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This. paper is one of a seriesdescribing a multidisciplinary

IIASA researchprogram on IntegratedEnergy SystemModelling

and Policy Analysis. The initial phaseof this researchprogram

is focused on the energy systemsof three retions: the State of

Wisconsin in the U.S.A.; the German Democratic Republic; and the

Rhone-Alpes Regfon in France. The primary purposesof the study

are at least three-fold:

(1) To identify existing patternsof regional energy use

and supply at appropriatelevels of disaggregation.

(2) To ｣ ｯ ｾ ｡ ｲ ･ alternativemethodologiesfor regional

energy forecfsting, planning, and policy development.

(3) To use the above methodoloqiesto examine alternate

energy policy strategiesfor each of the regions, to

explore their implications from various perspectives

using sets of indicators related to environmental

impacts, energy use efficiency, etc., and to evaluate

the adequacyof the alternativemethodologiesas

policy tools.

Out of these above three items should evolve improved

methodologiesfor energy systemsresearchand policy analysis.

The comparativemethod, intersectingthe different disciplines

and nations which would be involved in this project, should

serve as a powerful tool to the mutual benefit of the parti-

cipating nations as well as to other countries facing similar

energy problems. It could also serve as a prototype for similar

studieson other resourcessuch as materials, water, air, i.e.

as a vehicle for developmentof an approachfor improved resource

management.

W.K. Foell
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1. Introduction

The energy sector of each country is a part of the national economic

subsystemtwhichdirectly and to a considerabledegreehas an

influence on the growth rate of the national economy and the in-

creaseof national income. Therefore it is a permanentobjective

to always provide a rational basis for the provision of society

with demand-determinedsupply of energy sources. A tool for the

proper achievementof this goal is the application of mathematical-

economic models for optimization of the energy sectorwith consid-

eration of national economic constraints. It is in the interest

of society to include the largest possible system in the optimization

models. According to the current condition of our understanding,

that type of objective can be achievedonly with mathematical-

economic systemmodels which considerall essentialeconomic, tech-

nological, technical, parameters,and to a limited degreealso

political-economicinfluences.
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2. The Previous Stagesin the Application of Mathematical-

Economic Models for Long-Term Planning

In the GDR, mathematical-economicmodels for mid- and long-

term planning have been applied with successin the energy

economy for many years. From this experienceit has been re-

cognized that the optimization of the economically important

sub-processescan actually only be achieved through the minimi-

zation of expendituresof the entire national economy. However

in the use of mathematical-economicmodels, only limited pos-

sibilities exist to characterizethe national economy in totality

in the necessarydepth and quality. Therefore an energy sector

submodel was developedwhich takes into account the crucial

national economic constraints. The energy sector was not built

up as an administrative-technicalunit. It includes all essential

processesof energy supply and conversion, energy transport, and

the industrial and non-industrial energy uses, as well as the

total import and export of energy over a long time period. In

the initial stage of the application of the models it was not

possible to include the energy sector in a comprehensivemanner

in one model. T<'or the time being, the industrial and non-industrial

processesof energy use could not be presented. Included in a

central model in one relatively streng aggregation (but sufficient

for central national planning and decisions) were all essential

facilities of the primary petroleumprocessing,the heat and

electrical energy production, the coal mining and the coal process-

ing, the production of city gas, and the preparationof natural

gas, as well as the import of solid, liquid, and gaseousfuels.

As economic objective function, the minimization of social ex-

penditurewas used. The model brought together the folloWing
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aspects:

- the developmentof demand as a function of time

- the sequenceof investments

- the time-dependentshock from investment- and facility
expenditures

- into certain cases, the specific utilization of the facilities
in successivetime periods

- the economically required preliminary retirementof existing
plants

- the change in the technical-economicindices as a function
of time

the developmentof the technology in successivetime periods
and the constantsimple and extendedreproductionon the level
of the newest technology

the economic-dynamicview of the selectionof facilities by
the mutual influence of the indifferent time periods avail-
able plants, as both of the previously planned on the later
ones and vice versa

- an appropriatelyconcentratedpresentationand group formation
of the unprocessedenergy demand- and -energy conversion
plants as well as of the available energy supply resources
of the country

the interdependancybetween the plants of the national economic
subsystemenergy sector

- necessarynational economic restrictions

The consideredtime span amounted 15 years from the end of the

current five-year plan and was presentedin time differentiated

multi-year sectionsof different durations. As soon as this model

had been approvedof in practice, one startedto develop, according

to the same principle, models for the individual branchesof the

energy sector like: coal mining, the gas economy, the electro-

energy- and heat economy and the primary natural oil processing.

Consequently,a model was constructedwhich made it possible to

optimize the substitution and optimization part of the industrial
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and non-industrialenergy demand. These models were separated

from each other for the use of optimization of single branches. It

was however not possible to obtain energy sectorsdestined, com-

pletely balancedevidencescorrespondingwith a total energy sector

optimum by means of intensifying evidencesof the submodels. Based

on the preceding it was decided to develop a model systemwhich

would allow to couple the already available models with each other

and to utilize them for total energy sector observations.

3. Constructionand Application of the Central Mathematical-

Economic Moqel System of the Energy Sector of the GDR

For the constructionof a model systemone assumesthe understanding

that the combination of the advantagesof all the branch models

leads towards a super model, which in practice cannot be controlled.

One, therefore, searchesfor a method which would allow the coordi-

nate the submodelsof the branches. A central coupling model system

is being developedwhich, as an entirety and also inside each

single model, complies with the same demands, just like the central

model of the energy sector. The basic assumptionfor the harmony

of these single results is the uniformity of all submodelswith

referenceto ｴ ｨ ｾ applied model type, to the objective criterion

including its concreteapplication form, to the consideredtime

span and its subdivision and also to the containing structureof

the nomenclatures. In addition to this the goal it was decided to

consider the regional aspecton an increasedscale. The analysis

which, by consideringthe regional aspect, producednecessary

demands to necessitatethe constructionof models of complex-regional

energy supply for regional units of the country, in which all

quantities are optimized which can be influenced on a regional
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basis. The result of this was the need to choose a way which would

allow to fast obtain useful sectionsof evidenceswith available

power and experiences. This way preparedthe planning of the con-

structionsof the model system in two stages. The first stage

contains the coupling formation of the already available branch

models and of the necessaryoptimization model and also the process

of an appropriatecoupling algorithm and the testing of this model

system in the practical planning activity. The secondstage con-

siders to stepwiseprocesscomplex-regionalmodels for political

units of the country and selectedcities and industrial agglomeration

areas and to prove this by single calculations. It was confirmed

that the step-wiseprocessingof single regional models already

starts during the constructionof the first enlargementstageand

is then continuedafter completion of the itself. The primary

stageof enlargementactually appearsin the first phase of its

practical application, whereas for the secondenlargementstage

even a larger amount of regional models must be processerl.

The first stageof the central model system consistsof four main

parts. They are:

1) the central optimization model, which contains the entire
energy sector in aggregatedform;

2) the demand optimization model, which encompassesthe
substitutionand optimization part of the energy demand;

3) The optimization part of the energy sector subsystemfor
the energy supply production and conversion;

4) The coordinationmodel for the direct coupling of the
production optimization models of the energy sector sub-
system and of the demand optimization model under consi-
deration of central and total energy sector restrictions.

The following path is hereby covered:

In the first step the consumers'energy demand of the national
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economy is defined with the help of the demand optimization model

and other researchmethods. The evidencesof this calculation are

preparedsuch that they can, without contradiction, be immediately

introduced into the central optimization model as a direct model

substance. On this basis one takes into accountwith the central

optimization model the optimal energy supply- and plant structure.

Both models, which are consideredas a unit, take the shapeof an

enlargedcentral optimization model. It is thereby also possible

that first the central optimization model is calculatedin order

to give the demand-optimizationmodel certain allowances. In this

connectionone cannot speak of a primat of the first step.

The first plan-suggestionsfor the energy sector subsystem

were deducedfrom the optimization evidencesand these indices

presented,in which framework they can move around during the

optimization. On the basis of this information the energy sector

subsystemsexecute independentoptimization calculations,which

evidencesflow into the central coordinationmodel.

4. Coupling Algorithm for the Coordination of Submodels

From this high labour- and time expenditure,which is connectedwith

a coordinationof submodels,arises the necessityto carry out all

formal calculation work for the destinationof the individual evi-

dences and for the selection, as far as the national economy is

concerned,of optimal structuresfor the energy sectorwith the

help of a suitable calculation process. Such a coupling algorithm

must meet the following five basic conditions:

1) The coupling algorithm must illustrate without contradiction
the relevant demandsof the in-practice applied planning
systemand assurethe general interdependancyof all
energy-producingand energy-consuminglimits.
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2) The coupling algorithm must be practical into high extent,
in other words: the expenditurefor labour- and calcu-
lation time must remain within replaceablelimits and
the available calculation techniquemust be applicable.

3) All variants, which are kept available as temporary- and
final solutions, must in principle technically and
economicallybe capable for realization in practice.

4) The coupling algorithm must allow a variable application
of the single models.

5) The coupling algorithm must guaranteethe active cooperation
of the planning expertees.

A seriesof "decompositionprocess" for the solution of large systems

is known from the theory of the linear optimization. Their mathe-

matical validity has been proven at any rate. They are little or

not suitable for a practical application in a model system of the

energy sector, especially for the fulfillment of the above mentioned

five basic conditions. On this basis a coupling algorithm for the

practical control of the model system of the energy sectorwas

developedin the GDR. As was already mentionedbefore, a pre-

liminary balancing resultedwith the help of the central optimization

model with referenceto the possibilities of the energy supply

provision. Thereby all necessarynational economy restrictions

must be considered, like import possibilities, investing capacities,

labour power situation, etc. Based on these facts dispersionsfor

the possibleenergy supply input in the regions and within reach

of industrial large customersand also expendituresfor the in-

sertedenergy supply is deduced. These structuresserve as defini-

tions for the application of energy sector regional models and for

a demand model of industrial large consumerand simultaneously

prevent the appearanceof unrealistic energy need structuresin the

regions, respectivelyby the large consumers.
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With these models primary optimized energy demand structuresand

primary energy supply input conceptionsare obtained under con-

siderationof the fixed limits. These structureshowever still lack

the harmony with the limits of the energy supply acquirement. For

this purpose the calculatedenergy demand structuresare inserted

in the already applied central optimization model:

z = I CjktXjkt + I citi it + I ZB + I ZB -----;. Min
ｾ ｐ ｾ KTPKT

j,k,t i,t ｾ K,T

I aijktxjkt + iit + I ｢ｩｴｾｐｾ + I bitKTPKT > bit
j ,k ｾ K,T

L XjktXjkt "5

= I

= I (for each T)

Z-Value of the objective function (total expenditure)

specific social expenditureof the energy conversion
design j of the subsystemk in a year t

specific social expenditurefor the import of energy
supply in a year t

specific coefficient of the profits respectivelythe
inputs of the energy supply i in the plant j of the
subsystemk in a year t

averagequantities of the energy conversion laying-out
j of the subsystemk in a year t

level of the import of the energy supply i in a year t

social total expenditureof the variant ｾ Ｌ which was
calculatedin a demand optimization model for industrial
large consumersand of the variant K' which was obtained
in a model of the territory T
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tDemand for energy supply i in a year t for the variant ).l

(industrial large consumer) respectivelythe variant K
of the territory L

Energy demand which supportsno optimization

Factorsof importance (0 ｾ p ｾ 1)

Xjkt,Iit Limitations for the capacity of the conversionplants
respectivelythe energy supply import

By opposing the energy supply production with energy supply input

the energy demand variantsmay, in order to avoid double calculations,

only be evaluatedwith the expenditurewhich is directly connected

with the immediate use of the energy sources. When expenditures

for the energy supply production (in the form of prices) are applied

by thesecalculations, they must be eliminated from the total

expenditureof the variants.

The calculation of this model already shows a first balancedand

optimized energy supply- and plant structure. However, since the

central optimization model works with very strongly aggregated

indices, a tuning in with the in-detailedmodel illustrated limits

of the energy'supplyproductionmust follow.

Thesemodels contain designsdeduced from the central model about

the level of the energy supply to be produced by the actual region

just as is the caseabout the expenditureof the energy supply to

be inserted. In addition to this it is necessary,that by means of

the regions still some variants of the energy supply availability

will be calculatedwhereby the given national economic restrictions

must be taken into account, in other words: the upper and lower

limit which can or must be obtained (exploited), is likewise centrally

pretended. Inside of it exists however full freedom to move about.

Various variants are this way createdof the energy supply
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availability, so that a coordinationwith the energy demand structures

of the energy consumer becomesindispensable. For that purpose

another central model is applied which , as opposed to the up-to-

the-presentapplied ones, easily of the vectors of the supply-demand

of the energy supply exists becauseof the single regions. The model

designedas coordinationmodel has the following appearance:

Z I ZB I E I zB I citi it ---1 Min= )l P)l + Zk>.. Pk >.. + KTPKT +
)l k,>.. K,T i,t

I bitl-l P)l + I f iktA Pk>.. + I b. P + iit > bitltKT KT
)l k,>.. K,T

I qst)lP)l
+ I qkst>..Pk >.. + . I qStKTPKT

p k,A K,T

I P)l
)l

I PkA>..

I PKTK

= 1

< 1 (for every k)

= 1 (for every T)

b' t ,b.
1 p ltKT

f ikt>..

Social total expenditurefor the variants calculated in

the optimizationmodels of the sUbsystem k ＨｚｾｔＩＧ of

the regions T (ZB ) and in a demand optinlization model
KT B

for industrial large-scaleconsumers (Z)l)

Need for energy supply i in a year t for the variants
calculated in a demand optiTllization model, respectively
in the regions

Variant>.. of the output respectively input of the energy
supply i in a year t through the subsystemk
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Claim of the national economic, respectivelyenergy sector
restrictions s in a year t by the single subsystemand
regions

ｌ ｌ ｾ ｩ ｴ ｡ ｴ ｩ ｯ ｮ of the national economic and total energy sector
r estrictions

Imposing factors (0 ｾ p,p ｾ 1)

Specific social expenditurefor the energy supply import

Ener'ly supply impact

In order to avoid double calculations, the expenditureelements

can also here be eliminated from the expendituresof the variants

of the regions, elementswhich attack in other regions.

For each area, the solution of this vector model delivers such

a solution which is balancedand optimized in a total energy

sectorialmanner. It can, thereby, occur that an already by the

submodelcalculatedvector or a combination of two or more primary

vectors show up as optimized variants. At the appearanceof such

"mixed variants" one should alvlays deal '.\Ti th an examimation of the

technologicaland economic possibility for realization of these

variants by the planning specialists.

Due to the high level of aggregationof the coordinationmodel, a

renewed application of the submodel of the region becomesnecessary.

Complete submodelsare used for this purpose. In order to avoid

double calculations, only those factors of the evaluationof

the financial expenditurefor the input of such energy supply can

be eliminated which are drawn from other subsystems. As a limitation

for the submodelscomplete, for the actual area already calculated,

variants of the production respectivelyfor the consumptionof

energy sourcesserve as a function. Thereto also belong the
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optimal variants destinedby the coordinationmodel. Contrary

to the conventionalpractice of linear optimization models, these

vectors are incorporatedinto the decision part of the optimization

model. Factors which expressthe importance of the actual variants

for the optimum of the entire energy sector, serve as evaluation

quantities for thesevariants. The by the coordinationobtained

optimal variant is under the existing conditions in this stage of

the calculation the most effective for the total system. It is

thereforeevaluatedin the submodelswith zero. The application

of the remaining variants leads towards a deviation of optimal

value. Consequently,the sub-optimal variants in the submodels

can be evaluatedwith the value of this deviation. The "reduced

costs" which exist by the linear optimization as a dual solution,

can be applied as values of the deviation.

* IZk = I cjkQ,tXjldt + 0
. 1/Jk + r kA 1/JkA ｾ Min

j,Q"t A

I aikQ,txjkQ,t + * * Ifiktw k + fikQ,tWkA > 0
j,t -A

= 1

specific social expendituresof the energy conversion
plant Q, of the plant group j of the subsystemk in a year t

specific coefficient of the outputs or the input of the
energy source i in a year t of the to plant group j
belonging plant Q, in a subsystemk
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Average quantities of the plant ｾ in a year t

*fikt,fiktA Sllpply and demand of the energy supply i in a year t by
the subsystemk; * = optimal variants of the coordination
model, A suboptimal variants of the coordinatemodel

"reduced costs" of the coordinationmodel for the variants
A of the subsystemk

Importance factors

This observationtechnique allows the selectionof a structure of

the area which is more effective than the optimal structurechosen

by the central model. This is indeed the case when the expenditure

decreasein a consideredarea compensatesthe long-term expenditure

by applying a suboptimal production- and demand structure, which

attracts these variants in an entire system.

A second advantageof this observationtechnique lies in the fact

that constantlyeconomic evaluatedalternativevariants are available

when the optimal variants identified by the central model, are

technologicallyof economically in the formally calculatedstructure

impossible to be realized.

In case the optimization calculation in one or more areas leads

to the fact that an improved structure of the supply and demand

of energy sourcesappears,then the processof the iterative

approachmust be continuedwith the renewed application of the

coordinationmodel. The optimal structure of the entire system

is reachedthen when the results in the optimization calculations

in the area correspondwith the result of the coordinationmodel.

An agreementcan already be observedin such a structureby which

the deviation between total structureand structuresof the area

does not exceed a given marginal error.
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The amount of the necessaryiteration ｳ ｾ ･ ｰ ｳ ｩ ｳ usually not large.

At performed calculationsthis amount lies in the neighborhoodof

three to four steps. This slight amount of iteration steps can,

in addition to the way of calculationprocess,also be brought

back to the quality of the previous balancing calculation carried

out at the beginning of the fundamentalwork of the model system.

5. The Application of the Model System and Problems

The describeddevelopmentsituation of the model system and the

still unfinished steps have pointed out that not only the develop-

ment of such auxiliary methods for the decision preparation,but

also of its application, must be stepwise realized, if it must

guaranteesuccess. Also with repeatedsuccessapplied planning

auxiliary means with a high level of practicality and adaptability

for the actual questionsare not automatically suitable for a

practical calculation process. Although this statementseems

real contradictary, it is correct when it is less related to the

model itself but more often to the application of it. One needs

more years of experienceboth of the immediate "manager" and of

the decision capablegovernmentalrespectivelydouble sliding

official functions, before the right proportion is found in dealing

with mathematical-economiccalculation processof this kind. It

is only then valid when the right, in other words practical

applicableaggregationlevel, has already been found. The problem

thereby consists, in the first place, of the correct use of model

evidences. From these evidencesone must, under considerationof

differentiatedsupposedaggregations,understandthe recognition,

the essentialpart of reality, and utilize it for decisions to be

taken. Herein lies the qualitatively new tasks of the planning

experts.
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The application of models and model systemsshould by no means

be understoodin such a way that, with help of these modern

auxiliary methods, ready made plans can be producedby the EDVA.

Only by creative processingof the calculation evidencesby the

specialists'plans are produced and other decision fundamentals,

which are neverthelessin each aspectconsideredcalculatedin

conventionalmanner, basedon a higher level of security of balance

and optimality just like the constantlyobjective existing opinion

in the form of an exact calculatedobjective function. The mistake

is quite often made that the scientific collective- or operational

researchgroups, which are commissionedwith the construction

and application of the models, must obtain themselvesboth the goal

and must also deal with the interpretation. This is only correct

for the first steps.

The possiblehigh rationality is only then reachedwhen there is

questionof a close cooperationby "people entitled to make decisions"

and "managers" of the models and when from both sides the under-

standing is produced for the necessarilydifferent way of viewing

of the other. By the merging of both, the new quality is created,

which is necessaryin order to arrive to its rational use from the

rejection or adorationof the new technique in this area. The fact

that the model system is available does not simultaneouslymean

that one can refrain from the use of its single model. On the

contrary, an economic usage is only then achievedwhen the application

of temporary checking stations are adapted. The entire system or

one of its enlargementstagesor submdoelscan, according to the

necessarydepth of evidencesand -groups, supply the necessary

quality of the evidences. An unnecessaryexaggeratedutilization
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can only prevent the permanentand successfulutilization, as the

optimization itself can again be optimally formed.

When also, with increasingrationalizationof the preparationwork,

of the calculation stagesand of the evaluationprocess,which is

only possibleby the complex usage of EDVA, the impressionappears

that people distantiatethemselvesmore and more from this process,

then the creative capicity of humanity increasesa lot becauseof

the possiblepeople-machine-people-dialogue;this is the case if

people understandto shape this processsuch that they manipulate

it analytically, realistically, directively, in other words in a

creative controlled manner. This possibility is available, although

one needs thereto extensiveexperience. The in the GDR developed,

real simple and workable coupling algorithm is especiallysuitable

for this purpose. For that reason it is allowed to control

cooperativecollaboration, basedon the democraticcentralization,

of all branchesof the energy sector and to utilize extensively

their advantages. The previous experienceshave pointed out that

the coupling algorithm is suitable to couple various systems to

each other when the models are shapedaccordingly. From the

mathematical-methodicalpoint of view the possibility also exists

to incorporatein this manner the energy sectorsof various countries

into one model system. In the first place, the difficulty of this

plan lies on the content aspect, in other words, in the available

economic conditions of the individual countries. With the

progressof the socialistic economic integration increasingly

favorable assumptionsfor ffich couplings appear inside the RGW.

There is still enough time available for the constructionand usage

of such a multi-lateral model system, since the availability of
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total energy sector optimization models in the interestedcountries

is a necessarycondition. This problem should not remain unobserved

during the future manufacturing in the area of total energy sector

balancing and optimization.

111/18/339
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