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The Analysis of the Energy Supply in the
Belgian R&D Energy Program

by Y. Smeers, Louvain

Optimisierungsmodelle fiir Energiefliisse werden seit langem verwen-
det, um Energieproduktionssysteme darzustellen und abzuschitzen.
Heute sind diese Modelle sehr ausgekliigelt, ohne dass man aber auf
die Energiebedarfsprobleme zu sprechen kommt. Die Detaillierung
eines globalen Modells hat nicht immer eine Qualitéitsverbesserung
des Modelles und seiner Resultate zur Folge. Um dies zu vermeiden,
erlauben sehr detaillierte Modelle, die hierarchisch klassiert und mit
zusiitzlichen Daten verkniipft verbunden sind, genaue Spezifikationen
zu erhalten (Energiesparung, Fernwirme . . .). Dies ist wesentlich fiir
Linder ohne eigene Bodenschitze. Da die Verbindungen zwischen den
hierarchischen Modellen nicht einfach zu bestimmen sind, beschreibt
der Verfasser einige dieser sehr detaillierten Teilmodelle, die in einem
ersten Zeitabschnitt im globalen Energieproduktionsmodell enthalten
sind.

Les modéles d’optimisation des flux d’énergie sont depuis longtemps
utilisés pour représenter et évaluer les systémes de production d’éner-
gie. A ’heure actuelle, ces modéles deviennent de plus en plus sophi-
stiqués, sans méme que les problémes de la demande d’énergie soient
abordés. Le niveau de détail croissant dans un modéle global n’impli-
que pas toujours une augmentation de la qualité du modéle et de ses re-
sultats. Pour éviter cela, des modéles trés detaillés, classés de maniere
hiérarchique et reliéspar des valeurs agrégées permettent de garder
des spécifités trés importantes (économies d’énergie, chauffage a di-
stance . . .), surtout pour des pays sans grandes ressources indigénes.
L’auteur décrit quelques sous-modéles trés détaillés qui seront, dans
un premier temps, incorporés dans le modéle global de production d’e-
nergie, les liens entre modéles hiérarchiques étant difficiles a trouver.

Energy flow optimization models have been extensively developed in
the last few years. These models originated in the classical activity
models constructed in the fifties for electricity generation and refin-
ery processing; they currently include most of the energy supply and
demand sectors (at least industrial demand sectors). In the energy re-
search and development program sponsored by the Belgian Depart-
ment for Scientific Policy, energy supply and demand have been se-
parated in two different models that will eventually be integrated. The
work on energy demand is discussed in other parts of these proceed-
ings. In this paper we discuss the modeling activity for the supply sec-
tor.

As just mentioned global energy flow
models have already been developed in
several places: well known examples
are the different Brookhaven models
(BESOM, DESOM, RESOM, ...)[4,7,
11], and the supply model of the Project
Independence. In Europe, models of
this type have been developed in KFA
in Jiilich, IEJE in Grenoble and the DG
XII at the Commission of the European
Community. The latter is currently be-
ing implemented in each of the nine
countries. In a similar context, the IEA
has also developed an energy flow op-
timization model of the LP type [12]. Fi-
nally and just to say a word about the
problem of integrating different mod-

els, let us mention the PILOT model
developed by G. Dantzig and his group
in Stanford (a similar model being con-
structed at the Technion in Haifa) which
presents an example of integration be-
tween a simple energy flow model and
an I/0 based macroeconomic model
[5].

A characteristic of several of these mo-
delling efforts is the continuing evolu-
tion towards more complex models lead-
ing to a more realistic representation of
the different activity processes. Indeed
the level of complexity adopted in exist-
ing models is very often determined by
the limitations resulting from the ma-
nipulation of large amounts of data

both in the generation of the model
(maintenance of the data base) and in
its optimization (multiphase models, re-
gional models, ...). Consequently the
current level of detail in the representa-
tion of the energy processes is very of-
ten arbitrary and is not the result of a
careful evaluation of the quality of the
model.

This way of choosing a level of repres-
entation in the models is probably in-
adequate for Belgium. Indeed like most
European countries our dependence on
imported oil is extreme and only small
savings on imported primary energy
can be hoped for; moreover prelimi-
nary studies seem to indicate that non
negligible savings can only result from
the combined development of several en-
ergy conservation activities. It is thus a
requirement for an energy flow optimi-
zation model to be able to forecast with
good accuracy the (rather small) share
of energy consumption that can be cap-
tured in the future by the different con-
servation processes. To illustrate this
point, let us consider the demand for
house heating: this demand represents
25.6% of the total primary energy con-
sumed in this country [6]. Because of
our mild temperature, district heating
which is considered to be a promising
field for energy saving in this area can
be expected to achieve 7% of this de-
mand (with a sufficient rate of return
(5%) on investment) [6]. Similarly, the
few sunny days Belgium enjoys do not
make the development of solar energy
extremely promising. As a con-
sequence, energy savings in this country
can only be the result of a diversified
portfolio of energy conservation activi-
ties, the development of which has to be
studied with the highest care. Particu-
larly, it can be expected that simplified
LP models would exhibit too much
«bang bang» effect for their conclu-
sions to be implementable.

Two alternative paths for research thus
remain available: one can try to develop
elaborate LP models based on very de-
tailed representations of all activities or
rely on a hierarchy of models, the mod-
els in one level giving a detailed repres-
entation of entities used at the level
above. It is always easy to call on hie-
rarchical systems when the situation be-
comes complex, it is more difficult to
identify exactly the different links be-
tween the parts of these systems. The
kind of hierarchical system that we here
have in mind (but that we are not pre-
sently pursuing in our research project)
is exemplified by the capacity expan-
sion models for electricity generation
developed at Electricité de France [3].
In this work, the top level model which
has to decide of the different investment
variables has a nonlinear objective
function consisting of a linear part de-
pending on investment variables and a
nonlinear part representing the sum of
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operating costs for each period. The lat-
ter is in fact computed at each iteration
by a more detailed models, optimizing
the operation of the equipment for each
period. Thanks to these short term mod-
els one can realistically take into ac-
count phenomena that can hardly be re-
presented in a single LP model such as
forced outages, random demand, main-
tenance planning, reservoir manage-
ment, spinning reserve requirements,

In principle, this hierarchical approach
is more satisfactory than the construc-
tion of a single global model. It thus
should be extended to multisectorial
models for representing those sectors
that interact with the power system such
as district heating, solar energy, ... This
approach though potentially more
powerful, departs too much from the
current status of global models to be at-
tempted with enough guarantee of suc-
cess; if it were to be pursued, short term
operations models for interwoven sec-
tors should be developed in order to
calculate the operating cost in the glo-
bal investment model: the investment
model would be a large nonlinear mod-
el (whether cast in the optimal control
framework as in the Electricité de Fran-
ce’s models or not) with as many varia-
bles as the number of equipment types
multiplied by the number of periods.
Codes for such problems are by far not
as readily available as for linear pro-
gramming. Moreover, it can be men-
tioned that this hierarchical approach
naturally leads to nondifferentiable
functions: more specifically the operat-
ing cost during one period is a nondiffe-
rentiable function of the existing capac-
ities (although this problem didn’t lead
to difficulties in the Electricité de Fran-
ce’s work model so far).

For the time being, the LP approach is
certainly the most widely used and it is
also the one presently pursued in the
Belgian R&D project. In order to ade-
quately select to what extent this future
global model should be detailed, the re-
search effort has been mainly put on
sectorial models which we try to design
with all the required detail compatible
with the LP representation.

Capacity expansion for
electricity generation

The first constructed model deals with
capacity expansion for electricity gen-
eration. As discussed in the introduc-
tion, this type of model is now classical
at least in its deterministic version dis-
cussed in this section. An effort has
been made to obtain a rather detailed
LP model which could be used later as a
benchmark for choosing a suitable re-
presentation to be included into the glo-
bal model. We shall not elaborate here
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on the basic elements of capacity ex-
pansion models, for electricity genera-
tion, the reader is refered to [1] for a dis-
cussion on this subject. On that ground,
we can describe the model by giving the
following characteristics:

- the user is free to specify as many dai-
ly load curves he wishes;

- for each daily load curve, two types
of storage can be included (weekly
cycle is not assumed);

- continuous maintenance variables
have been included. They occur in
constraints expressing the total num-
ber of hours of availability for each
equipment. The model has to allocate
these hours of operation during the
year. Theoretically, this formulation
does not guarantee a feasible mainte-
nance schedule (which can only be
represented by using integer varia-
bles). Though in practice experience
has shown that the results are perfect-
ly adequate as a first approach to
maintenance planning.

- in order to reduce the size of the pro-
blem Z-substitutes are included for
all (production and pumping) opera-
tions variable in a daily load curve.

The model is constructed by a special

purpose matrix generator written in

PL 1, the output of MPSX is immediat-

ely read by a program which computes

the «Loss of Load Probability» in each
of the planning periods. The treatment
of forced outages is classical in the
sense that a reserve coefficient is chosen
so as to reach an adequate number of
shortage hours (10 hours/year). It was
not attempted to define a shortage cost
nor a set of forced outages configura-
tions, that would have made it possible
to replace the operating cost by an ex-
pected overall operating and shortage
cost. This approach, though quite sensi-
ble from an economic point of view
cannot be carried through as such to
global models because of the size of the

LP that it implies. The selected appro-

ach consists in revising the reserve rate

based on the results of the LOLP.

Though very common, this procedure

has some drawbacks, in particular the

capacities are replaced by derated ca-
pacities in the computation of operat-
ing costs (in our case taking only into
account forced outages) which leads to

a slight underestimation of the operat-

ing costs. Moreover, the optimization

requires a two step procedure since it is
necessary to correct the results of the LP

using the LOLP. It seems difficult to im-

prove upon this situation without rely-

ing on hierarchical models: a theoreti-
cally sound approach to the problem
would require the use of expected ope-
rating cost and not an underevaluation
based on derated capacities. Moreover,

reliability constraints expressing that a

maximum of 10 hours of shortage per

year are allowed should be directly in-
cluded into the program. Unfortunate-

ly, these two requirements are difficult

to achieve in practice in a single model:

- the computation of expected operat-
ing cost is based on the LOLP curve
([1, 14]); it is thus rather costly to per-
form and impossible to implement in
a linear programming framework;

- reliability constraints can be directly
introduced in investment planning
models using their deterministic
equivalents. However, different at-
tempts to obtain adequate probabili-
ty distributions for the Belgian case
have failed. The relatively small
number of nuclear plants and large
classical units in the distribution of
available capacity is probably res-
ponsible for that failure.

An important question can be raised as
far as the opportunity of including
pumping storage in a capacity expan-
sion model is concerned: indeed de-
tailed studies [13] have shown that their
role in energy transfer (which is the
only one taken into account in LP in-
vestment planning models) is by far not
the most important: it seems that in the
future, pumping storage will be used
mainly for reliability purposes or for
easing the dispatching of the different
plants.
In that case, it is not obvious that the
additional complexity pumping storage
introduces in the optimization process
is really worth the increased realism
brought about by the representation of
energy transfer. Additional studies are
needed to clarify this problem.

Stochastic model for electricity
generation expansion planning

The purpose of the deterministic model
recalled in the preceding section is to
determine the optimal decisions that
have to be taken now once the evolu-
tion of the different exogenous varia-
bles of the system (demand, cost, equip-
ment availability, ...) is given. It is clear
that the future value of many of these
parameters is by nature unknown and
that the decision maker will only ac-
quire additional information about
these parameters as time goes on.

The problem of finding an optimal dec-
ision process tackling directly this un-
certainty can be formalized using event
trees. Event trees have been known for
a long time in Decision Sciences and
have recently been popularized in ener-
getics thanks to the Rasmussen study;
for a detailed treatment the reader is re-
ferred to any classical source on the
subject [10]. Different approaches exist
among which we shall only mention
two. We first introduce some notation:
let i be a node in the event tree where i
represents «a state of the world» (which
can be roughly defined as all the infor-
mation collected about the system by
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the decision maker up to i). A path P,
from the origin to iis a scenario; let It
be the set of states of the world that can
be reached in period T, It will then de-
signate the set of terminal nodes of the
event tree, the set of scenarios consid-
ered in the problems is thus:

[Pyl eIy).

If we let x; be the investment decision
made at i and if the current level of
equipment at node iis defined by Z;, we
have (assuming no dismantling):

Zi = ZO =+ Exj-
J€Py;

If y; (Z) denotes the operating cost at
node i, the deterministic model for a
scenario P, can be written as:

Seek

Cy,= Min Z[K;x; + ¥, (Z,)) ],
iePy,

s.t. Z;=Zy+ 2 x;,i €Py,
J€Poi

where K;is the vector of investment cost
atnode i.

Let (x!, Z!) be the decision variables (in-
vestment and operating cost) obtained
in scenario 1, and let C;;, be the cost un-
der scenario 1’ of (x!, Z!). The decision
criterion is then:

min max (C,, — Cy),
1 I

which implies choosing the strategy that
minimizes the loss occuring if the as-
sumptions corresponding to that strate-
gy do not materialize. This is obviously
a very cautious attitude.

A different approach which has not yet
been extensively experimented is sugg-
ested by economic theory. It consists in
dealing immediately with the whole set
of possible evolutions and not only
with a single scenario. The problem can
then be written as:

Min
t

at = 11 Pu
; €. Pp;
1 e, ¢y 0i

I

[Ki Xy Y (Z)) |

.t Zy= Zg+ Zx,ieT,

J€Py;
where I p,, is the probability
(k1) Py, of the occurence

of node iin the event tree.

The reader will here easily recognize the
deterministic equivalent of a problem
with recourse based on the event tree.

In order to be able to systematically in-
vestigate whether this approach (which
is theoretically more adequate) really
brings additional insight into the pro-
blem of constructing strategies, the ma-
trix generator of the deterministic mod-
el has been extended in order to accom-
modate such problems. The size of the
linear program clearly rises rapidly
with I; possible ways of overcoming
this difficulty are currently investigated
by using the procedures discussed in
section «Large Scale Optimization».

Submodels being currently
developed

Different submodels are currently deve-
loped or looked at in order to proceed
towards a global supply model. At this
stage the nuclear fuel cycle has been
developed and a model for combined
production of heat and electricity will
soon become available; a general fra-
mework for studying distribution phe-
nomena has been established as well.
The fuel cycle model considers several
types of nuclear reactors and the pro-
duction of the corresponding fuel. Its
writing is rather straight forward and
we shall not elaborate on it here. The
next section will instead be mainly de-
voted to combined production of heat
and electricity which involves complex
subannual flows.

Combined production of heat and
electricity

The modeling of combined production

in a global framework is constrained by

the following contradictory require-

ments:

- the model should be sufficiently re-
fined to be valid;

- this refinement rapidly generates a
very large number of constraints.

Before presenting the model being cur-

rently developed, we briefly discuss

these two points:

1) The development of combined pro-

duction for district heating is thought to

be one of the different energy conserva-

tion processes able to bring a signifi-

cant (but still limited) reduction of our

primary energy imports. In particular,

the profitableness of such projects will

depend on:

- the location of the combined produc-
tion (distance to the demand),

- the density of the demand,

- the marginal cost of electricity during
the year.

This dependence requires in the global

model a desaggregation of the demand

for heat into its temporal (in order to
take into account the nonsimultaneity
of the loads) and spatial components.
In particular a load diagram should be
given for the different urban districts of
the nation. (The relevant data have been
collected in another group of the Belgi-
an R&D research program and are
available.) This disaggregation immedi-
ately leads to the second point.

2) Let T be the number of periods con-
sidered, n the number of different ur-
ban districts in the nation and K the
number of different demands in a peri-
od. The number of constraints to ex-
press the satisfaction of the demand is
of the order KnT. Moreover, because
the load curves for heat and electricity
behave rather differently and do not re-
ach their peak at the same time, Z sub-
stitutes can no longer be used to reduce
the number of constraints relating the
capacity and the operating variables. As
a consequence, the number of con-
straints rapidly becomes prohibitive.
With these two requirements and given
that one wants to remain in the LP fra-
mework, the most natural approach
consists in developing two types of
models that are intended to interact, the
nature of this interaction being rather
unformalized. We briefly discuss these
two models.

The combined production submodel
considers different demand nodes, each
of these nodes being fed with different
sources of heat namely FOD, natural
gas, local heat plants, and combined
production plants. Specific transporta-
tion and distribution costs are associat-
ed to each node (fig. 1). These costs are
computed using inodels developed in
other groups of the Belgian national
R&D program.

peak plant, heat only

heat only
medium
plant

distribu-
tion

transpor- naturel gas

tation

electricity
combined
production

natural gaz

There are several means to write the de-
mand constraints at each node depend-
ing on the margin of freedom that one
wants to leave in the optimization.
Since more freedom also means more
constraints and variables, the final
choice of the margin of detail of the re-
presentation will be made when enough
information about the operation of the
plants has been collected using separate
detailed models of district heating. It is
the goal of the model described below
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to provide this information: it refines
the scheme used in the global combined
production model by considering sever-
al different zones of demand for urban
heating and by using an accurate re-
presentation of the load curve in each
zone. The actual version of the model is
static but it is currently being extended
to make it dynamic. The goal is to iden-
tify the general behaviour of the pene-
tration of district heating and to pro-
vide simplifications that will be im-
posed on the operations variables in the
global model. It uses as input the margi-
nal value of electricity during the differ-
ent periods of the horizon. Its general
principle can be described as follows.
Let us assume, for simplicity that the
demand node can be connected to only
one combined production plant and
that the demand node is decomposed
into several districts corresponding to
different geographical characteristics
for which the load diagram is given.

peak heating plants

o storage
v 4
heat Q
combined
production

The aim of the model is to determine:

- which districts should be connected
to the district heating system,

- which combination of plants should
be installed,

so as to minimize the overall cost for

satisfying the demand for heat in the

system.

A special matrix generator has been

written and the LP is optimized using

MPSX. Several simplifying assump-

tions have been made in the model:

- electric power can always be sent to
the network at the current marginal
cost of the central system;

- the difference between the tempera-
ture of the water to and from the
plant is given. The flow is thus the
only regulation variable;

- reliability constraints are modeled as
follows: installed capacity has to be
sufficient even when the combined
production plant or the transporta-
tion network is down: these events
are assumed to occur with a certain
probability and the model should mi-
nimize the expected cost taking the
contribution to overall cost entailed
by these events into account (this is
the classical approach adopted in the
Electricité de France models).

*) This research is also financed by the DG XII
Energy Modeling Research Program at the
Commission of the European Community.
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Large scale optimization*

Energy flow optimization problems are
usually very large and more refinement
will increase their size. Moreover, when
certain phenomena are explicitly mode-
led (reliability constraints, multiple de-
mand nodes, ...), the increase in the
number of constraints can soon turn
these problems unmanageable. More-
over, more complex phenomena like
linkages between different countries or
dynamic planning quickly increase the
size of the model by an order of magni-
tude.

Large linear systems are usually sparse,
the number of nonzero elements repre-
senting only a small fraction of the total
number of elements of the matrix. This
property leads to several interesting fea-
tures that are now well exploited in
commercial codes. Dynamic models
also exhibit additional properties of
which advantage can be taken in special
purpose codes as we shall discuss it
now.

Let us consider a capacity expansion
model, for the sake of simplicity we
shall neglect dismantling of invest-
ments: existing capacities in period ¢
can then be written as:

in each period the operations of the sys-
tem is represented by:

AU+ B, Z,= b,

where U, are the operations variables.
By properly grouping the constraints
and the variables, the capacity expan-
sion model can be written so as to dis-
play the structure exhibited in the figure
below:

Or more simply:

Special techniques based on nested de-
composition [8] or block factorization
[15] of the basis have been developed
for that kind of problems.

Numerical experiments using such me-
thods have been conducted for pro-
blems with dynamic structure [9], and it
has been shown that significant gains
can be obtained when using these me-
thods. A nested decomposition code
based on MPSX 370 is currently being
developed in order to try to combine
the gains of both special purpose me-
thods and efficiently coded LP routines.
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