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THE PATH TO PROCESS DATA

F D. Gault, R. B. Hoffman, B. C. Mclnnis

Analysis of transformation processes is a potent tool for the
understanding of materials utilization, energy consumption,
environmental pollution and the productivity of capital and
labour. This paper introduces process analysis with emphasis
on the need for physical rather than monetary data. Some
uncoordinated data gathering activities relevant to process
analysis are examined. Two prototype process databases are
described to illustrate ways of approaching process analysis
and it is noted that a process database is necessary for the next
generation of economic models. Although there is as yet little
progress in assembling the organization to coordinate the
building of such a database, some strategies for the future are
proposed.
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PRODUGTS DO NOT HAPPEN. They are made in a transformation of labour,
materials and energy which uses the capital stock of the production plant. The
transformation yields the product, and other outputs which might be by-
products of some commercial value, or pollutants like sulphur dioxide or
acoustic energy. Information about transformation processes Is important to the
understanding of the utilization of materiais, the consumption of energy, the
pollution of the environment, and the productivity of labour and capital.
Process analysis, which is the application of this information to production
analysis, is a powerful tool complementary to the highly aggregated approach of
macroeconomic analysis,

This article starts at the nacroeconomic level and looks underneath it at the
structure of the economy revealed by input—output models, and then at the
greater understanding possible if materials and energy are required to obey
physical conservation laws in these models. As a progressively more dis-
aggregated view of the economy is taken, the measurement of physical
quantities becomes more iportant and money less important. Money, which is
a natural measure of aggregated quantities, is seen to connect to the underlying
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physical flow of materials and energy through the price mechanism which
provides an interface between economics and the physical economy.

The measure of the physical flows of material and energy into and out of a
transformation process which involves capital stock and labour, requires the
gathering and storage of large amounts of information. The size and compiexity
of this problem has been one of the inhibiting factors in the evolution of process
anatysis.' However, the present state of information technology and the work of
prototype projects,” suggest that there are no insuperabie barrters remaining to
hinder progress.

A theme which parallels the move from money and aggregation to physical
processes, is the growth and availability of computing power. The spread of
microcomputers, easy-to-use software packages and networks presents the
cconomist with powerful tools and access to computer-searchabie databases on
larger computers. While these tools support conventional economic analysis
there is a gap in the information necessary to support process analysis. As there
are no software or hardware difficulties with storing and retrieving physical flow
and capitat stock data, this gap may now be filled. How the gap is to be filled is
an important and current issue. _

The economic debate on externalities® is an area of application for process
analysis. The issues include the opportunity cost of using a scarce resource, the
capital cost involved in pollution control and abatement and the substitution
cost of processes to satisfy government regulations. Process analysis is a natural
framework for such questions as process descriptions capture information on the
factors necessary to production (skilled labour, energy, minerals, topsoil, etc),
the capital stock needed to effect the transformation products and on the
residual outputs (by-products, poilutants, energy, etc).

The description of a transformation process requires a model. The model
allows statements to be made about changes in outputs resulting from changes
in inputs. With the help of computers, process models can be connected together
into networks representing an entire industry, its consumption, production and
residual output. Such models could also ensure that the physical requirement of
macerial and energy conservation is maintained for each constituent process and
it could account for the capital stock involved at each stage. This approach of
combining processes to represent an industry makes technology substitution
analysis straightforward in that it permits the building of an industry model
using several technologies, the combination of which may change with time,
depending on the life of the capital stock.

The utility of process-based analysis raises an obvious question: where are the
computer-searchable process databases to provide the support for this work?
The answer is that there is no complete and universally availabie process data-
base in existence although studies nave shown that such a database is both
possible and useful. This article explores the reasons tor this state and suggests
ways of changing the situation.

History of process analysis and the problem of disaggregation

The macroeconomic models which dominate modern economics predict
changes in employment and national income resulting from monetary and fiscal
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adjustments. While this approach is useful for broad planning, it does not
provide the detail necessary to account for changes in individual sectors of the
economy. For exampie, a decision on the part of a consumer to pay for riding
lessons rather than to spend the same money on a personal computer is not
noticed in macroeconomics as the aggregate consumption is unchanged, and so
is the contribution to the GNP,

The decisions of consurners, however, do change the underlying econormy, as
the people involved in building, shipping, selling and servicing personal
computers will differ in number and skill from those involved with keeping
horses and providing riding lessons. The choice made by the consumer in this
example will result in a different consumption pattern. Of course, it is not just
individual consumers that change consumption patterns but also governments
as a result of economic planning.

Wassily Leontief was the first to develop the input—output techniques that
reveal the patterns obscured by the aggregation of macroeconomic models.*
Leontief divided the economy into sectors or industries and recorded the flows of
uoods and services between sectors, including the flow of intermediate products.
The resulting rable showed which inputs in what quantities were required by a
sector to make its product or output. The success of input—output models was
considerable as they allowed, for example, for impact studies on output changes
if final demand changed, and they described the effect on prices which resulted
from a change in factor prices. They were also able to represent the allocation of
fixed resources. Since 1936, when the first input—output table depicting the
American economy of 1919 was published, a considerable body of empirical
knowledge has grown up, and the use of these tables in planning has become
widespread. '

Part of the success of the input—output model is due to the simplicity of the
underlying assumptions. For example, the model 15 linear, which means that
outputs are directly proportional to inputs and there is no mechanism for
changing this refationship as the scale or technology of production changes.
Once the input—output table is constructed, the technology embodied in the
production processes is implicitly assumed 1o be fixed, and all subsequent
projections or impact studies are based on this implicit assumption. Production,
however, is not in reality a linear function of inputs and as the rate of techno-
logical change increases the relaxation of the fixed technology assumption
becomes progressively more important.®

With the energy supply shock of the 1970s and the environmental concern of
that decade, attempts were made to represent energy, limited resources and
unwanted products insthe context of input—output models. Part of the motiva-
tion for attemnpting this was to provide uniform data for large-scale simulation
models. A major exponent of this approach was R. Ayres who developed the
integrated materials/energy balance statistical system (MEBSS).®

Extending inpur—output models to include environmental information poses
a number of problems, as Ayres points out. An environmental question tends to
be physical: how much marterial/energy/pollutant is used or generated directly
or indirectly in a process, in the productiuon of a commuodity by or a sector of the
economy. The input—output model does not impose physical constraints like
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energy and material conservation, and uniess these constraints are added,
absurd predictions can result. '

A further problem of extending input—output models is the implicit assump-
tion that the supply and demand of goods and services is assumed to be in
equilibrium and that the specification of final demands should reflect a Pareto-
optimal consumption pattern. As the environment provides unpriced goods and
services which are subject to physical laws but are not in the market place, it is
difficult to define an economic equilibrium. If anything, these goods and
services are subject only to clumsy regulatory control.

Once physical constraints are accepted, however, linear programming can be
used, to relax the fixed technology assumption of the input—output model. This
gives rise to the static models of both Koopmans and Kantorovich” and also to
dynamic models. The important observation is the significance in these models
of physical data subject to physical laws 1n contrast with constant dollars and
gconomic assumptions.

The concern with physical constraints has led to the MEBSS developed by
Ayres under the auspices of the United Nations Statistical Office. It required®
that all material and energy inputs to the world economic system, as well as to
individual countries, be accounted for either as final outputs or as changes in
accumulated stocks, including durable goods in service as well as inventories. It
required two balance principles, a gross (volume) balance applied to
production, consumption and trade of major resources and commodities, and a
more refined materials and energy balance by process to elucidate the relation-
ship between resource/commodity production and consumption and the
generation of waste flows.

While MEBSS in principle means that resource consumption and residual
production can be monitored, the construction of such a framework requires
data of standard classification and uniform quality. The source of suitable data
is seen as some combination of engineering studies and of survey and
monitoring data cornpiled by monitoring and regulatory agencies. The lack of
such data, noted by Ayres in 1978, posesa fundamental problem for the MEBSS
approach.

Before physically-based models of the economy can be constructed, there is a
need for data on industrial transformation processes. Here, an industrial trans-
formation process means any process or operation which converts materials and
energy to a product. It covers the obvious manufacturing and chemical
processes as well as, for example, the conversion of natural resources to
extracted resources. The question arises as to where the boundary is drawn to
define a process.

A process could be an entire industry, a plant or a process within the plant,
Ayres® introduces the concept of ‘economic process’ to provide a lower limit for
the definition and he requires two criteria. First, the product must be trans-
portable and storable and have an ascertainable market value. Second, the
activity must be carried out in the context of a cost-minimizing or a profit-
maximizing enterprise. Ayres later introduces the concept of ‘significant’
process'’ and argues that although one could rank processes according to some
value-added criterion to establish those most economically significant, there will
be thase low on this scale which are important by other criteria. For example, an
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economically insignificant process producing a heavy metal as a by-product
represents an environmental hazard which is significant to the running of a
sewage treatment plant if the metal kills the bacteria in the anaerobic digesters.

The definition of a transformation process has to evolve over time, from
interactions between users of the data and those who compile and evaluate the
information.!! While the definition is evolutionary, the concept is fundamental
to the representation of socioeconomic-resource systems. It has its roots in
activity analysis'® and has been further elaborated by Geogescu-Roegen.
Process analysis, however, cannot be done without process data.

The problem of the data is not limited to process data as Leontief points out:
“An unreasonably high proportion of material and intellectual resources
devoted to statistical work is now spent not on the collection of primary
information but on a frustrating and wasteful struggle with incongruous
definitions and irreconcilable class fixations.”’'* Leontief is talking about
economic statistics in 1971 but the same problem exists for much of the physical
data necessary to industrial processes. To illustrate this point, data programmes
in material properties and energy are considered, as are the problems of
gathering data on residuals. The dara are the problem. :

A materials database: an example problem

Any database, especially one which is computer-searchable, improves the use of
the data it contains and, because of ease of use, broadens the user community.
~While one can understand the lack of easily available data on industrial trans-
formation processes because of the complexity of the information and its
commercial sensitivity, it is less easy to see why a universally available materials
database does not exist. This problem was addressed in 1982 at a workshop of
interested parties convened in Tennessee. "

The proceedings of the workshop make interesting reading as they deal with
the same issues that must be confronted by a process database. First, the
database does not exist, second, it is a desirable input for computer-aided design
(CAD), manufacturing (CAM), and testing and evaluation (CATE), programs
and, third, if action is not taken soon, independent programmes will evolve with
incompatible standards and duplication of effort. Implicit, of course, is the need
for action to get the project going.

1t is encouraging that since 1982 action has been taken, in that an autonomous
US corporation, The National Materials Property Data Network, Inc'® has
been set up to plan and implement a network to provide information on
materials. This follows a feasibility study'” conducted by the Metal Properties
Council, Inc which indicated that it was possible to combine existing databanks
into a network with common access.

This initiative recognizes that in the USA alone, tens of billions of dollars are
lost, due to avoidable materials failure and inefficient use of matertals through
improper selection or incorrect design parameters. The likely users of the new
network are people who own or operate equipment, those involved in engineer-
ing design, manufacturing, field service, failure analysis, remaining life
assessment, R and D, codes and standards activities, writing speaifications and
selecting materials.
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Once this network is established the expected benefits wiil be considerable,!®
not just for the reasons cited, but also because of the more rapid ditfusion of new
materials and technologies which will result. New materials and new tech-
nologies again raise the problems of processing and use of materials.'? Synthetic
materials like composites, ceramics and plastics are replacing metals in manu-
facturing and their processing is different. At the same time new processes are
emerging for forming and working metals and new materials which reduce the
need for traditional machinery.®

A materials database network is an important beginning in support of all
aspects of computer-aided design and manufacture. However, materials cannot
be separated from the machines, the chemicals, and the energy used to process
them, not if a complete picture of the manufacturing process is to be available
for design purposes. '

Including energy in the analysis

All materials applications and production processes require energy but it was
not until the supply shock of the 19705 that energy became a major issue. The
analvrical issue was twofold: could the process be modified to use energy more
efficiently and could different sources of energy be substituted for those that are
costly or of strategic significance. Once the question was raised of how energy
was used, the entire production process had to be reconsidered, including the
possibility of substituting a towally different production process which still
vielded the same product but with reduced energy demand.

Two representative examples of process-oriented energy data projects are
outlined. These are major projects which have been in place for some time. The
strategic importance conferred on energy, and consequently on energy
information programmes, by the supply shock of the 1970s means that these
programmes are more advanced than materials programmes and considerably
more advanced than databases of residuals production. Nonetheless, it should
be noted that, conceptually, the energy database problem is much simpler than
that for materials because there is only one type of energy which can be classified
by a small number of sources and by the services provided to the transformation
process. '

The first example is the Industrial Energy Productivity Project,”’ which
produced the ISTUM-2 Industrial Sector Technology Use Model. This model
provided projections of energy use, efficiency and technology penetration for 27
industries at the 2, 3- and 4-digit Standard Industrial Classification (SIC) levels
in ten regions for the period from 1985 to 2000 in five-year intervals. The model
included over 450 proven and emerging processing, energy conversion and heat
recovery technologies to represent industrial technology choices in 52 energy
services (eg, steam generation, machine drive, iron making, distillation etc}).
For each of the 27 industries, energy use was projected by total dernand and by
fuel type (18 primary and by-product fuels).

The Industrial Energy Productivity Project used the process approach to
promote the idea of providing energy services (heat, ight, mobility erc) at least
cost rather than addressing the narrower problem of reducing the US consump-
tion of imported oil. Process data were gathered and the energy consumption of
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the 27 industries was represented. In doing this, database problems were
encountered because of the volume of the data and the paucity of systematic
surveys at the high level of disaggregation embcdied in the model’s database.
ISTUM-2 also tried to model the factors influencing industrial decision makers
10 clelay the adoption of new technologies. This was ambitious, and it required
the intraduction of financial as well as technological constraints, Now that the
project has reported, the model s available for use along with extensive
documentation. The need to update the database from 1976 to 1980 has been
identified by the project organizers and interested organizations have been
invited to participate.” This data gathering is not part of an on-going pro-
gramme as it is in the next example.

The next example of a process-oriented organization is le centre d’études et de
recherches économiques sur I'énergie (CEREN) in France. Since the mid-
1960s, CEREN has maintained a comprehensive database on French
industrial, commercial and domestic energy consumption. [t surveys over 4000
plants every four years and has a high level of participation as & private, non-
profit organization cooperating with the support of the French energy supply
industry. *

In the CEREN approach, an industrial process is characterized by a set of ten
elementary ¢nergy operations (EEQs), each of which is qualified by five
parameters (equipment characteristics, material inputs, energy inputs, inter-
mediate products and waste energy). - Product—process combinations are
specifically identified and the approach allows energy data to be clustered at the
plant level by energy type and activity and enables data on production and
energy to be linked. The CEREN organization i3 successful and on-going and
studies have been made on transferring the CEREN techniques to other
countries in the European Economic Community and to the USA.*

Process information is more prominent in the two energy exarnples just
considered than in the case of materials. Materials can be viewed as a list of
properties independent of the process in which they are used and this informa-
tion is quite valuable. The corresponding information for energy is its source,
whether it is derived from coal, or oil or whatever and while this information is
useful for decisions on substitucion, the principal means of classifying energy is
by the service it supplies to a production process. Viewed another way, it is
useful to know the energy consumption of a particular process and that requires
knowledge of the energy services necessary to the process,

Residuals

The problem of incorporating residuals information in a proc®ss database is
rmore subtle than for materials or energy. Materials data are clearly important
for substitution and determining the capital stock appropriate for the material
processing. The importance of energy data is equally apparent in determining
the energy cost of operations or processes and in deciding on substitution of
energy sources. The decisions influenced by material and energy data are
economic and can be seen in terms of maximizing the profit of the tirm. For
residuals production this connection is not as clear and involves a wider, social
perspective.
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A ptant which consumes natural resources, releases sulphur dioxide into the
atmosphere and chemicals and waste heat into the river, and s a source of noise,
suffers no economic penalty until society, through government, imposes a cost
for these activities. The determination of this cost is a matter of on-going social
debate,?® and it has been the subject of economic studies incorporating environ-
mental factors for some years.™

Ayres? has reviewed various medels incorporating residual production,
waste management and pollution abatement and he made the point, in 1978,
that “‘the necessary understanding and data for a satisfactory, comprehensive
“macro-economic-ecologic’ model do not yet exist’”’. The situation is essentially
unchanged and is likgly to remain so until the relevant data are gathered,
evaluated and disseminated within a framework of mantifest benefit to industry.

As regulations on the use of common resources like pure air and clean water
have proliferated, the cost of pollution abatement has becorne part of the cost of
production. Production decisions now have to be made to maximize profits in a
way which takes these regulations into account. As a result, designers of new
plant and processes may select different production processes which fulfil the
requirements of the new constraints. Thus the production process provides a
paradigm for classifying information on matenal, energy and labour used,
capital stock necessary for the process, and on products and residuals produced.
Tying this information together facilitates decision making which takes all
aspects of production into account. Tt also allows firms to be classified by their
principal activities.™ This approach has been studied for some years by
Statistics Canada and the International Institute for Applied Systems Analysis
(IIASA) in Austria. '

The Process Encyclopedia at Statistics Canada

As a result of economic modelling® in the 1970s, which included energy demand
and residal production, Statistics Canada became aware of the need for a
detailed physical description of industrial processes. The need also arose in the
representation of technological change in dynamic economic models using an
underlying mnput—output structure.” To assess the problems and costs of
meeting this need, an exploratory programme was carried out between 1978 and
1983 with the encouragement of the United Nations Statistical Office and R. U.
Avres, who acted as a consultant to the project in its early stages.

The Process Encyclopedia was the principal product of the programme. Enough
process data and software for data storage and retrieval were assembled to test
the usefulness of the database. The problems of gathering, evaluating and
retrieving the data were also assessed. The programme was reviewed in 1981
with a workshop® which identified the strengths and weaknesses of the
prototype implementation and made suggestions for future development.

The first problem encountered by anyone wishing to store information in a
database is the construction of a logical model, or schema, which describes the
structure of the data. The Process Encyclopedia was no exception and its designers
chose to divide the description into four parts, a topography, a ‘generic’ model,
parameters and observations. In addition, there was a bibliographic file
indicating where the data came from. It should be emphasized that in The Process
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_Encyclopedia the word ‘process’ is used to describe either a chemical or biological

transfarmation or an ‘operation” or physical transformation. This differs from
engineering literature where the two are distinguished.

The logical modelling of process data differs from that of some scientific data
as there is, from the start, a theory of the machine in the form of an engineering
design. The design specifies that for a particular capital stock, certain inputs of
labour, materials and energy, vield specified amounts of product, waste energy
and residues. It might also specify an optimum level of operation to produce the
most product for least cost or to use least energy, or to produce the least amount
of residue. The design relates the outputs of the process to the inputs.

The logical model of the data starts with a picture of the stocks and flows, their
pames and how they are connected. This is the topography, a simplified
example of which is given in Figure 1. The storage of such connectivity informa-
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Figura 1. Simplified represeniation of a process topography,

FUTURES October 1985



13 The path to process data

tion, which can be of great romplexity, is common to crystallographic data-
hases’® and presents no tundamental problem in storage, retrieval or graphical
display. The description of a crystal ends when the constituents and links are
named and the connectivity is specitied. With a process, the topography is only
part of the description and the same topography can represent a aumber of

pn}ccssvs. .

The next requirement is tor the functional relationship to be specified,
relating inputs 1o outputs, and here the design of the process is helpful. In the
case of inpur—output models the relationship had to be linear, but tor a process
model this is not so. any dependence on the inputs of energy, material, labour
and capital stock consistent with physical laws is possible.

The model need not be specific to any one process and it is in this sense that it
is called ‘generic’ in The Process Encyclopedia. To specily a generic model it is
sufficient ro deline the functional form, as in the example of a lLinear
dependence. To say that output is linearly dependent on input is not to say what
the linear dependence is. To specify that, requires a set of paramelers.

The parameter specification is not general but it 1s necessary before a generic
model can describe a particular process. {f the model is linear the fact that ten
units of an input yields five units of an output is specified by a paramerer.

The coming rogether of a generic model and a topography generates a
container, or mini database, to store a set of parameters for the process repre-
sentation. What is usually called a ‘model’ of a process is the combination of the
generic model, the topography and the set of parameters. The combination
describes how all of the stocks and flows combine and how they change in
response (o adjustments of control settings. It is called a ‘realized’ generic model
and constitutes a complete description of the transformation process.

The final set of data which can be stored for a process consists of observations.
These are actual measurements of flows through the process which can be
compared with the predictions of the process model to see if it is performing to
specification. Observations can also be used to construct a mathematical model
of the process il there is no design model available. The absence of a design
modet can occur in the case of a large process of great complexity which has just
been put together over time, or in the case of a commercially secret design.

As a feasibility test, data on several hundred processes were gathered® and
stored as topographies, generic models, parameters and observations as well as
bibliographic references. This information was available in computer-search-
able form for The Process Encyelopedia workshop in March 1981.

Part of The Process Encyclopedia programme was a study of data sources and
methods of data capture. Secondary sources, published documents and unpub-
lished contractor reports were found to be rich in data and were sufficient to get a
process database started before it was found necessary to cotlect data from
engineering firms and by performing surveys of establishments engaged in
process activities.

Data capture presented a problem. It could not be done by technical support
staff but required a minimum level of training and experience equivalent to that
of a third year engineering undergraduate at a Canadian university. As the data
capture studies were short, no benefits of learning were derived and no data
evaluation took place.
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The dissemination of the captured data was principally to the workshop and
limited experience was gained of working with users of process data over time or
of direct feedback from expert users on the quality of the data, the software or
the ease of use of the system.

The workshop® recognized the usefulness of bringing technical information
to bear on economic analysis and it supported the development of a production
version of a process database after one or two applications had been developed
with the existing prototype. The applications were felt desirable so that the
utitity of the prototype could be convincingly demonstrated before embarking
on long-term data gathering.

Interest was also shown in the next stage of the prototype Process Encyclopedia,
which was the specification of software to permit process description to be tinked
together to represent more complex processes, plants or industries,” The
linking of processes to represent industries provides a way ol representing
competing technologies, processes and products in one framework. It naturaily
supports dynamic modelling and subseitution analysis, and by bringing process
data together, it provides a way of identifying and costing of various desired
processes which may not yet exist. However, the software specified to make this
possible suggested that it would be a costly undertaking both in implementation
and in the eventual demand on computing resources.

The computing cost of linked process madels, however, should not become a
serious problem because economic modelling is moving towards the use of large
computers, a practice already well established n the physical sciences. In this
computing environment a process database and associated software shouid be
seen as a natural tool in support of modelling, as natural as a language compiler
or statistical package. The cost of developing such a process tool should be seen
in terms of its return to the modelling community. Its demand on computing
resources would not be much greater than that of other support packages.

The Process Encyclopedia study ended in 1983 with the specification of the
linking software. Statistics Canada are now studying potential applications of
process databases with a view to building up a community of users and
evaluating techniques of data gathering, evaluation and dissemination.

The WELMM project at ITIASA

At about the same time as The Pracess Encyclopedia was being developed at
Statistics Canada, IIASA in Austria was working on the Water, Energy, Land,
Materials and Manpower (WELMM) project. There are close parailels
hetweeh the two:*® both are process oriented and both projects have ended.

While WELMM was concerned with primary resource consumption’ from a
process perspective, it consisted of databases of primary resources and of
resource requirements for industrial processes to produce commodities. The
process information was held in a Facilities Data Base (FDB) with the process
houndary drawn to correspond to an industrial unic or facility. Not only were
data stored on the process but also on the construction process of the plant
containing the transformation process. This meant that there was a complete
picture of process inputs and outputs augmented by a picture of the resource
flows necessary to build and maintain the plant. :

FUTURES Octobar 1985



520 The path to process daia

The WELMM data were collected from literature, existing databases or
questionnaires and they were analysed before they were entered into the data-
base. This data analysis and judgement was stored in the FDB along with biblio-
graphical and numerical informaton.

The process orientation of WELMM made it suitable for a variety of applica-
tions including comparisons of alternative technologies for the production of
specific products or services™ and for the comparison of whole resource process-
ing systems.” The project was brought to an end after nearly seven years of
operation and like The Process Encyclopedia it demonstrated the potential value of
process data. _

The examples considered in this paper have concentrated on either a specific
part of the transformation process—materials, energy and residuals—-or process
studies necessarily limited in time and scope. Process-based industries like oil,
chemicals and pharmaceuticals, maintain plant-specific models for control and
optimization purposes which take all aspects of processes into account, but these
models are not readily available. Of the examples considered, only CEREN is
on-going. Nowhere, however, is there a current general process database which
captures, stores and disseminates data on all aspects of transformation
pl’OCﬁSS{?S.

Policy, fytures and pro;:ess analysis

Why is it important to have an on-going commitment to the collection and
dissemination of process data? There are two components to the response. The
first is the proven usefulness of process information in policy analyses. The
second is the potential usefulness of a process database in modelling complex
systems in support of futures studies.

Two examples of how process analysis is used now in support of policy
analysis have already been given: ISTUM and CEREN. The Industrial Sector
Technology Use Model came out of a two-year project in which US government
and industry cooperated to develop a tool for analysing the impacts of pubilic
policy and business decisions on industrial energy use. CEREN, which differs in
approach, also provides support for analysis of contingency plans in the event of
energy supply disruption, and for the planning of transitions from threatened
energy supplies to alternative sources and technologies.

An example of process analysis applied to a series of linked processes and to
technology substitution is a study of plastic and glass bottle production.* The
resulting model was used to forecast future market behaviour in cases where the
two products were competing and effluent taxes were taken into account. The
comments of the reviewers of the study, given in the foreword, are illuminating
as they show an awareness in 1974 of both the need for, and the cost of, a
database to support this type of work. '

There is a wide range of applications of process analysis in studies of liquid
and solid waste production and of gaseous emissions.*' These studies concern
themselves with environmental damage, or economic externalities. An
externality is an effect of production and consumption on other producers and
consumers without corresponding payments.* It can be positive, as in the case
of inventions, or negative as in the case of environmental damage. To under-
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stand the root cause of such damage, it helps to know which industrial trans-
formation processes are present in the area being studied and the rate at which
they consume ehergy and material.

The advantage of process analysis in the evaluation of externality problems is
that it allows the connection of residuals production to other variables which
might be better reported or more easily measured, like rate of production of the
principal product, or fuel consumption. If it is known that the fuel used contains
sulphur, then it is possible to ask how the production process takes this into
account. As process analysis identifies all possible material and energy inputs to
a process, and as material and energy cannot be destroyed in the macroscopic
world, questions can also be raised about how used materials are dealt with. An
example is a policy decision on siting a firm which manufactures silicon chips
and printed circuit boards. Trichloroethylene and trichloroethane are widely
used in cleaning chips and trichloroethylene is suspected of causing cancer in
humans. Copper from circuit boards kills the bacteria in sewage treatment
plants if it is washed down the sewers in sufficient quantity. A land use policy
analysis which did not take these factors into account could lead to costly
problems for the community.

A disadvantage to the application of process analysis to a limited area is the
temptation to deal only with the process information relevant to the particular
policy issue, like water, land or energy use. While this approach can be justified
in terms of available time and budget, it can also lead to problems. A simple
example is a study of zinc extraction with a view to deciding how best to dispose
of the solid waste, This could be analysed just in terms of zinc and waste
production. However, a more thorough analysis would show that zinc ore
frequently contains cadmium which would form part of the solid waste and
might influence waste disposal policy.® Here, there is a case for an easily
accessible database of complete process descriptions.

The importance of process analysis to policy analysis is well established,
however, it has a broader application in long-term or futures analysis.
Dahmen* points out that the problem of externalities occurs in both planned
and free market economies and he attributes this to the process of industrializa-
tion common to them both. Industrialization, he argues, disaggregates
economic activities into discrete stages and as a consequence, different stages of
decision makirig have arisen to control different parts of the production process.
This disaggregation has possible, and far-reaching, consequences for the public
which has little influence over these decisions.

This raises the question of how to model a complex organization and also how
to represent decision-making processes and feedback mechanisms. There are
various schools of thought on how this should be done'’ and the debate is well
covered elsewhere.*® The important point is that linked process descriptions
have the potential to represent the physical transformation aspects of plants,
industries or entire economies. The addition of material and energy balance
requirements can keep track of physical stocks and flows within the transforma-
tion processes. Once such a physical model is constructed, it will ensure that its
predictions are consistent with physical reality, whatever the additional control,
demographic or economic mechanisms used to represent the complex organiza-
tion.
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This stratified approach, with the organization divided into various layers 15
close to the hierarchical, multilevel, systems method of Mesarovic!’ and applied
in the World Integrated Model (WIM) of Mesarovic and Pestel . In WIM the
world is divided into ten regions and each region is stratified into layers repre-
senting the individual, the group, demographics and economics, technology,
and the environment. Dvnamic feedback loops connect the various strata and
equilibrium micro and macroeconomic models are used to account for a Gross
Regional Product.® The regions interact through a Trade Matrix* and the
physical transformations are not made explicit.

Seatistics Canada, also using a hierarchical systems approach, are developing
a long-term sociveconomic and resource policy analysis tool.”! The current
implementation, called the Socio-Economic-Resource Framework, or SERF,>
separates decision making, or control variables, from the underlying demo-
graphic, resource and production models which deal principally in physical
quantities. An input—output model is used for resource allocation but the long-
term intention is to replace this with linked process representations to facilirate
technology substitution studies. The approach, which combines control theory
and hierarchical systems theory is appiied to the Canadian Economy but it is
equally applicable to larger- or smaller-scale studies.

To support the modelling of systems in general, usinga hierarchical approach
with one level devoted to physical transformation processes, requires the collec-
tion and availability of high-quality process data. While the gathering together
of such data will benefit futures studies in the long term, it will also have a direct
benefit for more limited and immediate policy studies.

The next step?

Process-based models can supplement macroeconomic models, show why policy
decisions have the consequences they do, and can help evaluate proposals on
technology substitution, labour and capital productivity and on the use of scarce
and public resources.” They can do this because estimated changes resulting
from policy decisions of governments, consumers, or firms are not lost in macro-
economic aggregation but are explicit in the model and are constrained by basic
physical laws.

Large models involving social parameters, natural resources, population
data, capital investent and pollution and their projections have made a
significant contribution to the awareness of future problems. Examples are the
work of Forrester,™ Meadows,*® Mesarovic and Pestel,® and the Global 2000
Report of Barney® where other such models are reviewed. These models involve
physical data in their calculations and projections, but out of this an organiza-
tion with an on-going commitment to compile the physical data so important to
the modelling of the future has failed to materialize. This is due partly to the
complex nature of the data, the difficulty of data capture and the diversity of
skills required to capture, evaluate, store and disseminate such information.

The problems of the industrialized world—energy, the environment, natural
resources—are partly economic, partly technical and partly social.” To address
them calls for economic models with a firm physical base and as the data needs of
economics shift in this direction, the conventional distinction between
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economics, engineering, geology and even biology are disappearing. This is a
point made by Wassily Leontief”® who goes on to call for a large organization to
oversee the construction of a large economic model and the collection and
evaluation of relevant data. :

Leontiel uses the Standora Linear Accelerator Center as a model for this
organization but he could equally well have chosen any large national or inter-
national experimental centre for physical science. The economic model would
replace the accelerator, and would serve as a laboratory for experiments in
economics in the same way that large accelerator laboratories serve experi-
mental physicists. The importance of this approach is that the physical data and
the decision-making process in the economic ‘experiment’ would necessarily be
separate. In mounting experiments on the Leontief ‘machine’, users would
have to provide a set of economic and social decisions as their ‘experiment’ and
the ‘machine’ would provide consequences of these decisions consistent with
physical conservation laws. In this respect the ‘machine’ differs from econo-
metric models which attempt to project historical time series without regard for
the physical consequences of their predictions. The design and maintenance of
the model would require a considerable and disciplined team effort.

The analogy with an accelerator is iluminating, as the technology to build an
accelerator, although advanced, is based on established physical principles
while it is the experiment run on the accelerator which probes new physics. The
proposed Leontief ‘machine’ would embody physical and social science
principles and could then be used to run social science experiments to probe new
phenomena. -

Data gathering for this project poses a fundamental problem as the collection
would require close cooperation between engineers, demographers, labour
specialists, sociologists and economists.” An integral but separable part of such
a project would be a database of industrial transformation processes. Such a
database, while useful in its own right, would provide the physical foundation
ont which models that integrate prices, labour and demography could be built.
The collection, evaluation and dissemination of process data is an important
next step in the progress of economics.

Data collection

In the physical sciences, funds are forthcoming to support data collection and
evaluation for a variety of reasons. Some data have economic and strategic
impurtance, such as atornic data for fusion and nuclear data for reactor design.
In both cases there are networks of data collectors and evaluators coordinated by
international agencies.” In some subject areas the participants are sufficiently
aware of the worth of a central database to fund it by subscription. This is the
case in the Mossbauer community® and to some extent in crystallography.®® In
others where the data have less strategic or economic importance, networks of
compilers are coordinated by groups supported by national research funds as in
the case of elementary particle physics.” What then is the appropriate paradigm
for physical process data compilation in econornics?

The choice seems to lie between a national or international programme of
coordination or a smaller effort conducted by interested groups as part of the
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support for their own research and coordinated informally. Either way, the
problem lies in the coordination. As both Leontief and Ayres ohserved® that
data should be compiled by expert agencies with the standards maintained by
the central coordinating agency. In the physical sciences the coordinators and
evaluators are physicists, while in economics the establishment of a large- or
small-scale data organization would require a broadening of the discipline of
economics to encompass physical data. '

Conclusion

Process analysis has been introduced and various programmes ol data compila-
tion relevant to process analysis have been examined. What has emerged is the
clear absence of an on-going programme of collection, evaluation and
dissemination of process data. As process data are a prerequisite to process
analysis, the establishment of such a programme is an important step in the
progress ol economics. '

The importance of the physical process data which underlies the economy has
been emphasized by Leontief in his call for a large computer-based representa-
tion of the economy. The Statistics Canada Socio-Economic-Resource Frame-
work (SERF) has practised the separation of choice from the physical con-
sequence of choice for some years, although not on the scale envisaged by
Leontief. The success of the approach at Statistics Canada has been sufficient to
suggest that a large-scale representation of the economy would be beneficial, if
not essential, to the advancement of understanding of economic problems.

Process data are useful in more immediate applications of process analysis
such as investment decision analysis, residual management analysis, resource
extraction analysis, and process design and controi. These applications® are
particularly important in engineering design and it is no exaggeration to say that
a computer-searchable database of process data could save $ millions as a result
of more effective computer-aided design and control. '

In spite of the manifest utility of a universally available and general process
database, it is not clear that present programmes, with separate interests and
constituents, will come together into one network of process data without a
central agency to provide standard data description, standards of data evalua-
tion and of data exchange. In this respect the work of the US National Materials
Property Data Network will provide an instructive model in one important area.

Even with a central agency to coordinate process data there is the problem of
the commercial sensitivity of process information. A recent technology transter
study® makes the point that companies would rather transfer their product
technology than their process technology as the diffusion of process technology is
harder to control once it is transferred. A process database organization would
have to take these problems into account and strike a balance between the
secrecy of new process technology and the need for its availability.

The future of process analysis lies with the establishment of a coordinating
agency to set and maintain standards and to disseminate data. As a Qirst step,
prototype process database organizations are called for, to work out the
problems of this approach with users and suppliers of the data.
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