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“How long will researchers working in adjoining fields...
abstain from expressing serious concern about the splendid
i solation in which academ c economics now finds itself?” the
Nobel Laureate in Econom cs, Wassily Leontief, asked in 1982.

This question is extrenely inportant because economcs is the
foundation on which npst decisions effecting agriculture,
fisheries, the environnent, and indeed nobst aspects of our
daily lives, are based. Nat ur al sci enti sts, i ncl udi ng
bi ol ogi cal scientists, may have particular views on this or
that economc policy, but few question the legitimcy of
econom cs as a tool. We believe that, paraphrasing the great
Prussian mlitary historian Karl von Clausewitz, econonmcs is
too inportant to leave to the economi sts, and that natural
scientists should not |eave the procedures by which we
undertake economcs up to econom sts alone. Instead, natural
scientists nust contribute to a new discourse about the neans,
met hods and ends of economni cs.

This paper is a response to Leontief’s question. It is
critical that econom cs be based on sound principles, and that
the policies that are generated from it have a solid
foundati on. Neocl assical economcs, that form of economcs
derived in the md 19th century that prevails today, focuses on
problens related to val ue decisions, the behavior of economc
actors, and the working of narkets. These problens belong to
t he sphere of the social sciences (many of which, incidentally,
have their own problenms with neoclassical econonm c theory, see
for exanple Marris 1992). But the wealth that is distributed
in the markets nust be produced in the “hard sphere” of the

material world where all operations nust obey the |laws and
princi ples of physics, chenistry and biol ogy. Qur concern is
t hat nost production nodels of economcs are not based upon
t hese biophysical laws and principles, and indeed tend to

i gnore them (Georgescu-Roegen 1971, Daly 1973, 1977, Kimrel et
al. 1985, Leontief 1982, Cleveland et al. 1984, Hall et al.
1986, Hall 1992, 2000).

This disregard of the biophysical aspects of production by
econom sts was not the rule historically. Quesnay and ot her
members of the 18th century French physiocrat school focused on
the use of solar radiation by biotic organisns and the role of
land in generating wealth by capturing this energy through
agricultural production. The classical economcs of Adam
Smith, David Ricardo and Karl Marx was interested in both the
physical origin and the distribution of wealth (Smth 1937,
Ri cardo 1891, Marx 1906). Podolinsky, Geddes, Soddy and Hogben
were biological and physical scientists of the 19th and early
20th centuries who thought deeply about econonmic issues
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(Martinez-Alier 1987, Christensen 1989, Cleveland and Ruth

1997). Thus we find the degree to which neocl assical econom cs
has displaced classical economcs curious, and alnpst an
hi stori cal accident. The primary reason for this displacenent

was the superior mathematical rigor of the former and the
devel opnent of the marginal wutility theory which solved the
“wat er vs. dianonds” paradox that classical econonics had been
unable to resolve. But the underlying biophysical perspective
of Smth and Ricardo was not incorporated into the new
mat hemat i cal el egance of the “margi nal revolution”.

Consequently, nmmjor decisions that affect mllions of people
and nost of the world s ecosystens are based on neocl assical
econom ¢ nodels that, although internally consistent and
mat hematically sophisticated, ignore or are not sufficiently
consistent with the basic laws of nature. This leads to the
failure of those economc policies that run against these |aws
and endanger sustai nable developnment. In this paper we exam ne
this issue in nore detail, nmaking a case for including the |aws
of nature in econom c theory, analysis and the policies derived
fromthis theory as carefully and explicitly as the assunptions
on human preferences and choi ces. Bot h natural scientists and
even many econom sts have been leveling severe criticisms at
t he basis of neoclassical econonics for nmany years (Soddy 1926,
Boul ding 1966, Geor gescu- Roegen 1966, 1971, Daly 1973,
Bi nswanger and Ledergerber 1974, Cleveland et al. 1984, Hall et
al. 1986, Ayres 1996, 1999). These criticisnms, however, are
| argely ignored by neocl assical econonm sts and the rest of the
scientific community seenms to be |argely unaware of them We
believe that it is time to again exhune these criticisnms and
add to them nmobre recent analytic work that gives them even
greater validity.

The past criticisns of neoclassical economics from the
perspective of natural scientists can be summarized as three
fundanment al argunents:

1) The structure of the basic conceptual neoclassical nodel is
unrealistic because it is not based on the biophysical world
and the | aws governing it, especially thernodynamcs (Fig. 1a).

2) The boundaries of analysis are inappropriate because they do
not include the real processes of the biosphere that provide
the material and energy inputs, the waste sinks, and the
necessary mlieu for the econom c process (Fig. 2).

3) The basic assunptions underlying the nodels used have not
been put forth as testable hypotheses but rather as givens.

We substantiate these three criticisnms below, and then present
a new nodel of industrial production that we believe gives
great weight to our criticisnse and our assessnent of the
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i nportance of energy. In this new nodel the output of the
economi ¢ system and the nmaintenance of its conponents are
dependent upon a continuous input of energy into the system as
is true for all organisns and ecosystens.

Critique of neocl assical econom cs

“Anything as inportant in industrial life as power deserves
nore attention than it has yet received from econom sts... A
theory of production that will really explain how wealth is

produced must analyze the contribution of the elenment energy”
(Tryon 1927).

“The decisive mstake of traditional economcs ... is the
di sregard of energy as a factor of production” (Binswanger and
Ledergerber 1974).

Argunent 1: Ther nodynam cs

Cont enporary econom cs pays only marginal attention to the
first and second |aws of thernodynam cs. This is a serious
conceptual flaw and an obstacle to designing econom c policies
that can neet successfully the <challenges of pollution,

resource scarcity, and unenploynment. The two |aws say: Nothing
happens in the world wthout energy conversion and entropy
production. The consequences are: i) Every process of biotic
and industrial production requires the input of energy. ii)

Because of the unavoi dable entropy production the val uable part
of energy (called exergy) is transforned into useless heat at
the tenperature of the environnment (called anergy), and usually

matter is dissipated, too. This results in pollution and,
eventually, the exhaustion of the higher grade resources of
fossil fuels and raw materials. iii) Human I|abor, Iliving on

food, has been, and continues to be substituted, at least in
part, by energy-driven nmachines in the routine production of
goods and services as automation increases.

Al t hough the first and second | aws of thernodynam cs are the
nost thoroughly tested and validated |laws of nature and state
explicitly that it is inpossible to have a perpetual notion

machine, i.e. a machine that perforns work w thout the input of
exergy, the basic neoclassical economic nodel is a perpetual
noti on machine, with no required inputs or limts (Fig. 1la).

Most econom sts have accepted that inconplete nodel as the
basis for their analysis and have relegated energy and other
resources to uninmportance in their analysis (e.g. Denison 1979,

1984). This attitude was cenented in the mnds of nost
econom sts by the analysis of Barnett and Myrse, who found no
indication of increasing scarcity of raw materials, as

determned by their inflation-corrected price, for the first
hal f of the 20th century (Barnett and Mrse 1963, Smith 1989).



Their analysis, although cited by nearly all econoni sts
interested in the depletion issue, was, however, seriously
i nconpl et e. Cl evel and showed that the only reason that
decreasing concentrations and qualities of resources were not
translated into higher prices for constant quality was because
of the decreasing price of energy and its increasing use in the
exploitation of increasingly |ower grade reserves in the USA

and el sewhere (Cleveland 1991). Thus, although econoni sts have
argued that natural resources are not inportant to the econony,
the truth is that it is only because of the abundant

availability of many natural resources that econom cs can
assign them Jlow nonetary value despite their critical
i mportance to econom ¢ production

The perspective of the Nobel Laureate in Econom cs, Robert

M Sol ow, is interesting. In 1974 he considered the
possibility that “The world can, in effect, get along wthout

natural resources” because of the technol ogical options for the
substitution of other factors for non-renewable resources,

al though noting that “if ..real output per unit of resources is
effectively bounded - cannot exceed sone upper |imt of
productivity which in turn is not too far from where we are now
— then catastrophe is unavoi dable” (Solow 1974, p. 11). Mor e
recently, Solow states “It is of the essence that production
cannot take place wi thout sone use of natural resources” (Solow
1992, 1993). Clearly, there is need for nore analytical and
enpirical work on the relation between production and natural

resources, especially energy, but also all aspects of the
supportive contributions of the biosphere. W believe that the
attenpt to sinply put a nonetary value on these services, while
useful in sonme respects, is insufficient to resolve the issue,

if only for the reason that such values are based necessarily
on human perceptions that in turn are devel oped on the basis of
I nperfect information and, all too often, nyopia.

Why does neocl assical economcs assign a |ow value to natural
resources?

The conventional neocl assical view of the Iow inportance of
energy and materials dates back to the first stages in the
devel opnent of neocl assical economics. Initially, the focus was
not so much on the generation of wealth but rather on its
distribution and the “efficiency of mar ket s”. As a
consequence, the early thinkers in economcs started with a
nodel of pure exchange of goods wthout considering their
producti on. Wth a set of mthematical assunpti ons on
“rational consuner behavior”, it was shown that through the
exchange of goods in markets an equilibrium situation results
in which all consuners maxim ze their utility in the sense that
it 1s not possible to inprove the situation of a single
consunmer w thout worsening the situation of at |east one other
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consumer (the so-called Pareto optinum. This benefit of
(perfect) markets is generally considered as the foundation of
free market-econom cs. It shows why nmarkets, where “greedy”
I ndi vidual s neet, work at all. But |ater, when the nodel was
extended to include production, the problem of the physical
generation of wealth had to be coupled inseparably to the
probl em of the distribution of wealth as a consequence of the
nodel structure: in the neoclassical equilibrium wth the
assunption of profit maxim zing entrepreneurial behavi or,
factor productivities by definition had to equal factor prices.

This nmeans that in the resulting nodel, the weights with which
t he production factors contribute to the physical generation of

wealth ae determned by the cost share of each factor. I n
ot her words, observations on contenporary social structure and
entrepreneuri al behavi ors are used to draw inferences

concerning the physical inportance of production factors. Here
lies the historical source of the econom sts’ underestinmation
of the production factor energy, because in advanced industri al
mar ket econom es energy cost, on the average, is only 5 to 6
percent of the total factor cost (Baron 1997). Ther ef or e,
econom sts tend to either neglect energy as a factor of
production altogether, or they argue that the contribution of a
change of energy input to the change of output is equal only to
energy's small cost share of 5 to 6 percent (Denison 1979,
1984). However, it can be argued that energy has a small share
in total production costs not because it is relatively Iless
I nportant than capital or |abor as a production factor, but
rat her because of the free work of the biosphere and the
geosphere it has been abundant and cheap, and because not al
costs of its use are reflected in its market price (i.e., the
probl em of “externalities”). That energy actually has nuch
nore | everage was denonstrated by the inpact of the two energy
price explosions in the years 1973-75 and 1979-1981 that
I npacted economc growth significantly (Cleveland et al. 1984,
Jorgenson 1984, 1988).

Neocl assical nodels that do not include energy cannot
explain the enpirically observed growth of output by the growth
of the factor inputs |abor and capital. There always remains a
| arge unexpl ai ned growt h residual which formally is attributed
to what econom sts call “technol ogical progress”. “Thi s
has lead to a criticism of the neoclassical nmodel: it is a
t heory of growth that |eaves the main factor in econom c growth
unexpl ai ned” (Sol ow 1994). As we will argue below, weighting a
factor by its cost-share is an incorrect approach in growh
t heory. Li kew se, the finite em ssion-absorption capacity of
the biosphere is vastly nore inportant to future economc
production than its present (often zero) price indicates.

The human econony uses fossil and other fuels to support and
enmpower |abor and to produce and utilize capital just as
organi sns and ecosystens use solar-derived energy to produce
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and mai ntain biomass and biotic functions. Labor productivity
has been correlated highly wth increasing energy use per
wor ker. This has been especially critical in agriculture (Hal

et al. 1986). Energy, capital, and |abor are conbined in hunman
econom es to upgrade natural resources (generated by natural
energy flows) to useful goods and services. Therefore economc

production, I|ike biotic production, <can be viewed as the
process of upgr adi ng mat t er into hi ghly ordered
(t hermodynamni cal |y i npr obabl e) structures, bot h physi cal

structures and information. Where one speaks of “addi ng val ue”
at successive stages of production, one nmay also speak of
“adding order” to matter through the use of free energy

(exergy). The perspective of exam ning economcs in the “hard
sphere” of physical production, where energy and materi al
stocks and flows are inportant, is called biophysical
econom cs. It nust conplenment the social sphere perspective.

Argunent 2: Boundari es

Anot her problem with the basic nodel used in neoclassical

econom cs (Figure 1a) is that it does not include boundaries
that in any way indicate the physical requirenents or effects
of econom c activities. W believe that at a m ninmum Figure la
shoul d be reconstructed as Figure 1b to include the necessary
resources, the generation of wastes, and the necessity for the
econom c process to occur wthin the larger system the
bi osphere (Daly 1977, Cleveland et al. 1984, Dung 1992, Ayres
1996, Dasgupta et al. 2000). Taking this assessnment one step
further, we believe that sonething like Figure 2 is the diagram
t hat should be used to represent the actual physical aspects of
an econony’s working. It shows the necessity of the biosphere
for the first steps of econom c production and as a mlieu for
al |l subsequent steps. Figure 2 further enphasizes the flow of
energy and matter across the boundary separating the reservoirs
of these gifts of nature from the realm of ~cultura

transformati on within which subboundari es i ndi cate t he
different stages of their subsequent transformation into the
goods and services of final demand. Some such di agram shoul d

be presented to every student in an introductory econonics
course so that the way in which the econom c process operates
in the real world is properly understood.

Argunent 3: Validation

Natural scientists expect theoretical nodels to be tested
before applied or devel oped further. Unfortunately, economc
policy wth far-reaching consequences 1is often based on
econom ¢ nodels that, although el egant and wi dely accepted, are
not validated (Daly 1977, Cleveland et al. 1984, Dung 1992,
Ayres 1996). Enpirical tests to validate econom c nodels are
undertaken even less frequently in the developing countries
where these npdels are followed regularly (e.g., Kroeger and
Mont agne 2000) . As the Nobel laureate in economcs Wassily
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Leonti ef noted, many econonic nodels are unable “to advance, in
any perceptible way, a systematic understanding of the
structure and the operations of a real economc systent;
i nstead, they are based on “sets of nore or |ess plausible but
entirely arbitrary assunptions” leading to "precisely stated
but irrelevant theoretical conclusions"” (Leontief 1982).

Most non-econom sts do not appreciate the degree to which
contenporary econonmics is laden with arbitrary assunptions.
Nom nal |y objective operations, such as determ ning the | east
cost for a project, evaluating costs and benefits, or
calculating the total cost of a project, normally use explicit
and supposedly objective econonmic criteria. In theory, al
econom sts mght cone up with the sane conclusions to a given
probl em In fact, such "objective" analyses, based on
arbitrary and convenient assunptions, produce logically and
mat hematically tractable, but not necessarily correct, nodels.

Where there have been enpirical analyses (of, for exanple,
consumer choice), the results frequently have shown that the
behavi or of r eal people in experinmental or | abor at ory
situations were quite different fromthe assunptions of a given
neocl assi cal nodel (Schoemaker 1982, Smith 1989, Hall 1991).
On the one hand, this is not surprising, because social science
nodel s of human behavi or sonetines apply and sonetinmes they do
not, dependi ng upon whi ch nodel ed subset of the infinite set of
human behavioral patterns is nmatched by the actual group of
people to which the nodel is applied. On the other hand, the
authority econom sts often assign to their nodels is sonewhat
curious, because wunavoidably fuzzy economc nodels do not
beconme precise just because they emul ate the nmathematical rigor
of physics. For exanple, Ham Itonians are used in economcs in
anal ogy to the Ham Itonians in physics. In fact, in physics a
Ham Itonian is an energy function representing the sum of
kinetic and potential energy in a system from which one can
derive the equations of notion of the particles of the system

I n neocl assical production theory the price vector is given by
the gradient of the output in the space of the production
factors just as the vector of a conservative physical force is
given by the gradient of potential energy in real space
(M rowski 1989).

Val i dation also proves difficult or inpossible because both
classical and neocl assical theories were originally devel oped
using concepts of production factors as they existed in
agrarian societies. These theories have been transferred nore
or less wunchanged to applications in the nodern industrial
wor | d. No provisions have been added to the basic theory for
i ndustrialization and its consequences. We next discuss how
one may add such provi sions.

The i nportance of energy to econom c production
In industrial economes the capital stock consists of al
7



energy conversion devices and the installations and buil dings
necessary for their operation and protection. Its fundanent al
conponent s are heat - engi nes and transi stors (formerly
mechani cal swi tches, relays, and electronic valves), activated
by energy and handled by |abor. They provide the average
citizen of the industrially developed countries with services
that are energetically equivalent to those of ten to thirty

hard |aboring people - “energy slaves” if you wll. These
numbers would nore than triple if one included energy for room
and process heat. In 1995 primary energy consunption per

capita per day was 133 kWh in Germany and 270 kWh in the USA.
This would correspond nunerically to nore than 40 and 90 energy
slaves per capita in Germany and the USA, respectively, each
one delivering about 3 kWh per day. Huge arm es of energy
sl aves create our weal th.

In order to denpbnstrate the econonmic inportance of energy
quantitatively we present an econonmetric analysis of econonic
grow h over three decades for the USA, Japan, and Germany
(Kimmel 1980, 1982, 1989, Kummel et al. 1985, Kiumrel et al. in
press). This analysis shows how the proper inclusion of energy
removes nost of the unexplained residual encountered by
neocl assical theory (see App. 1).

W make the fundanental assunption that weal t h, as
represented by the output Q of value added, is created by the
cooperation of the production factors capital K, labor L, and
energy E in conjunction with creativity Cr. Raw materials are
the passive partners of the production process. They are
critically inportant but do not contribute by thenselves to the
generation of value added. Their nonetary value is not
included in the national accounts’ enpirical tine series on
value added with which we conpare our theoretical results.
However, if materials become scarce in spite of recycling,
gromh of course wll be constrained. In systens, where
catalytic processes play a quantitatively inportant role, one
m ght consider treating the catalytic materials as a factor
distinct from the capital st ock. Creativity is that
specifically human contribution to economc evolution that
cannot be nmade by any machine capable of |earning and which
cannot be realized by changing factor conbinations. Creativity
contributes ideas, inventions, value judgnments, and deci sions.

Creativity's influence my be weak in the short run but
I mportant in the long run. In fact, creativity often has been
about finding ways to increase energy subsidies for a task. Q
i's nmeasured of necessity in inflation-corrected nonetary units,
and so is K, whereas appropriate neasures for E are Petajoul es

per year and for L man-hours worked per year. E and L are
obtained from the national energy and |abor statistics and K
and Q from the national accounts. ldeally, one would like to

measure K by the amount of work-performance and information
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processing that capital is capable to deliver when being
totally activated by energy and | abor. Li kewi se the output Q
m ght be nmeasured by the work-performance and information
processing necessary for its generation. The detail ed,
gquantitative technol ogical definitions of K and Q are given by
Kiammel (1980, 1982, Kummel & al. in press). However, these
physi cal nmeasurenents of K and Q are not available. Therefore,
we assune proportionality between them and the constant
currency data. We normalize all variables to their values (Q,
Ko, Lo, Eo) for a base year. For a quantitative analysis of
growth we enploy production functions q = q[k(t),I(t),e(t);t]
t hat describe the evolution of the normalized output q = QQ
as the normalized inputs of capital, k = K/ Ko, labor, | = L/Lo,
and energy, e = E E, change with time t; we allow for an
explicit tinme-dependence of g in order to nodel the effects of
creativity.

We cal cul ate production functions from the follow ng growh
equation that relates the (infinitesimal) relative change of
the normalized output, dg/q, to the relative changes of the
normal i zed inputs, dk/k, dl/|, de/e, and creativity' s action:

dg/ g = a(dk/k) + pb(dl/I) + g(de/e) + Cr. (1)

a, b, and g are called the elasticities of production of
capital, l|abor, and energy in the |anguage of econom cs. They
nmeasure the productive powers of the factors in the sense that
(roughly speaking) they give the percentage of output change
when the correspondi ng i nputs change by one percent. They, and
Cr, involve the partial derivatives of g (see App. 2). If one
can approximtely neglect the explicit tine-dependence of q, as
we will do for the noment, one has Cr = O.

Qur procedure for calculating the production function from
eq. (1) differs in one essential point from that of
neocl assi cal economcs: W do not set g, b and equal to the
cost shares of capital, |abor, and energy in total factor cost.
(I'n industrialized countries such as the USA, energy commands
about 5% |abor about 70% and capital about 25% of total
factor cost.) This stipulated equality of elasticities of
production and cost shares is a result of the fundanmental
hypot heses underlying the neocl assical equi l i brium nodel.
| nstead, we determ ne these coefficients differently using an
econonetric analysis and a set of three differential equations
representing the integrability conditions of the production
function (see App. 3). The sinmpl est non-constant sol utions of
these equations wth technologically meaningful boundary

conditions are a = ao(l+e)/k, b = ao(co(l/e)-1/k), and g=1 - a
- b, with technol ogy paranmeters ao and co (see App. 4). Here, ao
gi ves t he wei ght with whi ch t he | abor/ capital and
energy/capital input-ratios contribute to the productive power
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of capital, and co indicates the energy demand e: = cok:(q:) of
the fully utilized capital stock k:(q:), that would be required
in order to generate the fraction q; of output accessible to
totally automated production with virtually no | abor, while the
production of (g - q:) is labor saturated; then p goes to zero
as e and k approach e and k;. If one inserts these
elasticities of production into equation (1) and integrates,
with Cr = 0, one obtains the (first) LINEX production function:

q = qoe explao(2 — (1+e)/k) + aoco(l/e — 1)], (2)
whi ch depends |inearly on energy and exponentially on quotients
of capital, |abor, and energy. The integration constant qo is
the third technology paraneter of the theory; 1its changes

i ndi cate changes in the nonetary valuation of the original
basket of goods and services making up the output-unit Q
Activities of creativity Cr which Jlead to an explicit
ti me- dependence of the production function can be nodel ed by
allowing ao, co, and qgo to change in time. a, b and g nust be
non-negative in order to nmke sense economi cally. This poses
I nportant restrictions on the adm ssible factor quotients in g,

b and eq. (2). Integration of eq.(1l) with the constants ao bo,
and g = 1 - ao - bo, Yyields the energy-dependent Cobb-Dougl as
production function q = qok®l e’ ™  This function, however,
violates the laws of thernodynam cs because it allows for the
al nost conplete substitution of energy by capital. Thus, it
should be avoided in scenarios for the future. Qur nodel
I ncorporates the |imts to substitution, thanks to the
restrictions on a, b, and g The LINEX function is of the type
“variabl e-elasticities-of-substitution.” Its relation to the

frequently used transl og function has been discussed by Kimrel
et al. (1985).

We tested our energy-dependent production function (eq. 2)
with enpirical data, examning the sectors "lIndustries"” of the
USA and Japan and the West German nmanufacturing sector

(“Warenproduzi erendes Gewerbe”). (The sectors “Industries” are
defined by the “System of National Accounts” and include the
servi ces-produci ng sectors). W were able to obtain consistent
sets of data for these sectors which produce about 80, 90, and
50% respectively, of gross donestic product (GDP). When we
inserted the nunerical values for the technology paraneters
given in Fig. 3 and the annual enpirical inputs of k, |, and e

for the USA from 1960 to 1993, Japan from 1965 to 1992, and
West Germany from 1960 to 1989 into the LINEX function we
obtained the theoretical outputs which are shown in Fig. 3,
together with the annual enpirical outputs. For each country
the nunerical values of the three technol ogy paraneters have
been determ ned by fitting the LINEX function to the enpirica

time series of output before and after 1977, using the
Levenber g- Marquardt nethod (see Press et al. 1992). This
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results in the different sets of ao co and go shown in Fig. 3,
i.e. a time dependence of the paraneters between 1977 and 1978.

RESULTS

The LINEX functions, which include the production factor
energy, reproduce the output of all three production systens
for all years considered with only mnor residuals, including
the recessions caused by the two mmjor energy crises (App. 7).
The energy crises were triggered by the first and second
oil-price explosions in 1973-1975 and 1979-1981 in the wake of
the Jom Ki ppur war between Israel and its Arab neighbors and
the war between Irag and Iran, respectively. The influence of
creativity in response to the oil price increase shows in the
reduction of the energy demand of the capital stock, co and
t he enhancenment of capital’s productive power by the enhanced
ao after 1977. These shifts of the technology paranmeters are
the results of the decisions of governnments and entrepreneurs
to invest in energy conservation technologies after the shock
of the first oil-price explosion. Structural changes towards
| ess energy-intensive econonic activities played a role, too.

Of course, the limtation of the paranetric tinme-changes to
one year is a consequence of our sinmple nodeling of
creativity’ s action as a single one-year pulse. If one goes a
step further, assumes that creativity is always active, and
nodel s the transitions between the different values of a, and co
before and after the energy crises using continuous functions
of tine, the discrepancies between the theoretical and
empirical WA-curves after 1985 di sappear and the results for
Japan and Germany remain practically the same (Henn 2000; see

App. 5). In any case, in the short run the changes caused by
creativity are small conpared to the changes caused by the
changi ng conbi nations of capital, |abor, and energy. Therefore,

creativity’s influence, and thus any explicit tinme dependence
of the production function can be neglected during tine spans
of at |east a decade. Even wi thout any paraneter readjustnents
between 1977 and 1978 the evolution of production in Gernmany
and Japan during three decades is reproduced by the LINEX
function with residuals of |less than 10 per cent (Kumel et al.

in press). Ot her energy-dependent production functions wth
mat hematically sinpler, i.e. <constant, or nore conplicated
elasticities of production yield quantitatively and

qualitatively simlar results (Lindenberger 2000; see also App.
6) .
The results of our analysis also denonstrate in all three
cases that the productive power of energy is nore inportant
t han that of capital or |abor, and nearly an order of magnitude
| arger than the 5 percent share of energy cost in total factor

cost. This follows from the time-averaged LINEX elasticities
of production of capital, |abor, and energy, which are:
a) for the USA: (a=0.36, b=0.10, ¢0.54),
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b) for Japan: (a=0.34, bp=0.21, ¢0.45), and
c) for West Germany: (a=0.45, p=0.05, ¢g=0.50), (see App. 7).

In addition the elasticity of production of |l|abor is nuch
smaller than |labor’s cost share of typically 0.70. In
i ndustrialized countries such as the USA energy commands about
5% | abor about 70% and capital about 25% of total factor
cost. The stipulated equality of elasticities of production
and cost shares is a result of the fundanental hypotheses
underlying the neocl assical equilibriumnodel. This neans that
one of the fundanental assunptions of neoclassical equilibrium
economcs, i.e. the equality of mrginal productivities and
cost shares, has not been satisfied under the conditions of
production reigning during the |last three decades in the USA,
Japan, and GCernmany. Rat her, under the pressure of cost
m nim zation, the econonm es have been driven into substituting
weak, expensive |abor by the conbination of powerful, cheap
energy with increasingly automated capital. This substitution
takes tinme because of i) technical constraints on the progress
of automation, ii) the demand for those products and services
that cannot be produced in a totally automated fashion, and
i) still existing and respected Ilaws and agreenents.
Therefore, the possible maximum of the sum of profits in the
econom es has not yet been reached.

Sone social inplications of our analysis

If one accepts the inportance of a biophysical basis for
econom cs then there are some inmportant inplications of our
anal ysis for econoni cs and for society.

1. The replacenent of expensive |abor in routine jobs by the
conbi nati on of cheap energy with capital is likely to continue
under the present incentive structure. Thi s conbi nation al so
reinforces the trend towards globalization, because goods and
services produced in |owwage countries can be transported
cheaply into high-wage countries. Thus, high unenploynment (in
nost hi gh-wage countries) will continue if the disparities we
identified between the productive powers and cost shares of
| abor and energy are not renoved, for exanple by fiscal policy.

Certainly, the low price of fossil fuels relative to their
productive power generates large profits. But, as is well
known, it also prevents the nmarket penetration of |arge-scale
energy conserving and non-fossil energy technol ogies, which
coul d decrease the demand for fossil fuels and relieve sone of
the burden of pollution. Therefore we believe that the

probl ens of unenpl oynment, resource depletion, and pollution can
be attacked successfully only if the pivotal role of energy as
a factor of production is properly taken into account in
econom ¢ and social policy.

2. Price does not always reflect scarcity and economc
i nportance. Scarcity of a resource nust be defined in terns of
both short- and long-term resource availability. Price, the
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econom st's wusual netric of scarcity, reflects many inportant
aspects of scarcity poorly because it is often based on
short-term market val ues. Most i nportantly, Norgaard (1990)
and Reynol ds (1999) show how uncertainty about the size of the
base of a resource can obscure the actual trend in scarcity of
that resource, with the result that “enpirical data on cost and
price declines ..do not necessarily inply decreasing scarcity”
(Reynol ds 1999, p. 165).

As an exanple of this phenonenon, in md 1999 the real price
of oil was at nearly its |owest |evel ever despite of the fact
that nost estimates of the time at which global oil production
wi |l peak range from 2000 to 2020 (Kerr 1998, Cleveland 1999).

3. The concept and inplenentation of sustainable devel opnent
as interpreted and advocated by npst econom sts must be thought
t hrough nuch nore carefully, because of the requirenmnent for
energy and materials for all economic activity (see Hall 2000
for a detailed analysis of Costa Rica). Energy is in fact
di sproportionally nore inportant in terns of its inmpact on the
econony than its nonetary val ue suggests, as evidenced by the

events of the 1970s (i.e. inflation, stock market declines,
reduced econom ¢ output etc.) which appear to be reoccurring to
sone degree in 2000 partly in response to a simlar
proportional increase in the price of oil. Fundanental | y,

current societal infrastructure has been built and nmaintained
on the basis of abundant cheap supplies of high quality energy,
i.e., energy characterized by the Ilarge amunt of energy
delivered to society per wunit of energy invested in this
delivery (through exploration and devel opnment, or through trade
of goods for inported energy, Hall et al. 1986).

4. In developing nations, investnent policies based on
neocl assi cal econom ¢ analyses encourage borrowing from
devel oped countries and hence grow ng indebtedness. Pressure

to service the debt encourages the quick extraction of
resources to generate a cash flow so that paynents of interest
and repaynent of principal can be maintained. |In the neantine,
the long-term productivity of the region may be destroyed. But
t hose assessnents are not included in neoclassical analyses; in
the rare cases where resources are included in the analysis
their value is heavily discounted. For exanple, many tropica
countries sell their forest products at a price far below their
worth (Repetto 1988, Hall 2000), and the Russian government has

been talked into abolishing its export tax on fossil fuels
which was the Ilast source of secure revenues for highly
i ndebt ed Russi a. Devel oping <countries and nations in

transition to market econom es should attribute nore inportance
to their natural resources than they do presently under the
i nfluence of the reigning econom c theory.
5. Humans tend to seek political explanations for events
that in fact may have been precipitated by biophysical causes.
For exanple, Reynolds (2000) shows how the sharp decline in
the oil production of the fornmer Soviet Union may have
precipitated the economc crises that led to the collapse of
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t he Sovi et Union.
Sonme bi ol ogical inplications of our analysis

1) Economies, just |ike ecosystems, or indeed any system can
be represented as stocks and flows of materials and energy,
with human material welfare largely a function of the per
capita availability of these stocks and fl ows.
2) Present agricultural technol ogies, nost wildlife nanagenent
and conservation progranms, and perhaps bionedical technol ogies
are as dependent upon the availability of cheap energy as
anything else. For exanple, nobst increases in agricultural
productivity have not cone from genetics al one. In fact for
many crops there appears to be essentially no increase in gross
phot osynt hesis but rather only an increase in the proportion of
phot osynthate that goes to the parts we eat, generally seeds,
while the organs and functions of a wld plant (i.e. gromﬂng
roots to take up nore nutrients and water, generating secondary
conpounds for insect defense) are increasingly supplied by
i ndustrially-derived inputs from outside the plant (Sm | 2000).
In addition, the efficiency of agriculture tends to be
inversely related to the intensity of wuse of l|and area or
fertilizer (Hall et al. 1998, Hall 2000 chapter 12).
3) Human rmateri al well-being is derived essentially by
redirecting energy stocks and flows from what natural selection
and the accidents of geology dictated to ends determ ned by

human needs, and increasingly, desires. Now some 40 to 60
percent of the global primary production is exploited, in one
way or another, by the human econony (Vitousek et al. 1986,
1997).

Qut | ook: The chall enge to construct a nodel including the

bi ophysi cal basis of the econony

At the present time no ‘economc’ nodel exists that is an
effective representation of a total econony including the
bi ophysi cal basis. There are, however, a nunmber of beginning

attenpts. First, there are very detailed and conprehensive
nodel s of the flow of energy through each sector of the U S
econony (Hannon 1982). But they do not include the flows of

nature (such as the energy associated with the hydrological
cycle, flows of rivers, solar energy, photosynthesis and other
I mportant conponents of the econom c system). Another approach
that does include the energy flows of nature (although
associated with considerable controversy) is that of enmergy
(with an m analysis, which does attenpt to include all flows
of nature and the human econony, and in addition attenpts to
give each energy flow a weighting according to its quality

(Odum 1996). This approach has been applied at a very
aggregated level to national economes and even wused to
recommend policy (Brown et al. 1995). Finally, evolutionary

econom cs | ooks for ways of nodeling the econom c process by
conbining nature's principle of self-organization wth the
14



growt h of human know edge and i nnovations (Wtt 1997, Faber and
Proops 1998, see also App. 8).

We nust concl ude, however, that a truly useful and
acceptabl e nodel including the biophysical basis of the econony
is probably still rather far into the future. Wat then is the

utility of bringing a biophysical perspective into econom cs?
We believe at this tine that it is overwhelm ngly heuristic.
By thinking about economes as they actually are (i.e. Figure
1b or 2) instead of how we night conceptualize them for
anal ytic ease and tractability (i.e. Figure 1a) we can teach a
new generation of econom sts about the real operations of human
econom es and their various links to the ‘economes’ of the
natural world. W believe this is especially inmportant, as we
under stand i ncreasingly through science that there are at | east
constraints, and possibly even limts, to growth. Future
generations o econom sts probably will not be able to treat
such issues as over-population, oil and ground-water depletion,
and changes in the conposition of the atnmobsphere and the
bi osphere sinply as “externalities” to be given a price and
rolled into the larger analysis, but as fundanental conponents
of the total economc nodel. W do not understand how that can
be done wthout starting from a biophysical basis, and
chal | enge a new generation of econom sts and natural scientists
to think fromthis perspective.
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Fi gure | egends

Figure 1. Two views of the econony.

a) The neoclassical view of how econom es work. Househol ds
sell or rent land, natural resources, |abor and capital to
firms in exchange for rent, wages, and profit (factor

paynments). Firms conmbine the factors of production and produce
goods and services in return for consunption expenditures,
i nvest ment, governnent expenditures and net exports. This view
represents, essentially, a perpetual notion nachi ne.

b) Qur perspective, based on a biophysical viewpoint, of the
m ni rum changes required to make figure l1a) conformto reality.
We have added the basic energy and material inputs and outputs
that are essential if the economc processes represented in
figure la) are to take place.

Figure 2. A nore conprehensive and accurate nodel of how
econom es actually work. The second colum of this diagram
represents the entire global ecosystem mlieu within which the
rest of the global econony operates. Nat ural energies drive
geol ogi cal, biological and chem cal cycles that produce natural
resources and public service functions and maintain the milieu
essential for all other econom c steps. Extractive sectors use
econom ¢ energies to exploit natural resources and convert them
to raw materi al s. Raw materials are used by manufacturing and
other internediate sectors to produce final goods and services.
These final goods and services are distributed by the
commercial sector to final demand. Eventually, non-recycled
materials and waste heat return to the environnent as waste
product s. We believe this diagram to be the m ninmum nodel of
how a real econony worKks.

Figure 3. Theoretical (dianmpbnds) and enpirical (squares) growth
of annual industrial production q = QQ in the USA (Q@ = Queo) .
top, Japan (@ = Quo7n2), mddle, and West Germany (Q = Quoso),
bottom In all three systenms the overall growth of the capital
stock k is simlar to the overall growth of the output g, and
t he ups and downs of energy inputs e and outputs q occur at the
same times. Labor | rises in the USA, stays nearly constant in
Japan, and decreases in West GCernmany. The enpirical tinme
series of k,l,e can be found on the web under:

http://theorie. physik. uni-wuerzburg. de/ TP1/ kuemrel / profil e. ht n

APPENDI X

1. The constraints on econom c growth due to entropy production
(Knmmel 1980, 1982, 1989, Kiummel et al. 1985) wll not be
considered in this analysis of the past.

2. Eq. (1) results from the total differential of the
production function. The elasticities of production are
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a(k,1,e) ° (k/q)(fa/1k), b(k,l1,e) ©° (I/aq)(qa/M), ok, l,e) o
(e/q)(99/9ye), and the term due to the creativity-induced
explicit time-dependence of the production function is Cr =

(t/q)(qa/qt) (dt/t).

3. The differential equations result from the requirenent that
the second-order m xed derivatives of the production function

with respect to the production factors are equal. Wth the
assunption of constant returns to scale, i.e. g=1 - a - b,
the differential equation for a is k(fa/qk) + I1(fa/q) +
e(qYa/qe) = 0, the equation for p has identical structure, and
the coupling equation reads |(qa/q) = k(qb/gk). The nost
general solutions of the first two equations are g = f(I/k,
e/k) and b = g(l/k, elk), wth arbitrary differentiable
functions f and g. The boundary conditions which would

unequi vocal ly determ ne the solutions of this system of parti al
differential equations would require knowledge of p on a
surface and of g on a curve in k,|l,e space. It is practically
I npossible to obtain such know edge. Therefore, one has to
choose approxi mate or asynptotic boundary conditi ons.

4. These solutions take into account the possible approach to
the state of total automation, as described in the paragraph
above eq. (2), and the condition that g nmust vanish if (|+e)/k
goes to zero: with zero |abor and energy, i.e. zero capacity
utilization of <capital, capital growth cannot contribute to
out put growt h. These “asymmetric” boundary conditions lead to
the “asymretric” solutions of the symmetric set of differentia
equat i ons.

When we tested other boundary conditions and nore
sophi sticated elasticities of production with the correspondi ng
“hi gher” LINEX functions the quantitative results did not
change significantly (Lindenberger 2000, see also Kiummel et al.
1985).

5. Yet another nodeling of creativity's action is possible for
West Germany where we know the tine-series of the share of
electricity ElI(t) in end-energy consunption: If one replaces e
by [1+El (t)]e in the LINEX production function and determ nes
the three technol ogy paranmeters by only one fitting procedure
for the time from 1960 to 1989, one obtains a theoretical
output which is barely discernible from the one in Fig. 3,
bottom (Kumrel et al. in press). This is consistent with the
observation that normally efficiency inprovenents require nore
el ectrical devices and confirms the view that electrification
and technol ogi cal progress are closely interrelated (Jorgenson
1984).

6. Like the Deutsche Bundesbank (Federal Reserve Bank of
Germany; 1996) in its macro-econonetric nmulti-country nodel we
21



present here the standard econonetric quality neasures, nanely
the coefficient of determination, R (the “best” possible val ue
is 1.0), and the Durbin-Watson coefficient of autocorrelation

dw (the “best” possible value is 2.0). The R® and dw pertinent
to the LINEX functions in Fig. 3 are: for West Gernmany 0.991
and 1.23 during 1960-1977, 0.782 and 0.96 during 1978-1989; for
Japan 0.995 and 1.22 during 1965-1977, 0.992 and 1.15 during
1978-1992; and for the USA 0.983 and 0.65 during 1960-1977, and

very small during 1978-1993. In Julian Henn's (2000)
I nnovation-di ffusion nodel wth continuously decreasing co(t)
and increasing a(t) - not shown in Fig. 3 - one finds for the

USA R = 0.997 and dw = 0.95 for the tinme 1960-1993, and for
Japan and Germany the R and dw are better than 0.993 and 1.57
for the full length of the observation tines. The technol ogy
paranmeters have been determned with the help of the Levenberg-
Mar quardt nmethod in non-linear optimzation, subject to the
constraints of non-negative elasticities of production (see
Press et al. 1992).

The positive autocorrelations are due to the unavoidable
approxi mations for the boundary conditions on the elasticities
of production (see App. 3) and, as a consequence, the
necessarily approxi mte character of the production functions.

When estimating the GDP of the USA, Japan and Gernmany between
1974 and 1995, wusing a translog-type production function of
capital and labor with cost-share weighting and exponenti al
ti me dependence, the econonetricians of the Deutsche Bundesbank
(1996) obtained 0.997, 0.995, 0.97 for R and 0.72, 0.32, 0.24
for dw, respectively.

7. The tinme-averaged LINEX elasticities are approxi mately equal
to t he const ant el asticities of producti on of t he

ener gy- dependent Cobb- Dougl as production function q = qok®l "e®
%% that also fits reasonably well to the enpirical data.

Thus, energy-augnented Cobb-Douglas functions approximte the
LI NEX functions on past growh-paths in factor space that, of
course, did not violate the physical limts to substitution.

8. An opportunity of starting this process was offered by the
senmi nar “Economic Gowmh - Driving Forces and Constraints in
the Perspective of Economcs and the Sciences” of the
VE- Her aeus Foundati on (WE-Heraeus-Stiftung, P.O. Box 1553, D
63405 Hanau, Germany) from October 22 to October 25, 2000, in
Bad Honnef, Gernmany.
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