not
economically feasible to carry out this operation merely to obtain the crude
benzole, coal-tar, and chemicals derived from them.

Coal-tar is a complex mixture of compounds (over 350 have been identified)
which are largely aromatic hydrocarbons plus smaller amounts of phenols.
The most abundant individual compound is usually naphthalene, but this only
comprises about 8% of the coal-tar. Typical weights of major chemicals
obtainable from coal (isolated from coal-tar plus crude benzole) are

coal benzene + naphthalene + phenol
1000kg 53kg 29kg 0.4kg

The initial step in the isolation of individual chemicals from coal-tar is
continuous fractional distillation (cf. oil) which yields the fractions shown in
Fig. 2.3. '

Each of these fractions still consists of a mixture of compounds, albeit a
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Figure 2.3 Distillation of coal-tar

Boiling range
(°C)(at Approximate

atmospheric % by
) pressure) volume .
Fraction Main components
— AMMONIACAL
LIQUOR
— LIGHT OIL up to 180 benzene, toluene,
xylenes (dimethyl
benzenes), pyridine,
picolines (methyl-
pyridines)
— TAR ACIDS 180-230 8 phenols, cresols
(carbolic oil) (methylphenols),
COAL- | naphthalene
TAR
> ABSORBING OIL 230-270 17 methylnaphthalenes,
(creosote oil) quinolines,
lutidines
(dimethylpyridines)
- ANTHRACENE OIL 270-350 12 anthracene,
phenanthrene,
acenaphthene
> RESIDUE 60
(pitch)

much simpler and less complex mixture than the coal-tar itself. Some are used
directly, e.g. absorbing oil is used for absorbing benzene produced during
carbonization of coal and it is also used—under the name creosote—for
preserving timber. More usually they are subjected to further processing to
produce individual compounds. Thus the light-oil fraction is washed with
mineral acid (to remove organic bases such as pyridine, plus thiophene), then
with alkali (to remove tar acids, i.e. phenols). The remaining neutral fraction is
subjected to fractional distillation which separates benzene, toluene and the
xylenes.

Figure 2.4 shows some of the main uses of primary products which are
obtained from crude oil and from coal.

2.2.2.2 Gasification and liquefaction of coal. In view of the difficulties of
obtaining chemicals from coal via carbonization and coal-tar (discussed
above), it is not surprising that alternative routes starting from this source have
been under very active investigation for some years now. These routes have all
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Figure 2.4 Some uses of primary products derived from coal and oil.
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reached at least the pilot-plant stage of development and indeed some have
achieved full commercialization. They may be grouped under two headings:
(a) gasification and (b) liquefaction. Before considering representative exa-
mples of these methods it is important to realize that, as in the case of oil, the
same products are also used as fuels, i.c. as energy sources. Although the
technological problems in these coal conversion processes are being overcome
fairly rapidly, the swing back from oil to coal as a source of organic chemicals
will tend to be gradual. Even by the end of this century some estimates suggest
that only between 10 and 309, of organic chemicals will be derived from coal.
Reasons for this include the following.

(a) Capital required. Very large capital sums will be required to expand
mining operations and transportation facilities. Due to the considerable
differences in the nature of oil on the one hand, and coal and its conversion
products on the other, much of the existing petrochemical plant may not be
suitable, and in any case it may require replacing by the end of the century.
This clearly requires a vast amount of capital expenditure.

(b) Commercial availability. As indicated, this varies from process to process,
and although some are already available many are still only undergoing pilot-
plant trials and it may be some years before they are suitable for full-scale
manufacturing.

(¢) Incentives for change. The principal advantage of oil is that (i) it contains
molecules with linked carbon atoms, and (ii) it contains hydrogen already
attached to carbon atoms. Other attractions of oil as a source of chemicals are
its mobility due to its liquid nature and the scale and efficiency of the
established processes for its conversion. Coal is less attractive because, as a
solid, it is much more difficult to handle and transport. Recent events have
reduced the momentum of the drive from oil to coal. Many of the oil-
producing countries have maintained or even increased production levels
(although Saudi Arabia is a notable exception) since the oil revenues are the
cornerstone of their development and industrialization, but consumption of
oil has been reduced due to energy conservation measures, and this has led to
a current surplus. The present world recession is another major contributor
to reduced oil usage. Stabilized, or reduced, prices resulted, maintaining the
advantage of oil over coal. Certainly continued lower levels of consumption
will prolong the time-scale for the availability of oil, postponing the swing
back to coal. Any major switch away from oil to alternative sources of energy
will have the same effect although the net effect would be much more dramatic.

There is no doubt about the switch from oil to coal as a source of organic
chemicals; the only uncertainty concerns the time-scale and rate at which it
happens.

Coal-conversion processes under development are directed towards pro-
ducing either gaseous or liquid feedstocks which approximate in composition
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to petroleum-derived feedstocks. They can then be utilized directly in existing
petrochemical plant and processes. To achieve this, however, two problems
must be overcome, which are a consequence of the differing natures of coal and
oil. Firstly, the H:C ratios are different for coal and for petroleum-derived
liquid feedstocks. Secondly, significant amounts of heteroatoms are present in
coal, particularly sulphur which may reach levels as high as 3%;. The sulphur
has to be removed for two reasons: (i) on combustion it will form the
atmospheric pollutant SO,, and (ii) it is a potent catalyst poison, and most of
the downstream petrochemical processes are catalytic. However, its removal
from coal is difficult and it is therefore removed from the conversion products
instead.

Consider now the two types of coal conversion processes, (a) liquefaction
and (b) gasification.

(a) Liquefaction. Liquefaction of coal, via hydrogenation, is quite an old
process which was operated commercially in Germany during World War II
when external fuel supplies were cut off. Tens of millions of tonnes of gasoline
were produced in this way during this period. Interestingly, West Germany is
today playing a leading part in the development of more efficient processes.
For the resulting liquids to be suitable chemical feedstocks the H :C ratio must
be improved in favour of more hydrogen. Clearly this can be achieved in two
ways—either by adding hydrogen or by removing carbon. Although many of
the new processes are only at the pilot-plant stage of development, their
superiority over the old methods is due to increased sophistication of the
chemical engineering employed plus improvements in the catalysts available.
The basic problems, however, remain the same—poor selectivity in producing
the desired fractions and a relatively high rate of consumption of hydrogen.

The fundamental processes involved are pyrolysis, solvent extraction and
hydrogenation. Differences between the techniques being developed lie in how
these fundamental processes are combined. Thus the Solvent Refined Coal
Process (Gulf Qil) uses the minerals in the coal as the catalyst, and
hydrogenation with hydrogen is effected in the liquefaction reactor at 450°C
and 140atm. pressure. In contrast the Exxon Donor Solvent process uses
tetralin (1,2,3,4-tetrahydronaphthalene) as the source of hydrogen in the
liquefaction reactor, which also operates at 450°C and 140 atm. pressure.
Further hydrogenation of the product liquids is carried out in a separate
reactor, and the overall yield is about 0-4 tonnes of liquids per tonne of coal
used. The National Coal Board in the U.K. is developing a supercritical direct
solvent extraction of the coal process. This process uses toluene (the best
solvent) at 350-450°C and 100-200atm pressure, and it is claimed that
separation of liquids from the solid material remaining is easier and the solvent
can be recycled. Hydrogenation is effected in an additional step. Note that in
the above processes the main product is a highly carbonaceous solid material
known as char. This is either burnt to provide process heat or reacted with
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water and oxygen to produce hydrogen. Figure 2.5 summarizes some typical
coal liquefaction processes.’

The liquids produced by coal liquefaction are similar to fractions obtained
by distillation of crude oil (although they are much richer in aromatics), and
therefore require further treatment, e.g. cracking, before being used for
synthesis.

(b) Gasification. Coal gasification is commercially proven—for example in
the SASOL plants in South Africa—and may be directed towards producing
either high-energy fuel gas which is rich in methane, or synthesis gas
(syngas) for chemicals production. Some well-known processes are sum-
marized inFig. 2.6". In these processes the coal, in a suitable form, plus steam
and oxygen enter the gasification reactor where they undergo a complex series
of reactions, the balance between these depending on the temperature
employed. Thus at high temperatures, i.e. 1000°C,

2C+2H,0 —2CO +2H,

dominates.
At lower temperatures competition with

CO + H,0 —CO, + H,

and
CO +3H, —CH, +H,0

take place.

Hence higher temperatures are used to produce predominantly mixtures of
carbon monoxide and hydrogen, or syngas. The Texaco process operated by
Ruhrkohle in Germany produces a gas consisting mainly of carbon monoxide
and hydrogen and only 19, methane. The production and value of syngas as a
chemical and fuel feedstock is summarized in Fig. 2.7. Syngas, ammonia and
methanol are considered in more detail in section 11.4. Note that small
amounts of alcohols and esters are produced in the Fischer—Tropsch process.
Synthesis of specific oxygenated products is described in chapter 11.

Although the Fischer—Tropsch process (based on coal) has been un-
economic for many years compared to oil-based routes, the peculiar political
situation of South Africa allied with its large reserves of cheap coal led it to
continue operating this process. Indeed, the experience gained led in the 1970s
to the building of a second-generation plant, (the scheme for this SASOL II
plant is shown in Fig. 2.8%) and a SASOL III plant is now on stream.

As indicated in Fig. 2.7, methanol is readily obtained from syngas, and its
conversion to hydrocarbons over a metal-oxide catalyst is well known.
However, this gives a wide range of hydrocarbons, and the catalyst’s lifetime is
relatively short. Mobil gained a breakthrough with their discovery in the 1970s
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liquefaction o
coal > hydrocarbon liquids

methane

syngas (CO + H,) -»  methano!

—

ethylene glycol other primary alcohols

Figure 2.7 Uses of syngas.

of the ZSM-5 zeolite catalysts, which are much more selective, have longer
lifetimes and can produce ethylene as well. Their selectivity is towards lower-
molecular-weight hydrocarbons (< C, ). Also, the product is rich in aromatics
(~ 25%) and the alkanes present show a high degree of branched chains (both
of these contrast with the Fischer—Tropsch product). The product therefore
has a high octane rating and is very suitable for use as gasoline. The sharp cut-
off at C,, productsis associated with the small pore size (5-6 A) of the catalyst.
A commercial plant utilizing this process came on stream in 1985 in New
Zealand. .

As indicated, the process can be directed towards ethylene production and
hence chemical synthesis. The use of ZSM-5 catalysts for direct conversion of
syngas into hydrocarbons (i.e., without the need to produce methanol first)
and selective preparation of benzene, toluene, and xylene aromatics only are
already being actively investigated.

2.2.3 Organic chemicals from carbohydrates (biomass)

The main constituents of plants are carbohydrates which comprise the
structural parts of the plant. They are polysaccharides such as cellulose and
starch. Starch occurs in the plant kingdom in large quantities in foods such as
cereals, rice and potatoes; cellulose is the primary substance from which the
walls of plant cells are constructed and therefore occurs very widely and may
be obtained from wood, cotton, etc. Total dry biomass (i.c. plant material)
production has been estimated at 2 x 10'! tonnes annually®. In some regions
of the world—particularly in underdeveloped countries—biomass in the form
of wood is the sole energy source. Also in all parts of the world much biomass is
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Figure 2.8 Fischer—Tropsch process—Sasol 11 plant.

grown and harvested for food, and the material remaining when the food
has been extracted can be utilized for chemicals production. An example is
molasses which is left after the sugar (sucrose) has been extracted from sugar
cane. Thus, not only is the potential for chemicals production from biomass
considerable, as the figure above demonstrates, but the feedstock is renewable.
The major route from biomass to chemicals is via fermentation processes.
However these processes cannot utilize polysaccharides like cellulose and
starch, and so the latter must first be subjected to acidic or enzymic hydrolysis
to form the simpler sugars (the mono- or disaccharides, e.g. sucrose) which are
suitable starting materials.

Fermentation processes utilize single-cell micro-organisms—typically
yeasts, fungi, bacteria or moulds—to produce particular chemicals. Some of
these process have been used in the domestic situation for many thousands of
years, the best-known example being fermentation of grains to produce alco-
holic beverages. Indeed up until about 1950 this was the most popular route to
aliphatic organic chemicals, since the ethanol produced could be dehydrated
to give ethylene, which is the key intermediate for the synthesis of a whole
range of aliphatic compounds. This is illustrated in Fig. 11.2. Although
chemicals production in this way has been declining there is a lot of interest in
producing automobile fuel in this way. This has been led by Brazil, which has
immense resources of biomass, e.g. from the Amazon jungle, to utilize in
alcohol production, and thus reducing its dependence on imported oil. Since
1930 it has been mandatory to use 5% of alcohol in gasoline or petrol in Brazil,
and under the ‘Proalcool’ programme commenced in 1975 this has been
increased to 15%,. More recently 96%;-alcohol gasoline has become available
for engines which have been specially modified to run on this fuel. This seems
likely to be followed by other developing nations, particularly if the price of



38 AN INTRODUCTION TO INDUSTRIAL CHEMISTRY

crude oil continues to rise; Kenya’s first gasohol plant, having a capacity of 18
million litres per year, has recently come on stream.

The current low level of production of chemicals from carbohydrates, or
biomass, is largely a consequence of the unfavourable economics vis a vis oil.
Disadvantages reflected in this can be divided into two parts (a) raw materials
(b) the fermentation process. Raw-material costs are higher than that of crude
oil, because biomass is an agricultural material and therefore in comparisonits
production and harvesting is very labour-intensive. Also, being a solid
material transportation is more difficult and expensive. Major disadvantages
of fermentation compared with petrochemical processes are, firstly, the time
scale, which is usually of the order of days compared to literally seconds for
some catalytic petrochemical reactions, and secondly, the fact that the product
is usually obtained as a dilute aqueous solution (< 109, concentration). The
separation and purification costs are therefore very high indeed. Since the
micro-organism is a living system, little variation in process conditions is
permitted. Even a relatively small increase in temperature to increase the
reaction rate may result in death of the micro-organism and termination of the
process.

On the other hand particular advantages of fermentation methods are that
they are very selective and that some chemicals which are structurally very
complex, and therefore extremely difficult to synthesize, and/or require a
multi-stage synthesis, are easily made. Notable examples are various anti-
biotics, e.g. penicillins, cephalosporins and streptomycins. In addition to the
antibiotics, citric acid (2-hydroxypropane-1, 2, 3-tricarboxylic acid) is a good
example of this:

Aspergillus niger ?HICOIH
CraHz04 > HO—C—CO,H
6-12 days
CH,CO,H
sucrose citric acid

The feedstock for these fermentations is usually a carbohydrate, but
hydrocarbon fractions, or methanol derived from petroleum sources, have
also been used in fermentation processes to produce single-cell protein. There
is a shortage of protein for human consumption in many of the developing
nations and fermentation protein could make a valuable contribution as a
foodstuff supplement in these cases. However concern over safety, particularly
with regard to even low concentrations of hydrocarbon residues, means that
none of this protein has yet been approved for human consumption. There is
an important psychological barrier to be overcome in these considerations
and the difficulties have already forced BP to dismantle its 100 000 tonne per
annum hydrocarbon-based plant, which used yeast as the micro-organism, in
Sardinia. In contrast ICI have been operating a plant since 1980 at their
Billingham works, using a methanol feedstock and the micro-organism
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Methylophilus methylotropus to produce their protein ‘Pruteen’®, which is sold
as an animal feed. Since methanol is readily soluble in water, any that is not
converted does not contaminate the ‘Pruteen’. This plant’s capacity is 60 000
tonne per annum, but this plant has closed down because it could not compete
with the cheaper protein obtained from soyabean. The USSR is reported to
have several alkane-based plants operating with capacities up to 200000
tonne per annum. In contrast there has been little interest in single-cell
protein in the U.S.A because it is the world’s leading soyabean-protein
producer.

Provided that the immense practical problems associated with the rapidly
developing field of genetic engineering, where micro-organisms such as
bacteria are ‘tailor-made’ to produce the required chemical, can be overcome,
then the interest in fermentation methods will be very considerable. Eli Lilly is
one of the companies showing the way, and has started producing insulin
at its Indianapolis and Liverpool plants via recombinant DNA techniques
in which the genes to produce chain A of the insulin are inserted into one
batch of the bacterium E. coli. A second batch of the bacterium receives the
genes to produce chain B of the structure. After isolation and purification
the two chains are then joined chemically to give the insulin. In tests this has
proved identical to human insulin and its production will end total
dependence on animal-derived insulin. This will be of considerable benefit
to diabetes sufferers since it should reduce any allergic or side-effects, and
eliminate, or at least minimize, long-term effects such as blindness. However
it seems unlikely that bulk chemicals, ie. those required in very large
quantities such as ethylene and benzene, will be produced in this way in the
foreseeable future because of the slow reaction rate and the very high product
separation costs.

2.2.4 Organic chemicals from animal and vegetable oils and fats

Animal and vegetable oils and fats—commonly known as lipids—are
composed of mixtures of glycerides, which are esters of the trihydric alcohol,
glycerol (propane-1, 2, 3-triol). They have the general structure

o}
CH,—O0—C—R
0
CH—O—Cl——R‘
CH,—O0—C—R?
y)

The groups R, R?, R?, which may be similar or different, are straight-chain
aliphatic hydrocarbon groupings containing between 10 and 20 carbon atoms.
They may be saturated or unsaturated, e.g.
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(0}

CH;—0—C—(CH,),—CH=CH—(CH,),CH,

CH—O0—C—(CH,),q—CH,

CH,—0—C—(CH,),,—CHj,

There are many different sources of these oils and the nature and proportion of
the R groups varies with the source. Some popular sources are soya, corn,
palm-kernel, rapeseed and olive, animal fats and even sperm whales. Table 2.1
gives an indication of the distribution of R groups. The oils are isolated by
solvent extraction and considerable quantities are used in the food industries
as cooking oils and fats, and for production of butter, margarine and various
other foodstuffs such as ice-cream. There is still controversy about the effect of
the R-groups in these foodstuffs on human health, particularly on high
cholesterol levels in blood which may lead to high blood pressure and heart
disease. Opinion now seems to favour a high proportion of unsaturated
groups as being beneficial in lowering cholesterol levels and reducing the risk
of heart attacks. This has led to a trend away from cooking fats and ordinary
butter or margarine (which are all rich in saturated R groups) to cooking oils
and the use of margarines rich in polyunsaturates.

Being esters, the use of lipids for chemicals production starts with
hydrolysis. Although this can be either acid- or alkali-catalysed, the latter is
preferred since it is an irreversible reaction, and under these conditions the
process is known as saponification, viz.:

(0]
Il
CH,—0—C—(CH,),,CH, CH,—OH
(0]
1] NaOH s
CH —O—C—(CH,),¢CH; — »  CH—OH +3CH;(CH,),,CO; Na
I ea
CHZ—o—ﬁ—(CHZ),,,CH3 CH,—OH
o
stearin glycerol sodium stearate
Table 2.1 Distribution of R groups in various oils
(corresponding Palm Corn Soybean Cod-liver
R group fatty acid) oil oil oil oil
Saturated C,4 (myristic) 1-0 10 05 40
groups C,¢ (palmitic) 47-5 9:0 9:0 10:5
C, ¢ (stearic) 50 25 35 05
Unsaturated C,g (oleic) 38-0 400 280 280
groups with one C=C bond
C, s (linoleic) 85 450 550 o*

with two C=C bonds

tcod-liver oil contains a large proportion of C,, and > C,, R groups
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Salts of long-chain carboxylic, or fatty, acids such as sodium stearate, are the
basic ingredients of soaps. The long hydrocarbon chain dissolves oily or
greasy dirt, whereas the polar part of the molecule—the carboxylate anion—
dissolves in the water enabling the dirt to be washed away.

The hydrolysis can be effected without the aid of a catalyst, but as expected
requires more vigorous reaction conditions, i.e. heating strongly under
pressure with steam. This procedure is known as ‘fat splitting’:

i
CHz—o—g—(CHZ),,.,Cl-l3 CH,—OH
I H,0 _
CH—O0—C—(CH,),4CH; C'H—OH +3CH,(CH,),6,CO,H
CH;—O—ﬁ—(CHZ )16CH, CH,—OH
stearin glycerol stearic acid

A similar result can be obtained under milder conditions using acidic catalysts,
e.g. sulphuric acid. Long-chain fatty acids, such as stearic acid, are difficult to
synthesize and this is therefore the route for their manufacture.

Hydrogenolysis of either glycerides themselves or the corresponding methyl
esters (easily prepared by an ester interchange reaction with methanol)
produces long-chain or ‘fatty’ alcohols e.g.

H,
CH;(CH,),0CO,CHy— Cv\Ha(Cﬂz)xoCHzOH

methyl laurate lauryl alcohol

This reaction is brought about by reaction with hydrogen over a copper
chromite catalyst at a pressure of about 250atm. Under these conditions
carbon—carbon double bonds in the glycerides or methyl esters are also
reduced by the hydrogen. These alcohols can also be made from ethylene but
the vegetable-oil-based route remains competitive at the present time.

It is important to note that for the sake of simplicity the examples given
above of saponification, hydrolysis (fat splitting) and hydrogenolysis reactions
have each used a single glyceride (or methyl ester). In practice, the vegetable oil
which is used is a mixture of various glycerides and the product is therefore a
mixture which requires separating.

2.3 Sources of inorganic chemicals

The diversity of sources of inorganic chemicals was touched on in the
introduction to this chapter and the book entitled The Modern Inorganic
Chemicals Industry® discusses, in detail, the production of a number of
important inorganic chemicals. Comment here therefore will be restricted to a
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Table 2.2 Major sources of inorganic chemicals’

Source

World chemical
consumption 1975
(millions of tonnes)

Examples of uses

Phosphate rock 1200 Fertilizers, detergents

Salt 1200 Chlorine, alkali production

Limestone 600 Soda ash, lime, calcium carbide

Sulphur 50-0 Sulphuric acid production

Potassium compounds 250 Caustic potash, fertilizers

Bauxite 80 Aluminium salts

Sodium carbonate 80 Caustic soda, cleaning formulations

Titanium compounds 44 Titanium dioxide pigments,
lightweight alloys

Magnesite 30 Magnesium salts

Borates 24 Borax, boric acid, glazes

Fluorite 1-5 Aluminium fluoride,

organofluorine compounds

summary of world consumption and major uses of the more important
inorganic raw materials, plus a brief study of the changing raw-material usage
for sulphuric acid production and the reasons for this. Between 1960 and 1975
four alternatives have been utilized in sulphuric acid production. They are
sulphur, anhydrite (CaSO, 4H,0), zinc concentrates (largely ZnS), and
pyrites (largely FeS). Nowadays almost all sulphuric acid production is based
on sulphur as the raw material.

The raw material for sulphuric acid production via the lead-chamber
process or the contact process is sulphur dioxide. However, whereas the
former could accept impure sulphur dioxide, in the contact process (which is
the only process now operated) this is not possible since the impurities would
poison the vanadium pentoxide catalyst used in the conversion to sulphur
trioxide. Hence the disappearance of zinc concentrates and pyrites as sources
today. In contrast, elemental sulphur, extracted from the earth or obtained
from petroleum sources, is very pure and is ideal for burning to sulphur
dioxide. Additionally it is favoured on economic grounds over anhydrite.
Burning sulphur to form sulphur dioxide is a highly exothermic process and
this makes the overall process for manufacturing sulphuric acid energy-
producing. This excess energy is used for steam generation. Sulphuric acid
plant managers are probably the only people (excepting the oil producers) who
do not like to see the price of oil fall—this lowers energy costs and reduces
their net credit for the sale of their energy! This results in an increase of their
manufacturing costs for the sulphuric acid.

Due to its many uses sulphuric acid can be used as a measure of a country’s
industrial development, since consumption of the former increases with the
latter. Also, because production responds rapidly to changes in consumption
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it is also a barometer of industrial activity, even in highly developed countries
such as our own.

2.4 Recycling of materials

The finite nature of most of our sources of chemicals, e.g. oil, coal, metallic
ores, suggests that every effort should be made to conserve these valuable
resources.

Limiting demand for them is clearly one way of approaching this problem
but it may not be practicable if competition, which stimulates demand, is
intense. Since many materials can be recycled, this is an alternative, or indeed
complementary, approach. Some materials have been recycled for many years,
ferrous metals being perhaps the most notable examples. Thus at the end of
their useful life automobiles are crushed and the (rusted) metal returned as part
of the feed to the blast furnace where it is reconverted into iron and steel. Paper
and cardboard are other well-known examples.

More recently many municipal authorities, in conjunction with glass-
making companies, have started to provide ‘bottle banks’. Benefits to the
community accrue in two ways as a result. Firstly, the municipal authority
receives a cash payment related to the amount of glass recovered. Secondly,
despoilment of the environment due to unsatisfactory disposal of the bottles is
eliminated, or at least considerably reduced.

Some municipal authorities recover organic waste from refuse, and
although it is not actually recycled, it is combusted and the heat utilized in
central heating systems for complete housing estates. McCauliffe of
Manchester, U.K., has developed a method of converting organic refuse into
high-quality crude oil, and in collaboration with the local authority is
operating a pilot plant to demonstrate its commercial viability.

Smaller-scale operations are the recycling of automobile engine oil and also
plastics. The latter scheme is made very difficult because the diversity of
plastics makes their identification and separation troublesome.
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CHAPTER THREE

THE WORLD’S MAJOR CHEMICAL INDUSTRIES

C. A. HEATON

3.1 History and development of the chemical industry

3.1.1 Origins of the chemical industry

The use of chemicals dates back to the ancient civilizations. For example,
many chemicals were known and used by the ancient Egyptians—they used
soda (known to them as ‘natron’) mixed with animal fats as soap to wash
corpses, and on its own in the mummifying process which followed. Glass
objects and glazed pottery, which were buried with the mummies for their use
in their assumed after-life, were made from soda and sand.

Evolution of an actual chemical industry is much more recent, and came
about, as with many other industries, during the industrial revolution, which
occurred in the U.K. around 1800 and rather later in other countries. Its initial
development was stimulated by the demand of a few other industries for
particular chemicals. Thus soapmaking required alkali for saponification of
animal and vegetable oils and fats; the cotton industry required bleaching
powder; and glassmaking required sand (silica) and soda (sodium carbonate).
A key advance had been made by Roebuck and Gardner in Birmingham in
1746 when they substituted lead chambers for glass reaction vessels, which had
been used until that time, because the construction in glass had previously
limited the scale of vitriol (sulphuric acid) manufacture. The vitriol was
required in the Leblanc process for making soda from salt, the chemical
reactions being

2NaCl + H,SO, — Na,SO, + 2HCI
Na,SO, + CaCO; + 2C - Na,CO; + CaS + 2CO,
In addition to the uses mentioned above, and as washing soda, sodium
carbonate was also a ready source of sodium hydroxide, viz.
Na,CO; + Ca(OH), - 2NaOH + CaCO,

In the early days of the process, condensing the hydrochloric acid fumes
proved difficult (or was ignored!) as this reference to the Liverpool Works of
James Muspratt (one of the founding fathers of the chemical industry in the
North West of England) shows®. It is from a letter, published in the Liverpool
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Mercury dated 5th October 1827, which stated that Muspratt’s works poured
out ‘such volumes of sulphureous smoke as to darken the whole atmosphere in
the neighbourhood; so much so that the church of St. Martin-in-the-Fields
now erecting cannot be seen from the houses at about one hundred yards
distance, the stones of which are already turned a dark colour from the same
cause. The scent is almost insufferable, as well as injurious to the health of
persons residing in that neighbourhood.” Public outcry against this serious
atmospheric pollution—which also rotted curtains and clothes—Ied to the
passing of the Alkali Act in 1863, the first legislation in the world concerned
with emission standards. Clearly environmental pollution is not merely a
problem of the 20th century. Thus at the beginning of the 19th century the
chemicals industry produced a small number of inorganic chemicals, with the
Leblanc process for making soda from salt (summarized above) at its heart.

Many of these early processes had evolved by trial and error, and there was a
considerable art in getting and keeping them working. Advances in scientific
theories and knowledge during the 1800s—from Dalton’s atomic theory
onwards—provided a much more solid foundation from which the industry
could develop a clearer understanding of the basis of a process and advances in
technology were the result. Recognition of the importance and application of
scientific principles needed men of great foresight, and one such person was
John Hutchinson, who may be considered a pioneer of modern chemicals
manufacture. In 1847 he established a chemical works on Merseyside, not far
from Liverpool. However, he had the vision to recognize the importance of
scale and scientific control to his manufacturing processes. He also proved to
be an excellent manager, certainly in his judgement of men. Not only did he
engage J. W. Towers to develop analytical methods, but also J. T. Brunner as
office manager and Ludwig Mond from Germany to assist in the scientific
development of the manufacturing processes. Friendship between the latter
two led to the formation of the Brunner Mond Company in 1872. This in turn
became a founder member of the well-known chemical giant ICI, Imperial
Chemical Industries. Mond appreciated at a very early stage the importance of
the challenge of the new Solvay ammonia—soda process to the Leblanc
process. This not only overcame to a large degree the considerable effluent
problems of the Leblanc process, but was cheaper in terms of raw materials
and labour, although the capital cost of the plant was considerably higher. The
first Solvay plant in Britain started production for Brunner Mond in 1874, and
due to its economic advantages had captured 20% of the country’s alkali
production within 10 years. It went from strength to strength, and eventually
in 1914 had 90% of the U.K.’s total production.

The process itself may be summarized as

NH, + H,0 + CO,-»NH,HCO,

NaCl + NH,HCO, —» NaHCO,, + NH,Cl
and 2NaHCO;'S Na,CO; + H,0 + CO,
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Treatment of the ammonium chloride liquor with calcium hydroxide
regenerates ammonia for the use in the first reaction:

2NH,CI + Ca(OH), = CaCl, + 2NH; + 2H,0
The calcium hydroxide is obtained from limestone:

CaCO;™5Ca0 + CO,

limestone

Ca0 + H,0 - Ca(OH),

There was no organic chemicals side of the industry to speak of before 1856,
since up to that time any organic materials were obtained from natural
sources. Examples are animal and vegetable oils, fats and colouring matter,
and natural fibres such as cotton and wool. In 1856, as has happened many
times since (sometimes leading to major advances in the subject!), some
planned research work did not give the results expected. William Henry
Perkin was trying to synthesize the antimalarial drug quinine, a naturally-
occurring compound found in the bark of Cinchona trees. Using sodium
dichromate he was attempting to oxidize aniline (phenylamine) sulphate to
quinine, but instead obtained a black precipitate. Rather than just rejecting
this reaction which had obviously failed in its purpose, he extracted the
precipitate and obtained a purple compound. It showed great promise as a dye
and ‘mauve’, as it was named, became the first synthetic dyestuff. Rather
ironically, the mauve was formed because Perkin’s aniline was impure—he
had obtained it in the standard way by nitrating benzene and then reducing the
product, but his benzene had contained significant amounts of toluene.
Although only 18, and a student in London, he had the confidence to terminate
his studies in order to manufacture mauve, which he did very successfully. The
synthetic dyestuffs industry grew rapidly from this beginning and was
dominated by Britain into the 1870s. However, chemical research in Britain by
this time tended to be very academic, whereas in Germany the emphasis was
much more on the applied aspects of the subject. This enabled the Germans to
forge ahead in the discovery of new dyes, early successes being alizarin and the
azo-dyes. So successful were they that by the outbreak of World WarIin 1914
they dominated world production, capturing over 75% of the market.

The very sound base which their success in dyestuffs provided for the large
German companies—BASF, Bayer, Hoechst—particularly in terms of large
financial resources and scientific research expertise and skills, enabled them to
diversify into and develop new areas of the chemical industry. By the early
years of the 20th century advances into synthetic pharmaceuticals had been
made. Early successes were Salvarsan, an organoarsenical for treating syphilis,
and aspirin.

BASF concentrated on inorganic chemistry and achieved notable successes
in developing the contact process for sulphuric acid and the Haber process for
ammonia production. The latter particularly was a major technoelogical
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breakthrough, since it required novel, very specialized plant to handle gases at
high temperatures and pressures. Thus by 1914 Germany dominated the world
scene and was well ahead in both applied chemistry and technological
achievement.

However, the outbreak of World War I changed this situation dramatically.
Firstly, in both Britain and Germany stimulus was given to those parts of the
industry producing chemicals required for explosives manufacture, €.g. nitric
acid. Secondly, Germany was particularly isolated from its raw material
supplies and could not of course export its products, such as dyestuffs, which
led to shortages in Britain and the U.S.A. The result was a rapid expansion in
the manufacture of dyestuffs in these countries. In contrast Germany had to
rapidly develop production of nitrogen-based compounds—particularly
nitric acid for explosives manufacture and ammonium salts for use in
fertilizers—since its major source, sodium nitrate imported from Chile, had
been removed. Commercialization of the Haber process (catalytic oxidation of
ammonia leading to nitric acid) had come at just the right time to make this
possible.

Overall, therefore, the effect of World War I on the chemical industries of
the world was to stimulate home-based production.

3.1.2 Inter-war years, 1918—1939

The war had alerted governments to the importance of the chemical industry,
and the immediate post-war years were boom years for the British and
American industries. An important factor aiding this was the ‘protectionist’
policy operated by their governments at the time. Thus Britain brought in a
heavy import duty on most synthetic organics, and the introduction of a tariff
system—the American Selling Price—effectively closed the American market
to most exporters. During the war and immediately afterwards most countries
had, largely out of necessity, expanded their chemical industry. By the early
1920s considerable overcapacity was the result and international competition
became correspondingly fierce. With its large and expanding home market
and lack of competition from imports the American chemical industry grew
rapidly during the 1920s. This was in complete contrast to the situation in
most other countries at this time. Germany continued to dominate the
international scene, and in 1925 an event occurred which was to not only
support this position, but to set a trend which was to characterize the inter-
war period, and remain with us up to the present time. This was the
amalgamation of the major German dyestuff companies to form one giant
company—I. G. Farben. This immediately became the largest chemical
company in the world, with a very broad financial base, enormous applied
scientific and technological expertise, and dynamic management. Certainly no
European, and few American firms could hope to compete with it.

The consequences of this were soon appreciated in Britain and in the
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following year, 1926, amalgamation of Brunner Mond, United Alkali
Company, British Dyestuffs Corporation and Nobel Industries led to the
formation of another chemical giant—Imperial Chemical Industries (ICI).
Although the integration and rationalization process was not without its
difficulties, the result was a much more sound company. This was de-
monstrated in the early 1930s, during the very severe world recession, when
although the chemical industry also suffered severely (from overcapacity
caused by the big fall in demand) the effect on ICI was reduced because it had
been able to participate in market-sharing agreements (or cartels) with other
large companies. Within the continuing protection policies which it enjoyed
the British industry grew steadily up to 1939, becoming virtually self-sufficient
in the most important chemicals and utilizing and gaining expertise in new
technology such as high-pressure gas reactions, e.g. the Haber process. It also
became more innovative, introducing several important new dyestuffs.

As indicated previously, during this time the American industry was
growing steadily, although largely in isolation. Up until 1940 it was also the
only country to have petrochemical plants. The availability for some years of
their own supplies of crude oil, and refineries, led to interest in the use of
petroleum fractions for the synthesis of organic compounds and started in the
1920s with the manufacture of iso-propanol from the refinery off-gas
propylene. However up until 1940 this synthetic scope was limited to
producing oxygenated solvents.

Apart from the start of the trend towards very large companies, and bigger
manufacturing units, the inter-war period will be remembered as marking the
beginning of two areas which have had profound effects on the industry’s
subsequent development, growth, and profitability. The first, petrochemicals,
has already been referred to above. Its all-pervading influence is apparent from
the text and the devotion of the final chapter of this volume to it. The second,
the synthetic polymer sector, has over the last few decades owed much to the
development of petrochemicals. As we shall see later this has grown into the
most important sector of the whole chemical industry.

The chemical industry’s interest in polymers dates back to the 19th century.
In those days it was a case of synthetically modifying natural polymers with
chemical reagents to either improve their properties or produce new materials
with desirable characteristics. Notable examples were nitration of cellulose
giving the explosive nitrocellulose, production of regenerated cellulose (rayon
or artificial silk) via its xanthate derivative, and vulcanization of rubber by
heating with sulphur, Manufacture of acetylated cellulose (cellulose acetate or
acetate rayon) developed rapidly from 1914 onwards with its use both as a
semi-synthetic fibre and as a thermoplastic material for extrusion as a film.

The first fully synthetic polymer to be introduced (1909) was a phenol-
formaldehyde resin known as bakelite. Although the reaction had been
discovered some twenty years previously, it was only after a careful and
systematic study of it that it was properly controlled to give a useful
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thermosetting resin. In the late 1920s two other types of thermosetting resins
followed, namely urea-formaldehyde, and alkyd resins.

Assisted by advances in high-pressure technology, a more scientific
approach to the study of synthetic polymers (macromolecules) led to the
discovery and production of several important polymers in the 1930s and early
1940s. These plastics, elastomers and synthetic fibres have had a profound
effect not only on the chemical industry but also on the quality of all our lives.

Germany, in the guise of I. G. Farben, had the foresight to realize the
importance of this area, and they dominated the early research and
development work. Their commercial successes ranged from rubber-like
materials—the co-polymers poly(styrene-butadiene) and poly(acrylonitrile-
butadiene)—to thermoplastics like poly(vinyl chloride) and polystyrene.

In the U.K., Gibson of ICI was studying high-pressure reactions of alkenes
in autoclaves. His reaction with ethylene appeared to have failed since he
obtained a small amount of a waxy white solid. Fortunately his curiosity led
him to investigate this. It proved to be polyethylene, first produced com-
mercially by ICI in 1938.

America’s interest was led by the Dupont Company and its major success
was the commercial introduction of the first nylon in 1941, This certainly was a
reward for perseverance and effort since from Carother’s first researches on the
subject to commercial production took 12 years and reportedly cost $12
million.

3.1.3 Second World War period, 1939—1945

In general terms the impact on the chemical industry was similar to that of the
First World War. Thus Germany especially was cut off from its raw-material
supplies and therefore relied entirely on synthetic materials, e.g. poly(styrene-
butadiene) rubber, and gasoline produced from coal. Britain and America
were not affected to quite the same extent but demand for polymers like nylon
and polyethylene for parachutes and electrical insulation was high. By the end
of the war facilities for synthetic polymer production had expanded con-
siderably in all three countries.

3.1.4 Post-1945 period

The Second World War had two major effects on the German chemical
industry (apart from the consequences of the political separation into East and
West Germany). Firstly, much of the chemical plant was either destroyed or
damaged by bombing and process details were freely acquired by the British
and Americans. Secondly, the Allies broke up I. G. Farben into a number of
smaller companies such as Bayer, Hoechst and BASF, and therefore
eliminated its competitiveness. As we shall see later, this turned out to be
merely a temporary setback.

The major changes in the world-wide chemical industry since 1945 have
been concerned with organic chemicals, in particular the raw materials used to
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produce key intermediates such as ethylene (ethene), propylene (propene),
benzene and toluene. In the U.K. up to and including 1949 coal was the major
source of raw materials, followed by carbohydrates, with oil accounting for
under 10%; of total production. However, the situation was starting to change
due to events in the oil industry. Worldwide demand for petroleum products
was increasing, this being most apparent for transport. Increasing ownership
of automobiles and rapid development of air transport raised demand for
gasoline. Since this demand was in the developed countries, oil refineries were
now located in them, e.g. in Europe. Processes were developed in the refineries
to convert low-demand fractions, e.g. gas oil, into high-demand lower-boiling
fractions, e.g. gasoline. Alkenes such as ethylene and propylene were produced
as by-products. Thus they were available for chemical synthesis—and at a
very cheap price largely because of the vast scale of operation. Note that until
this time ethylene had been obtained by dehydration of ethanol which in turn
had been made by fermentation of carbohydrates. The other important source
of aliphatics was acetylene (ethyne) which was obtained from calcium carbide.
Although there were no technical difficulties in these routes, the ethylene and
acetylene were both rather expensive to produce in this way. By 1959 oil was
on a par with coal as the major source of chemicals in Europe, mirroring the
position of the American industry some two decades previously. During this
time the price of oil had hardly increased whereas that of coal was steadily
increasing because its extraction is labour-intensive. Also, demand for the
carbonization of coal was starting to decrease with falling demand for coke
and town gas. This meant less benzole, and by-product coal-tar, from which
the chemicals were obtained, was likely to be available. Although the
processing costs of the oil tended to increase this was counterbalanced by the
ever-increasing size of the operations (hence the benefits of the economy-of-
scale effect) and the improved efficiency of the processes. Thus the economic
advantages were swinging very much in oil’s direction, and by 1969, oil
dominated the scene, and this it has continued to do ever since. Petrochemicals
had truly come of age.

Let us consider further the reasons for the explosive growth of the petro-
chemicals industry. As indicated, oil-refinery processes such as cracking sup-
plied key chemical intermediates—ethylene and propylene—at low prices
compared with traditional methods for their preparation. In real terms these
prices were more or less maintained for a considerable period. However this
factor alone cannot account completely for the vast increase in the tonnage
of organic chemicals produced from petroleum sources. Much of the credit
may be placed with research chemists, process-development chemists and
chemical engineers. Once it was realized that abundant quanties of ethylene
and propylene were available, research chemists had the incentive to develop
processes for the production of many other compounds. Success in the
laboratory led to process development and eventually construction of
manufacturing units. Chapter 11 demonstrates the versatility of the zlkenes,
and the achievements of the scientists. Consideration of the chemical reagents
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and reactants used in many of these processes shows the importance and
influence on the development of the petrochemical industry of one particular
area of chemistry, namely catalysis. This influence has been a two-way process:
research into catalysis has been stimulated by the needs of the industry and, in
turn, better, more efficient catalysts have been discovered which have
improved process efficiency and economics, and may even have rendered an
existing process obsolete by permitting introduction of an entirely new, more
economic route. Introduction of these catalysts has made possible not only
entirely new routes and interconversions of compounds, but also immensely
shorter reaction times (sometimes now just a few seconds) compared with the
corresponding non-catalytic route. Another major advantage has been that
catalysts have introduced better control of the reaction, particularly improved
selectivity towards the desired product. This is a vital aim in chemicals
production, since very few processes yield only the desired product and by-
product formation represents material and efficiency loss. Furthermore
separation of product from by-products can be a major cost item in the overall
process economics. A notable example is the introduction of catalytic cracking
units in place of purely thermal cracking units for ethylene production.
Evolution of manufacturing processes utilizing these new catalysts has often
necessitated technological developments. Examples are design and con-
struction of equipment to handle very high-pressure gas reactions, facilities for
rapid quenching of products (as in cracking to cheat the kinetics and obtain
predominantly alkenes rather than alkynes when the process has to be
operated under conditions favouring the latter) and development of fluidized-
bed reactors. We emphasize the importance of catalysts and catalysis by
devoting Chapter 10 to this topic.

The major industrial developments in organic chemicals initiated in the
1930-1940 period have continued since that time. Most important of all is the
introduction of purely synthetic polymers. Table 3.1 shows the growth in
importance of these materials over the period 1950 to 1988. Although much of
this growth was due to the increased demand for the polymers introduced in
the 1930s and 1940s—urea-formaldehyde resins, nylon, polyethylene (low-
density), poly(vinyl chloride), and butadiene co-polymers—new polymers

Table 3.1 World consumption of synthetic polymers (millions of tonnes)

1950 1960 1970 1978 1986 1988

Plastics and resins 1-0 60 250 42:0 585 73-0°

Fibres (excluding 1-5 1-5 50 12:0 114 153
cellulosics)

Rubbers 1-0 30 50 40 54 10-1

Total 35 105 350 580 753 98-4

e = estimated
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have also made a significant contribution. The most familiar examples
(together with their year of commercial introduction and the company
responsible) are polyacrylonitrile (1948, Du Pont); Terylene (1949, ICI); epoxy
resins (1955, Du Pont); and polypropylene (1956, Montecatini). Their special
properties and economic advantage have enabled them to displace traditional
materials. Thus plastics such as poly(vinyl chloride) have replaced wood in
window frames and metal drainpipes, since they are unaffected by weathering,
lighter in weight, and maintenance-free. Synthetic fibres like nylon and
terylene have enabled non-drip, machine-washable, and crease-resistant
clothing to be introduced, and we are made aware many times each day of the
widespread usage of synthetic plastics in all facets of the packaging industry.
Indeed, so profound is the influence of plastics and polymers on our lives
(something we tend to take for granted) that it is difficult to imagine our
existence without them. Not only are all these polymers well established now,
but so are the processes for making them. It must also be mentioned in passing
that the actual use of these polymers required major technological advances in
developing processes to get the material in the correct form for its particular
applications. Techniques such as injection-moulding and blow-moulding are
the result. Existing dyestuffs would not adhere to these synthetic materials and
so new ones were in turn discovered and developed. Polymer science and
technology has grown into a large field of study.

These ‘standard’ polymers are well established nowadays and are produced
by many companies; this is therefore a very competitive area of the chemical
industry. However, the overall market for these products is still expanding,
as the figures for 1986 and 1988 clearly show.

A major advance in polymer chemistry was provided by the work of Karl
Ziegler and Giulio Natta, which led in 1955 to the introduction of some
revolutionary catalysts which bear their name. The great significance of this
event was highlighted by them being awarded a Nobel Prize in 1963 for their
work. Ziegler—Natta catalysts are mixtures of a trialkyl aluminium plus a
titanium salt and they bring about the polymerization by a coordination me-
chanism in which the monomer is inserted between the catalyst and the growing
polymer chain. Industrial interest in this centred on the fact that it gave more
control over the polymerization process. Significantly, it allowed the polyme-
rization to occur under milder conditions and produced a very stereoregular
polymer. Taking polypropylene as an example, the Ziegler—Natta catalyst
gives the isotactic product whereas a free-radical process leads to the atactic
stereochemical form. These are shown below:
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-atactic (stereochemistry random)

These stereochemical forms show differences in their properties; for
example, the isotactic polymer chains can pack together better and this form
has a higher degree of crystallinity and hence a higher softening point than the
atactic variety. Ziegler—Natta polymerization of ethylene gives high-density
polyethylene (HDPE) which is different in some properties from the low-
density form (LDPE) produced by free-radical polymerization, as is shown in
Table 3.2.

During the late 1970s production of linear low-density polyethylene
(LLDPE) was commercialized. Here the polymer chain is much more linear
containing only short branching chains, in contrast to conventional LDPE.
The polymer has greater strength and toughness, particularly in film
applications, than ordinary low-density polyethylene.

Over recent years in addition to continuing production of the bulk polymers
described above many companies have developed certain speciality polymers.
These can be thought of as polymers whose structure has been tailor-made to
yield certain specific properties, and therefore have limited, very specialized
applications. For example, polymers which are exceedingly thermally and
oxidatively stable are required for space capsules which will re-enter the
earth’s atmosphere. To develop these requires particular knowledge and skills.
There is therefore little competition in producing these polymers; the market
for them, although small, is assured and the product therefore commands a
high price by comparison with ‘standard’ polymers. The polymer sector is
the subject of Chapter 1 in Volume 2.

A very important trend during the post-Second World War period has been
the increasing size of plants, and nowhere is this more apparent than in the
petrochemicals sector, where capacities of 100000 tonnes per annum are
commonplace. Large integrated chemical complexes have evolved, due to this
increase in scale, and the need to locate petrochemical plants adjacent to
refineries, so as to minimize transportation of vast quantities of chemicals.

Table 3.2 Some properties of LDPE and HDPE

Property LDPE HDPE
Specific gravity/gem ™3 0920 0955
% Crystallinity S5 80
Softening point/K 360 400

Tensile strength/atm, 85-136 204-313
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Many of the downstream processes, which utilize petrochemical inter-
mediates, are located on the same site, and this arrangement can lead to
reduced utility costs. For example, a large complex of units can justify its own
power station to produce electricity and steam. In the U.K., in times of low
demand surplus electricity may be fed into the national grid and this generates
a small payment to the company from the Central Electricity Generating
Board. In contrast, when demand is high electricity is taken from the national
grid—but at a much higher cost.

This trend to larger-sized individual chemical plants and large complexes of
chemical plants has been matched by movement to bigger chemical companies
by mergers, or takeovers, or both, as we have already seen happening in the
1920s with the formation of ICT and I. G. Farben. Nowadays the multinational
giants dominate the international chemical scene.

The chemical industry has been to the fore during the last decade or two in
utilizing the tremendous advances in electronics. Thus complete automation
(even full computer control) of large continuous plants is commonplace. An
additional advantage is the automatic data collection of throughput, tempera-
tures, pressures, etc. This can be invaluable when subsequent analysis of the
data may suggest small adjustments to the plant to improve its efficiency and
hence reduce product costs and improve profitability. The rapid developments
in microelectronics which have led to reduced selling prices for micropro-
cessors is making their introduction for fairly small plants an economical and
practical proposition.

Control of pollution, ie. effluent control and treatment, is another
important factor which has markedly influenced the industry over the past
decade. Indeed there are legal requirements to be met in control of the
emission or discharge of effluent. Although, as indicated previously, utilization
of by-products is a feature of the industry, nevertheless some effluent is
generated and due to the very large scale of operation the quantity can be
substantial. Its treatment and disposal can be a considerable cost item of the
process. Equipment for the prevention of loss of untreated wastes can also add
significantly to the capital and running costs of a plant. Unfortunately the
legislation controlling treatment varies quite a lot from country to country
and those with strict requirements may place companies which manufacture
there at a disadvantage, in terms of production costs, compared with
companies in other countries. Chapter 8 takes up these aspects in detail.

Its widening international base has also been a recent feature of the chemical
industry. As in so many other areas of manufacturing industry the shining star
has been Japan. From a position of insignificance in 1945 it has grown to be the
second most important chemical industry in the world today. Its growth is
even more remarkable when one realizes that it has no oil of its own—it must
all be imported. In more recent years countries having oil reserves, such as the
Arab countries, have moved from merely exporting the oil to refining it, and
now into processing it to produce petrochemicals (downstream operations).
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Though small at present these industries are likely to grow steadily.

Since the rapid rise in the price of oil in 1973, energy costs have been a major
concern of chemical producers. The chemical industry is a major energy
consumer and therefore even small percentage savings in energy costs can
mean tens or hundreds of thousands of dollars or pounds, and the difference
between profit and loss. It is no surprise to find therefore that immense efforts
are now being made to assess and analyse the energy usage of plants to see
where savings can be made. We have emphasized this importance in the text:
energy is a recurring theme and we have devoted a complete chapter (Chapter
7) to it.

The most exciting area of development at the start of the 1980s, arising from
the immense amount of research and development work which the chemical
and related industries carry out each year, is biotechnology. In biotechnology
genes are manipulated to ensure that the micro-organism—often E. coli—will
synthesize the desired specific chemical. Although the risks and practical
problems are considerable, the rewards for their solution are immense. The
technology is still in its infancy and its effect on the chemical industry as a
whole is difficult to predict. Clearly it will make a major contribution to
pharmaceuticals—as the successful development of insulin has already
shown—and production of interferon and antibiotics are on the near horizon.
In contrast it is difficult to see biotechnology being a competitive route to bulk
chemical intermediates like ethylene and benzene, because of its slowness and
the high product separation costs. However, it is an area whose development
chemists are watching with interest and fascination. This topic is discussed in
more detail in Chapter 6 of Volume 2.

3.2 The chemical industry today

3.2.1 Definition of the chemical industry

At the turn of the century there would have been little difficulty in defining
what constituted the chemical industry since, as shown earlier in this chapter,
only a very limited range of products was manufactured and these were clearly
chemicals, e.g. alkali, sulphuric acid. At present, however, many thousands of
chemicals are produced, from raw materials like crude oil through (in some
cases) many intermediates to products which may be used directly as
consumer goods, or readily converted into them. The difficulty comes in
deciding at which point in this sequence the particular operation ceases to be
part of the chemical industry’s sphere of activities. To consider a specific
example to illustrate this dilemma, emulsion paints may contain poly(vinyl
chloride)/poly(vinyl acetate). Clearly, synthesis of vinyl chloride (or acetate)
and its polymerization are chemical activities. However, if formulation and
mixing of the paint, including the polymer, is carried out by a branch of the
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multinational chemical company which manufactured the ingredients, is this
still part of the chemical industry or does it now belong in the decorating
industry?

It is therefore apparent that, because of its diversity of operations and close
links in many areas with other industries, there is no simple definition of the
chemical industry. Instead each official body which collects and publishes
statistics on manufacturing industry will have its definition as to which
operations are classified as ‘the chemical industry’. It is important to bear this
in mind when comparing statistical information which is derived from several
sources. Perhaps the best known international definition for chemicals is that
contained in Section 5 of the United Nations Standard International Trade
Classification. Individual countries’ definitions will differ from this to varying
degrees, as will the companies’ trade organizations—such as the Chemical
Industries Association (CIA) in the U.K.—in each country.

3.2.2 The need for a chemical industry

As indicated in Chapter 1, the chemical industry is concerned with converting
raw materials, such as crude oil, firstly into chemical intermediates, and then
into a tremendous variety of other chemicals. These are then used to produce
consumer products, which make our lives more comfortable or, in some cases
such as pharmaceutical products, help to maintain our wellbeing or even life
itself. At each stage of these operations value is added to the product and
provided this added value exceeds the raw material plus processing costs then
a profit will be made on the operation. It is the aim of chemical industry to
achieve this.

It may seem strange in a textbook like this one to pose the question ‘do we
need a chemical industry?” However, trying to answer this question will
provide (i) an indication of the range of the chemical industry’s activities, (ii) its
influence on our lives in everyday terms, and (iii) how great is society’s need for
a chemical industry. Our approach in answering the question will be to
consider the industry’s contribution to meeting and satisfying our major
needs. What are these? Clearly food (and drink) and health are paramount.
Others which we shall consider in their turn are clothing, and (briefly) shelter,
leisure and transport.

(a@) Food. The chemical industry makes a major contribution to food
production in at least three ways. Firstly, by making available large quantities
of artificial fertilizers which are used to replace the elements (mainly nitrogen,
phosphorus and potassium) which are removed as nutrients by the growing
crops during modern intensive farming. Secondly, by manufacturing crop
protection chemicals, i.e. pesticides, which markedly reduce the proportion of
the crops consumed by pests. Thirdly, by producing veterinary products which
protect livestock from disease or cure their infections.
These and related topics are discussed in Chapter 5 of Volume 2.
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(b) Health. We are all aware of the major contribution which the phar-
maceutical sector of the industry has made to help keep us all healthy, e.g. by
curing bacterial infections with antibiotics, and even extending life itself, e.g.
B-blockers to lower blood pressure.

This topic is discussed more fully in Chapter 4 of Volume 2.

(c) Clothing. The improvement in properties of modern synthetic fibres over
the traditional clothing materials (e.g. cotton and wool) has been quite
remarkable. Thus shirts, dresses and suits made from polyesters like Terylene
and polyamides like Nylon are crease-resistant, machine-washable, and drip-
dry or non-iron. They are also cheaper than natural materials.

Parallel developments in the discovery of modern synthetic dyes and the
technology to ‘bond’ them to the fibre has resulted in a tremendous increase in
the variety of colours available to the fashion designer. Indeed they now span
almost every colour and hue of the visible spectrum. Indeed if a suitable shade
is not available, structural modification of an existing dye to achieve this can
readily be carried out, provided there is a satisfactory market for the product.

Other major advances in this sphere have been in colour-fastness, i.e.
resistance to the dye being washed out when the garment is cleaned. For
example, the Procion dyes, developed by ICI, actually chemically bond to
cotton, rather than attaching by the more usual physical type of adherence to
the fibre. This clearly leads to greater colour-fastness.
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Figure 3.1 A typical Procion dye.

The chlorine atoms on the triazine are very reactive and can be displaced by
even a weak nucleophile like the —O—H groups in cotton, giving
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See also section 2.6.1.8 of Volume 2.

(d) Shelter, leisure and transport. In terms of shelter the contribution of
modern synthetic polymers has been substantial. Plastics are tending to
replace traditional building materials like wood because they are lighter,
maintenance-free (i.e., they are resistant to weathering and do not need
painting). Other polymers, e.g. urea-formaldehyde and polyurethanes, are
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important insulating materials for reducing heat losses and hence reducing
energy usage.

Plastics and polymers have made a considerable impact on leisure activities
with applications ranging from all-weather artificial surfaces for athletic
tracks, football pitches and tennis courts to nylon strings for racquets and
items like golf balls and footballs made entirely from synthetic materials.

Likewise the chemical industry’s contribution to transport over the years
has led to major improvements. Thus development of improved additives like
anti-oxidants and viscosity index improvers for engine oil has enabled routine
servicing intervals to increase from 3000 to 6000 to 12 000 miles. Research and
development work has also resulted in improved lubricating oils and greases,
and better brake fluids. Yet again the contribution of polymers and plastics
has been very striking with the proportion of the total automobile derived
from these materials—dashboard, steering wheel, seat padding and covering
etc.—now exceeding 40%.

So it is quite apparent even from a brief look at the chemical industry’s
contribution to meeting our major needs that life in the developed world
would be very different without the products of the industry. Indeed the level of
a country’s development may be judged by the production level and
sophistication of its chemical industry.

Table 3.3 Most important chemicals in the U.S.A. (thousands of tonnes)

Position
(1988) Chemical 1977 1988
1 Sulphuric acid 30229 38803
2 Nitrogen 10562 23628
3 Oxygen 13998 16821
4 Ethylene (ethene) 10830 16 581
5 Ammonia 14214 15370
6 Lime 16619 14667
7 Sodium hydroxide 9227 10871
8 Phosphoric acid 6854 10626
9 Chlorine 9359 10277
10 Propylene (propene) 5518 9057
11 Sodium carbonate 7016 8662
12 Nitric acid 6490 7157
13 Urea (carbamide) 3950 7147
14 Ammonium nitrate 6138 6522
15 Ethylene dichloride 4605 6190
(1,2-dichloroethane)
16 Benzene 4943 5370
17 Ethylbenzene 3208 4508
18 Terephthalic acid 2272 4354
(benzene-1,4-dicarboxylic acid)
19 Carbon dioxide 2018 4254

20 Vinyl chloride (chloroethene) 2635 4109
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3.2.3 The major chemicals

Table 3.3 shows the 20 most important chemicals produced in the U.S.A. in
1988, together with the corresponding figures for 1977. Ranking order will
be similar for other major chemical-producing countries. It is noticeable that
inorganic chemicals occupy 8 out of the top 10 places. With the exception
of lime, all chemicals had higher production figures in 1988 than in 1977.
Particularly large percentage increases are evident for ethylene, propylene,
phosphoric acid, urea and ethylene dichloride but pride of place goes to
nitrogen whose production increased by well over 100%.

Also notable is MTBE (methyl t-butyl ether). This does not appear in
Table 3.3 but demand for it is increasing exponentially. This is because of
the rapidly increasing demand for lead-free petrol—MTBE is added to the
petrol in place of tetraethyl lead in order to increase its octane rating. Its
preparation is described in section 11.9.1 and demand for it in 1989 could
reach 14 million tonnes, in which case it could become the number one
organic compound.

3.3 The United Kingdom chemical industry

The origins and development of the U.K. chemical industry have already been
dealt with in the early parts of this chapter. This section will therefore be
devoted to a comparision with other U.K. manufacturing industries and with
other countries’ chemical industries. Major manufacturing locations will be
considered, as will each of the major companies. This will necessarily include
quite a lot of statistical data and in view of the difficulties in obtaining figures
which are firstly up-to-date and secondly are truly comparable (particularly
international sales figures which require currency conversion), it is better to
regard them as relative rather than absolute. In any case it is the analysis of the
figures that is important to us rather than individual statistics.

Two publications are extremely valuable sources of information. Firstly, the
leaflet U.K. Chemical Industry Facts which is published annually by (and is
obtained from) the Chemical Industries Association. Although small it
contains a wealth of statistical and graphical information which has been
obtained from many sources. A number of tables and graphs from the
September 1989 issue are published, with permission, on the following pages.
Secondly, another annual publication, Chemicals Information Handbook from
the Shell International Chemical Company Ltd., London, is more in-
ternational in outlook and also deals with important individual chemicals
which are derived from crude oil. This not surprising since the Royal Dutch
Shell companies’ major activities are exploration, extraction, and refining of
crude oil plus chemical processing of suitable fractions.
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Figure 3.2 UK. industrial growth rate comparisons 1978-1983, 1983-1988.

3.3.1 Comparison with other U.K. manufacturing industries

(i) Growth rates. Fig. 3.2 shows the growth rates for various industries over
the periods 1978-83, and 1983-88. It is readily apparent that the chemical
industry expanded much more rapidly than manufacturing industry
generally—in fact almost twice as fast. As will become clear later, this is
generally true throughout the world. Indeed chemicals growth rate exceeded
most others in this list over the period 1982-83. For the period 1983-88,
the annual growth rate of 4.6%, was slightly better than for the manufacturing
industry as a whole.

(i) Total sales. In 1988 the value of exports of chemicals exceeded that of
imports by £2020 million. Royalty payments received in 1988 totalled £210

Table 3.4 Total sales (gross output) of
U.K. chemical industry

Sales (£ millions,

Year current prices
1970 3448
1980 13661
1986 20547
1987 22456

1988 24791
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Table 3.5 Number of employees in the
U.K. chemical industry

Year Thousands
1972 426
1976 423
1980 402
1984 332
1988 346

million whereas payments made came to only about £100 million. For the
U.K. manufacturing industry as a whole royalty payments exceeded income.

(i) Number of employees. Steadily increasing output has been achieved with
a fairly static, and in recent years a declining, labour force (Table 3.5) although
following the recession of the 1980s some additional labour has recently been
recruited (cf. 1988 v. 1984 figures). Although it employs only 6% of the
manpower, it is responsible for 10%; of the value of output of all manufacturing
industry.

Linking employees and sales leads to

(iv) Output per employee. Figure 3.3 shows in value terms the much higher
output by each employee in chemicals compared to all manufacturing. A
significant part of this difference is attributed to the greater capital investment
in the chemical industry—as Fig. 3.3 below shows.

(v) Capital stock per employee. See Fig. 3.3.

(vi) Safety. The chemical industry operates many hundreds of potentially
very hazardous processes—particularly those which require extremely high
pressures of several hundred atmospheres. Although a zero level is the only
acceptable accident level, it is testimony to the good practices employed that

Figure 3.3 Gross value added and capital stock per employee comparisons, U.K.
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(a) “Year Chemicals Manufacturing
1986/7 1.67 1.44

(b) 281
261
24
221
20
181
16
14 4
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Figure 3.4 (a) Fatal and major injuries per thousand employees. (b) Accidents reported per
thousand employees among CIA members (voluntary sample).

serious accidents are relatively rare. However, it is the occasional disaster
which attracts the headlines in the newspapers and on television. The most
serious such disaster of the recent past involved the caprolactam (the inter-
mediate for Nylon-6 production) plant owned by Nypro (U.K.) Ltd., at
Flixborough, in 1974 (see section 1.6.1).

However, let us place this in its proper context by looking at the industry’s
performance in two ways. Firstly, let us consider the incidence of reported
accidents for chemicals versus all manufacturing industry (Figure 3.4).

The figures show a commendable trend towards a decrease in the number of
accidents but the 198687 figure of 1.67 fatal and major injuries per thousand
employees in the chemical industry still compares unfavourably to the
equivalent figure of 1.44 in the manufacturing industry and must be improved.

Secondly, let us relate the chemical industry to some specific high-risk
industries, and also everyday activities, by showing the risk of death. These

Table 3.6 Risk of death for various activities

Industry/activity Deaths per thousand in a
40-year working life

chemical 35
all industry 40
fishing 350
coal-mining 400
staying at home 1-0
travelling (a) by train 50

(b) by automobile 57-0

(c) by motor-cycle 660-0
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figures are calculated ones, and are not as reliable as those above, but are
certainly acceptable in relative terms (Table 3.6). They were generated in 1975.
Comparing these everyday activities certainly shows that the risk of death
from working in the chemical industry is far lower than the qualitative
impression which the public obtains from the media.

(vii) Cost and price indices. The chemical industry has been quite successful at
keeping down the increases in selling or output prices—certainly this has been
well below the general rises in selling prices of goods (details are given in
Figure 3.5).

3.3.2 International comparisons in the chemical industry

(1) Growth rates. It has already been shown that in the UK. the chemical
industry has grown, since the early 1960s, at approximately twice the rate of all
manufacturing industry. Table 3.7 gives the corresponding figures for all the
major chemical-producing countries. The general pattern of chemicals
growing at a much faster rate than industry in general is very clear—although
Japan is an exception, due to the very rapid growth of a number of its
manufacturing industries like electronics, iron and steel, and automobiles.
Also apparent is the lower growth rate achieved by the U.K. in comparison
with its international competitors.

(ii) Chemical sales. Figure 3.6 shows the value of chemical sales in both 1978
and 1988. Note firstly that there is a shortfall in certain figures because they do
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not include sales of man-made fibres. Secondly, all countries have achieved
substantial increases in sales between 1978 and 1988. The U.S. industry
dominates the scene and its sales, both in 1978 and 1988, were approximately
the same as the combined efforts of the Western European or EEC (European
Economic Community) countries.

Most countries increased sales by a factor of 1.8 to 2.7 times between 1978
and 1988. Although Japan’s sales were approximately 509, higher than West
Germany’s in 1978, by 1988 the differential had expanded to almost 100%,. As
we will see later, when looking at the world’s major chemical companies, this
has been achieved by a chemical industry whose structure is very different to
that of most other countries.

(iii) U.K. external trade in chemicals. Table 3.8 and Fig. 3.7 provide data on
the U.K.’s international trading in chemicals.

Table 3.7 International growth rate comparisons 1978-88

Average growth % p.a. Ratio of

Chemicals to
Country Chemicals All Industry*  All Industry
U.K. 2.4 14 1.7
W. Germany 1:9 1.5 1.2
France 3.3 1.1 3.0
Italy 3.0 19 1.6
Total EEC 2.7 1.8 1.5
USA. 3.6 2.4 1.5
Japan 4.4 49 09

*Excluding construction

Figure 3.6 Chemical sales, international comparisons.
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Table 3.8 U.K. external trade in chemicals

Annual growth rate in volume of chemical exports 1978 - 1988 4.3%
Annual growth rate in volume of chemical imports 1978 - 1988 7.2%
Chemical exports as a percentage of ali UK visible exports, 1988 14.1%
Chemical imports as a percentage of all UK visible imports, 1988 9.2%

Trade with fellow EEC countries accounts for almost half the total but note
the negative trade balance here. In contrast there is a positive trade balance
with all the remaining areas and this leads to an overall favourable balance.

(iv) Capital investment by EEC countries. Attention has already been drawn to
the highly capital-intensive nature of the chemical industry, particularly the
petrochemicals sector, and this important point will again be emphasized later
in this chapter. Table 3.9 supports this with some actual figures for the U.K.
industry. It also expresses those as a percentage of all EEC capital investment
and shows our percentage of total sales. This concludes our comparisons of the
U K. chemical industry with other U.K. manufacturing industries, and also
with the chemical industry in other countries.

However, to complete our picture of the U.K. chemical industry the major
manufacturing locations, plus a brief indication of the major U.K. chemical
companies and their interests, will be considered.

3.3.3 Major locations of the U.K. chemical industry

The locations in which the chemical industry has grown and expanded have
been governed by several factors. During the very early days the manufactur-
ing location was dictated by the source of the raw materials plus the proximity
of major users, since transportation of bulk chemicals was extremely difficult;
at this time railways had only recently begun to develop. Thus the alkali
industry grew up around the river Mersey in Lancashire and Cheshire, where
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Figure 3.7 U.K. export and import flows, 1980.
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Table 3.9 Total new capital invested by U.K. and EEC chemical industry 1978-1988 plus sales
proportions

U.K. capital investment U.K. capital investment U.K. sales
Year (current prices, £ m) as % of total EEC as % of total EEC
1978 967 20-2 150
1982 973 181 151
1986 1320 164 134
1988 1741 17:0 142

large deposits of salt occur. Close by were the major users of alkali, the textile-
and oils and fats (particularly soap-making) industries. These factors are
equally important now for chemicals which are produced in large quantities.
Our best-known examples are again petrochemicals, and the large complexes
for their manufacture have grown up next to the oil refineries which are the
source of their raw materials. Also, processing plants to use their output, e.g.
polymerization units, have been constructed either as part of the same
complex or else nearby. This has also meant that transport facilities for
products have been good. The complexes have invariably developed on river
estuaries, since the large tankers bringing in crude oil need to get close to the
refineries to discharge their very large cargo. Hence bulk chemicals transport
by sea is readily available. Also, the road and rail network is good and well-
developed.

There are several additional advantageous factors in this arrangement.
Firstly the chemical industry, as we have already seen, is a very big energy user.
Much of this is oil-derived, so that a location near to the refinery eases
transportation of large volumes of fluids. Secondly, being located on rivers
means that the vast quantities of cooling water which are needed by the
chemical plants are readily available. Rivers, flowing a short distance into the
sea, are useful for the discharge of treated effluent.

Almost all the areas in the U.K. where the chemical industry is concentrated
are situated on river estuaries and have a very strong petrochemical link.
Examples are Fawley (near Southampton), the Thames Estuary, Baglan Bay
(south-west Wales), Merseyside, Humberside, Teesside and Grangemouth
(near Edinburgh). Plans are also well advanced for petrochemical develop-
ments on the east coast of Scotland, well north of Aberdeen, where oil and gas
from the North Sea oilfields are pumped ashore.

Avonmouth (near Bristol) is one of the few concentrations which does not
have a strong petrochemical base. It is noted for fertilizer manufacture and
other inorganic chemicals.

The above comments apply to the bulk of the chemical industry’s
operations. However, there are a few exceptions, and these are all concerned
with products which are manufactured in small quantities, typically 10-100
tonnes per annum, but have a very high value per unit weight. For some
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products this might mean tens of thousands of pounds per tonne.
Agrochemicals and pharmaceuticals are the best-known products of this type.
Due to their high value and small bulk, transportation (and its costs) is no
problem, and manufacturing units may therefore be sited anywhere. Quite
often this means that they are located in attractive rural areas and many miles
from the coast. Examples are Barnard Castle (county Durham),
Loughborough, Macclesfield, and Ulverston (Cumbria).

3.3.4 Some major U.K. chemical companies

Although all the major multinational chemical giants have manufacturing
facilities in the U.K., either directly or via subsidiary companies, we shall
confine our attention here to those which are incorporated, or have their
headquarters, in the U.K. They are Imperial Chemical Industries (ICI), Shell
Chemicals, B.P. Chemicals, Croda International, Beechams, Glaxo, Fisons,
Albright and Wilson, Laporte, Rio Tinto Zinc, and Unilever. Let us now
briefly consider each of these in turn.

ICI. This was the U.K.’s largest private company for many years, until the
privatization of British Gas and British Telecom. Its origins from the merger
of companies engaged in alkali production were discussed in the early pages
of this chapter. Like its multinational competitors it is engaged in the whole
range of chemical activities. However, its performance has varied considerably
from sector to sector, and major rationalizations and staff reductions were
instituted in the early 1980s in order to improve productivity to at least the
levels of its competitors. This is now paying off with the company being
much more competitive and profitable. In 1988 pre-tax profits had reached
£1470 m with all sectors of the business (except fertilizers) being profitable.
In recent years this company has been very active in globalization of its acti-
vities with 151 acquisitions of companies, including several major ones, ¢.g.
Stauffer in the U.S.A,, in the last 5 years. There have also been 48 disposals.
In the same period investment in R&D doubled to £565m.

Although it has manufacturing facilities in very many locations, its major
plants are located on Merseyside and Teesside.

Shell Chemicals. The Royal Dutch/Shell company is known best as one of
the ‘seven sisters’ that dominate the oil industry. Developments into chemicals
led to the setting up of the Shell Chemical Company in 1929. As one might
expect, its major interests are petrochemicals and derived products. One of the
latter, the liquid detergent Teepol, was the first petroleum-based chemical to
be produced in Western Europe, in 1942. Their product range now covers
several hundred chemicals, largely industrial organics, but also polymers
(plastics, resins, synthetic rubbers) and agrochemicals, particularly herbicides.
A small but growing area is speciality products, e.g. speciality rubbers and
plastics. After the difficult period at the beginning of the 1980s, petrochemicals
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production is currently booming. Major locations are to be found at
Carrington, Stanlow, Shell Haven and Mossmorran.

B.P. Chemicals. Like Shell, it is part of an oil giant—the British Petroleum
Company. The move into chemicals manufacture in the 1950s and 60s was
achieved by setting up several joint companies with established chemical
manufacturers, and particularly with the Distillers Co. Ltd. This culminated
with the takeover of almost all of Distillers chemical interests in 1967,
including, logically, the Chemicals and Plastics Divisions. Incidentally,
Distillers main interest, as their name suggests is production of whisky.
Like Shell its major interests are petrochemicals and derived products e.g.
plastics. Major manufacturing locations include Hull, Grangemouth and
Baglan Bay.

Croda International. This group of companies started with the manufacture of
lanolin from wool greases, and oleochemicals, i.e. glycerides, fatty acids and
compounds derived from them, remain an area of major importance. Other
areas of interest include coal-tar chemicals; heterocyclic compounds; po-
lymers used in adhesives, inks, paints and resins; and foodstuffs.
Manufacturing locations are centred on Humberside, Wolverhampton and
Leck in Staffordshire.

Beecham. This group of companies produces proprietary and ethical phar-
maceuticals. It also has extensive interests in related areas such as food, health
beverages, soft drinks, confectionery, and toiletries. Many of its products are
well known to the general public by their brand names, including Beecham’s
pills and powders (for counteracting the effects of colds, headaches, etc.) on
which the company was founded in 1842. In terms of chemical achievement
their development and introduction in 1963 of the first semi-synthetic
penicillin antibiotics was notable. They have developed quite a number of
these over the years, and they represent a substantial part of the company’s
earnings. Manufacturing tends to be concentrated in and around London.

Glaxo. This group is in many ways similar to the Beecham group, and in fact
the latter made a takeover bid for Glaxo in 1971, but this was turned down by
the Monopolies Commission. Since that time the company has gone from
strength to strength with rapid growth and good profitability and it is now
the fourth largest pharmaceutical company in the world. This is due in
considerable measure to a big research effort leading to new products
coming through and onto the market. Examples are the steroid Betnovate
(used in treating skin conditions and some allergies), cephalosporin antibiotics
and Zantac (an anti-ulcer drug) which has become a major sales success.
Many vaccines and veterinary products are also produced, and baby and
health foods are also important group products. Manufacturing plants include
Annan, Ulverston, Barnard Castle, and Greenford.
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Fisons. Ironically this company was founded on fertilizer manufacture and for
many years this was a strength of the company. However, losses in recent years
resulted in the whole fertilizer division being sold to Norsk-Hydro in 1982.
This helped profits for the company to rise from £9-3 million in 1981 to £21-1
million in 1982. Its major interests are pharmaceuticals—where its most
important success has been the anti-asthmatic drug Intal—and agrochemi-
cals. Diversification into making scientific apparatus and laboratory chemi-
cals, and more recently horticultural materials like composts and peat,
appears successful to date.
The company’s main location is at Loughborough.

Albright and Wilson. This company started by making phosphorus for
matches in 1844. In the late 1960s a decision was taken to relocate phosphorus
manufacture in a new plant in Newfoundland. However this was plagued with
technical and pollution problems, which had such a serious effect on the
company’s finances that major help from the U.S. company Tenneco was
needed and as a result it has become a subsidiary of the U.S. company. Its
predominant interests are built on phosphorus and silicon chemistry but
include other areas as well. Examples are detergents, shampoos, plasticizers,
silicones, and flavours and essences.
Locations include the London area and Whitehaven.

Laporte. This company started by producing hydrogen peroxide in Yorkshire

in 1888 for the textile industry. Hydrogen peroxide, other peroxides, and

perborates continue to be a major interest today. They also produce a variety

of predominantly inorganic chemicals, e.g. titanium dioxide, fuller’s earth.
Major manufacturing plant is located at Widnes near Liverpool.

Rio Tinto Zinc. This is primarily a mining company and its chemical interests
relate largely to the ores which it mines. It is therefore concerned with
inorganic compounds of metals like copper, aluminium, iron, lead and zinc.
The takeover of Borax Consolidated in 1968 took it into the area of boron
compounds.

Avonmouth is the location of its lead and zinc smelting plant.

Unilever. Like Shell thisis a joint U.K./Dutch company. It has major interests
in the food industry (ice-cream, sausages, frozen foods, margarine), many of its
subsiduaries being household names, and soaps and detergents. Its raw
materials are largely animal and vegetable oils and fats and these are extracted
and processed largely at its many works on Merseyside.

3.4 The U.S. chemical industry

The U.S. industry is by far the largest national chemical industry, being more
than twice the size of its nearest rival Japan and approximately the same size as
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that of all the EEC countries combined. It has the advantage of a very large
home market, and tariff barriers plus its physical remoteness from its major
competitors combine to moderate external competition. In fact these re-
strictions virtually mean that any foreign company wishing to achieve a
reasonable market penetration in the U.S. has to set up manufacturing
facilities there. Another traditional advantage of U.S. chemical firms, certainly
compared with their European counterparts, has been the ready availability of
cheap raw materials, particularly natural gas and oil. This has been beneficial
twice over. Firstly it has meant energy has been relatively cheap, and as we
have already noted the chemical industry is a big energy user. Secondly, raw
materials for bulk chemicals and intermediates such as petrochemicals and
ammonia are cheap. However these advantages are gradually being eroded as
natural gas supplies dwindle in the U.S.A. at the time that countries like the
U.K. are making large discoveries of oil and natural gas around their shores.
At the present time the U.S.A. still retains a significant advantage.

With their very solid home and financial base, U.S. companies have not
found exporting to be too difficult despite the geographical remoteness of the
major markets. They have tended to set up manufacturing units and
subsidiary companies in Europe, and particularly in the UK. In 1988 the
U.S. exported chemicals to the value of $32.5 billion (compared to $21.8
billion in 1985) whereas imports were valued at $20.1 billion (cf. $14.5 billion
in 1985), leading to a record balance of payments surplus in chemicals.

Several aspects of the U.S. chemical scene have been commented on in the
earlier section of this chapter concerned with international comparisons with
the U.K. chemical industry (section 3.3.2). These were items such as sales,
growth rates and trade with the UK. The remainder of this chapter will
therefore be devoted to a brief consideration of some of the larger U.S.
chemical companies. Bear in mind that, as with any very large chemical
company, they are all multinationals, and their activities cover practically all
the important sectors of chemicals manufacture. Comments on their interests
are therefore confined to just a few areas that the company is particularly
strong in, or noted for. Another point to remember is that, partly due to the
physical size of the country, important manufacturing locations are numerous
and, unlike the UK., it is not reasonable to try and list them.

Du Pont. This has been the largest American chemical company for a
number of years, and is noted for its high level of expenditure on research and
development. It is the world’s largest producer of man-made fibres. Its Teflon
(polytetratluoroethylene) is well known to the general public as the coating for
non-stick cooking utensils. Since its takeover of the giant Conoco oil company
in 1981, which has doubled total sales, the whole nature of the company has
altered.

Dow Chemical. Another giant of the industry which produces a very wide
range of both inorganic and organic chemicals. Basic inorganic and organic
chemicals plus plastics account for 709 of sales, and pesticides and
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pharmaceuticals account for a further 10%,. It is well known for its chlorinated
products, such as herbicides like 2, 4-D and the much discussed 2, 4, 5-T, which
was marketed under the trade name Agent Orange. (2, 4-D and 2, 4, 5-T are
2, 4-dichloro- and 2, 4, 5-trichlorophenoxyacetic acid.) Approximately half of
total sales are made outside the U.S.A. It has many associated and subsidiary
companies, and major manufacturing sites in Europe at Stade in West
Germany and Terneuzen in the Netherlands. Rapid expansion in recent years
has more than doubled its sales since 1976.

Union Carbide. As its name suggests, this company started by making
calcium carbide. It ranks third in the U.S.A. for chemical sales, but is a diverse
company with only about 409, of its revenue coming from chemical sales.
Areas of particular interest are agricultural chemicals, industrial gases, and
plastics. Although it has many overseas subsidiaries, it sold most of its
European interests to BP in 1978.

Exxon. This is part of the giant Exxon Corporation, which is perhaps still
better known by its former name of Standard Oil of New Jersey in the U.S.A.
In the U.K. the company is well known for its petrol sales under the Esso name.
As one might expect, therefore, its interests are primarily in petrochemicals
and derived products. The majority of its sales are outside the U.S.A.

Monsanto. Another large company with a diversity of interests. It is known to
the general public through its acrilan (polyacrylic) wear-dated fabrics. The
company has experienced severe difficulties with its activities in the synthetic
polymer field, and as a result it has abandoned nylon, polyester fibres and
polystyrene in Europe during the last few years. Nevertheless one-third of its
income is generated overseas. It also withdrew from the polyester fibre market
in the U.S.A. in 1980. It has shown its interest in biotechnology by putting
almost £5 million into the £9-5 million Advent Eurofund. This capital will be
used to back new and established companies involved particularly in the
biotechnology and genetics areas by acquiring a minority holding for between
£100000 and £500000. Its pesticide ‘Roundup’ is a very important revenue
earner.

Allied Chemicals. In order to reflect better its wide range of interests the
company has dropped the word ‘chemical’ from its title, becoming just Allied
Corporation. It was originally (in the 1920s) a major alkali and dyestuffs
manufacturer. Currently its interests include basic inorganic and organic
chemicals, plastics, fibres, fertilizers and pesticides. A very active and growing
involvement in the energy field has been a feature of recent years and this area
now accounts for one quarter of total sales. Diversification continues with the
acquisition of a scientific instruments company.

American Cyanamid. Although its main post-war growth has been in phar-
maceuticals it has interests also in pesticides and fertilizers, speciality
chemicals (e.g. acrylic fibres and pigments) and consumer products (e.g.
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laminates). It is noted for its part (with Pfizer) in the introduction of the
tetracycline antibiotics. Overseas sales account for one-third of total sales.

Hoechst Celanese. This is one of the world’s largest producers of cellulosic
and synthetic fibres, which represent more than half of total company sales.
Other interests are in a variety of organic chemicals.

Pfizer Inc. This is a more specialized company which concentrates on
pharmaceuticals. Its specialities are fine chemicals and fermentation pro-
ducts, particularly penicillin and streptomycin antibiotics.

The U.S. chemical industry and the country in general tend to show a
greater entrepreneurial flair, and are more willing to back risky projects, than
their European counterparts. A recent example is the field of biotechnology.
Several new companies, such as Biotech and Celltech, have been set up and
recent share issues in them were oversubscribed many, many times—despite
the fact that success, although potentially extremely rewarding, lies many
years ahead owing to the formidable practical problems to be overcome.

3.5 Other chemical industries

From the international comparisons of the chemical industry made earlier in
this chapter, it can be seen that apart from the U.K. and the U.S.A., the other
major producers in order of importance are Japan, West Germany, France,
Italy and the Netherlands. Several aspects of the chemical industry in these
countries are already apparent from the figures and tables which were used in
these comparisons.

3.5.1 Japan

Although Japan’s chemical industry is second only to that of the U.S.A., most
of its production is for home use. Even the Netherlands, whose chemicals
production is far below that of Japan, outranks it both for exports and
imports. Another feature of the Japanese chemical industry is its organiz-
ational structure. Although only the U.S.A. produces more chemicals, only
one Japanese company is included in the top 20 companies for chemical sales,
at position 13. In contrast West Germany has three and these occupy positions
1,2, and 3. Even the U.K. has 14 companies in the list (Table 3.10). Thus the
Japanese industry consists of a large number of medium- and small-sized
companies.

3.5.2 West Germany

Like Japan, Germany has no indigenous oil or natural gas, and the
performance of its chemical industries is therefore even better than appears
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at first sight. The German industry is dominated by the three giants BASF,
Bayer and Hoechst who in 1986 occupied first, second and third places in
the world’s top 20 chemical companies. As might be expected they are multi-
nationals in every sense. In common with many of the European companies,
they achieved excellent levels of profitability in the last few years.

3.5.3 France

As we have already seen, the French chemical industry is similar in size to that
of the U K. Its two major companies are Rhdne—Poulenc and the oil company
Elf-Aquitaine, which has extensive chemical interests.

3.5.4 Italy

The Italian industry is approximately two-thirds of the size of the UK.
industry. It has only one really big chemical company— Enimont—which
was formed at the beginning of 1989 by merging Enichem with 609, of
Montedison.

3.5.5 Netherlands

Although it is only about one-third of the size of the U.K. industry, the Dutch
industry boasted 14 of the top 20 companies in 1986, with Royal Dutch/Shell
in 7th position and AKZO in 11th position.

3.6 World’s major chemical companies

Table 3.107 lists the world’s top 20 companies based on their 1986 sales figures.
The 1984 and 1982 figures are also given. (Caution must be exercised over the
detailed positions since currency conversions were carried out in arriving at
some of the figures—this may favour some companies to a certain extent and
disadvantage others.) The conversions were carried out at the end of the
appropriate year. Analysis shows that of these 20 companies, 6 are based in the
U.S.A, 3in West Germany, 3 in Switzerland, 2 in France, 1 each in the U K.
and the Netherlands and one each in Belgium, Japan and France.

Note that although the recession of the early 1980s is apparent with many of
the 1984 sales figures being lower than in 1982, with the exception of the U.S,
companies (except Pfizer) all the others had significantly higher sales figures in
1986. The difference is because the recession hit the U.S. later than Europe.

3.7 General characteristics and future of the chemical industry

3.7.1 General characteristics

This section collects together important points which have previously been
made in this chapter. Comments on the general characteristics of the chemical
industry apply to a large extent to any individual national industry.
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Table 3.10 World’s largest chemical companies (by sales proceeds)

(all sales figures in $ million)

Position Company Country 1982 1984 1986
1 BASF W. Germany 13641 12827 21057
2 Bayer! W. Germany 13843 13426 20003
3 Hoechst! W. Germany 13948 12472 18686
4 Du Pont!-3 US.A. 14435 15861 15828
5 ICI UK. 11920 11487 15032
6 Dow Chemical US.A 10618 11418 11113
7 Ciba-Geigy* Switzerland 6887 6721 9929
8 Montedison Italy 6597 6405 9599
9 Shell?-3 Netherlands/U K. 6828 6913 8646

10 Rhone-Poulenc France 5524 5320 8273

11 Akzo Netherlands 5381 4647 7186

12 Monsanto USA. 6325 6691 6879

13 Mitsubishi Kasei® Japan 3090 3141 6643

14 Union Carbide US.A. 9061 9508 6343

15 EIf Aquitaine?3 France 2436 4828 6090

16 Exxon?? US.A. 6049 6870 6079

17 Solvay Belgium 3805 3550 5401

18 Sandoz Switzerland 3019 2859 5203

19 Roche-Sapac Switzerland 3543 3179 4868

20 Pfizer US.A. 3454 3855 4476

'Includes only 50% of sales of 50% owned affiliates
2Chemical interest only.

3Excludes intersegment transfers

“Data based on current values

SConsolidated resuits

The first point to make is that the industry is very research-intensive, the
research and development effort being devoted to (i) development of entirely
new products, (ii) better and more economical routes to existing products, and
(iif) improving the efficiency of existing processes and developing new ap-
plications for existing procedures. In the 1950s and 1960s the accent was very
much on (i), and many new polymers, drugs and pesticides were developed. As
the need to reduce costs is now more acute than ever, research and
development directed towards (iii) is becoming increasingly important. An
example, already encountered, is the increasing effort being directed towards
energy conservation. The figures in Table 4.1 confirm the research-
intensiveness of the industry. Note that the final column expresses R & D
expenditure as a percentage of sales (not profits). A corresponding figure for
the U.K. engineering industry would be about 1.5%, of sales income. Note the
extremely high figures for the pharmaceutical companies, Ciba-Geigy and
Glaxo.

The range of chemicals produced and of scale of operation is very wide.
Despite this, the various processing plants have many similarities and have
been designed on the basis of a number of common unit operations, examples
of which are discussed in chapter 6.

It is important to visualize a typically high-technology, very capital-
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intensive industry, where an individual plant and its control equipment can
cost hundreds of millions of dollars. All large plants run on a continuous
basis, and complete automatic control by computer or microprocessor is quite
common. Some of these giants (mainly ethylene crackers) have capacities in
excess of 500000 tonnes per annum. Development of more cost-effective
routes and advances in technology have quite often meant that existing plant
and processes have rapidly become redundant. For example, development of
the cumene route to phenol meant that the benzenesulphonic acid route
became obsolete some years ago.

The industry plays a very important part in every highly industrialized
country and, excepting Japan, a limited number of giant multinational
chemical companies play a key role throughout the world. Even Japanese
companies are now appreciating the necessity for globalization of their
activities. All countries which are in the early stages of real industrialization
are developing chemical industries, e.g. Saudia Arabia, Mexico. Be prepared
also, over the next few decades, for China, with its massive home market, to
become a major chemicals producer.

Rapid growth has been a dominant feature of the post-war chemical
industry, with growth rates typically twice those of manufacturing industry
generally. However, in countries where the industry may be regarded as
mature, i.e. Western Europe and North America, growth rates are falling and
are likely to be much lower during the next decade.

3.7.2 The future

Looking ahead towards the turn of the century it is logical to divide the world’s
chemical industries into two categories, as indicated above; the well-
established, mature ones such as those in North America and Western Europe,
and those in countries just starting, or continuing their industrialization.

Following the major recession at the beginning of the 1980s, the world
chemical industry is now buoyant with a high level of demand for its products
being accompanied by good profits. This is the reward for the hard decisions
which had to be taken during the recession to trim staff and rationalize
businesses. For the latter the guiding principle was to strengthen the activities
that you were good at and move out of activities that you were not so good at.
As an example of this, ICI merged its petrochemical and plastics operations,
combined this with its other heavy chemicals interests, ie. fertilizers and
general chemicals, and made them into a wholly-owned subsidiary—ICI
Chemicals and Polymers Ltd.—which has over 37,000 employees and sales in
1988 of over £4 billion, yielding profits of £473 million. In terms of assets it
represents one third of ICI’s total operations and if it were independent it
would be a major U.K. company in its own right.

Product and plant swaps with BP chemicals in the early 1980s enabled I1CI
to concentrate on PVC production and BP to strengthen its low-density
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polyethylene activities. There are many other recent European examples of
inter-company agreements, and other cost-cutting moves such as moving
company headquarters out of major cities®. Globalization of activities by
takeovers has been a recent trend. Thus the structure of the chemical industry
is changing and may be significantly different by the end of the century. A study
by Dow Chemical Europe on the likely situation in the year 2000 has been
presented by Frank P. Popoff, its president®. They predict that as many as 10
of today’s top 30 firms will not be around as we currently know them—due to
mergers, acquisitions, rationalization and nationalization. Further it is
suggested that only 10 of the top 20 chemical companies will then be from
Europe and the U.S.A. At present 19 are from these areas.

New chemical industries, although small at present, are growing rapidly in
the industrializing countries which have an abundance of the raw materials for
chemical feedstocks, namely crude oil. Saudi Arabia, for example, through its
Saudi Basic Industries Corporation, is pressing ahead with a massive
downstream petrochemical development in the Al Jubail area'®, with a
combined capacity in excess of 15 million tonnes for the several plants due on
stream in 1987-8. Large oil discoveries in Mexico will meant it will also follow
Saudi Arabia’s lead in developing a major chemical industry of its own. Other
rapidly developing nations in this sphere are Korea and China, which, with its
massive home market, will be a major chemical producer by the end of the
century. These new developments have been considerably aided by the fact
that many petrochemical processes are now so well established that the plant
and process technology can readily be purchased, almost off the shelf.

Due to the difficulty in competing with these developing countries in terms
of raw material costs we can expect European, Japanese and U.S. companies
to move further downstream in petrochemicals, where they can use their
greater technical skill, expertise, and experience. This is already evident in
polymers, where the only profitable area is speciality polymers which require
the above attributes for their production. Finally, the availability of feedstocks
for organic chemicals as oil reserves diminish will also have an influence, but
this is difficult to predict. The influence of the communist block is similarly dif-
ficult to predict but the construction of a pipeline to transport natural gas from
Russia to West Germany has been completed. Reports that Russia may
become a major oil exporter (as its large reserves of natural gas are tapped) are
being viewed with concern by OPEC. This apparent abundance of feedstocks
may lead to Russia becoming a significant exporter of basic organic
intermediates, alongside Mexico and Saudi Arabia.

As ever, the difficulty for the industry is to balance capacity with expected
demand, although the latter is extremely difficult to predict even S years ahead
because it is so strongly affected by the world’s economy which is very cyclical
with a boom inevitably followed by a slump. The diversity of experts’ views
clearly illustrates the difficulties. Views on ethylene in the mid 1990s range from
predictions of significant over-capacity in Europe to a worldwide shortage.
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Clearly the actual outcome depends on how the market for this product
expands (or contracts).
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CHAPTER FOUR

ORGANIZATION AND FINANCE

D. G. BEW

4.1 Introduction

The objective of the present chapter is to examine, in broad outline, how a
large chemical company is organized to carry out the many functions which
are required to maintain an on-going business. The organization and use of
labour, and aspects of labour relations, although important areas of the
operation of a company, are outside the scope of this chapter.

Chemical companies must respond to changes brought about by both
internal and external events. New opportunities will arise from research
activities inside the company—probably stimulated by a perceived need in an
external market—and threats will appear from competitive action by other
companies. The company which can respond most rapidly to these stimuli and
take effective, rapid action in R&D, production, marketing and other areas
will have the best chance of continued, profitable existence. Many studies have
been carried out, by university behavioural scientists and of existing business
organizations, on the different structures adopted and the resultant effects on
the operation of the company’.

This chapter will consider the main structural units of a large chemical
company and also the ways in which the company can raise money to finance
its activities.

4.2 Structure of a company

The detailed structure of a company is highly individual and depends on many
factors such as the fields of activity—whether growing or declining—the
markets involved, the past history of the company and the people involved.
Although there are as many structures as companies, the structure outlined
here is typical of many large chemical companies. Much information on the
organization of a company can be found in the annual report; German
companies are more informative than many others. A typical organization
chart for a large chemical company to the division level is shown in Fig. 4.1.

79
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Figure 4.1 Company organization.

4.2.1 Company board functions

At the summit of the corporate structure is the board of directors with overall
responsibility for the long-term strategic planning of the company. The work
of the board can be split in various ways. In some cases individual board
members have responsibility for the technical aspects of a group of products,
while another board member looks after commercial aspects. Where overseas
activities are an important facet of company activities, as is the case with most
major chemical companies, then board members may combine their technical
or commercial role with a general overall responsibility for an overseas
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country or group of overseas markets. Board members also combine their
activities in committees which consider company-wide activities which must
be brought together and matched on a central basis, such as plans for capital
expenditure or personnel matters.

The function of the board is to plan the long-term growth, or at least
survival, of the company, so they are concerned with overall strategy and long-
term plans rather than with the detail of individual operations. To carry out
this function the board needs information on company-wide activities
condensed to show the main strategic elements. Supplying the board with the
required data is a number of support groups or staff functions, often quite
small, which coordinate activities in other parts of the company and handle
those aspects which must be managed for the company as a whole. Examples
of these are finance and accounting, where all parts of the company must adopt
mutually compatible accounting methods and financial plans covering capital
and revenue expenditure must be matched by the corporate resources.
Similarly matters of taxation, legal matters, licensing and patents may be
handled on a corporate basis by a central board support group. The number of
such staff-function departments varies from company to company and it is not
always possible to know whether some companies separate these functions
into smaller units than others. Hoechst and Bayer, for example, list 8 or 9
corporate departments or coordinating departments, whereas Du Pont show
15 staff departments. However, the latter included separately such functions as
transportation, information systems, marketing communications and public
affairs, which are probably rolled up within other functions by the European
companies quoted.

4.2.2 Operating divisions

Within a large chemical company the major production and marketing
activities are separated into a number of operating divisions in order to form
units of manageable size. The operating divisions are separated by product
type or by technology to give units which have products with similar markets
or common technological features. Each of the operating divisions of the
major chemical companies is a large company in its own right and would be a
world-ranking organizationifit was not part of a major company. Thusthe sales
of Hoechst pharmaceutical division make the division the No. 2
pharmaceutical company, and those pharmaceutical sales alone would put the
company in the top 40 of world chemical companies?.

Research and development activities may be organized on a divisional basis,
with the R&D staff function coordinating divisional plans and initiating
studies which overlap or are outside existing operating division activities. At
the other extreme, many companies operate a centralized R&D facility to
concentrate their technical staff, by which they hope to obtain the benefits of
cross-fertilization of ideas and also optimize the use of analytical and physical-
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method (NMR, electron microscope, etc.) equipment. In this case indivi-
dual divisions will have relatively small laboratory teams, associated with
the production facilities and carrying out quality control and plant
improvement/problem-solving work. The number of divisions is a result of
company policy, product range and company history. A corporate R&D
organisation is shown in Fig. 4.1 although, as indicated above, these activities
may be operated on an individual division basis.

Each division has its own management and organizational structure which
may be on a product-line or operating-function basis. The division may
operate almost as an autonomous unit with its individual headquarters and
production site; alternatively, the commercial and technical staff of the division
may work in the corporate headquarters with only the divisional production
facilities on individual sites. In the case of ICI, for largely historical reasons
divisions have their own headquarters and sites—e.g. Agricultural Division
has its headquarters, R&D, sales, technical and much of its production
facilities at Billingham in north-east England, whilst Organics Division has
headquarters, R&D, sales and technical service at Manchester
with major production facilities nearby at Huddersfield. However, under
recent reorganization most of the ICI Divisional structure has been broken up
and the company organized on a product basis. Thus Agricultural Division
activities have been combined with other commodities into ICI Chemicals and
Polymers Ltd.—a wholly owned subsidiary. By contrast, Du Pont in the
U.S.A. and BASF in Germany operate corporate R&D departments with
divisional sales, purchasing and technical staff in the company headquarters.
Production facilities are then widely dispersed to be near major markets and
minimize transport problems (Du Pont) or largely concentrated for in-
tegration and optimization, and to take advantage of a major transport facility
(BASF with Rhine barge facilities).

4.2.3 Divisional structures

Divisional organizations structured on a product-line or functional-
department basis are shown in Figs. 4.2 and 4.3. In both cases there are strong
possibilities of duplication of activities within a function or, what might be
more damaging, omission of work in an area which is thought to be the
responsibility of another group. To avoid these drawbacks, the development
of some form of matrix organization is usual to ensure coverage of all the
planned activities with minimum overlap. In the product line organization, a
linking of all the R&D group activities through a R&D line management
structure will help the optimum use of R&D resources and avoid the separate
solution of analogous problems within the individual product lines. For the
individual scientist the matrix structure maintains links with his own
discipline and provides opportunities for job movement and career develop-
ment which could be lacking in an R&D group operating in a rigid product-
line structure.
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Figure 4.2 Division structure—product line basis.

In a division structured on a departmental basis the R&D scientist will have
close contact with his peers in his own and other scientific disciplines and with
the scientific hierarchy in the division. A matrix structure, through an
interdepartmental product group team, could then have the benefit of giving
the individual scientist an insight into the problems and restraints of other
departments. This should then enable him to plan his work to tackle most
directly the problems in hand and give him the added responsibility and
involvement as the R&D specialist in the multi-disciplinary team. An example
of a matrix based on a departmental structure is shown in Fig. 4.4. The further
organization of some of the indicated divisional activities—in R&D, pro-
duction, marketing—is examined in more detail in subsequent parts of this
chapter.
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Figure 4.3 Division structure—functional department basis.

4.3 Organization of R&D

In the chemical industry, or any other industry, research is a business function
like other activities such as production or marketing. The business of R&D is
knowledge and information, and the R&D activity is the purchase of
information to reduce uncertainty and solve problems and to provide better
data on which to base decisions. Information is ‘bought’ and problems
resolved by application of the company’s money and skilled manpower
resources in the R&D function.

Within an academic environment a research activity may be carried out for
its own intrinsic interest and to add to the sum of knowledge. In an industrial
context the primary reason for doing research is economic and the work
carried out is done for the benefit of the sponsoring company. The chemical
industry invests heavily in R&D, as do other high-technology industries
(aircraft, computers), and much more intensively than the industrial average.
This is a result of the complex processes used in the chemical industry and the
factthat by properuse of science and technology, the processescan beimproved,
costs reduced and innovations introduced. In the highly competitive environ-
ment of the chemicalindustry suchimprovements and innovations are essential
to improve the company position in the market.

4.3.1 Long-term activities

Work in an industrial R&D organization covers a very wide range of activities
and time-spans, and the long-term nature of some R&D activities represents a
major difference with respect to other company activities. The scope of
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activities can range from an exploratory search for a new catalyst to the
development of an existing product.

At the longer time-scale end of R&D activities, the work is often classified as
fundamental or exploratory. Fundamental work usually refers to basic studies
and derivation of data in areas of current or potential interest to the company.
The effort is not normally aimed at any particular commercial goal but is less
specifically targeted and is directed to helping ultimately to solve problems in
broad areas of activity. Thus broad-ranging studies on hydrocarbon oxidation
could provide information which would be useful in more specific areas such as
cumene oxidation for phenol production or cyclohexane oxidation for
production of nylon intermediates. Exploratory work is more specifically
targeted on a commercial objective and involves the investigation, as a
preliminary step, of promising lines or methods of solving a problem. The initial
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exploratory target isto eliminate the less attractive activities and leave a smaller
number of possibilities to be followed up more intensively. Exploratory work is,
in effect, a preliminary screening activity and care must be taken to achieve a
balance between missing a promising line through too narrow an approach and
passing on too many candidates to be followed up. As an example, searching for
catalysts which will achieve the direct oxidation of propylene to propylene
oxide, the exploratory chemist will make an initial selection based on existing
knowledge of oxidation catalysts. These will then be examined in a preliminary
oxidation test to eliminate those that produce no detectable propylene oxide
or which lead to complete combustion. Further tests will then lead to a few
candidates for detailed study. The possibility of missing a useful catalyst by the
initial selection and preliminary test is inescapable.

Following the exploratory stage the research activities have a somewhat
shorter time horizon and are more directly oriented towards a final
commercial application. Activities can sometimes be broadly classified into
process R&D and product R&D, though this cannot always be so split since
modifying the product requirement can require process research, and vice
versa.

4.3.2 Shorter term—process R&D

Within the petrochemical industry, with the emphasis on tonnage production
of chemical entities which can be specified by physical and chemical properties,
process research has been the dominant activity. Process research has the
basic objective of optimizing the manufacture of a product—either an existing
product or one which the company does not, as yet, produce. This activity is
concerned not simply with the basic reaction which will have been studied at
the exploratory stage but with the whole process. All steps in the process,
from the handling of raw materials, through reaction stages, product
separation and purification to product storage, must be covered. The process
research may concentrate on one area—say the reactor where a new catalyst
or reactor design is being considered for an existing process. Alternatively, the
work can encompass all stages where a new process is under development by
examining the effect of reactor conditions on yields and by-product formation
and the subsequent separation and recycle of streams, leading to product
purification. The use of mathematical models—equations representing the
reaction kinetics, heat and mass balances—is well developed and a major
factor in process research work.

The end product of the process R&D study is a package of information
which can be used for engineering design and costing of the equipment
required, and data which will assist the safe start-up, operation and shutdown
of the process. In order to achieve this, the process R&D study will have to
progress from the initial small-scale laboratory experiments to a larger scale
which will enable the difficulties likely to be encountered on the final scale up
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to a production unit to be examined. There are many reasons why it is not
possible to convert a laboratory reaction to a production-plant scale by a
simple multiplication factor. These are considered in detail in chapter 6, but as
a brief indication, problems of heat transfer affected by surface/volume ratio in
stirred reactors, possible wall effects in vapour-phase reactors, choice of
material of construction to avoid corrosion, concentration of trace impurities
causing corrosion at phase boundaries or forming azeotropes are all areas
where work on a larger-than-laboratory scale is needed to provide reliable
data to ensure safe operation of the process and for design of a full-scale plant.
From this brief description of process research activities it can be seen that the
development of the results of an exploratory chemical study into an operable
chemical process requires the examination of a complicated interacting matrix
of factors. Input will be needed from a range of scientific disciplines—chemists,
chemical engineers, electrical and mechanical engineers and mathematicians
will certainly be involved. If problems of effluent disposal arise, biologists and
biochemists will also have vital contributions to make as members of the process
design team.

4.3.3 Shorter term—product R&D

The objective of product R&D is to develop new products or to improve
existing products in the company range. Product research may be directed to
the improvement in quality or performance cl}aracteristics of an existing
product to match competition or respond to perceived market needs. It can
also be involved in developing new uses to extend the market for existing
products or in producing completely new products to open up new market
outlets or strengthen a position in current markets.

Chemical products can be broadly classified into those sold as chemical
entities to a chemical/physical property specification and those sold on
performance in given applications and for the effect which is produced.
Examples of the former are ammonia, ethylene, sulphuric acid (large-tonnage
commodity chemicals), and aspirin, citric acid, Vitamin A (small-tonnage, fine
chemicals). The latter category includes plastics, resins, elastomers, synthetic
fibres (large-tonnage, pseudocommodities) and cleaning formulations, ca-
talysts, crop protection chemicals (small-tonnage, speciality formulations).
Products in the first class are essentially the same from any manufacturer and
it is in products of the second class that most of the product R&D work is
carried out. Products in the pseudocommodity and speciality chemical classes
are sold on end use performance and each manufacturer’s product will be
different. Product R&D to improve the properties of the existing product
range or to develop new products to meet customer needs is extremely
important in maintaining market position. Product-oriented R&D is usually
more manpower-intensive than process R&D. New compounds and new
formulations are required to satisfy customer demands and stay ahead of
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competitors. Strong innovative groups are needed who know the end-use
business as well as the customer, and can combine this with knowledge of
product properties to produce combinations and formulations to match the
needs of the customer.

Research aimed at completely new products or processes is a long-term
activity since it covers the initial exploratory screening of promising leads,
through the definition, optimization and scale-up steps, to the commercial
production level. A considerable amount of research in industry has a much
shorter time-span and is aimed at achieving improvements in the operating
efficiency of existing processes or quality improvement in current products.
There is also ‘trouble-shooting’ work undertaken to overcome malfunctioning
of an operating plant and restore performance and profitability to normal
levels.

In an industrial research department there will be a range of project at differ-
ing stages of development being worked on at any one time. Exploratory teams
will be searching for new catalysts, new reactions, new products to feed
forward. Product and process teams will be carrying out process definition,
scale-up, and product optimization work to provide data for the process
design and engineering groups who will design and build the production units.
Other R&D teams will be working to improve the performance of existing
operations either in terms of reduced raw material and energy usage to
improve profitability or improved quality of product to stimulate sales. The
aim of the R&D management is to maintain a balanced portfolio of projects
ranging from long-term exploratory activities with relatively low probability
of technical success to short-term problems with high probability of achieve-
ment. A range of activities must be maintained to give a flow of topics through
the department and meet the R&D targets which will be set as part of the
corporate plan. Decisions taken on new products and processes to be worked
on and developed are of little value unless they are intended to lead to capital
expenditure and construction of a production unit if successful. Since these
decisions imply a basic commitment of the future direction of the company
they must have the approval of the top company management and line up with
the corporate objectives in maintaining the continuing profitable existence of
the company.

4.3.4 Evaluating results of R&D

Since R&D is a business, operating in an overall business context, the project
activities within the department must be critically evaluated at various stages
during development to see that they still meet the desired objectives.
Evaluation of a project at any early exploratory stage will, of necessity, be
crude since little information is available. However, the financial implications
of such a preliminary evaluation will be limited, possibly to no more than a
three-month continuation of exploratory work. As more information becomes
available a detailed level of evaluation should be undertaken before com-
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mitting funds to expensive process and product development with the possible
need for capital expenditure on semi-technical or pilot-plant units. In most
industrial research activities the problems under investigation are capable of
technical solution if sufficient effort and money are expended. The major risks
and uncertainties in industrial R&D projects are therefore commercial rather
than technical. However, the staged evaluations of the project which are carried
out must aim to ensure that the costs of developing and implementing the
technical solution will result in a production operation which will provide an
acceptable profit. There is no commercial value to a company in developing
(say) a direct oxidation of benzene to phenol if, because of low conversions and
extreme conditions, the resulting production unit is so expensive that the
product cannot be produced to compete on price with the current cumene-
based route. This is not to say that exploratory work to find an improved
catalyst which could lead to a competitive processes should not continue. The
problems of selection and evaluation of R&D projects are complex and
require detailed study. A brief look at the evaluation of an R&D project
appears in section 5.11 but project selection will not be considered further here.

A major problem in a research department is maintaining a balance
between long- and short-term activities. A long-term project has greater
uncertainty due to the problems of assessing the technical and commercial
situation far into the future. Money spent today will not produce profits until
many years hence even if the project is successful, and in periods of high
inflation and recession the present value of such future profits is greatly
reduced. Even where a research programme in the past has resulted in a
profitable production unit, it is difficult to determine with any certainty how
much of the profit is due to the research activity. The profit may result from a
novel process design reducing the capital cost of the plant, clever purchasing of
raw materials at advantageous prices, or efficient, aggressive marketing, and
only partly from the original research work which resulted in the process. The
value of long-term research is therefore very difficult to quantify and thereis a
tendency to concentrate on short-term activities, such as improving perfor-
mance of an existing unit. In this case the time taken to implement the results of
the research will be short and the results more easily quantifiable in terms
of increased output or reduced product costs. A cost:benefit analysis to
determine the value of the research is then readily carried out. However it is
generally the long-term projects which offer the possibility of new products
and processes which could fundamentally affect the progress and long-term
viability of the company. A prime objective of R&D management is therefore to
achieve the optimum balance of projects with the available resources of
manpower and within the available budget.

4.3.5 Financing R&D activities

The question of how much should be spent on R&D activities is a major
problem in a high-technology industry like the chemical industry. In an
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industry where products and processes are subject to rapid improvement and
replacement, a company with an inadequate research commitment will
quickly find itself at a competitive disadvantage. Although processes and
operating knowhow are available for licence, a company which has failed to
invest in its own research activities cannot always buy the information which it
needs. There is an increasing tendency for companies to want a reciprocal
exchange of technology with an agreed licence fee to give a balance of benefits,
rather than a one-way transfer of technology. Furthermore, even if process
technology is available for licence, the prospective purchaser needs some level
of competent research activity to be able to assess the technology on offer.
Research is therefore not an expensive overhead luxury to be cut back at the
first sign of recession, but is an integral part of the long-term activity of a
profitable company and as such cannot be considered in isolation. There is
unlikely to be a shortage of problems which would limit the amount of
research done by a company nor, under current conditions, is non-availability
of qualified staff a probable limiting factor. One common limiting factor on
research is finance to carry out the research and (even more demanding) to
provide the capital to exploit the R&D innovations. The rate at which the
company organization can change to absorb the results of R&D innovation
can also be a limiting factor.

The amount of money to be spent on R&D activities is a matter of
judgement and depends on the type of business involved. Within the chemical
industry the need for research and the amount spent varies over a wide range.
At one end is the heavy basic industry where product and technology change
slowly and spending on research activities will be low. The other extreme,
where innovation is rapid and products are subject to intensive competition
and may be displaced rapidly is exemplified by the pharmaceutical industry
and requires major investment in research. Table 4.1 shows research
expenditure for a number of companies in $m and also expressed as a

Table 4.1 Range of research expenditure 1987

Ré&D Spending % of

Company (&m) sales
Du Pont 11620 63
Hoechst 14122 60
Bayer 1464-1 62
BASF 10284 40
ICI 870-3 41
Dow Chemical 670-0 50
Union Carbide 1590 23
Ciba—-Geigy 13180 106
Glaxo 394-0 112
Shell Chemicals 291-0 25

Grace 1073 24
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percentage of sales. Figures are largely from Chemical Week and C&EN?4,
and illustrate the range (of % on sales) spent on research. Spending on R&D
activities clearly depends on the nature of the company activities but even
companies apparently in similar business areas have very different levels of
expenditure. Spending on R&D has been increasing in recent years both in $
terms and as a %, of sales and the trend appears to be continuing in 1988 and
into 1989.

The money available for R&D comes from the company pool of ‘overhead
cash’ provided by a charge on existing production activities. How much will be
allocated to R&D will depend on company policy and will result from
discussion and compromise between the various groups which are funded by
overhead charges. Ideally the budget should be linked to the long-term
objectives of the company; in practice the budget will be subject to short-term
effects and depend on the total money available. No predominant criteria for
determining a research budget are appareni but Twiss? identifies five possible
bases:

(1) Interfirm comparisons
(1) Fixed relation to turnover
(ii) Fixed relation to profit
(iv) Reference to previous expenditure
(v) Costing of an agreed programme

No one basis will be completely satisfactory and the final budget will contain
some influence from most of them. The level of activity by competitors must
also be taken into account and may influence the final budget. Research is a
labour-intensive activity and although a research team can be broken up
relatively quickly (albeit painfully) in hard times the rebuilding of an effective
group cannot be so easily accomplished when profits improve. One aim of a
research budget should therefore be to avoid major fluctuations in workload
and provide some stability in manning levels.

4.3.6 Links with other functions

Some emphasis has been placed on the view that R&D activities should not be
considered in isolation and brief mention will therefore be made on R&D links
with other functions in the company. From what has been said earlier it is
apparent that close links should exist between the R&D function and the
production function. The works will be the source of many of the short-term
problems being studied in the research department, such as urgent work to
resolve a plant trouble giving rise to output or quality problems. Other works-
connected research activities will be more planned such as studies to improve
raw material efficiency or reduce energy consumption in areas where study of
standard cost sheets (see section 5.2) shows a worthwhile opportunity exists.
Studies of this type are often accomplished jointly by teams working in the
laboratories with some members seconded to the works. A temporary transfer
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of this nature can help the research worker to see the works problems in
context and make him aware of limitations which may make an apparently
attractive laboratory-developed solution to a problem unworkable in
practice.

Links between the works and the process and product research activities are
also important since the former will be the ultimate users of any process
successfully developed. The involvement of experienced production staff in the
process development team before process and design have been too closely
defined can be highly beneficial. Incorporation of hard-won experience on
safety and process operability into the team can result in a process which can
be brought on line more smoothly and operated with improved safety
margins.

The research department should also have close, effective links with the
marketing organization in order to carry out the R&D function of looking to
the future of the company. Problems with product quality, potential new uses
for products, market needs which might be filled by product modification and
such information obtained in marketing-department contact with customers
can have a profound effect on R&D activities*. Many studies on research
activities and successful innovations have shown that close contact with the
marketing function is an important factor in successful innovation.
Conversely, lack of contact with the market was a feature of many of the
unsuccessful cases studied. The ‘Sappho’ project® and similar studies® show
that attention to and understanding of user needs and attention to the needs of
the market are distinguishing features of successful R&D activities.

Both the functions considered—production and marketing—are, of
course, key parts in the organization of a chemical company, or any other
manufacturing company, and the individual organization of these groups will
be discussed.

4.4 Production organization

The production activities in a large chemical company form part of the
operating division structure, and the divisional manufacturing units are
combined to form ‘works’ each of which involves the operation and
management of a number of chemical plants. Scale of production in chemical
plant ranges from a few tens of tonnes to hundreds of thousands of tonnes
annually. Chemical processes may be operated in batch mode using
equipment—reactors, filters, stills, condensers, tanks—which can be re-
arranged to produce a variety of products, rather like large-scale laboratory
glassware. Other processes are operated in large, complex, specifically design-
ed plants which run continuously, 168 hours per week for weeks at a time, to
produce one product, possibly with some co- or by-products, on a very large
scale. In either case the ultimate aim of the works management team is to
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produce the required quantity of product, of the desired quality and as
efficiently as possible, i.e. at minimal cost.

4.4.1 Management structure

A chemical works is a complex system involving buildings, plant and
machinery, raw materials, energy, and human inputs and product outputs
which must be carefully managed to achieve the desired targets. The plants
must be operated efficiently, equipment maintained to a high standard and
processes improved where practical, to produce the required outputs safely
and to minimize environmental impact.

Plants in a chemical works are generally managed by chemical or chemical
engineering graduates, although non-graduate staff may sometimes be
responsible for the management of a well-established process. In a large
chemical works a number of plant managers will respond to an intermediate
level of management—a section- or product-group manager and, in turn, the
intermediate managers respond to the works manager. This classical ‘line
management’ structure provides for the delegation of authority from the
works manager through to the plant manager and process operation staff.
Other activities in the works cut across the line structure and serve a general
staff function, such as quality control and analytical services, safety services,
labour and personnel and so on. Engineering services in the works may be
organized in a line structure, analogous to the process management structure,
if specialized techniques are involved in the different product groups.
Alternatively the engineering and maintenance staff can operate as a central
pool of skilled manpower serving the whole works.

A production management structure is shown in Fig. 4.5.

The broad production plan for the works will be developed by the works
manager in consultation with the marketing, purchasing and distribution
departments. The plan will also take into account information on expected
availability and performance of the plants on the works fed back from the
plant manager through the line structure. Production requirements to meet
the plan will then be passed down the line from the works manager to the
individual plant managers. Since the plant manager carries the ultimate
responsibility for supplying product to meet plan requirements it is worth-
while taking a closer look at his role.

4.4.2 Plant management and operation

A production plant in a chemical works manufactures product by a chemical
process requiring controlled conditions of temperature, pressure, catalyst, feed
rates, etc., for its successful operation. The plant manager must understand the
chemistry of his process and the effect of changes in process conditions. He
must also know his plant equipment and the constraints which this imposes on
his ability to make changes. However, being able to handle the process
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Figure 4.5 Production management.

chemistry is only part of the plant manager’s job and much of his time is spent
on non-chemical matters. The efficient, safe operation of a chemical plant—no
matter how sophisticated the measurement and control devices—depends
finally on people and a large part of the work of a plant manager involves
dealing with and communicating with people. Vertical communication
involves the plant manager discussing plant operation with the process shift
team and passing information on the plant performance to his group manager
and works manager. Similarly, information on short-term changes in the
production plan is fed down to the plant manager and discussed in terms of
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changes required in plant operation with the process operators. The increasing
sophistication of chemical plants has brought the need for process workers
with more knowledge of the science behind the chemical process and the
control of the units in the plant. There are now technical courses available
which provide training and qualifications for process operators and it is part of
the plant manager’s job to ensure that his process team are fully trained and
kept up to date.

The plant manager must also liaise across the line structure with other plant
managers to ensure that their needs for resources do not conflict. Discussions
with analytical staff on product quality, supply department on raw materials
and marketing department to balance plant output with stocks, storage
capacity and expected sales also form a significant part of the job. Liaison with
the works engineering staff is also an important part of the plant manager’s
activities. The planned maintenance of equipment before breakdown can
avoid considerable upset to the plant operation and process efficiencies. Major
plant shutdown to change catalyst, or repair equipment which can only be
worked on when the plant is off-line, must be organized well in advance to
ensure that the materials and manpower are available and reduce the off-line
time to the minimum. Despite all the planning, equipment breakdown will still
occur and the plant manager must work with his engineering colleagues to see
that such events are dealt with rapidly.

In addition to all these people/communication activities the plant manager
must also monitor his process efficiencies and costs. The plant record sheets
show the consumption of raw materials and services such as steam, electricity,
cooling water and fuel oil and the make of on-specification product. Usages of
these inputs per tonne of product must be monitored against the standards set
by process design or known efficient operation; any significant discrepancy
will be investigated and remedial action initiated. Product cost—at least at the
plant cost level over which the manager can exert some influence—must be
compared with the standard cost (see Chapter 5) to see that (say) analytical
costs are not creeping up or steam being reduced at the cost of increased usage
of expensive fuel oil.

A very important feature of the work of a plant manager, and the works
management team in general, is concerned with the safe operation of the plants
on the works. Plant inspections, checks on control systems, use of safety
equipment and close cooperation with the works safety staff form part of the
activities involved in maintaining a high level of awareness of safety matters in
all plant staff.

The plant manager and his senior managers continually seek to improve the
performance of the plants on a works. This will involve consultation with the
works process improvement team and liaison with R&D stalf to balance the
conflicting requirements of production and experimental programmes. Any
work proposed for experiments on the plant (modified reaction conditions,
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new catalyst, detailed sampling study) to confirm laboratory studies will
almost inevitably lead to process upsets and some loss of production. The
current need for product must be balanced against the short-term loss of
output and potential longer-term process improvements. This summary of the
factors involved in the operation of a chemical plant emphasize that, at all
levels in the management structure, a knowledge and understanding of the
process chemistry is only one of many skills needed.

4.4.3 Engineering function

It will be apparent from what has been said above on the process operation
side of the chemical works that the engineering staff have a vital part to play in
the efficient operation of the plants. Most of the work of the engineers in the
chemical factory is concerned with the maintenance and repair of equipment,
with plant extension and modification work forming a relatively small part.
Since the maintenance activities are involved with all plants and equipment on
the works the skilled personnel involved (machine fitters, pipe fitters,
instrument fitters, electricians, welders and so on) are usually combined in a
central works engineering group. On a large site, senior engineers—usually
graduates—will supervise each group, e.g. there will be a machines engineer,
instrument engineer, electrical engineer etc. There will also be a graduate
engineer associated with one or more plants and responsible for maintaining
the mechanical equipment on those units in good order, and working closely
with the plant managers and function engineers in the planning and
implementation of maintenance work. A number of plant engineers will
respond to a section or group engineer who in turn will respond to a works
engineer. The maintenance functions on the works operate in a closely-linked
matrix organization combining a line structure, parallel to the process
management line structure, combined with an engineering-skill-oriented
structure operating across the works as a whole.

The smooth, efficient operating of a chemical works is critically dependent
on the cooperative working of the process management and engineering
management staffs. As with many aspects of industrial life, the ability to work
with and through other people and develop effective personnel management
skills is as important as technical ability in the works environment.

4.4.4 Links with other functions

Clearly the chemical works must have close links with many functions in the
operating division to ensure that the products made contribute fully to the
profits of the organization. Supplies of major feedstocks, catalysts and
auxiliary chemicals are organized through the division supply function, and
movement of product—by pipeline or suitably loaded in drums, sacks, road
tankers or ships—arranged with the distribution department. Contact with
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the R&D function is also important with regard to process improvement and
short-term trouble shooting to uprate plant performance. There is also a need
for involvement with product and process development work as previously
indicated to provide an input of operating experience and highlight potential
problems at an early stage.

Links between production and marketing staff are vitally important at all
levels in the management structure. At a senior level close liaison is required in
developing the annual production/marketing plan and ensuring that any
major fluctuations in demand can be accommodated by storage or high-rate
production. For the longer term the works manager and his marketing
equivalent must balance the long-term sales and market forecasts against
production capacity to begin the long process of obtaining authorization,
planning and building new capacity, in good time.

The individual plant manager must also keep in close touch with his
colleagues in the marketing field to see that his stocks and current production
rate can meet short-term demands. He must also be aware of any significant
short-term changes in planned sales, arising from an urgent order (or delayed
order) which could affect his production programme. Planned shutdown of
the plant for maintenance work must also be covered by building up stock to
meet anticipated orders. The marketing department must also be informed of
such planned shut-downs well in advance so that deliveries to customers can
be rescheduled if necessary and no new commitments for sales are made for the
critical period.

This review of the structure and functions of the production activities in a
chemical company illustrate the diversity and importance of the production
function. Since the operating division, and indeed the company, primarily
exists to make profits by selling chemicals, the efficient production of those
chemicals may be regarded as the drive cog in the company machine.
However, as with all machines, smooth meshing with other cogs is required to
convert the drive into the desired machine output.

4.5 Marketing

As previously indicated the chemical industry produces a wide range of
products, at scales ranging from a few tonnes each year for pharmaceuticals
and some dyestuffs intermediates up to hundreds of thousands of tonnes each
year of ammonia and ethylene. Most chemical sales are made to other
manufacturers who will use the chemical product as feedstock (or additive,
solvent, etc.) in producing another material which may be sold to the
consumer or may also be an intermediate and undergo further processing.
Consequently the function of marketing in the chemical industry, where the
customer is technically knowledgeable, is very different from selling consumer
products.
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4.5.1 Role of marketing

In common with the marketing functions in other industries, the job of the
marketing manager in the chemical industry is to maximize profits by making
an optimum level of sales at the highest possible prices, bearing in mind the
competition and company strategy. It may be company strategy, for example,
to hold price levels down in a particular market to discourage competition or
to encourage market growth. For chemicals which are produced on a large
scale, or which require very complex processes for manufacture, a massive
investment of capital for the production unit is required. In addition the effort
of numbers of technically qualified people to manage the processes and
provide technical service support to the customer is needed. As a result only
large companies can undertake such activities, and for many chemicals
manufacture and sales are shared between a few large producers. For many
large-tonnage chemicals and petrochemicals the products from the different
manufacturers are competitive on quality and price. The marketing manager
must then seek other ways to obtain an order for his company rather than lose
it to a competitor. Such factors as improved methods of delivery (e.g. molten
product in tankers rather than flake in bags, to reduce customer’s handling
costs), ready availability of product and speed of delivery from local storage,
and improved technical support, become important in securing an order. The
marketing manager can also join forces with colleagues in other operating
divisions of the company to offer a package of products to satisfy the needs of
the customer.

The marketing manager must be aware of the need to recover all the direct
and indirect costs of production (absorption costing) from sales in his major
markets. He must also know the marginal production cost for his products so
that he can grasp opportunities to make additional sales which produce an
income higher than marginal cost and thus make a profit contribution (see
section 5.10). However, the possible rebound effect of such marginal sales on
prices in major markets must not be overlooked, and the possible depression
of overall price levels following a small increase in total sales could be
counterproductive.

Organization in the marketingsdepartment is usually a conventional line
structure with an individual marketing manager responding to a group
manager and a number of group managers linking to the division marketing
manager. A marketing manager will have responsibility for one or more
products depending on the complexity of the market and the number of
customer accounts to be dealt with. The group manager will hold overall
responsibility for a number of related products and act as a communications
focus for the separate product managers and their link with higher
management.

The availability of specification product to meet orders is very important
and part of the job of a marketing manager is the development of
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production/sales balances. Marketing department, in collaboration with the
works staff, produce both short-term and long-term plans and forecasts which
form a basis for the optimal balancing of expected demand with production
and stock levels.

4.5.2 Short-term sales plans

Short-term forecasts, for up to 12 months ahead, contain detailed sales
forecasts based on close contact with the markets, and expected production
plans and stock holdings. Product and stock levels contain allowances for
planned shutdown of plant for maintenance work and take into account
periods of limited production due to process restrictions (pump failure, partial
reactor choke, etc.) to be expected based on past experience. In the case of
multi-product plants, campaign lengths to match stocks and sales of
individual products and lost production when changing product must also be
taken into account.

Selling price and production cost forecasts are also included to provide a
profit forecast and give early warning of remedial action which might be
needed (improve process efficiency, reduce steam consumption, increase sales)
to maintain an acceptable profit margin. These short-term production/sales
plans will be used as a basis for plant operation on the works; unexpected
changes (loss of catalyst activity reducing output, order from new customer)
will be accommodated by regular formal meetings and by frequent informal
contact between the marketing manager and his production management
colleagues.

4.5.3 Long-term sales plans

Long-term forecasts, covering a period of 3—5 years, are used in the planning of
long-term strategy for the operating division. Sales levels are based on analysis
of individual markets and forecast growth rates over the period. These are
balanced against production capacity and forecasts of availability of feedstock
to show the long-term position.

Sales prices and cost forecasts are again needed to show that the product
will continue to make a profit contribution in the long term. If the long-term
balance indicates overcapacity for a product the marketing manager must
take action to increase sales by seeking new applications, developing export
markets or winning a bigger share of the existing market from his competitors.
When a shortage of capacity is anticipated, consideration should be given to
increasing output by modifying existing plant or building new capacity. In the
latter case, with new plants taking several years to plan, design and build, it
will be necessary for the marketing department to produce sales tonnage and
price forecasts for ten or more years ahead. This ‘crystal ball gazing’ is required
to show that the long-term profitability of the product is sufficient to reward
the proposed capital expenditure. Producing the market support case for new
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capital expenditure based on long-term forecasts forms part of the division or
company long-term strategy. It forms an essential part of the process of
ensuring that the company will be equipped to meet sales demands in the
future.

454 Market R&D

Another area of activity in which the marketing department must be future-
oriented is in market research and development. Selling chemicals into
technically-based markets requires an understanding of the customers’
processes and his problems. The close contact with the consumer gives the
technical salesman and marketing department a picture of the current needs of
the customer and what it would be worth to him to have those needs satisfied.

Information on market needs and the analysis of possible market opportu-
nities provided by the marketing department forms an important input into
the R&D area of the company. Efficient transfer of market analysis and the
information obtained as a result of customer contact can help direct the
company R&D activities into the most relevant areas. Similarly when a new
product has been produced by a company or division research activity the
marketing manager and technical sales force can assist the R&D product
development manager to make contact with potential users of the new
product. The combined efforts of the marketing manager providing infor-
mation on the commercial advantages of the new product and the product
development manager on the technical merits can stimulate the customer’s
evaluation of the product and the development of market outlets. Growth of
the market for a new product depends on the perceived need for the effect it
produces, the price which a customer is willing to pay for that effect and the
alternative solutions to the problem which are available. Information obtained
by the marketing department on all of these factors and relayed into the
producing company’s R&D organization can play a vital part in the
development of new products and in the development of market outlets for
those products.

4.5.5 Links with other functions

The efficient functioning of a marketing department, and its influence on the
division or company of which it is part, clearly depends on close links with
other parts of the organization. The importance of the links with production
staff and with R&D has already been mentioned in this section and earlier in
the chapter. It is worth stressing again the importance of close contact between
marketing and R&D since this is an area which is sometimes neglected. The
very different orientations and functions of the departments, (customer/
commercial—science/technical) and the different types of people who are
attracted by the nature of the work in the two departments tend to make such
contact difficult. Nevertheless, for the efficient operation of both functions, and
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the company as a whole, close contact and cooperation must be encouraged
and maintained.

Having considered how the company is organized to develop, make and sell
its products let us consider another important activity in the chemical (or any
other) industry, namely raising the money to finance these activities.

4.6 Sources of finance

The chemical industry is a capital-intensive industry. Chemical plants are built
of expensive materials to withstand the processing conditions—corrosion,
high temperatures, high pressures-—frequently encountered. Modern plants
are also highly instrumented and automated to improve process control and
efficiency and to provide better safety margins. Of the economist’s ‘resources
for production’—labour, land and capital—the labour requirement for most
processes operated in the chemical industry is relatively small and labour costs
form only a small part of the total cost. Land requirements by the chemical
industry are also relatively minor in terms of area. However, an appropriate
site is important and a site is required with adequate facilities for transport
(road and rail) and shipping (for bulk imports and exports) and facilities for
handling and safely disposing of liquid and gaseous effluents. Land-related
inputs—crude oil, phosphate rock, sulphur, etc., are important to the chemical
industry but represent a fairly small percentage of total land usage. The
resource which the chemical industry uses most is capital—the money to buy
and install capital equipment to manufacture profit-generating products.
These capital requirements of the chemical company can be provided in a
number of ways at varying cost to the company raising the capital.

Basically a firm can provide its new capital requirements in two ways—
from internal sources generated by current activities of the company, or by
going to the financial market and raising money externally.

4.6.1 Internal sources of finance

To finance a capital project (such as a new production unit) using internally
generated funds, some of the profits from current activities can be retained in a
reserve fund instead of being distributed to shareholders as dividends. A
further internal source of capital for new projects is the money set aside as the
depreciation charge on existing capital assets. Use of the depreciation cash in
this way carries out one of the purposes of the depreciation charge (i.e. the
maintaining of the capital asset base of the company) on a continuing basis by
building new capital assets. These internal sources of finance—retained profit
and depreciation charge, particularly the latter—represent some of the major
sources of capital for new projects in the chemical industry. The cost of such
internal finance to the company is derived from the cost of the alternative uses
to which the money could be applied. Possibilities are the interest rate which
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could be earned from a bank for short-term deposit or the net interest saved by
reduction of overdraft or short-term loan borrowing.

4.6.2 External finance

In raising money from external sources the company is obtaining money to
finance current capital projects by promising to repay a larger sum (the
borrowed capital plus interest payments) at some time in the future. The
interest rate at which an investor can be persuaded to give up current funds for
future spending power is determined by many factors. A company is prepared
to pay more in the future for current funds because it expects to be able to
invest the borrowed capital and earn sufficient to pay back the loan plus
interest charges and show a profit for its own use.

The money supply from which the company aims to obtain funds is
provided by the private investor and, increasingly, the large institutions such
as pension funds, insurance companies, banks and the like. Since the
institutions are in turn handling the funds of large numbers of individuals—
held in their pension funds, paid in insurance premiums or held in bank
deposits—the individual investor represents the final source of finance for
private companies. Conversion of his cash into investment in a company either
as loan stock or a shareholding represents a loss of flexibility for the investor.
There will be a delay and some cost involved in reconverting the investment back
into cash which can be used to satisfy some other need of the investor, such as a
new car or deposit on a house. There is also some uncertainty over the complete
recovery of the original money purchasing power. These factors result in the
necessity to offer anincentivetoa potentialinvestorinterms of aninterest rate or
share in expected profits to overcome the loss of present purchasing power.
Assessment of the level of incentive needed—the loan interest rate or share
dividend expectation—is also affected by the demand for capital by companies
trying to raise money. If the total amount of money available is less than the
total of all company needs, then interest rates must be increased by individual
companies to obtain their needs from the limited supply available.

4.6.2.1 Loans and loan stock. 1f the firm decides to raise part of its new capital
requirement externally it can do so on a short-term or long-term basis. Most
short-term borrowing is carried out through the banking system and interest is
charged at a rate about that of the prime rate or bank rate. In Britain such
short-term borrowing is usually based on an overdraft facility which represents
an extremely flexible method of borrowing. A bankwill agree with a borrower an
acceptable ‘credit line’ or maximum amount which can be borrowed and the
company can then draw on this at any time up to the limit. Interest is charged on
the actual amount borrowed at any time—on a daily or weekly basis—so the
borrower does not pay for any unused part of his credit.

Short-term borrowing in this way is not really suitable for raising capital for
a plant construction project as the bank can call in the loan or overdraft at any
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time. This represents the chief security of the banks’ position in that if a
company shows signs of running into financial problems the bank can quickly
withdraw its loan facility and obtain repayment. This would obviously
exacerbate the financial problems, and to avoid this difficulty a company
should have a significant proportion of loan capital on a longer-term basis.
Short-term loans or overdraft facilities are generally forms of bridging finance
providing flexibility for the borrower.

Long-term borrowing is usually achieved by raising a loan from the
investing public by sale of loan stock. Interest payments by the borrowing
company on such stock are deducted from company income before declaring a
taxable profit. The loan stock can be undated, dated or convertible. By selling
undated loan stock the company is usually committed to paying a fixed rate of
interest on the money raised. The rate of interest must be sufficiently high to
attract investors and is payable as long as the company is in business. The
investor cannot recover his investment from the company—unless it becomes
bankrupt, when he will receive part of the distribution on winding up the
company. The investor can, however, sell his undated loan stock to someone
else and the value of the stock will be determined by the change in interest rates
since the original investor bought the stock. If interest rates have risen the
stock value will be reduced since the prospective buyer can get a better return
elsewhere. Thus £100 undated loan stock carrying 6% interest would be worth
only £75 when competitive investments offer 8% interest.

If a company issues dated loan stock it guarantees payment of the fixed
interest on the borrowed money until the maturity date when the borrowed
money will be repaid. With this stock the investor is certain to receive full
repayment-—unless the company goes bankrupt—so the selling price of dated
loan stock to another investor is less directly linked to interest rates and does
not fluctuate quite as much as undated stock.

Convertible loan stock carries a fixed rate of interest but at one or more
specified dates the investor is offered the opportunity to convert his loan stock
into ordinary shares in the company.

The aim of a convertible loan stock is to provide an initially attractive fixed
income with the option to convert into ordinary (equity) shares, on advan-
tageous terms, when earlier promises of profit increases are being realized. If
the improved profits, and hence dividends on ordinary shares, have not been
achieved the lender can continue to receive his fixed loan interest.

A company issuing loan stock is obliged to pay the quoted interest rate
whether or not a profit is being made. Hence such stock represents a safe form
of investment to the lender in terms of guaranteed income. However, no matter
how much profit the company produces, the stock holder gets only his quoted
interest rate. Interest rates generally have increased over the last 20-25 years
and holders of undated stock in that period have lost badly. Losses have been
incurred because of the lower value of the stock due to higher interest rates as
indicated above. In addition, the effects of inflation have reduced the value of
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the money the investor receives from the sale of his stock so that his purchasing
power is even further reduced.

4.6.2.2 Shares. As an alternative to raising money by sale of loan stock a
company can sell shares to the public—either preference shares or ordinary
shares (the latter are also known as equity shares). Preference shares, like loan
stock, carry a fixed rate of interest or dividend but in contrast to loan stock the
interest is only payable if the firm makes a profit. Buying a preference share
involves the investor in a greater risk than purchase of loan stock so the
preference share will have to offer a better rate of interest. In the case of so
called ‘blue chip’ companies (such as Du Pont, Dow, ICI, Shell in the chemical
industry) where the expectation is that the company is likely to continue
making profits for the foreseeable future, then a preference share would need
only a slightly higher rate of return than a loan stock.

The final method by which a company can raise money is by the issue of
ordinary or equity shares in the business. By purchase of equity shares the
investor notionally buys part of the company and becomes a part owner.
Buying loan stock does not carry this status and the investor in such stock is an
outsider lending money to the company. As a part owner the holder of equity
sharesisentitled to receive adividend out of the company profit at the end of the
year.

Equity capital (including retained reserves) accounts for more than half of
the total capital for most companies—in the case of ICI the 1987 Annual
Report shows 59%. Although holders of ordinary shares are entitled to a share
of profits they can only receive this after all creditors, loan interests and
preference share dividends have been paid.

Interest on loan stock is a charge on the company which is paid before profit
is calculated, but the preference share holders have first claim on their interest
rate out of the declared profit. The ordinary share holder is therefore in the
position of highest risk—in times of low profit (after paying loan interest) the
preference share holder has first claim and there may be no dividend declared
on ordinary shares. Conversely, in good times with high profits, the
preference share holder receives only his fixed rate and dividends on ordinary
shares will be high. Because of the high risk involved, the average return on
equity shares has been above that for other sources of finance, particularly
government loan stocks—so-called ‘gilt-edged’ stocks. However, in periods of
rapid inflation investors have decided that a share in a company, which would
increase in value in money terms as inflation reduced the real value of money,
was preferable to a fixed interest stock. As a result yields on ordinary shares
have sometimes been lower than yields on fixed interest stocks.

4.6.3 Financial structure

A company will have its total capital funded by a combination of most of the
sources of funds outlined above. The average cost of capital to the



ORGANIZATION AND FINANCE 105

company will be the weighted average of the components of the total capital.
This figure can be used as a minimum return which a new investment must
earn in order to be considered acceptable.

The composition of the company’s financial base—i.e. the relationship be-
tween loans and shareholder’s funds—is referred to as the gearing of the
company. Gearing is the ratio (as a percentage) of loans and other fixed
interest capital to total capital invested. A ‘highly geared’ company has a high
proportion of its invested capital carrying an obligation to pay interest
whatever the profit earned. The residual income, which ‘belongs’ to the
ordinary shareholders, then fluctuates considerably for relatively small
changes in ‘profit-before-interest charges’ due to the high fixed-interest load.

Company gearing ratio is one of the factors which a would-be investor will
consider when studying a company. A number of other financial ratios are
important in assessing a company’s credit base and suitability as a reliable
source of income, particularly to large institutional investors. One such ratio is
the ‘current ratio’ which is the ratio of current assets to current liabilities.
Current assets are items such as stock holding, cash, debtors (accounts to be
received) which can be converted to cash within a short period. Conversely,
current liabilities must be cleared in a short period (usually within a year) and
include trade creditors, tax liabilities and short-term loans. This ratio shows
the cover available on existing short-term liabilities and is of interest to
suppliers and short-term lenders. Another ratio of interest is the long-term
debt/net worth at book value and gives a measure of the extent to which the
assets could fall below book value when sold but still cover debt.

The information needed to assess the financial strength of a company can be
found in the annual report with its ‘profit and loss’ and ‘balance sheet’
statements. The former presents the net earnings of the company during the
financial year and how it is split between loan interest, taxation, reserves and
shareholders. A balance sheet provides a statement of the assets which form
the capital base of the company and the sources of that capital at the end of a
financial year. The two accounts, balance sheet and profit/loss, are com-
plementary showing the financial situation at a given time and the change
during a given period respectively.

A study of the intricacies of these financial accounts is outside the scope of
the present chapter and discussion of the principles of accountancy and their
applications should be sought in the appropriate texts.

4.7 Multinationals

A significant feature of the chemical industry is the international or
multinational character of the activities of many (if not all) of the major
companies. It is interesting to consider how this has come about and what
factors have been influential in leading to the multinational development of
chemical companies.
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4.7.1 Growth of multinationals

The growth of multinational companies is often regarded as a post-World War
II phenomenon and, during the late 1950s and 1960s, was thought to be an
American threat to the rest of the world’. The increasing presence of
American-produced goods and American-owned manufacturing and mineral
extraction companies gave rise to fears of loss of economic control and
sovereignty in the governments of many small (and some not so small)
countries. As a result in some countries—particularly France and Italy in
Europe—small producers were encouraged, by government actions, to merge
and form combines with larger companies to form a unit strong enough to
match the threat of the multinationals.

However, even a cursory study of available historical data shows that
multinational manufacturing and mineral exploitation companies have been a
fact of industrial life for over a century, particularly in the chemical industry.
The development of such activities is also seen to be by no means an
exclusively one-way American-dominated process. Companies in the chemi-
cal industry were among the pioneers of multinational manufacturing
activities and many had established foreign manufacturing subsidiaries before
1914. Studies of the history of the dyestuffs industry show that major
European companies—particularly German and Swiss producers such as
BASF, Bayer, Hoechst, Ciba-Geigy—all had numerous manufacturing units
outside their national borders prior to 1914. Nevertheless, in more recent times
American firms were predominant in establishing foreign manufacture in the
1950s and early 1960s although British, Western European and Japanese
activity increased markedly from the early 1960s. ICI for example set up its
European Council in 1960 to form the base for expansion into continental
Europe, although the company had been, to some extent, multinational on
being formed in 1926 with interests in several (then) Empire countries. ICI now
has factories in more than 40 countries and sells in more than 150%. Other
major chemical companies such as Du Pont, BASF, Hoechst, Bayer, Dow and
many more have comparable worldwide activities.

4.7.2 Reasons for development

There are many and varied reasons for the development of multinational
activities but within the chemical industry the process seems to have followed a
basic pattern. Most chemical companies started the process of becoming
multinational concerns by initially developing exports based on a strong
position in innovation and technology. Having established a market position
and developed a sales and possibly technical support organization based on
export, the subsequent step to retain and protect that position is local
manufacture. Again, studies on the early history of the dyestuffs industry can
be used as an example. In the late 19th and early 20th century German and
Swiss chemical firms raced ahead with process and product innovation and
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commercial production of dyestuffs. This dominant position enabled the
companies to export the dyestuffs products throughout the world and then
consolidate the situation by manufacture in the most important markets®. The
international development of many American chemical companies in the late
1950s followed a similar pattern of being export-led. The large U.S. market
encouraged the construction of large plants for the new plastics and
petrochemicals which were being developed. When home market demand was
below capacity, low-cost marginal product could be used to develop an export
market at a price which someone starting local production could not match
because of the much smaller production scale involved (see section 5.8).
Overseas production by the export supplier could then be started when the
market justified a production scale with costs that could equal U.S. marginal
cost plus freight and taxes.

The switch from chemical export from a secure home base to becoming a
multinational company with foreign production facilities may be triggered in
many ways. As indicated above, when an export market has grown sufficiently,
local manufacture can match export cost including transport and taxes. In
many situations foreign manufacture of a finished product could enable
continuing exports of intermediate products. For example a large European or
American company exporting Nylon 6 fibre to a less developed country could
set up a fibre-spinning company in that country, but continue to export Nylon
6 chip. Later, as the market continued to grow, further spinning capacity and a
caprolactam polymerization plant could be built overseas with export of
caprolactam monomer from the parent company. Subsequent addition of
foreign caprolactam monomer production could be based on phenol or
cyclohexane exports by the parent. Thus by becoming a multinational
producer of downstream products a company can find its exports of
intermediate and upstream products stimulated.

In many cases the transition from exporter to multinational producer
resulted from a threat to the existing market rather than an opportunity to
develop. The threat could come from a local chemical company showing
interest in a developed market and aiming to replaced imports by indigenous
production. Alternatively the threat could come from the foreign government
showing concern at the outflow of currency to provide imports or the
dependence of a key section of the local economy on imports. Such concern
could lead to import restrictions or high tariff barriers, coupled with tax or
investment grant incentives to a local manufacturer. In either case the
exporter’s response to the threat could be local manufacture and a widening of
the multinational character of the parent company.

As indicated above, the chemical industry has developed its multinational
character ever since the early days of theindustry—particularly the organic and
dyestuffs side. This arises from the highly technological and science-based
nature of the industry which means that introduction of a new product or
processinnovation canlead to a significant economic or market advantage. The
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term ‘innovation’ is used to mean the commercial introduction of a product or
process rather than the making of the original invention or discovery of a basic
reaction. Such innovation requires a major investment in expensive research
and process development activities and the widest application of the technology
to gain the maximum benefit from this investment. Some return on R&D
expenditure can be obtained by licensing a technological development to a
competitor. However,introduction of the new technologyin thecompany’s own
production facilities in a large number of market areas should prove more
rewarding.

As mentioned earlier, the development of multinational companies has not
met with universal approval in the countries where subsidiary companies are
based. Accusations have been made of high prices charged by a parent company
for intermediates purchased by an overseas branch. This would increase the
profit of the parent company and minimize the tax paid by the subsidiary to the
host government. Similarly, labour unions have accused the multinationals of
switching production to lowest-cost areas (lower wages, highest productivity,
lower fixed costs resulting from lower safety or effluent standards) resulting in
job losses in other countries.

Clearly when a chemical company becomes a multinational it collects many
problems along with any benefits. However, the industry is likely to continue to
develop its multinational character, particularly in such areas as joint ventures
in resource-rich areas of the world.
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CHAPTER FIVE

TECHNOLOGICAL ECONOMICS

D. G. BEW

5.1 Introduction

The basic function of any private company which aims to continue in business
is to make a profit. Without this it cannot do other socially desirable things
such as providing continuing employment, providing money for local social
services through rates and local taxes and providing money for national
activities through corporate taxes and through the taxes paid by the
employees. In a planned economy, or a nationalized industry in the mixed
economies currently operating in many countries, the profit motive is not the
main imperative. Unprofitable activities may be continued for social or
political reasons—to maintain employment in a depressed area or to maintain
anindustry to avoid dependence on imports in strategically important areas of
manufacture. However, any such unprofitable operations represent a drain on
the national resources and must be supported and subsidized by the taxes paid
by profitable activities.

In the chemical industry, companies were founded, and continue to exist, to
produce profits by making and selling chemicals. The products made are those
for which a need has been identified and which can be produced for sale at a
price which the consumer is willing to pay and which adequately rewards the
producer. The processes which are chosen to manufacture the desired
products are those which are believed to offer the best profit to the producer.
They may not be the most chemically elegant routes to the products or the
most scientifically interesting processes but in the context these factors are
unimportant. In case it may be thought that the chemical producer operates
his process to maximize his profits without concern for the effects on people or
the environment it must be emphasized that, today, production of chemicals is
governed by numerous regulations. Construction standards and operating
safety of plant, the protection of the employees from dangerous levels of
chemicals and the effect of effluents and products on the environment and
people outside the plant boundaries are all subject to control by local and
national legislation. These factors, particularly the control of atmospheric
chemical levels within the plant and the safe disposal of gaseous and liquid
effluents, can have a significant influence on the choice of process. They can
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also significantly increase both the capital cost of the plant and the cost of
operating the process, as more equipment is required to meet increasingly
stringent controls. The cost of operating a plant safely with minimum impact
on the environment must ultimately be carried by the consumer in the higher
product price needed to keep the producer in business. These aspects of
chemicals manufacture are also considered in Chapter 8.

5.2 Cost of producing a chemical

The profit which the manufacturer obtains by producing and selling his
chemicals can be measured in various ways as discussed later in the chapter.
However, in order to know whether or not a profit is being made from an
existing plant or product—or, in the case of a project at the planning stage,
whether the new product would show an acceptable profit—we need to know
the actual or estimated costs involved in producing the chemical. So let us
consider how the cost of producing a chemical is built up. A considerable
number of factors are involved in the production of a chemical, ranging from
the supply and storage of the raw materials through to the storage and selling of
the finished product. In between these steps is firstly all the complex and
expensive equipment for carrying out the chemical processes, separating and
purifying the product, and secondly the people who operate the plant and
carry out maintenance work to keep the processes in operation. A simple way
of combining information on these various cost factors into a useful economic
model is the cost table. This presents information on an annual or ‘per unit of
product’ basis and is useful for indicating the relative importance of the
various factors which make up the cost. Table 5.1 shows an example for the
production of cumene (isopropyl benzene) by reaction of propylene with
benzene using excess benzene as solvent and phosphoric acid on a support as
catalyst. Published information (Hydrocarbon Processing 58, 3, March 1976,
pp. 91-6) has been used in building up the table.

The reaction involves passage of propylene plus some propane diluent and
an excess of benzene upwards over the supported acid catalyst at 230°C and
35atm. Propylene conversion is high and the reactor product is flashed to
recover propane plus a little propylene for recycle. Liquid product is then
distilled to recover unreacted benzene, which is also recycled, and the crude
product then distilled to give pure cumene and a small residue of fuel-value
heavy ends.

For a process plant which is currently operating, the table can be drawn up
using best data from plant records of operation under steady conditions and
then used as a standard cost table to monitor subsequent operation of the unit.
In the case of a new project being considered to manufacture a chemical by a
new process under development, a comparable table can be drawn up using
available information to indicate targets to be achieved to provide an
economically attractive operation.

There are several ways of sub-dividing the components which make up the
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Table 5.1 Cost build-up for cumene production

Scale of Production 100000 tonnes/year—operation at full capacity

Operating costs £000/year £/tonne Cumene
Benzene 0-67 tonnes/tonne of product

@ £310/tonne 20770 - 208
Propylene 0-38 tonnes/tonne of product

@ £305/tonne (propene) 11590 116
Phosphoric acid catalyst + chemicals 140 1
Gross materials 32500 325
Heavy end fuel credit 0-04 tonnes/tonne of

product @ £55/tonne (220) (2)
Net materials 32280 323
Energy inputs 710 7
*Plant fixed costs 1150 12
Overhead charges 780 8
Depreciation (15 year life of fixed plant) 1533 15
Works cost 36453 365
Target return on total capital 109 23800 28

Required sales income 39253 393

(net of packages and transport) E— E—

Capital involved (early 1988 basis)

Fixed plant £23 million
Working £ 5 million
Total £28 million

*Plant fixed costs are: operating and maintenance labour and supervision, maintenance materials, rates and
insurance, and works overhead charges.

full cost of a chemical; the method used depends on the purpose for which the
information is required. Traditionally accountants like to divide costs into
variable and fixed elements and this split is useful when considering the costs of
an integrated works, an individual production unit or a single product.
Variable costs comprise those factors which are only consumed (and therefore
only charged to the operation) as product is being manufactured. As a result
the total variable cost during an operating period—day, quarter, year—will
vary directly as the plant output during that period, although the cost per unit
of production will remain constant. Fixed costs are those charges which have
to be paid at the same annual rate whatever the rate of production, in fact even
if the plant is shut down for a short period for repairs, or any other cause, the
fixed charges are still incurred. Since the total fixed costs are charged whatever
the annual production from the plant, the cost per unit of output will increase
significantly at output rates much below 100%;. This problem will be discussed
later in the chapter.

5.3 Variable costs

Let us now examine these cost components in more detail and look first at the
variable costs. There are different views as to which items should be regarded
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as variable and which fixed, but the split described here is widely accepted.

Raw material costs Variable cost elements
Energy input costs (total sum £000/year varies
Royalty and licence payments with plant output)

5.3.1 Raw material costs

Where a process plant is operating, the usages of feedstocks can be obtained by
measurements of process flows during periods of steady operation. In the case
of a new process at the research stage, or a project under development, raw
material usages can be estimated from the process stoichiometry using
assumed yields or yields obtained during process research experiments. In the
latter case, if yields are based on analysis of the reactor product, allowance
must be made for losses which occur during the product recovery and
purification stages. Information on major chemical raw material prices is
available in the techno-commercial literature (e.g. European Chemical News,
Manufacturing Chemist)on a U.K. and European basis. Data on U.S. prices for
a much wider range of materials is available (e.g. Chemical Marketing
Reporter). In an industrial situation internal company data will usually be
available for important feedstocks. Company technology strengths and
strategic considerations can also influence the choice of feedstock and process
route which will be selected to maximize commercial advantage. Thus a
process which uses an internally available feedstock or a minor modification
to an existing process could be preferred over a possibly better alternative using
a purchased feedstock or requiring a major investment in process development
work. The cost of catalysts and materials not directly involved in the process
stoichiometry (solvents, acids or alkalis for pH adjustment, etc.) must also be
included in the materials cost. Catalyst costs are based on loss of catalyst per
cycle for homogeneous catalysts or cost of catalyst charge divided by output
during charge life for a heterogeneous catalyst. Catalyst materials
recovered from purge streams or by reprocessing a spent catalyst reduce the
net catalyst cost. Solvent losses can be either physical (loss in off-gas streams,
pump leaks) or chemical due to decomposition or slow reaction under process
conditions. Such additional material consumptions are difficult to estimate in
the absence of plant operating data but are usually relatively small cost items.

5.3.2 Energy input costs

This item in the cost table covers the multiple energy inputs necessary to carry
out the chemical reaction and to separate the desired product(s) at the level of
purity demanded by the market. Steam, at various pressure levels depending
on the temperature required, is used to provide heat input to reactors and
distillation column reboilers. Fuel oil or gas is used to provide higher
temperature heat inputs either directly by heat exchange between process
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streams and hot flue gases, or indirectly by heating a circulating heat transfer
medium. Electricity is used for motor drives for reactor agitators, pumps and
gas circulators and compressors. Lighting of plant structures, tank farms and
plant control rooms is an important, but usually minor, use of electricity.
Cooling water is required to remove reaction exotherms and control reactor
temperature, condense and cool still overhead streams and cool process
streams. Inert gas—usually nitrogen—is used for purging equipment to
provide an inert atmosphere over oxidizable or flammable materials. In the
case of an operating process the consumption of energy inputs can again be
obtained from process measurements during steady operation. For a process
under development, estimates of major energy requirements can be made from
the process energy balance and information on process conditions in reactors
and operation trains. Price information on energy inputs is less readily
available than raw material prices, although indicative figures do appear in
chemical engineering journals. The energy inputs available (e.g. steam pressure
available, use of fuel oil or gas) and the prices charged for them will vary from
company to company and are very much site-dependent. A large integrated
site could co-generate steam and electricity at high thermal efficiency in a site
power station. Use of waste streams (liquid or gaseous) could provide at least
part of the fuel input, with the balance being purchased oil or gas. Steam would
then be available at a number of pressure levels after staged let-down from
boiler pressure through turbines to generate electricity. In contrast, a small site
or isolated production unit would have to raise steam in a package boiler,
using purchased fuel oil or gas, and buy electricity from the grid. The prices
charged for energy inputs on the two sites would differ appreciably.
Massive rises in crude oil prices in the 1970s meant that hydrocarbon feed-
stock costs and energy input costs became more important factors in process
costs than previously. ‘Energy conservation’ became important and consider-
able attention was paid to the integration of process energy requirements by
using hot streams from one part of a process to provide heat in another area.
This can often (but not always—see Lindhoff!) lead to increased plant capital
requirements, and a balance must be struck between increased capital charges
and lower energy charges. With lower oil prices in the 1980s some of the
emphasis on this aspect has been reduced. However, in a highly competitive
industry, and also in the interests of environmental protection and resource
conservation, efficient use of energy resources is important. Chapter 7
emphasizes the importance of energy requirements and conservation.

5.3.3 Royalty/licence payments

If the process being used for production (or to be used in the case of a planned
project) is based on purchased technology rather than a process developed
within the company, then a royalty or process licence fee will be incurred. This
may be either a variable or fixed charge depending on the nature of the licence
agreement. Usually a charge is made per unit of production and would appear
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in a cost sheet as a variable-cost item. Alternatively an annual licence fee
related to the plant size (e.g. £1 million per 100000 tonne installed capacity)
will be charged and this would then appear as a fixed charge. The size of the
royalty payment or licence fee is a matter of negotiation between the licensor
and licensee and will be influenced by the nature of the technology, the
advantages offered over competing processes and the number of alternative
processes available for licensing.

5.3.4 Effect of production rate on variable cost

As has been indicated earlier, the total variable cost of a product is directly
proportional to plant output and the variable cost/unit of production is
normally constant. In the case of a continuously-operating process—the type
of process used widely in the chemical industry—operation at low output
rates or, conversely, higher than design rates can lead to process inefficiencies
and an increase in the variable cost/unit of production. At low rates, increased
residence time in the reactor can lead to overconversion and hence to
increased usage of raw materials. The increase in by-product concentration in
the product system leaving the reactor increases the relative demands on the
product separation and purification system and hence results in increased
energy consumption/unit of production. Operation at very high rates can
result in increased levels of partial conversion products in the stream leaving
the reactor. This, combined with reduced efficiency of distillation columns and
other separation equipment when overloaded, can again lead to increased
consumption of raw materials and energy inputs.

5.3.5 Packaging and transport

The costs involved in packaging and transport of a chemical product to the
consumer are largely variable costs. However, such factors are not regarded as
forming part of the production cost/income comparison. When considering
process economics and profitability they are usually deducted from the money
paid by the consumer to leave a net sales income which forms the revenue
inflow to the producer to set against the production costs.

5.4 Fixed costs

The second category in the cost table, the fixed costs, can be divided as follows:

Operating labour and supervision
Maintenance labour and supervision

Analytical and laboratory staff Fixed-cost elements
Maintenance materials (total sum £000/year
Depreciation is fixed irrespective
Rates and insurance of plant output)

Overheads—works overhead charges
—general company overheads
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5.4.1 Labour charges

The first three items represent the manpower cost associated with the process
and includes the team of process workers who operate the equipment. In the
case of large, continuous process units the operators work in shift teams to
cover the 24 hrs per day, 7 days per week running of the unit. Maintenance
labour includes fitters, electricians, plumbers, instrument artificers and other
engineering workers who keep the process equipment in good working order.
Usually maintenance work is planned and is generally carried out during
normal day hours with only a small shift team to cover emergency breakdowns.
Works analytical manpower is also included—again a shift team of analytical
staffisinvolved to carry out checks on plant operation and product quality on a
continuing basis.

The item for maintenance materials covers the cost of parts, replacement
tools and similar items ranging from a replacement valve or pump to a new
spanner. Only items to be expected in normal maintenance are included, the
replacement, for example, of a reactor as a result of accident or fire would
require a special appropriation of capital.

5.4.2 Depreciation

Depreciation is a term used in a number of different ways in different contexts.
In the context of production costs for a chemical, the depreciation charge is
regarded as an operating cost in the same way as material or energy usages. It
represents the fact that the capital value of the plant is ‘consumed’ over the
operating life of the plant. Calculation of the annual depreciation charge
requires an estimate of the expected life of the equipment—a figure of 10to 15
years is generally used in the heavy chemical industry. The annual charge can
then be calculated by a simple straight-line method in which the same sum of
money (equal to fixed capital costs + expected life) is charged each year.
Another method of calculating the depreciation charge is the declining balance
or fixed percentage method. In this case the depreciation charge in a given year
is a fixed percentage of the remaining undepreciated capital—thus in year 1
the depreciation charge would be 20%,C (for a 209, rate with fixed capital C).
The next year the depreciation charge would be 20% x 0.8C and so on. This
method gives higher depreciation during the early years of plant life but does
not give depreciation to zero value at the end of expected service life. A high
depreciation charge is then required in the final year of operating life to strike
the balance.

A second interpretation of depreciation is as an allowance against tax. The
annual income is reduced by an annual depreciation allowance before tax is
charged thus reducing the tax payable. Calculation of the allowance is
governed by the appropriate tax legislation and the depreciation shown for tax
purposes may be a very different figure from that charged as an operating cost.



116 AN INTRODUCTION TO INDUSTRIAL CHEMISTRY

The use of depreciation as an allowance against tax forms part of net present
value and discounted cash flow measures of profitability to be considered later.

5.4.3 Rates and insurance

This item covers the local rates or local authority tax levied in the area in
which the plant is situated, together with the premium required to provide
insurance cover for the facility. Actual charges will vary with the plant site and
nature of the process being carried out (e.g. a plant with a high fire risk will
carry a high insurance premium). Typical values for the rates and insurance
item of cost lie in the range 0-5-2:0% of plant capital.

5.4.4 Overhead charges

Overhead or general charges cover those items not associated with any
particular product or process but which are an essential part of the functioning
of an individual site or a whole company. These charges are usually divided
into two broad classifications—local works overhead and general company
overheads. The former category covers items such as the general management
of a works (works manager, secretarial services, plant records, planning,
security, safety organization, medical services, provision of offices and canteen
facilities and so on). Company overheads include head-office charges, central
research and development activities, legal, patent, supply and purchasing,
and other company-wide activities. The allocation of company overheads to
individual works and the further allocation of this charge and the works
overhead to individual plants or products is something of an arbitrary process.
Methods of allocation vary from company to company but are generally based
on the plant capital and/or operating manning level for a plant relative to other
plants in the works, and of the works in overall relation to the company.

5.5 Direct, indirect and capital related costs

An alternative way of sub-dividing the components of full cost for a chemical
product is into direct, indirect and capital-related costs. Direct charges are
those arising directly as a result of the production operation and cover
materials, energy, process labour and supervision costs, maintenance costs
(labour and supervision and materials) and royalty payments. Indirect costs
cover charges associated with, but not directly resulting from the process
operation. They are essentially those charges termed overheads in the previous
classification. Capital-related costs are those charges which result from the
fixed-plant capital associated with the process. They consist of the annual
depreciation charge and the rates and insurance item previously described.
Since modern chemical processes (particularly in the heavy chemical and
petrochemical industries) are highly capital-intensive, the capital-related
charges form a significant part of the overall process cost. The relationship
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Table 52 Relationship between variable and fixed, and direct and indirect, costs

Variable or fixed Direct or indirect

Materials cost

Energy inputs

Royalty payments

Process and maintenance labour
Process and maintenance supervision
Maintenance materials

Rates and insurance

Works overhead

Site and company overhead
Depreciation Capital-related

(sivivivivhv)

apital-related

T < < <
—~—

between the items classified as variable and fixed and the direct-indirect cost
split is shown in Table 5.2.

5.6 Profit

Up to this point on the cost table (Table 5.1)—the works cost or total
production cost—the cost build-up for the chemical allows only recovery of
monies spent in producing the product and in maintaining the operation of the
producing works and company. We now need to look at what profit will come
from the sale of the product to provide for company growth, to reward
shareholders and to pay taxes.

Profit can be measured in a variety of ways but two measures which are
commonly used by accountants are gross profit (or gross margin) and net
profit (net margin). The gross profit is obtained by deducting the direct
production costs of the chemical (or other product) from the net sales income
or revenue. It can be quoted on an annual basis or on a ‘per unit of product’
basis and represents the total cash available to pay for activities not directly
concerned with production (indirect and capital charges in Table 5.2) and for
growth, taxes and payment to shareholders. The net profit is obtained by
deducting the total of direct and indirect production costs (works cost in Table
5.1) from the net sales income. This net profit is what is generally thought of as
‘profit’ and is essentially the money on which tax is levied leaving a net profit
after tax to provide for growth of the company and pay dividends to the
shareholders. For the simple annualized cost table, profit is shown as a return
on the total capital involved (fixed plant and working) either derived from the
sales income for an existing product or set as a target return for conceptual
costing of a proposed new product. Thus the final total cost for our chemical
product which will provide an acceptable return for the producer, and which
must be met by the price paid by the customer, is much higher than the directly
attributable production cost. This is the case both in the petrochemical
industry where production is highly capital-intensive and in the speciality- and
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fine-chemicals areas where overhead charges are high to cover the extensive
product and application development work required.

The build-up of the cost of producing a chemical has been shown for a single
scale of production and with the plant operating at full capacity. Great
emphasis has been placed in the chemical industry on the effect of scale and
more recently, in the depressed economic climate, on the effect of operating
chemical plants at low rates. What are the effects on product cost of an increase
in scale or operation at less than full output?

5.7 Effects of scale of operation

5.7.1 Variable costs

In considering the production cost build-up the classification of costs as
variable or fixed was made. The total sum of money in £°000 for the variable-
cost items varies directly with the quantity produced. However, in unit cost
terms—£/tonne of product or cents/Ib—the variable cost is practically
independent of the scale of operation. The yield in the reactor and the
efficiency of product separation are not significantly affected by differing scale
of operation so raw material usage and cost per unit of product will not be
changed. Similarly the reactor energy requirement and separation energy
inputs per unit of product will be largely unaffected by scale of operation since
the endothermic or exothermic nature of the reaction is unchanged and the
thermal efficiency of the separation stages does not change significantly. Thus,
in producing, say, cumene from propylene and benzene, the raw-material costs
and the cost of services will be the same (in £/tonne or cents/Ib of cumene)
whether the scale of production is 50 000 tonnes/ year or 150 000 tonnes/year.
When operating on a larger scale it may be possible to obtain raw materials at
somewhat lower prices or it may be economic to install additional energy
recovery equipment which would not be economically worthwhile on the
smaller scale. These changes could reduce raw-material costs and energy costs
but the effects are likely to be small and, in general, variable cost items are not
significantly scale-dependent.

5.7.2 Fixed costs

Fixed-cost items (per unit of product) do, however vary significantly with scale
of production. In the case of the labour element of fixed costs the number of
process operators and maintenance workers are by no means directly
proportional to scale. The precise relationship will depend on the type of
process involved. A typical petrochemical industry process which involves
largely fluid handling and is highly automated will have a relatively small
process manning requirement and will require only a small increase in
manning as process scale is increased. The number of maintenance workers
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will be greater than the number of process workers, but here again an increase
in scale does not require a proportional increase in manpower; for example, a
pump handling 50 m*/hr will not require twice the maintenance man-hours of
a pump handling 25m3/hr. At the other end of the process spectrum, a small-
scale batch process involving solids handling—typical of the dyestuffs
industry—will have a higher manning level per unit of production and show
an increase in manning requirements more nearly proportional to scale.
Attempts have been made to derive relationships between scale and
manpower requirements, e.g. Wessel? derived a relationship of the form
manpower oc no. of process steps (= process complexity) and (capacity)®2*.
More recent studies®* suggest even less dependence on capacity, with process
complexity and company management philosophy being more important.

5.7.3 Plant capital

The major effect of change of scale is, however, on the plant capital
requirement and consequently on the capital dependent charges per unit of
production. Fixed-plant capital can be related to the production scale by an

equation of the form
C, (S,
C, \S,

where C,; and C, are fixed plant capital
S, and S, are plant production scales
and n is a fractional power.

Early studies® in the petroleum and petrochemical industries derived a median
value of n of 0-63. Subsequent studies confirmed a median value between 0-6
and 0-7 but showed values of n between 0-38 and 0-88 depending on the nature
of the process and the operating scale. This is because some elements which go
to build up the capital cost of a plant, such as engineering and supervision,
electrical and instrument installations, are relatively unaffected by scale, whilst
costs of machinery and equipment are scale-affected. In costs for these items a
relationship of the above form is followed with C,,, being the item costs and
S/, being the item sizes.

For small plants or relatively small changes in scale only the cost of the plant
equipment items will change significantly. Other factors, such as civil
engineering work, support structures, installation costs, electrical and instru-
ment costs, etc., will not change greatly and the overall scale factor will be
below 0-6. If however, the increase in scale involves more units of equipment
rather than a single larger item then the scale factor will be nearer unity. An
example of this is shown in the production of ethylene by thermal cracking of
hydrocarbons. Current technology limits the capacity of the cracking furnace
to 30-35000 tonnes/year of ethylene output. As the ethylene production
capacity is increased, more furnace units are added and the scale-up factor for
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Table 5.3 Effects of scale of production on cost

Product: 2-Ethylhexanol by carbonylation of propylene
Basis: early 1988. Plants at full capacity
Scale tonnes/year 50000 100000
Capital £ million £ million
Fixed plant 67 102
Working 12 19

Total 9 121
Operating costs £'000 £/tonne £'000 £/tonne
Propylene @ £305/tonne 12688 254 25376 254
Carbon monoxide @ £110/tonne 2860 57 5720 57
Hydrogen @ £700/tonne 2800 56 5600 56
Catalysts and chemicals 575 12 1150 12

18923 379 37846 379

Credit:
iso-Butyraldehyde @ £280/tonne (1680) (34) (3360) (39)
By-product fuels @ £55/tonne (318) 6) (637) 6)
Net materials 16925 339 33849 339
Service costs (= energy costs) 2150 43 4300 43
Variable cost 19075 382 38149 382
Direct fixed costs 3220 64 4903 49
Depreciation (15 year life) 4467 89 6800 68
Overhead + indirect fixed 1340 27 2040 20

Works cost 28102 562 51892 519
10% return on total capital 7900 158 12100 121

Production cost + return 36002 720 63992 640

the cracking furnace section of the ethylene plant is 0-8-09. For comparison
scale-up factors in the gas compression/treatment and distillation sections of
such a cracker are 0-55.

Table 5.3 gives an example of the effect of change in scale on production costs
for two plants running at full capacity. Clearly, most of the reduction in unit cost
on moving to the higher scale of production derives from the capital-dependent
charges. Figure 5.1 shows the cost of production per tonne of 2-ethyl-
hexanol based on propylene carbonylation assuming satisfactory sales of
by-products and shows the continuing reduction in cost of production as
production scale is increased. Production costs for most processes in the
chemical industry—particularly in the petrochemical industry where con-
tinuous processes are operated—show a similar scale-dependence. It would
seem that the only factor preventing the building of ever larger plants
producing lower-cost product is the capacity of the market to absorb the
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Figure 5.1 Cost vesus production scale for 2-ethylhexanol production.

products. However, by the late 1960s it was becoming apparent that the
construction and operation of very large plants introduced new problems or
intensified known problems. The larger plants involved more complex,
sophisticated process designs and greater process integration. Also large
reactors and distillation columns had to be built on site, rather than built in a
manufacture’s workshop and then transported to the site. Partly as a result of
this, and because of the sheer size of the projects, the large plants were taking
longer to build and the very large amounts of fixed capital were committed for
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a longer period before producing any positive cash flow. Late start-up of very
large plants can mean a project never achieves the expected cash flow and
profit over its operating life. In order to maximize the benefit of increased scale
on the plant capital, large plants are built on a ‘single stream’ basis on which
the capacity of a process unit (reactor, compressor, distillation column) is in-
creased by building a single larger unit rather than duplication of equipment.
As a result of this, a breakdown of a single process unit could shut down the
whole plant with very serious economic consequences. Largely because of
these difficulties, the size of individual plants has not increased greatly since
the late 1970s and it will probably require significant breakthroughsin process
technology and project construction and management techniques to initiate
further increases in plant scale.

5.8 Effect of low-rate operation

Table 5.3 shows the production cost advantage of a larger plant when
operated at full capacity. The larger plant provides a lower product cost whilst
still meeting the desired return on total capital. However, if the unit suffers a
breakdown or there is a market limitation such that the operator of the larger
plant cannot sell all his potential production and has to operate at less than full
output, then his cost per tonne of product will increase since his fixed costs
have to be carried by the lower tonnage produced. The effect on product cost
for the above 2-ethylhexanol plants operating with the larger unit achieving
only 60%; availability or an available market limitation of 60 000 tonnes/year is
shown in Table 5.4. A sales income of £690/tonne of 2-ethylhexanol is assumed
to simplify the picture.

Table 5.4 2-Ethylhexanol from propylene: effect of operation at below full capacity

Plant capacity tonnes/year 50000 100000
Available market tonnes 60000

Sales possible tonnes 50000 60000
Sales income @ £690/tonne (£'000) 34500 41400
Operating costs £000 £/tonne £000  £/tonne
Materials 16295 339 20310 339
Service costs 2150 43 2580 43
Variable costs 19075 382 22890 382
Direct fixed costs 3220 64 4903 82
Depreciation 4467 89 6800 113
Overhead + indirect fixed 1340 27 2040 34
Works cost 28102 562 36633 611
Profit margin 6398 128 4767 79
Return on capital 8-1% 3-9%

Cash flow = Sales income — (Variable cost + Direct fixed + Indirect fixed)
= Profit margin + depreciation
£10865000 11567000
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Figure 5.2 Break-even production rates for 2-ethylhexanol plants.
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The operator of the smaller plant could not meet all the potential market
but could operate at full output showing a profit flow of £6.37 million at the
going market price for 2-ethylhexanol and a reasonable 8-1%, return on his
capital. The operator with the larger plant could satisfy all the available
market demand but his production cost per tonne of product would be greater
than that on the small plant and the profit flow and return on capital would be
lower.

However, once the plant has been built the capital is regarded as ‘sunk
capital’ and the important factor in the continuing viability of the business is
the cash flow—defined as the sales income less total out-of-pocket expenses
(Table 5.4). On this basis the larger plant provides more cash for the
continuation of the business. Nevertheless, if the reduced market situation had
been foreseen when the plants were being planned, the operator of the large
plant would undoubtedly have built a unit of smaller capacity to match the
lower market expectations and used the differential capital which would then
be available to invest in more rewarding activities.

5.8.1 Break-even production rate

If we consider the situation, as above, where sales of 2-ethylhexanol show a
net sales income of £690/tonne and the variable cost is £382/tonne, then there
will be some level of production in the plants at which the sales income will
cover all the costs (variable plus fixed including depreciation) but show no profit
margin. This is the break-even production rate. Table 5.5 shows the build up of
sales income and costs for the two plants and the figures are plotted in Fig. 5.2.

From the table and Fig. 5.2 it can be seen that the break-even production
level, under the assumed conditions, for the 50 kilotonnes/year plant is 29
kilotonnes/year (58%; of plant capacity) whereas the 100 kilotonnes/year plant
must have sales of 45 kilotonnes/year (45, capacity) to break-even as a result
of the higher fixed costs incurred by the larger plant.

5.9 Diminishing return

Although Fig. 5.1 shows that the product cost and return at full output reduces
as the production scale increases, the effect diminishes with increase in scale.
Table 5.6 shows some of the data used to plot Fig. 5.1, and also shows the
incremental capital and reduction in cost and return for each capacity step.

Examination of the figures shows that, as capacity is increased, the
reduction in cost plus return for the next increment of capacity is diminished.
Looking at the incremental reduction in cost plus return against the
incremental fixed capital used to produce it, it can be seen that the additional
capital has less effect as the scale is increased. This is to be expected since, with
increase in production scale and reduction in fixed costs per tonne of product,
the scale-independent variable cost will dominate the cost plus return. Thus
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Table 5.6 Effect of increased production scale on cost and return

Scale kilotonnes/year 25 50 75 100 125
Fixed capital £ million 44 67 85 102 117
AFC £ million 23 18 17 15
Cost + return £/tonne 826 720 668 640 618
AC +R £/tonne 106 52 28 22

AC+R
AFC

4-6 29 1-6 1-5

from Table 5.3 for the 50 kilotonnes/year plant the variable cost represents
539%; of the cost plus return, and fixed costs (including depreciation and return)
the balance of 47%,. For the 100 kilotonnes/year plant the relationship of
variable costs to fixed costs is 60%;:40%; and the reduction in fixed capital-
dependent charges as scale is increased has a diminishing effect on the overall
cost plus return. The effect is enhanced if a point is reached at which the next
increase in capacity requires two reactors (or furnaces or stills) instead of
a single larger unit. The increase in capital will then be greater than for a
comparable single-stream plant with even less reduction in cost plus return.
An illustration of this is given in Table 5.7,

This diminishing effect on cost plus return resulting from a uniform
incremental increase in capacity as the total capacity level is increased is
usually referred to in the chemical industry as the law of diminishing returns.
In classical economics the same ‘law’ refers to the situation in which an
increase in one of the factors of production (land, labour or capital) resultsin a
reduction in output rather than an increase.

Table 5.7 Increased capacity: effect on cost plus return of a single stream versus a twin-stream
plant

125 kilotonnes/year

plant
(a) single (b) twinned
100 kilotonnes/year stream reactors and
plant furnaces
Fixed capital £million 102 117 122
Variable cost £/tonne 382 382 382
Fixed capital dependent

charges £/tonne 216 198 207
Other fixed costs £/tonne 42 37 37
Cost + return 6;10 61,7 626
AC +R £/tonne of 125-kilotonne 23 }

v. 100-kilotonne unit. 14
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5.10 Absorption costing and marginality

When all the costs—direct and indirect charges—together with a profit
margin are recovered by the sales income, the selling price is said to have been
set on a full-cost or absorption-cost basis. Recovery of all costs (at least) from
the revenue provided by sales of product is essential if the producing plant and
the company as a whole are to continue to function in the long term. A profit
margin over and above this level is needed to persuade investors to buy shares
in the company or subscribe to loans which will enable the company to
continue developing.

Although the total costs must be recovered by the product sales there may
be possibilities to make additional sales at a price which is less than the full
product cost. Such sales can be justified for strategic reasons such as to deter a
competitor from building additional capacity or to develop a foothold in a
new market. In order to avoid making such sales at a disastrously low price the
concept of marginality and marginal cost must be developed.

Consider a manufacturer producing a chemical with a design capacity of
50000 tonnes/year. Fixed costs (total labour plus supervision, maintenance,
materials, depreciation, rates plus insurance and overhead allocation) amount
to £3-0 million per year. Variable cost based on known usages and prices for
raw materials and energy inputs is £415/tonne for outputs up to plant rated
capacity. Suppose experience has shown that by operating at slightly higher
rates throughout the year and using a little more catalyst, production could be
increased to 52000 tonnes/year with a variable cost of £418/tonne. Further
increases in rates could raise capacity to 55000 tonnes/year but at the expense
of some loss of yield and reduced efficiency of operation on product separation
and recovery which raises the variable cost to £428/tonne. Table 5.8 shows
how the total production cost increases with increased output and how the
average cost of product (or unit cost) falls as production is increased up to
nominal capacity.

The figures of Table 5.8 are plotted graphically in Fig. 5.3.

Table 5.8 Effect of increased output on total production costs and unit cost of product

Fixed costs Variable Average  Marginal

Production  (excludes profit)  cost (VC) Total VC  Total cost cost cost
(tonnes/year)  (£'000/year) (£/tonne)  (£'000/vear) (£000/year) (£/tonne) (£/tonne)
5000 3000 415 2075 5075 1015
10000 415 4150 7150 715 415
15000 415 6225 9225 615 415
20000 415 8300 11 300 565 415
30000 415 12450 15450 515 418
40000 415 16600 19600 490 415
50000 415 20750 23750 475 415
52000 418 21736 24736 476 493
23540 26 540 482 601

55000 428
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Figure 5.3 Effect of production rate on costs.
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The marginal cost of production is the increase in total cost per unit increase
in production: i.e. at any production level it is the cost of an additional tonne
(or unit) of product. Table 5.8 and Fig. 5.3 show that up to the normal plant
capacity of 50 000 tonnes/year the marginal cost is constant and is equal to the
variable cost.

This can easily he confirmed:

Total cost at production rate X tonnes/year = £3-0 million fixed
+ (X x £415) variable
Total cost at production rate X + 1 =£3-0 million fixed
+((X + 1) x £415) variable
Marginal cost £415/tonne

If, however, we want to push the operation of the plant above normal capacity,
to produce 52000 tonnes this year instead of 50000 tonnes, the average
cost/tonne increases slightly but the marginal cost of the extra output
increases dramatically since to achieve it all the plant output will have been
produced at slightly higher variable cost. So what does this tell us about
operating our existing plant to maximize profit ? Consider the situation where
the marketing department expect to sell 40 000 tonnes/year of product in the
coming year. A look at Table 5.8 or Fig. 5.3 will tell us that if the average sales
income is £490/tonne then the total of variable and fixed costs will be covered
but there will be no profit. The output of 40 000 tonnes/year at an average sales
income of £490/tonne represents a break-even situation. If the average sales
income falls below £490/tonne at this level of output then the plant will not be
making a full contribution to overhead charges. An average sales income
greater than £490/tonne at our output level of 40 000 tonnes/year will generate
a profit. Since the marginal cost of extra product at this level of output is equal
to the variable cost (£415/tonne) then any additional sales giving a higher net
sales income than £415/tonne will be beneficial. If the major sales are at a
sufficiently high price to generate a profit then additional marginal sales at a
sales income above marginal cost will increase profit. In the case where major
sales are not producing a profit then marginal sales, made at above marginal
costs, will reduce losses. To illustrate this, assume the major 40000 ton-
nes/year sales are made at an average sales income of £520/tonne then total
sales income is £20-80 million and total cost (Table 5.8) is £19-60 million and a
profit of £1-20 million is produced. If an additional 1000 tonne could be sold
(perhaps in an export market involving higher distribution costs) at a lower net
sales income of £450/tonne (i.e. above marginal cost) the total income would be
£21-25 million and total costs (£19:60 m + 1000 tonnes @ £415/tonne) would
be £20-015 million giving a slightly larger profit of £1-235 million. Conversely,
if the major 40000 tonnes/year sales show an average sales income of
£480/tonne, income would be £19-20 million against costs of £19-60 million—a
loss of £0-4 million—and the manufacturing operation would not be makingits
full contribution to overall company costs. In this situation an addition of 1000
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Table 5.9 Effect of additional sales at above marginal cost

Total Total

sales variable Total Profit

income cost cost (loss)
Sales (Emillion) (Emillion) (Emillion) (Emillion)
(i) 40000 tonnes @ £520/tonne 20-800 16:600 19-600 1-200
As (i) + 1000 tonnes @ £450/tonne 21-250 17-015 20-015 1-235
(ii) 40000 tonnes @ £480/tonne 19-200 16:600 19-600 (0-400)
As (ii) + 1000 tonnes @ £450/tonne 19-650 17-015 20015 (0:365)
(iii) 50 000 tonnes @ £ 520/tonne 26000 20:750 23-750 2:250
As (iii) + 1000 tonnes @ £450/tonne 26450 21-318 24318 2132

tonnes of sales at £450/tonne would raiseincome to £19-65 million against costs
of £20-015 million, giving a slightly reduced loss of £0-365 million. These cases
are summarized in Table 5.9.

Case (iii) in Table 5.9 shows the situation with the plant scheduled to
operate at full design capacity to meet major sales of 50000 tonnes/year at
£520/tonne. Under these circumstances the marginal cost of additional sales
rises rapidly (Fig. 5.3) and the addition of 1000 tonnes of sales at £450/tonne—
below the marginal cost at this level—is seen to reduce the total profit. To
summarize this section on marginality and marginal costs: at any level of
production and selling price, if marginal sales can be made at a sales income
greater than marginal production costs, the marginal sales will make a positive
contribution to income. However, for the overall operation of the production
unit to generate a profit we must not lose sight of the fact that average sales
income must be greater than average production cost at the given level of
production.

5.11 Measuring profitability

In earlier sections of the chapter the term ‘profit’ has been used and in the
present section a more detailed look will be taken at the ways in which profit
is measured and the ways in which we can compare the profitability of
investments.

5.11.1 Return on investment

Historically the yardstick used to measure profitability has been the percent
return on capital or percent return on investment. This is defined as

. annual profit
percent return on investment (ROI) = _anfva’ pro
capital invested

The method and derived ratios are still widely used in basic accountancy,
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although they are being displaced by more up-to-date methods. This
traditional method has the advantage of being simple and readily understood
but is not very informative and can be misleading.

As used in Table 5.1 the target return on investment represents the cash
income on an annual basis divided by the total capital invested. The cash
income is obtained by deducting the total of direct and indirect annual
production costs from the annual sales income, and the capital invested
includes both fixed and working capital. Frequently the net cash income after
tax is used as the numerator in the ROI ratio and this will, naturally, resultin a
lower return figure. One weakness of the return on capital as a measure of
profitability is that the cash income generated by sales depends on the
depreciation method used in the company. The annual charge for depreciation
varies with the method and changes from year to year for methods other than
simple straight-line depreciation. However, possibilities for confusion are
multiplied by the choices available for the denominator in the ROI ratio. The
capital value used can be total capital (i.e. fixed plus working) or fixed capital
alone, and the fixed capital value used can be the original capital value, the
current depreciated value, the average value over the life of the plant or the
index-inflated current replacement value. The working capital element also
depends on the methods used to value the feed and product stocks. Clearly,
before using the ROI method to compare processes or companies using
available published data the basis of the ratio and the definition of the factors
involved must be carefully studied . Whilst all the above variations of the
ROI ratio are used, the one most commonly encountered is (annual profit
assuming straight-line depreciation) + (total capital invested).

The traditional ROI method of expressing profitability presents a single
year ‘snapshot’ of a process. No allowance is made for the often lengthy period
when capital is being invested and no positive cash flow is generated.
Distortions resulting from inflation and the effect of the time value of money
are also ignored.

5.11.2 Use of inflated capital—current cost accounting

In periods of high inflation the use of the conventional ROI method to analyse
profitability can seriously affect the financial strength of a company. Inflated
prices for the product bring in apparent high income whilst capital charges,
based on the original capital, will be low and ultimately insufficient for
replacement of the plant. Apparent profits and ROI will then be high resulting
in high taxes and expectations of good dividends by the shareholders. If capital
charges are based on an updated valuation of assets a very different picture
emerges. The example in Table 5.10 shows a plant for production of 100
kilotonnes of product with a fixed plant capital of £100 million in 1982
showing a 109, ROI at 1982 prices. For late 1988 with product prices and costs
for materials, fuels and labour inflated using the appropriate indices but with
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Table 5.10 Comparison of the effect of using historic and inflated values for plant capital on
rate of return

Scale: 100 kilotonnes/year

1982 1988 1988
Plant capital £100 million Historic plant capital Inflated plant capital
£100 million £152 million
Working capital £20 million £26 million® £26 million?
Operation 1982: £/tonne 1988: £/tonne 1988: £/tonne
at full output at full output at full output
Raw material 100 114! 114!
Services (energy) 25 291 29!
Labour 10 162 162
Overheads 15 242 242
Plant capital
dependent 160 160 2434
Works cost 310 343 426
Sales income 430 5633 5633
Profit margin 120 220 137
ROI before tax 10% 17-5%, 77%,

!Inflated, using Index for Materials and Fuels purchased, of the chemical and allied industries.
?Inflated, using Index for Earnings in the chemical and allied industries.

3Inflated, using Index for output prices of the chemical and allied industries.

“Inflated, using Plant Capital Index from Process Engineering.

capital on an historic basis the profit margin looks good and the ROI very
attractive. However if the fixed capital is also inflated to a current value the
profit is reduced and the ROI not particularly attractive. Furthermore, in
the ‘historic capital’ case, tax would be levied on a ‘profit’ of which
approximately 40%; is needed to maintain the capital base of the company.

In the situation shown in the ‘historic capital’ column of Table 5.10 the tax
paid and, on the whole company basis, the dividend paid resulting from the
apparent profit shown by the above operation would in fact be taken from
cash required to maintain the capital base of the company. To correct this
highly undesirable situation the ‘current cost accounting’ approach used in
column 3 of Table 5.10, in which all factors in the cost build-up are expressed
in terms of current values, is being increasingly adopted. The Institute of
Chartered Accounts supports a system of this type and many major companies
have worked together to develop a mutually acceptable system.

5.11.3 Payback time

A second long-standing method of assessing profitability—usually used at the
planning stage for a new project rather than valuing an existing asset—is the
payback period required. This is not so much a direct measure of profitability
but rather a measure of the time taken for the positive cash flows to recover the
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original fixed-plant capital investment. Payback time is usually based only on
the fixed plant capital and the payback time is the time taken for the
cumulative positive cash flows following plant start-up to balance the earlier
negative cash flows of the fixed-plant investment. Cash flows are usually taken
on an ‘after-tax’ basis and allowance must be made for grants or allowances
which offset capital expenditure.

During the plant construction period all cash flows are negative, i.e. cash is
flowing out of the company ‘treasury’ to pay for the plant construction. When

2

Cumulative
cash flow
£m
Plant start up
} Project life, yr
0 N
2 4 6 8 10 12
—2 4

Figure 5.4 Payback time.
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the plant begins to make and sell product, cash inflow begins. The positive
cash flow is: cash flow = (sales income) — (total direct and indirect production
costs) + (depreciation). Depreciation is part of the positive cash flow since it is
cash which has gone into the general company ‘treasury’ although it carries a
label nominally reserving it for one specific function.

Figure 5.4 shows the cash outflow during the plant construction period and
start-up. Cash inflow builds up after start-up as the plant output is increased
until in the third year of operation full-rate operation is reached and a steady
cash inflow is provided. Payback time is shown as just under five and a half
years from plant start-up or seven and a half years from start-up of the project
construction.

Care must be taken when using the concept of payback time to compare
projects since the method does not allow comparison of projects over the total
project life. In periods of high uncertainty the method has the advantage that it
is dependent on the period immediately ahead during which the situation can
be assessed with relatively more confidence than the distant future. If the
payback time is short it offers a reasonable guarantee, that, at the worst, the
fixed capital outlay will be recovered. The method makes no estimate of the
profit to be earned once the payback point has been passed but to some extent
this can be inferred as a continuation of the positive cash flow established in
achieving payback. The method can be misleading if projects with different
expected lives are compared since a project with (say) a five-year payback and
continuing profit flows for ten years could overall be more attractive than an
alternative with a three-year payback but only six-year profit flow. Because the
method considers only short-term cash flows the payback time method of
assessing profitability is usually used as a supporting technique with other
methods of assessing overall profitability.

5.11.4 Equivalent maximum investment period

This method of assessing the relative attractiveness of projects by a time
measurement was developed at Nottingham University®. It requires the same
cumulative after-tax cash flow data as required by the payback time method
but takes into account the pattern of cash flows in the early years. These are the
most important ones in the life of a project and the years for which predictions
are likely to be most reliable. The equivalent maximum investment period
(EMIP) is defined from the cash-flow diagram (Fig. 5.4) as the area under the
cash-flow curve from the start of the project to the break-even point divided by
the cumulative maximum expenditure. Since the area is measured in £ million x

years and the expenditure is £ million, then the EMIP is expressed in years.
EMIP represents the time period for which the whole maximum expenditure
would be at risk if it were all incurred instantly and repaid by a single instant
payment. In Fig. 54 the area involved is ~ 16-5 £million years and the
maximum cash outflow £4 million, giving an EMIP of 4.1 years. The pattern of
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cash flows to the break-even point (the payback time) is taken into account
since the area under the curve is measured. As a result of this two projects with
the same payback time can have different EMIP values. As with the payback
time, the value of EMIP which distinguishes an attractive project from an
unattractive one is somewhat arbitrary. It depends on the nature of the
industry, the degree of risk and type of project. Analysis of data from earlier
projects within a company can set guidelines which can then be used to
examine new projects. Although the method is simple and easy to apply it does
not seem to have been widely used.

5.12 Time value of money

The profitability measures considered so far have not considered possible
charges on the capital involved nor the effect of time on money. Since a sum of
money available now can be invested to earn interest it is of greater value than
if the same sum were received some time in the future. Modern methods of
assessing profitability take account of this time value of money and the pattern
of cash flow during the life of a production unit. The most widely used methods
are the Net Present Value (NPV) and Discounted Cash Flow Return (DCF)
methods. These methods are generally used to aid investment decisions and in
comparing the relative merits of different projects before investing money and
building plant. Once capital has been invested and the chemical plant has been
built and is in operation then different criteria are involved. As previously
indicated, the method of operation which maximizes cash inflow and profit is
torun at as high a rate as possible provided the least profitable marginal sales
are made at a price which gives a sales income above the marginal production
cost.

5.12.1 Net present value and discounted cash flow

When considering a new project the capital for building the plant must
obviously be invested before any cash inflow or profit appears. If the money is
borrowed from a bank then interest will be charged until the positive cash flow
from the project repays the loan. This interest must then be included as a cash
outflow in assessing the overall project. If the project capital is available from
internal company funds there will be no direct interest to be paid. However, the
company has lost the opportunity to invest the money and earn interest on it,
possibly by lending to a bank. This loss of possible investment income
represents an opportunity cost which must be charged against the project. On
the other hand, when the break-even line has been crossed and the project is
providing a cash inflow this money could be invested and earn interest at the
rate previously charged on the borrowed capital. The rate of interest to be
charged on capital outflow or credited to cash inflows will depend on the
source of the finance. A company can provide capital for a project in different
ways—Dby raising a market loan, using retained profit and depreciation,
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borrowing from a bank or finance house. In general a company will raise
money in several ways and have a ‘pool’ of available funds at an agreed average
company interest rate to fund possible projects.

The NPV and DCF profitability estimates are derived from cash flow
forecasts covering the total life of the project. The cash flow in any year is: (net
sales income) — (total production cost excluding depreciation) — (capital
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invested) after tax allowances and deductions. Depreciation is excluded since
recovery of capital is implicit in the calculation and the methods thus have the
advantage of being independent of depreciation methods. Since there are
considerable problems in forecasting costs and sales for more than two or
three years ahead, the longer the time period, the less likely the forecasts are to
be right. As future sums of money have different values year by year due to the
interest charged or earned they must be adjusted—or discounted —to values
at a single moment in time, usually the present. For simplicity NPV and DCF
calculations are normally based on the assumptions that cash flows in a given
year occur at the end of that year. This is not often the case and in practice cash
flows—particularly payment for items of equipment during the plant
construction and income from product sales—take place throughout the year.
However, the difference between annual discounting and continuous dis-
counting will not usually be very great and it is normally much smaller than
errors in the cash flow data.

If we have a present sum of money P, its value n years in the future (F) will be
F=P(1 +1i)" where i is the accepted compound interest rate fraction.
Conversely, the present-day value (P) of a sum of money (F) to be received n
years in the future is given by the expression

_ F
T+

Thus the individual cash flows in future years can be discounted to a common
base (the present) and directly compared. From the form of the expression for
present value it will be seen that a sum of money received in two years time is
worth more than the same sum received ten years hence. This reduces the effect
of the less certain cash flows in the long-term future and emphasizes the
importance of early positive cash flows.

The net present value of a project or investment is the sum of the present
values of each individual cash flow. To reduce the arithmetic involved the net
cash flow in each year is determined and the present value of the annual cash
flows is summed. For a project with net annual cash flow C, in year ¢, the net
present value;

Co ¢, C, C, C,
NPV =
(1+19)° +(1 +i)! +(1+i)2 * (1 +i)'+ 1+
or, in shorter form
t=n
NPV=Y S
=o(l +if

where n is the total project life.

The ‘present’ is usually the time of the evaluation which may be the start of the
project or may be after a period of research and development but before
significant capital outlay. Figure 5.5 shows the forecast net cash flow pattern
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for a proposed project. The forecast shows two years of research work at a net
cost of £100000 per year followed by one year of process and market
development including process design and costing £500000. Plant con-
struction is forecast to require two years giving a total negative cash flow of
£3-5 million by the end of year 4. Some £50 000 further expenditure is incurred
during start-up but then the positive cash flow from sales begins and by the end
of year 5 a positive flow of £150 000 is shown. Production and sales build up in
the following year, reaching full capacity in year 7. After eight years of steady
operation and positive cash flow, production ceases, the plant is scrapped and
working capitalrecovered. The undiscounted net cash flows are shown in Table
5.11 and plotted as curve A in Fig. 5.5. If the cost of capital—that is the
interest rate to be charged on negative cash flows and credited to positive
cash flows—is set at 109, as the average cost to the company, then the
discounted cash flows are shown in Table 5.11 and as curve B in Fig. 5.5.
Tables of discount factors which provide values of 1/(1 + i) for different
values of i and n are available and simplify manual calculations. Now, of
course, computer programs are available to carry out discount calculations on
any small computer. The project is seen to have a net present value of
+ £422000 having recovered the capital and paid interest charges at the
company rate of 10%. If, however, the company interest rate for raising money
is 159, then as shown in Table 5.11 the project shows a NPV of — £276 000.
At this higher rate for borrowing money to carry through the project, a
loss would be made and the project would be unattractive. The greater the

Table 5.11 Projected discounted cash flows

Net cash flow Discounted at

after tax 10% 15%
End of year (£000) (£000) (£000)
0 - 100 - 100 - 100
1 ~ 100 —-91 — 87
2 — 500 —413 —378
3 — 1300 —-977 — 855
4 — 1500 —-1025 — 858
S + 150 + 93 + 75
6 + 600 + 339 + 259
7 + 850 +436 + 320
8 + 850 + 397 + 278
9 + 850 + 361 +242
10 + 850 +328 +210
11 + 850 + 298 + 183
12 + 850 +271 + 159
13 + 850 + 246 + 138
14 + 850 +223 + 120
15 + 150 + 36 + 18

Total + 4200 +422 —276
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positive NPV of a project at the set discount rate the more economically
attractive it is. A project showing a negative NPV is unprofitable at the set
discount rate and would not be pursued.

5.12.2 Discounted cash flow return

As Fig. 5.5 and Table 5.11 show, increasing the discount rate from 0 to 10%,
reduces the NPV from £4-2 million to £422 000. A further increase in discount
rate to 15% produces a negative NPV showing a loss-making situation. At a
discount rate somewhere between 10%, and 15%, the NPV will be zero, and this
1s the DCF value. DCF, which is also referred to as ‘internal rate of return’ is
defined as that value of discount rate which results in a zero NPV for a project.
The higher the value of the DCF the more economically attractive the project.
A minimum acceptable level of DCF is set by the cost of capital to the
company considering an investment. If the project shows a DCF greater than
the cost of capital then the project will show a profit, conversely a DCF below
the cost of capital indicates a loss-making project.

Finding the DCF for a project is a matter of trial and error calculation.
When carrying out manual calculations a value of i (the discount rate) is
selected and the project NPV calculated. If this is positive the value of i chosen
is lower than the project DCF, so a higher value of i is selected and a new NPV
calculated. If a negative value of NPV is then obtained then the higher value of
i is above the DCF for the project. Graphical interpolation between NPV
values will enable the DCF value to be estimated. From the figures in Table
5.11 the project DCF rate lies between 10%; and 15%,. Interpolation gives a
DCF value of 13% and curve C in Fig. 5.5 shows the cash flows dis-
counted at this rate. In fact, discounting the cash flows of Table 4.11 at 13%,
shows a small negative NPV, discounting at 129/ shows a small positive NPV
and interpolation gives a DCF rate of 12-7%,. Although the arithmetic
operations can be carried out to give an even more precise value of DCF —
particularly if a computer is used-—it must be remembered that the cash flows
are based on forecasts of sales, prices, raw material costs and production costs
for many years into the future. The cash flows of Table 5.11 represent an
attempt to project 15 years into the future and the uncertainties in the data do
not justify calculation of DCF rates to decimal places. This problem of
uncertainty will be examined later when considering the assessment and
evaluation of a new project.

The DCF method is not suitable for projects where a net negative cash flow
takes place late in the project taking the cumulative cash flow back below the
zero line. In most cases such a large cash outflow is a result of additional
capital investment in a planned expansion of capacity. It is unlikely that a
decision to commiit funds to the expansion will be made at the same time as the
decision on the original project so the two can be treated separately and
individual cash flows evaluated.
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5.12.3 Use of NPV and DCF as profitability measures

Since the same data and method of calculation are used to determine NPV and
DCF it might be considered that one or other would suffice. There are,
however, differences in the two measures and in their interpretation.
Calculation of the project NPV by discounting the net cash flows at the
company cost of capital gives a measure, in current money values, of the profit
which the project will earn. This profit is produced after recovering the initial
investment and paying all costs including the cost of ‘borrowing’ the capital
from the company pool. It is not a ratio or relative value but a direct measure
of the total profit expected from the project. The DCF for the project is a
calculated rate of return on the invested capital at which the project breaks
even, i.e. pays all expenses but shows no residual profit. It is a measure of the
earning power of the project and also provides an indication of the efficiency
with which the invested capital is used.

When a single project is being considered without reference to other
possible projects the use of NPV or DCF will lead to the same conclusion on
the economic acceptability of the project. This results from the fact that if a
project shows a positive NPV, it must also show a DCF return higher than the
discount rate used to calculate the NPV, that is a DCF rate above the cost of
capital to the company. However, a more usual situation is one in which a
choice must be made between alternative forms of a project which are
mutually exclusive or in which a portfolio of projects must be selected. In this
case the need for optimization arises and the company objectives and
constraints must be taken into account.

In the former case, where a choice must be made between alternative forms
of a project these will usually have different investments and operating costs.
Thus although the income from sales will be the same the annual cash flows
will differ. In order to maximize the profit from the project the proposal with
the greater NPV at the cost of capital should be selected. This may not be the
same as the proposal with the highest DCF since the return is measured on
different levels of investment. A lower DCF on a larger capital investment
could provide a higher NPV (i.. a greater cash profit)than a higher DCF on a
smaller investment.

When selecting a portfolio of projects the company aims must be
considered. If the company objective in economic terms is to maximize
the profit flow from the proposed list of projects, then this is an objec-
tive in money terms and can be attained by maximizing the total NPV of
the projects chosen. This requires the acceptance of all independent projects
which show a positive NPV at the company cost of capital. Such a solution is
only possible if the resources available (supply of capital, project management,
engineering facilities, etc.) are sufficient to carry out all projects with a positive
NPV. If the company has more potentially suitable projects than can be
financed with the available capital then the objective will be modified to
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maximizing the total NPV within the available capital restraint. Since the
DCF is a measure of efficiency of use of capital, ranking projects in decreasing
order of DCF and selecting projects in DCF order until the available capital
budget has been taken up will give the desired maximum NPV. Of course,
selection of projects is rarely as straightforward as implied above. Other
resources besides capital could be inadequate to deal with all potentially
attractive projects—more than one project might require the same technical
manpower or engineering facilities. To resolve these problems, detailed
network analysis and mathematical project programming techniques are
required.

The NPV is generally more widely used in project evaluation studies than
DCF measures. The NPV provides a direct measure in money terms of the
attractiveness of a project and when dealing with more than one project NPVs
are additive since they are measured at the same cost of capital. A DCF is, on
the other hand, a rate of return and values cannot be combined for multiple
projects since they are measured on differing capital investments.

5.13 Project evaluation

In the context of the chemical industry, a project can range from initial
research studies (on a new product or new route to an existing product) to a
capital project costing many millions of pounds or dollars for the installation
of a new production unit. The common ground is the ultimate objective of
generating profit at some time in the future by the use of present resources
(skilled manpower, money). Economic evaluation of a project involves the
consideration of those factors which can be measured and compared in money
terms to provide information which will help decision making. Project
evaluations may be carried out several times during the life of a project to assist
in making decisions at the various stages. The initial decisions may involve
continuation of a research programme, then to commit more resources to
development of the process. Later the need to build a pilot plant to study scale-
up problems may have to be studied, followed ultimately by a decision whether
or not to invest the capital and build a full-scale unit to use the new process or
manufacture the new product. The stages involved in project evaluation are
summarized on p. 150.

5.13.1 Comparison of process variable costs

When considering a new route to an existing product the initial studies at an
early stage must compare the proposed new route to the existing process or
processes. Projects of this type are typical of the petrochemical or heavy
chemical industries involving the production of bulk chemical intermediates,
fertilizers and commodity polymers. Since the product is established and
marketed then material from the new process must be able to compete, in
quality and manufacturing cost, with that from existing processes. An initial
evaluation of the proposed new route can then be made by comparing the cost
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plus return for the new process with that for existing technologies. It is
essential that the comparison studies are made on the same basis and using the
same methods to make the comparison as realistic as possible.

From the earlier part of the chapter it can be seen that, for large
continuously operating units, the major factors in the build up of production
cost are the variable costs (net raw materials and services) and capital-
dependent charges. For smaller-scale batch production units the labour
element can also become a significant factor. Hence, in order to compare our
potential new process with existing methods we need to estimate the variable
costs and the capital required for a plant to operate the process. As an example,
consider maleic (cis-butenedioic) anhydride, the bulk of world production of
which is currently manufactured by the oxidation of benzene. New catalysts
are being developed by many companies to use n-butane as a feedstock. Let us
assume that our research group is studying such a catalyst and the estimated
production cost by the proposed butane oxidation needs to be compared with
that of the benzene oxidation. Information on raw material and energy usages
for the existing benzene oxidation process can be found in the literature’, and
numerous patents describe reaction conditions, yields, conversion of benzene
and methods of product work-up, enabling the variable cost for maleic
anhydride by benzene oxidation to be determined. Results from the research
work will give indications of yield of maleic anhydride and n-butane coversion
for the reaction step although data on recovery and recycle of unreacted
feedstock are unlikely to be available. Purification by distillation or crystalli-
zation is normally very efficient, and in the absence of evidence for azeotropes
or eutectics and making assumptions on separation efficiency (e.g. as good as
in the benzene route) the overall raw material usage and cost for the new route
can be estimated. If there is information on the expected life for the new
catalyst this can be used to give an estimate of catalyst cost on an annual or per
unit of product basis. In the absence of catalyst life data an acceptable charge
for catalyst can be assumed and used to indicate a target catalyst life which
must be achieved.

Estimation of the cost of energy inputs for the new process is difficult at the
early research stage when process information is limited. One method which is
useful at this stage is described by Marsden® and requires only data on the
number of major process operations, process throughputs and chemical heats
of reaction. It enables an estimate of the total energy requirement of the
process to be made and inspection of the assumed reactor conditions and
expected distillation temperatures will usually enable a split into steam, fuel
and electricity consumption to be made.

5.13.2 Estimation of plant capital

Having made an estimate of the variable cost for the new process the next
requirement is to produce an estimate of the plant capital requirement.
Traditional methods of estimating capital, involving development of a process
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flowsheet and chemical engineering design, are time-consuming (expensive)
and require a level of detailed information which is not available at the early
research stage. Several workers have developed methods for the rapid
estimation of plant capital at the predesign stage (see Bridgewater®) which
require varying levels of input data. One method— ‘Process Step Scoring’!®
developed within ICI—requires only a simple flow diagram indicating the
main conceptual process steps (react, filter, distill, separate etc.) with
throughputs and estimated reaction times and conditions. The capital cost for
a desired scale of operation can then be derived quickly at a level of accuracy
sufficient for most preliminary evaluations. In order to compare the new
process and the existing process on the same basis an estimate of capital
requirement for the existing process should be prepared by the same method as
that used for the new route. If capital estimates are available in the literature
for the existing process they can serve as a cross-check on the estimate made.
However, because of inflation, care must be taken to adjust earlier capital
estimates to the same time base as the new estimate by use of the appropriate
index. Suitable indexes showing change of plant capital cost with time are the
CE index published in Chemical Engineering for American conditions, and the
PE Index published in Process Engineering for UK conditions. The latter
journal also publishes indexes for several other key countries, e.g. West
Germany, Japan, France, Canada, and Australia.

5.13.3 Process cost comparison

With estimates of variable cost and capital requirement available the process
cost table could be built up if an estimate of the labour requirement (process
and maintenance and analytical) could be made. These items form part of the
plant fixed costs and studies of a number of petrochemical processes show that
an annual charge equivalent to 3—6% of the plant capital would be a suitable
figure to include in a preliminary estimate for total plant fixed costs. For
smaller batch operations a range of 8-129, of plant capital would be a
reasonable figure to apply. A comprehensive cost table (Table 5.12) can then
be built up.

This level of evaluation is sufficient at an early stage and would justify
continuing research on catalyst and process developments. As more data
become available the stage will be reached where a preliminary process
flowsheet can be prepared and initial chemical engineering studies carried out
to enable a more detailed estimate of capital and energy inputs to be made.
This would involve sizing of the main items of the flowsheet using short-cut
methods and building up to a full capital estimate using a factor method such
as that of Miller'!, Cran'? or Sinha'??. At this point, process optimization
studies can be valuable in determining the energy or capital-intensive steps in
the process and indicating where efforts to make process improvements would
be most rewarding.

However, as previously stated, the cost table provides only an instant
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Table 5.12 Process cost comparison for the production of maleic (cis-butenedioic) anhydride
by benzene and butane oxidation

Scale 25000 tonnes/year
Basis Costs at January 1989 prices. Capital at a Process Engineering index
level of 211 (1980 = 100)
Process Benzene oxidation n-Butane oxidation
Plant capital £30 million £34 million
Working capital £ 3 million £ 2 million
£33 million £36 million

Operating costs per tonne of maleic

anhydride £ £
Benzene 1-13 tonnes/tonne of product

@ £310/tonne 350 —
Butane 1-17 tonnes/tonne of product

@ £185/tonne — 216
Catalysts and chemicals 10 20
Materials 360 236
Net services (large steam credits/allowed) 6 14
Variable cost 366 250
Plant fixed costs 6%, plant cap. 72 82
Depreciation 6.67% plant cap. 80 91
Overhead fixed costs 3% plant cap. 36 41
Worked cost 554 464
Target ROC 109, 132 148

686 612

picture of the process cost and profitability. As the stage is approached when
capital will have to be allocated for pilot-plant studies there is a need for a view
of the prospects for a project over its expected life. This requires the use of NPV
and DCF methods of evaluation which in turn necessitate estimates of product
sales, raw material prices and product selling prices over the life of the project.

In order to obtain the necessary information an estimate is required of the
amount of the product which the market can take up and also an estimate of
the share of the market which the Company carrying out the survey can expect
to obtain. This will enable the size of the proposed new product unit to be fixed
or set at a range of sizes to be evaluated in the NPV/DCEF calculations.

5.13.4 Estimating markets/prices

The estimate of the future market size can be made in various ways—
projection of historical data, comparison with other factors such as GNP
where a relationship can be established (e.g. per capita usage of plastics and per
capital GNP), and detailed user surveys.

Examination of consumption of many chemicals show that growth of
consumption has three chief phases:
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(a) Increasing rate of growth—an exponential curve.

(b) Constant rate of growth—a straight-line relation.

(c) Declining rate of growth—a curve with smaller slope than (b) and which
may become negative.

A hypothetical product growth curve is illustrated in Fig. 5.6. Clearly if the

Decline

Consumption
of
product

Linear growth

Exponential growth

. —_—
Years of product life

Figure 5.6 Product life cycle.
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data available show exponential growth care must be taken in projecting over
a long period. Techniques have been developed to modify the simple extra-
polation'? but require extensive data. The projection of past data can be
improved by combining with detailed user surveys of major product outlets to
provide a more rational basis for estimated demand. All methods of assessing
future markets assume the absence of major perturbations, and events such as
the OPEC actions on oil prices in 1973 and 1979 can make nonsense of any
forecasts.

When considering a new product the product properties must first be used

Table 5.13 Acrylonitrile: U.S. production (see Fig. 5.7)

production cumulative prod. const. 1987
year x 108 [b. x 10% Ib. price/cents/lb.  price/cents/Ib.
1950 25 129 36 146
1951 35 164 40 151
1952 50 214 43 159
1953 60 274 43 159
1954 70 344 31 112
1955 118 462 31 110
1956 141 603 27 93
1957 174 777 27 90
1958 180 957 27 88
1959 232 1189 27 86
1960 229 1418 23 72
1961 249 1667 14-5 45
1962 360 2027 145 45
1963 455 2482 14-5 44
1964 594 3076 17 50
1965 772 3848 17 50
1966 716 4564 145 42
1967 670 5234 14-5 40
1968 1021 6255 14-5 38
1969 1156 7411 14-5 36
1970 1039 8450 14.5 35
1971 979 9429 14-5 33
1972 1115 10544 13 29
1973 1354 11898 13 28
1974 1411 13309 145 28
1975 1214 14523 23 40
1976 1518 16041 24 39
1977 1642 17683 27 43
1978 1752 19435 27 39
1979 2018 21453 25 34
1980 1830 23283 375 463
1981 1996 25279 44 50
1982 2041 27320 46 49
1983 2146 29 466 43 457
1984 2201 31667 455 47
1985 2346 34013 45-5 466
1986 2314 36327 455 472

1987 2550 38877 34 34
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Figure 5.7 Acrylonitrile: U.S. production v. price. 4: competition between established acetylene
based route and Sohio propylene-based route.

to determine the market areas which will be open to penetration and the
markets for competitive products used to make initial estimates for the new
product. Whether the product is new or already established, forecasts of
markets and market share are at best uncertain. It is impossible to forecast the
changing circumstances which will affect growth of consumption and even the
most refined mathematical model cannot allow for the effect of unforeseen step
changes. Nevertheless, market evaluation is essential and will show trends and
show the potential manufacturer the general direction if not the detailed path.

In forecasting price trends for established products the available data on
prices and tonnages sold again forms the basis for extrapolation. Published
information on many chemicals (e.g. US Tariff Commission reports, reports of
Office Central des Statistiques de la CEE) enable a plot of log (price—adjusted
to constant money values) against log (cumulative production) to be drawn.
This is the so called ‘Boston experience curve’ (Fig. 5.7, Table 5.13) which was
introduced in 1968 (Boston Consulting Group)'“. The concept of experience
curves postulates that costs (or price) in constant money value declines by a
characteristic amount for each doubling of experience (production or sales).
From studies of rapidly growing sectors of industry the Boston group
indicated a decline in price of 20-30% for each cumulative doubling of
production. A more recent study’> confirmed the characteristic decline for
products showing rapid growth. However, for products with low growth rates
the relationship between price and cumulative production is much more
erratic and shows a much lower rate of decline than the expected 20-30%. In
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view of the low growth shown by many major chemicals in recent years the
projection of future prices using historic data is open to question.

Having obtained forecasts of potential market share and price, the annual
cash flow position for a selected plant size can be calculated using the capital
estimate and operating cost estimates prepared from the literature or research
data. The cash flows can then be discounted at the cost of capital to determine
the NPV and the DCF rate can be estimated. The NPV and DCF for different
plant scales can be calculated to determine the optimum size of plant and the
competitive processes compared over expected project life.

5.13.5 Effects of uncertainty

As already stated, all the data used to calculate the NPV or DCF (capital
estimate, operating costs, annual sales, selling price, etc.) are subject to
uncertainty—particularly the commercial data of sales and prices. The value
of a project evaluation using single point data as an aid to decision taking can
be extended by carrying out a sensitivity analysis. This studies the effect on the
economics of a project of changes in the major items contributing to the cash
flows. It highlights areas which are most important and where uncertainty has
the greatest effect on the project. The effect of a 109 change in fixed capital,
change in sales or sales price, change in raw material cost, delay in start-up and
other variations on the basic project estimates can be explored and the
resulting changes in NPV and DCF calculated. A sensitivity analysis does not
attempt to quantify the uncertainties in the different factors but explores the
effects on the project of changes in these factors.

In order to quantify the uncertainties in a project it is necessary to indicate
the relative chances that a variable (e.g. selling price) will have different values.
This can be done subjectively on the basis of, say, a 109, chance that the price
will be as low as x, a 109, chance that the price will be as high as z against an
expected mid-value of y. If it is assumed that the variables lie in a normal
distribution in the range considered then the subjective probability estimates
can be used to define the total distribution. Having made estimates of
subjective probability distribution for each of the major variables we need a
method of combining the various inputs to the project cash flows to obtain the
resulting distribution of NPV or DCF. One such method is the Monte Carlo
simulation. If there are a number of independent inputs to the project (capital,
materials costs, etc) each represented by a probability distribution of values,
then there is an infinite number of possible outcomes. Representatives of these
can be calculated by selecting a value of each input from the range and
calculating a value of NPV or DCF. Choosing a different value for any one
input will lead to a different outcome.

The basis of the Monte Carlo technique is to carry out a large number of
project evaluations with different input values selected from the individual
distributions in a random way. The random selection is done in such a way
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Figure 5.8 Monte Carlo technique—frequency distribution of NPV values.

that the number of times a value of a variable is selected is proportional to its
probability. Clearly, the large number of calculations involved requires the use
of a computer to make the method feasible. The result of the many calculations
is a range of NPV or DCF values and, since the same value of NPV or DCF
can result from different combinations of input data, a frequency distribution
of the results can be plotted (Fig. 5.8).

The example in Fig. 5.8 shows the range of possible outcomes for the project
with a most likely value indicated by the dotted line. It also shows a small
chance (~ 4%, based on ratio of negative area to total area) of a negative NPV
at the company cost of capital. Having the distribution of possible outcomes
enables the project manager to analyse the possible benefits and risks in the
project in detail. Decisions can then be made by applying company policy with



150 AN INTRODUCTION TO INDUSTRIAL CHEMISTRY

respect to risk, based on the indicated chances of gain or loss and the possible
size of gain or loss.

The aim of project evaluation is to use the available data to provide
information which will assist decision making on the future of the project.
Use of sensitivity analysis and risk analysis techniques point up areas where
uncertainty in the input data has greatest effect and indicates the effects of
these uncertainties on the project outcome. Such evaluation does not eliminate
the need for skilled judgement in the management team nor does it necessarily
make the decision process any easier. However, it does ensure that a complete
view of the project is available and makes clear the need for definitive company
policy on risk and profitability criteria.

inputs from research (R),
process engineering (PE) and marketing (M)

!

preliminary
evaluation —_— outputs to R/PE/M

continue research

l

inputs from R/PE/M—————| revised evaluation

l

develop process

— outputs to R/PE/M

1
inputs from re-evaluate on outputs to engineering,
engineering, preliminary flow R/PE/M
RPEM | sheet

e

build and run
pilot plant

l

detailed evaluation

preliminary engineering
study on full-scale
plant

l

proposal to board on
full-scale plant

i

build and run plant

Figure 5.9 Stages involved in project evaluation.
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5.14 Conclusion

The objective of all the technical economic methods discussed in this chapter is
to provide information to assist management decision-making. Use of
standard cost sheets helps plant managers to check the short-term perfor-
mance of the units under their control and prompts corrective action if raw
material usages or utilities consumptions increase. Information on absorption
cost and marginal costs—particularly when marginal cost increases as plant
capacity is reached—enables the marketing manager to quote for additional
business at a price which will make a positive cash-flow contribution. Finally
the techniques of project evaluation including sensitivity analysis and risk
analysis enable decisions on new projects to be taken based on the fullest
information on the likely consequences interpreted in the light of company
policy on risk taking and reward seeking.

Appendix
Examples of discounted cash flow (D.C.F.) calculations

1. Cash flow comparison of benzene and n-butane routes to maleic anhydride

Consider a 25 kilotonnes/year plant.
Sales forecasts: 10 kilotonnes in first year of operation, 20 kilotonnes in second
year
25 kilotonnes/year in subsequent years.
Assuming plants take 2 years to build, with sales income estimates shown
below the project revenue inflow is shown in Table A for a ten year production
life.

(1) Benzene oxidation (based on the data in Table 5.12).

Plant capital of £30 million is spent in two years with £1 million of second
year expenditure on plant buildings. Plant equipment is allowable against tax
on other company profits at 52% in the year following expenditure. Allowance
for buildings is spread over the project life with balancing adjustment in the
final year.

Working capital is spent as sales develop and is recovered by clearance of
stocks the year after plant shutdown.

Variable cost is £366/tonne in the initial years of operation, declining slightly
over the project life due to minor savings in service usages at constant benzene
and service prices.

Fixed cost excluding depreciation totals £270 million/year during most of
the project life. No reduction is shown for this old, well developed process.
Charges increase during the final three years life as increased maintenance is
required to maintain full rate operation.
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Butane oxidation

Project years

Benzene oxidation

Benzene Butane

oxidation oxidation
Pay-back time 9.1yr 13yr
EMIP 40yr 22yr

Figure A.1 Benzene and butane oxidation to maleic anhydride—cash flows.

The build up of annual cash flows and NPV and DCF is shown in Table B.
Discounting the net cash flows after tax at the assumed cost of capital (10%)
the project shows a NPV of —£3-86 million. At the lower discount rate of
5% a NPV of + £0-62 million is shown and by interpolation the DCF rate
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is 6%. Since the project shows a negative cash flow at the cost of capital it
is unattractive.
(2) n-Butane oxidation (based on the data in Table 5.12).

Plant capital of £34 million is spent in two years with £1 million of second
year expenditure on buildings. Depreciation allowance as above.

Working capital is spent as sales develop and recovered after plant closure.

Variable cost is £250/tonne in the initial years of operation, increasing
subsequently as improvements in the efficiency of the new process are offset by
a rise (in constant money) in n-butane price.

Fixed cost excluding depreciation totals £3-075 million during most of the
project life. No reduction is shown as‘a result of assumed operation problems
with a new process. An increase is shown in the final three years as increased
maintenance is needed.

The build-up of annual cash flows and NPV and DCF is shown in Table C.
Discounting the net cash flows after tax at the cost of capital (10%) shows a
NPV of + £0:23 million. At the higher rate of 12%, the NPV is — £1-69 million
and by interpolation the DCF rate is 10%. This represents a marginally
attractive project i.e. DCF only just above the cost of capital. Further work to
carry out sensitivity and risk analysis would be needed before a decision to go
ahead could be made.

Undiscounted Cash Flows for each year for each process are plotted in
Fig. A.1.

2. Cumene production

A company is planning to build a cumene plant with capacity 50000
tonnes/year. Plant constructions will take two years with 40%, of the fixed
capital spent in year 0. The plant starts up in year 2 and operates at 50%,
capacity, building up to 75%, 909 and 100% in subsequent years.

The following information is available (all monies are in £ of year 0)

Fixed capital £15200000

Working capital £2500000 at full output
Sales income £425/tonne cumene
Variable cost £330/tonne cumene
Plant fixed costs £760000/yr

Overhead fixed costs £514000/yr

The plant is expected to have a ten-year production life and scrap value will
just cover the cost of demolition and site clearance. Working capital
expenditure builds up to the maximum in proportion to production rate and is
recoverable after plant ceases production.

If depreciation allowance and tax on net revenue are 529 payable a year in
arrears, what is the payback period and EMIP for the project? If the company
cost of capitalis 15%, does the proposed cumene project represent an attractive
investment?
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+5F

Cumulative
cash flow
after tax £m
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Figure A.2 Cumene project cash flows.

Table D shows the development of the cash flows. Fixed capital expendi-
ture takes place in years 0 and 1 with depreciation allowance received in years
1 and 2. Working capital expenditure starts in year 2 and additional sums are
required in years 3, 4 and 5 as production and sales build up. Sales income
builds up as sales increase at the fixed sales income of £425/tonne cumene.
Variable cost of production also increases as production builds up, and
together with the fixed costs, gives the revenue outflow. The difference between
sales income and revenue outflow provides the net revenue inflow. Tax at 529
is deducted from the net revenue inflow one year in arrears to give the net
revenue inflow after tax. Summations of this and the net capital flow gives the
net cash flow after tax.

The cumulative net cash flow after tax is plotted against project life in Fig.
A.2. This shows a payback time of almost 7 years from the start of the project.
Measurement of the area under the curve to break-even shows just under 42
£ million years and with a maximum cumulative expenditure of £12-04 million
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the EMIP is almost 3-5 years. These values would have to be compared with
target values set by known successes within the company.

Discounting the net cash flow after tax at the cost of capital shows a negative
NPV. The proposed project would therefore be unattractive and ways must be
sought to reduce cost or increase sales income.

3. Practice examples

Example 1. A company proposes to invest £500000 this year in a plant to
make a speciality chemical on a scale of 500 tonnes/year. Working capital is
estimated to be £100000 at full output and would be spent proportionally to
output. Sales are forecast as 300 tonnes in year 1 rising to 400 tonnes and 500
tonnes in subsequent years. Product market life is expected to be five years
before being replaced. A scrap value of £100 000 is expected for the plant after
shutdown. The variable cost of the product is £350/tonne and fixed costs are
£155000/year. Depreciation allowance and tax rate are 529, payable one year
in arrears and sales income is £1100/tonne. The company needs a 15%, return;
is the project viable? What is the DCF rate?

Yes; 16:5%.

Example 2. A study is being carried out on a proposal to produce a
hydrocarbon solvent on a scale of 100 000 tonnes/year. The plant will take two
years to construct with 459 expenditure in the initial year and the remaining
559% in the next year. Plant capital is estimated at £15:0 million in £ of the
initial year. Production starts in the third year and build up is shown below;
working capitalis estimated at £3-0 million at full output, spent proportionally
to production.

Variable cost of the solvent is £275/tonne and fixed costs £3-0 million/year.
Sales income of £350/tonne solvent is expected to remain constant (in constant
money values) over the plant life. A production life of ten years is forecast and
there will be no residual scrap value. Depreciation allowance and tax rate are
52%; paid one year in arrears.

The project is seen as a long-term strategic investment and the company is
prepared to accept a rate of return as low as 12%,. Should the project go ahead ?
What is the payback time and DCF?

Year of production 1 2 3 4
Production (tonnes) 60 000 75000 90000 100000

Yes; 6.9 years from start of construction, 13.8%

Example 3. Hycar Resins plc is considering the introduction of a new resin.
Fixed plant capital of £1-0 million will be spent this year for a plant to produce
3000 tonnes/year of product. Working capital at full output would be £300 000
and would be spent as sales build up. Variable cost of production is £300/tonne
and fixed costs of £100 000/year. A ten-year production life is expected and net
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scrap value will be nil. Depreciation allowance and tax on net revenue inflow
are 52% paid one year in arrears.

Market studies have shown that, at the target sales income of £470/tonne
build-up of sales will be slow as shown:

Year 1 2 3 4 5 10
Sales/production (tonnes) 500 1000 1500 2300 3000 3000

The company requires a 159 return and wants to see a payback time of under
six years from the start of construction. Is the project attractive? What DCF
and payback time would be achieved?

No; DCF just under 15% (14-3%,) payback 67 years

Example 4. In the above study market research shows that selling price is
critical. If a slightly lower sales income of £450/tonne is accepted sales build-up
would be much quicker as shown:

Year 1 2 3 10
Sales/production (tonnes) 1000 2000 3000 3000

How does the project look in terms of DCF and payback time in this
situation?

Attractive; DCF 16-4%, payback 59 years.

Example 5. A project is under consideration for production of a detergent
product on a scale of 100 000 tonnes/year. Market studies show sales build-up

as follows:

Year of production 1 2 3 4
Sales (kilotonnes) 60 80 90 100

A sales income of £530/tonne is expected. Plant construction will take two
years with fixed capital spent equally in each of the two years. Depreciation
allowance and tax are 529, payable one year in arrears. Working capital
outlay is proportional to production. Residual plant scrap value after ten
years’ production will be nil.

Two schemes are being studied:

(i) An available intermediate is purchased and reacted in a single step to
give the desired product. Fixed capital in this case is £60 million and
working capital at full output £8-0 million. Variable costs are
£325/tonne and fixed costs £4-77 million/year.

(ii) A basic chemical is purchased and reacted in two stages to give the
desired detergent product. Fixed capital requirement is greater at £85
million and working capital at full output increased to £11-0 million due
to need for addition stocks and first stage catalyst. Variable cost is,
however, only £250/tonne and fixed costs £5-00 million/year.

Capital is available internally at 13% interest. How do the schemes compare?

@) NPV @ 13% + £619000, DCF 13-4%
(i) NPV @ 13% + £3 188000 DCF 14:3%,
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If internal capital is limited to £60 million and the additional capital for
scheme (ii) has to be borrowed at 15% interest rate, would the extra
expenditure on scheme (ii) be justified ?

Yes; differential DCF 16:2%,.
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CHAPTER SIX

CHEMICAL ENGINEERING

R. SZCZEPANSKI

6.1 Introduction

The aim of this chapter is to provide an introduction to the basic principles of
chemical engineering and some of the techniques used by engineers in the
analysis and design of chemical processes. It is impossible to be comprehensive
within the bounds of a single chapter, and some important topics such as
safety, materials and chemical reaction engineering have been omitted. The
reader is referred to the general bibliography at the end of this chapter which
lists books covering the whole of the subject.

The role of the chemical engineer is not just to carry out chemistry on a large
scale. Typically, the engineer is involved in the design of a chemical plant, its
construction, commissioning and its subsequent operation. All this requires a
wide range of skills and knowledge and hence chemical engineering is a very
broadly-based discipline. The practising engineer must be able to apply basic
principles of mathematics, physics and chemistry to solve complex problems
on a large scale. Information available may be unreliable or incomplete and
there are usually many constraints including those of time, money and legal
requirements. The ability to analyse such problems and render them tractable
by appropriate simplifying assumptions is one of the most important skills of
the engineer.

The analysis of chemical engineering systems is based on the principles of
conservation of mass, energy and momentum. The following sections are
mostly concerned with the quantitative application of these simple principles.
Many small-scale problems are used as illustrative examples and these provide
an idea of the routine calculations carried out by chemical engineers. It must
be remembered, however, that basic technical skills are only one component in
tackling engineering problems.

161



162 AN INTRODUCTION TO INDUSTRIAL CHEMISTRY
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Figure 6.1 Prototype chemical process.

6.2 Material balances

6.2.1 The flowsheet

A process flowsheet is a schematic representation of a process which shows the
equipment used and its interconnections. The flowsheet of a prototype
chemical process is shown in Fig. 6.1. The stages involving preparation of feed
and separation of products usually occupy most of the equipment in a plant.
The reaction stage is of course crucial but is generally confined to a single
vessel. An example of an actual process flowsheet is shown in Fig. 6.2. The
process for production of vinyl acetate (ethenyl ethanoate) is typical in having
lengthy and complex separation stages.

The type of information shown on a flowsheet depends on its purpose.
Figure 6.2 is a useful aid to understanding a process description. In order to
analyse process performance or specify equipment more information is
necessary. It is convenient to have the flowrate, composition, temperature and
pressure of each stream displayed on the flowsheet. For a process of any
complexity this information would be in tabular form next to the drawing—
for an example see Coulson and Richardson'. These authors also list the
flowsheet symbols recommended by B.S.I.

6.2.2 General balance equation

The material balance establishes relationships between flows and com-
positions in different parts of a plant. It provides the principal tool for
analysing a process.

Consider the system shown in Fig. 6.3. Input and output of material are
related by the equation

input of generation of material output of }
material | T | within system " | material
consumption of material accumulation of material
~ | within system -

(6.2.1)

within system
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Equation 6.2.1 may be applied in different ways according to the precise
definition of ‘material’ and the way in which the process is operated.

If the balance is applied to the total mass or to the mass of each element
entering and leaving the system, the generation and consumption terms are
zero (excluding nuclear reactions) and equation 6.2.1 becomes

[total mass} [total massJ [accumulation]
in " | out = | of mass 6.2.2)
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or

[mass of elementjl [mass of element] I:accumulation of mass

of element i ] (6.2.3)

iin iout
When considering quantities (mass or number of moles) of individual
molecular species, material may be produced or consumed by chemical
reaction (section 6.2.5). In the absence of chemical reactions equations like
6.2.2 apply also to the total number of moles of each molecular species.

Processes may be classified as continuous (open) or batch (closed). Most
modern high volume processes operate with a continuous feed and form
product continuously. In a batch process, materials are charged to a vessel and
products withdrawn when the reaction is complete. Sometimes, as in batch
distillation, products may be withdrawn continuously. Batch operation is
usually used for low volume products, e.g. manufacture of pharmaceuticals.

The material balance equation for a batch process must necessarily include
an accumulation term. Continuous processes are often assumed to operate at
steady-state,i.e. process variables such as flows do not change with time. There
is therefore no accumulation and the general balance equation becomes

rate of input + rate of generation = rate of output + rate of consumption
(6.2.4)

or, for the total mass,
mass flow in = mass flow out (6.2.5)

Alternatively, when considering the operation of a continuous steady-state
process for a fixed period of time, each of the terms in equation 6.2.4 may be
expressed simply as a mass or number of moles. Equation 6.2.2 thus becomes

total mass in = total mass out

The following is an example of a material balance calculation.

Example 6.1

10kgs™! of a 10% (by mass) NaCl solution is concentrated to 50% in a
continuous evaporator. Calculate the production rate of concentrated so-
lution (C) and the rate of water removal (W) from the evaporator.

Solution

The flowsheet is shown below (Fiig. 6.4). The steady state mass balance is given
by equation 6.2.5. Balances can be made for individual species or total mass.
Because no chemical reaction takes place we can write balances for molecular
species rather than considering individual elements.

For each species, flowrate = mass fraction x total flowrate.
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water

Wkes ™
dilute solution concentrated solution
—»—1EVAPORATOR |[—»—
10 kgs ™" Ckgs ™!
0-1kgs Na Cl/kg solution 0-5 kg Na Cl/kg solution
Figure 6.4

Balance on NaCl:

01 x10=05xC

SC=2kgs™.
Total balance:
10=W+C
S W=8kgs™L

6.2.3 Material balance techniques

It is usually helpful to follow a systematic procedure when tackling material
balance problems. One possibility is outlined below.

1.

Draw and label the process flowsheet—organize information into an easy
to understand form. If possible show problem specifications on the
flowsheet. Label unknowns with algebraic symbols.

Select a basis for the calculation—the basis is an amount or flowrate of a
particular stream or component in a stream. Other quantities are
determined in terms of the basis. E.g. in Example 6.1 the flowrates of
product and water were obtained on a basis of 10kgs™! of feed. It is
usually most convenient to choose an amount of feed to the process as a
basis. Molar units are preferable if chemical reactions occur, otherwise
the units in the problem statement (mass or molar) are probably best.
Convert units/amounts—as necessary to be consistent with the basis.

. Write material balance equations—for each unit in the process or for the

overall process. In the absence of chemical reactions the number of
independent equations for each balance is equal to the number of
components.

. Solve equations—for unknown quantities. This can be difficult, parti-

cularly if non-linear equations are involved. Overall balances usually
give simpler equations. For complex flowsheets computer methods offer
the only practical solution.

. Scale the results—if the basis selected is not one of the flowrates in the

problem specification the results must be scaled appropriately.
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The following example illustrates the use of this procedure.

Example 6.2

An equimolar mixture of propane and butane is fed to a distillation column at
the rate of 67mols~!. 90% of the propane is recovered in the top product
which has a propane mole fraction of 0-95. Calculate the flowrates of top and
bottom products and the composition of the bottom product.

Solution

1. Flowsheet (Fig. 6.5)

2. Basis: 10 mol of feed, i.e. F = 10 mol. This basis is somewhat easier to work
with than the specified feed flowrate. By selecting a quantity of feed (rather
than a flowrate) we are, implicitly, considering the operation of the process
for a fixed period of time.

3. Conversion of units—not necessary, all units are molar.

4. Equations—there are no reactions and the steady-state balance equation
for total or component flows is

input = output
(i) Total material balance
F=D+B
(i) Component balances
propane: Fxp = Dxp + Bxg
butane: F(1 — xg) = D(1 — xp) + B(1 — x3)

It is evident that these equations are not independent. The total balance
can be obtained by summing the component balances. Inserting specified

distillate
| D mol
xp = 0-95

(mole fractions
refer to propane)

feed distillation
———3p——ad column

F mol
XF =0-5

l—> bottom product

B mol
XB

Figure 6.5
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values into the first two equations gives
10=D+B 1)
5=095D + Bxg (2)

A third independent equation is provided by the specification on propane
recovery:

xpD = 0-90F xp
or 095D =090 x 10 x 0-50
5.095D =45 3)

5. Solution
From (3) D =474 mol

Substituting in (1), B = 526 mol

and equation (2) is now solved for the bottom-stream composition,
xg = 0-095.

6. Scaling—compositions are unchanged by the choice of basis. The
quantities obtained above must be scaled by

67mols ™!

10 mol
to solve the problem as stated, i.e.

=67s 1

Bottom flowrate = 526 x 67 =352 mols !

Top flowrate  =4-74 x 67 =31-8 mols ™'

6.2.4 Multiple unit balances

Most processes consist of many interconnected units. In analysing such
processes material balance equations may be written for each unit, for groups
of units, or for the whole plant. To obtain a unique solution the number of
equations describing a process must be equal to the number of unknown
variables. If the analysis leads to fewer equations it is necessary to specify extra
design variables. In the case of an actual plant where values of process variables
are obtained by direct measurements the number of equations may exceed the
number of unknowns. In such circumstances calculations should be based on
the most reliable measurements.

Example 6.3

The flowsheet (Fig. 6.6) shows part of a process for the production of pure
ethanol from aqueous solution by azeotropic distillation. Known quantities
are shown on the flowsheet. Determine the remaining flowrates and
compositions.
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3 7
I 95%EtOH I
-1
feed 10 kgs
1 5

—— column Gxer column

1 20%
30% EtOH benzene 2
70% water

A
-1
7% Et OH pure ethanol 2kgs
2 6
benzene
Figure 6.6

Solution

Basis: 1 second, i.e. 10kg of feed.
Four possible material balance boundaries are shown in Fig. 6.7. The
equations and unknowns associated with each balance will now be considered.

A: Overall balance

The notation F; will be used to represent the total (mass) flowrate of stream j
and x; ; denotes the mass fraction of component i in stream j. Component 1 is
ethanol, 2, water, and 3, benzene.

Equations: Variables:
xy,2F; + %4 7F4

=xy,,Fy —x;,6F¢ =3 —2 = 1(ethanol) Fyxy,F,x;,
X3,,F 5 + x3,7F; =T(water) X33 X379
F, = x3,,F, (benzene) Fyx;4

xl’z + x2,2 = 1
Xy7+ X7+ %,=1

total 5 total 8
e — 74
|
; B —--1C --------- ~D }
1
1| 3 P Pl 7
| column - mixer L1 o column _;_|__>
Ll Ll [l
| 1 1 2 i !
| | [
| i ! |I
I ————— (WP [ p———
I !
o e PR S |
‘ 2 4 Y

Figure 6.7
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The overall balance does not give enough equations to solve for all the
variables. Three more unknowns would have to be specified before this
balance could be used.

B: Balance on column 1

Equations: Variables:
0-95F; + 0:07F, = 3 (ethanol) F, F,
0-05F; + 0-93F, =7 (water)

total 2 total 2

Equations resulting from balance B may be solved immediately to give
F, =739 kg, F; =261 kg.

As an exercise confirm that the numbers of equations and variables involved
for the other unit are as follows:

C: Balance on mixer

4 equations 5 variables: F3 F, Fs x; 5 x5 5

D: Balance on column 2

5 equations 7 variables: Fg x; 5 X, s
FiXy7%37%35

Only balance B yields enough equations to solve directly for the unknowns.
However, solving B for F, and F; eliminates F, from the unknowns in balance
C and leaves 4 equations in 4 unknowns. Solving these gives F, = 0-65kg,
F5=326kg, x, s =075 and x, 5 =0-04. Balance D equations can now be
solved to give F, =126kg, x, , =048, x, , =010, x; ; =052.

Example 6.3 illustrated the technique of working forwards through a
process, solving balance equations unit by unit. This is usually possible for
processes without recycle streams provided that the feed is specified. If no
individual balance yields enough equations it is necessary to solve simul-
taneously equations arising from balances on two or more units. Most
multiple unit processes involve recycle streams but the treatment of these will
be postponed until section 6.2.5.3.

When no reactions occur the number of independent equations contributed
by each balance is equal to the number of components in the streams. Balances
in terms of total flows and composition fractions (as in Example 6.3) must also
satisfy a constraint equation on the sum of fractions in each stream j,

in‘j =1 (6.2.6)

Overall balances are simply the sum of all unit balances and do not introduce
extra independent equations. However, it is often advantageous to use overall
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balances and discard some of the unit balances. This is because most
information is usually known about feed and product streams.

6.2.5 Chemical reactions

Many examples of industrially important reactions are described in other
parts of this book, particularly in Chapters 2, 10 and 11.

The treatment of material balances for systems in which chemical reactions
take place involves some new considerations. Generation and consumption
terms must be included for molecular species and the stoichiometric con-
straints must be observed.

6.2.5.1 Stoichiometry. The stoichiometric equation of a reaction defines the
ratios in which molecules of different species are consumed or formed in the
reaction, e.g.

C,H, +10,-2CO0, + 3H,0

For the purposes of defining stoichiometric coefficients v;, it is convenient to
write the stoichiometric equation with all species, i, on the right-hand side, i.e.

0 = 2C02 + 3H20 - CzH(,‘ - %OZ

The stoichiometric coefficients are

—

Vco, = 2 VeoHe =

N

Vio =3 Vo, =
A general stoichiometric equation may be written as

YvA =0 (6.2.7)
where A; are the participating species and v; is negative for reactants, positive
for products, and zero for inerts (substances unchanged in the reaction).

6.2.5.2 Extent of reaction. It is useful to have a measure of the amount of
material consumed or produced in a chemical reaction. The most convenient
quantity is the extent. Consider a material balance for a chemical reactor (Fig.
6.8). The extent ¢ is defined by the equation

Siow=fijin+ Vi€ (6.2.8)

SvA;=0

fi,in f;.out
—»— REACTOR ———>

extent &

Figure 6.8 Material balance for a chemical reactor.
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where  f, ., is the number of moles of species i leaving the reactor
fiin 1s the number of moles of i entering
v, is the stoichiometric coefficient.

1
fi.out _fi,in

V.

le. &= (6.2.9)
The extent has the same units as f;, i.e. mol or mol/unit time. It is always a
positive quantity because of the sign convention for y; and has the same value
for all species because (f; in — fi out) is proportional to v;.

Most chemical reactions do not result in complete conversion of reactants
to products. The thermodynamic relationships which govern the extent of a
reaction are discussed in section 10.3. The maximum possible extent depends
on the equilibrium constant but it is often more convenient to define a
fractional conversion based on the quantities present in the feed:

fractional conversion of  f;;, — fiow

species i (a reactant) T 7 (6.2.10)

Unless the feed composition is stoichiometric the fractional conversion will be
different for each species. Even for a reaction which goes to completion the
fractional conversion will not be unity except for the limiting reactant.

The following is a simple example of a material balance calculation for a
reactive system.

Example 6.4
200 mol of ethane are burned in a furnace with 50%, excess air. A conversion of
65% is achieved. Calculate the composition of the stack gases.

Solution

Flowsheet: (Fig. 6.9)
The stated quantity of ethane will be used as a basis. The stoichiometric

stack

gases
fCZHé ,out
fo,, out
sz, out
fc,, out

feed
———  FURNACE fH,0, out

fc,Hgin = 200mol

fo,, in =1050mol
sz,in = 3948 mol

Figure 6.9
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equation is
C2H6 + %02 - 2C02 + 3H20

A stoichiometric feed would require 200 x 7 = 700 mol O,, thus 509 excess air
provides 1050 mol O,. Taking air to be 219, (molar) O, and 799, N, gives
3.76 molN,/mol O,, i.e. 3948 mol N, in the feed.

The conversion is 959 ; since no reactant is specified we assume that it refers
to the limiting reactant—ethane in this case.

szHmin _szHe,out

conversion = .21 ~095
CZHlen
e aHeron = 10mol.
c - 10— 200
Extent & =fc2”°““" Jeaein = =190 mol

-1

VCaH,

The material balance is summarized in the table below

IN ourT

mol mol mole fraction
C,H, 200 200 - ¢ 10 00019
0, 1050 1050 — 1¢& 385 00727
N, 3948 3948 3948 0:7459
Cco, 0 2¢ 380 0-0718
H,O0 0 3¢ 570 0-1077

5198 + ¢ 5293 1-0

6.2.5.3 Recycles. Processes in which part of a product stream is separated
and recycled back to the feed are very common in the chemical industry.
The prototype chemical process in Fig. 6.1 shows a recycle stream. Material
balance techniques are, in principle, the same as for non-recycle processes.
However, because the recycle stream is usually unspecified, a large number of
equations may have to be solved simultaneously.

Recycles are an essential part of most processes involving chemical
reactions because it is usually difficult to achieve near-equilibrium conversion
in a single pass of reactants through a reactor. It may also be the case that
equilibrium conversion is very low, e.g. in ammonia or methanol synthesis
(see section 11.4). The overall conversion for the reactor-separator-recycle
system can be much closer to 100%,. The following example illustrates this.

Example 6.5

A methanol synthesis loop with a stoichiometric feed of CO and H, is to be
designed for a 95% overall conversion of CO. All the methanol formed leaves
in the product stream. Not more than 29 of the CO and 0-5% of the H,
emerging from the reactor is to leave in the product stream—the remainder is
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recycled. Calculate the single pass conversion, the recycle ratio and the
composition of the product.

Solution

Flowsheet: (Fig. 6.10)
A basis of 100 mol CO in the feed will be used.

Reaction: CO + 2H, - CH;0H, extent £ mol.

Let f; ; represent the number of moles of component i in stream j. Components
are numbered as follows: 1,CO; 2,H, ; 3,CH;OH.

Overall balances

The overall balance equations have the same form as the reactor balance
(equation 6.2.8) because the only consumption and generation terms are due
to the chemical reaction.

CO:f1a=S11—¢
Hy foa=f2,—2
CH;,OH:f3,=¢
Inserting basis quantities for the feed gives
f14=100-¢ (1)
f2.4=200-2¢ @
f3a=¢ 3)
Mixer
100+ f15=f1.2 )
200+ f2,5=f2.2 (5)
f35=f32=0
recycle

—

B |

1 2
@ REACTOR
fresh feed

CO 100 mol
H, 200mol product

separator

v@

4

Figure 6.10
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Separator
fra=fistia (6)
frs=frs+f2a (7)
fi3=Vsa (8)
Specifications
moles in _ moles in
Overall conversion of CO = fresh fee?d product =095
moles in fresh feed
ie. Q{)Tf‘:i ~095 ©)
product purity:
fr.a=002f; 4 (10)
f2.4=0005f, 3 (11)

Solution of equations
Note that the overall balances replace balances over the reactor.

Equation (9) gives f; , = Smol and thus from (1) ¢ =95 mol. The remaining
equations are solved in the order (2), (3), (10), (11), (6), (7), (8), (4), (5). The
following table summarizes the results.

Component Stream (quantities are in mol)
1 2 3 4 5
1. CO 100 345 250 5 245
2. H, 200 2190 2000 10 1990
3. CH,0H 0 0 95 95 0
total 300 2535 2345 110 2235
Single pass _ CO in reactor feed — CO in reactor outlet
conversion of CO CO in reactor feed
345 —250
=————=0275
345

The single pass conversion of 27% is increased to 959, overall by recycling
unreacted CO.

recycle flowrate

Recycle ratio =
ycle rahio fresh feed flowrate

2235
= —-— 7'
300 45 mol recycle/mol feed
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Composition of product stream is 4-5% CO, 9-1% H, and 86:4%, CH;OH.

6.2.5.4 Multiple reactions. If more than one reaction occurs, equation 6.2.8
becomes

Siow=fijn+ Zvi,kfk (6.2.11)
K

where v; , is the stoichiometric coefficient of component iin reaction & and &, is
the extent of reaction &.

The terms selectivity and yield are used to describe how far a particular
(desired) reaction proceeds relative to other (undesired) reactions.

. moles desired product formed
Selectivity =

moles undesired product formed
moles desired product formed

Yield = moles of specified reactant fed or consumed

The following example includes two competing reactions and also introduces
the concept of a purge stream. A fraction of the recycle leaves the process in the
purge—it may be treated or simply vented. The purge is a means of removing
substances which do not leave the system elsewhere. If a purge was not used in
Example 6.6 methane would accumulate in the system and eventually prevent
any useful reaction. It is desirable to keep the purge flowrate as small as
possible to minimize loss of useful recycled materials.

Example 6.6

The catalytic dealkylation of toluene to benzene involves recycling of
unreacted toluene after removal of by-product phenylbenzene. Using the
information shown on the process flowsheet (Fig. 6.11) determine

(a) quantities of recycle streams,
(b) quantity and composition of purge stream,
(c) quantity of hydrogen make up.

Solution
Basis: 100 mol toluene in reactor feed —this is the most convenient basis since

most information is provided about stream 2.

Reactions:
toluene + H, - benzene + CH,, extent

2 benzene — phenylbenzene + H,, extent &,

Balance on reactor

Let f; ; denote the number of moles of component i in stream j. Components
are numbered: 1, toluene; 2, hydrogen; 3, benzene; 4, methane; 5, phenyl-
benzene.
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hydrogen
make up

gas purge
Ha/CH,4
gas recycle
moles Hy
_— ]
oY moles CH 4
separator
1
toluene 100mol toluene benzene
fresh feed ) 500molH, product
mixer REACTOR > >
2 3 4
| B
phenyl
Lo benzene
liquid toluene recycle by -product
-t separator L
12 2 1"

Conversion of toluene per pass = 25%

Yield of benzene ( based on toluene consumed ) per pass = 75%

Figure 6.11
f1,3 =100 — 5.4
f2,3 =500"5A+éa
f3,3 = éA - 253

fa3=500+¢, (quantity of CH, into reactor is
equal to quantity of H,)

f5,3 = fB
Conversion = é‘— =025
100
S & =25mol.

: f33 Ea— 28
Yield = : = =075
100 — fl 3 éA

S €g=312mol.
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Overall balances

0=f1.1 _éA
fre=frs—E¢at+ s
f3.4=fA_263
f4.6=éA (1)
f5.11 ={p

Equation (1) expresses the requirement that all methane formed in the reactor
must leave in the purge. Substituting for the extents gives

f1,1=25mol

fa.6=/12.5—21-88 mol (2
f3.4=1875mol

a6 =25mol

fs.11 =3-12mol

Purge
All the hydrogen and methane leaving the reactor are in stream 5, thus

fz's =f2,3 =4’78'12 mOl
fos=fus=525mol.

The fraction of this methane leaving in the purge (stream 6) is

Jas _ 25
== =——=00476
fas 525
The same fraction of the H, in stream 5 leaves in the purge
. f2 6 f2 6
St = 2 = (0047
frs 47812 6

=f, ¢ =227Tmol

Answers
(a) Gas recycle (stream 9) = 1000 mol
(500 mol H,, 500 mol CH,)
Liquid toluene recycle (stream 12):
25 mol of fresh feed (f; ;) make up the 100 mol of toluene fed to the
reactor. Thus, recycle = 75mol.
(b) Purge = 4744 mol (529, methane, 48% hydrogen).
(c) Hydrogen make up: from the overall balance (equation (2))
f2.8=/f26+21.88.1c. make up =44-65 mol H,.
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6.3 Energy balances

The energy balance is based on the principle of conservation of energy. It
provides an important additional technique for analysing processes. An
energy balance is used to determine the energy requirements of a process or
unit in terms of heating, cooling or work (pumps, compressors, etc.). Although
for many purposes it is possible to carry out material and energy balances
independently this is not always the case, e.g. in the design of a chemical
reactor the extent is strongly dependent on the temperature and the two
balances must be solved simultaneously.

6.3.1 Energy balance equations

The general balance equation (6.2.1) may be applied to energy but the
generation and consumption terms are always zero. Energy is neither
generated nor consumed in chemical reactions—there is merely a difference in
energy associated with chemical bonds in reactants and products.

[energy:l 3 [energy] |:accumulation of :| 631
in out " | energy within system 63.)
6.3.1.1 Steady-state flow systems. Energy flows for a steady-state system are
represented in Fig. 6.12. The forms of energy important in chemical processes
and their relative magnitudes are discussed in more detail in section 7.2. The
internal energy term includes both ‘chemical’ energy of bonding and ‘thermal’
energy due to molecular motion and intermolecular interactions. The ‘flow
work’ term represents the work done by the surroundings or system in
transferring material across system boundaries—see Himmelblau?. In addi-
tion to energy associated with streams, energy may also be transferred between
the system and its surroundings in the form of heat or by doing work. We use

the IUPAC convention that heat transferred to the system and work done on the
system is defined as positive.

boundary
/// \\\\
streams e AN streams
entering / \\ leaving
> : SYSTEM . g
\ ,
N 7/
\\ ~
internal energy I (fu) in ~f - I (fu) out
flow work Z (fPv)in X (fPv) out
potentialenergy X (f P)in I (fP) out
Q w ,
kinetic energy X (fK)in heat work I (fK') out

Figure 6.12 Energy flows for a continuous chemical process.
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For a system at steady state

[energy in] = [energy out]
hence
Y fu+Pv+P +K)+Q+W

inlet
streams

= Y fw+Pv+P +K) (6.3.2)

outlet
streams

where f is the flowrate, P is the pressure and u,v, P’ and K’ are specific
internal energy, volume, potential energy and kinetic energy. The difference
between potential and kinetic energy terms in inlet and outlet streams is
usually small compared with the remaining terms. In such cases

Z fu+ Pv)— Zf(u+Pv)=Q+W

outlet inlet

or in terms of the enthalpy h = u + Py,

Y fihi= )Y fhi=0+W

outlet inlet

or (6.3.3)
AH=Q0+ W

This form of the energy balance equation is the one most frequently used.

Note that lower-case symbols are used for specific quantities and upper case
for total quantities, i.e. h has units of J mol~! or Jkg~! whilst H has units
of J.

6.3.1.2 Closed systems. A closed system has no flow of matter in or out. Batch
processes are usually operated in this way. Changes in the internal energy of
the system must be due solely to heat flow and work done. Hence
Utinat = Uiniima = Q + W
or
AU=Q+W (6.3.4)

where U is the total internal energy of the system.

6.3.2 Estimation of enthalpy changes

To apply equation 6.3.3 the enthalpy of inlet and outlet streams must be
obtained. For a few common substances tables of thermodynamic properties
are available (see reference 3 for a reasonably up-to-date list). In most cases a
correlation or estimation method has to be used. The thermodynamic
background is outside the scope of this chapter but is well covered in standard
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texts3. Reid et al.* have produced a compendium of correlation/estimation
methods for a wide range of thermophysical properties. Simple correlations
for use in energy balances have been compiled by Himmelblau?. Most of
the data used in this section are taken from that source.

It is necessary to evaluate enthalpy changes for the following elementary
processes:

(i) change of temperature at constant pressure
(i) change of pressure at constant temperature
(iii) change of phase
(iv) mixing of pure substances
(v) chemical reaction (section 6.3.3.)

Only the first of these will be elaborated on in this section—for details of
(ii) to (v) see references 2-5.

6.3.2.1 Use of heat capacities. The change in enthalpy at constant pressure
due to a change in temperature from T to Tj is given by

T,
Ah = J c.dT (63.5)

P
To

where ¢, is the isobaric heat capacity. Heat capacity data for many substances
have been correlated as functions of temperature by simple empirical
equations.

Example 6.7

Determine the heat load required to heat a stream of nitrogen, flowing at
50 mol min ~ !, from 20°C to 100°C.

Solution

This is a steady-state flow system, hence AH = Q + W. Assuming that work
done is negligible in comparison with the heating

AH=xQ
The heat capacity of nitrogen gas at low pressures is represented? by
€, =290+22x1073T+57 x 107 °T?
~287 x107°T*JK ' mol ™! (6.3.6)
where T is in °C.

100
Ah:J c,(T)dT

20

Performing the integration gives Ah=2332Jmol~!. The flowrate is
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50 motmin 1.
S.Q=50x2332=116-6kJ min !

= 1-94kW

The pressure was not specified in Example 6.7 but it has little effect on the
answer. Experimental data for nitrogen are tabulated below.

P/MPa Ah(20°C - 100°C)/J mol ~ !
10°° 2330
107! 2333
1 2358
10 2594
100 2922

At low pressures the heat capacity changes little with pressure. Up to
about 1 MPa the use of low pressure equations like 6.3.6 involves little error.

6.3.3 Reactive systems

Energy changes which accompany chemical reactions are usually large and
therefore form an important component in the energy balance. Equation 6.3.3
is applicable to reactive systems but care must be taken to use appropriate and
consistent expressions for the enthalpy.

6.3.3.1 Enthalpy. For the purposes of energy balances the enthalpy of a
substance i at a pressure P and temperature T may be evaluated by expressing
it in the form

h(P, T)=(hy(P, T)— h{) + Ah¢; (6.3.7)

where AkZ; is the standard enthalpy change of formation of i from its elements
and A = h, (101325Pa, 298K) ie. the enthalpy at standard conditions.
Equation 6.3.7 is based on the convention that enthalpies of elements at
10 1325Pa and 298 K are zero. The total enthalpy is thus defined as the sum of
two enthalpy changes which are separately evaluated. Enthalpies of formation
are tabulated®3. The enthalpy change between standard conditions and
process conditions may be evaluated by the methods referred to in section
6.3.2.

6.3.3.2 Balance equations. The energy balance equation for the continuous
steady state process shown below (Fig. 6.13) is

AH=H,,—H,=Q+W
Using equation 6.3.7 and assuming ideal mixing the total enthalpy of the
input stream(s) is given by

Hin = Z ﬁ,in[(hi(Pa T)in - hle ) + Ahfe,i]a

input
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(P.T)in (P,T)out
— PROCESS ——
fj, in / \ fj,out
Q w
Figure 6.13

where f; is the flowrate of component i and the sum is over all components
in all input streams. A similar equation may be written for the output stream(s).
The energy balance equation thus becomes

Z fi,out[(hi(P’ T)oul - hle ) + Ahfel]

output

= Y fil(P. T =k )+ AR ]=Q+ W (6.3.8)

input

Equation 6.3.8 is applicable to both reactive and non-reactive systems. For
the latter the standard state enthalpies and enthalpies of formation cancel
because input and output flowrates are equal. A more convenient form of
equation 6.3.8 for reactive systems is obtained by introducing the enthalpy
change for the reaction. For a reaction described by the general stoichiometric
equation (equation 6.2.7), the standard enthalpy change is defined as

Ah® =Y vAhS, (6.3.9)

Using the material balance (equation 6.2.8) and equation 6.3.9 to eliminate
Ahg; terms from equation 6.3.8 gives

Y fioulhi(P, T)ou — b1 + EAR?
=Y fiinlhi(P, Ty =R 1=Q+ W (6.3.10)

Note that the above equations apply to reactions taking place at any pressure
and temperature—they are not restricted to standard conditions.

6.3.4 Energy balance techniques
The following steps are involved in carrying out an energy balance:

(i) Determine flowrates from a material balance.
(i) Find values of Ah¢; and evaluate Ah; .
(iii) Evaluate enthalpy difference between process conditions and standard
conditions for each component i.e. [h(P, T) — h].
(iv) Use above information to solve energy balance equation for the desired
quantity.
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Example 6.8

100 mol min ! of methane are mixed with air in stoichiometric proportions
and used to fuel a boiler. The methane is at 25°C and the air is preheated
to 100°C. The reaction products leave at 500°C. What is the rate of heat
generation in the boiler? A 90%, conversion of methane is achieved.

Solution
Flowsheet: (Fig. 6.14)
Basis: 100 mol methane in feed (i.. 1 min of operation)

Reaction: CH,(g) + 20,(g) » CO,(g) + 2H,0(g)

Material balance
There is a 907, conversion of CH,, hence £ =90 mol. The quantity of each
substance leaving is obtained from the equation

ﬁ,ou! = fi,in + vié

Itis convenient to set up a table containing all required flowrates and enthalpy
differences. As quantities are evaluated they should be entered in the table;
the completed table is shown below.

Substance Ah? IN ouT
fi hi=hZ i hi—h?
CH,, — 7485 100 0 10 2310
20 0 200 223 20 1503
20 0 752 2:19 752 14-24
0, -3935 — - 90 2134
10 —2418 — — 180 17:00

Enthalpies are in kJmol~'; values of f; are in mol.

CHg
02
100 mol N,
CH, ——pp—i Co,
25°C BOILER H,0
-
500°C
air = m
100°C
02 200 mol Q
N, 200 x 3-76
= 752 mol

Figure 6.14
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Enthalpy of reaction

Ahro = Ahfeycoz + 2Ahfe-H20 - Ah:CHA - 2Ahfe,02
From Ah; values in the table?, Ah? = — 802:3kJmol ™!
Enthalpy changes

Using heat capacity equations? of the form of equation 6.3.6 the following
values are obtained.

CH,

h(500°C) — h(25°C) = 23-10kJ mol ~*
0,

h(100°C) — h(25°C) = 223kJmol !

h(500°C) — h(25°C) = 15:03kJI mol !
N,

h(100°C) — h(25°C) = 2.19kJmol !

h(500°C) — h(25°C) = 1424 kI mol ™
co,

h(500°C) — h(25°C) = 21-34kJ mol ™!
H30,

h(500°C) — h(25°C) = 17-00kJ mol !

Energy balance
Assuming work done is negligible

Q = Z ﬁ‘ou«[hi,om - h.e] + éAhre - Z ﬁ,in[hi.in - h,e]
=16220-7 + 90( — 803-3) — 2092-9kJ
= = 58080kJ

This is for one minute’s operation, hence the rate of heat production is 968 kW.

Note that a negative value for Q indicates heat is transferred from the
system.

The final example of the section illustrates the calculation of an adiabatic
reaction temperature. This type of calculation is often used to estimate the
maximum temperature which can be attained in a reaction, e.g. maximum
flame temperature.
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Example 6.9

10000 mol hr ! of limestone (pure CaCOs,) are calcined continuously in a kiln
by burning 12000molhr ~?! of a fuel gas, with 18000 molhr ! of air, in direct
contact with the limestone. The limestone enters the kiln at 25°C, the fuel gas
at 400°C and the air at 25°C. The gaseous products leave the kiln at 200°C and
consist of CO,, N, and O, only. Assuming there i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>