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I. Evolution and Energy?

The regularities prevailing in physical systems, in particular those concermning the flow .ufcncr.gy
between and within the systems, conslitute a eentral theme of evolulionary theory. This :-.pph'cs
Both 1o 1 theary of biologicat evetution and 1o theorelical ccology (a disciptine cuncc!'ncd wilh
the inacrophenoineni of biological evolution), As earty as 1908, the chemist, natural philosopher
and Nobel Tanreate Wilheln Qstwald reatized that Life as such ¢an be understood 2w a permanent
competition for the limited availability of free encrgy [Ostwald 1923}, Like all cmnplc:\c strue-
tires, the existence of living organisms isdependent on the supply of cnergy as a prerequisite for
mectabolis s - ahe place. For living organisms, the necessity of energy supply follows [rom a
thennod ynamical disequilibrinm: man, for example, kas a body temperature of 36.6°C, whereas
the average ambicnt wmpersanre in Central Burope is as low as 1.

Azother reason lor the encrpy demand of a systemresuits from the requirements of the reproduc-
tion process: it is based notonly on the tansmission of infonmation, but alsoon the :\cc?mmlmio.n
of eneipy bound in meganic substances (growth of biomass). The resuliing changes in organic
malter constitute the impeius for the rapid snecession of mutations and Mueatiens of biological
struetures: withont these alterutions, higher forms of life could not have developed within the rel-
atively tnaited period of e available in the history of evalution. [‘iil:lily, aclive anel p;l.?sivc re-
siatance w theens and dangers, £ e, the response Lo the challenges of contlinuously changing con-
ditions, wiso requires a certain ioput of energy.
The development of ordered states and steactures is the essenlial featore of bi(nlogi.c;l.i life and
hielogicad evolution. Ludwip Fduard Beltzmann was the first to prove in 1886 that Jiving struc-
sures exsentially rely on using liee energy in onler to resist the regutaries of the Sceond Taw
ol Themuxlynamics. 85 years later, Georgescu-Roegen [1971] provided the following formuli-
tion of the question under discussion, along with an cconomically relevant answer:
Given that even a simpic eell is a highly ordered sirecture, how s it possible _fur such a structure 1o
avoid being thrown into disorder instantly by the incxprnh!c Entropy L.'m_f? ‘The answer 6l modemn
weicnce has o definile econemic Qayor; A living organism is a steady-going concern which main-
ting its highty ordered structure by sacking low entropy I’rom the enviigiument $0 as o Ccompensiie
for e cotopic degrdation 1o which it s continuously subject. [Georgeseu-Rocpen
1971191182}
Frosnthe ;- ntof view of the systemas a whole, this resulisina complex pattern of enerpy flows
whose esseatial siructurad £ stares can only be deseribed and inodelled with a high degree ol ab-
staction and simplification. This is one of the topics studied within the :_lonu'fin of ecology. In
puneril, ceologists presume externaily predetermined changes such as ch:.na_uc chiitges or an-
hropogenic inlluences, thus enabling the process of change 1aking place within ﬂ')c system 10 L
sinbried numerically on the basis of a number ol assumed or wetl-known behavioral reactions,
Thus, dan can be obtained on questions as to where harmful subsiances will concentzate and how
the ceolapical structee will change through selection and mobility. In some cases, the mathemi-
ical results can be verified by expeciment. [tis not possible, however, 1o anticipate Lhe cffects af
Wation — o, for examgle in ccenomics, to predict the impacis of innovation or the lil‘ning an
direction of “Lifnreations™. Thus, the structural evolution of wn ceosystem is only partially pre-

dictable.

From the vicwpaeintol an individual organism, howeves, the energy prablem appears 1o be dil'l"c.'r-
ent. For the individual, access 1o free energy supplicd by the environment always entails certain
expenses, or costs; thus, in spitcof a thearetically abounding encrgy [?otm_m;ll, encigy is asearce
comnmodity, Therelore, it is an essential prerequisite for maintaining its vital functions .‘h;u each
Ladividual organisnt should accomplish the exchange of encrgy and niatler with the environment

clficienty, f.e., at an expense as fow as passible. In economics, efficiency can be measured on
the basis of the costs involved, e, the Input evaluated s1 market prices. This, however, requires
the free developiment of competilive market prices, unaffecied by any misallocations of propri-
etary rights and the resulting external cosis ~ an essentiil prerequisite for ensuring the systom's
supply requirements which would otherwise be jeapardized by the depletion or destruction of its
available cnergy resources. Such a supply gniarantee depends on the following condition: an indi-
vidlual or the whole species must be capable of adapling itself with sufficient flexibility to alterna-
tive sources of supply in case certain food and energy supplies should be lost. Thus, adaptability
— adjustiment combined with flexibility and maobility in ecological niches —is the vital stratepic
skill tn surviving supply problems and shocks. I1is only 10 a modest extent that nature resorts to
the saategy of making provisions (e.g., stockpiling food supplies) [or critical times, thus supple-
menting and extending the scope of action and reaction.

Characlerisiically encogh, the metheds applicd by a biclogical sysiem lor producing, storing, and
using encrpy rank among the most essential and distinctive features of the various species in that
they determine their respective stages of development in the evolutionary hierarchy. This shows
quite chrarly that the development of a biological system is essentially linked 1o the changes and
developments wking place in the encrgetic subsystern concerned. In thiscontext, it makes no dif-
ferenee whether migeation or substitntion are called forth by a sudden shonage or depletion of
the source of cnerpy used so far or whether other factors are invalved as well: the changing envi-
ronmental and averall conditions, inctuding endogenous developments such as the growtl of ity
own population, inevilably initiate n process of search and experimentation aimed at seeking out
newly founed ecological niches which provide a relative optimumn of encrgy supply. After pass-
ing through one or mare phase transitions, the overail system may eventually rely upon these
niches for balancing s energy requirements {i.e., as soon as the original energy supplics run
short),

As a rule, the individual search processes lead to different results since there are vartous ap-
proachies providing solutions 1o supply probleins. What kind of long--term chances and risks these
bulaacing processes entail, cannat be anticipated during the phase tmmsiton as such. In retro-
speat, some developments tarn opt to be an ecological deadlock. This already proves the necessi-
ly of helerogenenus behavioral response en the part of the individual: the chance of survival pre-
supposes the experiment, along with the risk of its fuilure, The specics as a whole is sustained
by its successfully innovating individuuds.

The evolutionary point of view is particularly suited for describing the relationships between an
apen systemn and its cnergetic subsysien, The same applies to the econoinic sysieni. According
o this interpretation, the development and the balancing processes of ithe economic syste show
analogies with corresponding biolagical and ecolegical processes: the economic system, 0o, is
ahighly complex systen which finds itself in a state of discquilibrium with its environment and
which can therefore only be masintained on the basis of acertain energy input. Thus, the methods
of energy preduction and use constitute an important esilerion for assessing the viability of an
ccanomic system, Once again it is worth noting 1hat it is not the scarcity of energy resounrces
which is the decisive factor, but rather the efficient use of energy — from ils supply 1o its finnl
consumption. Table 1 shows the enerpy potential available to mankind.



Table 1: Energy potential (energy storage) in evolution

potential {TWyr)

L short—term storuge
hydro power 5
wind, waves and tides 350
biomass 1000

long -wrm slorage
fossil energy 15 000
fission of uranium (canventional technology) > 250
fisston of uranitm (breeder technology) 14 000

By comparison: The presentrate of energy consumed throughout the word amount 1o 14 lera-
witt—years (TWyr) per year {(world encrgy consumption).

L___ .

Saurce: Based on data from Taube (19882 260()

2. The Problem of Energy and Environment in terms of Evolutionary

[listory
The development of human socicty from the age of gatherers and hunters to our modern industrial
society is characterized by increasing settement densities, by a growing per-Capita encrgy con-
sumplion, and by the use of higher energy deasities.

The dimensions of the fiest two factors are shown in Table 2.

Tatle 2: Development of energy consunption and populition density

populaiion 1313
knd? capita
gatherers and hunters 2.5 ca. Ol
agrarian societics 25 ca. 1.0
industrial societics 250 co, 10

Source: 13y the author’s own calculations.

Acconding to the substitation process studied by Marcheui/Nakicenovie [1979], McDanald
[19%1], and Marcheti [1985], the market penetration of a new energy carrier will invariably tuke
place before the energy carrier dominating so far becomes completely exhausted {sce Figure 1)
As mentioned above, this process of replacing diminishing primary energy sources by new sup-
ply options is characterized by a transiion from energy sourees wilh lInw energy density to those
with high encrgy density, Measured io eV, the dimensions are approximately as foliows: 1078
(wind and water power), 10" (imerlecular powver), 108 (nuclear power). In terms of the technical

Figure 1: Practional mé ket shires (F) of various primary energy seurces
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Source: Adapted from MeDonald [1981:16],

options availuble indiy, the range of energy densities avcessible wnin covers twelve (1) decimal
exponents,?

3. Finergy Use and the Increase of Entrapy

Due 1o the validity of the Second Law of Thermadynamics, the creation of ordered slates within
i subisysiem is necessarily associated with increasing "disorder™ in the surrounding systems. Ac-
cordingly, the creation of ordered, controllable states — e.g., in the ecanomy — will invariably re-
sultin "diserder” in terms ol increased entrapy ie the surrounding subsystens --e.g., in the envi-
renment, In ether words, cconoraic growlh as a struciuring process will impose a strain on the
surrounding systems {eavironment) in that it creates "disorder™ (increase of eniropy).

I this context, it should be pointed out that such 1 process does not necessarily result in the de-
struction of these scgnients of the environment which are imporiant to futaaa life, Even if it
should be possible Lo handle the material flows in such a way that dissipation inta surrounding
envirommental subsystems does nol aceur (e.g., iy avoiding such dissipations or by establishing
non - dissipating sinks), such a process would still resultin "disorder™ in the surrounding systems;
hawever, apain according to the Second Law of Thermulynamics, that "disorder” would only
mvnifest itsell inswasie heat released atthe end of the chain of energy utilization, i.e, proceeding
from bigh-density encray to lower—densily encrgy. We are still far away from an economic pro-
cess orgasized in such a way. But it is feasible, What we need is: more caergy, more knawledge,
andd more capiid.

With regard to their emission densities, the material and energy Nows released by a system sug-
gest three basic relationships. First, the emission of substances may effect dilution or rarefaction
as compared 1o the source. For example, carbon dioxide released when burning fossil encrgy car-
riers diffuses into the ntmosphere, thus being rarefied as against the source. Second, substances
taken From an outside systern may concentrile in the emitting system. Yarious biological sysiems
accuniulale the substances existing in surrounding systems in dilnied or rarefied form in order
w return thesn to the samie system inconcentrated fanm, This often implies sophisticated chenical



andl physical provesses, as, forexample, inthe case of a system entitting laser light, or widh plants
anct fungi containing substances that are poisonous for man in the givea concenuation. Third, it
is alse conceivable that the system retirns concentration—npeutral, f.e., constant, material flows
1o the envitonment: if the concentration pattern of the subslances taken in by the systemn iy equal
1o the concentration veetor of the emitted substances, the concentration stucture of the overall
material MNows between the environment and the systern remain unchanged; in other words, the
material flows between the systems involved are balanced.

In general, any system — be it an organism or an economic system - selects a snitable sobset from
the “mix"™ of concentrated and dissipated substances in the environment (environmental state Zy)
and ranslomms it into that "mix” which is essential for maintaining its own living conditions. Sub-
sequent Lo e materiad throughput, the system releases a cerlain "mix"” {vector) of partially dissi-
pated substances into the environment. 1t is possible — but by no means certiin — that this new
ratio between concenarnted and dissipated substanees in state Zz of the environmentat system has
harmlul sepercassiaons on the causative system " men — techaelogy”  Figure 2 illustrates this rela-
lionship.

Figure 2@ Repercussion of the system “man ~ techanlogy™ on the environment

distribution of subistance
conerntrations within the
* ayitan o«

dicsipaticing

“e ®

cllect on man

7a=1(71.5)

Sourve: Translated fram Friveh | 1991:204]

Oneof the reasons why dissipations, inenvironmental terms, arc considered 1o be more imporlint
than concentrations, lies in the fact thiat concentrated substances can be handled and controlled
mare easily. 1t is Tar more difficult 1o ascertain and to monitor if and how dissipated subsiances
accumulate as a result of physical processes cccurring in the various spheres (lithosphere, hydro-
sphere, and almosphere) — without man's energy aclivities — and if and how they mightreact on
viral processes of the causative system from as yet unknown "depositories™;, for concentrated,

storable substances, for example in the case of the final storage of radioactive waste material, this

turns eut 1o be much easier.

Hawever, the waste heat mentioned above must not be confused with the greenhouse effect. The
greenhonse effect is known to be caused by changes in the content of the atnosphere, in particular
as o result of increased levels of COq; it involves different physical properties. In contrase, the
nse of energy in terms ol final energy consumption proceeds from the utilization of higher-dens-
ity cnergy towards the utilization of Jower—density energy whichis ullimaiely degradedto nonus-
abte wasle heat, Underequilibrium conditions, the relation between the final energy consumption
(measured in watls) and the waste-heat-related temperature increase is around 3,000 terawatts
to 10C (sec caleulation in Appendix).? At present, we consume less than 14 terawatt-years per
year; physically, we are thus in a position to handle the material and energy Nows in our econo-
mies in such a way that with moderale or even constant rates of energy consumption, along with
adequale organizational and technical measures, economic growth remaing possible withouten-
vironmental pertinbations, A waste-heal—elated iemperaiure increase by 19C would take place
only il the present worldwide energy consumption were increased by a factor of 250!} ~adevel-
opment that is hardly 10 be expected, Thus, the cold ouler space turns out to be an ideal sink. In
other words: ccanomic growth is not restrivted by the undisputed validity of the Second Law of
Thermodynamics, but rather by our capability of handling the material flows in such a way that
they do nol have negitive repercussions on our living conditions on earrl,

4. The Special Role of Electricity in Evolulionary Economics’

Already Lenin realized that electricity constitutes a special form of energy aptto call fosth struc-
toral ehanges that may have repercussions on social systems. The following quotalion is said to
be by him: "Soviet Power plus Electricity = Communism. Today, we might reformulase this vi-
sionary stalement: "Democracy plus Electricity = Human Society™. Lenin could not anticipate
the crucial importance of electrieity in fields of application such as electronics, computer design
and modern laser wechnology. is fur—sightedness is alt the more remarkable.

There is no exaggeration in saying that for current structural changes in the economy, the avail-
ability and use of eleetrical erergy isof similar, ifnot greater importance than was the availability
al fossil fuels, in panicularepal, in the early phases of the Indusirial Revolution. The qualitative
aspects ol electricity, which account for ils structere—shaping elfects, were studied at length by
Grdmann [1989b], Erdmann/Fritsch [1989a], Spreng [1988; 1989b] and by various authors in
Schurr/Sonnenblum [ 1986] and other publications. Llectricity has the following advaniages:

— Eleetricity is not dependent on & material canier, but conslitules the energy of the electromag-
netic feld, Thes, ne waste malenal is left where electricity is used. Comparable advaninges
are offered only by long- distance heat systems and solar collectars: as with electricity, both
technologios are based on the principle of closed eircuits with go—und-retunn lines. “Clean”
secondary encrpy carriers are not only relevant in terms of cnviranmental proteclion and hu-
mian engineering; they also constitute an inevitable prerequisite for the technoelogical advance-
ment of modern information socicties.

— Unlike all ether forms of energy, electrical energy virtually has neithermass nor volume so that

it an be easily switched on and off. Consequently, electricity aflows of precise dosage and
conlrol operations for all kinds of application. In pariicular, the user—oriented switch anlswiteh

iy



off -ndvantage is highly importan in those fickls of application which require instanlancous
and expct control operations: microprocessors, transfer systems, computer-aided engineer-
ing_ computer-aided m;umf;[::mrillg and Olhl:rhigh—tcch upp]icnlions are inconceivible with-
out these gualitative properties of elecirical energy,

Another quaditative advantage is the fact that electrical energy is effective without any direct
or immediate physical contact, This accounts not only for cost advantapes in terms of reduced
weir phenomena in electromechanical appliunces (engines and relay control systems}, but
also for well-known applications based on electromagnelic waves (broadeasting), superson-
ics, microwave heating, induclion heating ete. Technologies of the fiuture, with a development
petential that can hardly be assessed today, rely on the electromechanical delormation of ma-

Compared o thermal interactions, electric interactions with malter show only minor undesir-
able side elfects {e.p., heat, magnetic feld). In general, the less serious ihe undesirable interac-
liens, the kess eost -elfective are the devices for eliminating or controlling these interactions.

YWhile the release of encrgy caused by fossi! combustion processes produces random, uner-
desed movements of molecules, elecisicity 1s based on the ordered concurrence of elecirons.
This is often referred o as entropic quality, »r exergy, lis advantages are of particular impor-
lance in the lield of clectrolysis and in laser technology,

At present, luser technology is undergoing aremarkably rapid development. With about 2 per-
cend, optical kaser appliances show i very low rite of efficiency, but this does not detraet from
their growing application: scannerfterminalg are increasingly used In conncetion with cash
registers i department stores; laser printers are popular computer output devices. Equally,
new medical applications {laser beams) and innomerable applications in the ficlds of indus-
trial precision manufacturing igher quality), Iaser chemistry (new produets), distance mea-
surement, marking, miniatrization (saving of material) and dala transmission {glass fikre
cable)as well as inaterials processing with luser beams are technological advances worth men-
tioning.

Another imporant property ol electricily is the fact thal the encrgy density of a carrier medium
is not limited by thermodynamical consiraints, In fossil combustion processes, the maximum
remperature is dependent on the adiabatic Mame temperature of the chemical reaction in-
volved; in generad, itdoes notesceed 1,630°C. In contrast, the temperature levels achieved on
the basis of electrical energy are only lintied by the temperature resistance of the surrounding
containment; in gaseous media, the wiperature citn reach some 10,000°%C {electric arc heat-
ing). Already today, this property is made use of for the purpose of special refuse disposal by
means of high- temperature combustion; moreover, itis applied in the process of manufactur-
ing extremely pure metal alloys.

Finally, the qualities of electricnl encrgy inchude the technical feasibility of extremely high
praduct homogeneity, In Switzerland, network variations amount to Jess than 5 percent for
vaitage and less than 0.1 pereent foe frequency since advanced mathematical and technieal
processes are used for monitoring complex networks. Tt is due to this property — which should
by na means be Luken for granted and which is not atjained in nunerous countries using anti-
quated technical processes — that the suecessul application of modern hiph—efficiency lech-
nologies cun be ensured.

These advantages olfered by electrical energy should be set alf against the following disadvan-
tages:

Insufficient direct storability for long periods of time, in particular in view of the large enerpy
smounts required for electricity supply. For this reason, the eapacity of clectricity gencration
st be designed for peak loads demanded only during some few hours of the year. Pump - fed
power stations may compensate for daily peaks by pumping water during off-peak perieds
overnight into elevated stornge reserveirs from where it can be discharged during the day in
order to meet peak demands; so far, however, cconomical storage technalogics allowing for
the compensation of seasonal load variations are not yet available, except, perhaps, for hydro-
pen technologics which, for the time being, have 1o be considered theorctical optiens hecause
al the high costs involved [see Winter/Nitsch 1986).

— No reasonable possibility of ransporting clectrical energy over lang distances. True enongh,

(here is no alternative energy form that equals electricity in providing comparable inexpensive
transport conditions for short distances, but for langer distances of around 1,000 km, the line
and transmission lesses of a 380 kY transmission ling amount 1o about 10 percent, Even in the
case of modern high - voltage d.c. ransmission (1Y DC), Tine Tosses over this distance are sisll
ashighas aronnd Spercent; in addition, considerable investment costs for THIVDC towers have
o be taken inte account.

~ Social and political problems of acceptance. In many industrial conntries, the most ecanomi-
cal pracesses for clectricily gencration encounter social and political resistance. This is tme
for both fossil-fuclled thermal power plants {air poilntion control, disposal of filter dust) anl
nuclear power plants (radiation risks, probiems of final disposal); even hydropawer is no ex-
ception (Jandscape canservation ard techaical risks associated with large water reserveins),
Qbviousty, however, the political handicap of electricily is limited to some few relatively rich
industrial countries. Already in indusicial comnliries with average income, the attitude of the
general publie towards capacily extension is much more favorable. If the pressure exearted by
the public should continue, it will be impossible in the long run 1o avold a considerable in-
crease in the price to be paid for this form of energy.
The qualitalive superiority of electrical enerpy refers less to the generntion of this formol enerpy
but rather 1o ils use: the energy user may benefit from a number of major advantages. Onthe other
hand, the disadvantages mentioned above constitute an impartant reason why, in the foreseeahle
future, clectrical enerpy will not possibly become the only form of energy to beusedin the service
socicties 10 come. Al the same time, these drawbacks are a chaflenge W make stronger research
elTorts in terms of encrgy technolopies: hydrogen as a medium for eleciricily storage, high-tem-
perature supraconductors, high-energy laser, safe and cconamical processes for eleciricity gen-
eration on the basis of nuclear and solar energy sources, and improved cfliciency in electricity
applications constitute major R&D-tasks of today.

Thus, our infermedizie conclusion can be summarized as follows: Ttis net so much the quantita-
tive aspects of glectricity supply that assign a decisive role to electricity in the structural change
taking place in our sncio-ecanomic system, but rather the quatimarive aspects mentioned above,
This means rearicntalion for all those whe have so Tar measured encrpy intons ol coal equivalent
or in kilowatt- hours and who are at best interested in its monetary resubis {physical amonnts mul-
tiplicd by prices).



3. The *Form Yalue® of Electricity

The oo o valoe” was cotned in the American literature 1o refer to the economic character-
rzation of the qualitative propertics of an energy carrier. Schmidi [ 1986:200, who was vac of the
Tist wiiters 1o use this term o his research studies, suggests the following definhion of "form val-
ue”: e inherent ceonomic value of a commodity resulting from the exploitalion of its unique
Lbtinsic propertics in the production process”. A more precise deliition of this lerm s based on
the fullowing consideration (see also Berg [1986]): Tuke, for example, a iechnology that relics
o the use of o certain saergy carrier. Even under conditions of optimum technotogical design,
the production process based on the respective webnolopy always involves irreducible costs in
tecms of the pariicular energy carcier used. These costs can only be avoided il the first lechnology
1 cenplelely replaced by an abternadive technology based on another encrgy carricr or another
property of the same energy carsicr, €.¢., by substituting halogen or Inser bulbs for conventional
lighs bulbs. Thus, on the vne hand, the forn value of an energy camier depends on the tusk w be
sulved, and onthe other, oo the availability of technical processes that, using propertics of other
cnergy varers, constiluie potential, theoretically wetl-knows and economically feasible alier-
natives. Correspondingly, a breakthrough in research and development tends to hive consider-
able impacts on the fonm value of coergy applications.

The fullowing example inay ilustrate these considentions. Stewm loconwtives - historic relics
by now - reeelved their power from the cambusiion of coal, The specific ineducible costs asso-
clated with this form of energy application include the fact that the boilers bl 10 be preheed
a long tme before the depanure, that waler and coal had 1o be entrained and continuously
supplicd innereasing ordecreasing quantities, that consequenty, in additon 1o the engine driver,
W heater wis required, and that thermwdymunic lws and techaical consuaims only allowed a
sl efficieney ragio (less than 10 pereent) snd required sophisticated enginecring detils. Parg
of thesecosts were avolded by substituting diese! locormotives for the old steam locomotives, thus
assigoing a fona value to the new leehnalogy as campared with the combustion of coal. These
custs can be further sedueed by using the clectromotor, although suclt a trunsition necessitiles
cansiderable infrasrructurat adjusiment efforts.

I tenms of economics, the fonu value of an energy application constitutes a positive external ef-
fect. The price of un cnergy carrier will always correspond to the opportunity cests of one single
tora of applicativa: the foam value is zere. In this context, the application of (the energy carricr
is referred to as marginal. Jo contrast, there are also numerons energy applications with a posilive
form vilue, since the needs and benefiis o be met by a particular energy carrier are exteemely
Jdiversiticd and heterogencous. This is especially e for eleciricity. ’
To stophty matters, let us assuine a constant technotogical know-how in order 1o obtain i model
assessment of the form value associated with a pardcular fonm of energy applicidion. In o world
without wehnological progress, the competitive provess will eventually lead 1o the optimum
application of the existing know-how and the wehnology involved umil equilibrium conditions
are atained. In this sitaaton, the price of an enerpy carrier 18 equil 10 both the marginal profi
of ns nrsrginal application and the marginal costs of 1ts supply {optimun: oprimorum). ke rela-
Live price of this paticular encrgy carrier increases, ils application bevomes uneconomical, as
defined above. futhe long run, therefore, it will be replaced in the market. In spite of this increase
in price, however, all the other applicatons of this particular energy carrier ave retained until the
msargbual application is reached. Fram that moment on, the form value of thisenerpy application
has vanished. Should the price continue to rise, this application, 1o, will be driven out of the mar-
ket In other wonds: in the absence of technological progress, an assnmied form value will be fully

used by the macket participants. Thas, the form value proves to be essentially a phenomennn of
discquilibrivum,

‘I'he form value of electricity is linked to technelogical progress in that it not enly allows for jis
full usage, but also encournges further technological advances. Thus, the essential ceonomic
finction of the form value of electricity lies in the fact that its development and use will eventual-
ly “break wp™ the existing production structures. This can be filustrated with histories] evidence
as pravided by Devine [1983] and other writers. According to Devine, the dramatic changes in
inclusirial preduction processes in the early twentics of this century were Hnked 1o the introdue-
tion of electrification and the resulting possibility of using electric motors in industrial manufac-
turing. Previousty, the power required in the factorics was supplied by ceniral heating stations,

- Tt was distributed to the various warkplaces via shafts and belis, so thal the organization of the

premises was restricted by the geometry of this farm of encrgy distribution, Morcover, changes
concerning individual workplaces often required plant-wide shutdowns. With the gradnal intro-
duction of elecirometors around 1920, these constraints and costs could be aveided, L.r., the form
value of electric motors was cconomically used. Althangh at first only some few innavative com-
panies ook advantage of the new situation, competition rapidly resulied in both the prepagation
of ils benelits ta the consumers and the development of new marketable products that would have
been inconceivablie without ihe innovatians trippered off by the electrometor. An putstanding ex-
ample is the assembly line production of passenger cars.

At this poinl of the argumentation, it is worth clarilying some misenderstandings and wrang con-
clusions which arc 1ypical of debates an energy policies. The "break- up” of canfigurative pro-
duction chaing as described above was nat primarily linked to more efficient forms of energy
application {in quantitative terms). Undoubied!y, electramotors reduce previously unaveidable
losses due to friction or start—up and power-down procedures so that part of the encrgy is saved
anel substituted for by capital and technical know-how. Similar effects are 1o be expected forelee-
tricity applications such as Iaser ight, supersonics, microwave-heating, arc heating, electrolysis,
membrane separation and many other modem technalogies. It would be wrong, however, taeon-
sider the enerpelic gains achieved in terms of efficiency as the decisive elementinmaking lechni-
cal and cconomic insovations. The crucial point is the Fact that progress implies not only produc-
tivity improvements in terms of the factor energy, but also preductivity impravernenls in tenms
of a!l production factors (abour, capital, soil, raw materials, and cnergy).
Starr [1989:4] describes the overall economic effect of 1echnologies based on electricity as fol-
laws:
Electricity—hascd 1echnologics have served 1o raise Lhe nel cconamic produclivity frem all factor
inputs, including encrgy. In many cases this productivily impryvement is so farge as to make the
relatively high costof electricity inenergy units a seeondary issue. This phenomenon can be alirib.
uted 1o the unique “form value® af clectricity, the crilical qualilics of which have been described as
“precision in space, intime, and in scale’.
Quite recently, a number of contributions 1o energy discussions have equated the claim for ensur-
ing cconamical energy applications thraughout the economy with the ohjective of "energy con-
servation at any price’ {i.e., subardination to the ohjective of overall cconemic efficiency). This,
however, proves 1o be a superficial approach. Rather, the ccenomical use of energy means achiev-
ing overall economic prodoctivity at the highest possible Jevel (minimization of priduction in-
puts evaluated at factor costs per unitol output). The historica! examples mentioned above a5 well
as new developments indicate that the exploitation of the form value is an inpariant prerequisite.

In this context, Schumpeter's innovalive entrepreneur plays a central role, For hin, an increase
in procuctivity linked Lo a particnlar innovation means the chance of achieving transitory, i.e.,
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rempocuily profiuble, differential renls by taking advantage of ihe funu value, Although the per-
cenlige of energy costs invesied into the production process may be sinall, the profit polentinl
for “he initial user will turn out to be a muliiple of these energy costs il the fon value of innova-
tive electicity applications corresponds twa multiple of the direct energy costs. Thus, the poten-
nal ol 4 particular energy application with i positive form vilue is not limited by the energy costs
mvolved.

Considering 1he quatilative properties of eleciricity as described above, it is not surprising that
in nost counuies, the consumiption of electricity has incressed more rapidly than the gross do-
miestic product (see Table 3). Atthe same time, the consumption of final energy per national prod-

Table 3 Llectricity Consumption per unit of gross domestic prodluct (in tons of ¢il equiva-
lent (10e) per b sitlion US$, with prices and exchange rates tn 1980 US $)

1960 1970 1980 1u85 1088
Usa 42 57 65 62 62
Canada 82 93 a8 104 105
Japan 13 10 42 40 40
Prance 19 22 27 30 31
Germany 2! 29 34 35 34
Lialy 21 27 30 30 31
Greut Brinin 28 40 38 36 35
Switzerland 24 24 30 33 32
OECD 33 43 44 4% 44

Source: By the author's own calculations, on she basis of OECD dala {OEC 19ER; 1990)

uet unit has decreased. 11 is reasonable to assume that this decrease of energy intensity is mainty
due o the substitution of electricity for osher Forms of encrgy. The growing importance of elec-
tricity and the expected increase in demand hive been studied in detail [Fritsch 1991]. Moreover,
duee taits yualitative properties deseribed above, electricity ulso exerts an important influence
uit the technicat and ecanamie stracture of the social system. Thus, there is an interrelationship
between electricily demand sod the eehnico-economic siructure of a society: on the one hand,
the Llechnivo—econonic system develeps a cerin denand for electricity, and on 1he other hiand,
this demand - and the structural chaage involved — is directly affected by its cleetricity supply
system. Therefore, the Lnportance of electricity o communication—intensive and complex indus-
trial socictics will not decrease, but rather increase.

Synerpetic cffects, supply advantages, and denuind-led supply situations, along with the resule-
ing acdditional demsand siintations - these and similar phenomenigan be represented ina model
i the Basis of simplified assumptions, for example in the form of nonlinear differentiul eqoa-
ons. The foliowing chapter presens a lenlative approach, deseribing the special role of electric-
ity, in pasticular its 'farm value’ aspeet, within the broader context of evolutonary CCONOMICs.

-

6. A Model Approach

in his study of individualistic phenomena underlying evolutionary economics, Witt [ 1987] points
out that it has not yet been clarified which kinds of algorithms are suiled to cover evolutionary
facts. Many phenomena imply nonlincarities — e.g., the development and use of market niches
due to technical innovations, the self—organized formation of new market structures and, last but
not least, the mutual inflnence of the market participants in their properties as both consumers
and investors. The phase transitions involved in these nonlinear systems and the comesponding
tapos of stable and instable points of reference can be simulated by means of the methods avail-
able and represented in two-dimensional or three- dimensional diagrams {see, for example,
Weidlich [1991]). Based on the formalism of the master equation, the problem under discussion
can be modelled as follows:

Our simple model includes four vaniables.

For the demand side;

1y Percentape of the demand for enerpy carriers with a low form value, e, relatively Inw
electricity consumption as compared to total energy consumplion.

Dy Percentape of the demand for energy carriers with a high forom value, ie., relatively high
cleciricity consumption 235 compared to total energy consumption.

Far the supply side:

S;; Percentage of the supply of energy with a low form value as compared to total energy pro-
dustion. (A relatively low $; may be the result of slowing down the supply of electsicity,
€.p., vin political measures.)

S22 Percentage of the supply of energy with a high fornn value as compazed to total crergy pro
duction. (A relatively high Sz may be the result of an expansive nuclear policy — as is the
case in Trance.)

Due to the identitics of
D+ =1

S+ &:=1 (1
the system can be reduced 10 the analysis of the two variables D; and 5;.

On both the demand and the supply sides, the dynamics of the model relies on changed patierns
of individual behavier. On the demand side, such behavioral changes depend on

~ the autenomous preferences @y in favor of an enerpy carricr with a high form valee,
— the synergetic effect (imitative behavior) by, and

the supply orientation, measured by the parameter cq.
On the supply side, the changes in the model are determined by
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thie autonomwus preferenees ay in favor of energy cacriers with a high form value,
coonsnmes of scale in the supply of encrgy by, and

the demand vriertiion of supply .
L analegy w the approach of W, Weidlich [1991], the differential equations with regard o the
time respon e ol the two variables are:

n .
tmz = WY Dy Wl (D-D))

15 : .

‘—T’ = Se w58 (2)
i

For the probabilites of demand shifts from st 2 10 stae 1 {ngl}) or from state 1 1o state 2
(W8, respectively, we obliin

D-Dy 5-5

WE = expl —ug+ by ——+¢,
71 C‘(}J (2} 1 [) ! S
Ll by e
= expl tagtily 7 + 0y R (3

Wy analugy, the probabilities of supply shifls are

S5 DDy
4o, ——=

Y D

H'gl =expl —ayt+ by

: RY n
W.xz =cexpl + o+ by —Si + 0 e

(4}
The densend and supply parameters refer (o three eriteria which may be interpreted in bath eco-
nuanic and social enns. Vhe licst coegory includes the autonomons preferences; the second, the
syuergetic effects, f.e., those components of supply and demand behavior which, for exumple,
are determined by imituing comperitors. The third category cansists of those parameters deserib-
ing chiages 1o the supply system on the basis of existing market opportunitics or, on the demand
side, on the basis of additional stimuladens due 1o supply advantages. Inourmodet, we character-
tee these processes as supplyfdemand effects.

The fullowing description of a comparison between two cases (Case 1 and Case 2 of our moilel)
is based oo an exarnple with a given sct of parameters:

autonomuous preferences: =102
a, =00
synergetic eltecl: by =14
by = 1.0

-

supply/demand elfect: =10
;=13

This parumeter constetlation (Case 1) results in a phase gradicntas shown in Figure BE

Figure 3; Phase diagrom and probability distribution: Case

‘The Lroken lines in the phase diagram {teflchan in Figure 3) represent the solutions for €D, /dr=(0)
and <8 /=0 (see equation (2)). The intersection points correspond to the equilibrivin stutes of
the system. For the cuse under discussion, the diagram shows two stable equilibeiom suates: €7
and Gy, Point Gy represents an instable equilibrium. A compadison with Figure 4 illustrates the
sensitivity with which the number of equitibrivm siates is depeodent on the parwmclers. As
against Case 1, only one parmneter value - the syneegetic effect parameter by ~ was reduced frem
1.4 to LO. Al the other paramcters remained constant. In Case 2, there is only one point ol cqui-
librium left, This allows a developent tawisds i stable equilibriun interpretable in cconomic
and social s, The 1ajectories converge [rom ditferent original values, moving steadily to-
wards a stale with a higher fonn value.

While Case 2 shows only one pointaf equilibrivin, Case 1 (synergetic effect &y = 1.d) is character-
ized by two potential points of stable equilibrinm, with Gy (Ieli, botem) representing a subopti-
mum ket equilibeiom. Due to imitation eflects, e.g. Johnson- effects induced by the media,
the market —in spite of autosomeus user prefercnces in Bwvor of energy carriers with a high form
vatuc (see parameter ¢y = 0.2) = may nove Wwirds an equilibriwm level which docs aot rellect
these preferences.,

Lo addition to the phase diagrams, Figures 3 and 4 wlso represent the probabilily densitics corre-
sponding o 1hie respective equilibrium states. These probability densities are obtained by formu-
Lating the model on the busis of the masler equation. (Once again, see W Weldtich [1991] Tor de-
taits with regacd 1o the formulation and interpretation of the stochasiic version of the malel.} The
resulis shuwn in e right-land eharts of Figures 3 and 4 indicaie the prebability with which the
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Fipure 4: Phase diagram and probabilily distribution: Case 2

syslem relaing its configuration in the lang tun (F.e., aflcr convergence of the prohability distribu-
tion),

Concluding Remarks

A ciitical analysis of cconomic theorics and dogmas reveals that such immporiant phenomena have
al best been treated unsatisfactorily. Whether or not evelutionary cconomics will succeed in
catehing vp with this theoretical delicit must, for the time being, remain an apen guestion. Tlow-
cver, itis reasonable to assume that approaches on the basis of evolulionary theory as developed
inother ficlds of thie empirical scicnces might be of importance o ceonamic issucs at least in heu-
ristic lerms since they enable us to ask more relevant questions and to find better answers. This
is particularly true for a beter understanding of the genesis and the cffects of inpovation, lor the
diffusion processes with regard 1o new reehnalogics and new vahues {change of values), and for
the canieat of krpwledge, mobility, and recepiivity an the micro and inacro levels. Undoubtedly,
it is of decisive importance ta a system in which way it preceeds in producing and using cnergy.

] o

Notes

1. Tweuld like w thank 20 Dr Georg Evdmann for having checked the niouscript and lor his
vitluible commients. $1ill, [am responsible for any shoneomings of tos article which may re-
main.

2. See Appendix [ for aable indicating the specific encrgy densities of viwious storage media,

3. Fora more detaited discussion ol entropy, energy use, environment, and resources, see Fubert
NiemeriStephan [1987].

4, The marginal value of 300 TW quoted by Burder {1975 is an wsbivary value, See Kiimmel
[1982].

5. The following statements summarize the results of i study carrded outin cooperation with my
colleague Dr G, Erdmann. Sce also Frisch [1989). :

6. The following diagrams were programmed and printed vul by Dr G. Erdmann. [ seize upon
this opporiunity o express my gratinde to hin
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Appendix 1T: Relationship between Increasing Fuergy Production and
Global Warming by Waste Heat

Any caleulations with regard to the relamionship between inceesed encrpy production and the re-
sulting inerense in plobal temperature are based onthe following considerations: The eartl, asub-
system of the universe, maintains a constantexchange of energy with the universe, This exchange
takes place in the form of radinion (ight, infraced radiation, uliravialet raddintion, radioactivity).
That part of incident radiation which is absorbed on the curth’s surface {intluding atmosphere)
is referred 10 as the encergy input from the universe. On the curth, this input of enerpy is almost
entirely ransformed into heat. Teat, however, can slso be generated on the carth's surface by con-
verting chemical energy {oil, coal, gas ..} or nuclear energy. Under equilibrium conditions, the
overal] heat supply to the earth's surface Is retarned o the universe in the form of heat radiation,
Lior the description of such u stale of cquilibrium, we seleet the folluwing piramcters:

£4% wmoal energy absorpiion of the earith (heat anly)
£p% anpual energy production on the earth (fossil, nuclear)
Fe8 aomal energy radianion [rom the carth

Tu: mean absolute temperature of the earth's surlace (YK)

Amung these parameters, we find the following relations:

I;}“r: 7,;01- [:',uﬂ Gatal energy) (N
b0 BV {energy bulinee or equilibrinm) (2)
Sk {energy rudiation from the carth) (H

where Sy = enerpy radiation from the carth per ot and sutface unit

£=1yeur=315x Wy

Fo= cants sarface = 5.0 x 108 = 5,1 x 10% ci?
The specific radistion from the carth (8y) is related to the surdace lenperature vin 1be Stefan-
Bolizmann Loaw:

Sp=a ity ¢

where o = Stefan-Boltzmann constant

)

a=57x 1071 ———
em? s (°K)

= Joule.
The integration of (4) into (3) yiclds the foltowing cquation:

]
Bt s R e L BP0 P ey (s)
(°K)
According equation (1), if the energy produced on the carth (Fp% is increased by AE, the total
amount of eoergy s increased by the same percentage. Under equilibrinm conditions,



Fo=Fe M AF=ErM AL {cquation (2)). According to equation (5), this yields a new equilibrivm
termperature 77

’ 2 X
Fy=TFl+ AR =9.157 10" e (n* (6)
ar, solved for Al

5
AL =9.157 (o T (1Y - (To)] (7

07 =Ty + AT {with AT = temperiture ingrease), we obtain

T = Th o ATIAT 4 GUAT + ATHATY +(ATY ()
On the assumption of AT<<Tg, the terms higher than the first power of AT may be neglecied in
this expression. Thus, equation (8) can be written as

T T ATPAT )
Substitnting 7Ty in cqnadion (7) by equation (9) yiclds

I
(::K)d

Fquation (10} cnn now be solved for AT

Ak =915T 10¥ [4(To)’ AT (i)

o CK AT
1w

In erderto obtain an assessment for AT, we put Tp = 3007K (= 27°C). Thus, equation (11) becomes

AT =273 10 (I

(°K)
J

D other words: The surface wemperature of the earth is increased by 1°C, if an additional amount
of around 107 F= 10" TT of energy is produced on the basis of fassit or nuclear energy sources.
This correspon. ' 10 3000 TWyr/yr,

Source: Fritveh [FIR1:321 and 21991: 3311

AT = AR 1079 (12)
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