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Abstract

Economists are increasingly interested in forecasting future costs and benefits of policies
for dealing with materials/energy fluxes, polluting emissions and environmental impacts
on various scales, from sectoral to global. Computable general equilibrium (CGE) models
are currently popular because they project demand and industrial structure into the future,
along an equilibrium path. But the are applicable only to the extent that structural changes
are occur in or near equilibrium, independent of radical technological (or social) change.
The alternative tool for analyzing economic implications of scenario assumptions is to use
LeQntief-type Input-Output (1-0) models. 1-0 models are unable to endogenize structural
shifts (changing 1-0 coefficients). However, this can be a virtue when considering radical
rather than incremental shifts. Postulated 1-0 tables can be used independently to check
the internal consistency of scenarios. Or they can be used to generate scenarios by
linking them to econometric "macro-drivers". Either GCE or 1-0 models can be explicitly
developed to trace the indirect material/energy requirements, as well as waste emissions,
associated with an assumed pattern of final demand.

Explicit process analysis can be integrated, in principle, with either CGE or 1-0 models.
This hybrid scheme provides a natural means of satisfying physical constraints, especially
the first and second laws of thermodynamics. Process analysis is really the only available
tool for constructing plausible alternative future 1-0 tables, and generating materi-
als/energy and waste emissions coefficients. Explicit process analysis also helps avoid
several characteristic problems of either CGE or 1-0 models, viz. (1) aggregation errors
(2) inability to handle arbitrary combinations of co-product and co-input relationships and
(3) inability to reflect certain non-linearities such as internal feedback loops.
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Introduction: the Scenario Forecasting Problem

The recent recognition that some environmental problems are inherently global in scope
has resulted in increased interest in long range economic models to assist in policy
formulation. The "global warming" problem, in particular, has spawned a number of model-
based studies of alternative energy supply scenarios. There are two general approaches,
the "general equilibrium" approach and the "dynamic 1-0° approach.

Important recent examples of dynamic Computable General Equilibrium (CGE) models
that have been applied to long-run energy policy or environmental issues such as the
climate warming question include Nordhaus-Yohe [Nordhaus & Yohe 1983], META-Macro
[Manne & Richels 1989, 1991], MARKAL [Fishbone & Abilock 1981; Morris et al 1990],
ERM [Edmonds & Reilly 1985; Edmonds et al1986], Goulder [Goulder & Summers 1989;
Goulder 1992], Jorgenson and Wilcoxen [Jorgenson & Wilcoxen 1990, 1990a; Jorgenson
et al 1992] and Wharton/DRI/EPA [Shackleton et a! 1992]. European examples include
studies by Conrad et a! [Conrad & Henseler-Unger 1986; Conrad & Schroeder 1991],
Stephan [Stephan 1989] and Bergman [Bergman 1991, 1993].

In principle, the CGE models can endogenize the energy-GNP feedback only with the help
of a linked LP-based energy production module. They reflect changes in industrial
structure that result from smooth gradual exogenous changes in taxes and/or prices.
However labor productivity, energy supply schedules and end-use efficiency assumptions
continue to be exogenous. Perhaps the most contentious problem of CGE models is their
treatment of production functions. Most models use standard mathematical forms such as
the CES (constant elasticity of substitution) or trans-log forms. Such functions are
normally assumed to possess convenient mathematical properties consistent with the
"pure" theory of production (i.e. constant returns to scale), even though such properties
are not observed in the real world [e.g. Hildenbrand 1981]. Some attempts have been
made to incorporate "putty-clay" production functions with variable elasticity of substitution
(short-term rigidity, long-term flexibility) e.g. Stephan (1989). Generally speaking, CGE
models cannot be expected to forecast rapid or discontinuous technological or socio-
political changes.

The alternative approach to model-based regional long-range scenario building uses the
Leontief 1-0 system, as it were, "in reverse". The basic 1-0 model approximates the
economy as a set of N industrial activities and an equal number of products (or product
categories), such that each activity sector requires inputs from the other sectors in strict
proportion to the output X, of the sector. (This strict proportionality, or fixed coefficient,
assumption is what characterizes a Leontief model 1 ). The number of sectors, N, can be

1
As a matter of interest, a similar type of model can be constructed assuming fixed output coefficients instead

of fixed input coefficients. The latter type of model has the advantage that it need not be "square", but can
accommodate a much larger number of outputs than sectors. The non-square Canadian industry-commodity model
is of this type [Stats Can 1967].
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extremely large, but most developing the 1-0 tables (mainly from Census data) is
exceedingly expensive and time consuming. In practice, N is usually chosen to be
between 80 and 150. In addition, fixed labor coefficients, energy coefficients and capital
service coefficients can fairly easily be added, along with pollution or waste coefficients
[Ayres & Kneese 1969; Leontief 1970].

Having constructed an 1-0 model characterizing the current economic system, the general
approach has been to "drive" it into the future using an econometric "macro-driver" to
forecast GNP and the components of aggregate demand [e.g. Almon 1974; Kutcher
1973]. However, the inherent rigidity of the structure and the fact that 1-0 tables are
usually out-of-date before they are published, makes 1-0 models unattractive for serious
long-term forecasting purposes. They can, however, be used to construct "standard" or
"business-as-usual" scenarios, reflecting the implications of pure extrapolations.

In his Nobel Memorial Prize lecture, in December 1973, Leontief outlined a scheme for
building a model of the world economy, at the regional level, for use as a guide to
international economic development planning [Leontief 1974]. At that time the U.N.
General Assembly formally endorsed New Economic World Order, which was a formal
goal statement by the "Group of 76" developing countries at the Lima Conference. The
U.N. financed Leontief's proposed model, which was completed in 1976 [Leontief et al
1977]. Rather than projecting the consequences of current trends in a forward direction,
it specified future targets (in terms of shares of world output by various regions and
sectors) and calculated the required investment levels and other factors needed to
achieve the Lima goal. More recently, the U.N. sponsored a major revision and
improvement of the original study [Duchin & Lange 1991]. Its purpose was to assess the
implications of the Report of the World Commission on Environment and Development
(WCED) [Brundtland 1987], in preparation for the 1992 UNCED meeting in Rio de Janeiro.

Whereas the older 1-0 models were really static "balancing" models, driven by a set of
independent exogenous assumptions with regard to labor force, productivity, and
investment, the more recent version partially endogenizes them [Duchin & Szyld 1985].
On the other hand, even the "dynamic" 1-0 approach is really inadequate for purposes of
forward-looking scenario-construction because of the built-in rigidity of its production
function (the A-matrix).

Despite its complexity, the 1-0 model is also unable to reflect technological alternatives.
(This is exactly the same weakness that has prompted the building of elaborate linear-
programming modules to supplement the CGE approach in the energy supply sector).
Moreover, there is no provision in the 1-0 model for tradeoffs between inputs (labor &
capital, capital & energy, etc). Nor can the Leontief model reflect scale effects of any kind.
These weaknesses, together with the difficulty of keeping the coefficients up to date, limit
its value for many purposes. Because of its "hard-baked" character, the 1-0 approach
inherently requires even more exogenous assumptions than the CGE approach. If the
latter is "too flexible" the former can be said to be "too rigid".

3
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In brief, the 1-0 model is valuable for checking the internal consistency of scenario
assumptions, but not for constructing plausible future scenarios per se. Nevertheless,
using materials-process analysis, as will be seen, it is possible to construct 1-0 tables for
alternative and self-consistent future 1-0 tables that can never be reached by CGE models
along equilibrium paths.

Apart from the above limitations, it is difficult to ensure that physical constraints, notably
the first and second laws of thermodynamics, are satisfied by either CGE or 1-0 model.
The nature and importance of physical constraints is considered next.

Physical Constraints: The First Law of Thermodynamics:

The laws of physics most constraining to technology (and therefore to economics) are the
first and second ,laws of thermodynamics. The first law of thermodynamics is the law of
conservation of mass/energy. Since mass and energy are equivalent (Einstein's equation),

H20	 1418
CaSO4.2H20	 1359
Si02	 75
P205	 34
H2SiF6	 5
Other	 109

Figure 1: Materials balance for phosphate rock processing
Source:author

this law actually implies that mass and energy are separately conserved in every process
or transformation except nuclear fission or fusion. Putting it another way, any process or
transformation that violates this condition is impossible. Something cannot be created from
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nothing.2 This has surprisingly non-trivial consequences for neo-classical economics.
Contrary to the more superficial versions of standard theory, where goods and services
are mere abstractions, production of real goods from raw materials inevitably results in
the creation of waste residuals. In other words, "consumption" is a metaphor insofar as
goods other than food or drink are concerned. (Even the consumption of food and drink
generates wastes, of course). Since waste residuals have no positive market value to
anyone — in fact, negative value — but do not disappear by themselves, they tend to be
disposed of in non-optimal ways, i.e. by using common-property environmental resources
as sinks. This is a built-in market-failure (externality) and a pervasive one [Ayres &
Kneese 1969].

In fact, the quantity of waste materials associated with raw material extraction often far
exceeds the amount of useful product. For instance, about 160 tonnes of ore must be
processed to yield a tonne of virgin copper. For scarcer metals, like silver, gold, platinum
anti uranium, the quantities of waste material per unit of product are enormously large.
The specific case of phosphate rock is worth illustrating (Figure 1) 1000 units of the ore,
plus 793 units of sulfuric acid and 1762 units of makeup water yields 555 units of salable
phosphoric acid (for fertilizer) and 39 units of salable fluosilicic acid, which is used by the
aluminum industry. 3 But the process also yields 3000 units of "phospho-gypsum", which
is unsalable because it is contaminated with radioactive thorium. Yet gypsum is
concurrently being mined for use in building materials.

The materials balance principle, derived from the first law of thermodynamics, is a useful
tool for estimating waste residuals from industrial processes, since the outputs of one
sector become the inputs to another. Comparing inputs and outputs it can be seen that
substantial mass is "missing" at each stage. The results are sometimes surprising. To
illustrate, applying the materials balance method to individual chemical products the
results shown in Table 1 are obtained [1E1 1991]. It is noteworthy that the "missing" (i.e.
unaccounted for) mass in every case is far greater than the emissions reported to the
U.S.Environmental Protection Agency and published as the Toxics Release Inventory
(TRI). While some of the missing mass, in some cases, may have been converted to
other unreportable materials by oxidation it is painfully obvious that this could not account
for the whole, or even a significant part, of the discrepancy. This suggests that current
data collection and reporting methodologies are inadequate. More to the point, perhaps,
it suggests that the materials balance principle — a direct consequence of the first law of
thermodynamics — must be applied more systematically to the data collection process.

Koopmans expressed this principle as " the impossibility of the land of Cockaigne", and made use of
the theorem in developing his mathematical treatment of "activity analysis", an extension of Input-Output analysis
[Koopmans 1951]. However, Koopmans did not discuss the environmental implications.

The data comes from a contractor report to the U.S. government c. 1978, but the original source is untraceable.
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TABLE I: Toxic Chemicals; Materials Balance Estimates Compared to TRI
(1000 metric tonnes)

Chemical

Apparent
Consump-

tion

Materials Balance Estimates of
Direct Con-	 Other	 Total

version & Incidental	 Emis-
Use Losses	 Emis-	 sion

sions	 Losses

TRI Losses
unacco-

unted for
by TRI

TRI
metal	 com-

pounds

Benzene 7360.0 207.2 183.4 390.6 14.6 376.0
Toluene 3071.7 361.4 984.0 1345.4 158.5 1186.9
Xylenes, mixed 3419.2 295.2 544.2 839.4 86.5 752.9
m-Xylene 34.6 6.9 0.2 71 1.6 5.5
o-Xylene 509.6 101.6 2.6 104.2 1.3 102.9
p-Xylene 2510.9 179.0 11.6 190.6 3.2 187.4
Carbon tetrachloride 400.2 9.9 1.2 11.2 2.3 8.9
Chloroform 224.8 26.5 19.9 46.4 12.2 34.2
Methylene chloride 183.1 161.7 1.2 162.9 70.3 92.6
Perchloroethylene 252.9 182.3 0.7 183.0 17.1 165.9
Trichloroethylene 68.9 65.2 0.3 65.5 26.2 39.3
1, 1, 1-Trichloroeth-
ane

303.4 281.5 1.6 283.1 88.1 195.1

Methyl ethyl ketone 239.2 237.7 4.3 242.0 73.1 168.9
Methyl isobutyl ketone 91.2 81.6 0.5 82.1 20.2 61.9
Cadmium 3.6 3.6 1.0 4.6 0.9 3.7 0.16 0.72
Chromium 536.9 418.1 24.9 443.0 31.2 411.8 9.74 21.46
Mercury 1.6 1.3 0.3 1.6 0.1 1.5 0.13 0.01
Nickel 159.2 118.1 23.7 141.8 8.7 133.1 4.02 4.73
Cyanides 629.7 151.4 31.1 182.5 5.3 177.2

Hydrogen cyanide 543.0 64.6 31.1 95.7 1.4 94.2
Cyanides, other 86.8 86.8 0.0 86.9 3.9 82.9

TOTAL 20000.8 2890.5 1836.7 4727.2 621.6 4105.6
Basic data source: [1E1 1991], Source: [Ayres & Ayres 1993]
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Physical Constraints: The Second Law of Thermodynamics:

The Second Law of thermodynamics is commonly known as the "entropy law". It states,
in effect, that spontaneous processes in isolated systems always tend toward long-run
thermodynamic equilibrium. In simple terms, it means that no energy transformation
process can be reversed without some loss of free energy. This applies, incidentally, to
materials recycling processes, a point emphasized (though somewhat misunderstood) by
Georgescu-Roegen [Georgescu-Roegen 1971, 1979]. In more precise terms, there exists
a non-decreasing function, known as entropy, which is defined for every system, and
which reaches a maximum when that system reaches thermodynamic equilibrium with its
environment. Similarly, there exists a measure of potentially available work (sometimes
called "essergy") that is also defined and computable for all systems in local equilibrium.

On the earth, where we live, thermodynamic equilibrium is far distant, but entropy is still
a meaningful (and computable) variable for every subsystem — such as a mass stream
— although essergy is not defined for non-equilibrium situations. In fact, it can be argued
that the "potential entropy" of products and waste residuals is actually the most general
measure of potential environmental disturbance resulting from human economic activities
[Ayres et al 1993; Martinas & Ayres 1993]. However, apart from the possibility of
developing a general measure of potential harm to the environment, thermodynamic
variables such as entropy and essergy also must satisfy balance conditions. In particular,
the essergy-content of process inputs must be equal to the essergy lost in a process plus
the essergy content of process outputs. Essergy lost in the process is converted into
entropy. The entropy of process inputs must also be equal to the entropy of process
outputs minus the entropy generated within the process.

The details involved in computing these measures need not concern us here. Suffice it
to say that there are three components of potential entropy, viz. a thermal component
(corresponding roughly to conversion of high temperature heat into low temperature waste
heat), a "lost work" component (from the conversion of pressure differentials into low
temperature frictional heat) and a material component. The thermal component (waste
heat per se) is not a global or regional problem, and it is rarely a local one except in the
vicinity of large thermal power plants. The reason is that the amount of waste heat
generated by human activities as insignificant compared to the heat supplied by the sun
and dissipated by natural systems such as ocean currents and weather. The "lost work"
component arising from human activities is also trivial in comparison to the lost work done
by winds, waves, tides, and ocean currents.

It is the material component of potential entropy (much of it associated with fossil fuels,
to be sure) that is of far greater significance. The reason is that any change in the
material composition of an evolved environmental system — especially the atmosphere,
which is relatively "small" and relatively fragile — is potentially destabilizing to a system
that has achieved a delicate balance over billions of years of natural evolution. Every child
has seen how a small perturbation can cause a smoothly spinning gyroscope to start to

7



Economics, Thermodynamics & Process Analysis

oscillate and eventually "crash". In a very similar way, a small change in the chemical
environment can unbalance delicately balanced chemical, physical or biochemical
systems. The greenhouse phenomenon and the ozone depletion problems are both good
examples of how a small perturbation in a balanced non-equilibrium system can cause
dramatic, even catastrophic, changes in such a balance. Thus, even slight changes in the
chemical composition of the atmosphere — especially as regards carbon dioxide, water
vapor, ozone, CFC's, methane and nitrous oxide — affects the radiation balance of the
earth. This, in turn, controls climate variables (temperature, rainfall, storm frequency) and
influences the sea-level. Similarly, a very small injection of chemically unreactive CFC's
into the stratosphere triggers a catalytic process that destroys ozone and allows more
destructive ultraviolet radiation to reach the earth's surface. These processes are now
quite well-known. However, there may be others, as yet unguessed.

On reflection, it can be argued that the introduction of a "toxic" chemical into the
metabolism of a living organism disturbs the balance of anabolic and catabolic processes
in that organism. Many toxic molecules cause problems simply because they are similar
enough to mimic a biochemical messenger or catalyst molecule (such as a hormone or
an enzyme) without being capable of performing the needed function.

The importance of the two laws of thermodynamics for economics is that they constrain
physical processes. In particular, all material transformation processes must satisfy both
first law (material balance) and second law (essergy and entropy balance) conditions.
Hence economic models with physical implications should reflect these constraints. This
leads us to consider processes themselves in more detail.

Process Analysis: Unit Processes and Process Chains

The notion of a "unit process", consisting of a set of "unit operations" was apparently
introduced into chemical engineering practice by Arthur D. Little, founder of the well-
known consulting firm. Unit operations are physical changes, such as heating, cooling,
evaporation, condensation, compression, evacuation, transport, etc. carried out by
specialized pieces of equipment. A unit process, by contrast, generally involves a
chemical transformation. It is characterized by a set of inputs and outputs, including one
unit mass of a main product or several co-products, plus minor by-products and waste
products. The main product, co-products and by-products are accounted for and
exchangeable in markets. They have market prices. This is also true of most inputs,
although some inputs (such as air, water, or sunshine) may be available at no cost.

:b be sure, the above description is applicable to a very wide range of situations,
including plants, firms and whole industries. However, a unit process is the simplest
subunit that transforms one set of market commodities (inputs) into another set of
marketable commodities (outputs). Thus a unit process is actually a fundamental

8
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economic entity, in the sense that it cannot be further subdivided into unit processes, but
only into unit operations (e.g. grinding, compression, distillation or crystallization).

The basic unit of analysis in microeconomics is the firm. A firm can be defined as an
economic entity that produces and sells goods or services in a market. To do so, it must
buy raw or intermediate materials and add value to them. To do this it must purchase
labor. It must also buy (or make) capital goods. Clearly, some firms are able to create
salable services from labor alone or add value to materials without transforming them
chemically. However, many products do involve chemical transformation. These products
are outputs of unit processes. Primary producers, therefore, must be based on at least
one unit process. (Hereafter, the qualifier "unit" will normally be omitted, except where it
is essential for clarity). In general, producers can be regarded as process-chains or
process networks. Indeed, the process-chain or network of such a firm constitutes its core
technology.

A unit process-chain (or tree) is simply a sequence of unit processes that successively
transform primary materials into a unit quantity of some finished material. See, for
example Figure 2. A more complex example is shown in Figure 3 which exhibits a
network of processes leading to polyvinyl chloride (PVC) and polyethylene (PE) [Ayres
1978 Figure 5.4 p 155]. The output of one process becomes the input for the next. It is
not necessary that input and/or output commodities actually be exchanged in a
marketplace at each step in the chain; it is enough that markets exist in which they could
be exchanged in principle. (Actually, some chemical intermediates, such as carbon
monoxide are essentially never bought or sold, but are invariably manufactured on-site
as needed. This is because they are bulky, low in value, and inconvenient to store and
transport. However, it is clear that carbon monoxide could be a marketable commodity if
demand increased; the same is true of some other low value materials, such as calcium
sulfate and ferrous sulfate).

Continuous processes can be described adequately, for many purposes, as vectors of
inputs and outputs, including energy carriers (fuels, electricity, process steam) and
wastes. Alternative processes can be easily compared. The schematic version of a
process matrix is shown in Table II.
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Table II: Typical Industry Process Matrix

Process Z, 3 Z4

Inputs -q11 <112 <113 •
-q21

-q31

Outputs +q41

+q51

+q61

+q71

+q81
8

Note that E qiJ = 0 by conservation of mass, where ch i is the weight of material i partici-
=1

pating in process j.
(a) SIMPLE CHAIN

(b) BRANCHED CHAIN

Figure 2: Unit process chains
Source: author
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Figure 3: A network leading to polyvinyl chloride (PVC) & polyethylene (PE)
Source: (Ayres 1978]
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A composite process is a process chain or set of chains (or networks) converting raw
materials into some generic category of finished materials, such as PVC, carbon steel or
paper products. For a composite process, the output may be a weighted mix of related
commodities produced by the same family of processes. In addition to unit process data,
it is necessary to have date on the actual 'mix" of unit processes in use at a given time
and in a given country or even for the whole world. A composite process is therefore a
detailed characterization of an industry, in process terms, for a given region and year.

The first law of thermodynamics — conservation of mass-energy — is directly applicable
to every process and every process network. It is therefore applicable to every firm. This
means. in words, that, over the life of the process-chain, the mass of inputs (including any
unpriced materials from the environment) must exactly equal the mass of outputs,
including wastes. For continuous process, this balance condition must hold for any
arbitrary time period. 4 The materials balance condition is much more powerful than it
appears at first glance, since chemical elements do not transmute under normal terrestrial
conditions. Taking this into account, the balance condition holds independently for each
chemical element. Moreover, in many processes, non-reactive chemical components, such
as process water and atmospheric nitrogen, can also be independently balanced. Thus
half a dozen, or more, independent materials balance constraints may have to be satisfied
for each steady-state process.5

Analysts often attempt to separate energy carriers from "feedstocks". This is traditional
among government and industry accountants and statisticians, but the distinction is
somewhat arbitrary when applied to endothermic processes where the heat is produced
by partial combustion yielding an intermediate — such as carbon monoxide that
participates chemically in the rest of the reaction. Major examples include ammonia
synthesis and carbothermic smelting. It is both unnecessary and extremely confusing to
insist on counting feedstocks and fuels in separate categories in such cases. If energy
carriers and combustion wastes are not counted in mass terms, no materials balance is
n-ssible. For this reason, among others, the materials balance principle is rarely applied
1.- 1 practice at the commodity or industrial levels, even though it is a standard tool in
process design [e.g. Rudd et al 1973].

The energy conservation condition is also quite complex. (Note, incidentally, that essergy
is not conserved, although it must satisfy balance conditions as noted previously). Unit

4 The case of batch processes or continuous processes with time variability, requires more careful consideration.
In general, however, the accounting rule holds: stock changes equal inputs minus outputs. When stock changes are
zero, or can be neglected, inputs equal outputs.

5 These conditions can be very helpful in filling in missing data. For instance, chemical engineering textbooks
[e.g. Faith, Keyes & Clark 1975], tend to provide "recipes" for standard chemical processes that specify inputs (per
unit output) in some detail, but neglect to specify waste products. While a detailed chemical characterization of the
wastes requires very complex model calculations (or direct measurements), one can derive some useful information
about the elementary composition of the wastes.

12
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processes are of two kinds: exothermic (literally, "heat generating") and endothermic
("heat absorbing"). The combustion of hydrocarbons is an example of the former, though
there are many others. The synthesis of ammonia and the reduction of iron ore to pig iron
(mentioned previously) are both examples of the latter. The energy conservation condition
therefore implies that the essergy" (or "available work") used in any endothermic process
steps must either be supplied from exothermic processes or by external heat or electricity
inputs.

The conversion of essergy (in the form of chemical energy) to heat in exothermic
processes is usually quite efficient. However, the availability of the heat — its ability to
perform useful work — depends on the temperature of the working fluid (i.e. combustion
products). The second law of thermodynamics implies that there will be some entropy
production, or reduction in availability, generally reflected by the non-infinite temperature
of process heat. Actual entropy production in each case depends on specific details of the
reaction chemistry and the process. Conversely, the conversion of heat to chemical
energy in endothermic processes tends to be much less efficient. Hence entropy gains
tend to be quite large in "real" processes, as compared to idealized processes.

Problems of Implementation: Data and Aggregation

Chemical process data is published in a number of standard reference works [e.g. Faith,
Keyes & Clark 1975; Kirk-Othmer 1985]. Even more detailed data is available from
consulting organizations, such as the Stanford Research Institute. Unfortunately, though
materials balance conditions are central to chemical engineering 6, published process
descriptions are almost invariably unbalanced. In general, waste streams are simply
neglected in these publications. Understandably, chemists in the past have been relatively
uninterested in the detailed composition of process waste streams. Moreover, chemical
engineering reference books tend to simplify process descriptions, since authors do not
have access to proprietary company data on yields, catalysts and process conditions
(temperatures, pressures, reaction times).

But past disinterest in process waste streams on the part of the chemists and chemical
process designers is no excuse for present neglect of this problem, especially in
applications (such as Life Cycle Analysis) where the whole point of the exercise is to
account for wastes. In the first place, any LCA based on unbalanced process data cannot
be credible. In the second place, there are ways of filling in the missing data, at least
approximately. The laws of physics tell us that mass flows into and out of each process,
in steady state, must balance. This must be true for both large units and small ones, for
each nation, for each region, for each industry and each factory. It must also be true for
each unit process, and the balance must apply to each chemical element.

6 [See e.g. Rudd et al 1973, chapter 3].
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Accounting data is insufficient in itself, but it can be extremely helpful. It is not always
necessary or possible to determine the quantity and composition of waste streams by
direct measurement. However, any competent factory manager must know (or have the
means of knowing) exactly what materials are purchased, and what products are sold. His
process engineers must know exactly what inputs are required (including air and water)
to produce each unit of salable product. Moreover, the laws of chemistry can tell him (and
us) a good deal about the likely composition of process waste streams, based on
approximately known reaction conditions.

A point of some importance here is that, even if the material balances are partly based
on theory and not always on direct measurement, the additional conditions imposed by
the balancing requirement leave far less room for uncertainty than an unbalanced process
would do. In short, systematic use of materials balance conditions can increase the
accuracy of empirical data by reducing error-bounds. Alternatively, the materials balance
conditions can pe used to "fill in" missing data. The following simple example illustrates
this point. Ethyl chloride (C2H5CI) is a chemical used in the manufacture of tetraethyl lead.
One (obsolete) manufacturing process was to react ethylene (C 2H2) directly with
anhydrous hydrochloric acid (Hcl) in the presence of an aluminum chloride catalyst.
According to a standard source the reaction requires 488 kg of ethylene and 625 kg of
hydrogen chloride to yield 1 metric ton (1000 kg) of ethyl chloride [Faith, Keyes & Clark
1975 p 371 et seq.].

The inputs in this case add up to 1113 kg. Applying the materials balance principle, it
seems that 113 kg of outputs are unaccounted for. But we can also compare inputs and
outputs one element at a time. Inputs of carbon, hydrogen and chlorine, in that order,
were 417 kg, 87 kg and 607 kg. Subtracting outputs accounted for in the ethyl chloride
product, we have unaccounted for outputs of 45 kg C, 58 kg CI and 9 kg H. Presumably,
the waste (or by-product) stream consists of a number of other compounds of these three
elements. According to the same reference, the major component of this waste stream
should be ethylene dichloride (C 2H4Cl2). However, this cannot be the whole story: it is
easy to see that the unaccounted for fraction contains excess chlorine and not enough
hydrogen for this outcome.

Of course, there are many possible combinations of chemicals in the waste stream that
would satisfy the materials balance conditions. However, materials balance conditions
alone can eliminate many possibilities from consideration. Essergy and entropy balance
constraints eliminate most of the rest of the possibilities. Fortunately, detailed predictions
of complex chemical reaction paths are quite straightforward today. In fact, much of this
knowledge has been programmed into software packages (e.g. ASPEN PLUS)  available
even for desk-top computers.
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Dependent Variables

Figure 4: EDC production sensitivity analysis: Pressure variation
Source: author
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To illustrate, Table 111 is a printout of a sample calculation for ethylene dichloride, using
the desk-top version of ASPEN PLUS called MAX.. It automatically satisfies all the
materials balance conditions, plus the essergy and entropy balance conditions, It is only

cessary to make an explicit assumption about the process yield (85%), reaction
-iperature and pressure and the "candidate" waste compounds (for which thermody-

namic data already exists in the software). It is quite easy to compute the results for a
range of temperatures and pressures, as illustrated by Figures 4 & 5. The assumed
reaction conditions need not be realistic (although the more realistic they are, the better).
It is not claimed that the software will correctly calculate all the process waste emissions.
It is only asserted that the results are plausible in the sense that the thermodynamic
constraints are satisfied. Unfortunately, this elementary condition is not met by the
majority of published studies including life cycle analyses.

In short, it is feasible to estimate the molecular composition of waste streams from the
composition of,process inputs and approximate knowledge of reaction conditions, n otably
temperatures, pressures and catalysts. Regrettably, this approach has not yet been
applied, except in rare instances, to the problem of estimating process waste flows and
compositions. This deficiency can only be rectified by the consistent use of balanced unit
process input/output data.

To generalize, Figure 6 shows a schematic materials balance for a chemical product.
There are 16 distinct mass flows, labelled A through Q. Mass flows A through F represent
quantities for which economic statistics are normally available. These are, respectively,
domestic (or local) production, by-products of other domestic production processes, net
transfers from stock, net imports, dissipative uses and conversion uses. The last two add

to total domestic consumption; however the allocation between them requires some
larket data that may not be published. The 10 streams G through Q, represent other
pathways for the chemical, as shown on the schematic. There are five steady-state
materials balance conditions that can be used to reduce the number of unknowns. These
are as follows:

1. G = A + B + C + D - E - F (steady-state supply)
2. F = L + M
3. G = H + I
4. E = J + K
5. 0 = P + Q

This set of equations leaves 5 ,iknowns to be determined by means of chemical process
analysis (or data), including treatment processes. As noted, the mass flow G, which
stands for aggregate wastes from the domestic (or local) production process can be
computed most accurately by u...Ing accounting data. This is available to a plant manager,
if not to outsiders. However, G can also be estimated from process simulation models, like
ASPEN PLUSe, that are widely available to chemical engineers, as mentioned above.
Thus, there are external means of verification. Next, H represents wastes from the
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Figure 6: Materials balance for a chemical product
source: author

domestic production process that are treated on site by impoundment or conversion to a
harmless form. This can be determined from the throughput of the treatment process
(which must be known to the plant manager, and should also by available to the
regulatory agency). An outsider with some knowledge of the process technology would
also be able to make use of simulation models for verification purposes. Untreated
emissions (mass flow I) would thus be the difference between G and H. (Direct
measurement is a much less reliable means of determination).

Similarly, the amount of the chemical actually converted into other downstream products,
L, can be estimated quite accurately by the on-site process engineer — or by computer-
ized process models available to outsiders — from knowledge of the downstream
conversion process yield. The unconverted fraction of inputs must then be treated (M) or
discharged (N). Again, M can be estimated most accurately from the throughput of the
treatment or disposal process in use in connection with the conversion process (if any),
leaving N as the difference. The same logic applies to dissipative uses. In some cases,
at least, it is possible to treat an effluent stream from a dissipative uses, such as solvents,
used motor oil or detergents. The stream J accounts for such cases, while K is the
untreated remainder. Finally, the same logic applies to the indirect flux 0, of which some
(P) may be treated, leaving an untreated remainder Q.
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The same logic applies at higher levels of aggregation, from the factory to the nation.
Again, direct measurement of emissions (or government reports based on such
measurements) is potentially helpful as a means of verifying treatment efficiency process
data. However, it, cannot be relied upon as the exclusive means of determining aggregate
waste flows, especially from dispersed consumption streams.
It is evident that the foregoing procedure is generally applicable to the problem of
estimating materials/energy inputs and waste emissions for industrial processes. It even
applies to hypothetical cases (such as possible future industrial processes for manufactur-
ing hydrogen gas, ultrapure silicon for large-scale photovoltaic cell production, or tritium
for fusion plants).

Integration of Process and Sectoral (1-0 or CGE) Models

A generic problem of sectoral economic analysis is inappropriate aggregation. It must be
acknowledged at the outset that there are practical limas to any process analysis. This
understandable creates an incentive for aggregating individual processes into composite
modules. For instance, it might make sense to consider all the alternative processes for
producing a major industrial intermediate (e.g. chlorine, methanol or ethylene) as a single
module. Similarly, one might do this for a finished material, like aluminum.

Obvious examples of inappropriate aggregation can be found in the standard industrial
classification (SIC). From some points of view it would be tempting to lump the complex
processes of mineral ore extraction and concentration into a single "black box". They use
similar labor skills, capital equipment, even similar technologies (to a point). However,
from the standpoint of material wastes, the mining sector must be disaggregated. The
sector generates far more solid and liquid waste (and probably more hazardous waste)
than any other sector, including the chemical industry. But these mining and processing
wastes are not uniformly distributed across the sector any more than they are uniformly
distributed across the landscape. The differences between iron mining or limestone
quarrying, on the one hand, and copper mining (or, worse, platinum or uranium mining)
make any such aggregation ludicrous. (Uranium mining involves more ore processing,
worldwide, than iron mining). It is totally inapprc: ate to attribute refuse, hazardous
wastes and pollution associated with an aggregatacr "mining" sector to individual metals
or minerals on the basis of monetary values of the output. Allocation on the basis of
tonnages would be even worse.

The metallurgical and chemical industries are similarly diverse. Moreover, the principles
of aggregation used in the SIC make little sense in physical terms. For instance,
aluminum ore processing is lumped into the "inorganic and organic chemicals" sector (SIC
281), along with numerous other processes that range from "A to Z", with equally diverse
waste products. However, one of the most important inorganic chemicals, phosphoric acid,
)s found in the "fertilizer" subsector (SIC 285). Ma- of the most important organic
chemicals are classed as "resins" (SIC 282) which are subsequently converted to plastics,
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synthetic fibers and synthetic rubber products. Meanwhile, many of the most important
chemicals (feedstocks like ethylene and propylene) are classed as products of petroleum
refining (SIC 29). The important point to bear in mind is that transactions between the
"chemical" sector and other sectors are likely to involve very different chemicals, produced
by different processes and generating very different wastes. Thus, sales of inorganic
chemicals to fertilizers may consist of sulfuric acid for phosphate rock processing (recall
Figure 1) or ammonia for use as such, or for conversion to urea, ammonium nitrate or
diammonium phosphate. Disaggregation is plainly appropriate here.

In brief, for purposes of analyzing long-term future scenarios, it seems appropriate —
indeed, necessary — to substitute detailed process modules for a number of the
aggregated sectors that convert raw materials into intermediate and final materials. These
modules can be constructed from unit processes linked together into chains and networks,
as already illustrated (see Figures 2 & 3). It may well be appropriate to disaggregate a
complex sector, such as "chemicals" into a number of modules (e.g. chlorine-based
chemicals, nitrogen-based chemicals, sulfur-based chemicals, sodium-based chemicals,
phosphorus-based chemicals, organic chemicals, etc.). Each of these modules can be
analyzed separately in detail, while its relations with other sectors (purchases, sales)
correspond to material flows.

Recall that a Leontief-type aggregated sector is linked to others in the 1-0 matrix
(conventionally denoted A) by demand and input requirements of other sectors. The
matrix element Al represents a transaction between sector i and sector j, normalized to
a unit output (measured in $) of the latter. In the same way, each process module can be
linked to others by explicit material flows. The inputs and outputs of each module are
physical quantities of materials at a price. (Waste outputs are quantities with no price
attached). Thus, there is a simple and straightforward way to map each process module
to its corresponding sector. There is also a simple and straightforward way to compute
the elements of the 1-0 inverse, using process modules in place of standard 1-0
coefficients wherever appropriate.

The Leontief inverse can be represented in matrix form as follows:

G =	 = A + A2 + A3 +

where the matrix element Gi1 is given by a set of sums over linkages (i.e. intersectoral
transactions). The first term in this approximation to the Leontief inverse consists of the
corresponding term of the A-matrix itself, namely A (say steel to automobiles). The
second term in the approximation consists of a sum over all indirect transactions between
the corresponding sectors involving one intermediate sector. The third term consists of a
(double) sum over all indirect transactions involving two intermediate sectors, with
additional contributions from sums over transaction chains with three or more intermedi-
ates. In practice, chains with more than two intermediates can usually be neglected with
very little error.
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Given this open structure, it is easy to substitute explicit process modules for elements
of the A-matrix (A more or less ad hoc. In other words, one can introduce greater
technological detail wherever it is needed, yet retain the more aggregated structure
wherever that is. sufficient. (In fact, where the emphasis is on materials, energy and
emissions, "downstream" manufacturing operations need not be subdivided into a large
number of detailed product categories. In general, manufacturing could probably be
considerably further aggregated, e.g. into assembly operations, finishing operations,
distribution, etc. Similarly, many kinds of services — especially financial and government
— could be aggregated with very little loss of essential detail. Major categories of final
demand would probably suffice for scenario-building purposes.

In summary, it is important to construct explicit material-process chains for all major
finished materials (and fuels) as far back as raw materials extraction. This backward chain
may also include (for instance) the actual modes and amounts of transportation required
for each class cf product, rather than proxies based on averages. On the other hand, for
dealing with indirect contributions from service sectors, or from capital goods, conventional
1-0 tables are certainly adequate and may even be unnecessarily disaggregated.

Summary of Conclusions

The integration of process analysis with conventional sectoral models (either CGE or
Leontief-type) offers significant improvements on either approach taken by itself. There
are at least four reasons: (1) explicit reflection of ther rnodynamic constraints, enabling
direct calculation of both materials/energy requirements and waste emissions outputs, (2)
minimization of unnecessary aggregation errors (3) explicit treatment of co-product and
co-input relationships in arbitrary combinations, and (4) the ability to take into account
non-linear relationships, especially internal feedback loops. Consider the four points in
order.

First, a materials-process model explicitly satisfies the materials and energy balance
conditions implied by the first and second laws of thermodynamics. This point has been
expounded at some length. It is clear that many materials transformations are not
physically possible. Consequently, it is of importance to ensure that economic forecasting
models do not implicitly reflect physically unrealistic scenarios. To take a rather obvious
example, aggregate waste emissions (averaged over time) equal aggregate material
inputs to the economic process. Wastes can only be reduced by cutting extractive inputs.
"Clean production" is, effectively, an oxymoron.

Second, process analysis reduces aggregation errc:-.. which are inherent in sectoral
models based on national accounts based on the standard industrial classification (SIC).
To illustrate the problem, consider a fairly important industrial metal: cobalt. Cobalt is
used, essentially, for two purposes: permanent magnets and so-called superalloys for gas
turbines and jet engines used by the aircraft industry. In process analysis, these links
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would be perfectly straightforward, and the demand for cobalt would be correctly
determined by the demand for magnets, and aircraft. However, in a sectoral model cobalt
will typically be aggregated with other ferrous metals, including manganese, chromium,
nickel, and iron. Moreover, cobalt constitutes an insignificant fraction of the ferrous metals
sector, whose demand is driven by the construction sector and the automotive sector.

In general, sectoral models are reasonable for determining the indirect demand for major
commodities, such as electric power, fuels, paper, portland cement, or iron and steel. For
similar reasons, sectoral models can predict, with reasonable accuracy, the aggregate
waste emissions broadly associated with a single sector (like agriculture) or emissions of
a generic nature, such as CO2, SO2, or NOx from fuel combustion. On the other hand,
aggregation errors make sectoral models highly inaccurate for estimating indirect demand
for specialized commodities or products, or for predicting pollutant emissions associated
with specialized subsectors (e.g. artichokes, oranges, grapes) or production or
intermediate use of such commodities or products. Emissions of toxic heavy metals like
mercury (associated with chlorine production), fluorides (associated with phosphate rock
processing and aluminum smelting), dioxins (associated with chlorobenzene production)
or nitrosamines (associated with production of alkyl amines) would be examples.

The third advantage of integrating process analysis with sectoral analysis is its ability to
reflect a combination of co-input and co-product relationships. The Leontief type of 1-0
model, in particular, assumes fixed input ratios (co-inputs), whether applicable or not, but
it cannot handle fixed output ratios (co-products). The CGE models are inherently
flexible, whence they are generally unable to deal with physical input and output relation-
ships. As an example of co-inputs, coke and limestone are co-inputs of iron-smelting from
virgin ore. Bauxite, cryolite, petroleum coke and electric power are co-inputs of aluminum
production. Rubber, carbon black and zinc oxide are co-inputs of tire manufacturing. On
the output side, chlorine and caustic soda are co-products; sulfur is increasingly a by-
product of natural gas processing, petroleum refining and copper smelting; arsenic is a
by-product of copper smelting, while cadmium is a by-product of zinc smelting. All of these
combinations are produced in relatively fixed ratios.

Arsenic and cadmium illustrate another problem, too. Both are highly toxic in virtually all
forms. However, most of the arsenic from copper ores mined in the U.S. is left behind in
mine or smelter wastes, because of weak demand for the metal (and cheap imports). On
the other hand, demand for cadmium for batteries is strong, so almost all cadmium is
recovered and embodied in products. However, in this case, the products themselves
typically end up in landfills. An 1-0 model cannot reflect these relationships.

The final advantage of process analysis is its ability to handle non-linearities, such as
recycling loops and scale effects. Both the CGE and 1-0 models are inherently linear,
whereas many real industrial processes are not. For instance, the need for coke by the

7 The Canadian version of 1-0 has the same limitation in reverse.
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steel industry is a function of the size of the electric minimill subsector, which depends on
the availability of scrap metal for remelting. This, in turn, is largely a function of the
demand for new cars. Similarly, increased demand for phosphate fertilizers (together with
tighter emissions controls) is likely to increase the supply of by-product fluorine (as
fluosilicic acid), thus displacing natural sources. This is partly a scale effect. Scale effects
determine the ratio of capital equipment inputs to labor inputs, of course. But in some
cases, the scale-dependant choice of technology also involves different choices of input
materials, as in the case of fluorine. Thus, when nitrate fertilizer demand was small, most
ammonia was a by-product of coke ovens. Now it is produced on an enormous scale from
natural gas.

Ir summary, the methods and models underlying many published scenario-building efforts
(ir. so-called "life-cycle analyses", or LCA's) are inadequate to their stated
purposes.

oroblems of scenario-building based on "pure" CGE's or 1-0 models are multi-fold.
problem is that CGE's are too flexible: they assume that an economically optimal

path is the one that will be followed. On the other hand, 1-0 models are too rigid. They
cannot reflect demand-induced changes in industrial structure. (Neither type of model
endogenizes productivity changes, but process analysis will not help much vi that
department). The second limitation is lack of physical realism and the failure to enforce
consistency with physical laws.

A third major problem for scenario-building is that attempts to extrapolate energy and
emissions coefficients at the sectoral level are inherently very unreliable due to
aggregation errors, co-products, co-inputs, scale effects, feedback loops and so on. Only
by introducing explicit process models can these phenomena be taken into account.
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