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ABSTRACT

As a decision aid for planning the national energy
system the Programme Group of Systems Analysis and
Technological Development (STE) of the Nuclear
Research Centre (KFA) at JUlich (Federal Republic
of Germany) has developed' a simulation model which
integrates macroeconomic, energy demand and supply
as well as environmental modules.

The structures of these four parts of the model,
which are interlinked with each other, are
explained in deteil and the capabilities of that
system for reasonable long-range planning are dem-
onstrated by some results for alternative energy
supply and conservation strategies under different
economic growth rate assumptions.

I. INTRODUCTION

The world-wide energy debate, which probably will
not come to a definite end within this century, has
shown that there is no simple recipe for solving
the outstanding gquestions and problems. Tradi-
tional planning instruments are no longer sufficient
to deal with objectives and constraints which are
not only technical or economical ones but must

take into consideration the employment situation,
the depletion of fossil energy reserves and the
environmental impacts as well as the life style and
the limited risk acceptance by the general public.
The problem of planning the energy scene has become
a combined technical, economical, environmental and
social one.

In order to master this interdisciplinary task, new
tools have to be developed for analyzing complex
systems at a rather high level of aggregation and
for helping decision makers to find reasonable
policies.

Within the STE a framework of models, methods and
data has been set up (illustration 1}, which faeci-
litates the investigation of the consequences of
alternative energy strategies before making deci-
sions. We shall not consider here the global
models (1,9), as well as the models or modules for
some sophisticated special aspects like net energy
consumption or cost-optimal coupled production (5).
We restrict curselves to the description of the
basic national model, which contains the first four
modules shown in illustration 1. Illustration 2
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F.R.G. ENERGY MODEL ... Continued

gives an averall view of the links between these
modules, which form an interaction structure of
closed-loop type.

II. THE MODEL
THE MACROECONOMIC MODULE

The aim of the macroeconomic module is to provide
the necessary inputs for the energy demand module,
i.e. the population size, the average disposable
income per capita and the gross value added by
branches. This module (2} describes the dynamic
relations between the employment and population
sector, the capital-stock sector, the production
sector, the demand sector, and the investment sector
in terms of differential eguations. Though the
overall gross value added is a result of the dynamic
structure itself, it may be influenced by a wanted
or expected economic growth rate. Thus, different
scenarios may be produced with respect to the deve-
lopment of the economic system.

Within the employment and population sector the
employees in the different economic sectors are
computed as a function of the population growth and
the labour force participation rate on the one hand
and the capital intensity of production on the
other,

The capital stock is determined by the gross invest-
ments and the depreciations.

For calculating the contributions of each production
sector to the gross domestic product (GDP) a Cabb-
Douglas production function is used together with
capacity load factors, the production factor labour
being the number of employees, the production fac-
tor capital being the size of the capital stock.

In the demand sector the final domestic and import
demand for private and public consumption, invest-
ment goods and exports is determined as a function
of the personal disposable income, public expendi-
tures, investment orders and import/export quotas.
The intermediate demand between the different
production sectors is computed by means of time de-
pendent input-output coefficients so as to meet the
final demand.

" The expected future demand, based on its past deve-
lopment influences the economic growth by driving
the investment decisions. Since they imply orders
for investment goods they change the final demand
again as well as the capital stock.

THE ENERGY DEMAND MODULE

Calculating the final energy demand is done by logk-
ing at the different consumers and consumption
purposes, the disaggregation following the paths of
consumption down to different levels, as far as is
necessary and possible (3).

At the first level one has the industry, the petro-
chemical sector with its non-energetic demand, the
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commercial sector, the private households and the
transportation sector. As an example, the energy
demand calculation within the industrial séctors
will be shown in more detail. There we have the
four main energy consumers, namely the iron-and-
steel industry, the chemical industry, the industry
of glass, pottery and building materials, and the
engineering and other metal industry and, as a rem-
ainder, the fifth sector, all other industries.

For each industrial sector a correlation function
was obtained by regression analysis of past data,
back to 1950, for the total energy consumption per
unit of the gross velué added (GVA) of this sector.
We give an example for the iron-and-steel industry.
In this case, for determining the energy demand we
use the correlation function between the steel pro-
duction in tons of steel and the GVA (illustration
3) as well as a time series’ of the specific energy
consumption per tom of steel (illustration 4J}.

This total energy demand is broken down into the
different energy carriers by exogeneously given
market shares (illustration 5).
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The same scheme of calculation holds for all indus-
trial sectors, including the petrochemical sector,

where the total non-energetic demand is correlated

with the GVA of the chemical industry.

The energy demand for transportation distinguishes
between the four systems road, rail, air and water

on the one hand and goods and passenger transport
on the other, the passenger transport being split

up into the individual and the public parts.
transport volume is correlated with the industrial

The

gross value added for the goods transport or with
the average disposable income per capita for the

passenger transport.

Illustration 6 demonstirates
this relationship for the individual modes of pass-

enger transport, which shows a strong saturation

tendency.

The breakdown into the different trans-
portation systems is given by structure shares and

the total energy demand for each system then
follows by multiplying the transport volumes with
the corresponding specific energy consumptions.
Again, exogeneously given market shares determine
the energy demand by energy carriers.

The residential sector is the most complex, sub-

system-on the demand side.

Firstly space heating
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as the major part is separated from the non-heating
uses. The main determinants for thé Space heating
sector are the population size and the floor area
per capita, which was correlated with the average
disposable income per capita. An expected satura-
tion of 120 m? for the statistically average 2.4
person household led to a logistic regression curve
(illustration 7).

The total floor space is sub-divided with respect teo

. three aspects:

- the type of house (one and two family versus
multi-family houses),

- the heating system (central heating versus non-
central heating),

- the age (old - i,e. existing - versus new houses).

For each of these categories the shares of the ener-
gy carriers used are analysed for the past and
assumptions are made according to the cbserved
trends which may be altered as strategies or scena-
rios. At last, the energy demand by energy carriers
is obtained by taking into consideration the specific
fuel consumption of each fuel.

The remaining energy demand sectors namely non-space
heating in private households, the commercial branch
and the other industrial sectors, are treated in the
same manner but in a more global way, because they
are not so important with respect to the energy
demand.

THE ENERGY SUPPLY MODULE

In order to meet the energy demand, which is taken
as the actual consumption in the supply medule, a
flow model was constructed. This is described
mathematically by a set of simultaneous equations,
which is solved at discrete time steps. The main
relation for each of the 14 energy carriers (index
i) is the balance eguation:
mi+ii—ei-bi+si=pi=fi+di+§[Ij,i—Dj’i+Ej,i)
On the left hand side of the primary energy consump-
tion (p4) there are the indigenous production (mi),
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F.R.G. ENERGY MODEL ... ‘Continued

the import (i), the export (ej), the bunkering
(b;}, and the net stock decrease {sj). On the
right Hand side we have the final energy consump-
tion (f;]) including the nom-energetic part, the
distribution losses [di], and the resultant of the
conversion balance, i.e. the inputs (Ij, 1) minus
the outputs (DJ :) plus the self .consumption (Ej ,ids
summed up over fhe number of processes (index 39

At present we consider 20 different conversiaon
technologies the new ones being

- advanced nuclear reactors for electricity produc-
tion (high temperature reactor and fast breeder
reactor)

- nuclear and non-nuclear coal gasification of hard
cocal apd lignite

- nuclear-thermochemical and electrolytic hydrogen
production (for a strategy of forced hydrogen use
as for example with direect reduction in the iron-
and-steel sector)

- methanol production (for a strategy of adding
methanol to motor spirit)

- central wind power stations.

In order to get a unique, solution for the set of
equations, additional relations between the unknown
variables had to be found. Firstly there are the
technical parameters of the conversion technologies.
As far as possible we have formulated them in the
following manner (see illustration 8 for the example
cokeries; the abbreviations used in the scheme are:
index j £ CO for cokeries; index i # C for hard
coal, K for coke, D for gas).

The total energy input I:; is given by the total out-
put Oj and a coefficient QI;, which is the recipro-
cal efficiency. The input is broken down into the
different energy carriers by the shares QIL; i the
sum of which equals one. In the case of cbiipled
production the relation between the byproducts and
the main product is given by factors Q0; . {an
example for the cokeries is given in 11iustratlon
8). The self consumption is formulated as a func-
tion of the total output in the same manner as for
the energy input, i.e. by an overall ratio QE; and
shares RE for the single energy carriers.
(Illustraglon 10 again shows the situation for the
cokeries, the lower curve represents the share of
gas, the remainder being cokel.

Thus for each special conversion technology 1 € j

there remains one unknown item, the output of the
main product 0p y with k= k(1) € i, This determinant
may be found by reformulating the balance equation
for the energy cartier k:

0, ,=f

1, pk+Z(I

ERN WU AR N

The last term represents the sum of byproducts of
all other conversion processes. The distribution
losses dj and the primary energy consumption p; for
the carriers of secondary energy are correlated to
other endogensous quantities. For the detalls we
refer to two recemt studies of the STE (6,7).

The satisfaction of the demand for primary energy

carriers is formulated in a different way. The in-
puts to the transformation sector being known now,
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the primary energy consumption is calculated as

Di=fi+di+§ (Ij,i*Ej,i] .

Then the indigenous production is given by a rela-
tion of the form

m, = mi c., I, AL = I
i n ¢ i Ty Py q1]

where c; represents the mining capacity, rj the
domestic reserves and gj is a factor which is
greater than unity if the exports exceed the
imports or less than unity otherwise.

Within a national model, it is not possible to make
the imports and exports totally endogeneous. These
quaritities, therefore, are given as time series
which are derived by the global energy models or
are given as scenarios. The same holds for the
bunkers and the stock changes, as long as there are
no governmental regulations, such as a law requir-
ing a national reserve of oil and oil products.

Last but not least, the contributions of the energy
sector to the GOP, the investments and the labour
forces are calculated. This is done by multiply-
ing the energy production of sach process with
specific values, given exogeneously as time series.
So, the whole loop macroeconomy-energy demand-
energy supply-macroeconomy is closed.

THE ENVIRONMENTAL MODULE

The total emissions due to energy productien, con-
version and consumption are calculated in the en-
vironmental module, separately for the sectors and
energy carriers which cause them and for the desti-
nations air and water. Up to now we have consider-
ed nine chemical and four radiocactive pollutants as
well as the release of waste heat. Different
environmental abatement rules and technologies are
formulated and can be calculated as scenariocs e.g.
desulfurization techniques. The necessary invest-
ments are fed back again to the macroeconomic sec-
tor.

ITII. SOME RESULTS

REFERENCE CASES

In the following we show some scenarios which we
elaborated by means of the integrated energy model
for the Federal Republic of Germany. In order to
be able to evaluate the results we constructed a
hypothetical reference scenario which is based on
the assumption that historical trends in the energy
demand and consumption patterns persist and no new
energy technologies will be implemented. As for
the economic growth which is the main determinant
for the energy demand and consumption it was assu-
med that it will follow the linear trend of the
past 26 years with a slight decrease beyond 1995.
This reference scenario, called historical growth
scenario, or 3-2-1 case, is based on an overall
economic development as shown in table 1!

The secand economic growth scenario (4-3-2 case)
with higher growth rates reveals the effects which

TABLE 1
Average GDP-Growth Rates (% p.a.)

. . 3~-2-1 Case 4-3-2 Case
Time Period  (hsctorical
Growth Scenario)
1875-1985 3 4
1585-2000 2 3
2000-2010 1 2

the economic growth has on energy demand and supply.
Econcmic cycles are not considered for these two
scenarios as the model is conceived for long-range
planning.

These global economic developments should be under-
stood as political parameters, which characterise
one of the global objectives of decision makers in
the economic field. In the macroeconomic module
they are further differentiated due teo sectoral
differences, so that the changes in the development
of different economic sectors and the conseguences
for the energy consumption structure can be
observed.

For this purpose an aggregation structure for the
producing sectors was chosen which reflects the

. share of their energy consumption requirements with-

in the total final energy consumption for production
purposes. The iron-and-steel industry for example
had a share of only 2.8% of the industrial GVA in
1875, but it consumed more than 30% of the total
industrial energy demand. Thus even small absolute
changes in the economic structure may cause relativ-
ely large changes in the pattern of .energy demand.

As computed by the macroeconomic module the changes
of the net production shares in percent betwsen 1875
and 2010 are as follows for the 3-2-1 case, (4-3-2
case in brackets):

-7 (-21)% for the glass, pottery and building mater-
ials sector, -9 (-14)% for the iron-and-steel sector,
+28 (+12}% for the chemical sector, +17 (+16)% for
all other industrial sectors, -12 (-7)% for the
commercial branch, and +3(-17)% for the energy
branch.

At the chosen aggregation level of the producing
sectors it is impossible to draw conclusions for
merely economic policies from these figures. The
energy consumption calculations, however, are very
strongly affected.

The assumed economic development in the historical
growth scenario leads, according to the results of
the energy demand module, to a final energy consump-
tion which is shown in illustration 11. The final
energy demand is plotted against time and accumula-
ted by energy carriers (from bottom to top these
are: solid fuels, petroleum products, gas, electr-
ieity, district heat, hydrogen].

As mentioned above, these results have been obtained
by extrapolating today's energy demand and supply
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TLLUSTRATION 11
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structures but taking into consideration saturation
effects, e.g. for population growth, dwelling size,
number of cars, etc. as well as regulations which
can be foreseen to come into effect on the energy
demand side, e.g. energy saving technologies like
better insulation of new buildings, or on the energy
supply side, e.g. no extension programmes for oil
and gas fired power plants.

To provide the required amounts of final energy in
the 3-2-1 case the energy supply module computed

the necessary primary energy for each energy carrier
as demonstrated in illustration 12 (from bottom

to top - accumulated -: hydro power, lignite, hard
coal, petroleum products, gas, nuclear power).

As the Federal Republic of Germany has no signifi-
cant reserves of crude oil and natural gas, for the
medium and long-term supply of these energy carriers
there may be severe import bottlenecks as long as
synthetic fuel production is not considered (like

in the reference scenarios)}. The imports of natural
gas would have to develop as shown in illustration
13 (the lower curve belongs to the 3-2-1 case,
called the historical growth sceparioc, and the upper
one to the 4-3-2 casel.

It was assumed that hard coal consumption for elec-
tricity generation will nearly double by 2010.
Although the corresponding domestic production is
supposed to increase by 30%, additiopal amounts of
hard coal would have toc be imported as shown in
illustration 14. Again the upper curve shows the
4-3-2 case and the lower one the 3-2-1 case. These
quantities have already been achieved in the past
so that it should be possible to obtain them.

In the following, two alternatives to the reference
cases are investigated. This is easily done with a
simulation model, for example by switching to new
technologies on the energy demand or supply side at
given market penetration rates.

ILLUSTRATION 14
Hard Coal Imports (3-2-1 and 4-3-2 Case)’
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ENERGY SAVING

Next, some of the most frequently discussed possi-
bilities for saving energy in private households
will be demonstrated by showing the changes in re-
lation to the historical growth scenario. Space
heating today represents more than 80% of the pri-
vate energy consumption (excluding individual
passenger transportation). In illustration 15 the
saving effects of some energy conservation strate-
gies are shown. For the discussion here we pick
out the most effective ones. The top curve shows
the development of the energy consumption for space

TLLUSTRATION 15

Energy Conservation Strategies :
Space Heating in Private Households
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heating in private households without energy saving.
The curve beneath demonstrates the effect of the
planned insulation order for new buildings and the
lowest curve the saving which would be possible if
the insulation of new and old buildings would be
accelerated; the reduction in specific energy con-
sumption being 40% per house equipped. The curves
in between refer to the savings which could be
expected by introducing heat pumps and solar energy
systems. They are of less importance because they
are partially limited to one and two family houses
and market penetration rates aré estimated to be
lower than those for enhanced insulation.

SYNTHETIC FUELS

Coal gasification is considered here as a second
example for alternative model runs. It is one of
the most promising new energy supply technologies
for the Federal Republic of Germany. The reasons
are that the development of this techneology is
rather advanced and that there are rather large
domestic reserves of coal. The following three
coal gasification strategies were chosen:

a. Gasification of lignite and hard coal by means
of nuclear process heat. (Capacities per
plant with a 3000 MWih reactory 335 - 103 m3
SNG/h for lignite and 227 - 10° m3 SNG/h for
hard coal gasification) .

b. Gasification of lignite and hard coal by auto-
thermal processes (LURGI-process); capacity per
plant: 312 * 10° m® SNG/h.

c. Gasification of lignite and hard coal by appli-
cation of both nuclear and autothermal processes.

Table Z shows the number of gasification plants on
which the computations are based.

TABLE 2

Gasification Strategies

Number of
tignite Hard Coal
Gasification Plants

Year autoth. nuclear autoth. nuclear
1965 0 8] o] a]
1990 1 s] 0 al
1895 2 1 1 0
2000 3 2 3 1
2005 4 3 5 3

4 4 7 5}

2010

Operating these plants as assumed in the three
strategies would lead to a reduction in the calcula-
ted necessary gas imports. In illustration 16 these
reductions for the three strategies are visible

(c, b and a reading from the bottom) and for the
historical growth case as reference {top curvel.

ILLUSTRATION 18

Gasification Strategies : Natural Gas Imports
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As for the additional hard coal needed for gasifi-
cation purposes, we assumed that it could be
imported; for lignite the Federal Republic of
Germany is completely dependent on its own reserves
and production capacities. The development of hard
coal imports for the different strategies is shown
in illustration 17. For the identification of the
curves (overlapping!) we refer to the year 2010.
(From bottom to top: 3-2-1 case, gasification stra-
tegies a,b,c). It can be seen that autothermal
gasification processes would considerably increase
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ILLUSTRATION 17
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the imports of hard coal.

Gasifying lignite decreases the coal inpuf into the
electrical power plants, because domestic produc-
tion of lignite cannot be ‘extended significantly i
the future. .

The electricity shortage could be met by nuclear
power stations, the required amount of substitution
being smaller im the case of nuclear gasification
plants because of their by-production of electri-
city. .

ENVIRONMENTAL ASPECTS

In illustration 18 the emissions of sulfur dioxide
are plotted for the historical growth scenaria, sub-
divided into the main sectors which cause them.
(from top to bottom: the energy branch, the industry
sector, the private households together with the
commercial sector). The branching of the three
curves in the future demonstrates the effects of
additional desulfurization techniques. It is evi-
dent that the epergy branch particular, when not
operating desulfurization appliances, would cause
unacceptable emissions to the environment.

Next, the yield of irradiated heavy metal leaving
the nuclear power plants per year (as expected in
the historical growth scenario) and its reduction
by a planned reprocessing plant have been calcula-
ted. Reruns of the model helped to find the most
suitable starting year for the-operation of a re-
processing plant with a capacity of 1,500 tons/a.
In illustration 18 the results are shown. The
following curves are plotted : the yield of irradia-
ted heavy metal per annum (bottom), the accumulated
heavy metal (top) and the installed capacity of the
reprocessing plant (step curve). Besides the
effect of reducing the amount of irradiated materi-
als to be transferred to final deposits there is a
saving or uranium imports of at least 30%.

IV. CURRENT RESEARCH

Energy modelling within the STE was begun with the
aid of a DYNAMO compiler. Though being an appropr-
iate tool for the macroeconomic module with its
coupled differential equations, it is not the opti-
mal instrument for the other modules. The energy
supply module, for example comprises a set of
simultaneous equations, some variables - for example
capacities of power stations - even being discon-
tinuous in time, as well as taking discrete values.
Apart from that, for a large model the data handl-
ing within DYNAMO is not optimal, correlation
analyses have to be made outside the model system,
and a modular structure concept cannot be implemen-
ted.

In search of a new concept for integrating models,
data (original and derived) and methods (e.g.
regression analysis) we decided to apply FORTRAN
using an interactive data- and method manipulation
software package called RSYST III (4). Thus, having
access to a large set of subroutine packages we also
have the advantage of portability of programs from



one computer to another. The data transfer between
the modules, which now may be composed individually
for each problem, is done by an interface’ program
(described in more detail in (17), RSYST III con-
trolling background data manipulation with direct
access ih a timeshaﬁipg environment.

With the aid of that concept we want to incorporate
different optimization strategies, like those des-
cribed in (8), for superposition to our models or
modules with varying objectives and constraints.
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