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Preface
When the first edition of this book was published by the Institution of Chemical

Engineers in 1998, the importance of environmental protection and process safety

was well established, and sustainability was emerging as an important criterion

for industry performance. In 2020, the chemical engineering profession, along with

industry and government, is wrestling with strategies for minimising and adapting to

global warming, recycling of waste materials, and sustainable provision of resources,

energy, and products. Technology options are keenly sought for development,

assessment, and implementation.

The principles of process industry economics have been integral with the chem-

ical engineering profession since its inception, and have been taught in undergrad-

uate courses, although relatively briefly. Economics comes to life when graduates

begin their professional careers. It is soon discovered for example by the young

chemical engineer in an operational context, that any improvement to an operating

plant requires capital investment, and incurs changes in ongoing costs and revenues;

this must all be evaluated, documented, and justified to management.

In writing this second edition of the book, I have sought to trace some important

developments in the learning experience leading to improvements in environmental,

safety, and sustainability performance, and have explored the links between their

assessment and economic evaluation. Some specific cases involving environmental

and sustainability improvements in different industry contexts are explored, reflect-

ing market, location, technology, and cost constraints commonly encountered. In

approaching market evaluation, the scope has been widened to include fuel and min-

eral commodities, recognising their important roles as feedstocks or energy sources

in terms of quality, availability, and price.

The basic principles of economic evaluation have not changed significantly over

the years, and much is owed to valuable foundation work by earlier writers. Their

contribution is acknowledged in exploring those principles. Regrettably, there has

been an apparent decline in publicly available data on current chemical prices and

production levels in different countries, and current costs of construction materials,

equipment, and plants. There has been an apparent shift from public disclosure of

data, to greater dependence on commercial access. This provides a challenge for edu-

cation, research, and investigative work.

Expertise in market evaluation, capital cost estimation, operating cost estimation,

and profitability evaluation, the foundation pillars of process industry economics, is

diverse, and almost always held by different personnel with quite different levels of

knowledge, skill and experience. This presents a particular challenge for chemical

engineers involved in economic evaluation, where communication with specialists

in these areas is critical for effective project development and economic assessment.

Communication between economic evaluators and evaluators of safety, environmen-

tal and sustainability performance is similarly a major challenge for effective project

development and appraisal. Finally, sound communication skills are vital in
xiii



xiv Preface
preparing expenditure proposals for approval by management, and in advising stake-

holders regarding the public benefits of approved projects.

In the later chapters of this revised edition, the perspective is widened from indi-

vidual projects to include the process industries at large. Aspects discussed include

industrial classification, industry ownership, the role of government, and industrial

integration. The potential for the chemical engineering profession to contribute to

effective government policy in a number of aspects impinging on industry develop-

ment is reviewed. Finally, the importance of human resources across industry,

research organisations, government bodies, and educational institutions working

together to provide a productive industrial economy is discussed.

I owemuch of my knowledge in process economics to experience in design, oper-

ation and project evaluation gained in industry, and from teaching and research expe-

rience at university. I have also benefited from industry support in providing research

support, work experience, and advice during my academic career at RMIT and Mon-

ash Universities, including research at Melbourne University for my PhD. Such

interaction between academic and industrial personnel is a vital aspect of developing

a ‘professional ecology’.

Whilst my experience has been mostly (though not exclusively) gained in Aus-

tralia, I am confident that the concepts and principles explored in the book are appli-

cable globally, and that the applications and cases considered have a strong degree of

relevance for other countries.

David Brennan
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1.1 Gifts and challenges of resources
Planet Earth is generously endowed with natural resources such as air, water, and

soil, and a wide diversity of plants and living creatures, all making an invaluable

contribution to human life. It is also endowed with a vast range of extractable fuel

and mineral resources such as crude oil, natural gas, iron ore, bauxite, phosphate

rock, and salt. Extractable resources from land or sea, as well as agricultural

products such as wheat and sugarcane, can be progressively processed to yield a

wide spectrum of more valuable products. Such products include fuels, metals,

polymers, pharmaceuticals and foods, which find use in a wide range of human

needs and activities. Despite their inherent potential value, almost all extractable

resources contain impurities and demand refinement before further processing and

use. Thus natural gas at the wellhead may contain sulphur, water, and carbon

dioxide, while minerals such as lead and zinc occur as sulphides but are associated

with gangue. Extractable resources are commonly located at sites remote from

human population and the point of demand, posing challenges in site location

for their further processing. Thus an extensive network of processing and transport

is required to deliver extractable resources and their intermediate and downstream

products to their ultimate point of use at the market place. This network has
conomics. https://doi.org/10.1016/B978-0-12-819466-9.00001-8

c. All rights reserved.
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2 CHAPTER 1 The scope of process industry economics
important economic implications as well as social, safety, environmental, and

sustainability implications, all of which are interdependent.
1.2 The role and constraints of process industries
and their products
Process industries have a key role in transforming raw materials into finished prod-

ucts on a commercial scale. The processes involved typically require both physical

and chemical changes, and in some cases require biochemical changes. The transfor-

mations are engineered within process plants. Most products of the process industries

have well-defined specifications. Some products such as gasoline and beer, classified

as end products, are used directly by the consumer but the majority, for example

hydrogen, ethylene, and sulphuric acid, are classified as intermediate products,
and are used in a vast network of downstream processes before the end product

reaches the consumer. Some products such as catalysts or cleaning solutions are spe-

cialised in their applications, and their composition and properties reflect this. In all

cases, product quality is of key importance, but the process of manufacture also

assumes major importance because of the extensive raw materials and utilities con-

sumed and the large capital and operating costs incurred. Utilities include electricity,

fuels, water, cooling and heating media, and nitrogen for purging, and are heavily

dependent on water and energy resources.

Process industries can be usefully classified based on the type of feedstock or end

product involved, for example petroleum refining, mineral processing, chemical pro-

cessing, fertilisers, food, and pharmaceuticals. National governments typically have

a structured classification system for industries, enabling the collection of statistical

data on related production, sales, employment, and investment.

Many industries provide service to process industries. One important example is

the process contracting industry, which offers design, construction, commissioning,

and project management services. Process contractors sometimes not only develop

process technologies, but also enter into agreements with process licensors, often

through research and development companies. Another important service industry

is the process equipment fabricating industry, which designs and fabricates equip-

ment items such as vessels, pumps, and heat exchangers as well as specialised

equipment for particular applications. Further service industries include those that

provide instrumentation and process control equipment and expertise. Services

for industry devoted to technology research and development are available through

both government funded and privately funded bodies. A range of consultants pro-

vide specialised services to process industries in diverse areas such as business

management, technical safety, environmental protection, and information technol-

ogy and computer software systems. All such service industries and consultancies

need to have a fundamental appreciation of the cost structure and economic



31.3 Process industry projects
decision-making of the process industries. National governments have an important

role in facilitating and regulating industries through policies on taxation, energy,

safety, environment, and other key areas.

The variety of materials processed and produced by process industries is very

extensive. Materials in solid, liquid, gaseous, and multiphase form are supplied in

bulk quantities or packaged, and have diverse properties. Many are toxic, flammable,

or explosive under certain conditions. Many, if not contained, present major safety

hazards and also environmental hazards. Environmental impacts resulting from emis-

sions include global warming leading to climate change, acidification, ozone deple-

tion, eutrophication of waterways, and a range of toxicity impacts on humans and

ecosystems. In producing marketable products, processes typically generate nonmar-

ketable products or ‘wastes’, whichmust be reprocessed often by recycling, or treated

and disposed of in an environmentally acceptable manner. Storage and transport of

materials, often in large quantities and frequently under abnormal temperature and

pressure conditions, are common practice. Safety and environmental hazards are thus

key considerations in driving technologies, their implementation, and their costs.

Consumer products have a limited life after which they are traditionally disposed

of as wastes. The major challenge here is to sort and recycle components of such

products both to avoid environmental damage resulting from their disposal and to

reuse valuable components, often involving further processing and refinement of

the recycled materials. Such reuse serves to reduce both the depletion of extractable

resources and the environmental impacts associated with their upstream extraction

and processing. The concept of recycling materials at various stages of a product’s

life cycle, from extraction of raw materials to a product’s end use, is often referred to

as circular economy.
Process industries and their plants must be economically sustainable. Benefits

derived from sales revenue must exceed operating costs and provide an adequate

return on capital investment. Process plants are expensive to build in the first place,

due to the materials and labour employed in construction, and the costs of planning,

design, and project management. Plants are also expensive to operate due to the cost

of raw materials, utilities, maintenance, insurance, and personnel employed, includ-

ing management-related staff. Capital investment and operating costs must be com-

petitive with those of other producers in the market place. A minimum scale of

operation is usually necessary both to meet market demands and to achieve compet-

itive processing costs.
1.3 Process industry projects
Fig. 1.1 depicts the anatomy of a process industry project. Following the identifica-

tion of an investment opportunity, the evaluations of markets, available feedstocks,

and appropriate technology will be undertaken. A key aspect in bringing these ele-

ments together successfully is the choice of a suitable site for manufacture. As the
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51.3 Process industry projects
various elements of the project are refined and integrated, the project scope and char-

acteristics can be defined. These include not only the markets, feedstocks, process

technology, and site location, but also the production capacity, the extent of integra-

tion with other manufacturing plants, storage and transport of raw materials and

products, the supply of utilities, and personnel requirements for design, construction,

and operation. On the basis of this, more detailed market forecasts can be made, and

the process and engineering design carried out to allow capital and operating cost

estimates as well as safety and environmental appraisals to be made, and the overall

sustainability of the project to be assessed.

During project evolution, interaction with government and community bodies

must be initiated and the foundations laid for the acceptance of the project by the

wider community. Satisfactory financial, safety, environmental, and sustainability

performance will be key elements in gaining such approval but must be communi-

cated to the wider community and particularly to those sections of the community

that are directly affected. Project approval or rejection is normally the decision of

the board of directors of a company who require a detailed, well-documented pro-

posal, normally referred to as an expenditure proposal. A number of iterations of

design and evaluation are often necessary before sanction is granted. Refinements

to timing of investment, determination of plant production capacity, and other

aspects of project definition are needed; these take time and effort by a range of pro-

fessionals and thus involve costs.

The time span from identifying an investment opportunity to gaining sanction

varies considerably; 2 years would not be unusual where the technology is estab-

lished and market dynamics are reasonably stable, but longer periods are required

if further research and development is necessary for the technology used or if further

investigation and assessment of environmental and social impacts is needed. While

Fig. 1.1 indicates the logical sequence of events, many iterations, and feedback loops

are common within this framework. For example:

• safety assessments and environmental assessments can initiate revisions in site

selection, technology selections, and design decisions influencing capital and

operating costs;

• market evaluation may lead to a revised plant capacity decision, leading to

changes in capital and operating costs as well as profitability;

• high operating costs whether in raw materials, utilities, or personnel employed

may initiate design review leading to higher capital costs.

Major projects involve investment in a new process plant, sometimes on an existing

industrial site (brownfields) and sometimes on an entirely new site (greenfields).
However, there are many minor projects which involve modification to an existing

operating plant. Such modifications may be driven, for example by:

• capacity expansion opportunities to take advantage of the market growth for the

product;
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• opportunities to reduce operating cost by improving efficiency in the use of raw

materials or utilities, or by the addition of new equipment or improved process

control;

• unforeseen changes in feedstock composition, product specification, or required

operating conditions;

• availability of improved process technology;

• perception of safety or environmental risks which must be minimised or averted;

• tighter legislation regarding safety or the environment;

• opportunities to develop new links with other operating plants, whether existing

or future, in order to achieve an improved industrial ecology.

In all of these cases, capital expenditure will be incurred and operating costs will

change; in some cases, sales revenue increases. In all cases, economic evaluation will

be required as part of the overall project evaluation, and a capital expenditure pro-

posal will be required to enable authorisation of the proposed project. While minor

projects inherently involve less capital expenditure than new projects, they must be

carefully assessed across the spectrum of economic and sustainability criteria.

The time and effort spent on developing projects and the related process and engi-

neering design as well as the related performance evaluations have significant impli-

cations for

• the personnel costs incurred;

• the extent of detail involved;

• the accuracy achieved in various performance evaluations, especially in

– capital costs;

– operating costs;

– environmental impact;

– safety.

Hence, there are a number of approaches to evaluation, which reflect the stage of the

project’s development, and the context of the evaluation. Thus, the cost of perform-

ing a study and achieving the necessary accuracy is somewhat less for a feasibility

study than that required for a project at the sanction stage. This leads to a spectrum of

approaches for capital and operating cost estimation which are applicable for differ-

ent purposes and at various stages of project development.
1.4 Consumption and generation of funds
A major investment of capital funds is required for preliminary studies, project

development, site acquisition, processing plant and related storage, buildings and

utility generation facilities. At commissioning, additional capital is invested as

start-up capital and as working capital for stocks of process materials and for the

establishment of trading credit with suppliers and customers.
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From the commencement of operation to the end of plant life, raw materials and

utilities are consumed in the process, personnel are employed to manage and

operate the plant and provide the necessary technical support, and material and per-

sonnel costs are incurred in the servicing and maintenance of the capital assets

utilized. Collectively these comprise the production costs of the plant to which

must be added the costs of research and development (or alternatively tech-

nology acquisition from an outside source), product distribution, customer

support, and the corporate management of the business to make up the total oper-

ating costs. Revenue from product sales less the total operating costs generate a

net income or profit, which hopefully provides an adequate return on the capital

funds used.

There are some major calls on the net income generated from a project when it is

in its operational phase. These include:

• meeting its taxation commitments; in this way the wealth generated by the project
contributes to the wealth of the national economy through expenditure on

education, health, defence, and so on;

• providing dividends to shareholders as a just and adequate return on their

contributed funds; if funds have been borrowed from a lending source, then

interest payments will be required;

• contributing to demands for capital investment during the operating life of the
plant, when plant modifications are required;

• making depreciation provisions to enable eventual replacement of the plant at the

end of its economic life; this is necessary to ensure long-term continuity in the

same sphere of business activity;

• contributing to demands for capital investment during the operating life of the
plant, when plant modifications are required.

Any surplus over and above these commitments can be set aside for longer term

investment purposes, and for safeguarding against years of less successful operation

or for unforeseen abnormal expenses, including those resulting from severe weather

damage.

Capital investment in process industries makes very large demands on financial

resources. Funds may come from within a company through retained earnings

or shareholders’ funds. Alternatively, they may be borrowed from lending author-

ities such as banks, insurance companies, or superannuation funds. In most cases, a

mix of company funds and external borrowings will be used. From whatever

source, funds have interest bearing capability and hence a cost. Thus, the profit

generated must account for the cost of funds as interest, shareholder dividend

commitments, or opportunity cost (i.e. the potential return from alternative invest-

ment opportunities). A generalised flow chart of money into and out of a process

industry company is shown in Fig. 1.2. This flow chart is also applicable to a single

project (as a segment of total company activity) contributing to the total wealth
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and commitments of the company. Table 1.1 presents an example of a statement of

wealth generated by a process industry company in a given year, showing separate

contributions to employees, government, and finance providers, as well as money

reinvested in the company’s business.



Table 1.1 Statement of wealth created by Universal Chemicals P/L 2018.

$ million %

Wealth created:

Sales revenue 1550

Deduct cost of materials and services 1020

Difference being wealth created 530

Distribution of wealth created:

• To employees in remuneration, retirement, and long service
benefits including:
Wages and salaries paid, company contributions to pension and
provident funds, long service leave, and other employee benefits 265 50.0

• To government including
Company income tax, payroll tax, and other taxes 80 15.1

• To providers of equity and loan capital including:
– Interest paid less interest received
– Shareholders’ dividends
– Minority interest in subsidiaries
Subtotal

21
48
9

78 14.7

• Reinvestment in the business
Depreciation
Retained profit
Subtotal

43
64

107 20.2

Total wealth distributed 530 100

91.5 Driving forces and influences for success
1.5 Driving forces and influences for success
Driving forces for investment in new projects may originate from diverse sources

such as:

• growth in market demand for established products;

• market demand for new or improved products;

• access to improved technology or the need to implement new technology;

• increase in prices of raw materials or utilities and the need to access new sources;

• strategic advantages, for example access to improved site location;

• demand for improved safety or environmental standards of processes or products;

• a strategic need to adopt improved sustainability in overall business and

manufacturing structure.

Key determinants of economic success in the process industries are markets for

products, availability of the necessary raw material and energy sources, competitive

technology, a competitive cost structure, and appropriately skilled personnel. The

process industries operate within a global economy. Products which can be safely
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transported can be made available at numerous locations in the world, providing

potential competition to local manufacturers. Good access to markets and to basic

raw materials and energy resources offer major economic advantages favouring

certain locations for process plants. Particular benefits are achieved through econo-

mies of scale and through integration with other manufacturing facilities. Cheaper

labour costs in many countries offer potential advantages in both reduced construc-

tion and operating costs for plants. Well integrated industrial facilities in mature

economies can have major advantages over small-scale plants in developing coun-

tries. Access to large ports and transport infrastructure can have a major impact on

transport costs, which can be a key component of raw material purchase prices and

product distribution costs.

National and regional governments, besides deriving benefits from successful

projects, can play a major role in stimulating and encouraging process industry

investment. This is achieved, for example through policies on taxation, tariffs, roy-

alties, investment incentives, and participation in infrastructure funding. Differences

in government assistance or regulation can have a marked influence on variations in

industry profitability from one country to another.

It is important to recognise the uncertainties associated with investment in pro-

cess industry projects. The evaluation of markets, capital costs, and operating costs

as well as the overall project profitability involve forecasting into the future over

extended time periods. Dynamics of supply and demand patterns and related price

dynamics, unforeseen changes in government policy or regulation, unforeseen tech-

nological changes, and actions by competitors, are all difficult to predict and can

have strong influences on profitability. Unforeseen time delays to projects during

design, construction, and commissioning, coupled with unforeseen difficulties in

early plant operation can also exert significant influence.

Examples of potential failures in process industry plants affecting profitability

include failure to achieve:

• designed production capacity;

• product quality requirements;

• required online time;

• targets for raw materials and utility consumptions and energy efficiency;

• required environmental performance in relation to emissions and wastes

generated;

• required safety performance.

Some root causes of risks of technical performance failures include:

• where the project involves a pioneer plant employing new technology;

• the scaling up of a newly developed process;

• adapting previous design conditions to changed conditions, for example changed

feed composition in a mineral processing plant;

• market pressure conflicting with adequate time limits for developing and proving

the related process technology;
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• operating complexity arising from interdependence of multiple plants, where

unforeseen shutdowns or performance changes in member plants can impact

the performance of a given plant.
1.6 The global context of the process industries
The process industries have become increasingly active internationally in recent

decades with multinational companies operating in many parts of the world. Raw

materials, intermediates, and finished products of the process industries are being

traded internationally. Capital equipment items including constructionmaterials, pip-

ing, vessels, complex machinery, and packaged plant can be sourced internationally.

An important variable in the context of international trade is the currency

exchange rate between trading partners. The factors governing exchange rates are

complex and outcomes are difficult to predict. For example, in some cases the cur-

rencies of countries have maintained their strength despite higher inflation rates than

those of their trading partners. The influence of exchange rate on industries is like-

wise complex but it is useful to identify some of the influences.

For example, if we take a hypothetical trading relationship between Australia and

the United States, then a fall of the Australian dollar relative to the US dollar:

• increases the value of Australian exports in Aust $ where export contracts are

written in US $;
• increases the price in Aust $ of those raw materials, intermediates, and

finished products imported from the United States to Australia at a given price

in US $;
• increases the price of equipment items, instruments, and other components

of process plant imported from the United States to Australia at a given price

in US $.

The resulting increases in prices of raw materials or equipment imported from the

United States for use in the Australian process industries increase both manufactur-

ing costs and plant construction costs in Australia. Where a chemical product, which

could be imported from the United States, is manufactured in Australia, the import

parity price in Aust $ of the chemical product increases. Thus, an Australian man-

ufacturer may increase the selling price of its product to an Australian purchaser,

thereby increasing profitability. Historic exchange rates for selected international

currencies is provided in Appendices.

International differences exist in relative labour costs, labour productivities, and

access to raw materials and markets for products. International differences can also

occur in occupational health and safety standards, in environmental standards and

related policies such as carbon taxes, and in working conditions and capabilities

of employees. Such differences have an impact not only on relative profitabilities,

but also on supply security and quality of products.
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1.7 Personnel organisation and interaction
Essential requirements in economic evaluation for a project can be identified as:

• market evaluation;

• capital cost estimation;

• operating cost estimation;

• cash flow projection over project life and profitability estimation;

• overall review of economics, cognisant of risks.

It is significant to note that these five key elements are almost always carried out by

separate people with different skills and experience.

It is very important to recognise and understand how different people and skills

are employed to evaluate and implement projects and operate the resulting facil-

ities, how and by whom key decisions are made, and the procedures and time

frameworks involved. An extensive range of disciplines and support skills are

needed in design, plant construction, commissioning, operation, and maintenance

of process plants. Chemical engineers are key players in these activities but other

engineers are required in the design, construction, and management of projects.

Boards of directors are responsible for allocating corporate funds to projects. Mar-

keting personnel are needed for market evaluation. Financial, legal, and public

relations expertise are necessary in numerous facets of the project evaluation

and development. Various scientific disciplines are involved in technology devel-

opment and management, where specialists in technology, safety, and environ-

mental impact are needed.

In the estimation of fixed capital costs, professional capital cost estimators are

often employed but build on expertise derived from the following specialists:

• mechanical engineers, having experience in the maintenance of equipment,

machinery, and piping;

• civil engineers, having experience in designing foundations and structures;

• electrical engineers, having experience in the management of electricity supply,

transformers, and electric motors;

• process control engineers, having experience in instrumentation and process

control.

The experience of construction and project management personnel is also a key input

into reliable capital cost estimation.

In the estimation of operating costs it is important to draw on the experience of

technical and management personnel previously and currently involved in opera-

tions. In operation, a wide range of objectives are involved including:

• ensuring adequate availability to ensure reliable product supply to customers at

the required rate;

• ensuring product specifications are met;

• ensuring safety of employees and the surrounding communities;

• meeting environmental requirements;
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• ensuring that financial budgets are met;

• ensuring adequate plant maintenance.

Multiple personnel functions are involved including shift and day process operators,

production managers, maintenance engineers and trades personnel, laboratory staff,

development engineers, and sales personnel, as well as senior management and cor-

porate specialists.

The various personnel involved in operations possess different levels of knowl-

edge, experience, education, and skill. It is the task of management to draw together

these skills harmoniously and productively. Different traditions develop in different

industries, companies, and locations over time, and shape attitudes and management

practices. Trade unions have traditionally had an important influence on wages,

awards, and work attitudes. More recently, in many developed economies, there have

been radical changes in workplace relations, and practices, with reduction in the

number of employees in most businesses. There has also been a move towards mul-

tiskilling of labour and a departure from demarcation in areas of work responsibility.

There has been a marked increase in female participation in most aspects of work,

and this is likely to continue.

In the later stages of economic evaluation, it is important to consult with accoun-

tants and finance and tax specialists in assessing cash flows and profitability, and

their dependence on taxation, regulation, and the financing (extent of equity and bor-

rowed funds) of the project.
1.8 Ethics in project evaluation and management
Professional ethics are important in all aspects of project planning, implementation,

and subsequent operation. The need for good ethical standards extends to ensuring:

• safety in construction, commissioning, operation, and decommissioning of

plants;

• environmental standards in relation to resource consumption and emissions over

the complete life of the project, including the ultimate dismantling of the plant

and related site remediation;

• safety and environmental standards related to complete product life cycles,

including product quality and responsible recycling or disposal of materials;

• social standards for those involved as employees over the extended life of the

project including operations, as well as those in communities directly affected

by the project;

• impartiality in weighing up market evaluation, technology assessment, capital,

and operating cost inputs at the project evaluation stage;

• responsible stewardship of finances committed to the project for capital

investment and operational expenses;

• transparency to shareholders, government, and the wider community regarding

the essential aspects of the project and its financial, safety, environmental,

social, and sustainability implications.
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1.9 Outline of this book
From this chapter, the process industries can be seen to:

• be capital intensive;

• involve the use of valuable resources;

• demand a wide spectrum of skills in the evaluation and implementation of

projects;

• have important implications for the environment, human safety, and

sustainability;

• are subject to unforeseen changes, risks, and international competition.

Once operational, process plants and related businesses must be managed to secure

the best use of the available assets. At both the investment and operational phases of a

project, a sound understanding of the principles and methods of process economics is

essential. The following chapters of this book are devoted to developing and apply-

ing these principles and methods encompassing:

• Chapter 2. Market Evaluation and Forecasting

• Chapter 3. Capital Cost Estimation

• Chapter 4. Operating Cost Estimation

• Chapter 5. Profitability Evaluation

• Chapter 6. Worked Examples in Process Economics

• Chapter 7. Process Technology Evolution and Adoption

• Chapter 8. Capital Investment Decisions

• Chapter 9. Industry Planning and Structure

In Chapter 2 the emphasis is on product classification, and the evaluation of market

volume and selling price for feedstocks and products. Data sources for the production

and price of both resources and products are explored.

Chapter 3 first examines the types of capital required for investment into projects.

The distinction between inside and outside battery limits investments for fixed cap-

ital is explored. Various approaches to estimating fixed capital costs of process plants

are then outlined. Working capital estimation is examined separately. Emphasis is

placed on sourcing and critically reviewing cost data for equipment and plants.

Chapter 4 begins by distinguishing the boundaries and classification of operating

costs. A simplified model for operating cost estimation is introduced. A more

detailed examination is then made of the contributing elements to total operating

costs. Effects of capacity utilisation and plant scale are explored. The sourcing

and critical review of cost data is again tackled, in the context of operating costs;

assumptions made in factored estimates are examined, for example in the light of

related personnel requirements.

Chapter 5 explains how the evaluation of markets, capital, and operating costs

collectively contribute to the cash flows over project life and the resulting project

profitability. Cash flow and profitability estimation are developed, supported by
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worked examples. The effects of taxation, inflation, financing, and uncertainty are all

examined. Approaches to uncertainty and risk are discussed.

Chapter 6 contains some problems and worked examples covering various

aspects of cost estimation and profitability evaluation discussed in Chapters 2–5.
Chapters 2–5 provide a framework for evaluating process technologies and for

understanding the driving forces for technology development. These driving forces

are further examined in Chapter 7 in the context of technology evolution and adop-

tion, exploring how market, technical, economic, and other dimensions can assist or

deter technology development. Chapter 7 assists in understanding and quantifying

the links between technology vintage and performance. The learning process in tech-

nology is explored, supported by quantitative measures. Learning is also explored in

environmental, safety, and sustainability assessments through timelines.

Chapter 8 deals with several categories of capital investment decision driven by

different controlling influences involving different perspectives in their evaluation.

Capacity expansion through both new and existing plant is examined in some detail.

The links between the evaluation of economics and that of safety, environmental, and

sustainability performance are explored, supported by case examples.

Chapter 9 considers some implications of process economics for industry plan-

ning, structure, and performance. Aspects of industry classification, characterisation,

integration, location, ownership, and performance are explored. Some organisational

relationships of industry with some key community bodies are discussed.

The following objectives are interwoven throughout the book:

• provide and integrate all the tools required for the economic evaluation of a new

project or an existing operation;

• reflect the breadth and diversity of personnel, skills, and approaches necessary for

economic evaluation;

• identify the relationships between technology and engineering with costs

incurred or revenues generated;

• place cost estimation and economic evaluation within a range of contexts of

project evaluation and plant management, recognising that the context has

major implications for the extent of detail, time required, and achievable

accuracy for the evaluation;

• critically review economic data and assessments;

• explore the links between economic evaluation and sustainability, environmental,

and safety assessment;

• encourage further reading of the literature and thoughtful consideration of the

factors underpinning the practice of economic evaluation and decision-making.
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2.1 The importance of markets
Market evaluation is a key component of economic evaluation in the process indus-

tries. The market place has a critical role in determining the success of particular

industries and of individual projects within those industries. Markets impact on both

purchasers in influencing prices of raw materials, utilities, and labour, and sellers in
determining the revenues from sale of resources or manufactured products, or from

services rendered. Sales revenue for products depends on sales volume and selling
price. Since major projects typically involve significant lead times from planning

to authorisation, through to design, construction and commissioning, followed by

extended operating lives, market evaluation involves not only assessment of the pre-

sent situation, but also forecasting into the future. Markets are important in a number

of contexts.
2.1.1 The financial context
Sales revenue, the product of sales volume and selling price, is invariably a key driv-

ing force for business success. Sensitivity studies within profitability evaluations for

process industry projects have consistently identified product selling price and mar-

ket volume as the most influential parameters affecting the calculated measure of

profitability [1, 2].
2.1.2 The chemical engineering context
Forecasts of sales volume for a new project have a direct bearing on the choice of

production capacity for the associated plant. Inadequate capacity has major ramifi-

cations in terms of foregone sales opportunity. Excess capacity is reflected in surplus

capital investment, and restricted capacity utilisation in operation resulting in

increased fixed operating costs per tonne of product.

Specification of product quality (and packaging, if relevant) influences process
and equipment design, and hence capital and operating costs. Product quality is vital

to product performance, its competitive position in the market place, and sales

revenue.

Thus the chemical engineer is dependent on good quality market information as

an input into design decisions. At the same time, the chemical engineer can make a

worthwhile contribution to market appraisal and product design through technical

knowledge of processes and the associated industry structure. Since product selling

prices must cover operating costs to ensure profitability, engineering cost estimates

also play an important role in assisting market negotiations on product pricing.
2.1.3 The environmental, safety, and sustainability context
As well as being evaluated in the financial context, products are evaluated for their

environmental impact assessed over their entire life cycle, encompassing:
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• extraction and purification of resources required for manufacture

• the various stages of processing in product manufacture

• product use and disposal

• potential for materials recycling at various stages of the product life cycle

This evaluation includes assessment of resource depletion and impacts derived from

emissions and wastes generated, as well as the potential for materials recycling. The

inherent safety attributes of the various steps of the life cycle chain, including mate-

rials storage and transport, are also important. Product vendors have a specific

responsibility in ensuring the customer is aware of any hazards and of necessary safe

practices in the transport, storage, and use of a product.
2.2 Uncertainties in market forecasting
Whilst market forecasting is important to the success of process industry business, it

is also fraught with uncertainty. Uncertainty is derived from many sources including

• business cycle fluctuations which can be caused by a wide variety of influences

• changes in process technology or product development

• changes in industry structure

• changes in international participation in manufacturing

• changes in the balance of supply and demand

• changes to international trade arrangements

• changes in environmental drivers, including government regulation, for example

on global warming impacts, materials recycling

Macroeconomic growth and competition are two important business influences.

Macroeconomic growth in a particular country can influence its consumption pat-

terns as well as its capacity for investment in process plants and in research and

development.

The Australian government report ‘Resources and Energy Quarterly’ [3], for

example, provides an insight into the macroeconomic effects which influence poten-

tial sales volumes of exported mineral and fuel commodities from Australia. These

influences include trends in

• gross domestic product trends in purchasing countries

• national policies on taxation and their effects on investment and employment

• tariffs and their effects on international trade

• inflation rates and currency exchange rates in different countries

Competition can occur both where multiple traders or manufacturers sell the same

product (e.g. methanol and sulphuric acid) and where manufacturers sell competing

products having the same function (e.g. glass bottles compete with aluminium cans in

the drink container market, soda ash competes with caustic soda for some alkali mar-

kets in chemical processing). Competition can occur within a country (e.g. within
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Australia), a region (e.g. between different countries in Europe), or internationally

(e.g. between China and the United States). The manufacturing and marketing strat-

egies of a competitor, which are always subject to uncertainty, can have major

impacts on the market position of a product supplier. Competitors may be either

established participators or newcomers in a market. There is always an element of

unpredictability about competitor behaviour; apart from inherently human character-

istics and political influences, one cannot realistically know all the constraints,

opportunities, and aspirations of a competitor.

Despite the many uncertainties in market forecasting however, a thorough and

detailed market study is an essential component of project definition and evaluation

for a new business venture, and a key element of managing current business

operations.
2.3 Product classification
The process industries can be broadly viewed as transforming fuel, mineral, and agri-

cultural commodities through a network of physical and chemical processing into

finished products. Other manufacturing industries then convert the products of the

process industries, typically by fabrication and assembly, into engineering or con-

sumer products. Examples include

• extraction of bauxite, conversion of bauxite to alumina, conversion of alumina to

aluminium, and fabrication of various aluminium products

• extraction and purification of natural gas, conversion of methane to hydrogen,

conversion of hydrogen to ammonia, and conversion of ammonia to a range of

fertiliser products

• extraction of ethane from natural gas, its conversion into ethylene, conversion of

ethylene into polyethylene, and fabrication of a number of polyethylene products

• extraction and refining of crude oil into a range of fuel products such as gasoline

and diesel, and also into feedstocks such as naphtha and sulphur for further

processing into downstream products

A number of terminologies are used to distinguish various classes of products within

the process industries. An important distinction, for example, is made between con-
sumer goods and producer goods.

A consumer good is a product which requires no further processing prior to use by

the ultimate consumer. Toothpaste and beer are examples of consumer goods. In con-

sumer market research, the product end user is readily identifiable. Accurate sam-

pling of the population is possible from well-documented statistics on the size

and distribution of the population. From interviewing a statistical sample of con-

sumers, a reliable estimate of market preferences and requirements can be made.

Producer goods are at least one stage (and normally much further) removed in the

processing sequence upstream from the consumer. A producer good such as ethylene

diffuses through a network of processing and distribution activities before eventually
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reaching the consumer in products as diverse as plastic wrap or antifreeze. The dif-

fusion network is characteristically complex and extensive. Fig. 2.1 provides a sim-

plified view of the diffusion of ethylene to intermediate and downstream products.

A further important distinction is made between differentiated and undifferen-
tiated products. An undifferentiated product has a specific chemical composition

and particular physical specifications regardless of its producer. A differentiated

product has a distinguishing feature compared with similar products made by a com-

petitor, and is usually sold on the basis of its performance. Product differentiation

may be achieved by chemical and physical property differences, and also by more

subtle differences such as method of packaging, provision of an additive, or even

elements of technical service.

By adopting a further classification by production volume, a simple matrix can be

postulated for the chemical industry distinguishing ‘true’ commodities, ‘pseudo’

commodities, fine chemicals, and specialty chemicals (see Table 2.1). This approach

to product classification and its use in market forecasting approaches has been dis-

cussed by Kline [4]. Table 2.2 provides more detailed characteristics of these product

classes.
Table 2.1 Classification of chemical industry products.

Annual production volume Undifferentiated Differentiated

High Commodity Pseudo-commodity

Low Fine chemical Specialty chemical



Table 2.2 Characteristics of product classes.

Commodity
Product traded universally to same specification
Synthesised in high volume, frequently from captive raw materials
Widely used by many customers, often with the greater part of sales volume concentrated
in a small number of purchasers

Fine chemical
Undifferentiated
Synthesised in low volume
Often sold to small number of customers, each buying in moderate to low volumes
Usually produced for one or more end uses to established standards (e.g. pharmaceutical
and food codes)

Pseudo-commodity
Synthesised in large volume, often from captive raw materials
Bulk of sales often concentrated in few large customers
Differentiated
Produced to performance rather than composition specification

Specialty chemical
Differentiated
Synthesised or formulated in low volume
Designed to solve specific customer problems
Often distributed to relatively large numbers of customers, each buying in relatively small
volume
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The term commodity is used widely to indicate a valuable product which is traded
internationally. Examples include

• fuel resources such as coal, natural gas, and crude oil

• mineral resources such as bauxite, iron ore, and phosphate rock

• metal products such as copper, zinc, and steel

• agricultural products such as barley, wheat, and sugar

The term commodity is also used to describe a wide range of chemical products

traded internationally. Examples of commodity chemicals include ethylene,

ammonia, and sulphuric acid. The world demand for commodities is very large,

encouraging large-scale manufacture, frequently from captive raw materials.

The success of a commodity business depends on an ability to supply a consistent

quality product at a competitive price and in agreed quantities, within an agreed

time framework.

As markets have developed and matured, they have tended towards an

increased degree of differentiation. Thus polymers like polyethylene and polyvi-

nyl chloride, which may once have been regarded as commodities, have become

increasingly differentiated and can now be regarded as pseudo-commodities.

Differentiation has been achieved by modifying process conditions to provide a

diverse range of specifications which meet the various needs of customer

applications.
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Examples of fine chemicals include products like aspirin, tartaric acid, and

citric acid. Fine chemicals are made in lower volumes and to tighter product spec-

ifications than commodities. Many are food additives and pharmaceutical

intermediates.

Examples of specialty chemicals include catalysts, water treatment aids, min-

eral processing aids, oilfield chemicals, pulp and paper chemicals, and pharma-

ceutical end products. Specialty chemicals are developed to meet specific

customer needs, and are described by their functions rather than product names.

Being tailored to specific needs, they are highly differentiated and tend to be pro-

duced in relatively small volumes. They also incur a high degree of technical ser-

vice in use, and research and development in ongoing product improvement. They

are often distributed to relatively large numbers of customers, each buying in rel-

atively small volumes.

Other ways in which products may be classified include the relationship between

price and volume for various scopes of product classes. Amore detailed discussion of

product classification is given by Wei et al. [5] and Couper et al. [6].

Product classification is useful in assisting an understanding of the distinctions

between the business characteristics related to different types of products, not only

as they affect market forecasting and strategy but also as they affect strategies for

manufacture, and for research and development. Taking commodities and specialty

chemicals as extreme examples of the product classification spectrum, these distinc-

tions are outlined in Table 2.3. A number of process design texts, for example Smith

[7] and Seider et al. [8], give insight into the different manufacturing strategies

adopted for high-volume and low-volume products. Seider et al. also give insights
Table 2.3 Key business characteristics of commodities and specialty
chemicals.

Business
characteristic Commodities Specialty chemicals

Research and
development

Process technology Application and field testing

Manufacturing Large capacity, dedicated
plants

Small, flexible multiproduct
plants

Marketing Large market volumes Small market volumes

Few large customers Many customers

Little technical service High degree of technical
service

Little test marketing High degree of test
marketing

Price sensitive to business
cycle influences

Price robust to business
cycle influences

Extensive market research
geared to volume and price
forecasting

Market research geared to
individual customer needs
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into strategies for ‘configured’ consumer products sold directly to consumers using

examples as diverse as halogen light bulbs, haemodialysis devices, soap bars, ice

cream, and cheese substitutes.
2.4 Estimation of market volume
The estimation of market volume can be made by several methods, involving differ-

ent perspectives, degrees of detail, and incurred costs. Since estimating approaches

are necessarily imprecise, it is all the more valuable to make estimates from a number

of perspectives.
2.4.1 End use analysis
This method identifies end uses (existing and potential) and projects them, after study-

ing the factors influencing demand in each sector of the market. Let us take the exam-

ple of low-density polyethylene (LDPE), and assume that the end uses comprise:

• 34% film and sheet, comprising 26% in packaging and 8% in nonpackaging (such

as construction, household, and agriculture)

• 26% injection moulding

• 40% other applications (e.g. co-polymerisation with esters, extrusion coatings for

paper and other substrates, wire and cable insulation, chloro-sulphonation to

Hypalon)

The demand in each sector of the market (such as film/sheet packaging) is first deter-

mined in order to establish the extent of penetration by LDPE, and to then estimate

the future penetration rate by LDPE in the light of expected price, production cost,

and technology trends. This is done for the whole market, accounting for the effects

of new materials which may compete, technology changes in user industries, and

potential for new uses of LDPE.

If we were to make such a study for ethylene, the end uses would be far more

complex and numerous, with the need to consider all derivatives including

• polyethylene (low density, linear low density, and high density)

• ethylene glycol and other ethylene oxide derivatives

• vinyl chloride and PVC

• styrene and polystyrene

• vinyl acetate

These derivatives diffuse through the industrial processing network to end up as fab-

ricated plastics, antifreeze, apparel fibres, solvents, and other products.

In end use analysis, it is desirable to conduct field surveys to discuss trends in

consumption patterns with manufacturers (including historic data and future esti-

mates) as well as possible changes in materials and production techniques. Such field

surveys are time consuming and costly, but achieve a detailed assessment of the
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market. Errors in various sectors are unlikely to be cumulative (some will involve

overestimates, some underestimates); hence the technique is potentially reliable.

In determining the potential end uses of an intermediate chemical, it is necessary

to have a good understanding of the commercial process routes using that interme-

diate as a feedstock, as well as the relevant commercial routes for downstream pro-

cessing. An understanding of industry structure within strategically important

regions is also necessary. Useful guides to the potential network of chemicals via

commercial processing routes are given by

• Siggurdson and Rudd [9], Seddon [10], and Wells [11] in relation to

petrochemicals

• Kirk Othmer [12] and Ullmann’s [13] encyclopaedias in relation to chemicals

generally

• Gary, Handwerk, and Kaiser [14] in relation to petroleum refining

• Australasian Institute of Mining and Metallurgy [15] in relation to minerals

processing

Useful contributions to understanding the structure of the chemical process indus-

tries are provided by Wei et al. [5] and Couper et al. [6].

2.4.2 Statistical analysis and projection
Statistical techniques can be applied to historical data for a product in the form of

annual consumption or annual per capita consumption over time to establish a trend.

The trend is then extrapolated into the future. The difficulty is in identifying the point

already reached on the life cycle curve, and in making the extrapolation.

The life cycle curve, normally represented as a sigmoid (or S) curve and shown

diagrammatically in Fig. 2.2, is helpful in representing the development of product

growth.
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Three growth phases can be postulated:

Initiation phase: involving introduction of the product to the market. Technical

problems relating to theproduct and itsmanufacturemust beovercome.Theperiod

is marked by intensive market development activity and relatively slow growth.

Rapid growth phase: involving growing market acceptance. As market growth

occurs, manufacturing plants become larger, economies of scale and

technological improvements are achieved leading to production cost reduction;

cost reduction encourages market growth and there is a cyclic process sustaining

market growth until some limiting factor retards the growth process.

Maturity: growth slows and may cease showing a levelling of demand and may

even decline, especially if newer competing products penetrate the market.

The product life cycle curves are often represented as logistic or Gompertz curves.

The logistic curve may be represented by

D¼ Du

1 +Aexp �Btð Þ (2.1)

whilst the Gompertz curve is represented by

lnD¼ lnDu�Aexp �Btð Þ (2.2)

where

D ¼ demand at time t
Du ¼ ultimate demand

t ¼ time in years

A, B ¼ parameters

Linear and exponential functions have also been found useful in representing product

growth. Historically, many products have experienced growth which could be mod-

elled by an exponential growth relationship, that is

D¼Di exp ztð Þ (2.3)

where

D ¼ demand in year t
Di ¼ initial demand

z ¼ exponential growth rate

Thus industrialists have expressed market growth in terms of ‘growth rates’ implying

exponential growth. Production, distinguishable from consumption because of

import and export trade, is nevertheless a useful indicator of product demand.

Influences which constrain growth include excessive production costs or selling

prices for a product, technological limitations to further product or process develop-

ment, scale limits in equipment and entire plants, and health, safety, or environmental

factors relating to specific products or processes. Price increases in crude oil in 1973

and 1979 led to increased costs (and hence prices) of products based on hydrocarbon

feedstocks or on energy intensive processes. Increased product prices did much to
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dampen demand, with greatly reduced market growth rates from 1973 to the early

1980s. Fig. 2.3, which shows the comparison between actual and projected ethylene

consumption in theEuropeanEconomicCommunity,may appear as a damning indict-

ment of market forecasting methodology. However in the context of the aftermath of

sustained and high exponential growth over two to three decades, the projections are

at least understandable. Interestingly these overestimates of growth contrast with

underestimates of ethylene growth rates in the 1950s and up to the mid-1960s [16].

Another important factor influencing the slowing of growth for many base che-

micals has been the growing awareness of the environmental impacts of emissions

and wastes generated and of resource depletion, and related pressures to improve the

efficiency of feedstock and energy resource utilisation. In extreme cases, environ-

mental or health factors can cause the complete demise of a product’s market posi-

tion, as occurred with chlorinated fluorocarbons arising from global commitment to

addressing ozone layer depletion in the 1990s. Increasing attention has more recently

focussed on global warming and on the need for mitigation within the industry. The

IPCC Climate change 2014 report on industry [17] identified steam cracking of

hydrocarbons for light olefins production such as ethylene and propylene as the most

energy consuming process in the chemical industry. Other major contributors cited

were production of ammonia, nitric acid, adipic acid, and caprolactam. Impacts

result from emissions derived from energy consumption and by-product venting.

Environmental concerns are also increasing focus on the potential use of biomass

materials for fuels and chemical feedstocks.
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2.4.3 Correlations with economic indicators
Since commodities diffuse so extensively through the industrial economy, it has

often been possible in mature large economies like those of the United States and

United Kingdom to relate growth in the volume of demand for a particular product

to basic economic aggregates such as:

• gross domestic product

• capital investment

• industrial production

Published indices or forecasts for these economic aggregates can then be used as

indicators of a product’s potential market demand. Other economic indicators for

countries of importance for markets of basic fuel and mineral resource commodities

include a country’s level of debt, prevailing interest rates, and extent of employment.

It is also possible to make similar links between demand for particular products

with business indicators for a relevant sector of the economy. Demand for PVC for

example can be linked with the health of the domestic and industrial building industry.
2.4.4 Comparison of per capita consumptions
By selecting countries at a more advanced level of industrialisation, a time lag can

often be established between relative per capita consumption in the more and less

industrially developed countries. Current per capita consumption in countries from

mature economies may also be useful as a guide to the potential per capita consump-

tion in a developing country, for example. One needs to make allowance for factors

such as climate and lifestyles in the countries concerned, as well as relative patterns

of industrial development and relative industry structures.
2.5 Selling price estimation and forecasting
Selling prices for products can move erratically and apparently unpredictably at

times, making price forecasting for products a most difficult task. Despite this, some

concepts are useful.

One concept, discussed by Rudd and Watson [18] in the context of accommodat-

ing to future developments, is that of a product’s selling price comprising a floor
price and amargin. The floor price is the minimum selling price required to provide

a minimum return on capital investment and to cover the production cost based on

best available technology and plant scale, as well as competitive unit costs. The prod-

uct can be sold at a margin above floor price depending on the level of competition.

For a new product, the margin can be considerable and needs to compensate for

research and development costs and the risks incurred in bringing the new product

to the market. As competitors emerge, attracted by prospects of high returns, the mar-

gin decays. The relationship can be expressed as

P¼F exp �KFtð Þ +Mexp �KMtð Þ (2.4)
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where

P ¼ product selling price in real terms ($/tonne)
F ¼ floor price in real terms ($/tonne)
M ¼ margin over the floor price in real terms ($/tonne)
t ¼ time in years

kF kM ¼ decay parameter

Both the floor price and the margin can be expected to decay, in real terms, with time.

The floor price decays under the influence of improved technology, increased scale

of production, and increased skill in production and management. The margin decays

under the influences of increased competition and hence reduced market share. Typ-

ical rates of decay suggested by Rudd and Watson were 1%–4% per annum for floor

price, and 10%–20% per annum for the margin [18]. Rates of change in production

cost due to technology improvements and operational learning are discussed in

Chapter 7 in the context of technology evolution.

Some products from small-scale plants may be sold at levels above the floor price

when protected by remoteness and the transportation costs of competing products

from their point of manufacture. Other forms of protection include tariffs and other

trade restrictions imposed by national governments, as well as currency exchange

rates between importing and exporting countries.

For a product manufactured in a country where imports are permitted, the max-

imum selling price achievable is fixed by the import parity. Import parity is the min-

imum price for which the product can be landed when imported from another

country. The factors influencing an import parity price are

• source of the import which may be Europe, the United States, the Middle East,

China, or elsewhere

• any applicable tariffs, which function as a percentage of FOB price (FOB ¼
freight on board, which is the cost of the product transported to the ship’s

cargo in the exporting country)

• freight (which is a function of distance, tonnage, packaging and shipping

frequency) as well as insurance and landing charges

• currency exchange rate

As an example, the import parity price per tonne of product of a polymer imported

into Australia from Europe in the context of a hypothetical tariff could be
FOB price
 1200 euros per tonne
Duty (say at 10% FOB price)
 120
Freight (say)
 160
Landing (say)
 20
Total
 1500 euros per tonne
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When converted to Australian dollars, this becomes $2400/tonne for an exchange

rate of 1.6 Aust$ to the euro.

Currency exchange rates exert a strong influence in determining import parity

prices. The uncertainty regarding future trends in exchange rates, as well as sources

of import competition, makes the forecasting of import parity difficult. Operating costs

of manufacturers in a given country may move in different trends to those of overseas

competitors in relation to feedstock, energy, labour, and freight costs. Differences in

capital investment and fixed operating costs may also differ. Despite the complexities,

some competitive analysis of world manufacturers is essential to price forecasting.

There are some cases where prices are effectively immune from import compe-

tition. These occur when products are either too toxic (e.g., liquid chlorine) or where

transport costs are too high relative to product value to permit transportation over

large international distances. It is important to remember however that the deriva-

tives of such products may well be subject to import competition, and that weak-

nesses in the cost structure of upstream processes will play a part in the

competitiveness of the end product.

Whilst import parity pricing effectively sets one upper boundary for a manufac-

turer’s selling price, additional competition may exist from other manufacturers

within the same country, driving selling prices below import parity levels.

Prices are influenced worldwide by the balance of supply and demand factors. In

periods of excess of production capacity over demand, whether in extraction facil-

ities for resources (minerals, oil, natural gas) or in manufacturing plants, suppliers

are forced to lower their selling prices to achieve sales. Considering Eq. (2.4), sup-

pliers can lower their selling price to the floor price with zero margin, and may be

prepared to continue supplying for short periods at even lower price levels with the

expectation of a more favourable trading position when demand strengthens. Simi-

larly, in periods of supply capacity shortage, manufacturers can raise their prices.
2.5.1 Price elasticity
The relationship between selling price and demand for a product is thus an important

aspect of product price behaviour. The relationship is termed price elasticity. If the
demand for a product is independent of price, the demand is inelastic; if demand is

highly dependent on price, the demand is elastic. This property can be quantified by

the price elasticity of demand E where

E¼� dV

V

� �
=

dP

P

� �
(2.5)

where

V ¼ volume of demand over a fixed period of time

P ¼ selling price of product

dV, dP indicate differential changes in volume or selling price and the value of E
is always positive
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Illustration of the price elasticity of demand property.
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The property of price elasticity is illustrated in Fig. 2.4. Elasticity is not always easy

to determine or forecast, however.

As Wei, Russell, and Swartzlander [5] point out, an important influence on price

elasticity of demand is the availability of a substitute for the product. If we consider

glass bottles for beer containers for example, a sudden increase in price might be
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followed by adoption of aluminium cans as substitutes so that the price elasticity is

large. If we consider petrol derived from crude oil, alternative fuels such as diesel

might be attractive for alternative vehicles but the market is constrained by lack

of flexibility in the ability of a specific car to adopt an alternative fuel. Fuel ethanol

might be an attractive alternative, but depends on the availability of feedstock and

cost of production. Longer-term forecasts of escalating crude oil prices or reduced

refining capacity might encourage investment in electric or hybrid vehicles, but such

change requires vehicle replacement with associated cost. More fuel-efficient cars

and increased adoption of public transport may take some time to eventuate.

Following the crude oil price increases in the 1970s by the OPEC countries of the

Middle East, much world investment was diverted into establishing alternative

sources of hydrocarbons and fuels. Investment was also directed into making fuel

combustion engines and processes in refineries and petrochemical plants more

energy efficient. Many fuel oil-fired boilers were replaced with coal-fired boilers.

Thus the overall demand for crude oil, and for crude oil supplied by OPEC countries,

was dampened, making it impossible to sustain high crude oil prices. After a steep

increase in the real crude oil prices in the 1970s, there was a reduction in real prices in

the 1980s, levelling out in the 1990s.

There is thus a distinction between short-term elasticities and long-term elastic-

ities which depend on readjustment in industrial planning, technology use, and oper-

ating strategies as well as on personal lifestyles.

A distinction is made by economists between elasticity of demand and elasticity

of supply, distinguishing between the effects of changes in prices on quantities

demanded or supplied. Of interest in the process industries is the effects on price

of oversupply or undersupply of a particular raw material or product.

An oversupply of a product often results from excessive investment in new plant

capacity based on an expectation of demand growth which fails to eventuate. Invest-

ment decisions characteristically have a lead time of 2–3 years from sanction to plant

commissioning; a further lead time of several years may occur before market demand

matches plant capacity. These protracted lead times contribute to forecasting errors.

The early 1980s saw excessive manufacturing capacity in petrochemicals worldwide

resulting from over-optimistic forecasts. This led to strong competition between sup-

pliers for markets, and a consequent reduction in product selling prices. The adjust-

ment phase which followed required time for re-establishment of market growth, and

saw the closure of less competitive plants prior to improved capacity utilisation

enabling restoration of higher selling prices.
2.5.2 Price histories for raw materials and products
Selling price histories for fuel and mineral commodities show considerable volatility

over time. This volatility reflects

• variation in supply in relation to demand

• decline in production capability of current supply facilities

• variation in the numbers of new supply sources becoming available



332.5 Selling price estimation and forecasting
• variation in demand

• variations in the degree of activity in the broader economy

A new mine or oil or gas field requires significant lead time in terms of exploration,

assessment of quality and extent of reserves, assessment of environmental issues and

economics, gaining government approval, obtaining finance, as well as the project

time to implement the planning, design, construction and commissioning of the

extraction, purification, and shipping facility.

Selling prices for products can also show a degree of volatility due to

• variation in demand by downstream manufacturers

• variation in production capacity caused by temporary or permanent closure of

existing facilities, or new capacity coming on stream

• extent of competition between suppliers arising for example from new entrants to

the market with operating cost advantages
2.5.3 Assessment of selling price data
Price data for selected fuel commodities, raw materials, and products are published

by government organisations, technical and business journals, and business consul-

tants. It is important to consider some important aspects when interpreting these data.

These include the following:

• Prices may be reported on a spot or contract basis:

• a contract basis may involve a specific supplier over a specific supply period,

which may extend for many years

• a spot price, negotiated for immediate or early delivery, is typically for

smaller sales volumes over short-term periods

• The price of many products will depend on how the product is supplied, for

example by pipeline, by shipment with bulk storage, and whether the product

is packaged

• The pricewill dependon thedegree towhich freight costs are included, for example:

• an ex-works price (freight excluded)

• an FOB (free on board) price reflecting the price on board ship in the country

of origin, where the importer pays subsequent transport costs to the

destination

• a CIF (cost-insurance-freight) price which includes the costs of all freight

and distribution, including insurance, incurred in supplying the customer

• where a product is packaged, the price will depend on the size of the container:

this applies for gases such as hydrogen and liquefied gases such as liquid oxygen,

liquid nitrogen, or liquefied petroleum gas

• the price will depend on the country of origin, and within individual countries

may also depend on the specific supply location, reflecting costs of extraction

and/or manufacture

For the case of natural gas sales, different types of contracts for both pipeline gas and

liquefied natural gas are discussed in some depth by Chandra [19].
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2.6 Resource production, consumption, and reserves
Fuel commodities are important both as sources of utilities and feedstocks for the

process industries. Natural gas has clean burning characteristics and a high fuel com-

bustion temperature, and is used both for process heating and steam and electricity

generation. Natural gas is also an important feedstock for many chemicals such as

hydrogen, methanol, and ammonia, and its price impacts on the prices of these che-

micals and their derivatives.

Crude oil is refined to produce a range of fuels (e.g. aviation fuel, gasoline, diesel,

fuel oil) and also hydrocarbon feedstocks such as naphtha for chemical processing.

Coal has had a key role both in power generation and in specialist applications such

as providing coke for iron and steel production.

Mineral commodities are important as a source of metals. Bauxite is first con-

verted to alumina by treatment with caustic soda followed by calcining; alumina

is subsequently smelted using electrochemistry to produce aluminium. Many metals

such as nickel, copper, lead, and zinc occur naturally as sulphides; during smelting of

the sulphide ores, sulphur dioxide is released and is normally captured to make sul-

phuric acid, which has an important role in many chemical and mineral processes.

Thus there is an interdependence of resources and their extraction with the wider pro-

cess industries.

Materials recycling at various stages of product life cycles has an influence on

consumption of raw materials from which those products are derived. The existence

of a material processing life cycle also often provides opportunity for used products

to be recycled back into the manufacturing chain; an example is used glass or ‘cullet’

which can lower furnace melting temperatures and hence fuel consumption when

recycled to supplement traditional feed materials such as sand, limestone, and

soda ash.
2.7 Data sources for production and prices of fuels,
raw materials, and products
Table 2.4 summarises some data for consumption, production, and reserves of key

fossil fuel commodities as of 2017 for the world and some dominant nations in their

role as producers or consumers. Some indicative prices are also shown. Data have

been drawn from the BP Statistical Review of World Energy [20] which provides

detailed reports of consumption, production, and reserves for coal, crude oil, and nat-

ural gas for most countries, as well as data on different energy sources, carbon diox-

ide emissions, and world prices.

Considering the case of natural gas, aspects of importance include those derived

from

• Changes in consumption rates over time, for example world consumption has

increased at a rate of 2.3% per year, but at higher rates in some individual



Table 2.4 Some data for world consumption and production of fuel commodities [20].

Fuel
Production
2017

Consumption
2017

Consumption
growth rate Price 2017

NotesNatural gas
Billion cubic
metres

Billion cubic
metres

%/year
(2006–16) US$/GJ

World 3680 3670 2.3

Russia 636 425 0.0

United States 735 740 2.5 3.0 Henry Hub

United Kingdom 42 79 �1.5 5.8 Heren NBP index

Australia 114 42 4.9

China 149 240 13.7

Qatar 176 47 8.3

Japan 117 2.9 8.1 Henry Hub +
liquefy $3 + ship
$2.1

India 29 54 3.5

Europe 242 532 �0.9 5.6

Fuel
Production
2017

Consumption
2017

Consumption
growth rate Price 2017

NotesCrude oil
Million
tonnes

Million tonnes
oil equivalent

%/year
(2006–16)

Spot
US$/bbl

World 4387 4622 1.1

Russia 554 153 1.3

United States 571 913 �0.7 51 West Texas

Canada 236 109 0.4

Europe 163 731 �1.3

Australia 15 52 1.2

India 40 222 5.2

China 195 608 5

Middle East 1481 420 2.7 53 Dubai

Continued



Table 2.4 Some data for world consumption and production of fuel commodities [20]—cont’d

Fuel Production 2017 Consumption 2017
Consumption growth
rate Price 2017

NotesCoal
Million tonnes oil
equivalent

Million tonnes oil
equivalent %/year (2006–16)

Spot
US$/tonne

World 3769 3731 1.3

Russia 206 92 �0.8

United
States

371 332 �4.5 62

Canada 31 19 �4.2

Australia 297 42 �1.9

China 1747 1893 2.6 85

India 294 424 6.3

Europe 165 296 �2.2 85
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countries, with 13.7% per year achieved in China reflecting its rapid industrial

growth.

• For countries well endowed with reserves, different ratios of consumption to

production ranging from 0.3 to 1.6 were achieved in 2017 by Russia, the

United States, Australia, China, and Qatar, reflecting different population sizes,

manufacturing levels, and exports.

• Natural gas prices which reflect the wellhead source (e.g. in the United States,

shale gas has a production cost advantage), whether liquefaction has occurred,

and the extent of shipping, regasification, and distribution costs.

Considering crude oil, the highest rates of consumption growth from 2006 to 2017

have occurred in China and India (approximately 5% per year) whilst many countries

have experienced small or even negative changes in consumption rates.

For coal, significant reductions in consumption rate have occurred from 2006 to

2017 in some countries (e.g. approximately 4% per year in the United States and

Canada) whilst consumption has increased by 2.6% per year in China and 6.3%

per year in India. Coal may be differentiated between thermal coal (used in steam

and electricity generation) and metallurgical coal (used in converting iron ore to

steel); for example, Australia exported 179 million tonnes of metallurgical coal

and 203 million tonnes of thermal coal in 2017–18 [3].

Table 2.5 summarises some production and price data for some mineral com-

modities enabling chemical or mineral-based products. Useful data sources

include

• US Geological Survey [21]

• British Geological Survey [22]

• World Bank Commodity Price Statistics [23, 24]

The World Bank report ‘Commodity markets Outlook’ October 2018 includes a

graphical representation of monthly prices from January 2004 to January 2018,

and annual prices from 1970 in both nominal and real terms, as well as price forecasts

to 2030. The graphs provide a good indication of price volatility for the commodities

reported. Historic data for production in different countries are also provided for cer-

tain commodities.

Table 2.6 summarises some production and price data for some key chemical

products. Data for chemicals production in 2002 and 2012 are drawn from a report

in the journal ‘Chemical and Engineering News’ [25] where production of a num-

ber of chemicals in China, the United States, Germany, Japan, South Korea, and

Taiwan was reported for various product categories. The data indicate that whilst

production over the period 2002–12 declined in some mature economies engaged

in chemical processing, growth in China for important base inorganic and organic

chemicals was very strong. World production data have been drawn from product

reports by The Essential Chemical Industry online [26], which in turn has drawn on



Table 2.5 Production, price, and consumption patterns for some mineral
commodities.

Commodity

Production
2017
(million
tonnes)

Production
2016
(million
tonnes)

Production
2012
(million
tonnes)

Price
2017
(US$/t)

Consumption
pattern United
States 2016

Alumina

World 118 94.1 355

China 58.5 37.7

Brazil 10.8 10.3

Australia 20.6 20.7 20.9

United States 70% to
aluminium
smelters; 30% to
nonmetallurgical
products, e.g.
refractories

Aluminium

World 59.7 58.8 49.4 2000

China 31.9 23.5

Russia 3.6 4.0

Canada 3.2 2.8

Australia 1.6 1.6 1.9

United States 0.8 2.1 47%
transportation;
20% packaging,
15% building,
8% electrical,
7% machinery

Bauxite

World 289 257 29

Brazil 39.2 35

China 68 44

Australia 83.5 76.3

90% converted
to alumina;
10% to
nonmetallurgical
products
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Table 2.5 Production, price, and consumption patterns for some mineral
commodities—cont’d

Commodity

Production
2017
(million
tonnes)

Production
2016
(million
tonnes)

Production
2012
(million
tonnes)

Price
2017
(US$/t)

Consumption
pattern United
States 2016

Phosphate rock

World 276 220 90

China 144 95.3

Morocco 30 27.1

United States 27.8 30.1 Majority
processed to
H3PO4 to make
ammonium
phosphate

Salt

World 279.6 282.1 40

China 63.1 69.1

United States 37.2 80% used for
chemical mainly
Cl2, NaOH,
manufacture

India 29.2 24.8

Australia 11.5 13.6

Sulphur

90% used for
H2SO4

production

World total 83.3 82.5 80

Pyrites,
Frasch

8.6 8.7

Recovered 69.4 68.8

Sulphur ore 5.3 5.0

392.7 Data sources for fuels, raw materials, and products
a spectrum of sources supplemented by data from the US Geological Survey. The

price data in Table 2.6 are based on a range of both historic and current data sources

and should be regarded as approximate only; the many influences bearing on sell-

ing prices and their fluctuations must be carefully considered, as discussed under

Section 2.5.3.



Table 2.6 Some indicative productions, production growths in various countries and indicative US prices for some common
chemicals and polymers.

Country Commodity
Production 2002
(kilotonnes)

Production 2012
(kilotonnes)

Production 2016
(million tonnes)

Price
2018
(US$/
tonne)

Ammonia

Japan 1450 1055

Germany 2560 2696

China 48

United States 11,306 9131 9.8 350

World 146

Benzene

Japan 4313 4214

China 2131 26,405

Germany 2106 1774

South Korea 2582 4741

United States 3.8 8050

World 46

Ethylene

Japan 7152 6145

China 5414 14,868

Germany 4666 4897

South Korea 5636 8075

United States 26 1100

Middle East 20

Asia Pacific 50

Europe 20

World 140



Table 2.6 Some indicative productions, production growths in various countries and indicative US prices for some common
chemicals and polymers—cont’d

Country Commodity
Production 2002
(kilotonnes)

Production 2012
(kilotonnes)

Production 2016
(million tonnes)

Price
2018
(US$/
tonne)

Methanol

China 2110 26,405

United States 2 430

Middle East 9

Asia Pacific 44

Europe

World 70

LDPE

Japan 1789 1477

United States 3647 3123 1350

World

Europe

LLDPE

United States 5139 6098

World

HDPE

South Korea 1871 2007

Germany 1590 1834

United States 7243 8046

World

PVC

Japan 2225 1332

United States 6939 6944

World 39

Continued



Table 2.6 Some indicative productions, production growths in various countries and indicative US prices for some common
chemicals and polymers—cont’d

Country Commodity
Production 2002
(kilotonnes)

Production 2012
(kilotonnes)

Production 2016
(million tonnes)

Price
2018
(US$/
tonne)

Phosphoric acid

United States 10,125 8200 8.4 800

China 17

World 43

Diammonium
phosphate

United States 10,825 6482 380

Mono ammonium
phosphate

United States 4175 6482

Polypropylene

Japan 2641 2390

South Korea

Taiwan

China

Germany 1755 1672

United States 7691 7405 1300

Polystyrene

Japan 1837 1161

South Korea

Taiwan

United States 3025 2473



Table 2.6 Some indicative productions, production growths in various countries and indicative US prices for some common
chemicals and polymers—cont’d

Country Commodity
Production 2002
(kilotonnes)

Production 2012
(kilotonnes)

Production 2016
(million tonnes)

Price
2018
(US$/
tonne)

Sodium hydroxide

China 8227 26,986

Germany 3792 3490

World 70

Europe 10.7

United States 11.4 400

Sulphuric acid

China 29,674 76,366

Germany 2729 3918

World 250

United States 38 80

Titanium dioxide

World 5.7

China 2.7

Europe 1.3

United States 1.3

Urea

World 164 260

China 62

India 23

Middle East 20

United States 4477 2475
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2.8 Selected case histories
Three case histories, one of a fuel commodity and two of chemical commodities, are

now explored to illustrate or amplify some of the aspects previously discussed, and

some of the challenges in market forecasting.
Case A. Natural gas
Natural gas is extracted from onshore and offshore resources, but requires processing

to meet product specifications. Common impurities are water, hydrogen sulphide,

and carbon dioxide. Wellhead gases are often associated with heavier hydrocarbons

needing separation. Following purification, natural gas may be piped to onshore

users or liquefied and shipped as liquefied natural gas (LNG) to other countries

for regasification and use. Ethane is an important component of natural gas which

is often extracted for feedstock in ethylene manufacture.

Fig. 2.5 indicates the key steps in bringing natural gas from the wellhead to a local

or international market. Whilst wellhead gas composition may vary considerably

[19], sales gas composition typically approximates 91% CH4, 5.5% C2H6, 1.0%

LPG, with nitrogen and carbon dioxide making up the balance.
Wellhead

Wellhead

Gas

Gas
extraction

Gas

Gas

Pipeline

Pipline

Liquefaction
LNG LNG

storage

Distribution to
domestic customers

Electricity
generation

Chemicals
manufacture

Minerals
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Residential,
commercial Other

shippingextraction purification

purification

transport

transport

FIG. 2.5

Process system for gas supply to exports and/or domestic users.
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Natural gas is a key commodity for applications throughout the economy

encompassing:

• domestic heating, cooking, and hot water supply

• electricity generation for supply to the grid for industrial as well as commercial

and domestic use

• dedicated industrial applications for steam and power generation and for high

temperature duties in heating, drying, and calcining

• industrial use as a feedstock in a number of applications, including manufacture

of

• hydrogen

• ammonia

• methanol

• ethylene, derived from ethane or propane

Fig. 2.6, which details the quantities of natural gas within Australia in 2012–13 for

various applications [27], gives an indication of the diversity of natural gas uses.

Electricity generation from natural gas using a combined cycle has been a key use

in many countries, offering major advantages over coal not only in terms of emis-

sions of carbon dioxide, but also of particulates, sulphur dioxide, other pollutants,

and solid waste generation through ash.

Open cycle generation, whilst less efficient than combined cycle generation, is

commonly used for peak demand periods or for supplementing renewable sources.

Domestic electricity and gas consumption varies seasonally (e.g. air conditioning

applications are greater in summer, whilst heating demands are greater in winter) and

also in daily patterns (peak use tends to occur between early evening and late at

night). Industrial demands can also vary corresponding to variations in plant capacity

utilisation as well as variations reflecting the type of industry (e.g. day operation dis-

tinct from continuous shift operation).

Gas prices and their drivers vary between different regions of the world. Most

LNG in Asia is sold under long-term contracts where the price of LNG is linked

to the price of crude oil. The average price of LNG imported into Japan, the world’s

largest LNG purchaser, was approximately US$10/GJ in 2018, whilst crude oil prices
were approximately $US72 per bbl.

A detailed account of natural gas exploration, extraction, transport and storage,

usage, world trade and sales contracts is provided by Chandra [19]. Details of natural

gas and liquefied natural gas projects completed or in progress in Western Australia

reveal the long timelines typically incurred from resource discovery, through envi-

ronmental and government approvals, through design studies, through construction

to commissioning. A 10 year timeline for such events is not uncommon, during which

there can be considerable volatility in LNG selling prices as well as construction

costs. A useful summary of Western Australian gas projects, including details of

capacities and capital expenditures, is provided in a Western Australian Government

information sheet [28]. A separate fact sheet provides a detailed summary of mile-

stones for the Gorgon project [29] which began LNG production in 2016.



FIG. 2.6

Use of natural gas in Australia 2012–13 [27].
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Case B. Sodium cyanide
A case product of interest, particularly in the Australian context, is sodium cyanide.

Sodium cyanide is manufactured by producing hydrocyanic acid followed by neu-

tralisation with caustic soda to produce aqueous sodium cyanide solution. The aque-

ous solution is then converted to solid sodium cyanide by evaporation,

crystallisation, filtration (or centrifuging), drying, briquetting, and finally packaging.

Sodium cyanide has a number of uses in electroplating, dyes, pharmaceuticals, and

agriculture but its major use in Australia is for the extraction of gold from ores.

Prior to 1990, sodium cyanide had been imported into Australia. Hydrocyanic

acid is readily available in many chemical economies as a co-product of acrylonitrile,

manufactured from ammonia and propylene; acrylonitrile is manufactured from

these raw materials in Japan, Europe, and the United States but not hitherto in Aus-

tralia. Thus in Australia, hydrocyanic acid had to be manufactured to enable subse-

quent conversion to sodium cyanide. The most common commercial method

available was from methane and ammonia (both derived from natural gas) using

the Andrussow process.

Imports of sodium cyanide into Australia in the mid to late 1970s were approx-

imately 2000 t/annum but higher world gold prices have led to a substantial increase

in the quantity of gold mined and extracted in Australia since 1980. Imports of

sodium cyanide to Australia increased substantially from 2000 t in 1975 to

52,000 t in 1988. Three Australian plants came on stream around 1990 to manufac-

ture sodium cyanide, two making a solid product and the third a liquid product. Two

are still in operation and have been expanded in capacity since their initial construc-

tion. In 2018, sodium cyanide was manufactured as both liquid and solid products by

Orica at Gladstone with a total capacity of 95,000 tonnes per annum NaCN, and by

Australian Gold Reagents at Kwinana with a total capacity of 78,000 tonnes per

annum. Some 50% of production is now used locally and 50% exported.

In retrospect, demand for sodium cyanide in 1990would have beenmost difficult to

forecast in 1975 and the 1980s. Theworld price of gold has beenvolatile, and from1975

to 1988 approximately doubled in real terms (in US $/oz). During the same period,

world production of gold increased by 30% whilst the Australian share of world gold

production increased from 1.4% to around 10%. Gold mine production was approxi-

mately 3300tonnes globally in 2018 with 303 tonnes of gold produced in Australia.

The manufacture, transport, and use of sodium cyanide has environmental and

safety risks [30]. Liquid sodium cyanide transport is restricted because of the safety

and environmental implications of accidental spillage in transportation. Hence there

has been interest in the potential for smaller-scale manufacture of liquid sodium cya-

nide at the point of use in remote gold mining centres in Australia [31]. Such initia-

tives, whilst suffering from penalties from smaller-scale manufacture of liquid

sodium cyanide, would avoid the additional costs of evaporation, crystallisation, dry-

ing, and packaging required in the manufacture of the solid product, as well as trans-

port from the manufacturing site to the user.
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Recently, a novel process has been researched using an ammonia-free process

suitable for mine site production, and an extensive pilot plant trial is currently being

explored in Tasmania [32, 33]. Research has also been undertaken in Australia by

CSIRO [34] into the potential for using thiosulphate as an alternative chemical

for extraction. The proposed process is being trialled in partnership with Eco Min-

erals Research at a small gold mine in Menzies, Western Australia.

The case of sodium cyanide in Australia highlights a number of important influ-

ences on market development:

• the price, demand, and availability of mineral resources (in this case gold) in a

particular region or country

• the availability of suitable feedstocks for manufacture (in this case natural gas

and caustic soda have been available for industrial use in Australia)

• capability for growth in manufacturing capacity

• incentives for smaller-scale manufacture of toxic chemicals at the point of use

• incentives for alternative technologies and potential impact on existing products

and manufacturers
Case C. Ethylene
Ethylene is a dominant petrochemical product with reported global production

in 2018 of some 150 million tonnes per year. It is of interest because of the evolution

in its process technology, the growth in scale of its process plants, the dependence on

hydrocarbons in its production both for feedstock and utilities, and its role as a feed-

stock for many downstream chemical products of commercial importance. Ethylene

is also important because of its sensitivity to global economics and energy supply;

steam cracking for ethylene production has been identified as the most energy con-

suming process in the chemical industry [35]. Ethylene manufacture is currently cel-

ebrating a centenary since the initial process for its manufacture was developed;

some historic and current aspects of its production are now reviewed.

Production origins in the United States of America
In the 1920s, a process for cracking ethane/propane mixtures and separation to pro-

duce ethylene was developed within the Union Carbide Corporation which founded

its first petrochemical industry in Charleston, West Virginia. The period 1935–50
saw some important petrochemical processes emerge from research and develop-

ment to commercial realisation; this emergence had an impact on demand for ethyl-

ene. Examples included:

• 1936—Vinyl chloride/vinyl acetate copolymers by Union Carbide Corporation.

• 1937—First direct oxidation of ethylene to ethylene oxide by Union Carbide

Corporation.

• 1938—First large-scale styrene and butadiene plants (Dow Chemical Co.).

• 1943—I.C.I. polyethylene process operated in the United States (Du Pont and

Union Carbide Corp.).

• 1948—First direct hydration plant for ethanol produced from ethylene (Shell

Chemical Co.).
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During World War II there was a rapid increase in demand for ethylene derivatives,

and ethylene consumption grew to 130,000 tons/annum in 1946. Average growth rate

approximated 16%/annum from 1940 to 1955, and 11%/annum from 1955 to 1973.

Growth from 1973 to the early 1980s was severely retarded by sharp price rises in

crude oil and hence in hydrocarbon feedstocks for ethylene manufacture. Growth

was later restored however with an average growth rate of 5% per annum achieved

from 1985 to 1995.

Feedstocks for ethylene production
The petrochemical industry developed in the 1960s and early 1970s on the basis of

surplus feedstocks for olefins, predominantly ethane from natural gas in the United

States, and naphtha from refining in Western Europe. The oil shocks of 1973/74 and

1979 had a major impact on feedstock sources. Europe started to diversify away from

naphtha towards lighter feedstocks, principally LPG and ethane, whilst other regions,

particularly the Middle East, began to develop an ethylene industry based on low

value ethane. In 1994, Europe and Japan still relied heavily on naphtha, whilst theMid-

dle East, Canada, and theUnited States had a predominant reliance on ethane. In theUS

in 2017, ethane typically accounted for 73% and LPG 16% of ethylene feedstock with

LPG accounting for 16%. In contrast, China, which has undergone a rapid increase in

ethylene production during this century, has relied heavily on naphtha for feedstock.

Co-products increase in quantity and commercial importance as the feedstock

becomes heavier from ethane (where 125 tonnes of ethane produce 100 tonnes of eth-

ylene and around 3 tonnes of propylene) to naphtha where 330 tonnes of feedstock are

required to produce 100 tonnes of ethylene plus typically 52 tonnes propylene,

14 tonnes butadiene, and 22 tonnes of benzene. Propylene derivatives include poly-

propylene, acrylonitrile, propylene oxide, phenol, isopropanol, and acrylic acid.

Ethylene derivatives
Polyethylene, encompassing low-density (LDPE), linear low-density (LLDPE), and

high-density (HDPE), accounts for around 60% of total ethylene demand. LDPE and

LLDPE tend to be used for film in packaging, with HDPE used for more diverse

applications. The next largest use is ethylene oxide used to make ethylene glycol,

followed by vinyl chloride monomer used to make PVC.

Trends in demand, production cost, and selling price
World forecasts tended to underestimate the demand for ethylene in the 1960s [16]

and overestimate demand in the late 1970s and early 1980s [35]. Price trends for eth-

ylene feedstocks have been closely linked to trends in natural gas and crude oil

prices. In the 1960s and early 1970s, crude oil prices remained steady in nominal

terms at around $2 US/bbl leading to cheap feedstocks. With sharp price increases

to $12 US/bbl in 1974 and to $28 US/bbl in 1980, ethylene costs soared and demand

slowed. Some new manufacturing capacity was already under construction in 1974.

Many forecasts since 1974 up to the early 1980s underestimated the dampening in

demand caused by cost increases, being guided by the long and impressive record of

growth in the 1950s, 1960s, and early 1970s. Superimposed on the oil price effect in
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the later 1980s was the pronounced cyclic fluctuation reflecting the changing imbal-

ance between supply and demand. Historic trends in the real prices of crude oil and

ethylene over the period 1960–95 are reported in Chapter 2 of the first edition of this
book [36]. More recent trends are reported in a range of publications for example [37,

38]. In 2016, the US ethylene prices have been reported at around US$660/tonne
whilst global ethylene prices were reported at around $US1000/tonne [38].

Current production and scale of new plants
In 2018, world production reached 154 million tonnes per year, a doubling of that

achieved 25 years earlier, with 37% in Asia Pacific, 18% in the United States,

15% in Europe, and 15% in the Middle East. Major growth has been achieved in

China. US Gulf Coast capacity has increased over the period 2016–19 by a further

6 million tonnes per year. In 2017, Dow Dupont commissioned a 1.5 million tonne/

year ethylene plant benefitting from competitively priced shale gas in the United

States. Similar sized plants were scheduled for commissioning in the United States

by Chevron Phillips and Exxon Mobil [38].
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3.1 Capital requirements and sources
Capital investment can be regarded philosophically as deferred consumption of

wealth in the expectation of greater wealth or well-being in the future. Capital

investment in the process industries is required for entirely new plants, for mod-

ifications to existing plants, and even for minor changes in order to sustain a

plant during its operating life. Investment into new projects can involve massive

sums; world scale alumina refineries, aluminium smelters, ethylene plants, or pulp

mills, for example each require investments exceeding US$1 billion. Plant mod-

ifications or revamps are frequently necessary to accommodate changes in tech-

nology, feedstock or product quality specifications, to reduce operating costs, to

comply with changing safety and environmental legislation, and to enable

increased production capacity. Revamp projects typically involve expenditures

in the order of tens of millions of dollars. Investment required merely to sustain

an existing plant is somewhat less, but nevertheless represents an ongoing

commitment.

Capital requirements for process plants can be classified under the following

categories:

• Land, where the investment is potentially recoverable at the end of the project

life, though expenditure may be incurred in site remediation;

• Fixed capital investment into plant and buildings, which generally has negligible

recovery value (relative to initial investment) at the end of the project life;

• Start-up capital,which is spent during plant commissioning and is nonrecoverable;

• Working capital, which represents investment into stocks of feedstocks and

products essential for plant operability and extended credit to customers, all of

which is essentially recoverable at the end of the project life.

Capital may be derived from a number of sources, but these may be broadly clas-

sified as either equity or loan sources. Equity funds are funds owned by a company

derived from shareholders’ funds and from retained earnings. Retained earnings

may include provisions for depreciation of capital assets. Loan funds are borrowed

from external bodies such as banks or insurance companies and must be repaid with

interest. Equity funds do not require interest payments (though dividends are paid

to shareholders) but have earning capability through investment opportunities.

Such investment opportunities include process industry projects and also quite

unrelated areas. Thus equity funds have an ‘opportunity cost’ equal to their earning

capability through alternative investment. Capital funds from whatever source

have a cost which is related to perceived risk. Various capital sources may have

different interest rates or opportunity costs, but these can be combined to give a

weighted interest rate or so-called ‘cost of capital’, conventionally expressed as

% per annum.
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3.2 Land costs
Land for a process industry plant may be apportioned from an existing site owned by

the company concerned, or may need to be purchased as a new site. If the land is

apportioned from an existing site there is no corresponding cash flow, but a nominal

cash transfer may be charged to the project. Such a cash transfer can be pooled with

similar cash transfers from other projects to assist the purchase of other sites when

existing land sites become fully utilised or are unsuitable for use.

If a new site is purchased, the capital cost will be a function of the size and loca-

tion of the site involved. Such costs vary widely with individual locations but are

generally small in magnitude compared with fixed capital costs of plant and build-

ings constructed on the land. Some desirable characteristics of land for process

industry use are that it should be flat, well drained, have soil of good load-bearing

characteristics, be a safe distance from urban development, have good access to road,

rail, and sea transport, and have access to raw materials, utilities, labour, and mar-

kets. Not all of these desirable characteristics can always be satisfactorily met, and

compromise may be necessary. An additional important consideration is that it

should be secured from the influence of natural calamities such as earthquakes or

floods.

Site preparation and development, and the obtaining of clearances from various

government authorities are usually more time consuming for a new site than for an

existing site. New sites are often termed ‘greenfield’ sites while existing sites are

termed ‘brownfield’ sites. Brownfield sites may, however, present a number of con-

straints to new plant construction arising from existing plant operations, leading to

additional construction cost burdens.
3.3 Fixed capital investment
For process plants, fixed capital investment can be subdivided into:

(i) inside battery limits (IBL);

(ii) outside battery limits (OBL) or ‘off-sites’.

‘Battery limits’ may be defined as a geographic boundary, real or imaginary, around

the processing plant, which converts raw material to finished product. It is common

to account for the cost of the processing plant in terms of inside battery limits (IBL)

costs, which are governed by the plant production capacity, the qualities of the raw

materials and products, and the process technology employed. The efficiency of raw

materials conversion and of energy and utilities consumptions, as well as safety and

environmental standards, can exert considerable influence on the design of process

and plant, and thus on IBL costs.
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3.3.1 Outside battery limits investment
Outside battery limits (OBL) also referred to as ‘off-sites’ costs include:

• storage and handling facilities for raw materials and finished products;

• utilities generation facilities including plant for steam and electricity generation,

cooling towers for cooling water supply, plant for purge gas and compressed air

supply, and effluent treatment facilities;

• buildings and service facilities for process plants incorporating laboratories,

workshops, offices, warehouses, cafeteria, and medical facilities.

The distinction between IBL and OBL cost areas is illustrated in Fig. 3.1.

The design and costs of storages depend on the quantities and properties of the

raw materials and products stored; relevant properties include whether materials are

stored as gases under pressure, as liquefied gases, as corrosive or inflammable liq-

uids, and so on. Consumption of raw materials depends on the process technology

and capacity of the IBL plant. However, storage quantities are often far more
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dependent on the way in which the project is implemented, particularly in relation to

transport of raw materials and products, and its integration with other manufacturing

facilities. For example, if the raw material is supplied as the product from another

plant on the same site it can be piped with minimal intermediate storage. If however

the raw material is imported by ship, storage requirements could be substantial

depending on shipping frequency. Similarly, if the product from the plant is piped

to an adjacent plant on the same site, storage requirements may be minimal; if how-

ever, the product is to be shipped or transported by rail or road, storage requirements

may be substantial.

Consumption of utilities also depends on the process technology and plant capac-

ity. The decision to either generate or purchase a utility has obvious effects on capital

investment into utilities. On a site complex, if utilities generation facilities are shared

with other manufacturing plants, scale economies should result. Surplus steam may

also be available on a site complex from a neighbouring plant.

Buildings and service facilities depend to some extent on the industrial facility

concerned. Some savings can be expected if buildings or service facilities are shared

between multiple process plants. Note that some buildings such as control rooms or

compressor houses are located within plant boundaries and are part of IBL capital.

For a given IBL capital investment reflecting a particular plant capacity and pro-

cess technology, the magnitude of the related OBL capital can thus vary considerably

depending on where the project is located and how it is implemented. OBL capital

can typically range between 5% and 100% of IBL capital depending on the process

technology, site location, and project implementation. Hence rules of thumb which
estimate OBL capital as a percentage of IBL capital, even for a given technology,
must be approached with caution.

Note that the terminology here is somewhat imperfect. ‘Off-sites’ are usually out-

side the battery limits of the processing plant but usually on the same (larger) site. In

terms of site layout, off-sites for a particular plant may be grouped with off-site facil-

ities for other plants especially in the case of storage facilities, or may be more iso-

lated. The term ‘services’ is often used to mean utilities; the term ‘plant service

facilities’ is often used to include buildings. There is need to ensure that the terms
adopted in a project’s capital cost estimate are clearly defined and understood by
the various parties participating in the project.

While the distinction between inside and outside battery limits capital is helpful,

it is possible that some cost estimators may not adopt the distinction. It is thus impor-

tant that the scope of cost categories be well defined by the estimator and scrutinised

by the analyst to avoid any double counting of costs associated with storages, util-

ities, and buildings.
3.3.2 Inside battery limits investment
Considering IBL plant costs, equipment items can be readily identified from well-

defined flowsheets at the design stage, or from the physical plant itself at the con-

structed stage. For a project, they will be clearly identified on an equipment list.
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Sometimes referred to as ‘main plant items’, these include reactors, heat exchangers,

filters, pumps, compressors, separation columns, and so on. Their purchased costs

including the costs of associated drives (usually electric motors or steam turbines)

are summed to give the purchased equipment cost (PEC). The PEC is an identifiable

and important component of plant cost. The process plant cost (PPC) is commonly

related to the PEC by a ‘Lang’ factor ( fL) according to the expression

PPC¼ fL∗ PEC½ � (3.1)

The value of the Lang factor for most process plants is in the range of 3–4, reflecting
the other costs contributing to plant cost. These other costs include:

• site preparation and provision of drainage, grading, roads, and access ways;

• foundations and structures for equipment items;

• installation of equipment on site involving some materials but mainly labour

charges;

• specialised buildings such as control rooms, and those for housing certain

equipment items or sections of plant;

• piping;

• instrumentation;

• electrics;

• painting and lagging;

• overheads charges for design, equipment and materials procurement, project

management, construction management, and commissioning;

• where applicable, capital charges associated with the purchase of technology.

This division of cost categories along with purchased equipment costs is frequently

used in the preparation and presentation of cost estimates. Most cost categories, in

particular piping, electrics, and instrumentation, are frequently further divided into

materials and labour components.

A number of methods are available for estimating the capital costs of process

plants and find application for different purposes such as:

• economic planning by companies or government departments related to the

industry;

• selection and management of research and development projects;

• feasibility studies for projects;

• optimising the design of a process or plant;

• sanction of a capital expenditure proposal by the company intending to operate

the proposed plant;

• tendering for a contract by a design office to manage the design, construction, and

commissioning of a plant;

• control of capital expenditure during the design and construction stages of a

project.

These methods require different degrees of detail and engineering expertise for data

input, require different levels of work hours, incur different levels of cost, and result
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in different levels of accuracy. There is thus an important relationship between the

cost of preparing an estimate and its likely accuracy.

The nominal accuracy required of a sanction estimate is normally�10%, and the

work required to enable its preparation may amount to 2%–5% of the total cost of the

project. For this level of accuracy, the site would be chosen, process and engineering

flowsheets developed, equipment items specified and costed, preliminary site and

plant layouts developed, and preliminary utility diagrams prepared. Some prelimi-

nary design of buildings, structures, civils, instrumentation and electrics would also

be completed, with associated materials requirements for piping, electrics, instru-

ments, concrete, and steel work. Estimates would also be made of personnel and time

requirements for project implementation.

For a detailed estimate typically used by a contractor in tendering for project exe-

cution, the accuracy might be �5%, requiring a more detailed level of engineering

design and estimating, and implying a cost of preparing the estimate in excess of 5%

of the project cost.

For an initial feasibility study involving consideration of alternative sites or pro-

cess routes, a somewhat lower level of accuracy, say �30% might be satisfactory,

representing a cost of around 0.2% of the total project cost. Such an estimate might

rely extensively on cost data for previous plants using similar technology, assisted by

more detailed analysis in higher cost areas.

It is common practice for estimators to add a ‘contingency’ category to the esti-

mated project costs to cover those unforeseen costs which are always present in a

project, and which reflect uncertainties in design and project implementation. Con-

tingency allowance might be �30% for a feasibility study, and �10% for a detailed

estimate.

AACE International (association or the Advancement of Cost Engineering) has

developed a Cost Estimate Classification System [1] outlining five classes of cost

estimates for engineering, procurement and construction (EPC) work. Many process

engineering contracting firms adopt this classification. Each class of cost estimates

has distinguishing features in terms of:

• the maturity level of project definition deliverables expressed as a percentage of

complete definition;

• the ‘end usage’ or typical purpose of the estimate;

• the methodology employed in generating the estimate;

• the expected accuracy range, with typical variation in low and high ranges.

The typical purpose or ‘end usage’ related to each class are broadly classified as:

• Class 5: Concept screening

• Class 4: Study or feasibility

• Class 3: Budget authorisation or control

• Class 2: Control or bid/tender

• Class 1: Check estimate or bid/tender
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From a chemical engineering perspective, the contributions of other engineering dis-

ciplines and the benefit of previous project experience are essential inputs into real-

istic cost estimates. The flow of information from the chemical engineer as the

originator of the process and plant concepts, to other engineering functions and to

those responsible for producing the estimate, are important elements in the develop-

ment of the capital cost estimate.

In the evaluation of alternative processes at the initial design stage, or in early

stages of process flowsheet development for an evolving process design, it is impor-

tant to incorporate capital cost considerations. Often this is done without the avail-

ability of detailed engineering and estimating expertise. In these cases, an

understanding of the structure of plant costs and an ability to make approximate esti-

mates, become important skills for the chemical engineer.

Two of the more common methods of overall plant cost estimation are discussed

under Sections 3.4 and 3.6. The first involves extrapolation from known plant cost

data and has a typical accuracy of�50%, while the second involves applying factors

to purchased equipment costs and has a potential accuracy of �30%. In assigning

nominal accuracies to estimates, it should be appreciated that there is usually a

greater probability of underestimating than overestimating capital requirements

for projects, derived from unforeseen details. Thus the bulk of experience would

indicate accuracies more realistically of +A/�B% where A>B.
3.4 Plant cost estimation by extrapolation from known
plant cost data
An approximate estimate of the IBL fixed capital cost of a proposed plant can be

made from knowledge of an achieved cost or previously estimated cost of a reference

plant of similar scope, and using the same process technology. Adjustments for infla-

tion will nearly always be necessary, and adjustments for differences in capacity or

location are often required. A generalised relationship for making such adjustments

may be expressed as

Ip=Ir ¼ Qp=Qr

� �b∗Fp=Fr∗L (3.2)

where

I¼ fixed capital investment

Q¼production capacity of plant

F¼ inflation index

L¼ location factor

b¼an exponent

p denotes the proposed plant

r denotes the reference plant
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In using reference plant cost data, it must be acknowledged that there are many influ-

ences on the achieved cost of a plant. These influences acting in combination can

lead to considerable scatter in plant cost data. The influences include:

• Effects of various business conditions for contractors, fabricators, and

construction labour. Business conditions include the supply-demand balance

for services, time schedules for work completion, financial value of a particular

contract, and expertise of management.

• Scope of plant design, including off-sites. This may vary with different

arrangements for feedstock or utility supply, or for different degrees of co-

product or heat recovery.

• Effects of safety, occupational health, and environmental requirements on

plant design details; such requirements vary for different sites and different

countries and is often influenced by government policy. Even within countries,

government policy and investment incentives may vary between national,

state, and regional governments.

• Productivity of personnel, especially construction labour.

• Location effects of the plant site, both within a country and between countries.

• Effects of inflation.

The approach is more reliable when restricted to IBL investment since OBL invest-

ment depends on how the project has been implemented and is likely to be much

more variable from one project to another. The approach is now discussed under

the separate aspects of capacity, inflation, and location adjustments.
3.4.1 Capacity adjustment
Capacity adjustments are usually made on the basis of the relationship

Ip=Ir ¼ Qp=Qr

� �b
(3.3)

where the exponent b depends on the flowsheet structure of the plant.Where capacity

is achieved by multiple equipment items in parallel, the value of b approaches 1.

However, in all plants, there are some costs which are largely independent of capac-

ity, for example control room costs and design costs. Further, because of scale

economy pressures, few plants are parallel streamed throughout. Thus for plants

which are nominally parallel stream

b¼0.8–0.9

For plants which are single stream

b¼0.5–0.6

These values, along with the relationship itself, are based on a large volume of accu-

mulated, empirical experience, but should only be regarded as an approximation.
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For plants which are mixed parallel/single stream, values of b are intermediate

between those for single and parallel stream plants. Allen and Page [2] have proposed

a relationship for relating the exponent b for a process plant to the exponent b for

individual equipment items

b¼
XJ
i¼1

cibi

,XJ
i¼1

ci (3.4)

where

J¼number of equipment items (excluding multiples of a given item)

c¼purchased cost of main equipment items of base capacity.

Where multiples of a given equipment item are used in parallel to achieve the

required capacity, the exponent b is assumed to approximate a value of 1.

A simpler way of evaluating b for a mixed parallel/single stream plant is to weight

typical values of b based on the capital distribution for entirely single streamed or

parallel streamed sections of the plant. For example, the IBL capital distribution

for an ethylene plant is approximately 30% for multiple reactors and associated

waste heat boilers and 70% for single stream purification; thus an exponent of

0.3 * 0.9+0.6 * 0.7 or 0.69 is predicted. The IBL capital distribution for a chlor-

alkali plant approximates 50% for multiple cells and rectifiers and 50% for single

stream brine treatment and purification of products; thus an exponent of 0.5 * 0.9+

0.5 * 0.6 or 0.75 is predicted. Both these predicted values agree with reliable

published data.

There is evidence that the values of exponent b are not always constant over

the entire plant capacity range. Miller [3] claimed that the exponent may increase

from 0.5 to 0.9 over the available capacity range, while Taylor and Craven [4]

based on UK experience reported exponents for continuously operating single

stream plants increasing from 0.3 for capacities of 500–1000 t/year to 0.6 for

capacities of 100,000–200,000 t/year. Such evidence provides a cautionary warn-

ing in estimating costs of small plants, common for new technologies and for

cases where capacity is matched to domestic markets in developing or low pop-

ulation regions. Miller [3] also reported that scale economies can be different for

IBL and OBL capital, and recommended that separate evaluations be made for

each category of capital.
3.4.2 Location factors
Location factor denotes the ratio of the cost of a plant built in the proposed location,

to the cost of an identical plant built in the reference plant location, both costs being

expressed in the same currency. The bulk of published plant cost data is from the

United States, and frequently this data is used as a guide to costs of building a similar

plant in another country. The location factor for Canada compared with the United

States, for example may be defined by the expression:
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Location factor¼ Cost of plant in Canada US$ð Þ
Cost of equivalent plant inUSA US$ð Þ

¼ Cost of plant in Canada Can $ð Þ
Cost of equivalent plant inUSA US$ð Þ∗Value of Can $ inUS$ (3.5)

Note that in order to estimate the costs in the currency of the proposed location, the

currency exchange rate must be used. By monitoring trends in exchange rates and

inflation rates for any two countries over time, it can be appreciated that the loca-

tion factor between two countries can change with time. Location factors depend

both on relative labour costs and relative labour productivities which differ for

different countries and which can also change over time. Location factors pub-

lished for Saudi Arabia relative to US Gulf Coast [5], for example ranged between

1.48 and 1.98 over the period 1974–1985 (see Table 3.1); location factors quoted

from various sources for Australia vs United States ranged between 0.83 and 1.3

over the period 1970–1990 [6]. Thus a location factor should ideally be qualified

by reference to a particular year.

Location factors can also be different for plants of different process technologies

due to differing contributions of buildings, site construction, overseas components,

freight, and overheads to plant costs.

Martin [7] reported location factors as of first quarter 1994 for several countries

for a hypothetical fine chemicals/pharmaceuticals plant with a total installed cost of

approximately US$35 million (US Gulf Coast). The assumed cost breakdown for the

reference plant comprised:

• 15% engineering

• 37% materials

• 48% construction.

Based on estimates of relative man-hour rates and relative man-hours required for

engineering and construction costs, estimatesweremade of relative project costs. Costs

relative to the United States for a selected group of these countries were estimated as

• United States 1.0

• United Kingdom 1.13

• Indonesia 0.72

• India 0.81.

While the cost breakdowns for process plants differ for different technologies and

relative costs vary over time, the approach provides a useful insight into how inter-

national cost comparisons might be made.

Indicative location factors for process plants are available under commercial

terms from a number of companies, for example Compass International [8].

Further challenges arise in establishing location factors for different regions

within one country. For example, within the United States different capital costs

of process plants may be experienced for Gulf Coast, East Coast, West Coast, and



Table 3.1 Saudi Arabia location factors relative to US Gulf Coast [5].

Year 1974 75 76 77 78 79 80 81 82 83 84 85

Location factor 1.73 1.66 1.63 1.69 1.98 1.85 1.74 1.60 1.48 1.56 1.57 1.53
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so on. Gary et al. [9] have reported relative plant costs for refinery hydrocarbon pro-

cessing on a 2005 basis for various US locations; these range from 1.0 on US Gulf

Coast through 1.3 at Chicago, 1.5 at Philadelphia, to as high as 2–3 at Alaska. Main

factors contributing to these variations within the United States are stated as climate

and its effect on design requirements and construction conditions; local regulations,

codes and taxes; and availability and productivity of construction labour.

Kjar [10] has provided some location factor estimates within Australia. Factors

range from 1.0 in major capital cities to 1.1–1.4 in major resource areas in or near

settled communities to 1.4–1.8 in remote areas such as Pilbara, Kimberleys, and

North Queensland. Considerations include the remoteness of some locations with

additional delivery costs for materials, and higher labour costs reflecting the need

to compensate for remoteness, sometimes including a fly-in, fly-out basis for con-

struction employees.

While there are undoubtedly location differences in components of plant costs for

different regions of Europe, these are generally minor in terms of overall plant costs

for most industrial locations of Europe.
3.4.3 Plant cost inflation indices
Because of the recurring needs to update historic capital costs or to compare capital

costs from different time periods, cost inflation indices are required which reflect the

changes in capital costs of plants with time. A number of such indices have been

developed for different countries and have in common a weighting of various con-

tributions which collectively make up the cost of a process plant.

For theUnited States, the Chemical Engineering Plant Cost Indices published in the

journal Chemical Engineering have provided detailed compositions reflecting the

movements in equipment, plant, and construction costs. A similar cost index was

reported for many years as the Nelson Refinery Cost Index published in the Oil and
Gas journal, though the publication of this index ceased in 2017. For other countries

the availability of statistics is rather more limited; in such cases, a composite of only

two indices representing the costs ofmaterials and labour has commonly been adopted.

For example in Australia, a composite index has been used by the author based on 50%

contribution from average weekly earnings, and 50%materials price index. The mate-

rials price index was initially that for materials used in buildings other than houses and

was replaced by the producer price index providing similar data in 2005. Both compo-

nents are published by the Australian Bureau of Statistics. The Chemical Engineering

Plant Cost Index, the Nelson Refinery Cost Index, and the Australian Plant Cost Index

(as estimated by the author) are listed in Appendices 3 and 4.

Some important constraints on the use of inflation indices in updating plant costs

must be emphasised. Inflation indices in almost all cases make no allowance for

changes in:

• technology;

• labour productivity;

• scope of plant design.
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During the 1970s, a period of widespread high inflation in most developed countries,

the cost of plants escalated much more than predicted by the plant cost inflation indi-

ces. This can be attributed to

• more sophisticated, capital intensive designs of plants to provide improved safety

and environmental standards, and improved energy and feedstock efficiencies;

• rapid escalation of site labour costs without improvement in site labour

productivity.

These factors had different quantitative effects depending on plant location, process

technology, project definition, and project management, but an average effect of

25% was reported for UK process industry projects during the 1970s [3]. Somewhat

greater effects have been observed from a detailed analysis of cost data for ethylene

and chlor-alkali plants [11].
3.5 Data sources for plant and equipment costs
3.5.1 Plant costs
Potential data sources for plant costs include those available privately within a com-

pany or on a confidential basis through contractors or licensors, those available on a

semi private basis through subscription such as the technology reviews published

commercially, and those available in public literature. In the last category, examples

include the technological encyclopaedias, reports by OECD, United Nations and

national governments on specific technologies, books, and chemical engineering

journals. A summary of these sources is provided in Table 3.2.
Table 3.2 Some published sources of plant cost data.

A. Encyclopaedias of Chemical Technology, for example

• Kirk Othmer [12]
• Ullmanns [13]

B. Text books, for example

• Table 6.2. Process cost correlations in Towler and Sinnott [14]
• Table 6.11 Capital cost data for chemical and petroleum processing plants in Peters,
Timmerhaus, and West [15]

C. Journals, for example

• Chemical Engineering
• Chemical Engineering Progress
• Hydrocarbon Processing
• Oil and Gas Journal

D. Public statements by investing companies around the time of investment commitment or
plant commissioning.
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It must be emphasised that while useful as approximate indicators, such data is

only a guide. It is often very difficult to assess the reliability or usefulness of pub-

lished cost data. Adequate definition is required covering:

• location and site characteristics;

• time reference and corresponding business conditions;

• details of raw materials and product qualities and compositions, and temperature

and pressure conditions of supply or storage;

• details of process technology employed, plant design, and production capacity;

• composition and mass flowrates of effluents;

• energy efficiency encompassing extent of heat recovery and utilities

consumptions;

• inclusions and exclusions, including the distinction between inside and outside

battery limits;

• terminal points;

• plot plan and space requirements;

• specific contract terms and conditions which plant owners may impose on

contractors for liabilities, quality assurance, and documentation.

In reviewing plant cost data it is important to know whether the data is based on an

achieved or estimated cost. For an estimated cost, what was the purpose and the basis

of the cost? What was the scope of the estimate covering the spectrum of physical

aspects of process and utility equipment, piping, instruments, electrical supply and

transmission, buildings and structures, and so on. What were the competency and

experience levels of the estimators? Rarely in publicly available cost data are all

of these important definitive details provided. It then becomes a matter of judgement

as to the reliability and usefulness of the data.

Some reported project costs and estimated costs for process plants fulfilling dif-

ferent functions are listed in Table 3.3. These examples are listed to emphasise the

dependence of capital costs on process technology employed, feedstock composi-

tion, plant location, and the scope of the project. The examples are briefly discussed.

Example A. Treatment of metallurgical smelter gases containing
sulphur dioxide
Capital and operating costs have been estimated by Glonka and Brennan [16] for cap-

turing sulphur dioxide from metallurgical smelter gases at various Australian loca-

tions to produce sulphuric acid, sulphur or gypsum, as well as for downstream

processing of sulphuric acid into phosphate fertilisers. Here, of key importance

are the input concentrations of sulphur dioxide, the need for wet gas cleaning to

remove other impurities in the gas, and the design of the sulphuric acid plant. Site

location for a smelter is also important influencing:

• potential increase in treatment costs and product transport costs to markets for

cases where smelting is done at the mine site;

• cost of transporting mineral concentrate to a different location for smelting and

downstream processing.



Table 3.3 Some estimated and achieved fixed capital costs for selected
projects.

Function
Production plant
and feedstock

Production
capacity Location

Fixed capital
costs

Treatment
of SO2 in
metallurgical
smelter gas

Sulphuric acid
produced from
12% (v/v) SO2

362kt/year
H2SO4 inclusive
of wet gas
cleaning

Elura mine site
Midwest NSW
Australia

$42.8 million IBL
$5.3 million OBL
$Aust 1992

Saleable gypsum
produced from 3%
(v/v) SO2

734kt/year
CaSO4 inclusive
of wet gas
cleaning

$32.6 million IBL
$4.7 million OBL
$Aust 1992

Electricity
generation

Black coal
Steam turbine

1000MW Australian city
or industrial
site

$2.29 billion
$Aust 2000

Brown coal
Steam turbine

1000MW $3.18 billion
$Aust 2000

Natural gas
Combined cycle

1000MW $1.31 billion
$Aust 2000

Natural gas
Open cycle

1000MW $1.54 billion
$Aust 2000

Black coal
IGCC

394MW $1.31 billion
$Aust 2008

Natural gas
extraction,
treatment,
supply

BassGas
From 150km
offshore

20PJ/year NG,
65kt/year LPG,
1millionbbl/
year
condensate

Offshore/
onshore
pipelines to
Victoria

$750 million
$Aust 2006

Thylacine
Otway from 70km
offshore

75PJ/year NG,
100kt/year
LPG,
0.8millionbbl
condensate

Offshore/
onshore
pipelines to
Victoria

$810 million
$Aust 2004

Petroleum
refining

Crude oil
distillation
Atmos. pressure

100MBPSD
feedstock

US petroleum
refinery

US$80 million
$US 2005

Catalytic cracking 80MBPSD
feedstock

US$260 million
$US 2005

Ammonia Steam reforming
of NG; incl.
electricity, steam
generation, NH3

storage

0.76million t/
year NH3

Pilbara,
Western
Australia

$700 million
$Aust 2006

Steam reforming
of NG

0.85million t/
year NH3

Louisiana,
USA

US$850 million
US$ 2016

Hydrogen Coal 380 t/day H2 Australian city
or industrial
site

$648 million
$Aust 2011

Natural gas 380t/day H2 Australian city
or industrial
site

$219 million
$Aust 2011

68 CHAPTER 3 Capital cost estimation
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Example B. Electricity generation
Capital and operating costs have been estimated for electricity generation using

brown coal, black coal, and natural gas in steam turbine (ST), combined cycle

(CC), and open cycle (OC) systems [17], and for black coal using integrated gasifi-

cation combined cycle (IGCC) system with and without carbon capture [18]. Capital

costs reflect both the fuel used, the generation cycle and efficiency achieved, and as

for the IGCC case, the processing of the syngas.

Example C. Natural gas extraction and treatment
Offshore natural gas must be extracted and piped to onshore treatment facilities,

involving both offshore and onshore piping. Treatment facilities reflect impurities

in wellhead gas (e.g. CO2, H2S) as well as the extent of co-product recoveries,

and the location of both offshore source and onshore treatment facility. Two exam-

ples of projects involving gas piped from offshore Victoria and treated onshore to

meet sales gas specification are listed [19].

Example D. Petroleum refining
Capital and operating costs in petroleum refinery units are reviewed by Gary and

others [9]. As well as the distinct feedstock and product quality influences there

are technology options which influence the various unit processing costs, for exam-

ple continuous catalyst regeneration or fixed bed units for catalytic reforming units.

Example E. Ammonia production
Capital costs for ammonia production will depend on location, plant design including

energy efficiency and project scope, for example the extent of utility generation and

ammonia storage. Recent large-scale projects of interest include Incitec Pivot’s plant

in Louisiana drawing on shale gas and Yara Pilbara fertilisers drawing on offshore

natural gas from Western Australia [20, 21].

Example F. Hydrogen production
Location, plant design, energy efficiency, and project scope also influence the capital

cost of hydrogen plants. A further influence for both hydrogen and ammonia plants is

the choice of feedstock. Capital costs for hydrogen plants using natural gas and coal

are compared in Table 3.3. The comparison was part of a wider study of the envi-

ronmental and economic consequences of natural gas substitution in feedstock

and fuel applications, in the context of exploring resource depletion assessment

methodology [22].
3.5.2 Equipment cost data
Equipment costs have frequently been presented in chart form. Costs are usually cor-

related with a capacity parameter, for example the surface area for heat exchangers or

filters, or absorbed power for pumps or compressors, using the relationship

I¼ kiX
b (3.6)
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where

I¼equipment cost

X¼capacity parameter

b¼exponent

ki¼proportionality factor

This relationship is of the same form as used for complete plants, though the expo-

nent b tends to have a somewhat wider range of values than for plant costs. The rela-

tionship is also frequently applied to installed equipment costs. An extensive study of

662 cases found 71% of values of exponent b within the range 0.4–0.8 with the aver-
age value of 0.6 [23]. Despite the wide use of the relationship in practice, its reliabil-

ity may often be limited. As with plant costs, there is a strong tendency with most

equipment types for the exponent to increase with larger equipment capacities until

some practical or economic limit is reached. There may also be a lower capacity limit

below which it is not practical or economic to purchase or fabricate.

Alternative equations for correlation have been used. For example, Breuer and

Brennan [24] have adopted a correlation of the form

log Costð Þ¼ a + b logXð Þ+ c logXð Þ2 + d logXð Þ3 (3.7)

The correlation enables the direct graphical representation of data on logarithmic

coordinates, and a quantitative measure of the economy of scale at any value of

the capacity parameter through the derivative term d(logCost)/d(logX).
Equipment cost data may be obtained from published sources, accumulated in-

house company data, or equipment vendor quotations. Some useful sources of pub-

lished equipment cost data from chemical engineering texts are summarised in

Table 3.4. Most published data are from the United States, though there are some

from other countries. The data requires application of location and inflation factors,

using a similar approach to that for entire plants. Rather less variation in equipment

cost by country may be expected since if significant cost differences occur for var-

ious countries, items can generally be imported as required.

Of the textbook sources listed in Table 3.4, Peters et al. [15] provide a detailed

and comprehensive database. Costs are presented graphically, offering the advan-

tages of showing change in the cost vs capacity exponent over the size or capacity
Table 3.4 Some textbook sources of equipment cost data.

Couper, Penney, Fair, and Walas [25], ‘Process Engineering Economics’.

Towler and Sinnott [14], ‘Chemical Engineering Design Principles, Practice and Economics
of Plant and Process Design’, 5th edition.

Turton, Baille, Whiting, Shaelwitz, and Bhattacharyya [26], ‘Analysis, Synthesis and Design
of Chemical Processes’.

Peters, Timmerhaus, and West [15], ‘Plant Design and Economics for Chemical Engineers’,
5th edition.

Breuer and Brennan [24], ‘Capital Cost Estimation of Process Equipment’.
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range, and the available capacity range for the relevant item. The comprehensive

database is also an advantage in demonstrating the options within particular equip-

ment categories for equipment selection and specification.

Imported items require cost adjustments for freight and tariff. Even though a

country may have fabrication capability, a purchaser from within that country

may prefer to import equipment for reasons of assured quality, even if tariff penalty

occurs.

Much cost data are reported for equipment constructed in a single material (usu-

ally carbon steel) and for a given design pressure. If other construction materials or

design pressures apply, correction factors must be used as multipliers of the base

equipment cost. Some indicative correction factors for pressure vessels and heat

exchangers are provided in Table 3.5, but these assume both a given set of material

costs and a given proportion of materials and labour costs in equipment costs; hence

they serve only as a guide. As equipment size increases, for instance, materials cost

becomes a more dominant component of equipment cost and the materials correction

factor increases. Some literature sources, for example Peters, Timmerhaus, and

West, provide a range of costs for different materials and design pressures for a diver-

sity of equipment items.

Figs. 3.2 and 3.3 show some examples of correlated equipment costs for pressure

vessels and shell and tube heat exchangers constructed in carbon steel. The data has

been taken from two Australian projects implemented in 1988–1989. While the data

is historic, it is reproduced because of the extent and scatter of the data points. Scatter

is rarely reported in published equipment cost data and is an indication of potential

variation in equipment costs actually achieved in projects, and hence in the reliability

of estimates. The shapes of the two sets of curves also support the evidence of var-

iations in the relationship between capacity index and equipment size for different

equipment types.
Table 3.5 Indicative correction factors for some materials of construction.

Material
Materials factor for
process vessels

Materials factor for heat
exchangers

Carbon steel 1.0 1.0

Type 304 stainless
steel

2.2–2.8 1.5–2.2
CS shell, Type 304 SS tubes
2.8
Type 304 SS shell, Type 304 SS
tubes

Type 316 stainless
steel

2.9–3.5 1.8–2.5
CS shell, Type 316 SS tubes
2.8–3.2
Type 316 SS shell, Type 316 SS
tubes
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Correlation of (A) cost and (B) cost per unit volume for pressure vessels of carbon steel

construction. Cost read from graph requires adjustment for design pressure and materials

other than carbon steel.
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In addition to engineering influences, the equipment selling price will be affected

by business factors. These include the availability and cost of materials and fabrica-

tion labour, the required delivery time specified by the purchaser, the extent of load-

ing (or capacity utilisation) of the fabrication shop at the time of fabrication, various

purchaser characteristics relating to terms and conditions of purchase, stringencies in

design, inspection, and procurement requirements including any imposed liquidates
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733.5 Data sources for plant and equipment costs
damages and risks, established buyer-seller relationships, andmultiple purchase item

discounts. The effect of such business factors operating collectively with an adverse

effect can result in the purchased cost of an equipment item being as much as 100% in

excess of a base case situation (Breuer and Brennan [23]).
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Rules of thumb are often used for vessels constructed in common materials

expressed as dollars per fabricated tonne. Thus for pressure vessels, some common

yardsticks are US$9000 per fabricated tonne for mild steel construction and

US$18,000 per fabricated tonne for stainless steel construction, as of 2018. These

are very approximate guides, not accounting for scale effects (which can be major)

or design influences, and more applicable to ‘one-off’ fabrication. While such yard-

sticks must be used with caution, they can be useful reference points in early costing

or in evaluating quotations.

It is important to adopt a critical approach to published equipment cost data. In

most reference book sources, for example the following aspects are not addressed:

• the business conditions pertinent to the cost data;

• the volume of cost data on which the correlation or graphical representation

is based;

• the scatter in the data points leading to the correlation or graphical representation.

Further, there is often a lack of engineering definition accompanying the cost data.

For example, the published cost data for centrifugal pumps often neglects to define

the standard of pump construction and fails to specify pump speed, a key parameter

governing volumetric flowrate and developed head. Business-related and engineer-

ing details should be defined from the viewpoints both of using data and in compiling

it for future use.

Ultimately, at the time of project implementation, accurate cost data will become

available from equipment vendors. At the time of purchase, consideration must also

be given to the likely reliability of the item in operation, its performance efficiency,

its maintenance requirements and life expectancy, availability of spare parts, and the

reliability of the vendor.
3.6 Plant cost estimation by factoring purchased
equipment costs
This approach requires a defined process flowsheet with equipment items specified

in relation to function, size, design pressure and temperature, materials of construc-

tion, type of construction, and size and type of equipment drive (if applicable). This

detail then enables estimates of equipment costs, to which factors can be applied to

build up estimates of plant cost. Costs of drives (usually electric motors or steam

turbines) for machinery items should be included as part of the purchased equipment

cost. Factors may be applied in several ways, two of which are outlined here.
3.6.1 Factors applied to the sum of purchased equipment costs
In the first approach, factors may be applied to the total purchased equipment cost

(PEC) to estimate the IBL process plant cost (PPC) as expressed in Eq. (3.1). The

factor may be applied as a sum of the component factors (i.e. as an overall Lang
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factor) or using the component factors contributing to the overall Lang factor consid-

ered individually.Values of the component factorsmay vary considerably for projects

of varying size, scope, and process technologies. A common approach in chemical

engineering texts hasbeen tomultiply the sumofpurchase equipment costs by anover-

all Lang factor suitable for either a fluids processing, solid-fluids processing, or solids

processing plants. Two examples are those byPeters et al. [15] andTowler and Sinnott

[14] shown in Table 3.6. The overall multiplier here includes both inside and outside

battery limits costs. Care must be exercised in the use of such factors obtained from

different sources and texts to understand the engineering scope ofwork covered by the

particular factor. Differences in scope definition are used by different authors, and the

sum of factors employed in some cases include both inside and outside battery limits

costs, while in other cases include inside battery limits costs only.
Table 3.6 Multipliers of purchased equipment cost for total fixed capital
investment.

Type of processing plant Peters et al. [15] Towler and Sinnott [14]

Fluids 5.93 6.00

Fluids-solids 5.03 6.05

Solids 4.67 4.55
Table 3.7 shows the breakdown of inside battery costs for 11 Australian projects
spanning the late 1980s to mid-1990s with total capital values between $20 million

and $120 million ($Australian 2001). These projects were predominantly from oil

and gas processing. Cost elements are expressed as factors of purchased equipment

cost. Means and standard deviations for each cost category have been calculated for

the 11 plants. The ratio of standard variation to the mean is a measure of variability in

each cost element.

The variability can be seen to be lowest for the direct plant cost and overall Lang

factor, but considerably higher for many individual contributing costs. With the

experience of many projects, judgement can be used in factor selection to improve

the accuracy of the estimate.
3.6.2 Factors applied to individual equipment items
In a more detailed approach, factors are applied to each individual equipment item,

considered separately, to estimate the installed cost of the item. This approach is out-

lined in ‘A Guide to Capital Cost Estimation’ published by the Institution of Chem-

ical Engineers [27]. Each equipment item cost is first adjusted to an equivalent cost

based on carbon steel construction. Factors are then applied for erection, piping,

instruments, electrical, civil, structures and buildings, and lagging. The factored

costs are then added to the purchased equipment cost to give an installed equipment

cost. These items are then summed to give a ‘direct plant cost’. Overhead costs



Table 3.7 Capital cost distributions for some Australian process industry
projects [27].

Cost category
Average relative
value

Standard
deviation

Variability
(standard
deviation/
average)

Equipment 1 – 0

Equipment
installation

0.19 0.06 0.32

Piping 0.60 0.19 0.31

Instrumentation 0.23 0.11 0.46

Electrical 0.14 0.08 0.58

Civils 0.22 0.1 0.47

Structural steel 0.14 0.09 0.61

Buildings 0.048 0.075 1.58

Insulation/
fireproofing

0.089 0.066 0.74

Painting 0.014 0.011 0.78

Direct plant cost 2.70 0.52 0.19

Engineering and
project management

0.25 0.065 0.26

Total IBL cost 3.40 0.68 0.20

Note: Values may not sum precisely to totals shown due to rounding.
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covering engineering and project management as well as a contingency allowance

are added as percentages of direct plant cost to provide an estimate of total plant cost.

Values of individual factors reproduced from the Institution of Chemical Engineers

booklet [27] are listed in Table 3.8.

While the factors in Table 3.8 are strictly only applicable to the UK costs,

Table 3.8 is useful in several respects:

• It offers guidelines for selecting appropriate factors. For example, piping factors

are higher for gas processes than liquid processes, reflecting the lower densities

of gases relative to liquids and hence larger pipe diameters. The guidelines

provided are by no means exhaustive and can be usefully supplemented by

experience and data from previous projects, if available. For example, more

precise piping estimates would reflect the number of connecting pipes to a vessel,

or the spacing between equipment items. A list of such considerations was

proposed by Brennan and Golonka [28] in Table 3.9.

• Table 3.8 accounts for the influence of equipment cost reflecting equipment size

on the value of the factor employed. For example, instrumentation for a small

diameter column implies a larger factor than for the same instrumentation on a

larger diameter column. This is to be expected since the instrumentation cost is

largely independent of column size.



Table 3.8 Individual factors of purchased equipment costs for estimation of
installed equipment cost (Gerrard [27]).

Currency Pounds sterling January 2000

Value of
individual
equipment item
as purchased
standardised to
carbon steel
basis

Over
300,000

100,000–
300,000

40,000–
100,000

20,000–
40,000

6000–
20,000

3000–
6000

Under
3000

Purchased
equipment item

1 1 1 1 1 1 1

Delivery to site

Installation of
equipment item

Much of site
erection included
in purchased cost

0.013 0.03 0.04 0.06 0.075 0.09 0.25

Average erection 0.05 0.08 0.1 0.11 0.13 0.15 0.38

Equipment
requires some site
fabrication (e.g.
large pumps
require lining up
serpentine
coolers)

0.08 0.1 0.13 0.15 0.18 0.2 0.48

Equipment
requires much site
fabrication (e.g.
large distillation
columns,
furnaces)

0.3 0.38 0.45 0.56 0.67 0.77 1.13

Piping including installation

Ducting and
chutes

0.03 0.05 0.1 0.18 0.28 0.43 0.59

Small bore piping
or service piping

0.06 0.13 0.26 0.43 0.69 1.04 1.4

Average bore
piping and service
piping (e.g. mainly
liquid piping)

0.16 0.26 0.4 0.66 0.98 1.4 1.76

Large bore piping
and service piping
(e.g. mainly gas)

0.2 0.33 0.49 0.78 1.11 1.58 1.94

Continued
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Table 3.8 Individual factors of purchased equipment costs for estimation of
installed equipment cost (Gerrard [27])—cont’d

Currency Pounds sterling January 2000

Value of
individual
equipment item
as purchased
standardised to
carbon steel
basis

Over
300,000

100,000–
300,000

40,000–
100,000

20,000–
40,000

6000–
20,000

3000–
6000

Under
3000

Average bore
piping with
complex system
(e.g. much
manifolding and
recirculation)

0.2 0.33 0.49 0.78 1.11 1.58 1.94

Large bore piping
with complex
system

0.25 0.41 0.61 0.96 1.38 1.96 2.43

Multiplying factor
for materials

as appropriate for piping material specified

Steam tracing 1.3 1.3 1.3 1.3 1.3 1.3 1.3

Instrumentation

Local instruments
only

0.03 0.04 0.06 0.13 0.24 0.43 0.75

1 controller and
instruments

0.09 0.13 0.22 0.34 0.49 0.65 1

2 controllers and
instruments

0.13 0.2 0.33 0.45 0.6 0.79 1.14

3 controllers and
instruments

0.18 0.33 0.43 0.6 0.77 0.96 1.38

Electrical

Lighting only 0.03 0.03 0.03 0.06 0.1 0.13 0.19

Lighting and
power for ancillary
drives (e.g.
conveyors, stirred
vessels, air
coolers)

0.09 0.1 0.14 0.26 0.34 0.41 0.6

Lighting and
power excluding
transformers and
switchgear for
machine main
drives (e.g.
pumps,
compressors,
crushers)

0.13 0.18 0.25 0.33 0.43 0.51 0.63
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Table 3.8 Individual factors of purchased equipment costs for estimation of
installed equipment cost (Gerrard [27])—cont’d

Currency Pounds sterling January 2000

Value of
individual
equipment item
as purchased
standardised to
carbon steel
basis

Over
300,000

100,000–
300,000

40,000–
100,000

20,000–
40,000

6000–
20,000

3000–
6000

Under
3000

Lighting and
power including
transformers and
switchgear for
machine main
drives

0.19 0.25 0.34 0.46 0.6 0.74 1

Civil

Average civil
work, including
plant and
structure
foundations,
floors, services

0.08 0.1 0.14 0.17 0.22 0.28 0.35

Above average
civil work,
complicated
machine blocks,
special floor
protection,
elevator pits in
floors,
considerable
services

0.15 0.21 0.31 0.4 0.5 0.6 0.85

Multiplying factor
for piling

1.3 1.3 1.3 1.3 1.3 1.3 1.3

Structures and buildings

Negligible
structural work
and buildings

0.012 0.025 0.025 0.04 0.05 0.06 0.08

Open air plant at
ground level with
some pipe
bridges and minor
buildings

0.06 0.08 0.1 0.14 0.17 0.21 0.26

Open air plant
within a structure

0.14 0.24 0.31 0.41 0.5 0.59 0.74

Plant in a simple
covered building

0.19 0.29 0.39 0.48 0.56 0.69 0.85

Continued
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Table 3.8 Individual factors of purchased equipment costs for estimation of
installed equipment cost (Gerrard [27])—cont’d

Currency Pounds sterling January 2000

Value of
individual
equipment item
as purchased
standardised to
carbon steel
basis

Over
300,000

100,000–
300,000

40,000–
100,000

20,000–
40,000

6000–
20,000

3000–
6000

Under
3000

Plant in an
elaborate building
on a major
structure within a
building

0.35 0.48 0.63 0.76 0.9 1.06 1.38

Lagging

Lagging for
service pipes only

0.012 0.03 0.04 0.06 0.1 0.15 0.23

Average amount
of hot lagging on
pipes and vessels

0.03 0.04 0.08 0.14 0.21 0.31 0.38

Above average
amount of hot
lagging on pipes
and vessels

0.04 0.06 0.1 0.17 0.26 0.35 0.4

Cold lagging on
pipes and vessels

0.06 0.1 0.15 0.25 0.31 0.41 0.56
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• The approach accounts for the influence of materials of construction for an

equipment item. For example, a carbon steel tower might require similar

foundations to a stainless-steel tower of the same dimensions. If the stainless-

steel tower were not brought to a carbon steel equivalent for factoring foundation

costs, the foundation cost estimate would be excessive.

It is evident from Table 3.8, that the value of the overall Lang factor will depend on

the average purchased equipment cost and hence on the size of the plant. Thus one

may anticipate much higher overall Lang factors for pilot plants or small demonstra-

tion plants where the value could conceivably be as high as 10, than for large-scale

plants where the value could be as low as 2.5. The dependence of the Lang factor on

average equipment cost implied in Table 3.8 is consistent with reports by other

authors (e.g. Montfoort and Meyer [29]).



Table 3.9 Additional considerations in factoring equipment costs (Brennan
and Golonka [28]).

Check list for I Chem E method Other considerations

Installation of equipment item

Much of site erection included in
purchase cost

Equipment weight, height, complexity,
fragility

Average erection Number and complexity of internals (trays,
catalyst, etc.)

Equipment requires some site fabrication
(e.g. large pumps require lining up
serpentine coolers)

Ease of access; plant layout

Weather, labour productivity, and cost

Greenfield/brownfield site

Equipment requires much site
fabrication (e.g. large distillation
columns, furnaces)

New plant or modification to existing plant; if
existing plant, extent of availability for
modification work

Extent of shop assembly

Extent to which unit is packaged

Piping including installation

Ducting and chutes Weight, material, pressure (and temperature)
rating

Small bore piping or service piping Extent of fittings, instrument connections

Average bore piping and service piping
(e.g. mainly liquid piping)

Packaged unit? Some piping included?

Above ground/underground

Large bore piping and service piping
(e.g. mainly gas)

Height of equipment item

Average bore piping with complex
system (e.g. much manifolding,
recirculation)

Stand-alone/clustered (i.e. shared pipe rack)
or addition to existing rack

Large bore piping with complex system Above ground or underground piping

Multiplying factor for materials Number of branches on equipment

Steam tracing Spacing between equipment/plant layout

Number of valves; valve design, materials,
size, complexity

Instrumentation

Local instruments only Packaged unit? Some instruments included?

1 Controller and instruments Extent of alarms, trips, interlocks

2 Controllers and instruments Transmission

3 Controllers and instruments Cost of measuring instrument—analyser,
temperature, pressure, flowrate, level

Computer hardware and software costs

Some materials factors for on stream
instruments

Continued
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Table 3.9 Additional considerations in factoring equipment costs (Brennan
and Golonka [28])—cont’d

Check list for I Chem E method Other considerations

Electrical

Lighting only Ground space, equipment height, security/
safety

Lighting and power for ancillary drives
(e.g. conveyors, stirred vessels, air
coolers)

Considerations for lighting

Number of ancillaries requiring power

Lighting and power excluding
transformers and

Number of starter stations

Switchgear for machine main drives (e.g.
pumps, compressors, crushers)

Size of electric motors

Spacing between equipment/plant layout

Lighting and power including
transformers and switchgear for
machine main drives

Plant electrical class or zone, e.g. ‘explosion
proof’

Civil

Average civil work, including plant and
structure

Weight, height of equipment

Foundations, floors, services Wind loadings

Above average civil work, complicated
machine blocks, special floor protection,
elevator pits in floors, considerable
services

Load bearing properties of soil

Large momentum components (large, high
speed compressors, centrifuges),
reciprocating or vibrating machinery

Multiplying factor for piling

Structures and buildings

Negligible structural work and buildings Opportunity for shared structures between
similar items—e.g. columns, exchangersOpen air plant at ground level with some

pipe bridges

And minor buildings Size, height, complexity of equipment

Open air plant within a structure Buildings to house noisy equipment

Plant in a simple covered building Explosion proof buildings, control rooms

Plant in an elaborate building on a major
structure

Special provisions for on-site maintenance

Within a building

Lagging

Lagging for service pipes only Insulation for noise

Average amount of hot lagging on pipes
and vessels

Process temperatures

Above average amount of hot lagging on
pipes and vessels

Cold lagging on pipes and vessels
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Table 3.9 Additional considerations in factoring equipment costs (Brennan
and Golonka [28])—cont’d

Check list for I Chem E method Other considerations

Painting

Corrosion protection (function of plant
environment)

Surface area of plant. Function of equipment
supply

Miscellaneous considerations of general applicability

Single equipment items or items in parallel

Solid, liquid, or gas processing

Safety and environmental standards

Operating cost inputs

Utilities consumptions:

utility related investment into
piping (steam and cool. water)
electrics (electric power)
Prevailing business environment in
engineering industry

Home office costs

Design, engineering, procurement,
project management

Previous experience; extent to which design
is duplicated or modified from previous
project or is completely new

Capability, experience of engineering team
and its management

Productivity, salary, payroll overheads of
personnel

Quality and extent of project definition,
especially at commencement of project

Extent of client, consultant involvement vs
autonomy

833.6 Plant cost estimation by factoring purchased equipment costs
Similar tables could be developed for other countries if supporting data

were available. In the absence of supporting data, international cost relativities

(in the form of those indicated in Table 3.2) may be used to modify both the equip-

ment cost ranges and the factors; clearly, these adjustments become increasingly

risky without the support of a reliable database.

Factored estimates can be usefully supplemented in various components of the

estimate by costing rules of thumb for materials and labour. For example, estimates

for piping materials ($/t) and piping installation (workhours/t and $/workhour) can
be used as a cross-check for factored piping costs; estimates of cost per control loop
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or per alarm/trip system may likewise be used as a cross-check for instrumentation.

This approach is often termed ‘benchmarking’.
3.6.3 Relevance of factored cost estimates to chemical engineering
While purchased equipment costs which provide the baseline for factored estimates

may account for only 30% of IBL capital costs and possibly 20% of total capital costs

for a project, factored estimates based on equipment costs are important in chemical

engineering contributions to early project development. This is because the plant

capital cost estimates are derived directly from equipment specifications, which

in turn are derived from a well-defined process flowsheet. Accompanied by further

design detail derived from piping and instrumentation diagrams and plant layout

drawings, judgement can be made about the various factors which are applied to esti-

mate the total IBL costs for a process plant or for the installed cost of one or more

specific equipment items, as indicated in Fig. 3.4.
Product, feedstock, and process technology                       

Plant production capacity

Chemical engineering design

Early project conception decisions

Process flowsheet

Equipment sizing and specification              Plant layout

Piping and instrumentation 
diagrams

Factored estimates
of other costs

Equipment cost estimates

Equipment installation
Civils
Electrics
Instrumentation
Piping
Lagging

FIG. 3.4

Information flow diagram linking early project and design decisions with initial capital cost

estimates.
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More accurate estimates demand expertise beyond that of the chemical engineer,

relying, for example on expertise and professional experience of:

• specialist engineers in relation to the scope of work required;

• electrical engineers for the cost of electrics;

• civil engineers for the cost of foundations and structures;

• mechanical engineers for piping costs;

• instrumentation specialists (in collaboration with chemical engineers) for

instrumentation and control costs;

• construction personnel for construction costs;

• cost estimators, planners, and schedulers for cost rates and project duration

estimates.

Dedicated estimating engineers with the benefit of training and experience have a

key role in drawing on such expertise and on accumulated data from previously com-

pleted projects.
3.7 Detailed estimation of plant and equipment costs
More detailed methods of estimating plant costs, such as those used by a contrac-

tor tendering for a job or in controlling expenditure on a job in progress, require

considerable design detail. Following a thorough and complete process design,

piping, instrumentation, and electrical specifications will be developed, assisted

by a plant layout. Civil engineering design will be undertaken including foun-

dations, structures and buildings, assisted by a detailed evaluation of the site.

Site construction will be evaluated including labour rates, costs of accommo-

dation if necessary, and temporary site facilities for construction personnel. A

detailed plan of design, procurement, construction, and commissioning activities

will be developed.

Costs are commonly broken down into materials and labour components, and

estimated quantities of materials detailed. Quotations from subcontractors for items

such as piping, electrics, instrumentation, andmain plant construction will be sought.

Past records are invaluable in guiding and checking estimates, and use is made of

rules of thumb for checking quantities and labour hours. Parametric-type estimating,

which is intermediate between factored and detailed estimating, is often used as a

faster approach to supplement detailed estimating; for example if the length of piping

is known, data from previous projects in $/m can be used to estimate piping costs,

inclusive of costs of valves and fittings.

For the estimation of fabricated costs for vessels, towers or heat exchangers, a

detailed estimate requires detailed drawings and specifications giving materials,

dimensions (including thicknesses), branches, internals, and construction details.

Materials quantities and fabrication workhours can be estimated, and unit costs

are incorporated to estimate a fabricated cost. Allowances for overheads and profit

margins need to be added to estimate the purchased cost of the item.
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3.8 Computer applications in fixed capital cost estimation
A number of packages have been developed both for in-house and commercial use.

Some of the commercial packages are adjuncts to process simulation packages such

as ASPEN.
3.9 Cost of revamps
The revamping of an existing operating plant may be expected to have a different

cost structure to that of a new plant on either a greenfield or brownfield site. Revamps

may have a number of purposes:

• accommodate changes in feedstock, for example a refinery adapting to a heavier,

sourer crude oil source;

• accommodate changes in product quality or spectrum of products produced;

• incorporate technological change offering cost savings or other benefits;

• change product packaging or transport modes;

• improve the safety or environmental performance of the plant;

• increase the production capacity of the plant in response to market growth.

Because there are the imposed constraints of an existing plant and site, the engineer-

ing design and project management costs of a revamp may be much higher as a pro-

portion of plant costs than for a new plant. While much of the existing equipment

may be reused without modification, a number of items typically require modifica-

tion; vessels may need new internals, reactors may need new catalysts, columns may

require new trays or packings, compressors or pumps may need to be increased in

speed, and so on. Such equipment modifications save on new equipment costs but

incur some component costs and high engineering and construction costs.

Many revamp projects incorporate major improvements in process control leading

to high instrumentation costs relative to the purchased cost of new equipment. Modifi-

cations to plant layout may incur increased piping costs, leading to high factors for pip-

ing. Since plant downtime is often a critical consideration, a need to use intensive labour

ona continuous (24h/day)basis formodifications and constructionwill incur additional

costs, particularly where downtime scheduling is complicated or unpredictable.

Since the objectives and the constraints for revamps are so diverse, cost structures

may be expected to be far more variable than for new plants, and conventional factors

used in factored estimates become correspondingly less reliable. Detailed knowledge

of the existing plant and its site are important inputs to realistic cost estimating for

plant revamps.
3.10 Estimation of start-up capital
Start-up costs include all nonrecurring costs between completion of plant construc-

tion and commencement of satisfactory operation (with regard to production capac-

ity, product quality, and overall process efficiency). These costs may be apportioned

between capital costs and operating expenses but include:
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• materials, utilities, labour, and overhead costs in checking, purging, testing and

proving of plant;

• process operator training;

• additional costs incurred in modifying plant to facilitate its operability.

Total start-up costs have been reported by a number of published and unpublished

sources to be within the range of 1%–10% of fixed capital investment of the plant.

The magnitude of the costs are difficult to estimate with precision and some contin-

gency should be provided. Higher costs may be anticipated where the technology is

newlydevelopedorwhere there is a lackof experiencewith the typeofplant concerned.
3.11 Estimation of working capital
Working capital may be defined as funds over and above fixed capital, start-up cap-

ital and land investment needed to start and maintain plant operation. Working cap-

ital includes inventories of raw materials, finished products and materials in process,

the balance between accounts receivable (also called debtors) and accounts payable

(also called creditors), and cash.

An accountant’s definition of working capital is net current assets, or current

assets minus current liabilities. Current assets comprise inventories, trade debtors,

cash, and assets a company intends to convert into cash in its course of business. Cur-

rent liabilities comprise trade creditors and short-term borrowings. Current assets

and current liabilities are identified in a company’s balance sheet, published as part

of the financial statement in a company’s annual report. Table 3.10 is an example of

such a balance sheet [30] summarising the company’s assets, liabilities, and equity.

Note the following aspects of the balance sheet:

• the identification of current assets and current liabilities;

• the supplementary notes provided on inventories;

• the contribution of current assets and current liabilities to total net assets;

• the balance between total net assets and total shareholders’ equity.

Such balance sheets from company reports are a useful source of information on

working capital requirements for process industry companies. Some important

aspects of working capital are as follows:

• Although usually smaller in magnitude than fixed capital investment (typically

10%–20%), the initial investment into working capital is spent in a short

space of time, at (or immediately before) plant start-up.

• Characteristically, working capital can be readily converted into cash and is

normally assumed recoverable at the end of project life without loss. This

implies a lesser degree of risk than for fixed capital, which may give rise to a

separate financing arrangement than that for fixed capital.

• As production increases, working capital requirements tend to increase,

occurring as an incremental change in cash flow. The increase results from an

increase in accounts receivable relative to accounts payable, and frequently from

an increase in stocks.



Table 3.10 Example of a balance sheet for a chemical company.

1988
$million

Current assets Cash
Receivables
Investments
Inventoriesa

Other
Total current assets

47.9
478.9
21.9

593.9
31.7

1174.3

Noncurrent assets Receivables
Investments
Property, plant, and equipment
Intangibles
Other
Total noncurrent assets

12.2
9.9

902.5
77.1

134.3
1136.0

Total assets 2310.3

Current liabilities Creditors and borrowings
Provisions
Total current liabilities

610.4
304.7
915.1

Noncurrent liabilities Creditors and borrowings
Provisions
Other
Total noncurrent liabilities

181.9
133.9
40.6

356.4

Total liabilities 1271.5

Net assets 1038.8

Shareholders’ equity Share capital
Reserves
Retained profits
Shareholders’ equity attributable to
ICI Aust
Minority shareholders’ interest in
subsidiaries
Total shareholders’ equity

291.3
348.5
280.9
920.7

118.1
1038.8

aInventory
contributions

Raw materials and
stores

192.9

Work in progress, at
cost

16.4

Finished goods 384.6

Total inventories 593.9

Based on ICI Australia, Annual Report, 1988.
Balance sheet as at September 1988 with simplifications.
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While working capital is sometimes expressed as a percentage of fixed capital, it is

more directly related to operational considerations. Frequently it is expressed as a

percentage of annual sales revenue or annual cash operating cost. Working capital
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Iw may be estimated from the following relationship, where the components are in

currency units.

Iw¼ Srm+ Sfp + Smip +Ar�Ap (3.8)

where

Srm¼ raw material stocks

Sfp¼ finished product stocks

Smip¼materials in progress inventories

Ar¼accounts receivable

Ap¼accounts payable

We now explore the contributions of each of these elements.
3.11.1 Raw material stocks
Raw material stocks are valued at the purchased cost (accounting for delivery). The

required quantity of stock will depend on the source of raw material, its mode of

delivery, the reliability of supplies (availability pattern for a plant), and the process

technology. Even for plants producing the same product, there can be variations due

to feedstock differences. For example, an ethylene plant based on ethane feedstock

supplied by pipeline will require less raw material inventory than a plant based on

naphtha feedstock shipped from a remote refinery. Similarly, chlor-alkali plants

using naturally occurring brine pumped from underground require less raw material

inventory than plants using salt shipped from remote salt fields.

Broad guidelines by Scott [31] recommend:

(i) for bulk commodities supplied daily or by pipeline—1.5 weeks usage*
(ii) intermittent delivery—3 weeks usage.

(iii) delivery by ship—6 weeks usage.

*Note. This implies some storage at the plant in conjunction with pipeline supply. In

many cases, especially with gas pipelines, pipelines deliver direct to the plant with no

additional storage. In these cases, the inventory is limited to that in the pipeline and

can be considered negligible in cost terms.
3.11.2 Finished product stocks
Finished product stocks include stocks at the production plant, but if considering the

total sphere of operation, stocks in the warehousing and distribution chain as well.

Some repackaging may be an integral part of the distribution. The mode of product

despatch and the operating needs of customers will influence stock requirement.

Broad guidelines by Scott [31] recommend:

(i) for products with simple specifications delivered daily or by pipeline—

1.5 weeks usage

(ii) for products in multiple grades, or with complicated specification—3 weeks

storage
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(iii) for batch processes in campaigns, where campaigns are lengthened to enable

economic utilisation of plant—6 weeks storage.

Extra storage is required where products are sold overseas. The value of a product is

assessed at cash costs, that is, operating cost excluding depreciation, representing its

contribution to capital investment.
3.11.3 Materials in progress inventory
Materials (or work) in progress inventory varies depending on equipment (or pro-

cess) residence times, the extent of recycle, the number of reaction steps, and the

need to characterise (that is, determine the properties of) intermediate products.

The value of materials in progress will be intermediate between raw materials

and finished product values. Rules of thumb are more difficult in this case for both

stock quantities and values. In the absence of definitive data, an assumption of

1–2 weeks of annual production with a material value taken as the average of raw

material and product cash cost is a guide.
3.11.4 Accounts receivable (or debtors)
If finished products are assumed to be paid for at the end of the month following

delivery, average indebtedness period is 6 weeks. For exports, the period could

be longer, say up to 12 weeks. The value of each product is taken at its selling price.
3.11.5 Accounts payable (or creditors)
If materials or utilities are assumed paid for at end of the month following delivery,

the average period of credit is 6 weeks. Wages and salaries make a smaller contri-

bution being paid say on average, 1.5 weeks in arrears.
3.11.6 Other contributions and considerations
Wages and salaries, stocks of maintenance materials and packaging materials, cash

in hand, liabilities for tax payment, and employee benefits have been omitted from

this analysis. Some of these items may need consideration in special cases but can

generally be ignored in a preliminary estimate for a project.

In estimating working capital for a number of plants comprising a process route,

where those plants are integrated on the one site, the product stocks for plant A

become the raw material stocks for Plant B. Thus distinction must be made between

site integrated and nonsite integrated manufacture.

Special consideration is necessary for plants producing co-products (e.g. chlo-

rine/caustic soda, phenol/acetone) in estimating product stock value. An initial

approach might be to proportion production cost relative to tonnages produced,



913.11 Estimation of working capital
although where one product involves more processing than another, appropriate

adjustment should be made.

Working capital estimates are usefully detailed on a worksheet. An example of a

blank worksheet is provided in Fig. 3.5. This needs to be used in conjunction with the
Working capital estimating worksheet

Product

Annual production, t/yr

Raw material stocks

Materials in process

Material

Raw material

Total

Total

Total

Raw materials

Utilities

Period,
weeks

Cost,
$/t product

Period,
weeks

Inventory

Inventory,
weeks
production

Product stocks

Debtors

Creditors

Subtotal

Total working capital

Product Inventory,
weeks

Product cash
cost, $/t

Product
selling price,
$/t

Value,
$million

Value,
$million

Value,
$million

Inventory, t Unit value,
$/t

Value,
$million

Inventory,
weeks

Unit usage,
t/t

Unit cost,
$/t

Value,
$million

FIG. 3.5

Example of a working capital cost estimating sheet.
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operating cost worksheet discussed in Chapter 4. Worked examples involving work-

ing capital considerations and estimates are provided in Chapter 6.
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4.1 Scope and classification of operating costs
In the process industries, operating costs encompass all costs associated with the pro-

duction, distribution, and marketing of products, together with the ongoing costs of

developing or purchasing the enabling technology. Operating costs also include all

management and business costs incurred indirectly in making and selling products.

Operating costs extend over the operating life of a plant, but are commonly evaluated

for a stipulated time period; in project evaluation, the time period is conventionally

taken as one year. In reality, operating costs will vary from one year to the next,

resulting from any changes in production rates, maintenance schedules or operating

routines, or from any plant modifications. Costs will also vary with change in busi-

ness conditions affecting the prices of raw materials, utilities or labour. Many of

these changes cannot be foreseen at the evaluation phase of a project and are often

ignored in initial estimates.

During plant operation, operating cost targets must be set and compared with

achieved performance as part of the plant management strategy; shorter periods, typ-

ically of 3 months duration, are often adopted for budgeting. Operating costs, as well

as being expressed in currency units per time period, are widely expressed in terms of

currency units per tonne (or similar unit) of product produced.

In addition to defining the boundaries of fixed capital costs, it is important to

define the boundaries of operating costs. Considering the battery limits of plant

investment, for example, it costs a certain amount to take raw materials delivered

to the plant boundary and process these into a product delivered at another point

at the plant boundary. Further costs will be incurred in transferring the product to

customers. The customer may be an adjacent plant and product transfer may occur

through a pipeline. Alternatively, there may be a complex chain of product storage at

the manufacturing site, transport from the site which may entail road, rail or shipping

or a combination of these, and further storage at intermediate points, before ultimate

delivery to the customer. Similarly, raw materials supplied to the process will poten-

tially have undergone a sequence of upstream processing and transport steps, incur-

ring corresponding costs and influencing their unit cost.

In some cases, by-products or effluents generated in the plant will need further

treatment, often in a treatment facility located on the same site or in a separate plant.

It is most important to define the associated boundaries for manufacturing cost and to

account for all product and effluent streams, and their relevant production or

treatment costs.

It is necessary in the context of a total business operation to account for all oper-

ating costs incurred in manufacture. An accounting distinction is often made between
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manufacturing costs which are largely under the control of the plant manager and

nonmanufacturing costs. Nonmanufacturing costs include the costs of product dis-

tribution, product selling, ongoing research and development, and that share of the

cost of running the wider company which can be allocated to the product or business

in question.

Manufacturing costs encompass a list of identifiable costs, but these may be

broadly classified as:

• raw materials

• utilities

• personnel employed for the diverse range of tasks required

• capital-dependent costs such as maintenance, insurance, and property taxes

These costs may be conveniently grouped in a simplified model for production costs

expressed in Eq. (4.1). This model is useful as a means for making a quick, approx-

imate estimate of manufacturing cost, in identifying dominant cost contributions, and

in assisting an understanding of the ways in which operating costs are classified.

Since utility costs are energy-intensive, it may sometimes be convenient to substitute

energy consumption for utilities consumption in the model.

C¼
X

Riri +
X

Ejgj + Mmð Þ=QU + kIð Þ=QU (4.1)

where

C ¼ production cost ($/t product)
R ¼ consumption of raw material i (t raw material/t product)

r ¼ unit cost of raw material i ($/t raw material)

E ¼ consumption of utility j (e.g. MWh electricity/t product)

g ¼ unit cost of utility j (e.g. $/MWh)

M ¼ number of employees/t product

m ¼ average annual cost per employee ($/person) including payroll overheads

k ¼ factor to account for a number of costs dependent on fixed capital

I ¼ fixed capital investment ($)
P ¼ annual production (t product)
Q ¼ annual production capacity (t product)
U ¼ capacity utilisation (P/Q)

From the model, QU is the annual production achieved, Mm/QU represents the per-

sonnel costs per tonne of product, I/QU the fixed capital investment per tonne of

product produced annually, and kI/QU the fixed capital-dependent costs per tonne

of product.

It is constructive to distinguish between performance parameters R, E,M/QU as

distinct from unit cost parameters r, g, m. Performance parameters depend on the

technology adopted and on plant management, whilst unit cost parameters depend

largely on influences outside the control of the company operating the plant, and

are often location dependent. In discussing changes in the four cost categories in

Eq. (4.1) contributing to production cost, it is important to analyse whether the
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change has arisen because of a change in performance or in unit cost, or changes in

both of these. Fixed capital investment per unit of capacity is a function both of per-

formance (technology and management) and unit costs (labour and materials). The

fixed capital-dependent costs are also functions of both performance and unit costs.

Production (and all operating costs) are classified according to their dependence

on production rate. For a plant having a given design (or rated) production capacity,

those costs expressed in $/year which vary with change in production rate are

described as variable, whilst those which are unaltered with the change in production
rate are described as fixed. In this context, we need to express our simplified model of

Eq. (4.1) in terms of costs per time interval (or dollars per year) as

C QUð Þ
Production cost

¼
X

Ririð Þ QUð Þ
Raw materials costs

+
X

Ejgj
� �

QUð Þ
Utilities costs

+ Mm
Personnel costs

+ kI
Capital�dependent costs

(4.2)

For a continuous process plant, raw materials and energy costs are classified as

variable, and personnel- and capital-dependent costs as fixed. In preliminary

analyses, raw materials and energy costs tend to be represented as linearly variable,

and personnel- and capital-dependent costs as completely unchanged, with variation

in production rate. Detailed analyses, however, may show these simplified models to

be inaccurate. For example:

• raw material and energy productivities (1/R and 1/E) may well decline as

production rate increases, especially when production rate approaches or even

exceeds design capacity

• electricity consumption in MWh per tonne of the product may be much greater at

low production rates than the linear model predicts, due to the need to keep

machinery operating and sustain cooling water reticulation, lighting, or

refrigeration at low production rates

• wear of construction materials (and hence maintenance costs) may increase on

some plants with increasing production rates

• packaging labour requirements may increase at higher production rates

Nevertheless, the concept of fixed and variable costs is broadly useful and is fre-

quently expressed diagrammatically in conjunction with sales, to show the depen-

dence of profit on production rate (see Fig. 4.1). This highlights the importance

of operating at a production rate close to production capacity, that is, at a high level

of capacity utilisation, U.
Capacity utilisation, the ratio of production rate achieved to production capacity

is an important consideration in operating cost and profitability evaluation. As pro-

duction rate decreases to progressively lower levels of capacity utilisation, the plant

eventually operates at a loss; if this situation perpetuates, the plant may be shut down

because of its poor profitability. Capacity utilisation may be restricted by several

influences such as:

• lack of demand (the market influence)

• poor plant reliability
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Dependence of sales revenue and production costs on production rate.
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• shortages of raw materials or

• labour productivity problems, including the effects of strikes

Raw materials availability is a particular issue in the evaluation of processes based

on renewable feedstocks, such as bagasse (used as a feedstock for bioethanol)

where seasonal influences affect the pattern of supply. Shipping frequency can be

another issue where feedstocks are imported and stored in large quantities. Seasonal

influences on product demand can also affect capacity utilisation, for example, in the

supply of natural gas, where demand for domestic and commercial heating varies

from summer to winter.

A further cost classification widely used in the context of varying production

levels is that of marginal or incremental cost, which is the additional cost per tonne
of product resulting from an incremental increase in production. The marginal cost

per tonne of product is usually much less than the total cost per tonne of product at the

increased production level, and in many continuous process plants, may be limited to

the variable costs of production.
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As well as being dependent on production rate, production costs are scale (or

capacity) dependent, reflecting the dependence of both fixed capital investment

and operating personnel requirements on plant capacity. Thus whilst R and E are gen-

erally independent of plant capacity,M/Q and I/Q generally decrease with increasing

capacity, providing economies of scale. The extent of dependence of production cost
on capacity depends both on the relationships between I andM with Q, and the mag-

nitude of personnel and fixed capital-dependent costs compared with raw material

and utility costs.

It is a common practice amongst chemical engineers to summarise operating

costs as an operating cost summary sheet, which identifies all the key contributors

and their inputs in terms of performance parameters and unit cost parameters, with

costs estimated on an annual basis and as cost per tonne of product. An example of

such a cost summary sheet for preliminary estimates is shown in Table 4.1. The spec-

trum of cost categories contributing to total operating costs and the basis and means

of their estimation are now explored.
4.2 Raw material costs, consumptions, and prices
Raw materials are materials which are fed into the process at various stages and are

ultimately converted by physical and chemical (and sometimes biochemical)

changes to products (and in some cases by-products). Major rawmaterials are readily

identifiable, but minor raw materials must also be accounted for. Thus salt is a major

raw material in the manufacture of chlorine and caustic soda, but other chemicals are

also required, for example, soda ash for reducing calcium concentration in brine fed

to chlorine cells and sulphuric acid for drying wet chlorine produced in the chlorine

cells. The term ‘feedstock’ is frequently used for a major starting raw material in a

process, especially in the context of hydrocarbon processing.

At the evaluation phase of a project, rawmaterials consumption may be estimated

from flowsheet considerations based on detailed mass and energy balances. It is

important however to account also for operating inefficiencies derived from factors

such as the production of out-of-specification product, and a range of potential

production losses. Potential losses may be due to evaporation, spillage, release

through purge streams, or weather effects in outside storage.

Such inefficiencies are difficult to quantify without the benefit of operating

experience. At the operational phase of a project, overall mass and material balances

can be compared with achieved inputs and outputs; this is an important aspect of both

process and environmental management, since leaks, spillages, and fugitive emis-

sions contribute both to materials losses and environmental impacts.

Data on raw materials consumption as well as other performance parameters for

established commercial processes are available in process technology reviews. Such



Table 4.1 Simplified operating cost summary sheet.

Product

Process route

Plant capacity

Capacity utilisation

Product selling price

Fixed capital

Production cost Unit usage
(unit/t)

Unit cost
($/unit)

Annual
cost
($million)

Cost per
tonne
product ($/t)

Raw materials
………………….
............................

Total raw
materials cost ………….. …………

Utilities
Electricity
Fuel
Steam
Cooling water
Other

Total utilities cost ………….. ………….

Process labour
Operators per shift
Number of shift
teams
Total shift operators
Day operators
Total process
labour wages

Number Salary
($/year)

…………. ………….

% Process
labour
wages

Payroll overheads
Plant overheads

…………..
………….

…………..
………….

% Fixed
capital

Maintenance
Insurance
Property taxes
Book depreciation

………….
………….
………….
………….

………….
………….
………….
………….

Total fixed cost …………. ………….

Total production
cost (TPC)

Fixed
Variable
Total

………….
………….
………….

………….
………….
………….

% TPC

Corporate
administration
Research and
development
Selling expenses

………….

………….
………….

………….

………….
………….

………….

………….
………….

Total operating
cost …………. ………….
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data always needs careful assessment in the light of the scope and technology

adopted in the relevant process plant. Process technology reviews can be found in

• encyclopaedias of chemical technology (e.g. Kirk Othmer [1] and Ullmanns [2])

• books (e.g. McKetta [3], Rudd et al. [4], and Gary et al. [5]) as well as

• journals related to chemical engineering and the process industries.

Some indicative raw materials requirements for selected process technologies are

listed in Table 4.2. Some indicative price data for raw materials spanning fuel

and mineral commodities as well as some intermediate chemicals are provided in

Tables 2.4–2.6 in Chapter 2. Some important considerations in assessing price data

are discussed in Sections 2.5.2 and 2.5.3; important strategic drivers from a project

design viewpoint include the source, quality, ease of access, and supply reliability of

the raw material.
Table 4.2 Indicative raw materials requirements for selected process
technologies.

Product Raw material
Consumption
Tonnes per tonne product

Acetic acid Methanol
Carbon monoxide

0.53
0.47

Alumina Bauxite
Caustic soda
Lime

2.0
0.1
0.05

Aluminium Alumina
Anode carbon

1.93
0.5

Ammonia Methane 0.57

Chlorine and caustic soda Salt 1.68

Diammonium phosphate Ammonia
Phosphoric acid

0.22
0.65

Ethylene Ethane 1.24

Ethylene Propane 2.11

Ethylene Naphtha 2.7

Ethylene oxide Ethylene
Oxygen

0.88
1.1

Formaldehyde Methanol 1.18

Hydrogen Methane 3.2

Methanol Methane 0.71

Nitric acid Ammonia
Oxygen

0.28
0.17

Phosphoric acid Phosphate rock
Sulphuric acid

2.43
2.0



Table 4.2 Indicative raw materials requirements for selected process
technologies—cont’d

Product Raw material
Consumption
Tonnes per tonne product

Single superphosphate Phosphate rock
Sulphuric acid

0.63
0.39

Soda ash Salt
Limestone
Coke

1.5
1.24
0.09

Sodium cyanide Methane
Ammonia
Sodium hydroxide

0.35
0.37
0.85

Sulphuric acid Sulphur 0.32

Vinyl acetate Acetic acid
Ethylene

0.71
0.35

Vinyl chloride monomer Chlorine
Ethylene

0.64
0.49

1034.3 Utilities
4.3 Utilities
Utilities (sometimes referred to as services) include primarily energy, heating and

cooling needs for the process, but also inert gas and in some cases effluent treatment

facilities. The more common utilities in a process plant are fuel, steam, electricity,

cooling water, raw water, compressed air, nitrogen, and refrigerated coolants.

4.3.1 Utilities consumption
At the evaluation phase of a project, steam and cooling water consumption may be

estimated from flowsheet considerations, based on detailed mass and energy bal-

ances. Allowance for losses and contingencies must be made. In the case of steam,

energy losses due to radiation and line losses are probable and may account for up to

20% of theoretical calculations, whilst for batch processes careful accounting must

be made for sensible heat requirements. Steam may be required in certain cases for

turbine drives on machinery. For cooling water, losses and contingencies may also

account for approximately 20% of theoretical calculations. Cooling water is often

required for a range of duties associated with machinery components, for example,

lubricating oil coolers on gas compressors, which are not accounted for in flowsheet

energy balances.

Electricity consumption for a process plant may be estimated from the sum of

electric power consumptions on the drives for each operating equipment item. At

design production capacity, this generally approximates 80%–90% of the installed

power for operating drives. Additional allowances are required for line losses and

contingencies, which collectively may account for 10%–15% of that estimated for

equipment drives. Thus total power frequently approximates the sum of rated
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capacities of operating drives (excluding capacities for standby equipment). The

rated power is multiplied by the anticipated online hours of the plant for the year,

to give an annual energy consumption in kilowatt hours at design annual production

capacity.

Electricity consumption varies considerably for process plants. For electrochem-

ical processes such as chlorine and caustic soda from sodium chloride, and for alu-

minium smelters converting alumina to aluminium, high consumptions of electricity

are required for reactors and are major contributors to operating costs. Electricity

consumption is also high for high-pressure processes such as ammonia production,

due to the need for synthesis gas compression.

Raw water is required as make-up for steam circuits (where demineralised water

is normally used) to replace steam losses and boiler blowdown, and also for cooling

water circuits to replace evaporation, entrainment, and purge losses. Water is also

required for washing, drinking, and sanitary purposes. It may be drawn from one

of a number of sources, for example, mains, river, bore, or other. Desalinated sea

water is increasingly being used for remote mining or processing sites, and for sup-

plementing infrequent supplies of rain water and low levels in storage dams [6].

Fuel (typically natural gas, coal, or petroleum-derived products) may be required

for furnaces, kilns, and driers, as well as for steam raising. Fuel is often required

when high temperatures are required beyond those achievable from superheated

steam. Knowledge of equipment design will be necessary to assess heat losses

and to estimate fuel consumption. Fuel may also be required for start-up of certain

plants; for example, where a catalytic reactor operates at elevated temperatures, pre-

heating of the catalyst and reactor is required.

Purge gas and compressed air requirements vary considerably for different

plants. Some refrigerant losses may occur in refrigeration plants, especially at

start-up and early operation, needing make-up of refrigerants. Estimates of purge

gas, compressed air, and refrigerant consumptions need to be guided by previous

plant operating experience.
4.3.2 Unit costs of utilities
A number of approaches can be adopted in obtaining the supply of utilities. Utilities

may be purchased from a public or private utility, from an adjacent plant on the

same site (e.g. steam raised from process heat recovery), from a company-owned

centralised facility (e.g. a steam and power plant providing steam and electricity

to a number of different plants on the one site), or generated on site solely for

one process plant.

In each case, the utility cost structure can be quite different in relation to contri-

butions of fuel, water, labour and capital costs, and profit margin. For example:

• raw water cost will depend on availability, quality, treatment and supply costs

• desalinated sea water cost for raw water usage will depend on the scale of the

desalination plant and energy source
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• cost of cooling water derived from freshwater will comprise predominantly

make-up water, energy for cooling tower fans and cooling water circulation

pumps, and capital-dependent costs (see Example 6.2 for problem on cooling

water cost)

• cost of sea water cooling will have a different cost structure to that derived from
freshwater; limits on return water temperatures to the ocean and resulting

pumping costs, and corrosion impacts on heat exchanger capital costs must be

considered

• steam costs will reflect the costs of fuel, make-up demineralised water, capital-

dependent costs derived from the boiler, chemicals used in boiler feedwater

treatment, energy consumed in pumping water to boilers, and labour. Steam costs

will reflect the pressure of steam generation

The simplified model for production costs represented in Eq. (4.1), applies also to the

cost of utilities production. The cost of electric power will depend on the technol-

ogies employed in its generation and the cost of distribution. Hydroelectric power

has been traditionally the cheapest. Costs from fuel combustion systems are influ-

enced by the particular fuel used, the capacity and technology of generation, capacity

utilisation, the cost of distribution and supply, and in some countries by imposed

carbon taxes. Renewable sources such as solar are being increasingly explored for

integration within a spectrum of mining, fuel extraction, and process industries.

Table 4.3 summarises some published capital and operating costs, value-added,

and CO2 emissions for fuel and generation cycle systems used in Australia. The esti-

mates indicated that natural gas combined cycle was most competitive in both capital

and operating costs and CO2 emissions. These estimates were based on a gas price of

$4(Aust.)/GJ which has since doubled in parts of Australia since the estimates were

made arising from LNG export commitments. The brown coal steam turbine system
Table 4.3 Estimates of Australian electricity generation costs [7].

Generation cycle-fuel
system

Steam
turbine
Brown
coal

Steam
turbine
Black coal

Open
cycle
Gas
turbine
Natural
gas

Combined
cycle
Gas turbine
Natural gas

Capital investment
($billion)

3.18 2.29 1.54 1.31

Value added ($/MWh) 57.3 42.7 35.9 45.8

Annualised cost
($/MWh)

46.4 66.9 50.4 34.7

CO2 emissions
(kg/MWh)

1209 1023 825 535

Notes: (1) Cost estimates are in $Aust. 2000 and based on 1000MW generating capacity. (2) Value
added ¼ sales value less nonlabour and noncapital inputs. (3) Annualised cost ¼ annualised capital
cost + operating and maintenance costs.
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was observed to be competitive economically in terms of value-added because of the

low cost of brown coal, but has major capital requirements and is the largest emitter

of CO2.

In some cases, utility prices charged to consumers involve both fixed and variable

cost components, reflecting the cost structure of generation and distribution. This

approach is commonly adopted in domestic supply of electricity and water and

may also be applicable to industrial consumers. In other cases, utilities may be

charged as a simple unit cost (e.g. $/GJ, $/MWh, $/t). Since both fixed and variable

costs are incurred in utilities generation and supply, scale economies are realised.

The extent of the scale economies reflects the cost structure for the particular utility.

Table 4.4 provides some indicative current costs of utilities for industrial use.

These are indicative only and will vary for different countries and plant locations.

The costs reflect the availability, quality and cost of fuel and water, as well as capital

costs of generation facilities and labour costs. Prices can also be influenced by quan-

tities purchased and approaches to accounting for capital charges. In some cases,

public utilities include the cost of distribution in their price structure, so that there

is no price benefit from being close to the source of utility generation (nor penalty

from being remote). Public utilities often negotiate special contracts for large users.

Electricity tariffs usually include concessions for users of off-peak electricity. In

some cases, electricity prices are influenced by an agreed maximum demand; if

the upper limit is exceeded, price penalties are incurred.
Table 4.4 Indicative prices of utilities supplied to process plants.

Utility Cost US$ 2018 Comments

Natural gas $3–8/GJ Price is cheapest in United States
(approximately $3/GJ) reflecting
availability and price of shale gas;
European prices are higher
(approximately $5–6/GJ); prices in
Japan are higher again (approximately
$9/GJ) reflecting cost of liquefaction at
exporting country, shipping and
regasification

Steaming coal $60–85/t
Steam
HP—40 bara
MP—15 bara
LP—5 bara

$10–16/t
$8–13/t
$6–9/t

Electricity $70–140/MWh

Water
Towns water
Desalinated water
Boiler feedwater
Cooling water

$0.7–1.8/t
$1.0–4.0/t
$1.5–2/t
$0.1–0.2/t

Water costs vary considerably. Costs
of desalinated water are reported to
have decreased in recent years, i.e.
from 2015 to 2019

Nitrogen $30–70/t
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The European Commission [8] has published a series of reports on energy prices

and costs in Europe, comparing prices both in European member countries and coun-

tries globally. The report also explores the driving forces for costs, such as the gen-

eration technology employed, fuel costs, approaches to energy efficiency, and

strategies for mitigating carbon emissions.
4.4 Personnel costs
Fig. 4.2 indicates the variety of personnel functions required for the operation of a

process plant. These functions could be grouped as process labour, maintenance

labour, and a diverse range of staff.

Process labour includes process operators (frequently on shift) responsible for

plant operation including start-up and shut-down routines as well as abnormal oper-

ation. It is important to note that the total number of shift process operators will be

four to five times the number of operators per shift to enable a viable shift roster.

Additional process labour over and above shift labour may be required on day work

for making up reagents, product packaging, or raw materials handling.

Maintenance labour includes tradespersons and their assistants responsible for

ongoing maintenance (planned and unplanned) on the plant. Some shift cover may be

appropriate in special cases, but most maintenance work is more commonly carried

out during week working days, with call-ins to handle abnormal situations if

required.

Direct supervision of process labour and maintenance labour are normally

provided by personnel who have had direct experience of the work involved.

Shift supervision is normally required for process labour and day supervision for

maintenance labour.
Operations – organisation chart

Works manager

Production
Manager

Plant
Managers

Tech
staff

Lab
staff

Process
Operators

Office
staff

Development
manager

Chief
Engineer

Maintenance
engineer

Maintenance
 trades

Projects
engineer

Chief
Accountant

FIG. 4.2

Typical personnel functions required for an operating process plant.
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Contract labour is frequently employed for maintenance at major shutdowns,

which may be planned on an annual, biennial, or triennial basis depending on the

particular plant and its technology. In some cases, contract labour may also be

employed for utility plant and process plant maintenance.

Staffingmay be broadly categorised as technical, administrative, and clerical. In

most process plants this includes production, engineering, technical support, labora-

tory, accounting, clerical and secretarial functions, as well as specialist functions.

Some managerial and specialist functions (e.g. personnel, medical, stores, safety,

transport) may be shared between more than one plant.

Some traditional approaches to preliminary estimation of operating costs on pro-

cess plants have estimated process labour costs initially, and then applied factors for

other personnel or personnel-related costs. Since total costs related to personnel have

typically accounted for some three times the cost of process labour, a poor estimate

of process labour costs can have a considerable influence on the validity of such an

estimate.

Plant personnel frequently interact with other company personnel in the areas of

marketing, technology, research and development, product sales, and corporate plan-

ning. Plant personnel need specialist services to fulfil their responsibilities, and also

are required to give specialist advice to other company personnel, as well as outside

bodies in industry, community and government, by virtue of their specialised knowl-

edge of the plant.

Divisions between process labour and maintenance labour responsibilities in

process plants were once rigidly defined. Some trends in more advanced econo-

mies, however, have been towards less rigid demarcation of responsibilities with

certain personnel being required to perform both operational and maintenance

functions.

In recent years, in established economies a general policy has been adopted to

reduce the number of employees in all facets of company organisations. This has

been true in process industry companies for all classes of personnel. Particular care

must, therefore, be adopted in projecting historic data for plant personnel require-

ments for use in current estimates.

The influence on personnel requirements from plant and equipment capacity,

technology evolution, degree of automation and computerisation, country and site

location, and industrial relations policy can be considerable. Insight into these influ-

ences can be gained from detailed studies of particular technologies from a global

perspective over an extended time period. One such published study has been made

of aluminium smelting technology [9].

From the 1950s to the early 1980s, total personnel requirements on aluminium

smelters, chlorine/caustic soda plants and ethylene plants employing best available

technology and scale did not change greatly despite considerable growth in plant

capacity [10]. Chemical industry statistics for OECD over the same period show little

growth in overall employment concurrent with substantial growth in scale and diver-

sity of the industry; a slight decrease in the proportion of operating to nonoperating

personnel over the period is evident.
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Useful information about personnel requirements for a process plant or industry

at a given time can often be obtained from published literature, for example environ-

mental impact statements or technology reviews. Some broad observations are now

presented.
4.4.1 Effects of process technology, complexity, and scope
As the number of processing steps and complexity increases, so will the demands on

operating labour, maintenance labour, and diversity of technical and administrative

personnel increase. Apart from the inherent requirements of a particular process

technology, drivers for increased personnel numbers include

• extent of raw material purification required

• extent of heat integration and materials recycling

• the number of products produced

• the extent of product packaging

• the extent of effluent treatment

• the extent of integration with other plants on the same site

• the nature and extent of storage facilities for raw materials, intermediates, and

products
4.4.2 Effects of capacity
Personnel needs depend on plant capacity. The effects are frequently different for

different categories of personnel, as illustrated by some planning studies for alumin-

ium smelters [11, 12]. Aluminium smelters are of interest since they typify parallel

streamed processes. These forecasts indicated that where n is the number of potlines

and M the number of persons employed:

M ∝ n0.4 for professional/technical/supervisory staff

M ∝ n0.6 for qualified tradesmen

M ∝ n0.85 for process workers
M ∝ n0.4 for clerical/service staff

M ∝ n0.67 for total personnel

The number of potlines may be taken as a direct indicator of smelter capacity. At the

two potline stage, total personnel comprised 50% process workers, 23% qualified

tradespersons, 16% professional/technical/supervisory staff, and 11% clerical/

service staff.

Other examples of parallel streamed plants include

• chlor-alkali reactors for converting sodium chloride brine into chlorine, caustic

soda, and hydrogen

• the use of membrane cells in sea water desalination plants
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In parallel streamed plants, there is a greater dependence of personnel on capacity

than in a predominantly single stream plant such as vinyl chloride monomer, or a

plant of mixed single and parallel streaming such as ethylene (parallel reactors

but essentially single stream purification). Table 4.5 lists some published capacity

exponents for various categories of labour in plants using specific technologies;

whilst the data is drawn from earlier sources, it illustrates the variation in dependence

on production capacity for different employee categories, as well as the high depen-

dence on the capacity for process labour in parallel streamed plants.

As a broad generalisation, the dependence of total personnel employed (M) on

plant capacity (Q) approximates the relationship

M¼ kMQ
a (4.3)

where kM is a proportionality factor

a ¼ 0.3–0.4 for single stream plants

0.6–0.7 for parallel stream plants

and has an intermediate value for mixed single stream/parallel stream structured

plants.
Table 4.5 Some published capacity exponents for various categories of
personnel.

Technology Category of labour
Capacity
exponent References

Aluminium
smelting

Process workers
Qualified tradesmen
Professional/technical/
supervisory
Clerical/service
Total manning

0.85
0.6

0.4
0.4
0.67

Comalco Ltd [11]

Aluminium
smelting

Works management
and production
Administration
Engineering
Smelter
Anode plant
Total manning

0.62
0.35
0.2
0.97
0.95
0.62

Alcoa Portland [12]

Ethylene Operating labour
Maintenance labour
Others
Total manning
Operating plus
maintenance labour

0.1
0.7
0.7
0.35

0.35

Wynn and Rutherford [13]

Pilbara [14]

Chlorine/
caustic soda

Process labour and
cell maintenance
Operating plus
maintenance labour

0.47

0.42

Guglielmi [15]

Pilbara [14]
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As in the case of fixed capital costs, there is evidence in some cases of an increase

in the exponent as plant capacity increases.

4.4.3 Effects of time and technological progress
If personnel data is obtained from a previous project, it is important to consider the

effect of both the scopes of the plants considered and technological progress in

applying the data to a current project. Studies of performance on plants of best avail-

able technology and scale over extended periods have shown personnel productivity

as the area of most rapid productivity change. Annual rates of change in personnel

productivity during periods of plant capacity development approximated 5%, 8%,

9%, and 12%, respectively, for aluminium smelting, chlorine, ethylene, and catalytic

cracking plants. Refer to Section 7.8 and Table 7.4 in Chapter 7 for further details.

Plant and equipment capacity development and automation are key factors.

4.4.4 Effect of location
Personnel levels on identical plants may be different in various countries and loca-

tions due to differing policies and traditions in industrial relations, work practices,

and wage rates. In aluminium smelters for example major differences in personnel

numbers have been reported in United States or France and developing countries in

1960s; differences are also evident within the 1980s between newly constructed

United States and Australian smelters.
4.5 Estimating process labour requirements and costs
Estimating process labour requirements for a process plant require a detailed consid-

eration of operational tasks, including both routine and abnormal operation. This

requires experience and knowledge of a particular type of plant and its operation.

Reference to known personnel levels for a plant involving similar unit operations

is helpful. For example, ammonium nitrate plants involve a neutralisation reaction,

followed by evaporation, crystallisation, centrifuging, drying, and packaging. Per-

sonnel levels for such plants could be useful in estimating requirements for sodium

phosphate or sodium cyanide plants which involve similar unit operations. Gary et al.

[5] have provided estimates of operational staff for a naphtha desulfuriser within a

petroleum refinery, which could guide estimates for other units in a refinery. Clews

has provided details of shift operators for chlor-alkali plants [16].

Wages for process operators vary with the particular type of industry, its technical

sophistication, level of profitability and company policy, as well as with the partic-

ular country. For many countries, the shift operator’s wage has been marginally

higher than a chemical engineering graduate’s commencing salary. A shift operator’s

wages are higher than a day operator’s wages, reflecting the requirements imposed

on working days and times. A comparison of labour rates between countries for 2012

has been published by the US Bureau of Labour Statistics [17]. More recent labour

comparison data is published by the US founded Conference Board [18].
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4.5.1 Payroll overheads
In addition to wages or salaries paid to employees, other costs are incurred by the

employer through workers compensation premiums (related to government safety

provisions), leave (including sickness, annual, statutory holidays, and long service),

payroll tax, and superannuation pension contributions. These costs are typically 30%

to 50% of wages or salaries depending on the employing company and relevant gov-

ernment policy. They also vary from country to country.

4.5.2 Consumable stores
These items comprise gloves and other protective clothing for operators and super-

visory personnel, lubricants, andmiscellaneous items used in the course of duty. Also

referred to as operating supplies, they represent a minor operating cost and are fre-

quently estimated as a function of process labour costs.
4.6 Plant (or works) overheads
These costs include the costs of factory or works staff including engineers, scientists,

accountants, clerical, secretarial personnel, specialist personnel, and senior works

management. They can also include a range of other costs associated with maintain-

ing stores, vehicles, medical, cafeteria, and workshop facilities, and site security;

these costs include outside contract staff and some capital-related costs. The costs

of employing factory staff can be estimated from numbers of persons employed

and their salaries, with an allowance for payroll overheads. Estimates of staff num-

bers can be made by extrapolation of data on similar operating plants. Companies

sometimes prefer to engage external consultants or contractors to perform tasks

which might otherwise be done by employed staff.

Plant overheads are less directly identifiable with process operations than are raw

material, utilities, process, and maintenance labour costs. Plant overheads have often

been estimated as a factor of process labour, or process labour plus maintenance

labour, or occasionally as a percentage of fixed capital in preliminary estimates.

The costs associated with laboratory control (laboratory staff, analytical equipment

maintenance, reagents) are sometimes excluded from plant overheads and treated as

a separate cost category. Wherever such factored approaches are adopted, it is essen-

tial for more accurate estimates to consider the total number and roles of employees

and their salaries, as a basis.
4.7 Depreciation costs
The concept of depreciation as a cost derives from the loss in value of an asset, in this

case, the process plant, over its operating life. The fixed capital cost of the plant is a

measure of its initial value. At the conclusion of its operating life, plant value is usu-

ally negligible. There may be some salvage value for certain equipment items, but

this will be less than the purchased value and less again than the installed value of the
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equipment. Plant dismantling and/or demolition must be accounted for, and there are

some cases (e.g. nuclear power plants) where the dismantling and decontamination

costs are substantial. Site decontamination costs for chemical plants and mining

operations have recently received increased attention; in many cases, such costs

reflect long periods of operation and limited awareness of environmental effects

at the time of operation.

Duration of plant life is difficult to estimate with precision at the investment pro-

posal stage. Usually, economic factors, rather than physical deterioration, determine

the end of plant life. Product or process obsolescence, lack of competitiveness in

scale or cost structure, costs of meeting changes in environmental and safety stan-

dards, or excessive maintenance costs are some of the contributing factors to plant

obsolescence and decisions by companies to terminate plant operation. Estimates of

project life need to take into account the likely product and technology life cycles, the

dynamics of the economy, the extent of competition, and physical wear (and corro-

sion). Physical wear may lead to excessive maintenance costs or poor reliability of

plant; there may also be increased vulnerability to safety and environmental risks.

For process plants producing undifferentiated products, 10–15 years operating life

is a common assumption in investment appraisals. Many process plants, of course,

have much longer lives, though expansion and modernisation programmes involving

additional capital investment are frequently involved. Power generation plants are

assumed to have longer lives (say 20 years) and the Victorian State Government

in Australia assumed a 30-year life for the Portland aluminium smelter [19]; both

of these projections have been exceeded.

Whilst depreciation can justifiably be regarded as an operating cost, it is impor-

tant to recognise that depreciation is not a direct component of cash flow, or not an

‘out of pocket’ expense. It is more strictly an internal company provision to reflect

the reduction in the value of plant and equipment over time, and the need to provide

funds for future reinvestment. Such reinvestment would be in a replacement plant of

improved technology necessary to ensure continuing business competitiveness, or

alternatively in another business venture judged to be of greater long-term benefit

to the company and its shareholders.

It is important to distinguish between ‘book’ depreciation and ‘tax’ depreciation.
The former is an internal company allowance. The latter is the allowance the tax

commissioner will permit the company to deduct from profit to arrive at assessable

income for taxation. The tax depreciation allowance thus directly influences the

after-tax cash flow, through influencing the tax paid. The two allowances are similar

in concept but different in execution and may be quite different in value. ‘Book’

depreciation affects the company’s retention of earnings for future reinvestment,

whilst ‘tax’ depreciation affects the after-tax cash flow and achieved profitability

for the project involved.

There are two basic methods for estimating depreciation:

(i) straight-line method

(ii) reducing balance method
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The straight-line method depreciates a plant by a constant percentage of the initial

fixed capital investment. Thus an investment of $200 million depreciated over

10 years would have an annual depreciation allowance of $20 million until the plant

was fully depreciated. More generally (assuming zero scrap value)

Annual depreciation allowance¼ Fixed capital investmentð Þ=n (4.4)

where n ¼ economic life in years

and rate of depreciation ‘r’ is given by

r¼ 100=n (4.5)

The reducing balance method employs a constant rate depreciation of the net depre-

ciated value of the asset. It leads to higher annual allowances in the early years. For

example, if the constant rate were 15% per annum, an investment of $200 million

would have depreciation allowances of $30 million, $25.5 million, and $21.6 million

in the first 3 years. The economic life n can be related to the depreciated rate r by the
expression

r¼ 1� Residual value=Intial investmentð Þ1=n (4.6)

Tax depreciation is discussed further in Chapter 5 and in particular Section 5.2.
4.8 Land taxes
These taxes include land and water rates, which are functions of unimproved and

improved capital values and hence the location. These usually comprise a relatively

small cost item. Most companies operating process plants find it cheaper and more

satisfactory to own land than to lease industrial premises.
4.9 Insurance
Insurance of the plant against fire, explosion or storm damage can be negotiated. The

premium is a function of the risk involved and usually negotiated as a percentage of

fixed capital. Contributing factors to the risk are complex but include

• the inherent safety of the process concerned

• the design provisions of the plant

• the location of the plant, including its vulnerability to extreme weather events

• maintenance standards

• aspects of management including safety training and operating procedures

Typical percentages range between 0.1% and 3.0%, averaging 0.5% [20]. A detailed

account of the principles governing economics and insurance is given by

Mannan [21].

Should plant damage be extensive, the elapsed time between damage and recom-

missioning of the repaired plant will inevitably result in loss of sales revenue.
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To cover this loss, an additional annual premiummay be paid, termed ‘loss of profits
insurance’ which usually amounts to 1%–2% of annual sales revenue.
4.10 Maintenance
Maintenance costs include the cost of all materials and labour for planned and

unplanned maintenance of plant and buildings. Allowance needs to incorporate

major shut downs or turn arounds, for which additional contract labour may be

required over and above the regular maintenance employees.

Annual maintenance costs are usually estimated as a percentage of fixed capital.

The percentage is higher for processes which operate under more severe conditions

of temperature, pressure, and corrosion. Values quoted from various sources range

from 2% to 11% fixed capital, averaging around 5%–6%. Increasing emphasis on

plant reliability is leading to increased capital costs of plant with correspondingly

reduced maintenance costs as a proportion of fixed capital. The breakdown in main-

tenance costs is approximately evenly divided between materials and labour in most

cases. As is the case for personnel cost estimation generally, it is important to cross-

check the percentage of fixed capital estimate with an estimate of the likely number

of maintenance workers required together with their salaries.
4.11 Royalties
Royalties are payments for technology which is incorporated in the plant design or

aspects of the process operation. These may be made as an initial lump sum, or as a

continuing royalty based on sales revenue, or a combination of the two. Royalty pay-

ments may entitle the user to access technology improvements which can be incor-

porated into existing or subsequent plants. Royalties vary considerably with the

nature of the industry and product, reflecting both novelty and research intensive-

ness. Royalty payments in some cases may continue until a patent expires.

Licensors of process technology often make agreements with process plant con-

tractors, for the mutual benefit of each party in marketing the process technology,

using their respective skills.
4.12 Packaging
Packaging costs include the cost of packages (e.g. drums, bags, cylinders, bottles),

ancillary materials (e.g. pallets, shrink-wrapping), packaging labour, and costs asso-

ciated with maintenance and depreciation of packaging equipment.

Packaging costs may vary considerably in magnitude and in relation to the prod-

uct value. For some products and plants, packaging is not required. It is therefore

impossible to generalise about packaging as a factor of production costs. Little pub-

lished cost data are available in this area.
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4.13 Nonmanufacturing costs
4.13.1 Distribution costs
The distribution cost of a product is usually paid by the consumer, but may be

charged to the product cost as a marketing strategy. Distribution costs include costs

of transport, all associated product handling including loading and unloading facil-

ities, and the costs of storage at distribution centres. Distribution costs are a function

of the product (e.g. a liquefied gas, or free-flowing solid), the scale of transportation,

hazards associated with transport, distribution of customers and their relative

requirements, the basic methods of transportation (rail, road, shipping, pipeline),

and the transportation distance involved.

The costs of distribution become an increased proportion of total operating costs

for low-value products, for example, sulphuric acid, and in such cases often provide a

form of protection for local producers against import competition.

Little is published in the public domain about costs of transportation and distribu-

tion of process industry products. Indications of costs can however often be obtained

from a specific industry or product studies which include consideration of transport

costs. Costs are often reported in terms of $/tkm although in some cases transport costs

can be dominated by loading and unloading costs. A transport cost model would need

to account for the capital investment in the transportation facility inclusive of storages

at loading and unloading points, energy costs incurred in transport, associated person-

nel costs and insurance costs. There are many contributing influences to actual charges

such as the viability of backloading, government subsidies, effect of competition, and

the approach to the depreciation of the transport ship or vehicle.
4.13.2 Selling expenses
The costs of marketing and selling products are functions of the nature of the product

and the market structure. Related aspects have been discussed in Chapter 2. An inter-

mediate like sulphuric acid or ethylene will require very little product development

or sales support compared with an end product like polypropylene. Selling expenses

will increase with the number of customers and the diversity of product applications.

A relatively new product is likely to require a considerable amount of marketing and

technical service both to establish product applications and to encourage the adop-

tion of the product by potential users. Selling expenses typically contribute between

1% and 20% of manufacturing costs. Estimates should be cross-checked against the

envisaged personnel numbers and their salaries necessary to provide the service.
4.13.3 Research and development
Costs associated with research and development (R&D) are dependent on the com-

pany, its size, ownership structure and policy, and on the types of product, process

and technology that characterise the company’s business. Companies tend to central-

ise their R&D activities usually in the country of their incorporation and may
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undertake little or no R&D in overseas countries in which they have operations. This

has been true, for example, of many US-owned petroleum refining and chemical

companies which have had overseas operations in smaller countries.

For industries undergoing rapid technological change (e.g. materials develop-

ment) or involving products with relatively short life cycles (e.g. pharmaceuticals)

or industries seeking to embark on higher risk new technologies (e.g. biotechnology),

R&D costs are higher. If companies do not elect to do R&D, they must be prepared to

purchase their technology through royalties or operate in businesses where techno-

logical change is slow.

R&D costs incorporate laboratory and pilot-scale plant costs but are also heavily

dependent on highly trained research and development personnel. Most literature

sources suggest R&D costs amount to 1%–7% of manufacturing costs averaging

around 3%.
4.13.4 Corporate administration
Process plants are owned and financed by companies which need a number of per-

sonnel to direct and advise the company in areas such as management, public rela-

tions, finance, and corporate planning. These costs typically account for 3%–6% of

manufacturing costs.
4.14 Capital recovery and financial expenses
The time value of money and cost of capital is normally accounted for in cash flow

estimates using the net present value criterion, as discussed in Chapter 5. However, it

is sometimes convenient in operating cost estimation, as an alternative to book depre-

ciation, to include the burden of capital cost using a capital recovery factor. The cap-

ital recovery factor accounts for the annual cost of recovering a capital investment

over a plant operating life of n years, where the interest cost of capital (on a real basis
and after tax) is i%/annum. The capital recovery factor f is applied as a factor of cap-
ital investment to give an annual cost and is defined as

f ¼ i 1 + i=100ð Þn
1 + i=100ð Þn�1

(4.7)

Thus for a value of i of 8%/annum and a life n of 15 years, f ¼ 0.117.

Financial expenses for a project vary depending on the sourcing of the finance,

and on the extent to which loan and equity funds are used. Generally, projects are

evaluated, at least initially, independently of the financing policy.
4.15 Factored approach to operating costs
Factored approaches to operating cost estimation are intended for quick, approxi-

mate estimates, and for comparison of processing alternatives. These approaches

have in common the factoring of process labour and fixed capital investment costs
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for addition to the costs of raw materials, utilities, and (if applicable) product pack-

aging. Manufacturing costs can be broken down into

C¼CR +CU + 1 + kLð ÞL+ kII + P½ � (4.8)

where

C ¼ manufacturing costs

CR ¼ raw material costs

CU ¼ utilities costs

L ¼ process labour costs

I ¼ fixed capital expenditure

P ¼ packaging costs, where applicable

kL ¼ factor of process labour costs, accounting for supervision, payroll

overheads, operating supplies, laboratory, and plant overheads

kI¼ factor of fixed capital expenditure accounting for depreciation, maintenance,

insurance, and property rates

Nonmanufacturing costs can be estimated as a factor kC of manufacturing costs, such

that total operating costs O can be expressed as

O¼C 1 + kCð Þ (4.9)

where kC accounts for R&D, selling expenses, and corporate administration.

The factors kL, kI, and kC are, respectively, the sums of smaller component factors

which when multiplied by L, I, or C represent various cost categories contributing to

the total operating cost. Typical values of overall factors kL, kI, and kC, are 2.8, 0.15,
and 0.2, respectively. Whilst these values will differ for plants of different process

technologies, their variation is likely to be less than the variation in factors within the

contributing costs.

Table 4.6 reflects the author’s estimating experience supported by the accumu-

lated wisdom of the literature. Explanatory notes are included in the table to assist in

the selection of appropriate factors.
Table 4.6 Operating cost factors.

Operating cost scope Factor value Influences on factor value

Factors of labour costs, L

Payroll overheads
Work safety premiums, leave
provisions, payroll tax,
superannuation contributions

0.3–0.5�L Depends on company and
government policy. Tends
to be higher in more developed
countries

Consumable stores 0.05–0.2�L Higher for more complex,
dirtier processes

Supervision 0.1–0.3�L Depends on organisational
structure



Table 4.6 Operating cost factors—cont’d

Operating cost scope Factor value Influences on factor value

Plant overheads
Costs of employing
accountants, engineers, clerical,
administrative and management
staff. Costs of consulting
services; medical, cafeteria,
facilities

0.5–1.5�L Depends on organisational
structure, plant capacity,
company policy, technical
complexity, extent of plant or
product development, single or
multiple products

Laboratory
Sometimes a subset of plant
overheads includes laboratory
personnel and operating cost of
analytical equipment and
reagents

0.05–0.25�L Higher for specialty chemicals,
multiple products, processes
with complex chemistry

Factors of fixed capital, I

Maintenance
Includes cost of materialsM and
labour Lm. Contract labour may
be used for shutdowns. Costs
are often similar for materials and
labour

0.02–0.12� I Higher for corrosive, abrasive,
severe duty processes. Higher
for plants pushed to capacity
limits

Insurance 0.001–0.03� I Higher for greater risk

Property taxes 0.01–0.04� I Higher for more developed site
locations

Book depreciation (not a cash
cost)

0.05–0.2� I Depends on perceived
operating life of plant

Capital loan charges 0.05–0.2� I Depends on interest rate and
duration of loan

Factors of annual sales
revenue S or manufacturing
(production) cost CM

Royalties 0–0.06�S Depends on need to purchase
technology

Research and development
(alternatively)

0–0.06�S
0–0.05�CM

Depends on need for technology
development
within operating company

Selling expenses
(alternatively)

0.02–0.2�S
0.01–0.25�CM

Depends on nature of product
(s), their uses, and number of
customers

Corporate administration
Cost of planning and managing
business

0.02–0.06�CM Depends on company policy,
size, complexity, and nature of
business

1194.15 Factored approach to operating costs
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4.16 Effect of inflation on operating costs
It is frequently necessary to forecast future operating costs in dollars of the day, either

as part of project evaluation or financial planning activities. It is also frequently

desirable to update older operating cost data for the purpose of assisting current esti-

mates. As discussed, operating costs comprise raw materials, energy, personnel, cap-

ital related and freight costs, and their relative contributions depend on the process

technology and operating cost structure. Since the inflation rates for these contrib-

uting costs can move so independently, the use of a single inflation index, or even

a uniformly weighted composite index (as used with plant capital costs), is inappro-

priate. The consumer price index (CPI), being focussed on costs of living, is also

clearly inappropriate as an operating cost inflation index.

Movements over time in wages and salaries can be linked to historic government

statistics for earnings.Maintenance costs may be more reasonably related to trends in

plant cost indices since both costs are roughly equally divided between material and

labour costs. Freight costs are more complicated, depending on trends in wages, cap-

ital, energy, technology, and work practices. Cognizance also needs to be made of

learning and technological factors (discussed in Chapter 7), which exert a downward

influence on many costs.

Dealing with inflation in project evaluation is discussed further in Chapter 5.

Clearly, this becomes a higher priority in environments of higher inflation rates.

Most operating companies and contractors will have forecasts of various cost move-

ments including the CPI over a future period of say 3–5 years. The forecasts are likely
to be limited in accuracy, but are still vital for planning. A rational basis devised for

forecasting is also useful in the context of monitoring and understanding cost trends

as they occur.
4.17 Scale influences on production costs
A convenient basis for examining the effects of scale on production costs is the sim-

plified model outlined in Eq. (4.1). Of the performance parameters, raw materials

consumptions, and utilities consumptions per tonne of product (R and E) are gener-
ally independent of capacity whilst numbers of personnel employed and fixed

capital-dependent costs per tonne of product (M/QU and kI/QU) generally decrease

with increased plant capacity.

There are some cases where energy consumption per tonne of product can depend

on scale; high- or low-temperature processes can involve large heat losses to ambient

air, and the surface area of equipment per unit of production capacity becomes influ-

ential. This effect is observable, for example, in small cryogenic air separation plants

as well as high-temperature metallurgical reactors.

As discussed under Section 4.4.2, the number of personnel employed depends on

the scale of the plant and is more heavily dependent for parallel streamed plants than

for single streamed plants.
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The dependence of fixed capital-dependent costs on capacity is not reported in

the literature, though it is widely assumed that fixed capital-dependent costs maintain

a fixed proportionality relationship with fixed capital. Thus it is a reasonable approx-

imation to assume that the capacity exponent for fixed capital-dependent costs has

the same value as for fixed capital investment (see Chapter 3, Section 3.4.1)

Unit costs of raw materials and energy may be different for different plant size

options or they may be scale-invariant. For example, if the raw material is an inter-

mediate from an upstream processing plant, then its production cost will benefit from

scale economies and this may be passed on through its selling price. Plants consum-

ing large quantities of rawmaterial may be able to negotiate a discount. In other cases

there may be a limited quantity of cheap feedstock available, with the next parcel

more expensively priced so that unit costs effectively increase with scale. Similar

considerations apply to energy or utility costs.

Suppose that for a given set of plant capacity options for a particular technology,

the unit costs r, g, m defined in Eq. (4.1) are scale-invariant and that the factor k is
also scale-invariant. At the same time, assume that R and E are scale-invariant whilst

M and I are scale dependent. The dependence of production cost on capacity is then

governed by the dependence ofM and I on Q, the cost structure, or the dominance of

Mm/QU and kI/QU in production cost.

The result may be relatively steep or flat scale curves [22]. Fig. 4.3 shows scale

curves for ethylene, caustic soda/chlorine, and aluminium smelting plants from
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Scale curves for ethylene, chlor-alkali, and aluminium smelting plants [22]. C ¼ production

cost ($/t), C* ¼ production cost ($/t) at Qmax, Q ¼ production capacity (t/year), and Qmax ¼
maximum available capacity (t/year) for the technology concerned.
Source: D.J. Brennan, Evaluating scale economies in process plants: a review, Trans. Inst. Chem. Eng. 70(A5)

(1992), 516–526.
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earlier studies by the author [22]. Whilst the aluminium smelter has a higher predom-

inance of parallel streaming than the chlor-alkali and ethylene plants (reflected in the

relative capital cost versus capacity exponents), the high contribution of variable cost

arising from electricity consumption lowers the scale curve for aluminium smelting

relative to the other technologies.
4.18 Calculating and presenting overall plant
operating costs
Operating cost sheets are useful as checklists for ensuring all relevant costs are

included and for presenting an approximate or more detailed estimate. Computer

spreadsheets are ideal for estimating operating costs, for comparing alternative pro-

cesses, for comparing alternative design options, for performing sensitivity studies,

and for exploring effects of scale and capacity utilisation. Spreadsheet packages can

also be used for linking individual worksheets to estimate overall operating costs

where several plants make up a processing chain. Spreadsheets also enable produc-

tion cost estimates to be linked directly with cash flow projections.

Table 4.1 showed an example of an operating cost sheet prior to completion.

Table 4.7 shows an example of a simplified cost sheet used for a preliminary esti-

mate. Table 4.7 is intended for illustrative purposes rather than an accurate definition

of the actual cost of acetic acid manufacture. Cost sheets as depicted in Tables 4.1

and 4.7 can be more rigorously defined for detailed estimates, and provide a basis for
Table 4.7 Example of simplified operating cost summary sheet.

Product Acetic acid

Process route Methanol
carbonylation

Plant capacity 40,000 t/year

Capacity
utilisation

Product selling
price

Fixed capital $100 million

Production
cost

Unit usage (/t
product)

Unit cost
($/unit)

Annual
cost
($million)

Cost per
tonne product
($/t)

Raw materials
Methanol
Carbon
monoxide

0.54
0.52

300
300

162
156

Total raw
materials cost

318

Utilities
Electricity 0.12MWh $120/MWh 14.4



Table 4.7 Example of simplified operating cost summary sheet—cont’d

Fuel
Steam
Cooling water
Other

2.5 t
80m3

$16/t
$0.15/m3

40
12

Total utilities
cost

66.4

Process
labour
Operators per
shift
Number of shift
teams
Total shift
operators
Day operators

Number

4

4.5

18

Nil

Salary
($/year)
$70,000

Total process
labour
Wages (L)

1.26 31.5

% L

Payroll
overheads

40 0.50 12.6

Plant
overheads

120 1.50 37.8

% Fixed
capital

Maintenance 3.0 3.0 75.6

Insurance 1.2 1.2 3.0

Property taxes 1.0 1.0 2.5

Book
depreciation

10.0 10.0 250

Total fixed
cost

Total
production
cost (TPC)

Fixed
Variable
Total

418.0
384.4
802.4

% TPC

Corporate
administration

4.0 32.1

Research &
development

2.0 16.0

Selling
expenses

1.5 12.0

Total
operating cost

862.5

1234.18 Calculating and presenting overall plant operating costs
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exploring the effects of varying performance and unit cost inputs on the estimated

production cost or overall operating cost. They are also ideal for reviewing the dom-

inant cost contributions to overall operating costs.
4.19 Data sources for operating costs
Performance data for consumption of rawmaterials and utilities, as well as personnel

requirements, may be drawn from a spectrum of literature sources dealing with spe-

cific technologies. Data sources may be classified under

• Public domain

– Encyclopaedias of chemical technology

– Journals

– Books

• Classified

– For example, in reports published by commercial consultants

• Computer packages

• Published information by operating companies

Some examples have been listed under Section 4.3 in the context of raw materials

consumption. Public domain and classified sources for capital cost data, outlined

in Chapter 3, are required input for capital-dependent costs. Sources of unit

costs of raw materials have been discussed in Section 2.5, and of utilities in

Section 4.3.2. Estimates of personnel wages and payroll overheads may be assisted

by reference to labour statistical data as discussed in Section 4.5.
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5.1 Introduction
A fundamental requirement of any company or business is that it operates profitably.

This means that after all operating costs are deducted from incoming revenue derived

from the business activity, the company still generates a positive income which con-

stitutes an adequate return on the assets employed. Otherwise, from a financial per-

spective, the money invested in those assets would be better consigned to a bank or

other financial institution to earn interest.

All companies declare their profits to their shareholders in their annual report in

the form of a profit and loss account. An illustrative example of a hypothetical pro-

cess industry company is shown in Table 5.1. In this case, the operating revenue for

the year was $19.3 billion, which included $18.6 billion in sales revenue. An oper-

ating profit of $4.6 billion was declared before depreciation, amortisation, and inter-

est. An amount of $1.5 billion was charged for depreciation and amortisation.

Book depreciation charges based on established accounting procedures, depend

on assumptions regarding the lives and values of assets. Many of these assumptions
conomics. https://doi.org/10.1016/B978-0-12-819466-9.00005-5

c. All rights reserved.
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Table 5.1 Example of an annual profit and loss account for a process
industry company.

$billion

Operating revenue and costs
Sales revenue
Other revenue
Total revenue
Operating costs

18.6
0.7

19.3
14.7

Operating profit, including abnormal items, before depreciation,
amortisation and interest expense

4.6

Deduct
Depreciation and amortisation
Interest expense

1.5
0.4

Operating profit before income tax 2.7

Deduct
Income tax expense including abnormal items attributable to operating profit 0.8

Operating profit after income tax 1.9

Deduct
Outside equity interests in operating profit after income tax 0.2

Operating profit after income tax, attributable to operating company 1.7

Retained profits at the beginning of the financial year
Total funds available for appropriation
Dividends provided for or paid
Retained profits at the end of the financial year

5.5
7.2
0.7
6.5
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may be debated; for example, the original cost of an asset adjusted for inflation may

be quite different from its replacement value; an asset may still be in long use after its

originally perceived life expectancy. Thus the measurement of profit is imprecise.

There is also a fundamental distinction between how economists and accountants

view profit [1].

At the evaluation phase of a project, a justifiable expectation of profitability is

vital to a project’s prospects of authorization. A simple and widely used indicator

of profitability is the return on investment (ROI) defined as

ROI¼Annual operating profit

Total investment

¼Annual sales revenue�Annual operating costs

Fixed capital +working capital

(5.1)

Sales revenue and operating costs are estimated at the estimated annual production

level of a plant; sales revenue, operating costs, and investments are estimated in con-

sistent currencies, usually of the year of evaluation. ROI is usually expressed as a

percentage.

This is a before-tax measure where operating costs include book depreciation.

Since return on investment can also be evaluated on the basis of after-tax cash flows,
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the return on investment measure should always be qualified, in particular whether

before- or after-tax measure and whether including or excluding depreciation.

Required returns on investment vary with the nature and risk of a proposed project.

As a guide, however, for a process industry project of moderate risk with an expected

life of 10–15years, a threshold level of acceptance would be approximately 20% per

annum ROI, before tax, and where operating costs include depreciation.

Table 5.2 shows a cost summary of alternative routes for producing hydrogen

using natural gas or coal as the feedstock. The data in the table is intended as an

approximate guide only for illustrating the use of simplified ROI assessments for

profitability comparisons. The coal as a raw material has cost advantages compared

with gas but incurs a higher capital cost and higher fixed operating costs excluding

external environmental costs.

Whilst this simple ROI measure is widely used as a quick and useful indicator of

profitability, the large capital investments with their associated risks and the complex

nature of projects demand a more rigorous and sophisticated approach. The approach

almost universally adopted by industrial companies and financing bodies is based on

cash flow analysis. It provides a means of accounting for the duration and pattern of

investment and the duration and pattern of profitable operation. The effects of capac-

ity utilisation (often restricted in the initial operating years by limitations in market

demand and/or plant reliability), of tax payments, selling price erosion, and inflation

can all be accounted for. Cash flow forecasts assist in the planning of capital expen-

diture and hence finance requirements of projects can be amalgamated into a com-

pany’s total financial plan.
Table 5.2 Profitability comparisons of hydrogen production from natural gas
and from coal.

Feedstock Natural gas Coal

Plant capacity (tonnes/year) 118,000 118,000

Total fixed capital ($million) 284 657

Annual operating costs ($million)
Raw materials
Utilities
Fixed costs
Nonmanufacturing costs
Total

88.0
14.1
18.7
9.0

129.8

33.3
42.1
45.0
12.3

132.7

Annual sales revenue ($million)
Hydrogen sales
By-product steam
Total

138.0
42.8

180.8

138.0
50.6

188.6

Annual profit $ million 51.0 55.9

Return on investment % per annum 18.0 8.5
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5.2 Cash flow estimation
Cash flow is the net flow of money into or out of a project (or a company) over a

given time period. The commonly used time period in the economic evaluation of

a project is 1year. Cash outflows (e.g. capital expenditure on plant, expenditure

on increased raw material stocks, tax payments) are considered negative, whilst cash

inflows (e.g. income after tax, recovery of working capital at the end of project life)

are considered positive.

Depreciation is not a cash flow. It is an internal allowance by a company to assist

in providing for future investment in response to the erosion in the value of assets. A

tax depreciation allowance, however, is a permissible deduction from income for tax

assessment, and as such influences the magnitude of tax payments, and hence of

after-tax cash flows.

Cash flows can be accumulated over the life of the project and represented on a

‘cumulative cash flow diagram’ or ‘cash profile’, see, for example, Fig. 5.1. The

cumulative cash flow (also referred to as ‘net cash position’) can then be read directly

from the diagram. Cash flows are calculated incorporating tax payments and are thus

designated as after-tax cash flows. The tax situation can be complex, varying with

changes in government policy and from one country to another, but the following

aspects are important:

• Corporate tax is normally paid at a given rate of taxable income.

• Tax depreciation allowance, expressed as a percentage of fixed capital expended,

is an allowable deduction from the operating cash flow (before tax) to arrive at

taxable income. If the project life is less than the depreciable life (as determined

by the tax depreciation rate) the residual balance can be claimed in the final year
–80
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Cumulative cash flow diagram.
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of operation. The tax depreciation allowance is less for buildings than for plant,

reflecting the potentially longer life of buildings.

• Periodically, governments may offer incentives to stimulate capital investment.

One approach adopted is an investment allowance scheme. The investment

allowance can generally be claimed once only in the first year of operation as a

percentage of investment into the plant. The investment allowance, along with

the tax depreciation allowance, is deducted from the operating cash flow before

tax to arrive at taxable income.

• Tax payments may occur some time after income is incurred. In order to assist the

management of their national economy, most governments will attempt to avoid

any time delay, but some governments may allow delays for certain projects in

order to encourage investment.

• In some project evaluations, the taxable income for a year may be negative. This

is often the case in the first year of operating life for a project. If the project can be

considered as one of a portfolio of investments which are collectively profitable,

a tax credit for that year can be assumed for the project concerned. Provision may

also be made under the tax rules to carry the loss into a future year for assessment.

• Government policy on taxation can vary considerably from year to year within a

given country and can also vary considerably between countries. This applies to

the whole spectrum of corporate tax including the tax rate, depreciation

allowances, the timing of tax payments, special incentives, and so on. The

corporate tax rate for Australia was 30% in 2019 but was as high as 49% in 1986.

• Corporate tax rates for different countries in 2019 ranged from as low as 17% to

as high as 35%. Some countries may allow very rapid tax depreciation schedules,

somemay provide an investment grant (as distinct from an investment allowance)

as a percentage of fixed capital, and some may provide for tax ‘holidays’ waiving

the requirements to pay tax for some years after project commencement. Details

of tax rates in different countries are published in financial reports by national

governments.

To illustrate cash flow estimation, a simple example 5.1 is provided.

Example 5.1
A process plant of capacity 100,000tonne/year of product ‘Magidrop’ is to be constructed next year

at a fixed capital cost of $50 million, to be ready for operation at the beginning of the following year.
Sales volume is forecasted to be 70,000tonne/year in the first year of operation, increasing to

85,000tonne/year in the second year, and 100,000tonne/year in third and subsequent years. The fol-

lowing economic data package and tax assumptions apply; these have been selected solely to illus-

trate the principles involved in cash flow estimation.

Economic data package

Plant production capacity 100,000tonne/year

Fixed capital cost $50 million spent over 1year
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Working capital Negligible

Product selling price $1000/tonne

Variable operating costs $700/tonne

Fixed operating costs (excluding

depreciation)

$8 million/year

Sales volume 70,000tonne/year in the first year of operation

85,000tonne/year in the second year of operation

100,000tonne/year in the third and each subsequent year

of operation

Plant operating life 10years
Tax assumptions

Corporate tax rate 40%

Tax depreciation rate 10%/annum until fully depreciated

Tax payments made in the year in which income occurs
A cash flow table over the life of the project is drawn up—see Table 5.3. Since fixed costs

exclude depreciation, the before-tax cash flows during plant operating years are equal to the sales

revenue less fixed and variable costs. The before-tax cash flows correspond to the term EBIT (earn-

ings before interest and tax) which is widely used in accounting and business circles. The after-tax

cash flows are equal to the before-tax cash flows which is less than the tax paid. Note that in the cash

flow table, only rows a, b, c, d, e, and f are cash flows. If the tax payment were expressed as project

cash flow its sign would be reversed. The final two rows of the table summarise the after-tax cash

flows on an individual and a cumulative basis.
Example 5.2
In Example 5.1, it was assumed that working capital was negligible. The case is now explored where
working capital requirements are equivalent to 20% of annual sales revenue. Thus at the end of year

1 (or beginning of year 2) working capital requirements are $14.0 million. At the end of year 2

requirements are $17.0 million, and at the end of year 3 (and until the end of year 11) are $20.0
million.

Expressed as cash flows these become (in $million)

Year 1 2 3 4–11 12

Working capital �14.0 �3.0 �3.0 0 +20.0
and the after-tax cash flows become (in $million)

Year 1 2 3 4–11 12

After-tax cash flows �64 +6.8 +9.5 +14.2 +20.0
See Table 5.4.



Table 5.3 Cash flow table for Example 5.1. Cash flows are in $million.

Year 1 2 3 4 5 6 7 8 9 10 11

Fixed capital �50

Working capital 0

Sales volume kt/year 70 85 100 100 100 100 100 100 100 100

Selling price $1000/t
Sales revenue 70 85 100 100 100 100 100 100 100 100

Variable costs $700/t
�49 �59.5 �70 �70 �70 �70 �70 �70 �70 �70

Fixed costs �8 �8 �8 �8 �8 �8 �8 �8 �8 �8

Cash flow
before tax

13 17.5 22 22 22 22 22 22 22 22

Tax depreciation
rate (%/year)

10

Tax depreciation
allowance

5 5 5 5 5 5 5 5 5 5

Taxable income 8 12.5 17 17 17 17 17 17 17 17

Tax rate (%) 40

Tax payment �3.2 �5 �6.8 �6.8 �6.8 �6.8 �6.8 �6.8 �6.8 �6.8

Cash flow after
tax

250 9.8 12.5 15.2 15.2 15.2 15.2 15.2 15.2 15.2 15.2

Cumulative
cash flow after
tax

250 240.2 227.7 212.5 2.7 17.9 33.1 48.3 63.5 78.7 93.9



Table 5.4 Cash flow table for Example 5.2. Cash flows are in $million.

Year 1 2 3 4 5 6 7 8 9 10 11 12

Fixed capital �50

Working
capital

�14 �3 �3 20

Sales volume kt/year 70 85 100 100 100 100 100 100 100 100

Selling price $1000/
t

Sales revenue 70 85 100 100 100 100 100 100 100 100

Variable costs $700/t
�49 �59.5 �70 �70 �70 �70 �70 �70 �70 �70

Fixed costs �8 �8 �8 �8 �8 �8 �8 �8 �8 �8

Cash flow
before tax

13 17.5 22 22 22 22 22 22 22 22

Tax
depreciation
rate (%/year)

10

Tax
depreciation
allowance

5 5 5 5 5 5 5 5 5 5

Taxable
income

8 12.5 17 17 17 17 17 17 17 17

Tax rate (%) 40

Tax payment �3.2 �5 �6.8 �6.8 �6.8 �6.8 �6.8 �6.8 �6.8 �6.8

Cash flow
after tax

264 6.8 9.5 15.2 15.2 15.2 15.2 15.2 15.2 15.2 15.2

Cumulative
cash flow
after tax

264 257.2 247.7 232.5 217.3 22.1 13.1 28.3 43.5 58.7 73.9 93.9

Notes: (1) Although the working capital commitment increases from $14.0 million to $17.0 million and $20.0 million, the corresponding cash flows represent the incremental changes to
working capital. (2) Working capital is not treated as an operating expense for taxation purposes. Hence the working capital cash flow in year 2 for example is added as a negative cash flow
to the operating cash flow after tax. If fixed capital expenditure occurred in year 2 this would likewise be added as negative cash flow, although it would attract tax allowances. (3) The
influence of working capital is to change the cumulative cash flow pattern, though since working capital is deemed recoverable, the cumulative cash flow at the end of project life is the same
in Example 5.2 as in Example 5.1.
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5.3 Measures of profitability
Based on the cumulative cash flow diagram, a number of derived measures of prof-

itability can be used, measured in terms of time, cash, and percent return on

investment.

Payback time is a term often loosely used to denote the time taken to recover

investment costs. It is sometimes taken as the time from commencement of the pro-

ject to recover the initial capital investment (land, fixed capital, and working capital).

More frequently however it is taken as the time from the start of production to

recover fixed capital expenditure only; working capital and land capital are consid-

ered as being recoverable at the conclusion of the project. Fig. 5.2 illustrates these

alternative interpretations.

When measuring profitability, we need to account for the time value of money.

A sum of money can change in value over time due to two separate causes:

(i) earning capability

(ii) inflation

The two causes are distinct in concept and measurement, though both must be taken

into account in an investment proposal. Initially, for clarity, only the earning capa-

bility of money is considered, assuming a business environment of negligible

inflation.

Money invested has earning capability expressed as a rate of interest per annum,

i, ranging from a lower rate on low-risk investment to a higher rate for greater risk.

Examples of low-risk investments include bank savings accounts or long-term gov-

ernment bonds. An example of a high-risk investment would be the purchase of

shares in a company exploring for diamonds in a politically unstable country. Interest

has often been subdivided into a risk-free component and a risk premium. Over time,

the money value V of an original sum S grows by the compounding of interest earned

at rate i% per annum over time t (years) such that

V¼ S 1 + ið Þt (5.2)

where i is expressed as a decimal.

Net present value is a measure of the net cash benefit generated by a project. It is

built on the concept of present value, which is an approach used to bring the value of

future cash flows to a consistent basis (in this case the present), taking into account

the interest-earning capability of money. The present value of a future cash flow Ct

occurring t years from the present is the value of a cash flowwhich, if invested now at

an interest rate iwould in t years time amount to Ct as a result of compounding inter-

est. Thus:

Present value¼Ct= 1 + i½ �t (5.3)

This approach allows, for example, an expenditure cash flow of $10 million in

2years time, and a cash flow benefit of $20 million dollars in 10years time to be

brought to a common measurable basis (at the present). If the interest rate is taken
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as 12%/annum, the present value of the expenditure cash flow becomes �10/(1.12)2

or �$8.0 million. The present value of the income cash flow becomes +20/(1.12)10

or +$6.4 million.

Alternatively, the concept of the future value of cash flow could be used. How-

ever, as the present is rather more definite than the future, and since the economic life

of a project is invariably uncertain, the present value is generally accepted as the

more convenient and practical concept.

Net present value (NPV) for a project is the net value of the present value of all

cash flows for the project, from the commencement of capital expenditure to com-

pletion of economic life. Thus:

NPV Projectð Þ¼
Xt¼k

t¼0

Ct= 1 + i½ �t (5.4)

where k¼ total number of years over which cash flows occur.

NPV can be regarded as total income less total expenditure over the entire life of

the project, where all incomes and expenditures are expressed as present values. Cash

flows and interest rates need to be expressed using a consistent basis; this basis is

most commonly and appropriately after tax.

Since most process industry projects involve an initial investment phase followed

by a longer income-generating phase, the higher the value of i, the lower is the NPV
for the project. A positive NPV implies that a net cash benefit is obtained as a result

of the project; hence the project is profitable. A negative NPV implies a loss for the

project. A zero NPV implies we have neither gained nor lost from the project; we

have ‘broken even’, and the financial result is the same as if we had invested our

funds at i% per annum over the project life.

Since cash invested today yields higher future values through investment earn-

ings, future cash flows are reduced when brought to a present value basis; hence they

are said to be ‘discounted’. The value of i for which a given set of cash flows yields an
NPV of zero is termed the discounted cash flow return (DCFR), or alternatively the

internal rate of return (IRR). By definition, it is the value of i for which

Xt¼k

t¼0

Ct= 1 + i½ �t ¼ 0

and must be determined iteratively. If the DCFR earned by the project exceeds the

interest rate payable on money invested and generated in the project, then the project

is profitable. If the DCFR is less than that interest rate, the project is unprofitable.
5.4 Discount rate selection
The selection of the appropriate discount rate for NPV calculations is not a clear

cut decision. The rate during the expenditure phases of the project should reflect

the cost of funds borrowed or used for the project. If the funds are borrowed from
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an external source (loan funds), interest payments are deductible from monies

earned for tax purposes, and the after-tax cost of money is i(1� t) where i is
the interest rate charged and t is the tax rate. If equity funds (generated from within

the company) are used, these are deemed to have a value estimated by company

accountants which reflect the earning potential of the funds if invested elsewhere

at a comparable risk. This earning potential is termed opportunity cost. The cost of

capital for the project is then the weighted cost of funds from the separate sources.

The after-tax cost of loan funds is likely to be less than that for equity funds, but

the loan funds are a greater financial liability for the investor since these must be

repaid as interest plus principal.

The exact financing structure for a project will not be resolved until the autho-

risation phase, and hence both the borrowing rates and the relative contributions

of loan and equity funds are uncertain during the development phase of a project.

Not only does the discount rate adopted affect the apparent profitability of the pro-

ject, but it can shape certain decisions such as the sizing and timing of investment and

the balance between capital and operating costs. It is important to determine how

sensitive these decisions are to the discount rate.

During project evaluation, the engineer (or person responsible for the evaluation)

will need to liaise with accounting or financial personnel for guidance in discount

rate selection and other financial details, for example, in relation to taxation. Liaison

will increase as the project becomes more definitive. Because of inevitable uncer-

tainty in the exact value of the discount rate during project development, it is impor-

tant to estimate NPVs at several discount rates in the vicinity of the expected value.

Example 5.3. Calculating the indices of profitability
The cash flows estimated in Example 5.2 can now be used to illustrate the calculation of profitability

indices. The cumulative cash flow diagram is first drawn (see Fig. 5.2). The shape of the diagram is a
good first guide to project profitability. In this case, the indication is one of marginal profitability.

The cumulative cash flow is positive for the greater part of the project life, and at the end of the

project is some 50% greater than the peak cumulative debt.

Payback time, measured as the time from commencement of operation to recover fixed capital

expenditure only is approximately 3.2years. From the commencement of expenditure to the recov-

ery of fixed and working capital expenditure is 5.6years. These indicators suggest a project of mar-

ginal profitability, but they are short-term indicators. The remaining cash flows, the project life, and

the cost of capital must be considered.

For the purpose of this exercise, the cost of capital is taken as 10% per annum. The cash flows

are then discounted at this rate over the life of the project. For illustrative purposes, the cash flows

discounted at 10% per annum and other rates are listed in Table 5.5. Table 5.6 summarises the dis-

counted cash flows and NPV at the discount rate of 10% per annum.
The NPV, the sum of the discounted cash flows is $21.9 million, indicating the

project is profitable. $21.9 million is the value in today’s money which the project is

estimated to yield if the cost of capital is 10% per annum.

The effect of the discount rate on the project NPV is now explored. Note that the

NPV for i¼0 corresponds to the cumulative cash flow for the project. The NPVs

for various discount rates are summarised in Table 5.7 and illustrated in Fig. 5.3.
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Alternative definitions of payback time: IL¼ land capital; IF¼ fixed capital; and IW¼working

capital.
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The DCFR, the discount rate for which NPV¼0, is 16.6% per annum. Fig. 5.3 shows

that the NPV versus discount rate curve is not linear, though approximate interpo-

lations can be made with care.

An average return on investment over a project life of (93.9+64.0)/(64∗11) or
22.4%/annum can be estimated from the cumulative cash flow diagram shown in

Fig. 5.1 where the cumulative cash flows are those calculated in Example 5.2 and

shown in Table 5.4. Note that this estimate is based on after-tax cash flows. For com-

parison, a simple before tax return on investment based on Eq. (5.1) assuming 10%

depreciation of fixed capital per annum and full plant loading comes to 17.0/70% or

24.3% per annum.
5.5 Reviewing profitability indices
The indices of profitability are measured either in %/annum, cash, or time. Rather

than adopt a single index of profitability, it is better to use all of the indices outlined,

in conjunction with the cumulative cash flow diagram from which they are derived.



Table 5.5 Discounted cash flows from Example 5.2.

Year

Cash flow after tax,
$million Discounted cash flow after tax ($million)

Discount rate/year 0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.20

1 �64.0 �64 �62.4 �61 �59.5 �58.2 �56.9 �55.7 �54.5 �53.3

2 6.8 6.8 6.5 6.2 5.9 5.6 5.4 5.1 4.9 4.7

3 9.5 9.5 8.8 8.2 7.6 7.1 6.7 6.2 5.9 5.5

4 15.2 15.2 13.8 12.5 11.4 10.4 9.5 8.7 8.0 7.3

5 15.2 15.2 13.4 11.9 10.6 9.4 8.4 7.6 6.8 6.1

6 15.2 15.2 13.1 11.3 9.8 8.6 7.5 6.6 5.8 5.1

7 15.2 15.2 12.8 10.8 9.2 7.8 6.7 5.7 4.9 4.2

8 15.2 15.2 12.5 10.3 8.5 7.1 5.9 5 4.2 3.5

9 15.2 15.2 12.2 9.8 7.9 6.4 5.3 4.3 3.6 2.9

10 15.2 15.2 11.9 9.3 7.4 5.9 4.7 3.8 3 2.5

11 15.2 15.2 11.6 8.9 6.9 5.3 4.2 3.3 2.6 2

12 20.0 20.0 14.9 11.1 8.4 6.4 4.9 3.7 2.9 2.2

Total 93.9 93.9 68.9 49.4 34.1 21.9 12.1 4.3 �2.0 �7.1



Table 5.6 Discounted cash flows and NPV at a discount rate of 10%
per annum.

Year Cash flow after tax ($million) Discounted cash flow after tax ($million)

1 �64.0 �58.2

2 6.8 5.6

3 9.5 7.1

4 15.2 10.4

5 15.2 9.4

6 15.2 8.6

7 15.2 7.8

8 15.2 7.1

9 15.2 6.4

10 15.2 5.9

11 15.2 5.3

12 20.0 6.4

Total 21.9 million

Table 5.7 Effect of discount rate on NPV.

Discount rate, % per annum Net present value (NPV) $million

0 93.9

2.5 68.9

5 49.4

7.5 34.1

10 21.9

12.5 12.1

15 4.3

17.5 �2.0

20 �7.1
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FIG. 5.3

Relationship between NPV and discount rate.
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This approach encourages a complete and balanced view of the project profitability

over its life incorporating investment, early operation and later operation phases.

NPV and DCFR should always be estimated to ensure that the time value of money

is accounted for. NPV measures the cash value of the project but requires knowledge

of the cost of capital and needs to be considered in the light of the magnitude of the

investment. For example, an investment of $50 million yielding an NPV of $20 mil-

lion may well be preferred to an alternative investment of $100 million yielding an

NPV of $24 million because of the smaller magnitude of capital risked. The DCFR,

by comparison, does not require the cost of capital as an input, although eventually

the DCFR value only has meaning if the cost of capital is available as a yardstick for

comparison. The DCFR may also sometimes appear to conflict with the NPV as a

profitability indicator as discussed below.

An advantage of NPV over DCFR as a profitability index is that the NPVs are

additive whilst DCFRs are not. Where a large project can be broken down into indi-

vidual components for analysis, it is convenient to analyse each component sepa-

rately for profitability, but also desirable to amalgamate the cash flows and NPVs

of the various components to evaluate the entire project. An example of a very large

project would be olefins and derivatives project broken down into the olefines plant,

the derivatives plants (such as polyethylene, polypropylene, styrene) and the related

utility plants. Smaller projects can similarly be broken down into components for

separate evaluation.

So far, examples of profitability indices have been used in the context of approv-

ing or rejecting a single project. The availability of capital for new plants or mod-

ifications to existing plants is often limited, and profitability indices are then used

alongside other (nonfinancial) criteria to rank competing projects. The DCFR is

widely used for this purpose, but in this context, as when examining a single project,

the DCFR should be considered in conjunction with other indicators, especially the

NPV. Fig. 5.4 shows a situation for two competing projects where the project with

the higher DCFR has the lower NPV at the cost of capital. At the cost of capital indi-

cated in Fig. 5.4, Project A will be the larger net generator of funds and therefore

preferred.

Frequently, because of capital shortages, target rates of DCFR for projects are set

well above the rates of return actually being earned by a company. These higher rates

are then used as discount rates for forecast cash flows in projects. This policy leads to

those projects with longer-term benefits being potentially penalised, since the cash

flows generated later in the project are heavily discounted [2].
5.6 Cost minimisation
Sometimes projects must be implemented where it is difficult to quantify the bene-

fits. Examples include modifications to plant for safety or environmental reasons or

to accommodate a change in the feedstock. In such cases, it is not possible to include

sales revenues and the estimated cash flows are negative. However, there may still be
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alternative schemes for each project, for example alternative process routes for a

waste treatment project. In such cases, the objective should be to minimise the

net present cost for the project (that is, to minimise the negative NPV).
5.7 Dealing with inflation in cash flow evaluation
Inflation is the term used to describe the erosion in the purchasing power of a mon-

etary currency with time. It can alternatively be thought of as the apparent escalation

in cost over time of a given item or commodity of consistent quality.

In considering inflation, it is necessary to distinguish between nominal and real

sums of money. If, for example, we invest $100 at 10% per annum in a bank, we can

withdraw the investment 1year later as $110 (assuming no bank fees!). The with-

drawal represents a nominal sum of $110. If, however, the rate of inflation over

the same period is 10% per annum, the real value of our withdrawal with reference
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to our original investment will be $100. Thus we have gained no financial advantage
from the investment. Alternatively, a government may promise to increase expendi-

ture on health in the coming year’s budget by 8% over the previous year. If, however,

the rate of inflation is 10% per annum, the nominal increase of 8% implies a real
reduction of 2% in health expenditure.

Different costs can be observed to escalate at different rates, but inflation is gen-

erally measured by an index of the cost of living, frequently referred to as the con-

sumer price index (CPI). The consumer price index measures the change in the price

of a ‘basket’ of goods and services in the areas of food, clothing, housing, household

equipment, transportation, tobacco and alcohol, health care, recreation, and educa-

tion, which are collectively deemed to comprise the ‘cost of living’. CPI data for dif-

ferent countries are provided in Part 2 of the United Nations statistical yearbooks

published annually [3].

The values of CPI for various countries are listed in Appendix 2. Whilst in years

of economic depression there have been periods of deflation, there has generally

been moderate and occasionally high inflation in most Western countries. The high-

est inflation rates were experienced in the 1970s; this was a period of rapid growth in

the world price of crude oil. For example, the price of Arabian light crude oil

increased from around US$2/bbl in the 1960s and early 1970s to $11.60 in 1974,

and further to over $30/bbl in the early 1980s. This caused a general cost increase

in other energy-based commodities and for hydrocarbons, which in turn translated

into cost increases for hydrocarbon derived materials and ultimately a whole range

of products. There were also increases in salaries and wages as communities strug-

gled to afford the goods which contributed to their lifestyles. In the years from the

early 1980s to the mid-1990s, the price of crude oil decreased, both in nominal and

real terms to the point wherein 1995 in real terms, it was approximately twice its

value in 1970.

Analysis of past trends in costs or prices shows clearly that the rates of

change differ considerably from one item to another over a given time period.

Changes in costs and prices relative to the change in CPI are designated as real

changes. The real selling price of most petrochemicals in the US declined in the

1960s, but increased between 1974 and 1980 due to the rapidly escalating costs

of feedstocks and energy sources derived from crude oil. Plant cost indices have,

at certain times, moved ahead of CPI values reflecting escalation in real costs of

materials and labour.

Thus there can be entirely different trends in a given country in cost escalation for

capital, operating labour, raw materials, energy, freight, and the CPI, making cost

accounting and forecasting difficult. Not only do overall rates of inflation measured

by CPI differ for different countries, but rates of inflation in contributing costs can

differ from country to country. For example, in the 1970s the real cost of salaries and

wages increased in Australia and decreased in the United Kingdom.

Most companies use forecasts (typically 5years) of inflation in the major ele-

ments of cost. Such forecasts, based largely on trends at the time of forecasting,

are recognised to be uncertain but are necessary for planning.
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Three distinct approaches to cash flow analysis have been used in inflationary

environments.

Approach 1

Cash flows are estimated on the basis of costs and prices at the present, or the time

of evaluation. This approach is justified by its users on the basis that inflation

rates are highly unpredictable, and that their incorporation leads to complexity in

analysis and computation. The disadvantages of such an approach are that

relative rates of inflation for different costs (e.g. labour and energy) are not

allowed for and that some elements (e.g. tax depreciation allowance) are held

constant when in fact they decline in real value. Tax depreciation allowances for

most countries, in fact, remain constant in nominal terms despite inflation.

Approach 2

Cash flows are estimated on the basis of future costs and prices. Estimates of

inflation rates for various parameters contributing to cash flow such as energy,

raw materials, labour, fixed capital, and product selling prices can be used to

calculate inflated cash flows. Certain elements, for example, tax depreciation

allowances, will remain uninflated over time.

This approach has the advantage of enabling different escalation rates to be

taken into account, and of forecasting the cash flows in actual currency units of

the year they occur. This is an essential part of financial planning to ensure funds

are available to meet projected requirements. There is considerable difficulty

however in forecasting inflation rates accurately, and there are potential

difficulties in cash flow analysis. When one examines the table of projected cash

flows, it is difficult to discern trends such as those resulting from changes in

capacity utilisation or modes of operation, since these are obscured by inflation.

Errors in data insertion may also be obscured.

Approach 3

Cash flows are estimated as in the second approach but are converted to a real

basis by dividing by a deflator, such as a consumer price index. Thus inflation and

uninflated tax depreciation allowances are accounted for, and the deflation

permits easier comparison of annual cash flows. The deflation can be applied to

entire cash flows or to components of annual cash flows such as sales revenues,

variable operating costs, fixed operating costs, fixed capital, and so on. Whilst

more irksome, the deflation of the components performs an important function in

assisting the checking of the estimates.

It may be seen that the second approach estimates nominal cash flows and the
third approach estimates real cash flows. The first approach by ignoring inflation
might appear to estimate ‘pseudo-’ real cash flows but is fundamentally flawed as

a rigorous approach to inflation. The first approach is suitable only for early

stages of project development, or for cases where very low inflation rates apply.
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5.7.1 Discount rate selection
In discounting nominal and real cash flows it is important to use the appropriate inter-

est rate. In the same way that is it is important to distinguish between nominal and

real cash flows, it is important to distinguish between nominal and real interest rates

or rates of return.

As discussed by Wilkes [4], one can relate the real rate of interest ‘e’ to the nom-

inal rate of interest ‘i’ by the expression

1 + e¼ 1 + ið Þ= 1 + αð Þ (5.5)

where α¼annual inflation rate, expressed as a decimal.

Thus if the nominal interest rate were 15%, the inflation rate 10%, the real interest

rate would be 4.5%.

In an inflationary environment, the nominal cost of capital for a project can be

estimated from a knowledge of equity and loan interest rates, and the funding struc-

ture for the project. This can then be applied to nominal cash flows to establish the net

present value for the project using Eq. (5.3), where Ct would be the nominal cash

flow in year t.
Similarly, the net present value could be established using real cash flows and the

real discount rate:

NPV¼Ct= 1 + eð Þt (5.6)

where Ct¼ real cash flow in year t.
The net present values obtained from Eqs (5.4), (5.6) are seen to be equivalent,

since by definition

C=C¼ 1 + α

and (1+ i)/(1+e)¼1+α [from Eq. (5.5)].

Whilst it is correct to use nominal interest rate iwith nominal cash flowsC, or real
interest rate e with real cash flows C for net present value calculation, it is clearly

inappropriate to use nominal interest rate i with real cash flows C.
It is also important to recognise that a DCF return estimated from nominal cash

flows is a nominal DCF return; this can be brought to a real basis using Eq. (5.5).

Eq. (5.5) enables real interest rates to be calculated from a knowledge of nominal

interest rates and inflation rates and applies in any economic environment. The value

of the real rate varies with the economic environment.

Government bonds provide a useful example of low-risk investment. An analysis

of real interest rates on long-term bonds in the United States between 1790 and 1980

by Leuthold [5] indicated that real interest rates tended to be lower in periods of

higher inflation. When annual inflation ranged between 0.5% and 1.4%, the real

interest rate averaged 3.3% per annum; at inflation levels of 1.5%–2.4%, the real rate

declined to an average of 2.1% whilst at inflation levels over 7.5%, the real rate

declined to a negative 6.7%. Fig. 5.5 shows the movement in real interest rates of

long-term government bonds in Australia. From 1949 to 1979, the Australian trend

was similar to that reported in the US study. In the period 1980–87 in Australia
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Some historic data on real interest rates on Australian long-term government bonds.
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however, real interest rates were relatively high during periods of moderately high

inflation. This collective evidence confirms the view that the real rate of interest var-

ies considerably with time and the prevailing economic conditions.

Example 5.4. Cash flow estimation and discounting in an inflationary
environment
The effects of the various approaches to inflation in cash flow evaluation are now explored using the

problem given in Example 5.1. A moderately high inflation rate is assumed with a nominal after-tax
cost of capital of 16% per annum, and specific annual escalation rates as follows:

Fixed capital 12%

Selling price 9%

Variable costs 11%

Fixed costs 10%

Consumer price index 10%
Using Approach 1, the after-tax cash flows are as estimated in Example 5.1. In that example,

inflation was ignored. In this example, inflation is taken as 10%/annum and the nominal after-tax

cost of capital as 16%/annum. Thus the real cost of capital e is obtained from Eq. (5.5)

e¼ 1 + ið Þ= 1 + αð Þ�1¼ 0:055 or 5:5% per annum

Table 5.8 shows the resulting discounted cash flows for each year of the project and the corre-

sponding NPV and DCFR.
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able 5.8 Discounted cash flows and corresponding project NPV and DCFR.

ear
Cash flow after tax
($million)

Present value of after tax cash
flow ($million)

1 �50.0 �47.4

2 9.8 8.8

3 12.5 10.65

4 15.2 12.27

5 15.2 11.63

6 15.2 11.02

7 15.2 10.45

8 15.2 9.90

9 15.2 9.39

0 15.2 8.90

1 15.2 8.43

roject net
resent value
CFR

$54.1 million
23.9%/annum
Using Approach 2, cost and price components of cash flow are escalated as

shown in Table 5.9. All sums and cash flows are at $million and are nominal. Cash

flows are discounted at the nominal cost of capital.

Note that the annual tax depreciation allowance based on the fixed capital actually

expended remains constant in nominal terms but declines in real terms. Annual fixed

costs increase due to inflation,whilst annual sales and variable costs increase due to both

inflation and increasing production and sales. Scanning through the cash flow table,

however, the trends in sales, costs, and cash flow after tax is not readily discerned.

Using Approach 3, cash flows after tax are estimated as in Approach 2 but are

brought to a real basis, using the consumer price index as the deflator in part (b)

of Table 5.9. The cash flows are then discounted using the real cost of capital of

5.5%/annum. The present values of cash flows are seen to be identical to those cal-

culated using Approach 2.

Approach 3 could be extended further to bring individual components of cash

flow to a real basis if this were considered warranted.

Note that the real cash flows after tax and hence project profitability are far less

encouraging than those estimated in Approach 1. This is due to the proper treatment

of tax depreciation allowances, but also due to the assumptions on the relative move-

ments of the selling price, cost, and CPI. There are strong grounds for anticipating

declines in real selling prices over project life due to the effects of competition and

technological obsolescence as discussed in Chapters 2 and 7. It is not uncommon,

however, for this effect to be ignored in project evaluation. Note that for the relative

escalation rates assumed, we have a situation where there is a steady decline in the

annual before-tax cash flows even in nominal terms, after year 4.



Table 5.9 Cash flow table for Example 5.4 with inflated price and cost inputs.

Nominal cash
flows ($million)

Current
value

Inflation
rate (%/
year)

Year 1 2 3 4 5 6 7 8 9 10 11

Fixed capital 12 �56

Working capital 0

Sales volume (kt/
year)

70 85 100 100 100 100 100 100 100 100

Selling price ($/t) 1000 9

Sales revenue 83.2 110.1 141.2 153.9 167.7 182.8 199.3 217.2 236.7 258

Variable costs ($/
t)

700 11

Variable costs �60.4 �81.4 �106.3 �118 �130.9 �145.3 �161.3 �179.1 �198.8 �220.6

Fixed costs 8 10 �9.7 �10.6 �11.7 �12.9 �14.2 �15.6 �17.1 �18.9 �20.7 �22.8

Cash flow
before tax

13.1 18.1 23.2 23 22.6 21.9 20.8 19.3 17.2 14.6

Tax depreciation
rate (%/year)

10

Tax depreciation
allowance

5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6

Taxable income 7.5 12.5 17.6 17.4 17 16.3 15.2 13.7 11.6 9

Tax rate (%) 40

Tax payment �3 �5 �7 �7 �6.8 �6.5 �6.1 �5.5 �4.7 �3.6

Cash flow after
tax

�56 10.1 13.1 16.1 16.1 15.8 15.4 14.7 13.8 12.6 11

Cumulative
cash flow after
tax

�56 �45.9 �32.8 �16.7 �0.6 15.2 30.6 45.3 59.1 71.6 82.6



Table 5.9 Cash flow table for Example 5.4 with inflated price and cost inputs—cont’d

Nominal cash
flows ($million)

Current
value

Inflation
rate (%/
year)

Year 1 2 3 4 5 6 7 8 9 10 11

Discount rate %
per annum

16

Present value of
cash flow

�48.3 7.5 8.4 8.9 7.6 6.5 5.4 4.5 3.6 2.9 2.1

NPV 9.22

IRR-real 9.8%

IRR-nominal 20.8%

Nominal cash
flow after tax

�56 10.1 13.1 16.1 16.1 15.8 15.4 14.7 13.8 12.6 11

Consumer price
index (CPI)

10

Real cash flow
after tax

�50.9 8.4 9.8 11 10 8.9 7.9 6.9 5.9 4.8 3.9

Present value of
real cash flow

�48.3 7.5 8.4 8.9 7.6 6.5 5.4 4.5 3.6 2.8 2.1
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Using Approaches 2 or 3, the NPV for the project is $9.2 million, with the DCFR

20.8% in nominal terms and 9.8% in real terms. Thus the estimated profitability is

considerably less than when using Approach 1.
5.8 Effect of financing on cash flows
Section 5.4 refers briefly to the effect of financing on the effective discount rate for

NPV calculations. The effect of increasing the proportion of loan to equity funds

increases the profitability of the project, because of the tax-deductibility of interest

paid on loan funds. In Table 5.10, Example 5.4 is extended to illustrate the effects on

cash flows and NPV of the mode of financing the project. It is assumed that the interest

rateon loanfundsandequity funds is16%/annumineachcaseand that50%contribution

of funds is from loans and 50% from equity. It is further assumed that the principal of

the loan is repaid in equal amounts over the operating life of the plant (10years), and that

interest payments reduce as the principal is repaid.Cash flows are estimated on the basis

of the owner’s participation so that the DCFR reflects a return on equity. For the case

of 100% equity funding, the real DCFR is 9.8% per annum. For the case of 50% equity

funding, the real DCFR is 17.9% whilst the NPV is $16.9 million.

Thus the returns are greater with increased debt financing, but the financial risks

are also higher as discussed in Section 5.4.
5.9 Sensitivity analysis and risk assessment
The economic evaluation of a project has been seen to require the estimation of cash

flows over the life of the project. This estimation is based on forecasts of sales vol-

ume and selling price for products, of capital and operating costs, and of project life

which are all based on expectations of markets, technology, plant performance, com-

petitors, and the overall business economy. Because of the many influences on cash

flow and the long-time horizons involved, the forecasts are necessarily imprecise;

hence capital investment into such projects is a risky undertaking. For any project

to proceed risks must be undertaken, but part of the economic evaluation procedure

is to identify and evaluate those risks.

A distinction has sometimes been made between business risk and financial risk.

The term business risk is used for any risk that might impair profitability for example

risk of market failure, capital overrun, or feedstock cost increase. There is a financial
risk with large investment projects that the cumulative cash flow for a project may

reach such large negative proportions that the project threatens the financial security

of the company making the investment. The project is most vulnerable financially at

its minimum net cash position, where capital expenditure overrun, delayed plant

start-up or sluggish markets may occur either individually or collectively. The com-

pany may then find that it cannot meet its interest and loan repayment commitment

for the project from its other income sources. This financial risk is so serious that it

deserves special consideration, especially in relation to financing the project.



Table 5.10 Cash flow table for Example 5.5 showing effects of financing.

Current
value

Inflation
(%/year) Cash flows ($million)

Year 1 2 3 4 5 6 7 8 9 10 11

Fixed capital ($
million)

12 �56

Equity
contribution to
fixed capital

�28

Sales volume (t/
year)

70,000 85,000 100,000 100,000 100,000 100,0.000 100,000 100,000 100,000 100,000

Selling price ($/t) 1000 9

Sales revenue
($million)

83.2 110.1 141.2 153.9 167.7 182.8 199.3 217.2 236.7 258

Variable costs ($/
t)

700 11

Variable costs
($million)

�60.4 �81.4 �106.3 �118 �130.9 �145.3 �161.3 �179.1 �198.8 �220.6

Fixed costs (excl.
interest) $million

8 10 �9.7 �10.6 �11.7 �12.9 �14.2 �15.6 �17.1 �18.9 �20.7 �22.8

Interest on loan �4.5 �4.0 �3.6 �3.1 �2.7 �2.2 �1.8 �1.3 �0.9 �0.4 0.0

Cash flow before
tax and principal
repay

9.1 14.5 20.1 20.3 20.4 20.1 19.6 18.3 16.8 14.6

Investment
allowance

0

Tax depreciation
rate (%)

10

Continued



Table 5.10 Cash flow table for Example 5.5 showing effects of financing—cont’d

Current
value

Inflation
(%/year) Cash flows ($million)

Year 1 2 3 4 5 6 7 8 9 10 11

Tax depreciation
allowance

5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6

Taxable income �4.5 3.5 8.9 14.5 14.7 14.8 14.5 14.0 12.7 11.2 9.0

Tax rate (%) 40

Tax payments 1.8 �1.4 �3.6 �5.8 �5.9 �5.9 �5.8 �5.6 �5.1 �4.5 �3.6

Principal
repayment

�2.8 �2.8 �2.8 �2.8 �2.8 �2.8 �2.8 �2.8 �2.8 �2.8

Principal owing �28 �25.2 �22.4 �19.6 �16.8 �14 �11.2 �8.4 �5.6 �2.8 0

Cash flow after
tax and principal
repay

�26.2 4.9 8.1 11 5 11.6 11.7 11.5 11.2 10.4 9.5 8.2

Cumulative cash
flow after tax

�26.2 �21.3 �12.1 �0.6 11.0 22.7 34.2 45.3 55.8 65.3 73.5

Discount rate %
per annum

16 s

Present value of
cash flow

�22.6 3.6 5.2 6.3 5.5 4.8 4.1 3.4 2.7 2.2 1.6

NPV 16.9

Nominal DCFR
%/annum

32% ‘

Real DCFR %/
annum

17.9

Notes: (1) The calculated NPV and DCFR are higher than those for the case with 100% equity funding. (2) It has been assumed that the principal repayment commences in year 2, the first year of
plant operation. (3) Annual interest payment has been calculated as a percentage (16%) of the principal owing in that year, after principal repayment. (4) The tax credit has been allowed on
interest paid in the first year, assuming interest costs are deductible from a net positive cash flow generated by the business.
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Most investment projects are unlikely to cause a company such a liquidity crisis,

but the business risks must still be evaluated, since the failure of a project to provide

expected returns will affect the financial performance of the company overall and its

ability to carry out its future plans.

Sensitivity analysis is an important part of risk evaluation, in that it explores the

effects of variation in components of cash flow on the economic viability of the pro-

ject. Sensitivity analysis may be used in two ways. First, each component of cash

flow may be varied by 10% (or alternatively adversely by 10%), with the remainder

of inputs left unchanged, and the resultant effects on profitability determined. A table

may be drawn up for a project as illustrated in Table 5.11.

The analysis in Table 5.11 identifies that profitability is most sensitive to error in

product selling price, then in product sales volume, then in capital investment, and so

on. The sensitivity to market factors indicated in this illustrative example is common

for chemical process industry investment.

In the second method, the effects of a number of events which are considered

possible are explored. These may include for example:

• 6months delay in commencement of production

• loss of market share to a competitor, resulting in reduced sales volume and hence

reduced capacity utilisation of the proposed plant

• a sharp change in the value of the exchange rate versus the US dollar

This approach is sometimes referred to as ‘What if’ analysis. Sensitivity analysis is

readily facilitated by a computer and provided for in most evaluation packages. Sen-

sitivity analysis enables the identification of key elements for financial success and

allows a wide range of possible influences to be explored. It does not, however,

attempt to quantify the probability of events or deviation from base assumptions.

A number of approaches have been developed for quantifying risks, although rel-

atively few companies appear to have adopted those methods as part of their eval-

uation procedure. One approach assigns probabilities to alternative events; the

outcome of each event is explored in terms of the NPV resulting from the investment.

Since NPV’s are additive, an ‘expectation’ can be estimated where

Expectation¼ NPVfor EventAð �Probability forEventAÞ
+ NPV for EventBð �Probability forEventBÞ
Table 5.11 Example of sensitivity analysis results for a project.

DCFR (%) Change in DCFR from base case

Base case 22.1 Zero

+10% capital investment 19.6 �2.5

�10% product sales volume 18.5 �3.6

�10% product selling price 16.2 �4.9

+10% variable operating costs 20.3 �1.8

+10% fixed operating costs 20.4 �1.7
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An acceptable risk corresponds to a situation where the expectation (expressed as the

sum of weighted NPVs) is positive.

An investment procedure can often be identified as a sequence of decision points

where uncertain alternative events lead to quantifiable outcomes (expressed, e.g. as

NPVs). This decision sequence can be represented as a ‘decision tree’.

An example of a simplified decision tree structure for planning production capac-

ity is shown in Fig. 8.2.

A further approach assigns probability distributions to various inputs such as raw

materials price, product selling price or fixed capital cost of the plant. AMonte Carlo

simulation can then be made to determine a resulting probability distribution for the

NPV or DCFR of the project.

Some discussions of these approaches together with some illustrative examples

are provided by Allen [6] and with a specific focus on environmental projects by

Moilanen andMartin [7]. In order to estimate probability distributions or magnitudes

of error for various inputs, it would be instructive to review forecasting errors made

in previous projects. However, very little postproject auditing seems to be carried out

by industry and even less published. One exception is a Rand Corporation Study [8]

which compared operational data for 44 ‘pioneer’ process plants with cost and per-

formance projections. (A ‘pioneer’ plant is a ‘first of a kind’ plant for which no pre-

vious cost or operating experience is available.)

The assessment of risk, whether quantified or not, always involves a degree of

subjectivity. The risk may relate to the technology adopted, the product market,

the political climate, industrial relations climate at the site, or inflationary trends.

Whatever the risk, it is important to recognise the human element and its potential

role in estimating and in risk assessment. A project team member, committed to the

success of a particular project, may be unduly optimistic and not give adequate rec-

ognition of certain risks. An excessively pessimistic view, on the other hand, will

almost certainly see the project rejected.

The systematic and thorough risk assessment will often enable certain actions to

be taken to reduce risks, such as further market development, a change in project

definition, or selection of certain personnel for project execution. In some cases,

it may point to the need for strategic changes within a company outside the domains

of the project under consideration.

Most companies will seek a balanced portfolio of projects with varying levels of

perceived risk and corresponding opportunity as part of its overall investment

strategy.
5.10 Influence of sunk costs
From the discussions in Section 5.9, it can be appreciated that in the operational

phase of a project, achieved cash flows may be less than those forecasts. In addition,

capital expenditures may have exceeded the amounts sanctioned. Thus the achieved

NPVs and DCFRs may well correspond to unprofitable performance. This, however,
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does not necessarily signal the end of the project. Whilst cash flows (after loan repay-

ments and tax) continue to be positive, they can contribute to depreciation reserves

and shareholders dividends.

The question often arises—should further capital be injected into a project which

is currently nonprofitable? Another question which sometimes arises is whether a

currently profitable project be abandoned in favour of a new, alternative project

offering greater rewards? Each time these questions are raised, a new decision point

in time is reached. In each case, the capital investment decision should be made on its

own merits, and should not necessarily be bound by previous or ‘sunk’ investments.

Estimates should bemade of the net changes in cash flows, investment and operating,

resulting from each new investment. Net changes in cash flow are best estimated by

first establishing a base case of no investment followed by the case with the proposed

investment.
5.11 Competitive analysis
Because of the many uncertainties involved in forecasting the various technical and

economic parameters contributing to future cash flows, and in particular, those relat-

ing to product selling price, many companies undertake a supplementary analysis of

cost competitiveness. The cost curve of operators worldwide is estimated, often with

the aid of specialist consultant reports, with the aim of ensuring that the cash oper-

ating cost for the proposed project is competitive, say within the lowest 25% of those

by world producers. Examples with international perspectives could examine the

effects of location, exchange rate, different tax rules, and different levels of tariff

protection. Other examples would focus on the technology employed, whilst others

would examine aspects of project implementation regarding logistics, utility supply,

integration with other plants, quality and cost of infrastructure, and so on. One spe-

cific aspect of competitive analysis with examples is discussed in Section 8.6; in this

case, the production cost on an old expanded operating plant is compared with that on

new plants employing the best available technology.
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CHAPTER
Some examples in process
economics
 6
Process Industry E

# 2020 Elsevier In
And suppose we solve all the problems it presents? What happens? We end up

with more problems than we started with. Because that’s the way problems

propagate their species. A problem left to itself dries up or goes rotten. But

fertilise a problem with a solution—you’ll hatch out dozens.

N.F. Simpson b1919. English playwright in ‘A Resounding Tinkle’ (1958)

The following worked examples are extracted from previous teaching experience

by the author at chemical engineering departments at RMIT, Monash andMelbourne

Universities. They are presented here to illustrate some of the principles discussed

in the previous chapters. The problems and solutions tend to be presented more

simply than pertains in practice, though the examples are typical of industrial prob-

lems. Cost data used in the examples are for illustrative purposes only. Solutions pre-

sented are not the only justifiable solutions. Unless otherwise specified, the dollar ($)
is intended as a generalised currency unit.

Example 6.1 Approximate estimate of production cost for an aluminium
smelter
A two potline aluminium smelter proposed for integrationwith an existing alumina refinery involves

a capacity of 600,000tonnes primary aluminium per year. Major raw materials are alumina (1.93 t/t
aluminium) and carbon (0.42 t/t aluminium), and the major utility is electric power (13.0MWh/t

aluminium). Other raw materials and utility costs are negligible by comparison. Fixed capital cost

is estimated at 2.5 billion dollars and the smelter will employ 600 people when operating. Antici-

pated raw material and utility costs are
conomics. https://doi.o

c. All rights reserved.
Alumina $300/t

Carbon $300/t

Electric power $60/MWh
rg/10.1016/B978-0-12-819466-9.00
Make an approximate estimate of the production cost per tonne of primary aluminium with the

smelter operating at full capacity. How does this compare with the current selling price for aluminium?

The following factors of capital cost are assumed:
k ¼ Capital recovery 5% per annum over 20 years 0.080

+ Maintenance materials 0.025

+ Insurance, property taxes, minor overheads 0.025

Total 0.13
006-7
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Average wage per employee is estimated at $80,000 per year with payroll overheads estimated

at 40% of employee wages.
Solution
The simplified cost model is used based on the following equation.

C¼
X

Riri +
X

Ejgj + Mmð Þ=QU + kIð Þ=QU (6.1)

This approach not only provides a quick estimate of production cost but also a view of the

breakdown in the contributing costs. The costs are presented in the form of a simplified worksheet

which can be readily developed using a spreadsheet package. The inclusion of capital recovery

within capital dependent costs makes the estimate analogous to that of a floor price. The estimated

production cost is similar to the reported aluminium selling price of approximately $2100/tonne in
2018. Some factors influencing costs would be the cost of alumina which would benefit from

integration with an alumina refinery, and the cost of electricity which could benefit from a favour-

able contract derived from a large consumption over an extended period. In developing a project for

an aluminium smelter, the key cost areas and assumptions would, however, need careful scrutiny.

Plant capacity 600,000 tonnes aluminium/year

Fixed capital investment $2.5 billion

Operating costs

$million/

year

$/tonne
aluminium

Fraction of

total cost

Raw materials Unit usage

t/t aluminium

Unit cost

$/t

Alumina 1.93 $300 579 0.27

Carbon 0.42 $300 126 0.06

Utilities Unit usage $/MWh

Electricity 13MWh per

t aluminium

60 780 0.36

Total variable cost 1485

Personnel Number $/employee

600 112,000 67.2 112 0.05

Fixed capital-related

costs

Factor

0.13 325 542 0.25

Total fixed cost

including capital

recovery

654

Total operating cost 2139 1.0
Example 6.2 Estimation of cooling water utility cost
A recirculated cooling water system comprises a cooling tower, cooling water recirculation pumps,

and associated reticulation piping. Evaporation, entrainment, and purge losses require a make-up of
freshwater of 3.5% of the circulating water. Based on the cost and performance estimates listed

below, make an approximate estimate of the cost of cooling water per m3 of recirculated cooling

water. Neglect any contributions from operating or technical personnel.
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Flow rate of recirculated water 0.85m3/s

Fixed capital cost of cooling tower, recirculation pumps,

and reticulation system

$7.2million

Electricity consumed in water recirculation, cooling tower

fans recirculated cooling water

0.6kWh/m3

Unit cost of make-up water $1.2/m3

Unit cost of electricity $100/MWh
Solution

Cost of make-up water 0.035�120¼4.2cents/m3

recirc. c.w.

Electricity cost 10�0.6¼6.0cents/m3

recirc. c.w.

Fixed capital-related costs

Annual cost of maintenance, insurance, property taxes,

depreciation collectively estimated at 16% fixed capital

0.16�7.2¼$1.15 million

per annum

Assuming cooling water circulates continuously for 365 days

per year

Cost per m3 circulating water (1.15�106 �100)/

(0.85�3600�24�365)

¼ 4.29cents/m3

Total cost of recirculated cooling water ¼4.2+6.0

+4.3¼14.5cents/m3
Note that the estimate excludes any operating labour or plant overhead charges, or chemical

treatment or effluent treatment costs, which collectively are likely to be minor, say <10% of total

costs. This is a further example of how the simplified model in Eq. (6.1) can be usefully employed to

determine utility costs, and provide a breakdown in contributions to their costs. Note that in contrast

to Example 6.1, the cost of depreciation rather than capital recovery has been used.

The model can be further used to explore the effects of capacity utilisation. Some industries, for

example, those using agricultural products as feedstocks, are influenced by seasonal effects and

require their cooling towers to be operational for limited periods. If capacity utilisation was

restricted to 70% for example, fixed capital-related costs per m3 cooling water would increase to

6.1cents/m3, bringing the total cost to 16.3cents/m3.

The estimation approach outlined could similarly be applied to steam or other utilities.
Example 6.3 Evaluation of pump options using simplified cash flow
analysis
A carbon steel pump handling a corrosive slurry has been found to have an average service life of

1 year. A pump constructed in a high nickel alloy has an estimated service life of 6 years but has an
installed cost of four times that of the carbon steel pump. If the economic life of the project in which

the pump is to be used is 3 years from the commencement of production, and the firm is earning 15%
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after tax in real terms on invested capital, which pump is preferred? The estimated salvage value of

the nickel alloy pump after 3 years operation is 30% of its initial installed cost.

Possible solution

Present value factor Investment cash flows

Carbon steel pump High nickel alloy pump

End of year 0 1.0 �X �4X

End of year 1 0.87 �X Zero

End of year 2 0.76 �X Zero

End of year 3 0.66 Nil +1.2X

Present value �X [1+0.87+0.76] �4X+1.2(0.66)X

¼ �2.63X ¼ �3.21X
On the basis of the simplified cash flow analysis, the carbon steel pump should be purchased since

it represents a smaller overall net present cost over the life of theproject.However, considerations such

as plant reliability, maintenance costs, pump removal costs, have been ignored. Tax and inflation

effects have also been ignored. Assumptions regarding the cost of capital and plant operating life also

influence the selection decision. A more detailed costing scrutiny would be necessary for a real case,

encompassing other material options, especially where the pump duties dictate large investments.
Example 6.4 Evaluation of waste treatment options
A company invests $2.0 million over 1 year in a waste treatment process (Project A) which gives

positive net annual cash flows after tax of $400,000 in each subsequent year. At the start of the third

year of operation of Project A, a new alternative process (Project B) becomes available. Project B is

estimated to require an investment of $1.6 million over 1 year, and to give positive annual net cash

flows after tax of $800,000 in each subsequent year. It is estimated that a market exists for the

products of both processes for a further 7 years after Project B becomes available. The waste must

always be treated. Equipment from Project A cannot be used in Project B. Should the company

continue with Project A, or should it scrap Project A and adopt Project B?

Solution outline
Decision point occurs when Project B becomes available. If Project B is built in year 1, Project A

must be kept operating during that year.
Cash flows after tax ($ million)

Year Project A Project B

1 0.4 �1.2

2 0.4 0.8

3 0.4 0.8

4 0.4 0.8

5 0.4 0.8

6 0.4 0.8

7 0.4 0.8
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Net present values for above cash flows ($ million)

Project A Project B

Discount rate % per annum

0 2.8 3.6

5 2.31 2.72

10 1.95 2.08

15 1.66 1.59

20 1.44 1.22

DCFR % per annum ? 63
Further questions
1. How important is the choice of the initial reference point, and the original investment in

Project A?

2. What is the value of the DCFR for project A and why?

3. We can see that the DCFR for Project B of 63% is very attractive. But if i¼ 15% for instance, it is

still preferable financially to persevere with Project A. This highlights the difficulty of replacing

existing process plants with plants of superior technology. The return often does not justify the

capital investment required.

4. What influence might risk considerations have on the final outcome?
Example 6.5 Energy conservation project
An energy savings project has been identified in a metallurgical plant which is estimated to save

$800,000 annually before tax. The project involves a waste heat boiler installation, for which the
fixed capital cost estimate is $2.0 million. The project would take 1 year from now to implement.

The remaining life of the metallurgical plant from now is estimated to be 6 years. The cost of capital

for the project is 7% per annum, the corporate tax rate is 30%, and the allowable tax depreciation rate

on plant and equipment is 10% per annum until fully depreciated.

(a) Draw up a cash flow table for the life of the project showing annual cash flows after tax.

(b) Calculate the net present value for the energy savings project and hencemake a conclusion about

the apparent profitability of the project.

(c) Identify three possible deviations from assumed aspects of the project which you would

recommend to be considered prior to investment. Comment on their importance, and their effect

on the viability of the project.

Solution
(a) Cash flow table

Year Cash flow estimation

Present value $ million

Cash flow ∗ (1/(1+ i)t

1 2$ 2.0 million �2∗ (1/1.07) ¼ �2∗0.93 ¼ 21.87

2 Savings ¼ + $0.8 million

Tax depreciation allowance ¼0.2

Taxable income ¼ $0.6 million

Tax paid ¼ 0.18 million

After tax cash flow 5 $0.62 million +0.62∗0.87 5 0.54
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Year Cash flow estimation

Present value $ million

Cash flow ∗ (1/(1+ i)t

3 After tax cash flow 5 $0.62 million +0.62∗0.82 5 0.51

4 After tax cash flow 5 $0.62 million +0.62∗0.76 5 0.47

5 After tax cash flow 5 $0.62 million +0.62∗0.71 5 0.44

6 Savings ¼ + 0.8 million

Tax depreciation allowance ¼ 1.2

Taxable income ¼ �0.4 million

Tax paid ¼ �0.12 million

After tax cash flow 5 $0.92 million +0.92∗0.67 5 0.62
(b) Net present value¼P
Present values

¼ �1.87+0.54+0.51+0.47+0.44+0.62¼0.71 million

NPV exceeds zero, hence the project appears profitable.

(c) Possible deviations could occur in

• Capital Investment—i.e. is the estimate accurate? Are there risks of significant production

loss during waste heat boiler installation?
If the capital estimate is too low and revenue losses occur during installation and

commissioning, profitability will be adversely affected.

• Remaining life of the project.

The longer the remaining life, the more profitable the project would become. If however

the project life were reduced by 1 year, the project would barely break even.

• Estimate of savings.

Do the estimated savings account for any incremental labour, maintenance, and insurance

costs which would reduce profitability? Does savings estimate account for any carbon tax

benefits which would enhance profitability?
Example 6.6 Project evaluation—phased capital investment
A treatment plant is being designed in 2019 to remove impurities from a gas prior to sales. The sales

volume is forecast to be 1 million m3 in 2021 and to grow exponentially at a rate of 8% per annum.
Gas is to be supplied until the end of 2032.

Two alternative patterns of investment are being considered. The first involves building a plant

in 2020 of sufficient capacity to meet the demand at the end of the 12-year period. The second

involves building two smaller plants, the first built in 2020 and sized to meet the demand at the

end of 2023, and the second built in 2023 to come on stream in 2024, and to meet the balance

of supply until 2032. The following economic data applies:

Working capital ¼ negligible

Fixed capital investment ¼ 20.0 C0.7 $ million

Annual fixed operating costs ¼ 2.0 C0.7 $ million

Annual variable operating costs ¼ 4 S $ million

Annual sales revenue ¼ 16 S $ million

where C ¼ capacity of plant in 106 m3/annum

S ¼ annual sales in 106 m3/annum

Tax depreciation allowance ¼ 10 % per annum

Corporate tax rate ¼ 30%
Tax is paid 1 year in arrears of earning income on which tax is assessed.
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The cash flow patterns for the alternative schemes are outlined below

Cash flows for Scheme A, cash flows are in $million

Scheme A 0

Year 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 NPV

Fixed capital –36.2

Sales million m3 1 1.08 1.17 1.26 1.36 1.47 1.59 1.71 1.85 2.00 2.16 2.33

Sales revenue 16 17.28 18.66 20.16 21.77 23.51 25.39 27.42 29.61 31.98 34.54 37.31

Fixed costs –3.6 –3.6 –3.6 –3.6 –3.6 –3.6 –3.6 –3.6 –3.6 –3.6 –3.6 –3.6

Variable costs –4 –4.32 –4.67 –5.04 –5.44 –5.88 –6.35 –6.86 –7.40 –8.00 –8.64 –9.33

Cash flow before tax 8.38 9.34 10.38 11.50 12.71 14.02 15.43 16.95 18.60 20.37 22.29 24.36

Tax depreciation

allowance

3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62

Taxable income 4.77 5.73 6.77 7.89 9.09 10.40 11.81 13.33 14.98 16.76 18.68 20.75

Tax paid –1.43 –1.72 –2.03 –2.37 –2.73 –3.12 –3.54 –4.00 –4.49 –5.03 –5.60 –6.22

Cash flow after tax –36.2 8.38 7.91 8.66 9.47 10.34 11.29 12.31 13.41 14.60 15.88 17.26 18.76 –6.22

Cumulative cash

flow after tax

–36.2 –
27.82

–
19.90

–
11.24

–1.77 8.58 19.86 32.17 45.58 60.17 76.05 93.32 112.08 105.85

Discount factor 0.9091 0.83 0.75 0.68 0.62 0.56 0.51 0.47 0.42 0.39 0.35 0.32 0.29 0.26

Discounted cash flow –32.91 6.93 5.95 5.92 5.88 5.84 5.79 5.74 5.69 5.63 5.57 5.50 5.44 –1.64 35.31



Cash flows for Scheme B, cash flows are in $million

Year 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

Fixed capital –22.3 –22.2

Sales million m3 1 1.08 1.17 1.26 1.36 1.47 1.59 1.71 1.85 2.00 2.16 2.33

Sales revenue 16 17.28 18.66 20.16 21.77 23.51 25.39 27.42 29.61 31.98 34.54 37.31

Fixed costs –2.23 –2.23 –2.23 –4.45 –4.45 –4.45 –4.45 –4.45 –4.45 –4.45 –4.45 –4.45

Variable costs –4 –4.32 –4.67 –5.04 –5.44 –5.88 –6.35 –6.86 –7.40 –8.00 –8.64 –9.33

Cash flow before tax 9.77 10.73 11.77 10.67 11.88 13.18 14.59 16.12 17.76 19.54 21.46 23.53

Tax depreciation

allowance

2.23 2.23 2.23 4.45 4.45 4.45 4.45 4.45 4.45 4.45 4.45 4.45

Taxable income 7.54 8.50 9.54 6.22 7.43 8.73 10.14 11.67 13.31 15.09 17.01 19.08

Tax paid –2.26 –2.55 –2.86 –1.87 –2.23 –2.62 –3.04 –3.50 –3.99 –4.53 –5.10 –5.72

Cash flow after tax –22.3 9.77 8.47 –
12.97

7.81 10.01 10.95 11.97 13.07 14.26 15.55 16.93 18.43 –5.72

Cumulative cash

flow after tax

–22.3 –
12.53

–4.06 –
17.03

–9.23 0.78 11.74 23.71 36.78 51.05 66.59 83.52 101.95 96.23

Discount factor 0.9091 0.83 0.75 0.68 0.62 0.56 0.51 0.47 0.42 0.39 0.35 0.32 0.29 0.26

Discounted cash flow –20.27 8.07 6.36 –8.86 4.85 5.65 5.62 5.59 5.54 5.50 5.45 5.39 5.34 –1.51 32.73
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On the basis of NPV at a discount rate of 10%/annum, Scheme A has a 12% NPV advantage

over Scheme B. Scheme A also involves less capital expenditure overall than Scheme B, and for

2024–32 lower fixed costs. Scheme B, however, has some important strategic advantages. Firstly,

capital investment timing can be improved to match the developing sales pattern; if for example

sales growth proves to be only 5%/annum, the second plant can be deferred and may be smaller

in capacity than the first plant with savings in incremental capital and fixed operating costs. The

second important advantage is that the design of the second plant should benefit from the design,

construction, and operational experience gained on the first plant and any improvements in available

technology.
Example 6.7 Isomerisation of naphtha
SMUCE Engineering is examining the feasibility of providing a new isomerisation unit within an

existing refinery inVictoria. Proposedproductioncapacity is 1285t/day (equivalent to450,000t/year)
of isomerate product. The proposed plant will be constructed over 2 years in 2013 and 2014 and will

commence production in 2015. The plant will operate continuously supported by a continuous shift

roster of process operators. The following performance and cost data have been estimated. Costs are

expressed in $Aust 2012.
Fixed capital cost Inside battery limits: $48million

Outside battery limits: $9million

Cost of initial catalyst charge $4million

Operating performance

Naphtha feedstock Consumption: 1.03 t/t product

Unit cost: $1000/t naphtha

Hydrogen feedstock Consumption: 0.015t/t product

Unit cost: $1200/t hydrogen

Catalyst make-up $3/t product

Minor chemicals $0.7/t product

Credit for stabiliser off-gas $6/t product

Utilities requirements

Electricity 40kWh/t product

Unit cost: $80/MWh

Steam 0.28 t/t product

Unit cost: $15/t

Cooling water 10m3/t product

Unit cost: 0.1 $/m3

Process labour 3 operators per shift

Annual salary per operator:

$80,000 per year

Payroll overheads: 40% wages



166 CHAPTER 6 Some examples in process economics
Plant overheads 80% process labour costs

(inclusive of payroll overheads)

Maintenance 4% fixed capital

Insurance 1% fixed capital

Property taxes 1% fixed capital

Corporate administration, research and

development, selling expenses

2% fixed capital
(a) Estimate operating costs at 100% capacity utilisation. Present costs in summary form on a

detailed operating cost worksheet which includes both annual costs and costs per tonne product.

Based on the estimates for 100% capacity utilisation, estimate the operating costs for 80%

capacity utilisation, expressed in both $ per year and per tonne of product.

(b) Estimate working capital requirements at 100% capacity utilisation based on an assessment of

required stocks of feedstocks and finished products, and 6 weeks debtors and 6 weeks creditors.

State your basis for assessing the required stocks.

(c) Estimate the annual cash flows after tax, over the life of the project. Draw up a cash flow table for

the life of the project. Neglect the effects of inflation and express cash flows in $2012. Assume:

• A plant operating life of 15 years, terminating in 2029.

• Plant operates at 80% capacity utilisation in 2015, and 100% capacity utilisation in 2016, and

for the remaining years of operation.

• Tax depreciation allowance of 6.7% fixed capital.

• Corporate tax rate of 30% taxable income.

• A selling price of $1150/t isomerate product, reflecting the increase in octane number

achieved.

(d) (i) Assume an annual discount rate, reflecting the cost of capital, of 10% per annum. Hence

calculate the NPV and IRR for the project.

(ii) Make a conclusion regarding the apparent viability of the project.

(iii) Identify what you consider to be three key factors affecting the economic viability of this

project, giving your reasons.

(e) Estimate the fixed capital, working capital, and operating cost for an isomerisation unit of

900,000tonnes/year, for the full capacity utilisation case.

Solution

Part A—Operating cost estimate

Operating cost summary sheet

Product Isomerate

Process route Catalytic

isomerisation

Plant capacity t/yr 450,000 1285.7

Capacity utilisation %

Fixed capital IBL $mill 48

Fixed capital OBL $mill 9

Total fixed capital $mill 57
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Initial catalyst charge $mill 4

Product selling price $/t 1150

Production cost

Annual cost

($million/yr)

Cost per tonne

($/tonne product)

Raw materials Unit Unit

Usage Cost

Unit/t $/unit

Naphtha t 1.03 1000 463.5 1030

Hydrogen t 0.015 1200 8.1 18

Catalyst make-up 3

Minor chemicals 0.7

Stabiliser off gas credit –6

Total raw materials cost 470.6 1045.7

Utilities Unit Unit

Usage Cost

Unit/t $/unit

Electricity (MWh) 0.040 80 3.2

Steam LP (t) 0.28 15 4.2

Steam IP (t)

Steam HP (t)

Cooling water (m3) 10 0.1 1

Process water (m3)

Nitrogen (m3)

Total utilities cost 3.78 8.4

Process labour Number

Salary

$/yr

Operators/shift 3

Shift teams 5

Total shift operators 15 80,000 1.2

Day operators 0

Total process labour

wages

1.2

Payroll overheads %

wages

40 0.48

Total process labour cost 1.68

Plant overheads % pro-

cess

labour

80 1.34

% fixed

capital
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Maintenance 4 2.28

Insurance 1 0.57

Property taxes 1 0.57

Book depreciation

Total fixed production

cost

6.44

Total production cost Fixed 6.44 14.3

Variable 474.35 1054.1

Total 1068.4

Nonmanufacturing costs 2 1.14 2.5

Corporate administration

Research and

development

Selling expenses

Total operating cost 481.93 1070.9

% Total

capital

Profit 15 19

Minimum viable selling

price

1089.9

Operating cost at 80%

capacity utilisation

Fixed 7.58 21.1

Variable 379.48 1054.1

Total 1075.2
Part B

Working capital

Naphtha feed stocks 3 days 3.81

Initial catalyst charge 4

Product stocks 3 days 3.96

Debtors 6 weeks 59.71

Creditors 6 weeks –54.73

Total 16.75

At 80% capacity utilisation 13.40

At 100% capacity utilisation 3.35 Incremental cash flow



Part C

Cash flows are in $million

Year 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Fixed capital –
28.5

–
28.5

Working

capital

–
13.4

–3.4 16.9

Sales

revenue

414 517.5 517.5 517.5 517.5 517.5 517.5 517.5 517.5 517.5 517.5 517.5 517.5 517.5 517.5

Variable

costs

379.5 474.4 473.5 473.5 473.5 473.5 473.5 473.5 473.5 473.5 473.5 473.5 473.5 473.5 473.5

Fixed costs 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58

Operating

cash flow

before tax

26.9 35.6 36.4 36.4 36.4 36.4 36.4 36.4 36.4 36.4 36.4 36.4 36.4 36.4 36.4

Tax depreci-

ation

allowance

3.82 3.82 3.82 3.82 3.82 3.82 3.82 3.82 3.82 3.82 3.82 3.82 3.82 3.82 3.53

Taxable

income

23.12 31.75 32.60 32.60 32.60 32.60 32.60 32.60 32.60 32.60 32.60 32.60 32.60 32.60 32.89

Tax paid 6.94 9.53 9.78 9.78 9.78 9.78 9.78 9.78 9.78 9.78 9.78 9.78 9.78 9.78 9.87

Cash flow

after tax

–
28.5

–
41.9

16.6 26.0 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.6 43.5

Cumulative

cash flow

–
28.5

–
70.4

–53.8 –27.8 –1.1 25.5 52.2 78.8 105.4 132.1 158.7 185.4 212.0 238.6 265.3 291.9 335.4
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Part D

Profitability

(i) NPV and IRR NPV@ 0%/yr 335 $million

NPV@10%/yr 101.6 $million

NPV@20%/yr 28.3 $million

NPV@30%/yr 0.2 $million

NPV@40%/yr –11.7 $million

IRR 30.1% per annum

(ii) Project is profitable based on NPV and IRR indicators. Undiscounted pay-

back time from start of investment is �5.1 years

(iii) Some key factors affecting the economic viability of project include:

• Process technology – relationship between plant design, achieved octane
improvement, selling price, and fixed capital

• Reliability of cost estimates – both capital and operating

• Ability to achieve full capacity utilisation – dependence on plant reliabil-
ity, reliability of feedstock supply

Other factors include the assumed plant life, possible inflation effects, cor-

porate tax rate, and tax depreciation allowance
Part E – scale effects

Scale effects for 900,000 t/yr $million $/t product

Fixed capital 57 � 20.6 86.4

Working capital 16.75 � 2 33.5

Variable operating cost 1054

Labour + plant overheads 3.02 � 20.2 3.86 4.3

Capital dependent costs 0.08 � 86.4 6.91 9.1

Total operating costs 1067.4

Assumptions

Fixed capital Single stream plant, 0.6 capacity exponent applies

Working capital Directly proportional to scale

Variable costs On $/tonne product basis, independent of scale

Labour + plant overheads Single stream plant, slight dependence on scale and 0.2 capac-

ity exponent assumed

Note: other assumptions re size of manning exponent could be

justified

Capital dependent costs %age of fixed capital remains the same, independent of scale

Remarks Small dependence on scale is observed because of high propor-

tion of variable costs in total operating costs
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Example 6.8 Sulphuric acid manufacture

Cost estimation, cash flow projections, profitability evaluation, scale, capacity

utilisation effects.

A company with a range of profitable investments in resources and manufacturing is considering

building a plant to manufacture sulphuric acid from sulphur. Sulphuric acid would be sold to adja-

cent fertiliser and chemicals plants. The plant would be essentially single stream and would be a net

producer of energy, resulting from heat recovery in the process. Surplus steam and electricity gen-

erated would be exported to adjacent plants. The following package of data is provided for the pro-

posed plant. Costs are in dollars at the time of evaluation.
Plant capacity 150,000 tonnes/year of 98% w/w sulphuric acid based

on a total operating time of 8000 h/year

Construction

programme

Plant to be erected over a 1 year period following the

year of evaluation

Operating life Plant to be operated for 15 years following completion

of the construction programme

Fixed capital cost $38.2 million inside battery limits

$9.5 million outside battery limits

Raw material Sulphur priced at $80/tonne used at the rate of

0.32 tonnes/tonne of acid

Electric power credit 0.2MWh/tonne acid at $100/MWh

Steam credit 0.6 tonnes/tonne acid at $12/t steam

Cooling water 70m3/tonne acid at 12cents/m3 cooling water

Process labour and plant

overheads

$2.0 million/annum

Maintenance, insurance,

and property taxes

$2.8 million/annum

Corporate

administration

$0.4 million/annum

Selling price of

sulphuric acid

$100/tonne acid
(a) Based on the data package provided, determine the total cash operating costs expressed both as

$/year and as $/tonne acid at a plant output of 150,000tonnes of acid per year.

(b) If 4 weeks consumption of sulphur and 5 days production of sulphuric acid are required as stocks,

and if the trading period is 6 weeks for debtors and 4 weeks for creditors, make an estimate of the

working capital requirements when the plant is producing 150,000tonnes annually. Materials in

progress inventory can be neglected.

(c) Market forecasts predict sales of 100,000tonnes per year in the first year of plant operation

increasing to 120,000tonnes per year in the second year and 150,000tonnes per year in the third

year of operation. Draw up a cash flow table for the life of the project, showing the annual cash

flows after tax. Corporate tax is to be paid at the rate of 30% of taxable income in the year in

which the income is generated. Tax depreciation allowance is 10% of fixed capital until the plant

is fully depreciated.

(d) Based on the cash flows estimated in part (c) determine the net present value of the project.

Ignore the effects of inflation and assume an after tax cost of capital of 10% per annum. How

would you classify the economic viability of the project? Give your reasons.
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(e) Based on the estimate made in part (a), estimate and compare the capital and operating costs

(at full plant output) for a sulphur burning plant of the same design and having a capacity of

(i) 100,000tonnes/year

(ii) 600,000tonnes/year

State the assumptions made.

(f) Identify some key economic aspects which affect the profitability of such a project.

Solution
(a) Cash operating costs

Cost category Unit

Unit usage

per t acid

Unit cost

($/unit)
Annual cost

($ million)

Cost per

tonne acid

Sulphur

Electricity

Steam

Cooling water

t

MWh

t

m3

0.32

�0.2

�0.6

70

80

100

12

0.12

3.84

�3.0

�1.08

1.34

25.6

�20

�7.2

8.4

Total variable cost 1.02 6.8

Process labour and plant

overheads

2.0 7.33

Maintenance, insurance,

property taxes

2.8 18.67

Corporate administration 0.4 2.67

Total fixed costs 70 0.12 5.2 34.67

Total cash operating costs 6.82 45.5
(b) Working capital

Cost

($ million)

Sulphur stocks 4 weeks (4/52)∗3.84 0.295

Sulphuric acid stocks 5 days (5/365)∗6.82 0.093

Debtors 6 weeks (6/52)∗((0.15∗50)+2.58) 1.96

Creditors 4 weeks 4/52∗(1.92+0.63) �0.39

Total working capital 1.96

Increment

Working capital build-up First year of operation 1.31 1.31

Second year of operation 1.57 0.26

Third year of operation 1.96 0.39
(c) Cash flows for years 1 to 4, year 12 and year 16

Year 1 2 3 4 12 16

Cash flows in $ million

Fixed capital �47.7

Working capital �1.31 �0.26 �0.39 1.96

Sales revenue 10 12 15 15 15

Variable costs �0.68 �0.82 �1.02 �1.02 �1.02

Fixed costs �5.2 �5.2 �5.2 �5.2 �5.2
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Cash flow before taxa 4.12 5.98 8.78 8.78 8.78

Tax depreciation allowance 4.77 4.77 4.77 0 0

Taxable income �0.65 1.21 4.01 8.78 8.78

Tax payment �0.195 0.363 1.203 2.634 2.634

Cash flow after tax 4.315 5.617 7.577 6.146 6.146

Cash flow after tax adjusted for

working capital

�49.01 4.575 6.007 7.577 6.146 8.106

Present value factor 0.909 0.826 0.751 0.683 0.319 0.218

Present value �44.6 3.78 4.51 5.18 1.96 1.77

aExcluding working capital.
(d) Based on the cumulative cash flow, the project does not recover the capital investment until the

eighth year of operation. Based on the net present value, the project does not become profitable

until the 13th year of operation, achieving only $2.9 million at the end of 15 years of operation.

Hence based on the assumptions made, the project is only marginally profitable

Cash flows and present values over the life of the project.

Cash flows,

cumulative cash

flows, present values

and net present value

are in $ million Year

Cash

flow

Cumulative

cash flow

Discount

factor

(i50.1)

Present

value

Cumulative

present

value

1 �49 �49 0.909 �44.54 �44.54

2 4.76 �44.24 0.826 3.93 �40.61

3 6.01 �38.23 0.751 4.51 �36.09

4 7.58 �30.65 0.683 5.18 �30.92

5 7.58 �23.07 0.621 4.71 �26.21

6 7.58 �15.49 0.565 4.28 �21.93

7 7.58 �7.91 0.513 3.89 �18.04

8 7.58 �0.33 0.466 3.53 �14.51

9 7.58 7.25 0.424 3.21 �11.29

10 7.58 14.83 0.386 2.93 �8.37

11 7.58 22.41 0.351 2.66 �5.71

12 6.15 28.56 0.319 1.96 �3.74

13 6.15 34.71 0.29 1.78 �1.96

14 6.15 40.86 0.263 1.62 �0.34

15 6.15 47.01 0.239 1.47 1.13

16 8.11 55.12 0.218 1.77 2.89

NPV 2.89
(e) Since sulphur burning sulphuric acid plants are essentially single stream a capacity exponent of

0.6 is assumed. Since fixed costs make-up the major contribution to total operating costs

(i) For the 100,000tonnes per year plant, estimated capital cost

I ¼ (100,000/150,000)0.6∗47.7 ¼ $37.4 million
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Variable operating cost is assumed to remain unchanged at $6.8/tonne acid
Annual cost of process labour and plant overheads are assumed to remain essentially unchanged

at $2.0 million per year.

Maintenance, insurance, and property taxes are expected to reduce in proportion to the lower

fixed capital expenditure, i.e. (37.4/47.7)�$2.8 ¼ $2.2 million per year.

Corporate administration costs are expected to remain unchanged at $0.4 million per year.

Total fixed costs are estimated at 2.0+2.2+0.4¼$4.6 million per year, or 4.6/0.1¼$46 per

tonne acid.

Total cash operating costs are thus estimated at $6.8+46¼ $52.8 per tonne, an increase of 16%
over the base case. If we add an allowance for book depreciation based on the 15-year operating

life, (0.067�37.4/0.1), this would amount to 24.7$/tonne bringing total operating costs to $77.5
per tonne.

(ii) For the 600,000tonnes per year plant

I ¼ (600/150)0.6∗47.7 ¼ $109.6 million

Variable operating cost is assumed to remain unchanged at $6.8/tonne acid.
Annual cost of process labour and plant overheads are assumed to marginally increase to

$2.4 million per year.

Maintenance, insurance and property taxes are expected to increase in proportion to the higher

fixed capital expenditure i.e. (109.6/47.7)�$2.8 ¼ $6.43 million per year.

Corporate administration costs are expected to remain unchanged at $0.4 million per year.

Total fixed costs are estimated at 2.4 + 6.4 + 0.4¼ $9.2 million per year, or 9.2/0.6¼ $15.3 per
tonne acid.

Total cash operating costs are thus estimated at 6.8 + 9.2 ¼ $16/tonne acid.
An allowance for book depreciation over project life (109.6�0.067)/0.6 or $12.2/tonne acid

would bring total operating costs to $28.2/tonne.
(f) Based on the assumptions made for the base case, the project is only marginally profitable.

Closer examination of the basic cost assumptions, market evaluation, and assumed plant life

would be required, as well as competitive influences from other sulphuric acid producers.

Cost assumptions have not included selling expenses or royalties (alternatively research and

development costs). Variable cost assumptions depend on the ability to supply surplus electric-

ity and steam generated. Sales volumes depend on market demand, which is almost always an

uncertainty. Capacity utilisation of the plant will depend on market demand as well as plant

operational reliability.

Competition may occur over the life of the plant from other sulphuric acid producers.
Example 6.9 Pulp mill evaluation
A New Zealand company is making a study of a medium-capacity option for a pulp mill. The plant
would be constructed in 2021 and 2022 commencing operation in 2023. The following package of

economic and performance data are assembled.

Plant capacity 300,000tonnes per annum

Fixed capital investment 900 million spent uniformly over 2 years of

construction

Projected pulp sales 200,000tonnes in 2023

250,000tonnes in 1994

300,000tonnes in 1995 and subsequent years

Operating costs
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Wood chips: consumption 3.6m3/t pulp

Unit cost of wood chips $60/m3 wood chips

Cost of chemicals $11/t pulp

Fuel consumption 0.11 t fuel/t pulp

Unit cost of fuel $450/t

Total personnel employed 360 (includes process labour, maintenance labour,

technical, clerical, and administrative staff)

Average salary per employee $80,000 per annum

Selling price of pulp $1200/tonne pulp ex-mill

Credit for exported electric power $20/tonne pulp
(a) Estimate the total annual operating cost based on 100% capacity utilisation

Expressed as annual cost and cost per tonne of pulp product.

(b) Estimate the working capital at 100% capacity utilisation assuming:

6 weeks product stock

6 weeks debtors

4 weeks of fuel oil stock

4 weeks stock of wood chips

6 weeks stock of chemicals

4 weeks creditors

Salaries paid 2 weeks in arrears

(c) Construct a cash flow table detailing the annual cash flows after tax for the life of the project.

Ignore inflation and financing charges. Assume

Plant operating life ¼ 15 years

Annual tax depreciation allowance 6.7 % until fully depreciated

Corporate tax rate: 30%

Tax paid in year income is generated.

(d) Based on cash flows after tax, estimate the payback time and net present value for the project

based on a discount rate of 10% per annum. Comment on the apparent economic viability of the

project.

Solution
To be provided by the reader.
Example 6.10 Market evaluation
For one or more of the products nominated, explore

• dominant raw material and manufacturing process; main cost drivers in manufacture
(e.g. feedstock, utilities, capital)

• product end uses; product quality requirements; means of supply (e.g. packaged, bulk, pipeline)

• current demand, demand growth pattern, in major economies; current (or recent) selling price

• potential for investment into new or expanded capacity in a country of your choice

• a recommended manufacturing site, supported by reasons for selection

Products can be selected for example from:

Ammonia, oxygen, hydrogen, caustic soda, nitric acid, acetone, phosphoric acid, titanium

dioxide, methanol, fuel ethanol, or other products of interest.

Solution
To be provided by the reader.
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7.1 Introduction
Chemical engineers are required to evaluate process technologies for the conversion

of raw materials to products in a number of different contexts:

• the research and development phase of an emerging process

• the selection of a process from commercially established alternatives

• decision-making in the design of a process plant for a project

• the comparison of a process owned or operated by a company with those owned

or operated by competitors

• product evaluation, where life cycle assessment criteria demand consideration of

the manufacturing process chain

When making these evaluations a number of criteria are important, including

• product quality assurance

• capability to handle variations in feedstock quality

• capital cost per unit of production capacity

• raw materials consumption per tonne of the product

• energy and utility consumptions per tonne of the product

• operating cost per unit of production

• health and safety standards, especially in relation to toxicity, fire and explosion

hazards

• environmental impact, especially in relation to emissions and wastes generated

• operational reliability

• overall sustainability

The relative importance of evaluation criteria in an assessment will depend on the

type of process under evaluation and the context of the evaluation. The information

upon which the assessment is made may be of varying detail and reliability and will

usually come from a number of sources. These sources include

• Public domain literature, including encyclopaedias of chemical technology,

books, journals, and government reports.

• Commercial service reports from consultants. Well-developed flowsheets and

equipment specifications may be included and the supporting patent and

technical literature reviewed. Companies can pay for this service on an initial or

ongoing basis; generally, the costs are large enough to preclude small companies

or individuals from participating.

• Private company sources such as reports, files, and manuals, supported by

professional advice from current employees built on experience, as well as

advice from companies with whom business relationships have been established.

Specific reports may also be commissioned from contractors and process

licensors under confidentiality agreements.

In order to make a balanced appraisal of process technology, the information sources

collectively need to address the range of assessment criteria. An appreciation of the

potential limitations and strengths of the various information sources, as well as
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possible biases by authors with vested interests, is an important element in the

appraisal. A critical approach is thus necessary. The greater the range of perspectives

in both the evaluation criteria and public/private domain intelligence, the more bal-

anced and realistic the appraisal is likely to be.

An important dimension in the evaluation of a given process technology and com-

peting technologies, is that of time. The potential for a technology to improve, and

achieve an ultimate performance level will shape the business planning and research

priorities of the more able process industry companies. It is also important to realise

that the user of a particular process technology may not be employing the best avail-

able features of the technology. Much depends on the technical capability of the user,

the point at which the technology was adopted (usually embodied in a process plant),

and the extent to which subsequent improvements in the technology have been

adopted and implemented.
7.2 Time dependence of process technology performance
Products andprocesses have lives duringwhich the associated technology is continually

developed and improved. The lives may be relatively short as with certain pharmaceu-

tical products or quite long—for example cryogenic oxygen production and aluminium

smelting based on the Hall–Heroult process are each more than100years old. Process

plants embodying the contributing technologies of product, process, equipment, and

instrumentation can become noncompetitive during their operating lives, whilst more

advanced technology is developing or being implemented. It is important as a user of

process technology tounderstand its levelofmaturityaswellas thatof technologiesused

bycompetitors. It is also important to recognise thepotential ofboth existing andemerg-

ing technologies. Ina researchanddevelopmentenvironment, it isnecessary toweighup

the merits of investing further time and effort on improving an existing technology, in

preference to developing an emerging technology, which whilst currently inferior, may

have the potential to displace the existing technology in time.

Thus it is necessary to understand the dynamics of technologies. It is useful in
this context to use simple models to quantify and forecast technological change.

The two models most commonly used are the sigmoid (S-shaped) curve model

and the exponential model. The sigmoid curve model, based on analogy to biological

growth, implies that growth is initially slow but then increases steadily for a period,

after which it slows. The exponential curve can be considered as a component of a

longer duration sigmoid curve, thus representing development before the rate of

change begins to decrease under the influence of boundary constraints. In many

cases, however, exponential development has been arrested abruptly with the onset

of a plateau in performance.

Two better known sigmoid curves are the logistic curve defined by

Y¼ Yu= 1 +A exp �Btð Þ½ � (7.1)

and the Gompertz curve defined by

ln Y¼ ln Yu�A exp �Btð Þ (7.2)
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where

Y ¼performance at time t
Yu ¼ultimate performance

A, B ¼parameters

The point of inflexion for the logistic curve occurs at Y¼Yu/2 and the curve is skew-
symmetric about this point. The point of inflexion for the Gompertz curve occurs at

Y¼Yu/exp (1). Both curves are asymptotic to Y¼0 when t ➔ �∞, and to Y¼Yu
when t ➔+∞.

Apart from the use of sigmoid curves for the quantitative modelling and forecast-

ing of technological progress, sigmoid curves are a useful qualitative basis for repre-

senting the life (or life cycle) of a process technology. Three phases can be identified,

as shown in Fig. 7.1:

• an initiation phase in which the technology is developed to a point where

manufacturing commences

• a growth phase in which the process and plant are improved with a reduction in

cost and increase in the scale of manufacture

• a maturity phase in which the rate of cost reduction and scale development

declines markedly

Given that both demand for further improvement and appropriate ingenuity both exist

beyond the point of maturity, there is an opportunity and probability for superior tech-

nology to develop in place of existing technology. Fig. 7.2 shows a generalised case

where Technology B overtakes the performance of Technology A. The two curves

considered together suggest an exponential trend in overall capability with time,

though it can be anticipated that this capability will eventually become S-shaped. This
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Linear plot of technology performance versus time showing Technology B overtaking

technology A.
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overall capability has been described by Ayres [1] as the ‘envelope’ of technological
change. Examples in the literature of early technology systems include

• efficiency development in energy conversion systems derived from external fuel

combustion [2]

• efficiency development in incandescent and fluorescent lighting [3]

There are numerous cases where process technologies for manufacturing specific

chemicals have been progressively overtaken by superior technologies. Just two

examples include

• Sulphuric acid manufacture where the lead chamber process used in the 19th

century was overtaken by the contact process in the 20th century, with double

absorption systems subsequently overtaking single absorption systems within the

contact process.

• Chlorine and caustic sodamanufacturewhere therewere progressive improvements

in mercury cells in the first half of the 20th century, followed by replacement of

graphite anodes with titanium anodes in the 1960s, followed by progressive

replacement of mercury cells with membrane cells from the early 1980s to 2019.
7.3 Initiation phase of technology
The initiation phase of a process technology can be lengthy. There is typically a

timescale of up to 10years or longer from initial invention or discovery to successful

commercial production. The technology may be centred around a new product or a

new process for making an established product. Need for a new process to make
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an established product may be driven by cost, feedstock availability, environmental,

or safety considerations. Research on new technology is characteristically science

intensive but with the need to develop the basic ideas into a commercial process

making a commercial product. Thus research and development is multidisciplinary

with the interaction between scientists (mainly chemists, physicists, and biologists

in the case of process technologies) and engineers (mainly chemical) but also

involving market and commercial appraisal. If commercial production is to result,

capital costs, operating costs, and sales revenue must be forecast with sufficient

certainty to justify ongoing research costs, and ultimately the capital investment

for a manufacturing plant.

Because of the novelty of the emerging technology, considerable uncertainty

exists in the definition of the process and in the cost and performance of the associ-

ated plant. As research and development proceed, the uncertainty is reduced but is

always greater than for an established process where there is a benefit of design, con-

struction, and operating experience on previous plants. Notwithstanding some uncer-

tainty and the desirability of further research, there are frequently conflicting market

pressures favouring early manufacture. A balance is sought between technical def-

inition and market opportunity, in developing a manufacturing strategy, which inev-

itably involves a calculated risk.

From the initiation of commercial production, a further 5–10years may elapse

before production is significantly profitable. There may be slowness in the market

place to adopt a new product. The slowness may be due to attitudinal inertia,

but there are frequently technical problems and investment barriers associated with

making a change to a new product. Thus market growth is initially restricted. The pro-

duction capacity of the first plant built is frequently small, reflecting market volume or

a desire to minimise the amount of capital risked in initial manufacture. Technical dif-

ficulties experienced in plant operations are also likely in the early years.

The risks associated with developing and implementing new process technolo-

gies are thus considerable. Technical, economic, andmarket uncertainties are present

and are exacerbated by the long-time horizons involved. Safety and environmental

risks also demand scrutiny. There is the ever-present risk of a competitor developing

a new process or product. Costs of research and development are also significant;

costs are incurred in laboratory equipment, buildings, and reagents, but mainly in

personnel engaged in the work. Additional personnel are required in technical,

administration, marketing, commercial, and legal functions to support the personnel

directly involved in research and development.

Companies generally allocate budgets for research and development in specific

areas of business. The extent of the budgets reflects the perceived life cycles for prod-

ucts and processes in those business areas. Thus budgets for R&D might amount to

10% of sales for pharmaceuticals and agricultural chemicals, 5% of sales for dye-

stuffs and polymers, and 2% for bulk and basic chemicals [4].

Despite the associated risks and costs of R&D, rewards can be very significant.

Survival in existing business areas can be ensured, new areas of business can be

opened up, and there are opportunities to license aspects of the developed technol-

ogies. The penalties for failure to innovate, on the other hand, can be severe, with loss

of commercial initiative and in extreme cases serious business failure.
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7.4 Growth phase of technology
During the growth phase of process technology, there is growth in production and

sales of the associated product. Concurrent with this market growth, there is frequent

growth in the production capacity of plants to manufacture that product. For many

major chemicals in the past, the growth rate in maximum plant capacity has exceeded

the market growth rate for the product.

As the technology is developed and improved, progressive cost reduction main-

tains market growth; market growth in turn encourages larger production plants,

which achieve economies of scale; economies of scale enable further cost reduction

sustaining the pattern of behaviour.

Economies of scale are discussed further in this chapter in Section 7.6. Strictly,

economies of scale apply to cost reduction per tonne of product in a static (or con-

stant) technological environment, as a result of increased scale or size of the oper-

ation. Economies of scale apply to both capital and operating costs. Over time,

successive plants employing particular process technologies are typically larger in

physical size but also achieve higher production capacity and performance improve-

ment. These benefits are derived from technological innovations achieved through

research and development, as well as the cumulative benefits of experience in design,

construction, and operation.

The high market growth rates characteristic of many chemicals in the mid to late

1900s encouraged progressively larger capacity plants to be built. Simmonds [5] pre-

sented data showing growth in the maximum capacity of plants or equipment in the

US industries and provided examples of technological innovation influencing such

growth. Brennan [6] has also provided data on growth in the maximum available

capacities for aluminium smelting, chlorine/caustic soda, and ethylene plants.

In examining capacity development in plants and equipment items, there is an

important distinction between mere physical size increase and intensification effects.

Scaling up of plants and processes, even with little technological change, brings its

own set of technical problems. Ball and Pearson [7] examined some technical, eco-

nomic, and managerial restraints in the development of plant scale over time. Criteria

of similarity in mechanical, thermal, and chemical aspects have conflicted withmany

chemical and metallurgical plants. Constraints to scale development may be concen-

trated at a particular size barrier providing a number of obstacles to be overcome;

once overcome however, a significant step increase in size may result. Alternatively,

constraints may be dispersed at various size barriers, leading to a more gradual devel-

opment of scale as problems are overcome.

Pratten [8] emphasised the continuous change in technical progress, which gives

rise to different ‘scale curves’ for succeeding vintages of a plant (Fig. 7.3). These

curves are often kinked slightly above the maximum capacity for which prior expe-

rience has been obtained, reflecting the technical and economic uncertainties of the

initial transition to a larger-scale plant. Through time, the kink in scale curve is likely

to be pushed to higher levels of capacity. When the ultimate limit to capacity is

reached, the kink may eventually be eliminated.
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Possible scale curves for different vintage plants: (A) unkinked; (B) kinked; and (C) alternative

type of kinked curve.
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7.5 Intensification
Intensification has been viewed as an important objective in process and equipment

design. In the case of equipment design, ‘intensification’ means an increase in capac-

ity for an equipment item of a given size, or alternatively a decrease in the physical

size of equipment for a given process duty. This offers the prospect of reduced fixed

capital costs including a reduction in installation labour and a reduced inventory of

process material. The reduced inventory brings a consequent reduction in working

capital and importantly, in many cases, in process hazards.

Intensification is commonly associated with a change in technology. Opportuni-

ties for intensification in reactors for example include changes in the catalyst, par-

ticle size or shape of feed materials, reactor design, materials of construction, and

control methods. Intensification has been occurring steadily in process equipment

over the decades. In packed towers used for gas absorption and distillation, improve-

ments in packings from Raschig rings through improved rings and saddles to struc-

tured mesh packings, along with improvements in liquid and gas distributors have

resulted in a reduction in tower size for a given process duty. The use of finned

and ribbed surfaces instead of plain tubes has enabled more compact heat exchangers.

The possibility of achieving more dramatic reductions in equipment size using centrif-

ugal force in mass transfer and heat transfer equipment design has been explored; the

Higee distillation column is one well-publicised example [9].

Process intensification (as distinct from equipment intensification) is derived

from several influences. Yield and selectivity improvements in reactors increase

reactor productivity not only through increased output of product per reactor volume

and per input of rawmaterial, but by unloading capacity requirements in downstream

separation and purification plant. For a new plant, this offers reductions in capital and

energy costs in downstream plant and reduced recycling of unreacted feedstocks. In

an operating plant, capacity margins created in downstream equipment and in recycle

flows offer an opportunity for economic expansion of plant production capacity.

Other means of process intensification include reducing the number of process steps,

reducing batch times for a batch process, or converting a batch process to a contin-

uous process.
7.6 Economies of scale
Engineers are required to examine capacity options in plant and equipment design, at

various phases of projects. This applies to an early strategic decision regarding the

optimal match of plant capacity with forecast market growth (see Chapter 8 for dis-

cussion). It also applies to the detailed design of a section of the plant, where gen-

erous capacity in one equipment item can reduce the required capacity of another

equipment item, in providing overall system capacity; a simple example is sizing

a pipeline in relation to compressor duty in a gas transport system.
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For such decisions, the engineer relies on empirically developed relationships

assembled from previous cost data, or from current estimates, which relate elements

of cost to capacity. Those elements which are commonly dependent on capacity in a

static technological and unit cost framework are fixed capital investment, those oper-

ating costs such as maintenance, insurance and capital charges which are a function

of capital investment, and operating personnel levels. The relationships are generally

expressed as

I¼ kiQ
b (7.3)

M¼ kmQa (7.4)

where

I ¼ fixed capital investment

M ¼number of persons employed

Q ¼plant capacity

a, b ¼exponents

ki, km ¼parameters

Eq. (7.3) is used for process plants and also for both purchased and installed equip-

ment. Eq. (7.4) is used for various categories of employees such as process labour,

maintenance labour, technical, and administrative personnel.

Economies of scale apply where the values of exponents ‘a’ and ‘b’ are <1.

Values of ‘b’ for both entire plants and equipment are published in the engineering

and economics literature. For equipment of wide application (vessels, columns, heat

exchangers, pumps, and compressors) data are more plentiful than equipment of spe-

cialised application, especially where the item is an integral part of a technology

(such as an ethylene cracking furnace). Values of ‘a’ for personnel categories are
less plentiful than values of ‘b’ for capital investment into plant and equipment. Lim-

ited published data indicate values of ‘a’ can differ for various categories of person-
nel (see Chapter 4 for further discussion).

Despite the wide use of the relationships (7.3), (7.4) for entire process plants, it is

usually difficult to obtain detailed data to confirm their validity and even where such

data are available, to obtain details of the basis for that data. The exponents ‘b’ and
‘a’ depend on the flowsheet structure of a plant, as discussed in Chapter 3.

In considering the effects of scale on production costs, raw material consumption

and (generally) energy consumption per tonne of the product are independent of scale.

An exception to the energy case exists for processes operating at extremes of temper-

ature as discussed in Chapter 4. Personnel and fixed capital-related costs per tonne of

the product are almost always scale dependent. Themagnitude of a production cost pen-

alty for a small-scale plant thus depends on its capacity relative to the maximum avail-

able plant capacity for the technology concerned, the flowsheet structure of the plant,

and the relative proportion of fixed and variable costs in total production cost. The quan-

tification of scale effects in the capital and operating costs and corresponding data are

discussed in greater detail in the chapters on capital and operating cost estimation.
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In the process industries, in particular, several separate process plants may be

required to convert raw material to a finished product. In the case of PVC pipe

for example ethylene (and chlorine), vinyl chloride monomer, polyvinyl chloride,

and PVC pipe fabrication plants combine to form the processing chain. Production

cost penalties from a sequence of small-scale plants are thus cumulative, influencing

the costs of intermediates through to the cost of the end product.

Despite the generalisation that large-scale plants are more cost-effective than

small-scale plants, a wide distribution of plant sizes is evident throughout the world

for most technologies. For example, recent data for membrane cell chlor-alkali plants

in Europe reported plant capacities ranging from approximately 20–650ktonnes per
year [10].

There are important cases where small capacity plants are justified, for example:

• when limited availability of cheap feedstock can make small plants competitive

with large plants

• where the cost of transport relative to the product selling price is high

• where products are hazardous (for example liquefied chlorine gas), transportation

may be prohibited, enabling small-scale manufacture

• where technological innovation can achieve a significant reduction in capital cost

The evaluation of scale economies in process plants has been reviewed in some detail

by Brennan [11].
7.6.1 Scale-up or scale-out
Increasing plant scale for a given process technology implies increasing the produc-

tion capacity at each stage of the process. This can be achieved by

• increasing the scale of process equipment (a scale-up approach) or

• increasing the number of equipment items (a scale-out approach)

The scale-out approach has been used in established process technologies where

practical or economic limits in the maximum size of the equipment has been reached.

Examples include reactors within

• aluminium smelters

• chlor-alkali plants

• seawater desalination plants

• ethylene plants

The scale-out approach is also adopted in renewable energy projects involving solar

panels or wind turbines.

Some considerations in estimating the installed costs of duplicate items are listed

in Table 7.1 for the cases of process vessels (including reactors) and for shell and tube

heat exchangers. These indicate that economies of scale for multiple equipment

items are more favourable for installed costs than for purchased costs. Table 7.2 lists

some estimates by the author of purchased and installed costs of single and multiple

items for shell and tube heat exchangers; whilst the estimates are only approximate,



Table 7.1 Some installed equipment cost considerations for duplicate
vessels or heat exchangers.

Cost category Consideration

Equipment
installation

Space requirements are generally less for two items than twice the
space for a single item

Piping Potential commonality for main feed supply, product, and relief
system piping

Instrumentation Essentially duplicated

Electrical Minimal effect

Civils Potential for shared foundations. Some commonality for site
preparation

Structural steel Potential for shared platforms and access ways where applicable

Insulation/
fireproofing

Potential for savings through fireproofing of common supports.
Potential for labour economies in installation of fireproofing and
insulation

Painting Essentially duplicated

Design Design for two items similar to that for one item

Procurement Similar cost for two items to that for one item. Potential small discount
for second item

Project
management

Some potential savings

Table 7.2 Estimates of purchased and installed costs of shell and tube
heat exchangers of different size ($Australia 2018).

Item
Equipment
description Capacity

Purchase
equipment
cost
(million $)

Total
installed cost
including
overheads
(million $)

Ratio of
installed
cost to
purchased
cost

E101 Heat
exchanger—
base case

1 shell
@ 300m2

0.160 0.514 3.2

E102 Heat
exchanger—
double
capacity

1 shell
@ 600m2

0.263 0.756 2.9

E103 Heat
exchanger—
double
capacity

2 shells
@ 300m2

0.320 0.826 2.6

E104 Heat
exchanger—
triple
capacity

3 shells
@ 300m2

0.481 1.060 2.2
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Table 7.3 Summary of implied scale exponents for costs of scaled-up and
scaled-out heat exchangers (based on estimates in Table 7.2).

Item
Base
unit Scaling strategy

Scale exponent b
Scale
exponent b

Purchased cost
basis

Installed cost
basis

E102 E101 Scale-up;
base�2

0.71 0.56

E103 E101 Scale-out;
multiple�2

1.0 0.68

E104 E101 Scale-out;
multiple�3

1.0 0.66

1897.7 Maturity
the derived scale exponents shown in Table 7.3 demonstrate that limited scale econ-

omies are still achievable for the scale-out approach.

There are contrasting effects of scale-up and scale-out in relation to safety and

environmental benefits. For multiple items, the process inventory per equipment

item is smaller than for a single stream plant; the potential scale of damage resulting

from the release of process material from a smaller equipment item is reduced. How-

ever, the resulting impact must still be carefully considered, especially where dom-

ino effects are possible in conjunction with other equipment in the suite of multiples.

The total number of potential emission points from flanges, seals, and relief valves

also increases in multiple streamed plants leading to an increased potential for

• fugitive emissions, which may contribute to environmental problems

• release of toxic or flammable materials contributing to safety hazards

Both these risks may also contribute to the increased cost of monitoring and

surveillance.

There are some potential advantages in overall plant reliability with multiple

rather than single equipment items. If a plant relies on a single reactor and that reactor

fails, the plant must be shut down for maintenance. If multiple reactors are used and

one reactor fails, the plant can still be operated at reduced output. The provision of

duplicate operating pumps or compressors is often used to ensure increased overall

plant reliability.
7.7 Maturity
The mature phase of technology may be characterised by a pronounced slowing in

market growth for the associated product, a pronounced slowing in capacity growth

for plant and equipment, or a pronounced slowing in the rate of technological change.

Often these signs of maturity are coincident, and the prime cause of retardation in

progress may be difficult to identify.
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Factors contributing to this limit include

• reduced gains in capital efficiency with increased capacity

• difficulties in raising the large capital required for larger plants

• possible complexities in project management for larger plants during design,

construction, and commissioning phases leading to delays and increased costs

• susceptibility to large financial losses in the event of reduced capacity utilisation,

caused either by the market or plant reliability limitations

• physical limitations in available sizes of essential equipment such as

compressors, reactors, and furnaces

• larger inventories of hazardous materials

The apparent maturity for many products and technologies of the chemical industry

has spurred companies in the major economies worldwide to make strenuous efforts

in research devoted to new products and technologies. There has also been increased

licensing of process technologies and provision of technical and management exper-

tise by companies in the United States and Europe to countries at an earlier phase of

industrial development such as Korea, Taiwan, and China. These trends serve to

highlight an important aspect of technology evolution in that a given process tech-

nologymay have quite distinct life cycle curves in different countries or cultures. The

adoption of ethylene and ethylene derivatives technologies for example occurred

some 10years later in Japan than in the United States, leading to more rapid produc-

tion growth rates at that point in Japan (35%/annum) compared with those in the

United States (11%/annum).
7.8 Modelling performance improvement
Evidence for performance improvement in the process industries has frequently been

presented as correlations of the real selling price (or real production cost) with cumu-

lative production for given products, see Fig. 7.4 for example. The correlation is

expressed as

S¼ d Xq (7.5)

where

S ¼ real selling price ($/tonne product)
X ¼cumulative production (tonnes product)

d ¼proportionality factor

q ¼an exponent having a negative value

Plots of correlations of Eq. (7.5) have been variously described as ‘experience

curves’, ‘performance curves’, ‘improvement curves’, and also ‘learning curves’.

Some authors have distinguished ‘experience curves’ incorporating the effects of

scale, innovation, and learning, from ‘learning curves’ describing the increased
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Malpas [12] Experience curve for a specific product showing advantage from new production

facilities.

1917.8 Modelling performance improvement
efficiency of labour during repetitive production runs. Other authors make no such

distinction and no further distinction in terminology will be made here.

The concept of the learning curve originated in the aircraft industry, where it was

observed that the direct labour required to produce an airframe could be related to the

cumulative production of airframes. Labour-intensive operations were observed to

have more rapid performance improvement than machine intensive operations.

Hirschmann [13] argued that the same function could be used to model performance

improvement in the petroleum refining industry over extended periods, both in fixed

capital costs of new refinery units built at different times and in the capacity growth

of individual refinery units over their operating lives. The work of the Boston Con-

sulting Group (BCG) in the late 1960s [14] gave further weight to the idea of the

general applicability of the learning curve. The BCG observed a characteristic reduc-

tion of 20%–30% in real costs with each doubling of cumulative production expe-

rience for a diverse range of industries and products. For a 20% reduction in real

costs with each doubling of cumulative production, the value of q in Eq. (7.5) would
be �0.32.

Taylor and Craven [15] have explored learning curves for a range of chemical

products. Taylor and Craven found that the characteristic decline in selling price

occurred only for products demonstrating a high growth rate in demand. Whilst some

industrialists have argued strongly for the use of learning curves in various aspects of

business planning, there is still disagreement about the fundamentals and applicabil-

ity of learning curves.

Brennan [6] has outlined some limitations of the learning curve theory in the

light of studies of performance improvement in new plants and operating plants.

Changes in selling price or production cost may reflect changes in performance or
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alternatively changes in unit costs of production. Following the crude oil price rise of

1973, many chemicals showed a jump in real selling price attributable to the

increased cost of feedstocks and energy. One such product was ethylene. During

the 1960s, reductions in the real selling price of ethylene approximated 7%/annum,

but this rate of price reduction was partly enabled by a reduction in real unit costs of

feedstocks and energy. An important conceptual limitation of the cumulative produc-

tion function in the learning context is that it fails to account for the impact of new

developments derived from technologies outside the immediate technology of the

product or process concerned. For example, major developments in caustic soda/

chlorine technology have been achieved through new and improved materials (espe-

cially in relation to metal anodes) and in membrane separation technology. These

developments, whilst influenced by the need for application in a mature chlorine

industry, are heavily influenced by technological development outside the caustic/

chlorine industry. A further limitation of the relationship expressed in Eq. (7.5) is

that it fails to reflect adequately the approaches to limits evidenced in a number

of performance aspects for both new and operating plants.

A preferred approach for modelling performance improvement is the modelling

of key aspects of performance with time. Such key aspects include

• production capacity of an entire process plant

• production capacity of individual equipment items

• raw material consumption/tonne of the product

• energy consumption/tonne of the product

• number of persons employed/annual tonne of the product

• fixed capital cost (real basis)/annual tonne of the product

This approach accommodates the diversity of progress observed for different situa-

tions and enables an insight into the key contributor to progress and possible trade-

offs in one performance area versus another.

Table 7.4 summarises some rates of change embodied in new plants of best avail-

able technology and scale. Plant capacity growth and productivity improvement in

raw materials, energy, persons employed, and fixed capital for four process technol-

ogies are represented. The data on aluminium smelting, chlorine/caustic soda, eth-

ylene, and oxygen production were derived in studies by Brennan [16] and

Decleva [17] whilst the data on catalytic cracking was extracted by Brennan from

an earlier study by Enos [18]. The table includes estimates of production cost pro-

ductivity improvement made using Eq. (4.1) and estimates of typical unit costs.

Rates of progress are expressed as equivalent exponential changes over time.

Exponential change is a good approximation in some cases, for example growth

in maximum plant (and equipment) scale and improvement in personnel productiv-

ity. In other cases, exponential change is less realistic but an exponential model

allows a single number for the rate of change. A cyclic pattern has been observed

in real fixed capital cost/annual tonne of product for ethylene plants over an extended

period. The cyclic pattern reflects various phases of development in ethylene plant

technology. Initially, rapid scale development improved plant integration and a



Table 7.4 Performance improvement over time in new plants employing best available technology and scale, expressed as
annual rate of change.

Technology
Aluminium
smelting

Chlorine caustic
soda Hg cell

Ethylene from
naphtha PSA oxygen

Catalytic cracking of
petroleum feedstocks

Maximum plant
capacity (%/yr)

1900–80: 6.3 1940–75: 8.7
1975–85: 0.0

1950–70: 13.0
1970–85: 1.5

1971–76: 33.3
1976–79: 31.7
1976–89: 4.6

1913–53: 15.0

Raw materials
consumption (%/yr)

1930–80
Alumina 0.0
Carbon 0.74

1940–80
Salt 0.0

Naphtha
1950–70: 1.9
1970–85: 1.2

1914–55: 3.3 (per 100miles
transportation)

Energy
consumption (%/yr)

1945–60: 1.7
1960–82: 0.6

DC electricity
1900–75: 0.0
1975–80: 3.6

1950–60: 1.0
1960–85: 4.6

1973–83: 2.3
1983–86: 8.6

1914–55: 6.3 (per 100miles
transportation)

Personnel
productivity (%/yr)

1930–80: 5.3 1940–75: 8.0
1975–80: 2.0

1950–69: 9.0
1969–85: 1.4

1986–88: 3.8 1914–55: 12.1 (per 100miles
transportation)

Fixed capital
productivity (%/yr)

1940–70: 0.0
1970–80: �2.2

1940–72: 5.6
1972–80: �7.2

1950–66: 7.5
1966–85: �7.4

1973–86: 8.0
1986–89: 2.2

1914–55: 6.7 (per 100miles
transportation)

Total production cost
productivity (%/yr)

1930–40: 2.7
1940–50: 2.3
1950–60: 1.8
1960–70: 1.3
1970–80: 0.2

1940–50: 3.3
1950–60: 3.0
1960–70: 3.2
1970–80: 0.0

1950–60: 2.5
1960–70: 2.2
1970–80: 0.9

1970–75: 21.0
1975–80: 7.1
1980–85: 6.6
1985–90: 3.1

1914–55: 3.7 (based on 1955
cost structure)
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general drive to minimise capital costs improved capital productivity. From the late

1960s to the early 1980s, a thrust to improve reliability, safety, and environmental

standards, a plateauing of growth in plant scale, and increased expenditure to reduce

feedstock and energy consumption and maximise by-product recovery all contrib-

uted to decreasing capital productivity. Clearly, some compensating benefits in oper-

ating cost productivity accrued.

The annual chlor-alkali industry review published by Eurochlor [19] provides

insights into the performance change over time in chlor-alkali plants in Europe.

The replacement of mercury cells with membrane cells, reduction in energy con-

sumption, the extent of by-product hydrogen utilisation, trends inmercury emissions,

and reduction of chlorine transportation by road and rail are reported over the period

2001–17.
7.9 Factors influencing learning
Whilst S curves are valuable in demonstrating quantitatively the rates of progress in

performance embodied in process plants, it is important to reflect on the wider influ-

ences on learning, including those which are difficult to quantify or model.

In earlier chapters, in the contexts of market evaluation, capital and operating cost

estimation, and profitability assessment, the importance of learning from a wide and

diverse spectrum of experienced personnel, as well as from previous projects, has

been emphasised.

In these contexts, the importance of environmental, safety, and sustainability

assessments as part of the wider input into project design and evaluation have also

been emphasised. Whilst it is difficult to quantify progress in these areas mathemat-

ically, it is possible to identify progress over time. Tables 7.5–7.7 demonstrate exam-

ples of some important timelines in environmental, safety, and sustainability

awareness. Just as this knowledge takes time to emerge and gain acceptance by leg-

islators, government policymakers, and industrial practitioners, so also the practice

of translating this knowledge effectively into design, operation, and technology eval-

uation takes time. There is thus a path of time-dependent improvement extending

through the industry, government (in legislation and policy development), and the

wider community.
7.9.1 Environmental learning
Table 7.5 lists just some of the examples of past events leading to learning about

environmental impacts. Most realisations of environmental damage emerge some

years after damage has occurred; the related time period varies with the particular

impact. Categories of environmental damage impacts are diverse including the

well-known examples of global warming, acidification, eutrophication, ozone layer

depletion, photochemical smog, and resource depletion, but there is a wide spectrum

of toxicity related impacts affecting humans, animals, birds, marine life, and plants.



Table 7.5 Some important environmental timelines.

Year Event
Details surrounding
event Some outcomes

1952 Great London
Smog

Approximately 3000
people died arising from
excessive concentrations
of smoke and acid gas in
atmosphere, derived from
domestic coal
combustion

Clean air legislation in
United Kingdom (1956,
1968) making use of
smokeless fuel obligatory

1962 Publication of
‘Silent Spring’ by
Rachel Carson

Book focussing on effects
of certain chemicals
(particularly pesticides) in
the environment

DDT insecticide banned
from agricultural use in
United States

1972 Publication of Club
of Rome report
‘The Limits to
Growth’

Report focussing on
effects of growth in
population and world
economy on waste
emissions and resource
consumption

The report (Meadows
et al.) stimulated
worldwide attention and
concern on sustainability
outcomes

1976 IChemE working
party report on
material and
energy resources

Report focussed on
potential resource
shortages and their
economic, social, and
political implications

Issues included energy
source options, materials
recycling, substitution
options, esp. in United
Kingdom

1987 Montreal Protocol
on substances
leading to ozone
layer depletion

In all, 23 nations agreed to
cut usage of key
chlorofluorocarbons
(CFCs) by 50% by 1999

1990 London
Amendment of 93
nations agreed to cease
production of CFCs and
most halons by 2000

1989 Exxon Valdez
Crude oil spill

Ship ran aground at
Alaska rupturing eight
cargo tanks and releasing
258,000 barrels of oil.
Extensive coastline
damage and loss of
marine life

US Oil Pollution Act
(1990) increased
penalties for ship oil spills
and required double-hull
tanker design

1992 Basel Convention
on hazardous
waste transport

Response to reports of
toxic waste exports to
developing world
countries for disposal

Control of transboundary
movements of
hazardous wastes and
their disposal

1992 Centre of
Environmental
Science, Leiden

Publications including
‘Environmental Life Cycle
Assessment of Products’

Further publications,
including Guinee
‘Handbook of Life Cycle
Assessment 2002’

1997 Kyoto Protocol Drafting of legally binding
document on greenhouse
gas abatement

Developments in details
and global commitments
leading to Paris climate
change agreement

Continued

1957.9 Factors influencing learning



Table 7.5 Some important environmental timelines—cont’d

Year Event
Details surrounding
event Some outcomes

2003 Sandestin, United
States

First Conference on Green
Engineering

Agreement on nine
principles on green
engineering

2009 Copenhagen United Nations Climate
Change Conference

UK introduces price of
£16 per tonne on CO2

emissions in 2013

2015 Paris Climate
Change
Agreement

UNFCC (United Nations
Framework on Climate
Change). Agreement by
parties to intensify actions
and investments towards
a sustainable low carbon
future

Commitments to limit
global temperature rise
and report emissions and
emissions reduction
strategies
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In the process industries, learning about environmental impacts has led to tech-

nology improvements in processes and equipment, but also to some abrupt changes

leading to the cessation of products in the market place and closure of manufacturing

plants. Some examples of radical cessation include the elimination of CFC and

halons production in the wake of the Montreal protocol. Other marked changes have

been more gradual, for example:

• progressive closure of mercury cell chlor-alkali plants and replacement with

membrane cell plants

• adoption of the treatment of sulphur dioxide emissions from metallurgical

smelters

• transition from coal to gas for industrial and domestic steam and electricity

generation

Over the period 2001–17 the percentage of mercury cell plants in chlor-alkali pro-

duction in Europe is reported to have decreased from 60% to near zero whilst the

percentage of membrane cell plants has increased from 20% to 80% [19]. Mercury

emissions from production sites, which previously used mercury cells are reported to

have been reduced from 2.5g Hg per tonne Cl2 capacity in 1995 to 0.68g Hg per

tonne Cl2 capacity in 2017.

Mercury is a pollutant arising from a wide diversity of industrial sources, but as

well as arising from mercury cell use in chlor-alkali production, it appears as a con-

taminant of bauxite in alumina refining, in natural gas and crude oil in hydrocarbon

refining, in the treatment of mineral sulphide ores, in ash from some coals, and so on.
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The economic consequences of pollutant emissions from process plants include

site remediation but also increased costs to industrial manufacturers through the need

to improve processes and in some cases replace plants. Some attempts have been

made to put economic costs on more common emissions for example $/t CO2 or

$/t SO2 emitted, but whilst potentially useful in weighing upmitigation options, these

values are imprecise as the severity of impacts varies globally.

There are regular cases of emerging concern about the environmental and human

safety aspects of established products. Recent examples include safety concerns

about the use of the herbicide glyphosate, used in agriculture to control a wide variety

of leafy weeds.

Such examples highlight both the relevance of time-dependent learning and a

degree of related uncertainty and risk.
7.9.2 Process safety learning
Important contributions have beenmade by scientists and engineers in various capac-

ities to improve our knowledge of process safety. Unfortunately, much of our knowl-

edge has stemmed from the formal enquiries derived from major accidents, which

have had serious social and economic consequences. Table 7.6 lists some serious past

events and their contribution to learning about process safety. Safety initiatives in the

design of new plants may result in additional capital expenditure through improved

process control provisions and through additional design time spent in safety studies,

such as hazard identification and HAZOP. Poor safety records of operating compa-

nies can lead to increased insurance premiums. Demolition and rebuilding of plants

resulting from major accidents incur massive capital expenditure. Payouts are

required for personnel killed or hurt. Income losses incurred directly from interrup-

tions in production and indirectly from a decline in business reputation are

significant.

Reports on the Buncefield incident estimated £900 million in compensation

claims for site operators and aviation expenses, as well as £70million for site rebuild-

ing costs [20].

The Longford gas explosion in Victoria in 1998 resulted in the loss of natural gas

supply to industrial, commercial, and domestic users for some 2weeks. Large eco-

nomic business losses were reported by gas users in industrial and commercial com-

panies. Class action initiated in 2002 resulted in payouts of $32.5 million for those

suffering property damage [21].

Reviews of major accidents have identified frequently occurring shortcomings:

• poor design features of plants and facilities

• excessive inventories of hazardous materials

• inadequate training of process operators and/or operational staff

• inadequate emergency response procedures and preparation



Table 7.6 Some timelines in development of some process safety
principles.

Year Event
Details surrounding
event

Some learning
outcomes

1974 Flixborough,
United Kingdom
Explosion at
caprolactum plant

Release of 30 tonnes of
cyclohexane liquid caused
a vapour cloud explosion.
On-site, the entire plant
and buildings were
destroyed, 28 people
died and 36 were injured;
off-site, buildings and
civilians were damaged

Recognition of
importance of critical
reviews of plant
modifications during
plant operating life, and
of hazardous material
inventories

1976 Seveso, Italy
release of toxic
TCDD from
hexachlorophene
plant

Loss of control on a reactor
led to a bursting disc
rupture with release of
TCDD; rain and TCCD
dispersion caused
contamination of the
surrounding district, with
resulting health issues

Recognition of
importance of
containment of releases
on plant, as well as
effective
communication and
evacuation in event of
an emergency

1984 Bhopal India
MIC (methyl
isocyanate)
release from
pesticide plant

Release of some 25tonnes
of MIC led to death of some
2000 people and injuries to
some 20,000 living nearby

Principles of inherent
safety, inventory
management, and safe
buffer zones
emphasised in accident
review

1986 Chernobyl,
Ukraine

Operational trial at nuclear
power plant failed and
ended in release of
radioactive material

Recognition of
importance of prompt
implementation of
emergency measures

1986 Basel Switzerland
Warehouse fire

Fire caused offensive
smoke with local
population advised to stay
indoors. Toxic firefighting
chemicals washed into
Rhine river causing death
to local fish

Recognition of
importance of
warehouse regulation,
including limits on
certain chemicals.
Importance of providing
basins for catchwater

1988 Piper Alpha North
Sea

Gas explosion on offshore
oil and gas platform. 167
workers were killed

Recommendations on
permit to work
procedures, provisions
of fire protection on
platforms, and
emergency escape
routes
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Table 7.6 Some timelines in development of some process safety
principles—cont’d

Year Event
Details surrounding
event

Some learning
outcomes

1998 Longford, Victoria
Australia

Onshore gas explosion
killing two workers and
injuring eight. Gas supply to
Victoria was halted for
2 weeks

Royal commission of
enquiry with major
hazard facility legislation
introduced

2005 Buncefield
incident,
Hertfordshire,
United Kingdom

Initial explosion and
consequent fire engulfing
oil storage depot. In all, 40
people were injured with
significant damage to
offsite buildings

Recommendations on
improved design and
operation of fuel storage
sites
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7.9.3 Sustainability learning
The concept of sustainability had its origins in concerns over various forms of envi-

ronmental damage and their long-term consequences. The concept has been wid-

ened to include social aspects including consideration and engagement of

stakeholders. Safety is a dominant consideration of social aspects. Sustainability

also relates to economics: this is both in the traditional approach to economic eval-

uation with emphasis on robustness to external influences over the project life and

also on external costs arising from failure in environmental, social or safety per-

formance. A detailed account of the origins of sustainability is provided by

Perdan [22].

Table 7.7 summarises some timelines in establishing and adopting sustainabil-

ity principles. Whilst the Brundtland report was a significant milestone, there were

earlier developments, which paved the way. For example, foundations for the Earth

Summit at Rio de Janeiro in 1992 can be traced back to the UN Conference on

Human Environment at Stockholm in 1972 at which the United Nations Environ-

ment Program (UNEP) was established. In a briefing paper entitled ‘Towards Earth

Summit in 2002’ [23], eight major steps prior to that event were identified, empha-

sising that behind the well-known timelines, there is a history of time-dependent

learning and development. A detailed account of the origins of sustainability is

provided by Perdan [22]. Implications for process engineering are explored by

Brennan [24].



Table 7.7 Some sustainability timelines.

Year
Event or
source

Details surrounding
event Some outcomes

1987 Brundtland
Report

A total of 21 country
members of World
Commission on
Environment and
Development agreed on
sustainability issues

Emphasis on ecologically
sustainable development
and preserving
biodiversity

1992 Earth Summit
Rio de Janeiro

Agreement reached to a
global action plan, Agenda
21, with 27 supporting
principles

Some better known
principles included

• Precautionary principle
• Polluter pays principle

2000 Global Reporting
Initiative (GRI)
guidelines first
published

GRI network established,
with guidelines
progressively refined sine
2000

Annual sustainability
reporting widely practised
by companies and
organisations

2002 Johannesburg
Summit

Tens of thousands of
participants from a diversity
of government and
business organisations. A
wide range of issues were
discussed

Agreement on targets
regarding poverty
eradication, water and
sanitation, energy supply,
chemicals use, and
natural resource
management

2002 IChemE
Sustainability
metrics
published

Publication of a set of
indicators for measuring
the sustainability of an
operating unit

A range of metrics are
provided covering
environmental,
economic, and social
indicators

2015 IChemE First issue of Journal of
Sustainable Production
and Consumption

A wide range of papers on
energy, waste
management, renewable
resources, etc., in
different industry and
global contexts
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Sustainability has been incorporated into industrial practice, professional socie-

ties and education, including those related to chemical engineering. Signs of this

include

• regular publishing of sustainability reports by companies in conjunction with

their annual reports to shareholders

• publishing of chemical engineering textbooks focussing on sustainability

• publication of journals related to sustainability

• promotion of sustainability within professional society reports, publications, and

conferences
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A significant link between sustainability and economics in the process industries

includes the extended framework for evaluation extending to

• consideration of economic, safety, environmental, and social criteria as essential

and interdependent inputs in project design and evaluation

• widening stakeholder involvement in the consultation process

• adopting extended system boundaries and time horizons in evaluating impacts

and benefits from both existing operations and planned projects

Table 7.8 summarises some key interactions between economic evaluation and

safety, environmental, and sustainability criteria.
Table 7.8 Interconnections between economic and other criteria.

Criterion  Economic implications 

Safety Impacts of failures 
Compensation costs to injured personnel or damaged 
property 
Direct (from plant shutdown) or indirect (from bad 
publicity) loss of business 
Increase in subsequent costs of plant insurance 

Costs arising from 
Increased number of qualified personnel and increased time 
required for evaluation at early (inherent safety) and later 
(HAZOP) stages of project development 
Potential increase in capital cost of plant due to improved 
instrumentation and control, improved plant layout, or 
improved equipment design, including materials of 
construction 

Environmental Impacts of failures 
Loss of production and related sales revenue resulting from  
shutdown for plant modification to meet required standards 
Fines due to infringement of emission regulations 
External costs arising from damage to the environment 

Costs arising from 
Increased capital and operating costs required to meet 
improved standards in emissions reduction and resource 
consumption, e.g. through heat integration, water integration 
Increased number of qualified personnel and increased time 
required for evaluation during project development 
Imposed taxes (e.g. carbon tax on greenhouse gas emissions) 

Sustainability Need for robustness to change and related adaptability in 
relation to change in  

Government regulation 
Market factors, including for example need for improved 
product quality or packaging requirements, reduction in 
product demand resulting from recycling 
Technology  
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7.9.4 Ongoing challenges in sustainability
Many important environmental and sustainability challenges remain in 2020 and

beyond, but include

• strategies to reduce and adapt to global warming and related climate change

• the need for more effective recycling of used metals, polymers, glass, paper, and

other materials

• the need to address specific pollution issues such as microplastics in the marine

environment

These challenges are complex and require change on national and global scales,

impacting not only on the environment if unresolved, but demanding change in social

behaviour, government policy, regulation, and industrial practice.

Global warming was just one of the environmental impact categories documented

in the first edition of the CML handbook on life cycle assessment published in 1992

[25]. The first published papers in the chemical engineering literature incorporating

global warming as part of environmental assessment occurred in the mid-1990s.

Despite reports by the International Panel for Climate Change (IPCC) highlighting

the implications of global warming for rising sea levels and intensification of water

cycles, there was considerable scepticism amongst the wider population and many

political leaders in the 1990s. This scepticism has gradually been reduced particu-

larly in the light of increased evidence more recently of increased frequency of heat-

waves, bushfires, storms, and floods as well as coastal erosion, all with a spectrum of

major social and economic impacts.

Global greenhouse gas emissions stem from electricity generation, transport,

manufacturing industry, and other sources. Regular reports by the International Energy

Association provide data and trends in sources of greenhouse gas emissions, as well as

trends in relative contributions. A comprehensive report on potential emissions reduc-

tion in the industry [26] identified iron and steel, cement, chemicals (including plastics,

fertilisers, and others), pulp and paper, nonferrous (aluminium and others) and food

processing, textiles and leather, andmining asmajor contributors. The report identified

six main categories of mitigation options but commented on a lack of comparable,

comprehensive, detailed quantitative information, and literature on costs associated

with each of the mitigation options. This highlights related economic challenges,

including those related specifically to process industries.

The International Monetary Fund (IMF) has recommended carbon taxes as the

most efficient means of reducing greenhouse gas emissions. The Organisation for

Economic Cooperation and Development (OECD) provides regular reports on

approaches to carbon taxing by different countries.
7.10 Introduction of technological change into new
and operating plants
Despite the availability of improved technology, it is not always judged appropriate to

introduce technological change. In the case of new plants, the risk of unproven tech-

nology or the desire tomaintain a particular business liaison with a technology licensor
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may be contributing factors. In some cases, there may be reservations about the ade-

quacy in skills of operating and maintenance personnel to cope with the technology.

For example, in 1963 when 130kA cells for aluminium smelters were available, cells

in the 70–100kA range were believed most economical because of operating

difficulties at higher currents; cells of 50–80kA were recommended as being best

suited for developing countries at that time because of greater ease in operation [27].

In the case of introducing technological change into operating plants, the con-

straints of the existing plant and its process technology may be very considerable.

Technological change may be so radical that it is technically feasible only when

incorporated in an entirely new plant. In some cases, the introduction of new tech-

nology alongside older technology leads to problems of plant operability. In other

cases, the incorporation of technological change may involve such extensive

revamping of plant that the required shutdown time for the plant presents excessive

difficulties and costs. In yet another set of cases, the incorporation of technological

change is technically feasible and desirable but cannot be justified using conven-

tional economic criteria.

When considering the incorporation of improved technology into an operating

plant, the perceived ultimate capacity and life of the plant influence the estimated

profitability. Frequently there is no clear or agreed view on the ultimate capacity

and life of a plant, especially for plants which can be expanded by parallel addition.

Case studies of Australian plants have indicated a consistent trend towards underes-

timating the ultimate life and capacity of plants [28].

Introduction of technological change into an operating plant often brings benefits

of additional plant capacity as well as a reduction in production cost. Thus the intro-

duction of metal anodes into operating chlorine plants to replace graphite anodes

offered cost savings in energy consumption, labour, and chemical reagents, and also

provided an increase in plant capacity. Where market growth rewards such capacity

growth with increased revenue, the economic viability is clearly enhanced.

There are many examples of a successful introduction of technological change

into operating plants. One common example is the introduction of improved instru-

mentation and control into older plants with benefits of improved product quality,

and savings in labour, raw materials, and utilities. There are many other examples

in plants, which have increased capacity during operating life [29]; in such plants,

technological change is frequently incorporated directly into plant expansions.
7.11 Technological forecasting
A number of approaches to technological forecasting have been adopted. De la Mare

in his book ‘Manufacturing Systems Economics’ [3] lists and briefly describes six

techniques:

• expert opinion analysis or the Delphi technique

• time-trend analysis

• predicting by analogy (to another technology)
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• morphological analysis

• conditional demand analysis

• scenario writing

Any rigorous approach to forecasting demands a clear understanding of the present

position of the technology, tracing previous progress for the technology, and asses-

sing the potential for further progress. For a process technology a number of perfor-

mance indicators are quantifiable, for example:

• raw material consumption/t product

• energy consumption/t product

• persons employed/t product

• fixed capital investment/t product

For technologies involving production of a commodity product of well-defined com-

position these parameters can be amalgamated into a single production cost function

(or its inverse, a production cost productivity function). This approach has been

attempted for aluminium smelting, chlorine/caustic soda manufacture, ethylene pro-

duction, and catalytic cracking of hydrocarbons [16].

A number of performance indicators for process technologies are less readily

quantifiable. These include environmental, health and safety standards, the ability

to process a range of feedstock compositions, flexibility in relation to co-product pro-

duction, and (where applicable) variations in product quality.

Byadoptingadominantperformanceparameter for the technology,oraperformance

rating based on weightings of several performance indicators, progress can be traced

over the history of the technology.Assuming the life cycle curve follows the commonly

observed sigmoid curve, anultimate limit to technology development can be postulated,

which assists in estimating the degree of maturity of the technology (or its ‘position’ on

the ‘S curve’). Limits may be set by thermodynamic or stoichiometric considerations,

but also by less readily assessable practical or economic considerations.

Fig. 7.5 shows a plot of production cost productivity versus time for alumin-

ium smelting technology based on the Hall–Heroult process over the previous

century. Progress has been traced in raw materials consumption, energy consump-

tion, number of employees, and fixed capital, all per tonne of aluminium. These

parameters have been amalgamated to provide a production cost function using

Eq. (5.1) and estimates of typical unit costs. The production cost function has then

been plotted in its inverse form as a productivity parameter. Stoichiometric and

thermodynamic limits have been assigned for raw materials (alumina and carbon)

and energy consumption, and less rigorous estimates postulated for personnel and

fixed capital. These limits allow an estimate of the ultimate limit to production

cost productivity. This, in turn, allows the data set to be fitted to sigmoid curve

models; the aluminium smelting data, in this case, showed a close fit to the

logistic model.

In assessing the potential for further progress, one needs to allow for

the potential for new advances derived from technologies outside the immediate

process technology concerned. Many of the advances in process technologies
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have been derived from advances in materials of construction for instance. It is

likely that much of the current research in biotechnology, microelectronics, and

new materials will provide benefits, which can be applied in process technology

development. In the case of aluminium smelting, for example emerging

technologies include the development of inert, carbon-free anodes, and new

cathode materials.
7.12 Use of S curves
Apart from providing a valuable understanding of the evolution, development, and

potential for process technologies, S curves have some important practical uses in

business planning and management.
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Firstly, S curves are useful in assessing a plant’s performance relative to other

plants including new plants using the best available technology and scale. Given

the age of a plant, the S curve will provide a good indication of the performance

of the plant when designed and constructed. With judgement, an allowance can

be made for any subsequent expansion and/or technological improvement of

the plant, aided by knowledge of its operating history. The adjusted performance

of the plant can then be compared with that of competitors’ plants using the same

basic process route, taking into consideration their age, capacity, and operating

history.

Another use of S curves is in R&D management. If a particular technology is

reaching maturity, continued research may provide only minor gains for much

research effort and cost. A better strategy is to put effort into developing an alterna-

tive technology, which whilst inferior at the timemay be at a much earlier phase of its

S curve and have the potential to surpass the established technology. A useful insight

into factors influencing innovation success into new chemical products for different

applications is provided byMiremadi et al. [30] where the time required for commer-

cialisation as well as profitability considerations are discussed.

Quite apart from quantitative applications, the basic concept of S curves is of fun-

damental importance highlighting the role of time and limits in achievement. This

applies to learning on technology, safety, environmental and sustainability issues

as well as their management and regulation, and the implications for ongoing capital

investment and operating costs.
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8.1 Expenditure proposals
Before an operating company can have a project implemented, approval must be

granted from within the company. This approval is normally given by the company’s

board of directors and represents not only the decision to spend the required capital,

but also to accept responsibility for the project as a whole over its entire life, with all

its financial, technological, safety, environmental, social, and political implications.

Thus the commitment to proceed with projects is properly the responsibility of the

highest level of management, consistent with the company’s responsibility to its

employees and shareholders and to the wider community. Often this responsibility

is delegated for smaller expenditure projects to senior levels of management, with an

approval hierarchy, which corresponds to the magnitude of funds for the project.

It should be emphasised, however, that small projects still require careful assess-

ment of their technical, economic, safety, and environmental merits.

The proposal to spend capital for a process industry project must be integrated

with a company’s overall capital expenditure schedule, planned well ahead of project

sanction, and integrated within the company’s broad financial plan.

An expenditure proposal will normally have multiple parts:

• an estimate of the capital requirements (fixed, working, and land) for the project

• an estimate of the operating costs for the project

• details of the project including the site, feedstock, product and by-products, its

integration with other processing facilities, storages, transport, plant

production capacity, utility requirements, investment period, and operating life

• supporting technical documentation including process description, process

flowsheets, equipment specifications, preliminary engineering flowsheets, and

preliminary layout drawings

• an evaluation of the market for products

• details of the proposed means of financing the project

• an evaluation of the profitability of the project, usually based on cash flow

projections, including the inherent uncertainties and financial risks

• a technical safety assessment for the project

• a technical environmental assessment for the project

The required accuracy for the fixed capital estimate for sanction purposes is normally

�10% (see Section 3.3.1 for further discussion). This accuracy demands a corre-

sponding degree of project definition and engineering design. There will always

be elements of uncertainty affecting the project. An unduly optimistic and noncritical

approach will have little chance of success; at the same time, an excessively pessi-

mistic and cautious approach is unlikely to see the project approved.
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The quality of the proposal documentation as a communication between those

developing and engineering the project and the approving authority is of key impor-

tance. The board of directors normally meets at scheduled times and proposals must

be complete and prepared on time. Most companies will document expenditure pro-

posal guidelines. There should be ample opportunity for the necessary preauthorisa-

tion communication between the board and the project team. Communication needs

to be at the appropriate level of detail, recognising that board members are from a

range of commercial or technical disciplines, and have less familiarity with project

details than the project team members.

The expenditure proposal is very much a financial undertaking and must satisfy

the scrutiny of the company’s accountants. In the later stages of project development

prior to sanction, consultation of technical personnel with accounting personnel is

essential.

In nearly all cases, even where technical personnel are experienced in preparing

proposals, accounting advice will be necessary. In any event, the expenditure pro-

posal needs the consent of the company accountant (or delegate) before being sub-

mitted to the board. Consent of the company’s operations manager will likewise

normally be a requirement before submission. An operations representative would

normally be a member of the project team.

Besides convincing all levels of responsibility within a company, it is important

to convince the external community of a project’s value. Projects impact on commu-

nities in a variety of ways—financially, employment wise, and environmentally for

example and communities have perceptions about those impacts. These perceptions

may be soundly or poorly grounded. There is a responsibility for companies to

explain the essence and merits of projects to communities, especially those commu-

nities most directly affected. Neglecting these responsibilities may jeopardise a

worthwhile project’s chance of implementation. For major projects, the cost of this

activity can be significant.
8.2 Shaping and scoping projects
In the cost estimation and economic evaluation of projects, it is essential to clearly

define the boundary limits for the investment, operating costs, and product selling

prices (see discussion in Sections 3.3 and 4.1). The timing for project approval,

design, construction, commissioning, and subsequent operation must be defined.

Production capacity must be stipulated. Utility requirements, by-products and efflu-

ents must be defined. The interaction of the project with other plants and industrial

systems must be examined. Revamp projects require special attention in this regard

(see Section 3.9).

Definition of boundaries is important in the context of inside and outside battery

limits investments and also to raw materials supply and product despatch where the

assumed prices must match the point and mode of supply. For example, the estimated

selling price of a product to customers may correspond to supply from a warehouse;
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in this case, the transportation cost from the manufacturing plant to the warehouse,

the fixed capital cost of the warehouse facility, and the contribution to working cap-

ital of the warehouse stocks must be accounted for. Such system boundaries and any

associated gaps in definition need to be identified early in a project. Similar consid-

erations apply to the supply of raw material from the ship to dock storage and sub-

sequent road transport to storage at the manufacturing site.

Another important issue lies in accounting for effluents from a plant. For exam-

ple, a processing unit within a petroleum refinery such as a hydrotreater or an alkyl-

ation unit may generate several effluents which are best treated in different parts of

the refinery outside the processing unit’s battery limits. Effluents might include a gas

stream containing combustibles for flaring, a gas stream containing traces of hydro-

gen sulphide for incineration, a sour water stream, and a loaded amine stream for

regeneration. In estimating the operating costs for such a processing unit, effluents

must be clearly defined in terms of mass flowrate and composition, their means of

treatment, and the associated cost implications determined. A portion of the total

treatment costs for these and similar effluents within the refinery must be appor-

tioned to the processing unit. In some cases, spent catalysts may need to be removed

from the refinery for regeneration or treatment; related costs must be accounted for.

Similar considerations apply to the supply of utilities such as steam, electricity,

fuel, cooling water, and nitrogen. Where utilities are supplied by pipeline for exam-

ple a clear definition of the pipeline boundary must be made so that the cost of any

additional piping for the project may be borne by the project.

An important aspect of any project is a clear statement of the expected production

capacity and performance of the plant. The annual production capacity of a plant can

be regarded as the maximum daily capacity in tonnes per day of product multiplied

by the equivalent availability of the plant in days per annum to produce at the max-

imum daily rate. The maximum daily capacity may be verified by short-term produc-

tion trials lasting typically 1–3days; these are usually carried out at start-up to verify
both production capacity and performance. Performance trials conducted simulta-

neously with capacity trials are usually restricted to product quality and consumption

of key raw materials and utilities. These are part of the contractual relationship

between designers and operators of the plant. Equivalent availability allows for both

off-line time of the plant and restrictions to achieving full plant capacity when the

plant is on-line. Both the inherent operating characteristics of the plant concerned

and its interaction with external systems must be considered.

Several different types of investment proposals are discussed in the following

sections. In practice, there are projects where particular issues dominate and cases

where multiple facets must be jointly considered.
8.3 Projects involving the replacement of plant
and equipment
Replacement of facilities is considered when those facilities are judged to have

reached the end of their economic life. Termination of the economic life of process
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plants may be brought about by a number of factors. The most telling reason for plant

closure is the failure to generate cash; that is, the cash operating costs exceed the

revenue which can be realised through product sales. In the case of an old plant,

it may be difficult to reduce costs in a business environment where product selling

prices are declining due to improved cost structures in newer plants.

Specific factors leading to termination of plant economic life include

• excessive maintenance costs or poor reliability resulting from age and wear of

plant and equipment

• inability to meet environmental regulations

• deteriorating cost structure influenced for example by cost escalation of a specific

feedstock

• inability to meet demands on product quality

• inability to show adequate return on investment on plant improvement projects

• inability to meet safety and health requirements

When plant closure occurs, replacement capacity for the product concerned may be

taken up by the plant owner through new plant investment or expansion of an existing

plant, either on the same site or a different site. Alternatively, replacement capacity

may be taken up by a competitor.

Replacement of equipment within existing plants may be encouraged by

• excessive maintenance costs or poor reliability

• inadequate capacity

• the availability of superior technology in new equipment, offering improved

operating cost, environmental or safety performance

Capital burdens, whilst significant, are not as potentially crippling as those for entire

plant replacement and may bring major benefits. Adequate depreciation provisions

must be made within operating budgets to ensure such replacements can be funded.

In justifying replacement decisions of equipment and plant, projections of costs

must be made for the separate cases of replacement and nonreplacement. All cost and

revenue implications including impacts on safety and the environment, on-line time,

plant capacity, and product quality must be carefully examined. In equipment

replacement within plants, an important but difficult estimate is the ultimate life

of the plant. As the equipment is replaced, the potential life of the plant is prolonged.

This may make the replacement of the entire plant more difficult in the longer term.

The maintenance costs of old plants, particularly when required to meet demanding

reliability and environmental targets, are likely to escalate markedly.
8.4 Environmental projects
Chapter 5 outlined the traditional approach to the economic evaluation of process

industry projects within businesses based on cash flow analysis over the perceived

time horizon for the project. In Chapter 7, the importance of learning has been



214 CHAPTER 8 Capital investment decisions
reviewed, not only in relation to technology, but also in relation to environmental,

safety, and sustainability impacts.

All process industry projects should be subject to a rigorous environmental

assessment. With increased global attention being focussed on the quality of the nat-

ural environment, many process industry projects, as well as satisfying economic

objectives, are also driven by a need to improve environmental performance. Such

projects may be driven by

• effluents from plants discharged continuously or intermittently to air, water, or

land, which have harmful effects

• risk of unacceptable effluent discharge arising from limited reliability or

inadequate control of a process plant

• products whose use or ultimate disposal create an unacceptable waste

• commitment to reducing impacts on global warming

• concerns regarding the depletion of valuable resources consumed in processes

Environmentally driven projects may involve entire new plants or modifications to

operating plants. The need to meet improved environmental standards may be driven

by a combination of regulatory, community, or ethical pressures. Pressures may be

derived from global concerns such as climate change related to global warming and/

or to more regional concerns such as acidification from sulphur dioxide emissions.

Failure to respond to these pressures carries risks of loss of market share, plant clo-

sures, loss of whole businesses, and damage to company image, all of which involve

financial penalties, many of which are substantial. At the international level, relation-

ships between nations and groups of nations may be seriously strained where some

nations respond for example by imposing carbon taxes, whilst other nations take little

or no action.

Environmental problems might be solved technically by a variety of approaches,

for example:

• minimising the generation of waste at source by improved process design

• minimising consumption of raw materials and utilities

• making the process more energy efficient

• substitution of toxic catalysts, solvents, or other process materials by less

harmful ones

• end of pipe solutions which treat effluent streams to produce a recyclable stream,

a marketable product, or a harmless waste for disposal

• recycling products or their component materials to recover useful material or

energy resources

All approaches involve technological and operational changes. These in turn fre-

quently require incremental capital expenditure, involve changes in operating cost,

and generate new environmental effects, which (in contrast with the fundamental

environmental change being sought) must be minimal. In cases where not all the nec-

essary technology is available, research and development programs and associated

expenditures will be required affecting the timing and ultimate cost of the project.
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8.4.1 Environmental assessment
The vast array of environmentally driven projects being tackled throughout the

world’s process industries requires a thorough economic and environmental assess-

ment. Of the developed methods for environmental assessment, the most widely used

involves various forms of life cycle assessment (LCA). LCA had its origins in eval-

uating the environmental merits of various consumer products, for example alterna-

tive forms of packaging, but has rapidly been extended to include all products relevant

to the process industries. The method involves several distinct phases of analysis:

• definition of the objective function, for example different beverage containers of

250mL capacity, or different insulating materials having a specific insulation

duty, as distinct from necessarily 1 tonne of the material used for a product

application.

• an ‘inventory’ analysis which defines the inputs (materials and energy flows) and

outputs (product and waste flows) at all phases of the product’s life cycle

beginning with the extraction of resources used for its manufacture,

encompassing the various stages of processing, through to product assembly, use,

and final disposal. Note that the term ‘inventory’ in this context is distinct from

the concept of inventory commonly adopted to mean the quantity of a material

stored in various ways in a process plant

• a classification phase, which examines and quantifies the environmental

implication of resource depletion or waste generation under approximately 14

categories of environmental impact including for example acidification, global

warming, and resource depletion

• an evaluation phase, which attempts to amalgamate the various quantified

impacts from the classification phase into a single index

• an improvement analysis phase, where the potential for reducing environmental

impacts is examined in the light of the previous phases of analysis

Because of the large system boundary extending over the entire product life cycle (or

from ‘cradle to grave’), the analysis is very detailed and creates challenges in both

obtaining the enormous volume of data necessary and making visible the basis and

details of an LCA study. Nevertheless, many studies have been made, and many of

these studies have been published (with varying degrees of visibility of the data and

assumptions on which the study has been based).

The method is useful for analysing the environmental merits of manufactured

chemical intermediates and alternative process routes, as subsets of the life cycle.

It is well structured, has a sound scientific base, and is comprehensive, both in rela-

tion to its system boundary and the range of environmental effects examined. Many

guidelines are published, for example those focussing on the methodology (a valu-

able guide is the handbook by CML [1]) and those focussing on applications in chem-

ical engineering, for example Azapagic et al. [2] and Brennan [3].

Environmental assessments include numerical rankings to reflect the environ-

mental impact, thus enabling comparison of alternative options, including the
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‘do-nothing’ option. Other ranking approaches based on the weighting of relevant

criteria have been used. Some of these criteria include community perception, which

whilst possibly independent of scientific criteria, may strongly influence outcomes

for project viability. Accounting for public perception can also be partly justified by

the uncertainty often inherent in scientific measures of environmental impacts from

specific mining or manufacturing projects.
8.4.2 Economic assessment of environmental effects or benefits
Costs of environmental damage from process industry projects, possibly neglected

but often not foreseen at the investment phase, fall on the community at large.

Because they fall outside of the accounting framework of the industrial company

concerned, they are referred to as external costs or ‘externalities’. Environmental

externalities are potentially diverse, encompassing costs to human health, damage

to buildings, degradation of water sources, damage to the animal, bird, and marine

life and hence food sources, and so on. Estimates of externalities include those

related to electricity generation emissions [4] and landfill disposal [5]. Estimates

of externalities are inherently uncertain, partly since damage from impacts takes time

to manifest itself, be understood and be evaluated, and partly since vulnerability to

damage from impacts, even those which by nature are global, varies from one coun-

try and region to another. However, the estimates are important in guiding policy

decisions at government and corporate levels on remedial actions. They can also

influence related insurance costs.

In many cases, a corporate decision may be taken to invest in an environmental

project because it is essential to the survival of the business. There will be benefits to

the environment, company image, and survival of a product, plant, or business area.

These benefits must be identified, but the assignment of precise financial values to

these benefits may be difficult. In some cases, financial benefits may be expressed as

expectations incorporating probability; in other cases as a reduction in financial

risks. A useful reference book in this context is ‘Financial Evaluation of Environ-

mental Investments’ by Moilanen and Martin [6].

The knowledge and skills required to estimate these financial benefits will be

beyond the capability of most chemical engineers working in isolation from other

professions. Nevertheless, the chemical engineer is required to consider options at

the technical level, choose the best one, and justify its selection to management. Each

option will have different levels of capital expenditure, operating costs, and second-

ary impacts. The least cost within the system boundary is one important criterion

which the chemical engineer can evaluate as the minimum net present cost (before

tax in the first instance, and after tax as options become better defined). The cost of

capital for discounting should be selected in consultation with financial personnel

and the estimated life of the project in consultation with management (see Sections

5.4 and 5.7.1 and 4.5 for further discussion). Since estimates of both the cost of cap-

ital and the project life are likely to be imprecise, the sensitivity of the net present

cost to both variables should be examined (see Section 5.9). The definition of system
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boundary needs careful consideration and articulation. It may be a process plant, or

section of a plant, but there will be streams entering and leaving the system which

have wider environmental and economic implications.
8.4.3 Application of a cost-benefit approach in process
industry cases
Cost-benefit analysis has been widely used in public expenditure projects to assess

benefits to society in conjunction with costs. Cost-benefit analysis can also be

applied in enviro-economic assessment whether in process development, selection,

or design context. In these cases, economic parameters such as capital and operating

costs for options can be weighed against the magnitude of environmental impacts

determined using life cycle assessment. Some examples of this approach discussed

by Brennan [3] include

• Process design options in sulphuric acid manufacture, where options include

– increasing the number of reaction stages in converting SO2 to SO3

– intermediate absorption of SO3 within the reaction stages

These options provide benefits in overall conversion of feedstock to acid and reduced

SO2 emissions to the atmosphere, but increases in capital and operating costs, includ-

ing those derived from energy consumption.

• Hydrotreating of diesel to reduce sulphur levels in diesel fuel product involving

– provision of a hydrotreating unit with increased requirement for hydrogen

supply and increased recovery of sulphur

This provides environmental benefits by reducing SO2 emissions in a diversity of

fuel combustion uses in transport and power generation but at the expense of increas-

ing capital and operating costs in the refinery.

• Power generation from fossil fuels where

– fuel costs are much lower for coal than natural gas, but the emission profile

including CO2, SO2, and particulates is much higher for coal than gas

– for the case of natural gas, lower gas consumption and lower CO2 emissions

per MWh are achieved for a combined cycle than for open cycle

generation, but where combined cycle generation incurs higher capital costs

An additional complication for the investment decision arises from a changing hori-

zon over time of progressively tighter emission limits. Is it better to meet existing

emission limits, or should one meet projected tighter limits anticipated for the future

whilst incurring higher costs? The incremental capital and operating costs in achiev-

ing better environmental performance levels become important and should be

evaluated.

The case of sulphur levels in the diesel, which have become tighter in most coun-

tries over the last two to three decades, is just one example of a moving emissions

target.
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8.4.4 Some economic incentive instruments
A number of economic instruments are employed by regulatory authorities to

improve environmental performance. These include

• Emissions charges on the discharge of pollutants into air, water, or soil and on

noise generation. The charges are related to quantity and quality of pollutants

and the related damage. An important example is the carbon tax.

• User charges which have a revenue-raising function and are related to costs

involved in the collection, treatment, and disposal costs of waste and recovery

of related administrative costs.

• Product charges levied on products which are environmentally harmful when

used in production processes, consumed, or disposed of.

• Tradeable permits which enable the cost of pollution control to be borne by

those polluters who can reduce pollution more economically. Following the

allocation of permits, polluter A can sell permits to polluter B, who due to various

circumstances (e.g. lack of access to key raw materials or facilities) finds

pollutant treatment expensive.

• Deposit refund systems involving deposits paid on potentially polluting

products. An example is the commonly adopted deposit system for returnable

glass drink containers.
8.5 Safety projects
The potential loss of human life is an overriding consideration, which demands pri-

ority in projects. Loss or damage to human life and property have legal and financial

consequences, but these are dwarfed by the human dimension in terms of the loss or

damage incurred by those hurt directly and their close kin, and even the psycholog-

ical damage suffered by those responsible.

Safety standards are built into projects and evaluated in terms of acceptable risks

through hazard evaluation procedures. Additional capital may be required to achieve

higher standards of safety or lower levels of risk and may be weighed against these

perceived risk levels. The consequences of failure as well as their probability should

be carefully evaluated.

Other benefits derived from changes made to achieve improved safety standards

should be evaluated. These include reduced risk of environmental impact from a

disaster or loss of containment, reduced fixed capital and working capital costs

derived from reduced inventories, lower insurance premiums, improvements in pro-

cess and plant reliability, and improvements in product quality, or plant performance

resulting from improved process control.

Improved safety and environmental standards, including those derived from

inherently safer and cleaner processes, are often important by-products of technolog-

ical change embodied in new processes and plants. Opportunities to integrate

improved health, safety, and environmental standards with technological change
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are thus an important priority in technology management. Since safety and environ-

mental standards are so integral to technology development and plant design, it is

often not feasible to extract the investment dedicated specifically to safety or to

the environment within a project for incremental economic analysis. This is one rea-

son why there is not a great deal published on the economics of safety or environ-

mental standards in process plants. Safety and environmental standards are a

precursor to project viability, not only from the project owner’s and investor’s view-

points, but also from the viewpoints of lending authorities, governments and com-

munities, and any party likely to be affected by the project over its total life.
8.6 Capacity planning
8.6.1 The need for capacity planning
The planning and sizing of manufacturing facilities for growing markets is an ongo-

ing activity within process industries. It requires careful evaluation of the market, the

technologies of existing and new plants, and the capital and operating costs of var-

ious options. Thus, it draws on much of the earlier chapters of this book. Capacity

expansion for existing business areas is one of the major demands on capital funds

and engineering skills within process industry enterprises.

Fig. 8.1 represents a situation where the demand for a product is approaching the

existing manufacturing capacity of a company. Three basic strategic options are

available to enable the manufacturing capacity to meet the demands for

• expansion of existing plant

• building of a new plant to provide additional capacity

• building of a new plant to provide replacement plus additional capacity

The choice of option is influenced by the availability of capital, by market factors,

and by the competitiveness of existing operations. Some of the decisions involved in

the options are illustrated in Fig. 8.2 as:

(a) expand old plant or build a new plant

(b) if expanding old plant, size of capacity increment and expansion strategy

(c) if building new plant, ‘tight’ design or design for future capacity growth

The first option of expanding an existing plant is encouraged by a market of low

growth rate or small volume. Even with a high growth rate, a small market volume

implies that the incremental growth in volume may be too small to support a new

plant of sufficient capacity to be economically viable. A new plant sized to replace

existing capacity plus capacity for projected market growth will be more competitive

in technology and scale but makes large demands on capital; hence this strategy can-

not be adopted too frequently by an operating company.

Expansion of an existing plant is attractive in terms of capital cost but tends to

perpetuate the technology of the original plant. The safety and environmental
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standards, personnel requirements, rawmaterial and energy efficiencies, and product

quality for the older plant all need to be monitored and compared with the perfor-

mance of a new plant employing the best available technology and scale.
8.6.2 Technical and economic considerations in expanding
an existing plant
Annual production capacity is the product of maximum daily capacity and equivalent

availability, as discussed in Section 8.2. Equivalent availability can be increased by

increasing storage facilities, improving the use of existing storage facilities, negoti-

ating reduced frequency of vessel inspections by government authorities, or improv-

ing operating and maintenance procedures. Growth in annual plant capacity by this

approach is likely to be limited in magnitude but may be achievable with minimal

capital investment and may be of strategic importance.

Larger increases in production capacity are likely to require increase in the max-

imum daily capacity. These can be achieved by

• replacement of existing equipment with equipment of greater capacity

• addition of equipment, usually in parallel but possibly in series with existing

equipment

• intensification of process or equipment

Intensification has been discussed in Section 7.5. Similar effects to intensification

can be achieved, often with minimal technological change, by learning to exploit

design margins during plant operation. Increased throughputs in process equipment

can thus be achieved over time. Increased temperatures, pressure drops, or wear rates

may result, and there may be penalties in raw materials or energy efficiencies, main-

tenance costs, and equipment life. These disadvantages, however, may be tolerable in

the interests of increased production in the complete plant. This is largely an exper-

imental and experience-dependent phenomenon.

The strategies of replacement, addition, and intensification can be adopted at var-

ious process steps within the plant as required, to increase overall plant capacity. A

capacity distribution normally exists in a plant as illustrated in the simplified diagram

in Fig. 8.3. Capacity distribution in a new plant results from attempts to accommo-

date design uncertainties and construction constraints. The extent of the margins

tends to reflect the maturity of the process—uncertainties and hence margins are

greater with new processes. The capacity distribution may change during plant life
Y
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FIG. 8.3

Possible capacity distribution in a process plant [8].
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resulting from changes in feedstock or product composition, technology, operating

procedure or the plant itself. An important part of economic plant expansion is the

identification and exploitation of such capacity margins at various steps within the

process. For the distribution in Fig. 8.3 for example, a 20% increase in overall plant

capacity is achievable by increasing capacity at Step 1.

Two basic types of expansion can be distinguished (see Fig. 8.4):

(a) Parallel streamed expansion, where parallel addition is made at each step

within the process.

(b) Constrained expansion where parallel addition is precluded in at least one step

within the processing sequence. In some cases, a single stream plant may

retain its single stream structure throughout its life, despite having undergone

several expansion steps.

Because of the freedom to add capacity when required, parallel streamed expansions

can achieve a closer match between plant capacity and market demand than can con-

strained expansions. Parallel streamed expansions can also achieve higher rates of

capacity growth (typically up to 10% per annum) than constrained expansions (typ-

ically limited to 4% per annum) [2].

Plants undergoing constrained expansions typically showadeclining rate of capacity

growthwith time, consistent with progressively increased difficulty in exploiting capac-

ity margins at successive expansions. For Australian plants undergoing constrained

expansions in the 1960s and 1970s, Brennan and Stephens [8] found that Eq. (8.1) ini-

tially proposed by Malloy [9] provided a good fit for capacity growth phases.

Qt�Qið Þ= Qu�Qið Þ¼ 1� exp �t=τð Þ (8.1)

where

Qt ¼capacity at year t
Qi ¼ initial capacity

Qu ¼ultimate capacity

τ ¼ time constant (years)
Process industry economics
Raw material

Denotes parallel addition of equipment capacity

Step 1 Step 2 Step 3 Step 4 Step 5

Finished product

FIG. 8.4

Schematic outline of a parallel stream expansion.
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Brennan and Stephens found mean values ofQu/Qi¼1.6 and τ¼2years, for capacity

growth phases. Capacity growth frequently commences some years after start-up. In

some plants, several capacity growth phases may occur; new growth phases are ini-

tiated by major technological change or major capital investment, which creates new

capacity distributions.

Figs 8.5 and 8.6 show examples of capacity over time profiles for plants under-

going parallel streamed and constrained expansions respectively. Expansion of the

aluminium smelter occurred through the parallel addition of potlines and transformer

rectifiers, with the replacement of the initial anodes and (subsequently) of the initial

potline. A potline comprises a large number of ‘pots’ or reactors where alumina is

reduced to aluminium.

Expansion of the ethylene plant occurred partly through the parallel addition of

cracking furnaces, but the downstream separation and purification plant remained

essentially single stream. The cracking furnaces are high-temperature reactors in

which naphtha is converted to ethylene and other products. Plant expansion occurred

in three stages over a 5year period. Some 16 additions of ancillary equipment items,

24 modifications to equipment, and process modifications enabling the capacity

increase of selected equipment items were made. However, there were no parallel

equipment additions to major cost items such as distillation columns, main gas,

and refrigerant compressors. Further details of these and other plant expansions

are provided in Ref. [8].
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8.6.3 Cost and performance changes in expansions
Fixed capital costs for plants undergoing expansion can be correlated by the

relationship X
I¼ kiQ

b (8.2)

where

P
I ¼cumulative fixed capital adjusted to a real basis spent on the plant

Q ¼plant production capacity

ki ¼proportionality factor

b ¼exponent

The value of the exponent ‘b’ was found to average 0.64 for all plants examined in

the studies undertaken by Brennan and Stephens [10]. Values for individual plants

were similar to values indicative of static scale economies; for example a value of

0.75 was obtained for an aluminium smelter over six expansion steps, and 0.58

for a single stream vinyl chloride plant over four expansion steps.

Total numbers of personnel employed on expanding plants can likewise be cor-

related with capacity by the relationship

M¼ kmQa (8.3)

where

M ¼ total number of persons employed

km ¼proportionality factor

a ¼exponent
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The value of ‘a’ for many plants undergoing expansion is zero; there is a learning

activity or improvement in the plant which offsets any increased workload due to

production increase. The average value of exponent ‘a’ for all plants studied [10]

averaged 0.18. Larger values of the exponent reflected parallel addition strategies

or an increase in labour-intensive product handling. The relationship neglects radical

organisational initiatives aimed at workforce reduction which have become more

common in the 1990s.

Improvements in raw materials or energy consumption efficiencies depend

largely on technological changes which are often introduced at expansions. Equiv-

alent annual rates of improvement over plant life for all of the Australian plants stud-

ied averaged 0.6% for raw materials and 1.5% for energy per tonne of product. In

some cases, however, improvements cannot be attributed solely to expansions,

and in some cases, there are deteriorations in raw materials and energy efficiencies

with increased plant production capacity. Corresponding equivalent annual rates of

improvement in personnel and fixed capital per tonne of product for the plants stud-

ied averaged 4.5% and 3.0% per annum, respectively. Performance improvement in

fixed cost areas was consistently greater than that in variable cost areas for all the

plants studied.

As a result of plant expansion, one can confidently expect an improvement in

personnel and fixed capital productivities, and if technological improvements can

be incorporated, an improvement in raw materials and energy productivities also

can be expected. The improvements, however, need to be compared with improve-

ments realisable in new plants coming on stream incorporating best available tech-

nology and scale (referred to as ‘BATS’ plants).

Comparisons made between the expanding plants and new ‘BATS’ plants

showed consistent improvement in the competitiveness of the expanding plants in

fixed capital productivity but showed a consistent deterioration in competitiveness

in personnel productivity and in some cases a deterioration in competitiveness in

energy productivity. Productivity is defined here as the number of tonnes produced

per unit of input—thus fixed capital productivity is the number of tonnes of product

per real dollar of fixed capital investment, personnel productivity as the number of

tonnes produced per person employed, and energy productivity as the number of

tonnes of product produced per MWh (or alternative unit) of energy consumed. In

terms of overall production cost, there was an estimated improvement in the com-

petitiveness of the expanding plants, though performance on the expanding plant

was still inferior to that on ‘BATS’ plants [11].
8.6.4 Factors contributing to noncompetitiveness in
expanded plants
Factors contributing to noncompetitive performance in expanded plants include pen-

alties arising from plant and equipment scale, process efficiency penalties from the

older plant, and inferior safety and environmental standards.
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Plant scale
Whilst an expanding plant grows in capacity during its operating life, there may

concurrently be a more rapid growth in the capacity of new plants under construction.

Growth in maximum available capacity for new plants was exponential and substan-

tial in the 1960s for many chemical process technologies (13% per annum for

ethylene, 15% per annum for ammonia, 17% per annum for ethylene oxide, 26%

per annum for vinyl chloride monomer). Such growth rates greatly exceeded rates

of capacity growth achievable in constrained expansions on operating plants over

the same period. Thus plants, which are small in scale when initially constructed,

can have their scale disadvantage exacerbated over plant life.

Equipment scale
Concurrent with exponential growth in capacity of entire plants, there has been an

exponential growth in the maximum available capacity of equipment, notably pro-

cess reactors. Such capacity growth has proceeded through the dual mechanisms of

physical size increase and intensification.

Thus, where a plant expands by adding process reactors in parallel, it invariably

inherits a greater number of reactors per unit of capacity than would exist on a new

BATS plant. For example in 1983, the expanded ethylene plant referred to in Fig. 8.6

of 102,000 t/year capacity had nine cracking furnaces compared with a new replace-

ment plant of 250,000 t/year capacity which had six cracking furnaces. Similarly, in

1983 the expanded aluminium smelter of 120,000 t/year had 544 pots compared with

new smelters of the time of 240,000 t/year having 440 pots. These differences imply

greater labour requirements per unit of capacity for both the operation and mainte-

nance of the expanded plants.

Process efficiency
New plants generally offer higher efficiencies in raw materials and energy consump-

tion per tonne of product than the expanded plants. This may be at the penalty of

additional capital expenditures, but reflects the prevailing trends in unit costs of

raw materials and energy and environmentally based objectives to reduce resource

consumption and minimise greenhouse gas emissions.

Safety and environmental standards
It has been consistently observed for a range of technologies (for example in the man-

ufacture of aluminium, chlorine, ethylene, vinyl chloride monomer, and soda ash)

that there have been different environmental standards for new plants and older oper-

ating plants. Standards have been more stringent for new plants requiring additional

capital expenditure on plant and equipment. Economic penalty is also likely to arise

from protracted negotiations with planning authorities for project approval.

The use of parallel streaming (or series addition of equipment) in expansions

tends to increase both the operational complexity of the plant and the number of

potential emission points.
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8.6.5 Risks and uncertainties in expanding existing plants
A number of uncertainties surround the expansion of operating plants. These are

described as follows.

Extent of downtime to carry out plant modifications
This is a greater risk for single stream plants than parallel stream plants. Sequential

modification to parallel reactors for example on parallel stream plants cushions the

effect on plant downtime; there is also an opportunity for learning in that the last

reactor modifications are usually made more quickly and cheaply than the first reac-

tor modifications. Modifications requiring entire plant shutdowns can carry heavy

financial penalties arising from lost production, especially if the shutdowns become

unexpectedly protracted.

Determining the plant capacity distribution and potential
for debottlenecking
This is more difficult for single stream plants with minimum intermediate storage.

First-order bottlenecks to capacity (or those which restrict the increase of current pro-

duction capacity) are easily identified. However, second- or third-order bottlenecks

(which restrict further capacity development following the removal of first-order

bottlenecks) are usually more difficult to establish.

Assessment of the ultimate life and capacity of the plant
Case study experience shows a consistent tendency to underestimate the ultimate life

and capacity of plants, even after some years of experience in operating and expand-

ing the plants concerned.

Ability to provide an adequate rate of capacity growth to match
market growth
This will be a greater risk in the case of a constrained expansion, where the potential

rate and extent of capacity growth are more restricted than for a parallel steamed

expansion.
8.6.6 Optimum capacity of a new plant
We now return to the problem posed in Fig. 8.1 and consider the case of a new plant

to provide additional capacity for a growing market. If the plant is built too small, its

scale economies will be limited and it will also be short of capacity after a short

period of market growth. If, however, the plant is built too large, it will suffer from

poor capacity utilisation for too long in its initial operating life.

In selecting a suitable criterion by which to judge the best plant size, we need both

a sound financial criterion and the facility to analyse why one plant size is preferred.

The net present value (NPV), based on the forecast cash flows discounted at an inter-

est rate reflecting the cost of capital, is the criterion preferred by most practitioners.

Thus one looks for a peak in the profile of NPV versus plant size (see Fig. 8.7).
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For a given demand curve, the decision to build a larger plant may be interpreted

as the decision to increase capital expenditure and certain fixed operating costs in the

years prior to achieving full plant loading. This will be rewarded by greater sales and

income in the years of the project following full plant loading (see Figs 8.8 and 8.9).

Thus the decision to build a larger plant is inherently a long-term decision.

The additive property of the NPV is useful for sizing options where intermediate

and derivative plants or associated utilities are involved. The net present value for

total investment is then the sum of NPVs for the component plants.

Different size plants characteristically have a different shaped curve of NPV ver-

sus discount rate; in comparing two differently sized plants, the smaller plant may

have a higher DCF rate of return but a lower NPV at the cost of capital (see

Fig. 5.4 in Chapter 5). Some caution must therefore be exercised in the use of DCFR

as a criterion.

The shape of the NPV versus plant size profile will depend on a number of

factors:

• the demand curve for the product

• the effect of plant size on both capital and operating costs

• the discount rate

• project life

• the relative movements of costs and prices with time

• the capacity profile for the plant

Some of these influences with the aid of a worked example are discussed by Twaddle

and Malloy [12]. Lower discount rates favour larger plants, since the cash flows

resulting from sales at full plant output are not heavily discounted in relation to

investment costs. Increasing project life also favours the larger plant, since the
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benefits are apparently prolonged. A slower escalation rate in selling price than in

operating cost will result in a decreasing profit margin with time, thus favouring

the smaller plant. The potential for capacity increase over the life of a plant will also

favour the smaller plant option.

The interaction of these factors becomes complex, and since most of the longer-

term projections are inherently uncertain, the plant sizing decision is one of judge-

ment based on strategic considerations, rather than a mathematical optimisation.

Nevertheless, the cash flow projections and NPV calculations are an important quan-

titative base for decision-making. The input data, being estimates and projections,

can be subject to personal bias, as discussed in Section 5.9. This represents a chal-

lenge to project managers and team members to strive for objectivity.
8.6.7 Designing new plants with capability of future expansion
While designers may use judgement to anticipate future rates of technological

change, the exact nature of technological change and its impact on their designs

is uncertain. Plant design is also shaped by an operational philosophy geared to

modes of raw materials supply and product despatch, to a particular cost structure,

and to a particular market structure, all of which may change with time.

Because of uncertainties in forecasting and the penalties of higher capital expen-

diture, the provision of inbuilt capacity or capability for future expansion in a new

plant should be examined critically. There are, however, specific provisions, which

should be considered [7].
Provision of adequate space
• to allow for future installation of equipment, added in parallel or series

• to provide access for removal of obsolete equipment or modification of installed

equipment

Such provision may incur additional capital initially but if integrated with safety and

operability objectives, is likely to prove worthwhile. It assists future adding, repla-

cing, or modifying equipment, without preempting the precise nature of change.
Provision of access points for measurement
This can be of great benefit in determining capacity distributions during the

operational phase.
Judicial provision of capacity margins in selected equipment items
This is most appropriate for equipment items, which are initially expensive, where

the subsequent capacity increase is likely to prove difficult and where the incremen-

tal capital required to provide initial capacity margins is minimal.
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8.6.8 Choosing between a new plant and expansion
of an existing plant
In choosing between the options of a new plant and expansion of an existing plant,

considerations of long-term strategic objectives, current corporate position, and rel-

ative risks are important. Amuch larger capital investment is required for a new plant

than for expanding the existing plant, carrying a higher risk in terms of potential eco-

nomic failure. Technical and operational risks in expanding an existing plant have

been outlined in Section 8.6.5, and these risks have their own economic implications.

The operating company’s corporate objectives at the time of decision could be (either

individually or in combination) to:

• maximise cash flow

• maximise return on capital

• minimise production cost

• maximise sales volume

• conserve capital

An important financial aspect of a constrained expansion of an operating plant is the

relatively minor impact on company cash flow arising from an investment compared

with the case of a new plant of additional or replacement capacity. The lead time is

normally longer for the new plant, reflecting the greater size and complexity of the

project. Forecasting is necessary in relation to trends in technology and cost. Will

investment in the new plant now preclude a better technological opportunity a

few years into the future, for example?What is the forecast ultimate life and capacity

of the existing plant and what will be its performance at that point? These questions

need resolving since the alternative project concepts are so markedly different that it

is difficult to apply conventional economic criteria in comparing the options.
8.7 Need for an industrial ecology—Capital, location,
organisation implications
Many operating process plants operate within an industrial infrastructure.

Friedlander [13] classified the scope of influence for process plants as:

• microscale activity for example an individual plant

• mesoscale activity for example petroleum refinery or petrochemical complex

• macroscale activity for example an industrial complex involving diverse industry

sectors, such as power generation, chemical manufacture, and minerals

processing

For a process plant involving the chemical transformation of rawmaterial into a sale-

able product, the microscale activity is often difficult to implement as an econom-

ically viable option arising from the separate locations of raw material source and

product demand. For example, a metallurgical smelter which processes mineral
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sulphides generates sulphur dioxide. The sulphur dioxide may be converted to sul-

phuric acid but there is then often the option of either transporting the moderately

hazardous and relatively low-value acid product, or further processing of the acid

into more valuable downstream products but necessitating further raw materials.

The metallurgical smelter itself may be located at the minesite or require transpor-

tation of the mineral sulphides to a more suitable site for processing. Thus the inter-

dependence of site location with feedstock availability and market for products, as

well as other economic merits of the site influences process industry development

and evolution.

At the same time, the land, capital, and industrial infrastructure requirements for a

mesoscale activity are extensive, and a smooth, effective and economically viable

operation takes time to evolve and is subject to changes in the market, technology,

and financial influences.

Following the discovery of large reserves of natural gas off the North-west coast

of Australia, the Australian government commissioned the Pilbara study [14] which

examined the potential for a large-scale industrial complex in the Pilbara region. The

advantage of large reserves of accessible natural gas, iron ore, and salt offered the

potential for downstream processing arising from

• a large market for caustic soda in processing Australian deposits of bauxite to

alumina

• opportunities to produce ethylene from ethane contained within natural gas, and

hence further processing to ethylene derivatives

• opportunities to produce other derivatives from natural gas such as hydrogen,

ammonia (and derivatives) as well as methanol (and derivatives)

However, there were a number of obstacles including

• relatively high capital costs and operating personnel costs arising from

remoteness of the area

• the very large capital investment required derived from an extensive network of

world scale plants necessary for competitiveness with global manufacturers

• the need to co-produce chlorine with caustic soda, demanding large-scale

production of vinyl chloride monomer and PVC, for which there was only

limited demand in Australia

Consequently, there have been large-scale exports of salt, liquefied natural gas, and

iron ore for some 40years with no downstream processing until the relatively recent

construction of ammonia and ammonium nitrate plants in the region (Burrup

Peninsula) derived from locally available natural gas.
8.8 Some cases involving challenges for sustainable
investment decisions
The following cases involve integrating technical, economic, environmental, and

sustainability considerations in making capital investment decisions. They are drawn
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from different Australian process industry contexts, but the considerations are appli-

cable to decision-making in many countries.
8.8.1 Transition from mercury to membrane cell reactors
in chlor-alkali plants
The chlor-alkali industry producing chlorine and caustic soda with small amounts of

hydrogen from salt (as impure sodium chloride) is a major part of the established

chemical industry, in United States and Europe, and many areas of the globe. Chlo-

rine and caustic soda both have long histories of enabling processing into down-

stream products. The chlor-alkali industry has a long history and has undergone

major technological change over its industrial life thus far. Some key developments

include transition from carbon anodes to titanium anodes in mercury cells around the

1960s, and from mercury cells to membrane cells around the 1980s. The emergence

of membrane cells was driven both by developments in membrane technology and an

awareness of the environmental consequences of mercury emissions. Chlor-alkali

production is energy-intensive, process providing further incentive for technology

improvement in chlorine cells [15].

Chlorine and caustic soda production commenced in Australia from the 1940s

with the largest production growth occurring in the Sydney plant at the Botany site

where plant capacity for example grew from 8kt/year in 1944 to around 95kt/year in

1980 with progressive additions of new cell banks, introduction of technological

change, and plant debottlenecking. A valuable insight into the economic, environ-

mental, and safety considerations around the year 2000 in reshaping the chlor-alkali

industry in Australia is provided by Clews [16]. Aspects discussed include

• the historical context of chlor-alkali production in Australia, dating from the

1940s, incorporating a growing response to market demands and an

impressive growth in plant production capacity

• reductions in chlorine demand arising from the cessation of production of

chlorinated solvents (carbon tetrachloride and perchloroethylene) and vinyl

chloride monomer and PVC plants at the Botany site

• the locations, capacities, and other features of the nine chlor-alkali plants in

operation around the year 2000

• detailing of the Australian markets for chlorine and caustic soda in the year 2000,

and the imbalance in the relative demands for caustic soda and chlorine in

Australia

• the challenge of replacing mercury cell plants with membrane cell plants, and

consideration of design options for the new plants

• the cessation of the practice of liquefying chlorine at the Sydney site, due to the

small distance between the new chlor-alkali plant and the surrounding urban

population and related safety concerns

• technology selection decisions in relation to the choice of cells, other process

decisions relating to brine purification and caustic soda evaporation, liquid

chlorine storage at the Melbourne plant, and chlorine packaging
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Drivers for the closure of the previously operating mercury cell plant
and reinvestment included

• increasing fixed costs, especially high maintenance costs due to ageing

equipment

• high personnel numbers required compared with modern plants

• concerns about mercury contamination of caustic soda and resulting market

implications

• tightening regulation on mercury emissions to the environment

• high population density in close proximity of plant

• safety concerns about large inventories of liquid chlorine

Outcomes included

• a complete review by Orica of all its chlorine plants operating in Australia

• design and construction of two new membrane cell plants to replace obsolete

mercury cell plants, with operations of new plants commencing in 2001

• elimination of chlorine liquefaction and liquid chlorine storage at the Botany site,

with chlorine storage there reduced to low temperature, atmospheric pressure

storage

• use of carbon dioxide in place of sodium carbonate, and use of a novel sulphate

removal method, for brine treatment
8.8.2 Capture and utilisation of sulphur dioxide from
metallurgical smelters
Australia is well endowed with a spectrum of mineral sulphide resources including

lead, zinc, copper, and nickel. The capture and use of sulphur dioxide from metal-

lurgical smelters treating mineral sulphide ores are important from both environmen-

tal and economic perspectives. Following the cleaning of gas leaving the smelter in

order to remove particulates and any heavy metal impurities, process options include

• sulphuric acid manufacture involving oxidation of SO2 to SO3 followed by

absorption of SO3

• sulphur production involving reduction of SO2 by methane

• gypsum production involving absorption of SO2 in lime or lime/limestone

slurries

Processing options are constrained by the required concentrations of SO2 as inputs to

the various processes

• an SO2 concentration of 12% by volume is required for sulphuric acid

manufacture

• an SO2 concentration of >29% by volume is required for sulphur production

• an SO2 concentration of <4% by volume is required for gypsum production

SO2 concentrations leaving a metallurgical smelter vary depending on the mineral

ore treated and the smelting technology used.
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Sulphuric acid is the most common option adopted, but since sulphuric acid is

seldom a marketable product at a remote minesite because of costs and safety of

transport, it is also important to consider downstream processing options and trans-

port to markets.

Main downstream product options are phosphoric acid requiring phosphate rock

as raw material and phosphate fertiliser derivatives such as diammonium phosphate

(also requiring ammonia as a feedstock) and superphosphate.

Estimates of costs and environmental impacts were made as part of a study

[17] which explored processing options for smelter gases, and downstream pro-

cessing of sulphuric acid into phosphate fertilisers in Australia. A number of

minesites and coastal locations in Australia were considered. Fig. 8.10 shows

the relationship between estimates of operating costs and environmental impacts

for a range of processing options of smelter gases and downstream products where

the smelter was located in a coastal city. The environmental index in this case was

based on the life cycle assessment methodology and comprised a sum of normal-

ised impact indicators for

• acidification potential

• global warming potential

• resource depletion

• solid waste generation

Details of the environmental assessment are reported in a separate paper [18].
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8.8.3 IGCC with and without carbon capture
Integrated gasification combined cycle power generation (IGCC) has been proposed

as a possible clean coal technology for reducing greenhouse emissions in coal-fired

electricity generation. An assessment has been reported of the sustainability of IGCC

technology compared with supercritical coal combustion for power generation from

Queensland black coal [19]. The IGCC option was considered with, and without,

carbon dioxide capture. The comparison was made using a coal consumption of

4369 t/day in each of the three cases. A feature of the study was the integration of

technical, economic, environmental, safety, and sustainability criteria in assessing

and comparing the cases.

The IGCC process with carbon capture was highly effective in reducing carbon

dioxide emissions, with a reduction of 73% per MWh compared with the supercrit-

ical coal combustion case. However, there were economic penalties. The minimum

viable selling price for electricity, assuming a 7% per annum cost of capital, was cal-

culated ($US 2008) at

• $US80/MWh for the case of a new supercritical boiler with limestone

desulphurisation of flue gas, but without carbon capture

• $US101/MWh for the case of IGCC with acid gas removal but without carbon

capture

• $US 145/MWh for the case of IGCC with acid gas removal and carbon capture

There were environmental penalties for the IGCC cases, which whilst reducing SO2

and NOx emissions, increased freshwater consumption by 2.5 t/MWh for both

coastal and inland locations. There were also potential concerns regarding impacts

of increased nitrate and sulphate concentrations in wastewater.

There were increased safety risks for the IGCC cases, with the Dow fire and

explosion index assessed at 168 for the IGCC case, compared with 107 for the coal

combustion case. The increased risk is related to the increased number of process

units, and the severity of process conditions and gas compositions in many parts

of the IGCC process. There were also risks of toxic gas release arising from high

concentrations of CO and H2S in the IGCC processing chain.

The study, reported in considerable detail, highlights the importance of integrat-

ing technical, economic, safety, and environmental assessments in weighing up the

merits of alternative technology options.
8.8.4 Natural gas export from Australia’s East Coast
Australia’s domestic natural gas market has been briefly reviewed in Chapter 2. The

Australian domestic supply is a composite of three segregated systems comprising

the western, northern, and eastern segments. In the eastern market, pipelines connect

South Australia, Victoria, Tasmania, New South Wales, and Queensland. The dom-

inant domestic gas consumer in Australia has been the Eastern market with approx-

imately 826 PJ per annum.
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Perceptions of attractive global markets for LNG exports have encouraged explo-

ration and investment in Australia into extraction, purification, liquefaction, and

shipping facilities. Until 2018, all LNG exports from Australia had come from

Western Australia and the Northern Territory.

Table 8.1 summarises some historical outputs in 2013 and projected outputs in

2018 for Australian natural gas consumed domestically and exported as LNG.

The data is drawn from Australian government reports [20, 21].

In 2018 projected LNG exports of 1600 PJ resulted from three separate but coin-

cident projects within the Easter market at Gladstone in Queensland. The export pro-

jects relied heavily on coal seam gas as the source of methane, with the following

implications:

• much larger numbers of wells were required per tonne of gas than for

conventional onshore sources

• underground saline water trapped within coal seams was extracted with the coal

seam gas and required treatment

• potential conflict arose with land users and uses, particularly in relation to

agriculture

The projected increases outlined in Table 8.1 indicate an equivalent growth rate in

gas production for the Eastern market of 22% per annum over the 5year period. This

represents a rapid increase in production rate and has implications for learning in a

number of contexts:

• those derived from the design and operating experience

• in relation to coal seam gas extraction implementation and related costs

• in dealing with environmental impacts from coal seam gas extraction

• in ensuring a balance in land use for resource extraction and agriculture

• in ensuring exports did not unduly restrict domestic use

The export projects, once operating, increased difficulties of supply and pricing for

local users in the Eastern market. Price rises from $4/GJ to $9/GJ and beyond have

been reported for local users.
Table 8.1 Historical and projected outputs for Australian natural gas.

Year 2013 2018

Western market Domestic consumption
LNG exports

516 PJ
1015 PJ

516 PJ
2435 PJ

Northern market Domestic consumption
LNG exports

45 PJ
249 PJ

45 PJ
605 PJ

Eastern market Domestic consumption
LNG exports

826 PJ
0 PJ

826 PJ
1600 PJ

Total Domestic consumption
LNG exports

1387 PJ
1264 PJ

1387 PJ
4640 PJ



238 CHAPTER 8 Capital investment decisions
When proposed, the Gladstone projects received enthusiastic support from the

Queensland government [22] claiming benefits of 18,000 direct and indirect jobs,

$3.2 billion increase in gross state product, $40 billion private sector investment,

and royalty returns of $850 million per annum.

The difficulty of maintaining a balance between the supply of LNG to export

markets and domestic gas consumers in Australia has been evident for some years.

Western Australia formalised a reservation policy in 2006 ensuring 15% of the

state’s output from new LNG projects was to be reserved for sale in that state’s

domestic market. A gas reservation policy, however, has not been implemented

on Australia’s East Coast where most opponents recommend increased exploration

and extraction of gas to solve the problem of meeting adequate domestic supply.

As gas exports from Gladstone have increased, difficulties for local users have

intensified, leading to further attempts by the government to seek solutions. It is

not unreasonable that potential benefits of the development were envisaged, but dif-

ficulties in maintaining current and future domestic gas supply and prices, risks asso-

ciated with coal seam gas dependence, conflicts with landowners and agricultural

initiatives, and the decision to proceed with the three LNG export projects in an

instantaneous rather than a phased manner, raises a number of questions about the

project’s conception and implementation.

Some wider issues arising from this case include

• the ethical responsibilities for a country endowed with a resource in achieving

the right balance between exporting the resource for the benefits of other

countries and adding value within downstream industries in the home country

• accounting for environmental impacts associated with energy use and related

greenhouse gas emissions derived from liquefaction, shipping, and regasification

• exploring the relative risks associated with the extraction of offshore and onshore

gas (including coal seam gas)

• the long-term nature and commercial risks of gas extraction projects derived from

different well head gas locations and compositions, government and

environmental approvals, design and economic evaluations, and project

approvals by the commercial operator and by government authorities

Related to the Gladstone LNG export case, it is useful to reflect on the importance of

learning and rates of achievable rates in capacity growth discussed in Chapter 7. It is

also of interest to reflect on Problem 6.6 within Chapter 6 dealing with phased invest-

ment. That case problem explored options for a natural gas treatment plant with a pro-

jected growth in throughput of 8% per annum. Findings were that whilst the option of

matching plant capacity with forecast demand over project life involved capital and

operating cost savings, a phased investment option had strategic advantages:

• future capital investment could be conserved if the projected demand growth

failed to eventuate

• the second capital investment could reflect the design and operational learning

from the first plant, as well as incorporating improvements in available

technology
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8.8.5 Regasification of LNG as a supply option for the East Coast
In response to the projected domestic shortages, proposals have been suggested in

Australia during 2018 and 2019 from the local gas industry, for importing LNG from

the West Coast or elsewhere to the East Coast for regasification.

Monash University chemical engineering students tackled this option as part of

their design project in 2018, exploring effects of site location as well as regasification

options, including the potential use of the cold energy derived from the storage of

shipped LNG at�160°C at the regasification site. Other issues of importance derived

from the environmental and safety implications of the shipping import terminal,

unloading, storage, and regasification facilities.

One important aspect of economic viability in the project was the achievable

capacity utilisation for shipping, storage, and regasification given seasonal influ-

ences of demand for domestic and commercial heating, as well as the risk of changes

in demand in the wider market, and potential for new discoveries of onshore gas

sources. A simplified estimate of operating costs showing the effect of capacity uti-

lisation is shown in Table 8.2. Some allowance has been made in the estimate for

reduced costs of utilities and reduced selling expenses for the 50% capacity

utilisation case.
Table 8.2 Simplified, preliminary estimate of LNG regasification cost showing
sensitivity to capacity utilisation.

Plant capacity 100 PJ/year

Sales revenue $900 million/year

Fixed capital $300 million

Operating costs Vaporisation
cost $million/
year

Vaporisation
cost $/GJ

Electricity + other utilities 3.0

Personnel employed
including payroll
overheads

5.0

Maintenance materials 5.0

Annualised capital cost 15.0

Insurance 1.5

Property taxes 1.5

Fixed operating costs 100% capacity
utilisation

28.0

Selling costs 18.0

Administration 1.0

Total operating cost of
vaporisation

Based on 100%
capacity
utilisation

50.0 0.50

Based on 50%
capacity
utilisation

42.0 0.84
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Experiencing a shortage of a key resource is a further reminder of the importance

of resource depletion in environmental assessment methodology. One approach to

assessing resource depletion is to explore the effects of substituting an alternative

to the depleted resource. Rimos et al. [23] have explored the economic, environmen-

tal, and sustainability consequences of substituting black coal, coal seam gas, and

diesel for natural gas in various industrial applications.
8.9 Reviewing completed projects
Process industry projects which have failed because of poor safety performance are

much more widely and publicly scrutinised than projects which have failed on purely

economic grounds. Major accidents such as Flixborough, Bhopal, Seveso, Piper

Alpha, Longford, and Buncefield, referred to in Chapter 7, have led to legal inves-

tigations with a detailed examination of related causes, consequences, and liabilities.

Published findings for the investigations have provided fruitful outcomes for learn-

ing about process safety, and about design and management of plant operations. This

learning can then be effectively shared by industries, professional societies, and edu-

cational institutions, in the wider community.

Details of process industry projects which have failed economically are scarce in

the public domain. Companies directly involved are reluctant to reveal details of

their failures because of implications for their reputation and future business oppor-

tunities, which could extend to potential financers and business partners. Despite this

lack of publicity, many projects fail to meet their economic objectives. Impressions

are gained by outside observers of underlying causes, but these impressions are typ-

ically based on limited knowledge.

Some causes of failed projects are

• A failure of the market for the product to meet expectations. This might be due to

the nature of the product, its lack of competitiveness, lack of demand, or other

causes. There may also be contractual shortcomings in projected sales

agreements between the supplier and purchaser(s).

• Excessive competition, where two companies which identify an investment

opportunity which can strictly only support one project in the short term,

nevertheless go ahead with investment and suffer poor capacity utilisation in the

early years of operation due to market demand limitations.

• A failure of feedstock quality or availability to meet production requirements,

especially in mineral processing projects.

• Limitations in the process technology adopted.

• Limitations in the skills or practice of the design, construction, and project

management team.

• Inadequate time and detail allocated to project planning, evaluation, and

approval.
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• Unforeseen project delays caused by a variety of factors such as inclement

weather at the construction site, limited skills or productivity in design,

construction and project management personnel, delays in materials or

equipment supply, delays or difficulties in plant commissioning.

Besides causing financial losses to the companies involved and their shareholders,

failures can impact the morale of employees and wider stakeholders. Given the rig-

orous demands and uncertainties of process industry projects, it is important for com-

panies to review all completed projects, however successful or unsuccessful, in order

to learn from the strengths and weaknesses of the planning, evaluation, and imple-

mentation phases. Such learning should be documented, shared (at least with person-

nel within the companies concerned), and applied in subsequent projects.

An exception to the lack of publications on failed projects is an article by

Rothman [24] focussing on failed projects in developing countries in the latter part

of the 20th century. Many of the underlying causes reported by Rothman are related

to inadequacies in the planning and management of projects. Besides identifying the

underlying root causes of problems, Rothman provides a valuable list of recom-

mended steps to avoid project failures.
Recommendation for further reading
The first reference is recommended for its thoroughness in assessing and integrating

technical, economic, environmental and social criteria in process plant design. The

second is listed because of its exploration of different perspectives in evaluating the

economics of environmental improvement and regulation, supported by data.

1. A. Azapagic, A. Millington, A. Collett, Process design for sustainability: the case

of vinyl chloride monomer, in: A. Azapagic, S. Perdan, R. Clift (Eds.),

Sustainable Development in Practice, Wiley, 2004 (Chapter 6).

2. K.S. Rosselot, D.T. Allen, Environmental cost accounting, in: D.T. Allen,

D.R. Shonnard (Eds.), Green Engineering. Environmentally Conscious Design

of Chemical Processes, Prentice Hall, 2002 (Chapter 12).
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9.1 Industry classification
In considering process industries as distinct from process plants, the question arises—

what constitutes an industry? The wider community tends to adopt a broad interpre-

tation of industry as a sphere of work which generates income. Thus we have such

diverse industries as the automobile, insurance, and entertainment industries. An

industry represents an aggregate of activity, grouped according to the nature of

resources used, products produced, or services rendered. The process industries, out-

lined in earlier chapters, may be broken down into a number of separate industries such

as chemical, petroleum, metallurgical, food, pharmaceuticals, pulp and paper, fertili-

sers, plastics, and so on. Many of these are all part of a larger conglomerate, the

manufacturing industries, though much of process industry activity is closer to

resource-based industries such as petroleum and natural gas extraction, mineral extrac-

tion, and agriculture. The manufacturing industries can in turn be broken down into

smaller components, with a hierarchy of aggregation adopted for classifying industries.

Most governments, through their relevant statistical authorities, have a system of

industry classification, which provides a basis for collection and assembly of indus-

trial statistics. These statistics, which cover aspects such as sales revenue, added

value, employment, and extent of national ownership, assist in the assessment of con-

tributions of industrial sectors to a national economy.

The Federal Government of the United States for example has three codes for

classifying industries:

• Standard Industrial Classification (SIC)

• Enterprise Standard Industrial Classification (ESIC)

• Input–Output Classification Code

These are discussed in the context of the process industries by Couper et al. [1] in the

book ‘The Chemical Processing Industries Infrastructure’, which draws on an earlier

book by Wei et al. [2].

A detailed breakdown of SIC Group 28 for Chemical and Allied Products in

the United States is outlined in Table 9.1. For comparison, the Australian and

New Zealand Standard Industrial Classification (ANZSIC) System [3], introduced

in 1993 and revised in 2006, covers 19 industrial divisions which include

• Agriculture

• Mining

• Manufacturing

• Electricity, gas, water, and waste services

• Construction



Table 9.1 Basic outline of major group 28 of the USA SIC.

Group
no.

Industry
no.

281 Industrial inorganic chemicals

2812 Alkalies and chlorine

2813 Industrial gases

2816 Inorganic pigments

2819 Industrial inorganic chemicals, not elsewhere classified

282 Plastics materials, synthetic resins, rubber, fibres

2821 Plastics materials, synthetic resins, and nonvulcanisable
elastomers

2822 Synthetic rubber (vulcanisable elastomers)

2823 Cellulosic manmade fibres

2824 Manmade organic fibres, except cellulosic

283 Drugs

2833 Medicinal chemicals and botanical products

2834 Pharmaceutical preparations

2835 In vitro and in vivo diagnostic substances

2836 Biological products, except diagnostic substances

284 Soap, detergents, cleaning preparations; perfumes,
cosmetics, and other toilet preparations

2841 Soap and other detergents, except specialty cleaners

2842 Specialty cleaning, polishing and sanitation preparations

2843 Surface active agents, finishing agents, sulfonated oils,
assistants

2844 Perfumes, cosmetics, and other toilet preparations

285 Paints, varnishes, lacquers, enamels, and allied products

2851 Paints, varnishes, lacquers, enamels, and allied products

286 Industrial organic chemicals

2861 Gum and wood chemicals

2865 Cyclic organic crudes and intermediates, organic dyes and
pigments

2869 Industrial organic chemicals not elsewhere classified

287 Agricultural chemicals

2873 Nitrogenous fertilisers

2874 Phosphatic fertilisers

2875 Fertilisers, mixing only

2879 Pesticides and agricultural chemicals, not elsewhere classified

289 Miscellaneous chemical products

2891 Adhesives and sealants

2892 Explosives

2893 Printing ink

2895 Carbon black

2899 Chemicals and chemical preparations, not elsewhere classified

2459.1 Industry classification
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Much of the Australian process industry activity is included within the manufactur-

ing division comprising

• Food

• Pulp and paper products

• Chemical, petroleum, and coal products

• Nonmetallic mineral products

• Basic metal products

• Basic utilities supply

• Machinery and equipment

• Miscellaneous manufacturing

Within these subdivisions, industries are further classified into groups and in turn

into classes. Table 9.2 lists some various groups and classes important to the process

industries.
Table 9.2 Some groups and classes in Australian and New Zealand Standard
Industrial Classification of relevance to the process industries.

Division Group Class Title

A
B
C

Agriculture, forestry, and fishing
Mining
Manufacturing

11 Food product manufacturing

15 Pulp, paper and converted paper product
manufacturing

17 Petroleum and coal product manufacturing

1701 Petroleum refining and petroleum fuel manufacturing

18 1811 Basic chemical and chemical product manufacturing

Industrial gas manufacturing

1812 Basic organic chemical manufacturing

1813 Basic inorganic chemical manufacturing

182 Basic polymer manufacturing

183 Fertiliser and pesticide manufacturing

184 Pharmaceutical and medicinal product
manufacturing

19 Polymer product and rubber product manufacturing

20 Nonmetallic mineral product manufacturing

21 Primary metal and metal product manufacturing

D 26 Electricity supply
Electricity generation

27 Gas supply

28 Water supply, sewerage and drainage services
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9.2 Towards a taxonomy for the process industries
Asuggested taxonomyfor theprocess industries isnowoutlined. Itcomprisesanordered

checklist which identifies key elements of an industry or its components requiring

assessment. Some notes are added on many of these elements. The list can be further

developedorsimplifiedasappropriate forparticularpurposes.Manyof thekeyelements

deservemuchcloser consideration than theyhave received thus far in the chemical engi-

neering literature. The checklist serves as a reminder of the complex characteristics of

process industries and the frameworks within which they operate.
9.3 Suggested checklist for a taxonomy for the process
industries
9.3.1 Markets

• local or export

• single or multiple products

• consumer good or producer good

• product classification: for example commodity, fine chemical, and speciality

chemical

• safety and environmental characteristics of product in use

• market volume, locally and globally

• product selling price

• seasonal influences on demand

• product packaging

• product distribution

• impact of structure and future development of downstream industries

• competition from other products

Notes

1. These aspects are discussed in Chapter 2.
9.3.2 Feedstocks

• single or multiple

• source, reliability and pattern of supply, mode of supply

• transport and storage considerations

• cost

• classification for example naturally occurring, mined, hydrocarbon, agricultural,

and processed

• impact of upstream industries and their future development

• demand and competition for feedstocks from other industries

Notes

1. These aspects are discussed briefly in Chapter 4.
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9.3.3 Process route and process plant

• process technology adopted

• position within the overall manufacturing chain of related products

• maturity of process technology

• intensiveness regarding contributions of capital, feedstock, energy, and labour

contributions to operating cost

• environmental and safety standards

• extent of local research and development capability to improve technology

• dedicated (single product) or flexible (multiple product and multiple grades of

product) plant

• batch or continuous operation

• single stream or parallel stream

• extent of integration with other manufacturing plants

• age of plant

• single or multiple plants

Notes

1. Many of these aspects are discussed in Chapter 7.

2. Section 4.1 outlines the basis for cost intensiveness evaluation.

3. Flexible plants lend themselves to greater change and process development over

operating life demanding a corresponding greater effort from technical personnel.

Flexibility usually demands a higher initial and ongoing capital investment.

Apportioning labour and capital-related costs between multiple products is more

complex than with a single product.

4. Extent of parallel and single streaming influences economies of scale (discussed

in Chapters 3, 4, and 7).

5. Age of plant will usually influence the extent of technological obsolescence

though new technology can be introduced to older plants to improve

performance and cost structure as discussed in Section 7.9.

6. Having multiple plants gives the operating company more flexibility, particularly

if there are differences in location, feedstock, technology, and product properties

for the various plants. Capacity utilisation can be varied over time on the different

plants to gain cost or market advantages.

7. Remoteness of operations from R&D or technical activities (e.g. process design)

places emphasis on communications. The operator needs both to identify and

communicate technical needs to the R&D (or design) centre and to understand

current developments and directions and their implications for operations. If

technology is being purchased, there will be an additional business dimension to

the interface.
9.3.4 Production

• capacity—maximum daily and equivalent availability

• capacity utilisation
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• continuous or intermittent

• scale

• performance—productivity of labour, capital, energy, and feedstock

• production cost structure

• location—advantages and disadvantages

• constraints arising from raw material suppliers, market demand, and other

influences

Notes

1. Capacity has been discussed under capacity planning in Section 8.6.

2. Intermittent operation may be necessary in extreme cases to accommodate

available raw material supply and market demand patterns. Variations in

supply/demand patterns result from seasonal effects in agriculture, for example

milk supply and demand for fertiliser.

3. Scale effects are discussed under Sections 3.4, 4.15, 7.6, and 8.6.

4. Production cost structure is discussed in Chapter 4.
9.3.5 Possible government policy initiatives

• tariffs and other forms of import restriction

• investment incentive

• taxation

• royalties

• regulation of manufacturing and trading practices

Notes

1. Tariff is a duty charged by a national government on imported products to protect

the local manufacture of those products. Most countries have adopted tariffs to

protect industries in their early stages of development, but tariffs still persist in

many countries for established industries. Tariffs are usually applied as a

percentage of FOB prices in the country of origin (see Section 2.4). Import quotas

may be applied to restrict quantities of imported goods independent of price.

There is an international effort through the World Trade Organisation (WTO) to

eliminate import restrictions and promote unrestricted trade between countries.

2. Investment incentives can take various forms such as investment grants,

investment allowances (see Section 5.2), tax holidays (exemption from

corporate tax for a number of years, usually to encourage new industries to a

country or region), rapid tax depreciation (high rates of tax depreciation

allowance), and so on.

3. Special tax incentives are sometimes offered to encourage research and

development expenditure.

4. Governments frequently levy royalties on extracted resources (minerals or

petroleum) and excise charges on consumer goods (beer or petrol) which

affect downstream industries and consumers.
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9.3.6 Financial performance at a company level

• capital formation and gearing at a company level

• capital investment—pattern and extent, policy, and financial capability

• profitability

Notes

1. Gearing or financial leverage is the proportion of a company’s assets financed

through debt or equity sources.
9.3.7 Administration

• ownership

• degree of autonomy in management decision-making

• organisational characteristics

• workforce

• extent of vertical and horizontal integration

Notes

1. Some of these aspects are discussed under Sections 9.4 and 9.5.
9.3.8 Impact on other industries and other sectors of the economy

• supplier of employment and tax revenue

• suppliers of raw materials, energy, utilities, maintenance services, consulting,

and other services

• suppliers of technology

• user of products and other outputs from economy

Notes

1. Some of these aspects are discussed in Chapter 1.
9.3.9 National macroeconomic performance indicators

• gross domestic products of countries importing products

• gross domestic product of manufacturing countries

• patterns of international trade between countries for products of interest,

including relative growth rates in supply and demand

• barriers to international industrial trade
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9.4 Integration of process operations and industrial
companies
Traditionally, many chemical engineers have been micro-oriented in their engineer-

ing approach to the process industries, typically working within a process plant, a

design office, or a research organisation as a technical or technology specialist. It

is important however to have a wider perspective of the process technology, plant

and industry that one is directly engaged in, and its contribution to the economy.

One important aspect of this wider perspective is transitioning from a process plant

to an integrated processing site, such as a chemical processing complex or a petro-

leum refinery.
9.4.1 The chemical processing site
Increased emphasis on site-based performance has been occurring for several

reasons:

• environmental effects such as noise and emissions to air impact at site boundaries

irrespective of their source

• there are opportunities on a site to share effluent treatment facilities between

plants

• there is an opportunity for exchange between process plants of surplus utilities

and waste streams generated

• much related activity such as monitoring and reporting emissions, and dealing

with government and community groups, is better managed under the one

responsibility

Environmental pressures have been the driving force for product life cycle concepts,

which require analysis of the entire manufacturing chain from a raw materials

resource through to a fabricated or assembled product as part of the life cycle. This

requires both a larger system for analysis and a broader systems perspective. The

solutions to many waste treatment problems involve realising the waste as a useful

by-product for rawmaterial supply to a separate industry. Thus waste sulphur dioxide

from metallurgical smelters can become a key raw material for the manufacture of

sulphuric acid, which in turn can be used in the manufacture of downstream phos-

phate fertiliser. Linking apparently disparate industries through waste utilisation is

one of the themes of the concept and practice of ‘industrial ecology’ [4].
9.4.2 The wider business and industrial context
It is important to know the technology framework for the process and product we are

involved in, the strengths and weaknesses of related technologies, and the strengths

and weaknesses of the relative manufacturing operations our company or organisa-

tion are involved in.
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Knowledge of the wider process industries—their characteristics, structure and

interaction—is an imperative to improved performance for a particular process

industry, not only in the environmental context but in the context of overall economic

performance. Other industries can be potential suppliers of raw materials and utili-

ties, be potential markets for products, and use technologies and techniques which

can be more universally applied. For example HAZOP studies, well established in

the chemical industry, are equally applicable in the mining industry. Piping and

instrumentation diagrams, well established in the chemical and petroleum refining

industries, were later adopted by food industries.

The structure of a process industry can be defined, in part, according to the link-

ages between component plants, defining the material (and/or energy) flows between

those plants in terms of mass and composition (and/or enthalpy and temperatures) to

provide a processing network. The structure can further be defined according to the

ownership, capital financing, and management of the component parts. Thus there

are a number of ways in which industries and their components can be integrated.

Industry companies can integrate ‘horizontally’ (or ‘laterally’) by increasing the

number of similar operations—for example the union of multiple ethylene

manufacturing plants or the union of multiple dairy processing centres. The main

purpose of horizontal integration is to achieve business economies of scale.

Companies can also integrate ‘vertically’ to become involved in upstream or

downstream business activities. Vertical integration in manufacturing can be

• downstream (or forward) towards increased control of its markets

• upstream (backward) towards increased control of its raw materials suppliers

Thus an ethylene producer can integrate downstream by acquiring a vinyl chloride

plant. A PVC manufacturing plant could integrate both downstream into PVC pipe

fabrication and upstream into vinyl chloride manufacture.

Chemical and petrochemical industries are good examples of highly integrated

industries. Salt is used as a feedstock for producing chlorine (and caustic soda), meth-

ane as a feedstock for producing methanol, and heavier hydrocarbons (ethane, pro-

pane, butane, etc.) used for producing ethylene. Chlorine, methanol and ethylene

then become building blocks for downstream industries. Fig. 9.1 shows a diagram-

matic representation of the Saudi Arabian petrochemical industry at an earlier stage

of development [5] indicative of an industry which was then established, but also in

the transition towards further development.

Integration of operations can occur on the one manufacturing site with consider-

able benefit. There are identifiable benefits in costs, and also safety and environmen-

tal risks where the product from plant A becomes the raw material for plant B where

plants A and B are located on the one site. Integrated manufacture is to be distin-

guished from the case where plants A and B are on different sites requiring transpor-

tation of the intermediate from plant A to plant B. As the number of integrated plants

on the one site is increased, so the potential economic benefits may also be expected

to increase. Cost benefits arise from
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Saudi Arabia Basic Industries Company at an earlier development stage. Solid lines denote

established industries whilst dotted lines denote planned industries.
From K.M. Wagialla, Petrochemical feedstocks and downstream industrialisation,

Process Econ. Int. 7 (1988) 74–91.

2539.4 Integration of process operations and industrial companies
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• reduction in outside battery limits fixed capital, due to reduction in storage

requirements for intermediates, as well as scale economy benefits in shared

utility facilities and buildings (see Section 3.3)

• reduction in working capital requirements due to reduced storage requirements

for intermediates

• reduction in transport costs for intermediates

• potential for integrating energy requirements and surpluses, and using process

streams which might otherwise be wasted

• available pools of skilled personnel on the one site

Safety and environmental benefits arise from

• confining transport of intermediates to within the site, usually using pipelines

• avoiding risks derived from rail, road, or pipeline transport in public spaces

• minimising risks in filling and emptying transport containers

• minimising risks derived from large inventories in storage vessels

Investigations by the author of Australian process industry sites indicate storage pro-

visions of 15% of annual production for stand-alone cases and 2% of annual produc-

tion for integrated cases.

The cost and safety benefits identified above must be weighed against some pos-

sible benefits of nonintegrated manufacture. Key raw materials or utilities may be

available at a separate location. Integrated manufacture may impose increased reli-

ability requirements and operational constraints for individual plants because of the

high level of interdependence. Possible domino effects in disaster propagation from a

single incident must be considered.

Integrated manufacture on the one site can involve a small number of plants, for

example those producing ethylene, chlorine, vinyl chloride, PVC, and LDPE. A

phosphate fertiliser industry could involve a number of plants on the one site linked

as shown in Fig. 9.2. An example of integration at a high level is Ludwigshafen,

BASF’s global headquarters, where some 39,000 employees work on a site covering

10km2 and accommodating some 200 production units [6].
9.5 Location influences
In Chapter 3, some desirable characteristics of land and site location for process

industry use were identified. Dominant commercial driving forces for location are

access to raw materials and markets, but frequently only one of these criteria can

be satisfied. There are industries which are resource located and those which are mar-

ket located. For example there are petrochemical industries built up around the oil

and gas supplies and salt deposits of the Middle East. Methane can be used to gen-

erate steam and electricity and to make hydrogen, ammonia, and methanol whilst

ethane can be used as a feedstock for ethylene; both methane and ethane can be

priced cheaply since they are by-products of a predominantly oil production industry
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and have often been flared in the past. Downstream products of a petrochemical

industry can be made on a sufficiently large scale to enable a profitable export

industry.

Likewise, the fertiliser industry can be usefully located near deposits of phos-

phate rock for example in North Carolina and Florida, United States, and Jordan

in the Middle East. After mining and beneficiation, the phosphate rock can be pro-

cessed on a large scale to phosphoric acid and downstream derivatives such as

ammonium phosphates and triple superphosphate. These products are made on a

large scale supported by large rock reserves and exported. Transport economics

are more favourable for the higher value-added products.

Some national process industries, for example those of Japan, have very little

indigenous raw material but have a large, sophisticated industrial market locally,

supported by a large and confined population. Through innovation and locally devel-

oped technology, supported by good industrial planning and management, the dis-

advantage of higher raw material costs is offset to enable a highly competitive

industry capable of servicing both local and export markets. Whilst raw materials

must be imported thus incurring transport costs, being an important consumer Japan

can source these in large quantities as a competitive and well-organised purchaser.

The benefits of integration have been discussed above in Section 9.3. Large, well-

integrated sites can offer a new plant as well as the established plants cheap

feedstock, cheap utilities, and other benefits derived from an established industrial

infrastructure. Access to shipping through port facilities is a key location advantage
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and is usually part of the infrastructure of an established site. Examples of a chemical

complex in Europe supported by large ports are those at Antwerp in Belgium, and

Rotterdam in the Netherlands.

An example of an industrial complex in Australia is Kwinana, 40km south of

Perth in Western Australia. The complex was reported in 2008 as having an eco-

nomic output of Aust$15 billion annually and employing 4800 personnel in core

industries which included

• minerals processing and metal production

• petrochemicals and chemical products

• utility industries

• other manufacturing, transport, and service providers

A report published in 2008 [7] provides insights not only into the Kwinana complex,

but how opportunities for synergies involving reuse of water, energy, and by-

products have been explored, and the factors influencing success of related projects.

The report also provides an understanding of the evaluation tools and organisational

features employed in exploring and achieving various synergies.

The effect of location on plant capital costs has been discussed in Chapter 3.

Remote sites incur capital cost penalties because of increased freight costs for equip-

ment and materials to the site and the costs of attracting and accommodating the nec-

essary workforce. Further cost penalties may be incurred due to geographical

disadvantages associated with steep terrain or severe weather conditions. Many

plants located at raw material sources suffer such isolation and geographical

disadvantages.

Some sites are also more prone to environmental problems than others. This may

be related for example to the sensitivity of the landscape (forest or desert) to certain

emissions, or the availability or lack of space for solid waste disposal. There are also

more stringent government environmental regulations in some countries than others

as well as the effects of background pollution levels in certain regions.

The full spectrum of operating costs including transport also clearly depends on

location. Location influences on operating labour and staff costs resemble those at

project design and construction phase, referred to in Chapter 3. Raw materials

and utilities costs can also be sensitive to location reflecting access, transport costs,

government policy, scale, and other effects.

Superimposed on the natural advantages of industries and their national econo-

mies are the various government policies relating to business and industry. Many

governments are prepared to offer tax concessions to encourage industry develop-

ment. These are in the form of investment grants and allowances, tax depreciation

allowances, tax holidays, tax concessions on research and development, and so

on. A further consideration influencing the siting decision is the perceived and real

political stability of a country.

Scale of plants is another industry characteristic which can be directly or indi-

rectly related to location. Plant scale economies and decisions have been discussed

in Chapters 3, 4, 7, and 8.
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Ultimately a location decision for a plant is decided by weighing upmany factors.

Multiple objective analysis is a potentially useful tool for aiding decision-making in

this context.
9.6 Industry ownership
The ownership of process industry companies within an industry is important in

determining the location and hierarchy of decision-making and a whole range of pol-

icies on matters including capital investment, research and development, business

specialisation and diversification, employment, company acquisitions and divest-

ments. The proximity or remoteness (especially in the international context) of cen-

tres of research and development, or design or corporate management can have a

major influence on the cultural development of a process industry business and

the skills acquisition and career opportunities of its employees.

Multinational companies exercise considerable influence on the global allocation

of material resources, personnel and capital and their respective impacts. This influ-

ence is exerted in the context of where the companies choose to acquire additional

businesses, invest in new plants and locate their core activities such as design,

research and development.

In process industry contracting, electronic communications now allow greater

participation and exchange between countries in design and engineering services.

This enables smoothing out of cycles in workload between different world offices

and also enables wider use of less expensive engineering services in projects. This

requires some uniformity in software, systems and standards between the various

world offices.

Major changes in industry structure and orientation can result from amalgam-

ation, divestment, and privatisation. These changes often impact on cost structures

and prices (see e.g. Ref. [8] on trends in contract utility prices in Britain following

privatisation of gas and electricity supply companies).

Detailed consideration of these topics is beyond the scope of this book but aspects

are discussed in the more commercially oriented technical journals.
9.7 Industry organisations
Industry organisations are important vehicles for amalgamating the efforts of con-

tributing companies into effective communication:

• between member companies

• with related professional societies

• with government members and government bodies

• with the wider community
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Some important industry organisations in Australia include those focused on

research and development like the Commonwealth Scientific and Industrial

Research Organisation (CSIRO), whose research spans mining, mineral processing,

chemical processing, and other process industry activities. There are also industry

associations devoted to specific industries for example:

• Plastics and Chemicals Industry Association (PACIA) representing all sectors of

the chemicals and plastics supply chain.

• Minerals Council of Australia, representing Australia’s minerals exploration,

mining, and minerals processing.

• The Australian Petroleum Production and Exploration Association, representing

Australia’s oil and gas exploration and production industry.

• The Australian Dairy Industry Council.

• The Australian Pulp and Paper Industry Technical Association representing the

pulp and paper industry.

There are also important bodies related to energy and water supplies, for example:

• Australian Energy Market Operator, responsible for the administration and

operation of the wholesale national electricity market in accordance with the

National Electricity Code.

• Australian Water Association, Australia’s leading water supply authority.
9.8 Professional societies
A number of professional societies are linked to the process industries including

• chemical engineering societies for example Institution of Chemical Engineers,

American Institute of Chemical Engineers

• wider engineering bodies for example Engineers Australia, Royal Academy of

Engineers

• chemistry professionals, for example Royal Australian Chemical Institute

• mining and metallurgical professionals, for example Australian Institute of

Mining and metallurgy

• engineers and scientists working in the energy field for example Australian

Institute of Energy
9.9 Government bodies
A range of government bodies is involved in diverse activities. In Australia, govern-

ment bodies operate at commonwealth government, state government, and local

councils in matters relating to energy supply, water supply, materials recycling,

and resource management.

Examples of bodies in the United States include
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• Environmental Legislation for example US Environment Protection Authority.

• Safety Legislation for example Occupational Safety and Health Association.

• Business policy for example Federal Trade Commission (FTC).
9.10 Chemical engineering contribution to government
policy development
Chemical engineers through their understanding of the process industries and the

technical, economic, environmental, and safety criteria are in a strong position to

contribute to government policy development and related initiatives. Some areas rel-

evant to broad government responsibilities impacting on the needs of both industry

and the wider community include

• development of environmental regulations, including related economic

incentives

• development of safety regulations

• provision of utilities particularly

– Electricity

– Water

– Gas

• waste treatment and disposal

• materials recycling

Professional societies are increasingly recognising the importance of contributing to

policy development by governments and also understanding the role of government

and government departments. There are pressing needs for the chemical engineering

community to be more active and effective in this area [9]. The Institution of Chem-

ical Engineers (IChemE) has recently become more committed for example through

its energy centre, and in policies related to safety, materials recycling, and the food

chain [10]. The National Engineering Policy Centre, led by the Royal Academy of

Engineering in the United Kingdom, is also aiming to bring engineering expertise to

government policy development [11]. The policy centre includes some 38 organisa-

tions representing engineering, including IChemE.
9.11 Industry data sources
Data sources for market evaluation and capital and operating cost estimation have

been identified in Chapters 2–4. Insights into policy and practice of various industry
sectors and companies as well as much useful quantitative data can be gained from

• industry association publications

• government reports (particularly those emanating from government enquiries

into particular industries or sectors)
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• company reports

• the more commercially oriented technical journals

Annual company reports are a valuable source of financial information in terms of

wealth creation, balance sheet, and profit and loss statements, for the company con-

cerned. A company’s financial records over recent years might also indicate its

capacity to fund a new project or major expansion.

Three examples of useful information sources are now reviewed. Examples A and

B provide valuable insights into trends, performance measures, and influences in the

chemical industries in the United States, and Europe. Example C focuses on exported

Australian resources, with details of global trends in supply and demand and selling

prices for a wide range of energy and mineral resources, together with an analysis of

influential macroeconomic factors.
9.11.1 Example A. 2018 Elements of the Business of Chemistry [12]
published by the American Chemical Council
This comprehensive report provides an insight into a number of technical and finan-

cial aspects of the chemical industry, both in the United States and globally. The

report also gives insight into technical details of the US chemical industry, a number

of economic perspectives, and some valuable guides to information sources of

related data.

Some features include

• Maps of chemical chains (provided in Appendix A) showing downstream

derivatives from the following base chemicals:

– Chlor-alkali

– Methanol

– Ammonia

– Ethylene

– Propylene

– C4 hydrocarbons

– Benzene

– Toluene

– Xylene

• Comparison of relative cost structures for the categories of basic chemicals,

specialty chemicals, pharmaceuticals, and consumer products produced in the

United States in terms of

– Feedstock and other raw materials

– Labour

– Advertising

– Other operating expenses

– Environmental, health, and safety spending

– Taxes

– Profits



2619.11 Industry data sources
The data indicate for example a dominance of raw materials costs for basic and spe-

cialty chemicals, and higher profits for pharmaceuticals and consumer products.

• Shipment values in US$ for basic chemicals, specialty chemicals, agricultural

chemicals, pharmaceuticals, and consumer products. The data indicate that

basic chemicals and pharmaceuticals are the major contributors. The term

shipment is used in the report to mean the net selling values on a free on board

(fob) basis to customers of products shipped from manufacturing facilities.

• Global comparisons of chemical shipments, chemical imports and exports,

and capital spending for the six regions of North America, Latin America,

Western Europe, Central and Eastern Europe, Africa and Middle East and Asia

Pacific.

• A comparison of total global chemical shipment values for the categories of

basic chemicals, specialty chemicals, agricultural chemicals, pharmaceuticals,

and consumer products.

• A comparison of value of shipments ($million), employment (numbers),

average annual wages and salaries ($), and value of chemical exports

($million) for the States of United States.

The data shows the value of shipments greatest in Texas, California, North

Carolina, and Louisiana, whilst average wages and salaries varied considerably

between states.

• Trade details including

– trading partners

– trends over time in US trade balance

– trends over time in the value of imports and exports to and from United States

– share of imports and exports for product sectors (i.e. basic chemicals,

speciality chemicals, agricultural chemicals pharmaceuticals, and consumer

products)

Additional details of interest include US chemical industry performance in

relation to

• Environmental, health, safety, and security spending

• Emission indicators over time from 1985 to 2017 for

– Sulphur dioxide

– Nitrogen oxides

– Volatile organic compounds

– Carbon monoxide

– Coarse and fine particulates

– Ammonia

• Greenhouse gas emissions from 1990 to 2017, reported both as direct and

indirect emissions

• Worker health and safety statistics

• Pattern of energy consumption in different segments of the chemical

industry including
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– share of total energy consumption by source (e.g. coal, natural gas, electricity,

etc.)

– trends in energy efficiency over time

• Transportation quantities of products by mode (i.e. truck, rail, waterborne,

pipeline) and transportation costs by mode for chemical products
9.11.2 Example B. Facts and Figures 2018 of the European Chemical
Industry [13] published by CEFIC, the European Chemical Industry
Council
The CEFIC report includes

• global comparisons of chemical sales by country

• breakdown in European chemical sales value by-product sector (i.e.

petrochemicals, specialty chemicals, basic inorganics, polymers, and consumer

chemicals)

• breakdown in chemical industry sales from the European Union (EU) by

geographical region

• trends in chemical industry sales revenue from the EU over time from 2006 to

2016 in terms of

– total sales

– home sales, that is where products are manufactured and sold within the one

country from the EU

– intra EU sales where one country within the EU sells products to another

country within the EU

– extra EU sales, where products manufactured in the EU are sold to countries

outside the EU. These represented around 30% of total sales revenue in 2016

• price comparisons for electricity and gas with other countries

• trends in energy consumption over time and patterns of consumption for different

fuel sources

• capital spending in the EU over the period 2006 to 2016, and global comparison

of capital spending in the EU in 2006 and 2016

• research and development spending in the EU from 1996 to 2016, and global

comparison of R&D spending in 2006 and 2016

• impacts of regulatory costs on profitability in EU chemicals sector
9.11.3 Example C. Resources and Energy Quarterly [14] published
every 3months by the Department of Industry, Innovation, and
Science, within the Commonwealth Government of Australia
The report provides an overview of macroeconomic performance of importing coun-

tries and international trade arrangements influencing exports of mineral commod-

ities from Australia, and their contribution to Australia’s economic growth. World

consumption and production patterns, as well as selling price trends, are reported
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for commodities including iron ore, thermal coal and metallurgical coal, natural gas,

uranium, gold, aluminium, copper, nickel, zinc, and lithium. The report provides

information on upstream processing of minerals within Australia, usage patterns

for the commodities, trends in Australian production and exports, and trends in inter-

national selling prices.
9.12 Human resource contributions
It is important to reflect on the contributions of human resources in the sharing and

development of expertise in process economics. Expertise is owned by individuals

and groups within

• companies involved in manufacturing

• design and project management companies

• consulting companies

• bodies involved in research and development

• industry associations

• professional societies

• government bodies

• academic institutions

In Chapters 2–5, key contributions to the economic evaluation of projects were

explored from

• market forecasting

• capital cost estimation

• operating cost estimation

• profitability evaluation

Frequently these tasks are conducted separately by specialists and their organisa-

tions, building on established expertise and prior experience, supported by the accu-

mulated data gleaned from earlier projects or studies. Successful investments depend

on the ability to bring the contributions of such specialists together.

In Chapters 7 and 8, the importance of environmental, safety and sustainability

criteria, and their interaction with technical details and economics was explored.

Implications for time-dependent learning and implementation in investment deci-

sions were explored with some case examples. Interaction of experts in these areas

with those doing economic evaluations is likewise an important requirement for suc-

cess in project evaluation and implementation.

Governments and their departments have an important role in developing and

defining policies related to economic success in the process industries, in encourag-

ing technology development, in encouraging productive investment, in safety and

environmental regulation, and in ensuring that the needs of stakeholders, including

the wider community, are nurtured.
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Education institutions have a key role in providing foundation knowledge and

skills and encouraging dialogue between researchers, educators, government depart-

ments, professional societies, and industry organisations to explore opportunities and

work towards long-term benefits derived from process industry investment and

activity.

A culture of working towards skills development and towards a sharing of knowl-

edge and skills, both within and across the organisations identified above, is a major

consideration in assisting process industry improvement and sound economic

performance.
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Glossary
Availability The extent to which plant or equipment items are ‘online’ or ‘available’ for use

in production, usually expressed either fractionally or in days per year. ‘Equivalent avail-

ability’ is the equivalent number of days per year that a plant can produce at maximum

daily capacity. Equivalent availability accounts for periods of unavailability (or shutdown)

of the entire plant, and also for periods where production is restricted by internal factors

(such as fouling, wear, loss of control, unavailability of certain equipment items).

BATS plant New process plants of best available technology and scale.

BAT plant New process plants of best available technology but smaller than the largest avail-

able scale.

Battery limits A geographic boundary around the equipment items which collectively con-

stitute the process plant. Plant facilities outside the boundary are termed offsites or outside
battery limits.

Campaign A production run of significant duration punctuated by the shutdown for plant

cleaning, maintenance or modifications. Successive campaigns may be made for a single

product or for different products.

Capacity (of plant) The maximum production capability of a process plant per unit time.

‘Maximum daily capacity’ expressed in tonnes/day (or similar units) is the maximum pro-

duction capability in a short time span, usually assessed by a high production rate trial over

a period of 1–3 days. ‘Annual capacity’ is the product of maximum daily capacity and the

equivalent availability of the plant to produce at maximum daily capacity.

Capacity utilisation The ratio of production achieved over a given time span (adjusted to a

daily equivalent) to maximum daily capacity.

Capital recovery factor Factor of capital investment required to provide equal annual repay-

ments of the investment with interest over a given time period.

CIF (cost, insurance, and freight) A trade arrangement where the exporter pays the cost of

supplying a consumer with a product, inclusive of all freight and distribution costs, includ-

ing insurance.

Circular economy The concept and practice of enabling recycling of surplus materials over

the manufacture and use of a product to reduce waste disposal and reduce resource

consumption.

Commodity A product traded internationally and essentially to the same specification.

Constrained expansion A plant expansion where parallel addition of equipment is precluded

in at least one step within the processing sequence.

Consumer good A product which requires no further processing prior to use by the ultimate

consumer.

Contingency Allowance in cost estimates for unforeseen cost elements which are likely to

occur. These include costs resulting from minor design changes or from unforeseen

changes in the conditions under which the project is undertaken such as weather, currency

exchange rate, or inflation.

Cost of capital The weighted cost of money from all sources, equity and loan, required to

fund a project, expressed as an interest rate, typically per cent per annum.
265
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Creditors Persons or companies to whommoney is owed by reference company, for example

for purchase of raw materials or utilities.

Debottlenecking Utilisation of potential excess capacity in some sections of a plant by elim-

inating capacity restrictions in other sections.

Debtors Persons or companies owing money to reference company, for example for sale of

products.

Depreciation The decline in value of an asset (typically plant or equipment) over its life.

Book depreciation allowance is an internal company allowance or transfer set aside to fund

an eventual replacement. Tax depreciation allowance is an allowable deduction from

income for assessing corporate tax payments.

Discounted cash flow rate of return The interest rate at which the net present value for a

project is equal to zero. The discounted cash flow rate of return must exceed the cost

of capital for a project to be profitable.

Elasticity (price/demand) The dependence of product selling price on demand for the

product.

End use analysis Amethod for estimating market volume for a product in which product end

uses are identified and projected.

Equity The funds owned by a company, including those from new share issues and retained

earnings from profitable operation.

Exchange rate (or currency exchange rate) The rate at which one international currency

can be exchanged for a currency from another country.

External cost or externality A cost that is outside the scope of a cost estimate but has an

external influence on the environment or society. A common example is the cost of envi-

ronmental damage experienced as a result of emissions from a power station or an indus-

trial process plant.

Fine chemical A chemical made in smaller volume and to tighter product specifications than

a commodity.

Fixed capital Capital investment into plant and buildings to enable product manufacture.

This investment is essentially nonrecoverable.

Fixed operating cost A cost, which when expressed in dollars per unit of time, is unchanged

with a change in production rate.

Floor price Aminimum selling price for a product required to make a minimal return on cap-

ital investment when using competitive scale, technology, and unit costs.

FOB (‘free on board’) price Price of a product or an equipment item on board ship in the

country of origin (or at the manufacturer’s location). The purchaser is responsible for

the costs of transport and related insurance to the point of delivery.

Grass roots plant A complete plant constructed on a virgin site.

HAZOP Hazard and operability (study) used to explore the effects of deviation from design

intent for process parameters such as flowrates, pressures, temperatures on plant perfor-

mance, particularly in regard to safety and operability.

Intensification An increase in production capacity per unit of equipment size. In new plants,

this can be recognised as a decrease in the size of equipment for a given process duty. Pro-

cess intensification is frequently achieved by improvements in reactor yield or selectivity,

by conversion from batch to continuous operation, or in batch processes by shortening

batch times. Benefits of intensification include reduced capital costs and process material

inventories per unit of production capacity.
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Intermediate A term used to denote a product which is ‘intermediate’ between a basic feed-

stock and an end product in the industrial processing sequence. For example, ethylene is an

intermediate between ethane and polyethylene.

Internal rate of return A term having the same meaning as discounted cash flow rate of

return.

LCA (life cycle assessment) Amethod of environmental assessment which provides a quanti-

tative assessment of the environmental impact of a product over its life cycle. It includes an

inventoryanalysisdefiningmaterial andenergy inputs andoutputs, followedbyclassification,

evaluation, and improvement analysis phases. LCAcan also be applied to segments of the life

cycle, for example, in evaluating the environmental impact of a chemical process.

Learning curve Term used (often synonymously with ‘experience curve’) for improvement

in performance or reduction in production cost (or selling price) with increased cumulative

production.

Location factor A factor which expresses the relative fixed capital cost of a plant in a given

location compared with that in a reference location.

Marginal cost (also termed ‘incremental cost’) The production cost per unit of product for

an increment of production beyond a given production rate. The termmargin is also used in

a pricing context as a margin above the floor price.

Net cash position Equivalent to the cumulative cash flow at any stage of project life, it can be

read directly from the cumulative cash flow diagram for the project.

Net present value The net sum of the present values of all cash flows incurred over the life of

a project, incorporating investment, operational and termination phases.

Nominal dollars (or alternative money units) Dollars in the year of expenditure without

adjustment for inflation.

Offsites A term used to denote ‘outside battery limits’ facilities including storages (for raw

materials and products), utilities, and facilities such as offices, workshops, laboratories,

cafeteria, medical units, and other similar facilities.

Pallet Amoveable platform for the storage of packaged products and their transfer by forklift

truck.

Parallel streamed expansion Plant expansion involving the addition of an entire new process

stream, or the parallel addition of equipment as required at a given step within the proces-

sing sequence.

Patent The legal right given to an inventor of process technology to control the use and prac-

tice of the invention. One right is to be the sole user of the invention for a nominated

period, usually 16 years.

Payback time A term used to denote the time taken in a project to recover investment costs. It

is sometimes taken as the time from commencement of the project to recover the total cap-

ital investment. More frequently, it is taken as the time from the start of production to

recover fixed capital expenditure.

Product life cycle A term used to describe the complete scope of extracting the required raw

materials, the various processing stages required to produce the product, the use of the

product, and the ultimate disposal of the product.

Present value The present value of a future cash flow is the value of cash which, if invested

now, would grow to the same value as the future cash flow due to compounding interest.

Producer good An industrial product which must undergo further processing before reaching

the consumer.
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Productivity The number of tonnes of product produced per unit of input. For example Raw

materials productivity: Number of tonnes of product per tonne of raw material Energy

productivity: Number of tonnes of product per MWh (or alternative unit) of energy Per-

sonnel productivity: Number of tonnes of product per annum per person employed Fixed

capital productivity: Number of tonnes of product per annum per real dollar of fixed capital

The term ‘labour productivity’ can similarly be used in relation to the number of workers

required to achieve a particular goal in a construction, operation, or maintenance activity

Real dollars (or alternative money units) Dollars adjusted for inflation to a common time

basis using an appropriate deflator. The consumer price index is most widely used as a

deflator of prices, costs, or cash flows. Other indices may be more appropriate for specific

purposes, for example plant cost inflation indices for examining trends in plant costs over

time.

Revamping Physical modification of a plant or equipment item leading to a change in hard-

ware or the mode of operation. Common reasons for revamping include increase in plant

capacity, reduction in production cost, accommodating to change in feedstock or product

composition, and in meetingmore stringent environmental or safety standards. Revamping

frequently involves the introduction of new technology.

Royalty Payment for the provision of technology. Payment may be made to a technology

licensor as an initial lump sum or an ongoing payment based on sales (or a combination

of the two). Royalty payments may entitle the purchaser to ‘know-how’ embodied in new

plants, and to subsequent improvements in technology which can be incorporated into

operations or plant modifications.

Scale Strictly this term means the size of an equipment item of specific geometry and design.

It has been more widely (and perhaps loosely) employed to incorporate the concept of

plant production capacity, where the same process technology is employed.

Speciality chemical A chemical product developed tomeet specific customer needs and iden-

tified by function rather than its correct chemical name.

Spot price Selling price for a product outside of contracted arrangements and typically for

limited volumes over short time frames.

Unit cost A cost per unit of raw material, energy, utility, labour, or other input. Examples

include the cost of steam in $/tonne, cost of ethylene in $/tonne.
Variable operating cost A cost, which when expressed in dollars per unit of time, varies with

production rate. Common examples include the costs of raw materials and utilities.

Working capital Capital investment over and above land capital and fixed capital required to

initiate and sustain the operation of a process plant. Working capital includes stocks of raw

materials and finished products, and extended credit (or ‘debtors’ minus ‘creditors’).



APPENDIX
1
Some currency exchange
rates relative to the US$
for selected countries
.

June_1990
 June_1997
 June_2010
 June_2015
 June_2019
Country
 Currency
United
States
US$
 1
 1
 1
 1
 1
Australia
 Aust $
 1.27
 1.34
 1.17
 1.3
 1.43
Canada
 Can $
 1.16
 1.3
 1.05
 1.24
 1.31
Europe
 Euro
 0.819
 0.894
 0.89
Japan
 Yen
 128
 115
 88.6
 122
 108
New
Zealand
NZ $
 1.7
 1.47
 1.44
 1.47
 1.49
Taiwan
 Taiwan $
 27.2
 27.8
 32.2
 30.9
 31
United
Kingdom
Pound
 0.572
 0.6
 0.572
 0.635
 0.792
Notes: The above data for sample countries has been taken from International Monetary Fund (IMF)
published statistics. Extensive data are available for a wide range of countries for each month of current
and previous years.
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2
Consumer price index (CPI)
statistics for some selected
countries
.

Year
 1995
 2005
 2010
 2012
 2014
 2015
 2016
 2017
 2018
Country
Australia
 67.6
 86.3
 100
 105.1
 110.4
 112
 113.5
 115.7
 117.9
Canada
 75.2
 91.9
 100
 104.5
 107.5
 108.7
 110.2
 112
 114.5
China
 100
 108.2
 113.2
China
 100
 102.0
 103.6
 105.8
India
 37.6
 65.8
 100
 119.0
 140.4
 148.6
 155.9
 159.8
 167.6
Germany
 80.5
 92.5
 100
 104.1
 106.6
 106.9
 107.4
 109.3
 111.4
Japan
 101.1
 100.4
 100
 99.7
 102.8
 103.6
 103.5
 104.0
 105.0
South
Africa
43.4
 74.3
 100
 110.9
 124.4
 130.1
 138.4
 145.7
 152.4
United
Kingdom
87.4
 100
 107.4
 111.8
 111.9
 112.6
 115.6
 118.4
United
States
69.9
 89.6
 100
 105.3
 108.6
 108.7
 110.1
 112.4
 115.2
The statistics are available for a wide range of countries over and extensive time record.
Comments: As an example, the CPI is measured in Australia as a basket of goods and services
representative of those required by privatemetropolitan households. The ‘basket’ can be subdivided into
11 major groups: food and nonalcoholic beverages; alcohol and tobacco; clothing and footwear;
housing; furnishings, household equipment, and services; health; transport; communication; recreation
and culture; education; insurance and financial services.
Source: United Nations Monthly Bulletin of Statistics Issue 1178, August 2019.
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APPENDIX
3
Capital cost inflation index
for Australian plants
cost index
Index estimated by the author based on data published by the Australian Bureau
of Statistics.

Financial
year
ending
June

Materials
price
index

Producer
price
index

Average
weekly
earnings
($)

Plant
cost
index

Consumer
price index

1981 100.0

1982 125.4 283.75 100.0 110.4

1983 139.6 324.15 112.8 123.1

1984 147.3 349.45 120.3 131.6

1985 155.5 376.08 128.2 137.2

1986 167.9 399.48 137.3 148.7

1987 180.9 427.98 147.5 162.6

1988 196.8 454.48 158.6 174.5

1989 214.9 487.30 171.6 187.3

1990 231.9 520.95 184.3 202.3

1991 243.7 555.40 195.1 213.0

1992 245.2 580.75 200.2 217.0

1993 245.7 591.08 202.0 219.2

1994 249.2 608.78 206.5 223.5

1995 255.9 634.00 213.6 230.7

1996 261.2 662.43 220.6 232.9

1997 262.4 688.23 225.4 236.0

1998 264.7 716.65 231.0 236.0

1999 266.9 100.0 743.68 236.3 238.9

2000 269.2 768.55 241.3 244.6

2001 269.9 808.57 247.9 259.3

2002 275.0 853.57 257.1 266.8

2003 286.4 897.40 269.0 275.0

2004 289.0 952.83 278.7 281.4

2005 300.7 116 1008.10 292.4 288.2

2006 120 1032.00 300.9 299.2

2007 124 1091.03 314.5 304.4

Continued
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Index estimated by the author based on data published by the Australian Bureau
of Statistics—cont’d

Financial
year
ending
June

Materials
price
index

Producer
price
index

Average
weekly
earnings
($)

Plant
cost
index

Consumer
price index

2008 131 1142.28 330.8 317.4

2009 129 1201.10 336.8 312.5

2010 132.5 1256.70 349.1 321.0

2011 137.0 1315.03 363.1 332.6

2012 138.5 1353.66 370.4 336.6

2013 140.2 1422.70 382.1 344.7

2014 141.7 1477.00 391.3 355.0

2015 143.0 1500.50 396.2 360.3

2016 145.1 1516.00 401.1 363.9

2017 148.3 1543.80 409.2 370.8

2018 150.5 1589.85 418.3 378.6

2019 153.5 1637.55 428.8 384.7

Comments: The Australian plant cost index was initially estimated based on a 50%weighting of the price
index for materials used in buildings other than houses (reported monthly) and a 50% weighting of
average weekly earnings for ordinary full-time adults (reported quarterly) averaged for the stipulated year.
The ABS ceased publishing the price index for buildings other than houses and published a producer
price index (providing similar data) from around 2000. The consumer price index is included for
comparison.
Average weekly earnings are in $ Australian.
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APPENDIX
US inflation indices for plant
capital cost and cost of living
 4

U

C
c
Year
Plant cost inflation indices

Consumer price
index
nited States
 United States
 United States
E plant
ost index
Nelson Farrar inflation
index
CPI

Annual average
1959
 100
 29.1
1960
 102
 228
 29.6
1965
 104
 261
 31.5
1970
 126
 365
 38.8
1975
 182
 576
 53.8
1980
 261
 823
 82.4
1985
 325
 1074
 107.6
1990
 357.6
 1226
 130.7
1995
 381.1
 1392
 152.4
2000
 394.1
 1543
 172.2
2001
 394.3
 1580
 177.1
2002
 395.6
 1642
 179.9
2003
 402
 1710
 184.0
2004
 44.2
 1833
 188.9
2005
 468.2
 1894
 195.3
2006
 499.6
 2008
 201.6
2007
 525.4
 2017
 207.3
2008
 575.4
 2251
 215.3
2009
 521.9
 2218
 214.5
2010
 550.8
 2338
 218.1
2011
 585.7
 2436
 224.9
2012
 584.6
 2465
 229.6
2013
 567.3
 2490
 233.0
2014
 576.1
 2555
 236.7
2015
 556.8
 2550
 237.0
2016
 541.7
 2599
 240.0
2017
 567.5
 2689
 244.0
2018
 603.1
 Not available
 251.1
2019
 615 approximate
 Not available
 256 approximate
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APPENDIX
Discount tables
 5

The tables give the value of

1

1 + ið Þt for values of t from 1 year to 20 years and of

i from 0.01 (1%) to 0.20 (20%).
Year t
i, percentage
1
 2
 3
 4
 5
1
 0.9901
 0.9804
 0.9709
 0.9615
 0.9524
2
 0.9803
 0.9612
 0.9426
 0.9246
 0.9070
3
 0.9706
 0.9423
 0.9151
 0.8890
 0.8638
4
 0.9610
 0.9238
 0.8885
 0.8548
 0.8227
5
 0.9515
 0.9057
 0.8626
 0.8219
 0.7835
6
 0.9420
 0.8880
 0.8375
 0.7903
 0.7462
7
 0.9327
 0.8706
 0.8131
 0.7599
 0.7107
8
 0.9235
 0.8535
 0.7894
 0.7307
 0.6768
9
 0.9143
 0.8368
 0.7664
 0.7026
 0.6446
10
 0.9053
 0.8203
 0.7441
 0.6756
 0.6139
11
 0.8963
 0.8043
 0.7224
 0.6496
 0.5847
12
 0.8874
 0.7885
 0.7014
 0.6246
 0.5568
13
 0.8787
 0.7730
 0.6810
 06006
 0.5303
14
 0.8700
 0.7579
 0.6611
 0.5775
 0.5051
15
 0.8613
 0.7430
 0.6419
 0.5553
 0.4810
16
 0.8528
 0.7284
 0.6232
 0.5339
 0.4581
17
 0.8444
 0.7142
 0.6050
 0.5134
 0.4363
18
 0.8360
 0.7002
 0.5874
 0.4936
 0.4155
19
 0.8277
 06864
 0.5703
 0.4746
 0.3957
20
 0.8195
 0.6730
 0.5537
 0.4564
 0.3769
277



278 APPENDIX 5 Discount tables
Year t
i, percentage
6
 7
 8
 9
 10
1
 0.9434
 0.9346
 0.9259
 0.9174
 0.9091
2
 0.8900
 0.8734
 0.8573
 0.8417
 0.8264
3
 0.8396
 0.8163
 0.7938
 0.7722
 0.7513
4
 0.7921
 0.7629
 0.7350
 0.7084
 0.6830
5
 0.7473
 0.7130
 0.6806
 0.6499
 0.6209
6
 0.7050
 0.6663
 0.6302
 0.5963
 0.5645
7
 0.6651
 0.6227
 0.5835
 0.5470
 0.5132
8
 0.6274
 0.5820
 0.5403
 05019
 0.4665
9
 0.5919
 0.5439
 0.5002
 0.4604
 0.4241
10
 0.5584
 0.5083
 0.4632
 0.4224
 0.3855
11
 0.5268
 0.4751
 0.4289
 0.3875
 0.3505
12
 0.4970
 0.4440
 0.3971
 0.3555
 0.3186
13
 0.4688
 0.4150
 0.3677
 0.3262
 0.2897
14
 0.4423
 0.3878
 0.3405
 0.2992
 0.2633
15
 0.4173
 0.3624
 0.3152
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 0.2519
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 0.2703
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i, percentage
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 0.8929
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 0.7831
 0.7695
 0.7561
3
 0.7312
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