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PREFACE

Professor Philip M'Pherson worked in the Management and
Technology Area on sabbatical leave from the Systems Department
of the City University, London, UK, from September 1976 to
August 1977. He worked on developing models to explore the
technological efficiency of socio-economic systems but was un-
able at the time to obtain sufficient empirical data for adequate
testing of his hypotheses. The time series of available data is
now long enough for such testing to begin and this paper is the
first publication of his results. It was presented at the Fifth
European Meeting on Cybernetics and Systems Research and will be
published in the proceedings of this meeting by the Hemisphere
Publishing Corporation. Fuller and more detailed research reports
will follow in the near future.

Rolfe Tomlinson
Area Chairman
Management and Technology Area
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A PROCESS MODEL OF TECHNOLOGICAL EFFICIENCY AND IMPROVEMENT IN
SOCIO-ECONOMIC SYSTEMS

P K M'PHERSON,

E S LIMANTORO

Department of Systems Science
The City University, London

It is argued that orthodox economic analysis
of resource couversion should taka account of the
efficiency of resource conversion processes,
particularly with respect to tha constraints
applied by the laws of thermodynamics. If a
process wodel {s added to an economic model the
resultant "entropic dapletion effect” induces .
most of the familisr symptoms of inflatiom. The
patural trend towards entropy incraase that is
inherent in every material resource couversion
process csnnot be legislated away: it imposes
limits to growth. The paper develops a gemeral
proceas model, and aggregates it to a simple
"engine model” of a nation with primary emergy
consumption as input and GNP as output. The
energy and GNP data for 29 developed nations for
1950~77 are shown to have a remarkably good fit
to the "Gompartz" logistic function that is
typical of many forms of natural and technological
growth. So, it is argued, national economic
growth follows this well known development pattern
as well. Economic growth does obey thermodyaamic
laws.

INTRODUCTORY ESSAY : THE ECONOMICS AND THERMO-
DYNAMICS OF TECHNOLOGICAL RESOURCE CONVERSION

Perhaps a few definitions would be useful as
a gtart:

Economics. The science that studies the
production, distribution and consumption of wealth
{(with the related problems of labour, finance,
taxation and government comtrol).

Technology=as=sroduct. The range of
machinery and procedures that result from
technological action that are required for....

Technology-as-process. The system by which
society transforms material (through the
application of scieatific kmowledge) to provide
the goods and services that it needs and desires.

Entropy. A measure of the disorder of the
structure of natural material. In thermodynamics
entropy increases as energy is comsumed to do
work or dissipates to the ambient state; in
information theory entropy increases as a system
moves from an improbable state to a more probable
state.

Added value. The additional utility provided
to a good by an agency that converts the good imto
a more readily useful form as the good passes
through the agency.

Thess definitions demonstrate the close
relationship between Economics and Technology,
although one may be forgiven for thinking that a
conspiracy of silence has been joined by economists

-and engineers vhen it comes to their mutual

interest: resource conversion. Material wealth
originally stems from the conversiom of natural
resourcaes into a good that is useful or conaume-
able. The added value of the good is what the
consumers pay for ... so wealth is created. But
first the technologists have beem busy creating
the means whereby tha natural resource can be
extracted, processad, manufactured and distributed
During this resource conversion process the
added value appears as a result of technological
action that lowars the entropy of the materials
that are being transformed into highly structured
goods. But every change in nature must also be
covered by an energy flow, consequently, the
upgrading of material into useful artifacts and
services implies the downgrading of the .energy
used in the process. The natural balance, as
prescribed by the Laws of Conservation of Energy
and Matter, are illustrated in figure 1 in which

FIGURE 1

* the upward value—adding entropy-decreasing
flows of energy and material conversion
are balanced by

* the downward value-decreasing eantropy—
increasing flows of enmergy and material
consumption accompanied by

» the wastes that inevirably result from energy
and material conversionm

Note that epergy has two components:

* waste dus to inefficiency in the conversica

process

~ » the unavailable energy resident in avery
epergy conversion process because it is
impossible to exhaust to an absolute
2aro temperature

Following the paths through, cne observea that they
all end up as waste products returning to a
natural high entropic state: there is nothing
permanent about the highly ordered states that
result from man's techmological activity. Am
intricate and exquisitely operating engine, if
left to itself in a field, will rust to a solid
iump of metal. The engine's maintainers have to
work hard and expend much energy and effort to
counteract that natural decay; in fact they canmot
win, as the engine - however well maintained - will
aventually wear out. The only really steady state



is the dead state: dust to dust, ashes to ashes is
the natural order of things. There is however a
transient benefit obtainable from consumption.

The parent society extracts the benmefit inherent
in the added value as it uses and consumes the
goods. And there is alsc a transient capital
accumulation in the form of the atock of the
technological plant needed in the various parts of
the process. But the benefit passes with the
cousumsr, and the wealth represented by the capital
stock decays along with the plant. It is not
surprising that man ascribes the highast value to
diamonds and gold - the one a hard rock, the other
a metal that does not corrode readily.

It becomes apparent that economics is the
value adding and distributing dimension of resource
conversion to wealth and benefit. As such, the
economic process must also be bounded by the
physical laws that govern material and energy
conversion. But a consideration of the thermo~
dyngmic balances and constraints that enter
economic process do not Seem to be in the mainstream
of orthodox economic texts.. This omission weans
that economics tends to be unaware of tHe importance
of the energy balance and conversion efficiency to
the economic process; prices do not always reflect
tharmodynamic factors correctly. Resource con-—
version must be accompanied by enargy use,
consequently unavoidable wastes are also genmerated.
The consequent discharge of rubbish and pollutants
may degrade slowly back to raw material again, but
during each and every conversion process there is
also a permanent loss of energy to the system.

The cycles camnot go on for ever. Money, however,
can keep on circulating and - if any gets "lost"
due to inflation - governments attempt fiscal
control of some sort, evem to the extent somatimes
of printing wore money. But no politico—economic
sction can counteract the physically necessary
entropic deficit at the end of each conversion
process. Money cannot redeem this permanent loss
even if the money balance ends up as a positive
profic.

The Effect of Entropic Depletion on an Economy

The complete analysis of technology—economy
requires an accurate recording of all inputs and
outputs (including wastes) across the boundaries
of the system and a proper balance struck between
resource flows and funding. A conceptual and
simplified form of such a2 model is shown in FIGURE
2. The matarial rasource flows, aided by energy
Tlows, are shown moving from Material Conversion
through Industry, Goods and Services to
Consumption. The raw materials and energy are
drawn from depleting natural resource reservoirs.
Bach cooversion process is accompanied by the
attendant energy and material waste outputs. So
far the figure repeats figure 1. But there are
three additions: Hman Resource Flows, R + D
and Renewal of Capital Stock, and Money Flows.
These money flows travel in a direction opposite
to the resource for which they are paying. The
paths of money flow form a network with nodes
vhere the flows in and out ought to balance: a
Kirchoff network for momey in fact. Take the
resource flows away and one is left with a

rudimentary input-output (Leontief) econmomic
model.

It is useful toponder this simple model for a
while to examine the interaction between resource
conversion and the money flow. Assume for
argument a zero growth population with everything
in balance to begin with: the money flow is
balanced by the added value of resource flow.

The following sequence of events can be argued:
l. Society's steady consumption requires the
continulng production of goods and the consequent
extraction of resources. Society happily pays for
these at the prevailing prices from its wages paid
to it by Industry. Those prices are initially
steady in this model economy.
2. Because of the continuing consumption
resources deplete and become harder to extract.
Moreover the quality of raw material degrades
because the first resources to be exploited are
usually the best quality ores.
3. Because of resource depletion more energy is
required to extract the less accessible ores, and
more energy is required to convert those lower
quality ores to engineering grade material.
4. This model is not demanding more or different
goods, 30 the production of final goods can remain
constant. But the rate of energy consumption has
now to lancrease steadily to balance the degrad=:’
ation of the depleting raw materials to produce
the same output. In turn this depletes the
energy stocks faster.
5. The increased energy consumption has to be
paid for. So the price of goods has to go up.
Society's wages can no longer buy the same
amount of goods as before, so it demands quite
reasonably a wage increase.
6. To meet the well-behaved society's request
for higher wages to maintain their standard of
living:
Either (a) the production of goods must be raised
to balance the increase in the money
supply,

the efficiencies of energy and
matarial use in the conversion process
must be increased to lower the energy
demand,

the production/energy balance must be
restored by (i) finding new energy
sources, (ii) substituting materials
that are less energy demanding, or
(iii) introducing alternative
technologies to escape the constraints

gociety has. to be told that times are
hard and that they must accept a lower
standard of living

or ()

or (c)

Or (d)

or (e) some people are sacked to reduce the,
wage bill

or (f) money is printed to provide the extra
vages

or (g) additional value-adding activity is

planned (eg road building) to generate
extra employment and wages.
Consider now the likely consequences of these
solutions, and the likelihood that--they might
provide a cure to the "entropic depletion effect":
(a) is the "increase productivity" strategy,
but it accelerates the rate of energy and
resource depletion, hence prices rise faster.



Consequently (a) offers no cure.

(b) the eificiency iancreases in energy use will
provide a short to mid-term cure, but the
depletion affect is bound to catch up in the
end. Also increased eificiency usually means
pricier higher technology! No long-term cure.

(c) this has been tha usual technological escape
route by innovation or substitution: the
"technological £ix". But the R + D and the
new plant have to be paid for firsct,
inducing further price rises and wage demands
Eventually feasible substitute techmologies
may be found and implemented. But they
will have to cost more per unit of production
to pey for the investment in new technology
and the higher wage labour force — even
though the model society continues to ask only
for the original standard of living.

Tecimological fixes can provide a partial cure,

but it is a race between technological
efficiency improvement and cost increases due
to higher technology and resource depletionm.
In the very long—term, resource depletion is
bound to win the race.

(d) a dictatorship could, or a very docile or
enlightened population might, accept this
gsolution. A difficult solution to impose.

(e) is the same &s (d) really: the in-work
population must share its wages with the
unemployed. An historic alternative has been
to substitute energy for peopls, eg the
increase of enargy consumption in agriculture
replacing labourers with tractors and
machinery. Works omnly if energy is under-
valued. No long~term cure.

(f) the extra printed money in circulatiom is not
: matched by an increase of goods, consequently
the valua of money has to fall. <Classic

inflation is iaduced: no cure.

(g) is the Keynesian solutica. The trouble is
that it does not get round the underlying
cause: resource and energy depletion. In fact
it will probably make matters worse as energy
use is increased to build the roads. No cure,
aexcept in the short—term if energy is cheap.
Tha simple model of a resource—linked but

energy constrained model of an economy obeying the

laws of thermodynamics has demonstrated that the
entropy deficit of energy-using resource cycles
produces inflation - for two very straight forward
reasons:

* to give the appearance of constant real
value to wages the money circulation has to
be increasad unsupported by an increase in
production

* increasing production requires an increase in
energy and material use which only makes
matters worse whan resources are depleting.

This inflation is induced by that emtropic
depletion effect. It is the price that nature
exacts to pay for the entropy increase consequent
on conc:.nuin{ resource consumption. The inflatiom
will not be too noticeabla if energy is undervalued
(as it was up to 1973 prior to the OPEC actiomn).
But the effect on economies will become more
marked the tighter the material and energy
constraints becoma. The only solutions that have

any pelliative effect are:

(b) and (c) which are "technological fixes" and
offer some hope of escape - for a while
anyway

(d) controls the money supply (Mometarism), but is
only useful for the short-term while an
escape route is engineared ~ providing
society accepts the discipline.

(e) and (g) which are coupled as the Keynesian
solution to high unemployment. It is no
solition if the unamployment is induced by
high costs due to energy and resource .
depletion, as iucreased public works do mot
correct the antropic affect.

There is one furthar comment on solution (d): it

is also tha "go backwards” solutiom favoured by

protagonists of the simple "green” life unclutter—
ed by high technology.

All these arguments are very familiar. The
interesting point here is that almost the entire
vocabulary of the contemporary discussion on
inflation in industrially daveloped countries
has been reproduced, not by discussion of complex
economic theory, but by following the logic of a
simple model in which an elementary (initially
stable) economy reaches the poinc where the
second and third laws of thermodynamics intervene
to exact their price. Inflation is of course no
simple phenomenon: there are many economic and
psychological forces at work. But it does seem
that an economic model that is also coastrained
by thermodynamic laws homes into at least one
important underlying problem of inflation rather

- nicely. And it does seem that thae present public

discussion on inflation control misses the
significance of the antropic depletion effect.
Engineers would have no difficulty in following
tha argument. Unfortunately, however, there is
no way that an economist or politician can
legislate the laws of thermodynamics out of
existence. They have to be accepted, and ~ as
has been hinted at above - the long-term
.implications of that acceptance are none too
happy. Economists tend to argua that economic
progress need not be constrained as technology
will zlways be able to invent substitutions to
get round constraints (eg l). Engineers - always
optimists ~ tend to agree, but would point out
that arriving at suitable technological fixes
becomas more difficult, and the price for tha
entropic deplection effect has to be paid con-
tinuously, however efficiant or inefficient
technology may be. An economic "perpetual motion
nachine” is not possible.

Tha coupling of thermodynamics to ecomomics
is not new. Tha name of the eminent economist
Gaorgescu-Roegen is, perhaps, most closely
asgsociated with the development. BHis writings on
the thems began during tha 1950s, culminating in
his book "The Entropy Law and the Economic
Process” (9). His 1975 paper (10)provides a
critique of orthodox aconomic theory. Gallagher
(8) writes a useful and concise summary.
Georgescu—Roegen has his critics of course ~ just
about aevery other trained economist, so he has
been in the wildernmess somewhat. But orthodoxy
is shiftipg under the sustained attack of events
and the protagonists of energy~economics or
energy analysis (24,25). There have also been



soms earlier forays, for example Sir Frederick
Soddy FRS wrote in 1926, "... the flow of energy
should be the primary concern of economics" (26,
quoted 8). Sir Frederick was a chemist.

SUMMARY OF THE RESEARCH REPORTED IN THIS PAPER

This paper does not intend to pursue the
arguments between the two extreme camps: that
steady economic growth can continue indefinitely
or that limits to growth are inevitable. The
purpose of ths introductory essay is two—fold:

(i) to demonstrate that economic models should
contain a section that subjects material -
regsource conversions to thermodynamic
congtraints
to provide some argumemts that will link up
with the later analysis of national economic
growth patterns.

The trail to Georgescu—-Roegen was stumbled
over while searching for economic theory to support
a notion born of an earlier study on the modelling
and dynamics of technological change (18). The
notion is that the econmomic growth of at least the
industrialized nations.might be profitably studied
as if they were technological resource conversion
process - or "engines” for short. The engines
convert natural and human energy into wealth.
thought was born of two observations:
1. For long periods the rate of technical
progress has been fairly comstant as measured

by economists (eg 27).

2. The correlation between GNP and primary energy
congumption is remarkably good over time for

a large ensemble of nations (eg 25). Figure

3 presents a spot sample for 1973.

(id)

The

FIGURE 3

If this simple "engine” model of a nation holds up
to validatory tests it would mean that natiomal
aconomic development can be treated as if it were
a technological process with an overall conversiom
efficiency that changes in time. The efficiency
would increase as & result of technological
improvement, and would be constrained by thermo-
dynamic. limits. Which suggests that the relation—
ship between energy and GNP should have a logistic
form in common with technological improvements in
general. The original sample consisted of data
from GNP and primary energy consumption over
1950~1973 for 24 developed natioms (both market
and planned economies). The logistic test made oum
this ssmple gave ancouraging but not too well
correlated results. This paper reports further
work using an enlarged sample of 29 nationsa over
the period 1950~1977. A more sophisticated
logistic test is employed with good results.
Consequently it will be argued that:
(i) the logistic form of national development is

arguably the case
(ii) a process model of national ecomomic

growth is worth developing
(iii) economic development does "obey”" thermo—~

dynamic criteria.

THE PROCESS MODEL OF RESOURCE CONVERSION
The Conversion Process in Growth Economics

The typical Production Function model for
economic growth is illustrated in Figure 4.

FIGURE 4

Such models are used to investigate the capital
requirement K to give a continuous growth in
national product Y while ensuring full employment
L under different types of technical progress A.
The model is of the genmeral form (13):

Y=F (4 K, L) : 1

This becomes for various types of technical change
(TC): -
Hicks-neutral IC ... Y = AF(K,L) = em':lta'l:.]'“u 2a
Harrod—neutral TC .. T=F(K,AL) = eB{(1™®%3l=e 5
Solow—neutral TC ... Y=F(AL,L) = egle 2c
The Tight hand expression is the Cobb-Douglas
production functiom with constant returns to scale
whera:

Ja
> 1, the output elasticity of capital

3b
, the output elasticity of labour

]
[y

d
dL Y

m is a constant rate of techmical

change 4

A=a »

Solving equations 2 for, say, a given rate of
labour increase L = L e , Hicks-meutral TIC and

-full employment gives

)t

o) =Y, et T 5
Which is interesting as it suggests that the long~
run growth in Y is a function only of the growth
rates of labour supply and techmological improve—
ment, and is independent of the proportion of
national product sY that is diverted to investment
rather than consumption! The labour supply may
increase for free. But technological improvement
results only after heavy investment in education,
R + D and new plant incorporating the improved
processes. Other assumptions with respect to TC
give different solutions. This illustration is
representative of text~book analysis rather than
real applications. Complex miltisector production
function models of the national economy are used
in national central planning and Global models to
determine the optimal allocation of capital between
sactors to provide a desired strategy for growth
rate in GDP (eg 5, 15, .3, 21). But the inherent
defects in the production fumction =~ however
complicated - remain.

Three peculiarities of the production function
should be noted: \

1. - It deals only in terms of capital, labour and
a factor representing rather disembodied
technological change. The capital stock K
stands for technology.

2. The details of the techmological processes
producing Y are ignored. Only final products



are couwnted. Intermediate products are
neglected as it is assumed that their values
ara properly represented by the prices of the
final goods.

3. The rate of technical change is found by
differentiating 2a (say):

Y K L
g =" m+ay + (1=0) ¢ 6

All the rate terms can be quantified frowm ecomomic
statistics, hence m is the residual (ie error!)
between the LHS and RHS. Its value has stayed
steady at between 1% and 22 per annum.for Europe
and North Amarican over the last 50 yes&rs or so
(27, 6). The efficiency incresse is attributed
to technological and managerial improvement in
general terms.

This all too brief study of the production
function in ecomomic growth theory should be
enough to show that it is somewhat removed from the
thermodynamic balances of the resource couversion
process itself. It can only reflect the efficiercy
of energy and material conversion properly if
prices are an exact reflection of the amount of
total energy, material and effort consumed in
adding value. There is certainly some evidence to
show that the smoothed long~term price trends of
technological product have a good correlation with
the amount of energy sequestered in forming them
(22). But the price of energy itself is often
determined by political considerations as well as
by market forces.

Prices also have to reflect the two forms of
technological improvement that occur ia the pracess:

~ efficienc rovement in the production
process resulting from more efficient
managerial and operational procedures, and
more effective use of enmergy and material
because of improved techmological design
of the production processes

* quality improvement in the product that comes
from better design and better quality
control of the product during manufacture.
The rise fn quality is represented by
higher capability, reliability, maintain—
ability, useability, internal efficiency,
better style etc.

A good example of how prices can cowpletely miss
the quality component in goods is to be found in
the present computer market where real prices are
falling rapidly but the quality-of:the good is
rising by leaps and bounds.

And finally, it has to be admitted that a
formulation that determinas techmological change
ae the residual term in a broad brush analysis
of historical data is less than perfect.

A Technological Model of the Resource Conversion
Process

A geveral model of the resource flows in a
national technological "engime" is represented by
figure 5. The intricacies of tha flows of energy
and intermediate products within the Production
Sector are outlined. The pattern of flows is
clearly related to a dynamic Leontief open
wmodel:

(I-)X(t) - BE(t) - X(t~1) = T(t) 7

where & and ¢ are output and final demand vectors,
A and B are matrices of flow and capital
coefficients.

FIGURE 5

The economist quantifies the various types of
flow (raw materials, energy, chemicals, motor
cars ....) as money flows via prices. It is
difficult to see how ome might do otherwise as
money is tha unit of transaction between diffarert
parts of the process. But prices are not a true
reaflection of thermodynamic transactions between
and within the process. Energy flows throughout
the system because each and every technological
conversion process requires an energy transaction.
The energy flows are quantifiable in detail as
the energy consumption of each user is carefully
measured either as energy supplied or fuel

bought in. Thus the engrgy content carried
forward by each product into the naxt part of the
process can be accumlated to provide am overall
"energy cost" of the final products. The energy
cost gives a far more accurate measure of
technological work and efficiency than money cost.
Energy audits on technological activity are
becoming important aspects of design and manage-
ment. Energy Analysis provides the methodology
for conducting the audit (25, 2).

A model is under developmant to provide an
explicit account of (i) the thermodynamic
transaction in couversion processes and (ii) the
improvements in the efficiency and quality of the
process with time as a result of technological
change. A model outline for the general process
is shown in figure 6. Any national engine will
have many such genaral procesgses linked together
by matrices of resource and product flows, energy
flows, capital and money flows, (but the model is
agsumed to link in to an appropriate economic and
capital allocation model via prices of the imput
and output flows). The general processes will

FIGURE 6

cover such technosectors as resource extractiom,
conversion, energy gemneration, manufacture,
construction ..., distribution ..., services,
domestic sector. Each sectoral model is con-

"structed along the lines of figure 6 with three

compartments: the conversion process itself, the
supporting energy utilisation and mampower
(labour) systemsa. The formulation is summarised
in the Appendix. It will be seen that the model
is described in terms of inputs, cutputs and
internal state (see matrix-over the page).

The model operates as a resource demand:
given a desired output P_,, the prevailing scate
of Technology ’1' (t) and.the associated conversion
efficiences n (T , t), the inputs necessary
to provide :hS gut‘put are calculated subject to
constraints from capacity, resource availability
and quality., Capacity is partly a function of
the capital stock K. Material resource input
availability and quality will have to be provided
by an external resource data base and depletion
model (21, 11).

Technological improvement is felt through
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changes in the efficiencies n ) and in the product
and labour qualities y . Tﬁé material and
energy-use efficiencieS'Zre calculated along
straightforward lines (Appendix). "Efficiency” isa
used loosely in terms of output/input ratios. The
more efficient the process the less the wastes, but
for a given capacity the more the capital charges
will be due to the deployment of better techmology.
The quality of the product ¥yp is'quantified in
terms of effectiveness - the iIndicator of system
quality used in Systems Engineering - calculated

in terms of capability, reliability, maintainability
availability, utility, worth etc. The "efficiency”
of labour use "o is defined as the product of
labour mix (ragio of managerial and technical
staff to operations),per-man product value added

v . The quality of labour § is difficule: it
i*La function of educational and training levels,
experience, initiative and psychological attitude
to work and risk taking. The change in time in

the efficiencies due to techmological improvement
is not entirely equivalent to the changes in the
elemants of the A and B matrices of an input-output
model. Structural change between the sactors in an
advanced ecouomy would appear to be small' and

slow -~ in spite of considerable advances in
technological efficiency and quality (4).

The State of Technology

The efficiencies cover the thermodynamic
transactions and tresource useage in the process.
They are sensitive to techmological changes,
improvements and substitutions, and to human
efficiency improvement due to better management,
design and operation. Figure 7 tracks the various
kinds of efficiency improvement.

FIGURE 7

From a resource—use point of view the efficiencies
provide a useful indicator of the state of
technology T_(t). The three efficiencies of
material, energy and labour use are plotted as
elements of a vector in a three—dimensiomal eu-
clidean space. The coordinate (0, 0, 0) represents
a completely useless techumology, and (1, 1, 1)
signifies the ideal but impossible technology.
Technological improvement causes the vector to
approach the (1, 1, 1) point, but it will begin to
shy away when a resource, energy or labour
constraint is approached. Analysis of the change

of length and direction of the vector in time
yields useful information for the management of
technological change (18). Por example increasing
efficiencies will reduce the material and emergy
demand. But continuous resource useage will tend
to increase the energy requirement due to depltion
and quality degradation of the raw materials, and
energy use will begin to rise lowering the overall
process efficiency in spite of the procesa improve-
ments. This signals to the economic model that an
increase in price is ripe, and to the technology
wmanager that resource constraints are being
approached - so it is tima to research and plan
for substitution.

The Simple "Engine" Model of a Na:ionalgTechnology
and Economy .

The process model just described i3 complex
and would require considerable effort to implement
in full. Thus it is desirable to test'‘for the
validity of the concepts on which it is built
before embarking on major modelling exercises.

The main objectives of the model are to introduce
thermodynamic counstraints and more explicit forms
of techmological change to studies of economic
growth and development. Consequently its validity
would be dememstrated if it could be shown that
economic growth follows the same logistic patternm
as that of an improving technology within ultimate
resource and efficiency constraints.

The test decided on was to discover if the
well known relationship between increases in GNP
and energy consumption (figure 3) correlated well
with the 'S' shaped logistic curve of technological
improvement. This test requires the postulation
that the "engine" model with primary energy input
and GNP output (figure 8) is equivalent to an over—
all aggregation at national level of the process
model. A process model enlarged to cover all the
national sectors of technological and economic
activity would have as inputs primary raw materials
primary energy and labour, while the outputs would
be the national product and wastes. The efficient

FIGURE 8
or inefficient use of improving or degrading raw
materials is accurately reflected in the emergy
cost of the product. The efficient or inefficient
use of the product generate further energy costs.
Those energy costs also reflect improvements in tche



efficiency of energy gemeration and utilisatiom, as
vell as the improvements or otherwise in the
management, design and operation of all techno~
logical activities overall. Thus it can be argued
that the primary energy consumed is a fair
indicator of the energy cost of the production of
the GNP for that year. Wastes ara "paid for" im
those epergy costs, and human activity is implied.
Hence we assume ° that the engine model of figure
8 is a reasonable aggregation of the process model-
at least for industrially developed nations where
high grade industrial energy is by far the major
share of energy consumption.

THE LOGISTIC FUNCTION FOR GROWTH

It is well known that biological and techno-
logical growth patterns tend to follow a logistic
curve. Two such curves are shown in figure 9A.
The F + P curve is the Pisher and Pry curve which
is symmatrical about the half-way point £ = §, t =
t, (7). The model assumes:

D a coupatitive technological substitution
process
(b) once a new product has penetrated a market by

a fav percent, its superiority is demonstrated

and it will proceed to take the market over
(¢) the rate of fractiomal substitution is

proportional to the extent of market left

to be penetrated.

The ¥ + P curve is given by:

df

1
f dt

= g (1-f) 8

where £ = fraction of market substitution, a =
congtant ) ’
£ eu(t-to)

On integration: if " 9

where £, is the tims when £ = |

The cunve may ba stratched into a straight line by
plotting it on semi~log coordinates (figure 9B)
vhere v is non-dimansicnal time

t=t

; At = t(f= +9) ~—t(fmel) 10

v® A

Fisher and Pry analyzed seventeen cases of
substitution and found extremely good correlations
with the curve. THe remarkable assumption (b)
has been validated over a large number of historical
samples with the take-over time predicted accurately
vhen only two percent of the final substitutiom
had occurred (16). This simple logistic form
followed tha earlier studies of biologists,
agricultural economists and eccuomists in the
logistic patterns of growch and diffusioa (20, 12
19). And it was followed by considerable research
ingo the logistic pattern of substitutiom, pir—
ticularly to predict future substitutions and
growth. Many of these studies are collected in
an.

In spite of ita undoubted success, the Fisher
and Pry model has a number of limitatioms, ome
of which is its questiomable assumption (c¢) that
the fractional rate of substitution is proportional
to the remaining penetration potential (23), Many

researchers into biological, information,
transportation and urbanisation growth have
noticed a non-symmetrical pattern of logistic
growth that is better fitted to what is known as
the "Gompertz" functiom:

y=aexp {=8exp (~jt)} 11

where «,8, are constants to be found.

The form is shown as curve G in figure 9A. 1Its
inflexion point is at the point y = a/exp,

t= 8/§. 1t can also be stretched into a straight
line with the transformation

bofa] = [} =hs -yt 12

The "Gompertz” curve has a faster accelerationm
during early growth representing the ability of
small unencumbered organizations to develop
rapidly. Writing the LHS of 12 as Y;, for a trial
value of a=a,, the coefficients 8, Y are

found by mini:m:izing
L
AR (TR IRY) 13

i

THE LOGISTIC VALIDATION OF THE ENGINE MODEL

The data used for the test are the per capita
GNP (g) and primary energy consumption in tons
coal equivalent (e) for a family of 29 developed
nations. One has to be wary of cross—-sectiomal
GNP comparisons. Tha absolute figures as listed
in the sources contain all the anomalies of
currency exchange rates which are unreliable
indicators of the real purchasing power of the
currency in the parent nation. Additionally, the
rate of inflation varies with time amd country,
and the base currency may also be subject to
inflation. We have selected the 1970 US dollar
as reference and allowed for differential
inflation as best wa can. International GNP data
is also usually related to the US dollar. But tha
selaction of 1970 also allows us to at least start
within the framework of the most extemsive
comparison of cross-sectional GNP available (14)

A typical example of the data is shown in
figure 10 for 11 of the 29 nations examined. .
Bach nation- is represented by a (g—e) trajectory
over the period 13950-1977. Notice that these
trajectories maintain a fairly steady slope up to

PIGIRE 10

1970, after that they steepem due to the increasing
price of oil energy. The curving linas across the
trajectory are the best regression fits to the
exponential power model for the indicated year:

8\3' % &pe 14

where a,is the g/e ratio and B,is the slope of
the logarithmic fit for the year t. Notice the
variations in 8 which is the overall "efficiency"
of energy conversion to GNP: technological
improvemant is at work. Notice also that the
effect of the OPEC cartel is to improve the
efficiencies (increasing B) as the nations attend
to energy conservation. Sweden demonstrates



ul.ll:mca-nnu'l_.g!mndmum

s - slai{ 7 = canp (Sexp(rv)}
T a [} s wia o max [} Y |+ 3
suscris =98 13-3 1-0 1s0 200 n .17 977
Belgium s 3°3 1-3 144 164 -7 -1 926
Dexmmark 93 5-0 234 160 - =40 40 *940
TMalsed 90 27-8 o5 120 180 *51 1+20 ~981
Frasce 97 136 12 170 ™0 -=Q3 -38 969
fast Gormany ] -0 17 220 - ~50 *40 971
Vest Cerumxy - 1.0 16 120 170 63 100 970
Greses R J 206 Q¢ L 10 -0 577 *930
|Iceland. - 1.3 13 93 13 el 1- *91é
Iraland 93 16-6 08 130 - ~48 -3 933
Izaly R.J 20°L Q-3 2 100 3% 43 *980
therlsods b ol 18 Q7 100 140 o 1°18 943
97 17+¢ Q7 250 - -20 =30 980
Porrugal 8 240 Q-7 30 10 37 én 957
Spein 94 208 o8 A2 38 435 37 ~957
|Sendon 97 323 Q7 %0 1900 ~=47 b 13 *961
Swiccarland 97 n-o [ 13 188 30 b =47 960
Kingdom -4 04 29 283 - *20 -50 ~480
tad States 97 1ad] k-l 400 900 -68 .27 964
98 237 Q-7 123 190 "1 *70 *380
Cansda 96 Q-3 1-1 173 184 . 7 -7 974
Hapan s 44 189 Qs 100 148 78 i°11 | 987
ulgaria 97 106 [ L} 3 167 s 38 151 986
ovaki 86 31 L4 060 - 20 60 *964
Busgary 86 73 11 %0 - a3 *%0 920
Poland 97 30 16 100 200 *18 -73 *9a%
vssa 2 &7 1-2 00 “o =70 *60 996
Roweais -98 31 1-2 & 87 1°38 2+01 952
Togoal avia 99 11-% 10 30 96 3-98 299 *976
'or the thele Sample 05604 170 G-751 0387 =0+ 902 9408

that one may reduce energy consumption and still
increase GNP. Table 1 lists the constants for the
29 nations in the sample. Individual national data
fit the power model very well, the average of the
correlation coefficients rr being 0°95, the average
slope during 19977 was 1+04. The United King-
dom is different, of course! It is off on some
law of its own with a very high slope of 29(!).
and a lousy correlation coefficient of 0°69. While
individual natioms fit the power model well, figure
10 shows thet the national trajectories have a wide
dispersion in (g-e) space. Cousequently the
correlation coefficient for the best power model
fit to the whole sample of 29 nations during 1950 -
77 is low, rr for the family is only 0:5604.

The earlier study fitted a smaller 24 nation
sample to the FPisher—-Pry logistic model for 1950-
1973: the result was encouraging rather than giving
8 good correlation (18). The larger sample of 29
nations extended to 1977 to cover the "OPEC
effect’, has been fitted to the Gompertz function
with very satisfactory results. PFigures 11, 12
plot the data for the sample against the linear
and logarithmic forms of the Gompartz functiom.
(The energy index v .is. given; by

- e(g) ~e (5
v e(*9) - e (1) 13
where e(g) is e at GNP/cap = g).
Table 1 also lists the coefficients for the best

national fits and the best sample fit to the
Gompertz curve. Note:

* the corralation coefficients for individual
nations are high, the average being 0+953

* that the correlation coefficient for the
whole sample of 29 natioms over 1350-77
is alsg high, BR = 0°94l,

For the Gompertz fit, a is the final maximum value
of g when the curve finally flattens off (100 a =
g+ (1970)). This saturation. means that each

nnciot,lﬁl "technology! in its 1950-77 structure hag
a maximum z7e ratio "built into its engine design".

In other words there comes a time when the engine
is up agaipat its design limits and oo more wealth
(power) can be squeezed out of extra energy
consumption. The actual value of the limiting o
i3 sensitive to the correlation coefficient, the
actual values of a , a ., listed give the range
of a tha: keeps the Sorréldtion coefficient above
the national RR listed.

CONCLUSIONS

It would seem that the very good results
obtained vhen fitting national GNP and energy data
to the Gompertz fimction demonstrates quite
strongly that national economic development and
growth is energy—use dependent, and that its
evolvement in time follows a logistic pattern
closely. This implies that economic development
is constrained to thermodynamic efficiency
considerations, and provides encouragement for the
detailed development of process type models to
bring thermodynamic constraints into economic
analysis.

All the evidence - suggests that logistic
trends are stable over long periods in time. Thus
national plamners could use the Gompertz fits to
provide some indication as to where the design of
their national engine is going to take the nation
to, what the limits to growth are and when the
limit is reached. This is not as final as it
sounds, because the limit refers to the techno—
logical design in use. The present natiomal
engines depend on high-grade energy consuming
industry. A change in design could provide an
escape from the present comstraints ... but there
is never any escape from limits. Each design has
its necessary thermodynamic limits. Finally the
evidence of the good Gompertz fits lends weight
to the arguments of the introductory essay. The
entropic depletion effect is a vital matter for
economic analysis. Perhaps Sir Frederick Soddy
was righr.



APPENDIX :

FORMULATION FOR GENERAL PROCESS (see figure 6)

MATERIAL CONVERSION PROCESS

P W

x1 " Fxo * ¥

Ve "L P 3 Wgp ™ (179 Wppy
P,

”m'Pﬁ = 1--0p
X1

ENERGY CONVERSION PROCESS

Ex1 " Exip * Exis = Exop * Exos * ¥xg

Ey1s = %ze Exip o« Ex1 = (1*%g) Exip

n Exzp _Exop
o Ex2p*Wexp Exip
s ExostWexs 1s
n EX2P+EXZS _ EZE
T B FTEy

£t T w1, xo,V

o= £ (Tgs. xey, 3o, ®

Quality of product TXP

= £ (CEygps Ty> B g7)

Ex1 = £®x2, P, "Evxe,M xwu, TxE, ©

Exo = £ (°WP1,’\ guxs, o, Txs, ©

Exy = Exp * Exs ™ Ogyzp * %ex Mmvxs’ Exip

Eqp = (1 + ogg) Expp
Ex . Memxe + %Ex MEvxs

;xm"zn - 1+o

EX
LABOUR

Ly = Lz * Lxq * Lxo
Ax_“ml;l‘xoal_%

L = Ta
N A | <

<1

"ox ”

COSTS

"% "yt S Y Cxx

Energy cost of the product

e T e——
P Py

Quality' of labour XXL

= £ (Frxm, ¥rxq, ¥1xo’

Product value added per unit labour

+
R = ; .

Money value added per unit product

1T%L = E%_EE 3 Tr ;L = a high referenc
X2

= a high referenc
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Figure 3 :
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RATIO OF TCE/CAP

TO WORLD AVERAGE TCE/CAP

10

RELATIVE TECHNOLOGICAL WEALTH FOR WORLD REGIONS

QATAR.

®
KEY

NAM NORTH

CAM CENTRAL AMERICA

SAM - SOUTH

S &WE SOUTH & WEST

. EUROPE

CPE CENTRALLY PLANNED
EUROPE

ME MIDDLE EAST

AF AFRICA

S&EAS SOUTH & EAST ASIA

SOURCES:

9; = WORLD BANK ATLAS 1975

e; = UN WES 1970-73
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EX
EXIP’ EXlS total energy inputs to process, recycling

| Process
| Cum [—— _L_AEO\}E _—— —I | le material 1nput;PX2 proc'luct
C ’ prl material wastes;wXP final wastes
I XL i l LXN\ | I %Py efficiency of material use
! I MANAGEMENT
I : \1b I ‘7 | EX energy content of product
Ly | v factor: :
x | LXQ XLU Oxp Scrap recovery actor; wast ratio
mzzzzz:é’zmmzz@ )l TECHNICAL &”..» | /)
K | [CK | Energy Use
X on | I 1 total energy supplied to operation
—— [ J

| OPERATORS

EXZP’ EXZS energy consumed by process, recycling

WEXP’ wEXS energy wastes from process, recycling

w \4
XE total energy wastes

OXE
Npoxp® DEUXS efficiency of procéss, recycle energy use

proportion of energy to recycling

1
—
=)}

{

n overall efficiency of energy use

XEU
Labour

L Lxqr Lxo
A labour mix

management, technical, operator labour

et efficiency of labour use

Financial
CX( ) costs of x(.) operations

RX revenue from product

Kx capital stock of X

Figure 6 : MODEL OF THE GENERAL PROCESS
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Figure 9 : LOGISTIC FUNCTIONS A linear form

B logarithmic form
F + P : Fisher and Pry
G : "Gompertz"
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15, GNP INDEX (G)
USA157e= 128

- ENERSY INDEX (V)
3@ -25 -28 -15 -18 -5 @ 5 1@ 15 20 25 38 35 4@
X191

Figure 11 : NATIONAL SAMPLE FITTED TO GOMPERTZ CURVE (linear form)
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Figure 12 : NATIONAL SAMPLE FITTFD TO GOMPERTZ CURVE (logarithmic form)




