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Abstra
t

Linear programming models used for optimisation of various energy

systems have re
eived in
reased interest during the last ten years. One

reason for this is the use of personal 
omputers. Models with thousands

of variables and 
onstraints 
an now be rapidly optimised. If integers are

introdu
ed, whi
h are ne
essary when in
rements or steps in 
ost fun
tions

are part of the model, the 
omputing power is of even higher interest.

However, many s
ienti�
 authors do not dis
uss in detail how the model

is designed and what basi
 data lie behind this design. This paper presents

an attempt to study muni
ipal thermal and ele
tri
ity loads, and further

how to divide data for one year into useful segments for linear and mixed

integer programming purposes.

INTRODUCTION

In Sweden, many buildings are 
onne
ted to distri
t heating systems. Others

use ele
tri
ity for spa
e, and domesti
 hot water, heating. Numerous buildings

also use heating systems that have oil or �rewood as primary sour
es of energy.

It is natural that a proprietor tries to minimise the 
ost for this heating. The

problem is that heating systems whi
h 
an utilize 
heap energy sour
es, su
h

as heat from a heat pump, tend to be more expensive to buy and to install,

while for instan
e a 
heap ele
tri
ity radiator must use expensive ele
tri
ity in

order to operate. There is therefore a problem of optimisation, i. e. how should

di�erent building-, heating- and ventilation equipment be 
ombined when the

total 
ost is to be minimised. The problem grows in 
omplexity when also

the utilities whi
h produ
e e. g. distri
t heat and ele
tri
ity are in
luded.

If, for instan
e, the proprietor de
ides to add more insulation on the external

walls of his building, this will a�e
t the need for distri
t heat and subsequently

the possibility to produ
e ele
tri
ity in the Combined Heat and Power, CHP,

produ
tion plant.

The relation between the proprietor and the utilities is formalized in the

form of an energy tari�. Many e
onomists 
laim that this tari� should be based

on the short range marginal 
ost of produ
ing one more unit, or one unit less,
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of e. g. distri
t heat or ele
tri
ity. The 
ost for the risk of s
ar
ity should also

be in
luded, see e. g. Referen
e [1℄ or [2℄. In Sweden, where the peak load for

ele
tri
ity is supposed to o

ur during the winter, the highest pri
e for ele
tri
ity

should also apply during these hours. During this peak the utilities must use

oil 
ondensing plants, or even gas turbines, in order to supply the 
onsumers

with ele
tri
ity and thus the end user should be informed of these pri
es via the

tari�. If the pri
e is too high the proprietor will a
t in order to redu
e his usage

and hen
e the utility does not have to use so mu
h expensive fuel. If everybody

a
ts in su
h an rational e
onomi
 way the mix between energy produ
tion and


onservation would be
ome optimal. This e
onomi
 theory is, however, the

subje
t for dispute and some resear
hers 
laim that the pri
e should be based

on the long term marginal 
ost instead, i. e. when the 
ost for new power

stations et
. is in
luded, see e. g. Referen
e [3℄.

MIXED INTEGER LINEAR PROGRAMMING

One method for optimising, i. e. �nding the lowest 
ost for, energy systems is

so 
alled Mixed Integer Linear Programming, MILP. The original Linear Pro-

gramming, LP, method has be
ome more interesting during re
ent years be
ause

fast mi
ro 
omputers, or PCs, are readily a

essible. One major drawba
k with

the method is that the problem to be optimised must be purely linear. This

is in part solved by introdu
ing binary variables that 
an only take the value

one or zero. The LP model then be
omes a MILP problem. Another drawba
k

is that an energy system, for example, must be divided into time segments in

order to make it linear. For ea
h su
h segment several variables must be used

in order to �nd proper thermal sizes for all equipment in a building or a mu-

ni
ipal energy system. The number of variables grows rapidly when these time

segments get shorter. Too long segments, however, make the model too 
oarse

and no trustworthy results 
omes out from the optimisation. The end user 
ost

for ele
tri
ity and heat is a result of the tari� whi
h therefore is a perfe
t base

for the time segments. This division in segments must, however, be used for the

model as a whole in order to a

urately des
ribe the system in a mathemati
al

way. More details of both LP and MILP models of energy systems 
an be found

in e. g. Referen
es [4℄, [5℄ or [6℄.

TIME SEGMENTATION

As mentioned above the proprietor of a building is supposed to a
t a

ording to

the di�erent tari�s whi
h apply. In Linköping, situated about 200 km south of

Sto
kholm, the tari� for ele
tri
ity is based on three di�erent levels. Marginal


ost pri
ing is therefore not used. The high level is valid during working days

from November to Mar
h between 0600 to 2200 and the energy 
ost is then 0.94

SEK/kWh, VAT and other taxes in
luded. A medium level of 0.49 SEK/kWh

applies for the same months but from 2200 to 0600 and for all weekends. From

April to O
tober the pri
e is 0.38 SEK/kWh no matter the time, or type, of

day. There are also other 
ost elements su
h as demand and subs
ription fees.

Traditionally, this division into segments has been valid also when the utility

bought ele
tri
ity from the national grid, but in the now deregulated ele
tri
ity
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market, spot pri
ing is likely to be more 
ommon. Be
ause of the tari� at least

three segments must be used. One for the high ele
tri
ity 
ost, one for the

medium and one for the low 
ost.

The distri
t heating pri
e is 0.26 SEK/kWh throughout the year. Also here


ertain other 
osts must be added. The distri
t heating usage is highly depen-

dent on the 
limate and the annual use is therefore split into the twelve months

of a year. One way to redu
e the 
ost for high pri
ed ele
tri
ity is to install a

hot water a

umulator. This a

umulator should be 
harged during nights and

weekends and dis
harged during working days. Be
ause of the tari�, 
harging

during the weekends 
an utilize a longer period of time, i.e. both Saturday and

Sunday, while only eight hours are present during night time for week days. This

might be important when the pro�tability for the a

umulator is to be de
ided.

We, therefore must treat weekends separately from other low 
ost periods.

From the above dis
ussion it is obvious that at least 22 segments are needed.

The winter months, November to Mar
h is ea
h divided in three segments, one

for high pri
ed ele
tri
ity, one for medium pri
e ele
tri
ity and one for weekends,

due to the a

umulator. This results in 15 segments. The summer months have

one segment ea
h whi
h implies that 7 more segments must be used.

THERMAL AND ELECTRICITY LOADS

Linköping has about 130,000 inhabitants and about 80,000 of them live in the

more densed part of the 
ity. By help from the lo
al utility Tekniska Verken in

Linköping AB we have a
hieved monitored data on an hourly basis for the total

loads of ele
tri
ity and distri
t heating for 1996 as well as outdoor temperatures

for the same period. In Figure 1 the ele
tri
ity load is presented and the �rst

value, hour number 1, shows the number of MWh used between 00.00 and 01.00

for January 1, 1996.
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Figure 1: Ele
tri
ity demand for Linköping, 1996
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One full year, i. e. 8784 values are present in Figure 1 and the average de-

mand seems to be about 130 MW. The peak load was about 214 MW, De
ember

20 at 10.00, while the lowest value was approximately 61 MW, April 4 at 16.00.

The in�uen
e of the 
limate is also obvious, but perhaps not as emphasized as

suspe
ted. Even in the middle of the summer when the 
limate is warm and the

sun is up almost during the whole nights, the demand was about 60 MW. The

distri
t heating load is shown in Figure 2 and here the in�uen
e of the 
limate

is still more pronoun
ed.
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Figure 2: Distri
t heating demand for Linköping, 1996

The highest demand, 379 MW, was found for January 3, at 12.00, while the

lowest value, 29 MW, emerged at June 8 at 12.00. It shall be noted here that

the true maximum demand is 420 MW but a few of the distri
t heating plants

have not been in
luded in the monitored values. Interesting to see is also the

variation of the outdoor 
limate whi
h is found in Figure 3.

The highest temperature + 28

◦
C o

urred at June 8, 14.00, while the lowest

temperature, - 20

◦
C was found for February 18, 07.00. There was therefore

not a pre
ise 
onne
tion between the maximum demand and minimum outdoor

temperature. The overall behavior, however, shows that the 
limate has a sig-

ni�
ant role for the demand of both ele
tri
ity and distri
t heat. Another way

to depi
t the demand is to use a duration graph, i. e. to sort the values in

des
ending order. The winter will then be lo
ated to the left, and the summer

to the right in su
h a diagram. Figure 4 and 5 show this for ele
tri
ity and

distri
t heat respe
tively.

In Figure 4 the duration graph for the ele
tri
ity demand is shown. On
e

again it is obvious that the base load, with a very long duration, is about 60

MW. The 
urve follows almost a straight line up to about 150 MW when the

in
rease gets steeper. However, the peak is not very a

entuated.

A more obvious peak 
an be found in Figure 5 where the duration graph for

the distri
t heating system is shown.

The base load has also a mu
h lower level and the 
urve therefore has a
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Figure 3: Outdoor temperature in

◦
C for Linköping, 1996

steeper slope.

The duration graph for the outdoor temperature, see Figure 6, is 
onstru
ted

as a di�eren
e between the highest outdoor temperature, about 29

◦
C and the

a
tual temperature.

The reason for this is be
ause the graphs will then have similar shapes.

The distri
t heating and ele
tri
ity loads must now be implemented in the

mathemati
al models. Be
ause of the tari�s for distri
t heat and ele
tri
ity and

the possible use of the hot water a

umulator it seems suitable to use the same

time segments for the loads as used for the tari�. A small 
omputer program

has therefore been elaborated to sort the load in these segments. The result is

shown in Table 1.

From Table 1 it is obvious that some of the �ner details in the duration

graphs, Figures 4 and 5, disappear. For instan
e the highest peak in Figure 4

is about 210 MW while the 
orresponding peak in Table 1 is only 188 MW, see

the February high 
ost segment. The same thing 
ould be found for the distri
t

heating load. The peak in Figure 5 is about 350 MWwhile 277MW 
an be found

in Table 1. One problem with the loads is that they do not follow ea
h other in a

perfe
t order. The third largest value for the ele
tri
ity load 
an be found in the

De
ember high 
ost segment while the third largest value for the distri
t heating

load is in the February medium 
ost segment. When a model is designed it is

important to maintain the distribution of the time segments. Further, the main

interest when a CHP plant is built is the ele
tri
ity produ
tion and therefore the

load is sorted so that the ele
tri
ity load is arranged in a des
ending order while

the distri
t heating load follows the 
orresponding ele
tri
ity segment order.

Su
h a graph, based on Table 1, is found in Figure 7.

If the distri
t heating load was about three times the ele
tri
ity load a CHP

plant would have been an ideal proposition. This be
ause about three times
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Figure 4: Duration graph for the ele
tri
ity demand in Linköping, 1996.

more heat than ele
tri
ity must be produ
ed in su
h equipment.

From Figure 7 it is obvious that this is not the fa
t. Sometimes the distri
t

heating load is twi
e the ele
tri
ity load but during the summer the opposite is

valid, i.e. the ele
tri
ity load is larger than the distri
t heating load.

Above it was mentioned that the �ner details of the two loads disappeared

when they were sorted in the 22 time segments. The MILP models are used

for optimisation, i. e. they result in a minimised 
ost for the system. This


ost in part depends on the sour
es for ele
tri
ity and heat that are used. For

a muni
ipal ele
tri
ity system the peaks are almost always 
overed by use of

pur
hased ele
tri
ity from the national grid while the peak in distri
t heating

is 
overed by use of oil �red boilers. The energy 
ost for the peak is therefore

known and hen
e the loads in Figure 7 
ould be used. However, there must

be equipment whi
h have su�
ient power for 
overing also the worst situation.

When ele
tri
ity is of 
on
ern 
osts emerge in the form of demand 
harges while

expensive oil �red oil boilers must be used for 
overing distri
t heating peaks.

The demand 
harges are frequently based on a mean average value of the

demands for one hour during ea
h high 
ost segment. In our 
ase this leads

to examining �ve values, one for ea
h month from November to Mar
h. The

values for Linköping, 1996, are shown in Table 2. Be
ause of the now deregulated

ele
tri
ity market in Sweden we do not know the exa
t design of the demand


harges but probably a mean value of the demands in Table 2, i. e. 205 MW,

will be su�
ient for a MILP model. There is also a subs
ription fee based on

the absolute maximum demand, i.e. 214.1 MW.

The maximum distri
t heating demand, 378.9 MW, was found for January 3,

at 12.00.

If the MILP model is to be used as a basis for future investments it is not

enough to study just one spe
i�
 year but instead a number of years for a long

period of time. However, with all other un
ertainties in mind the �u
tuations of

the ele
tri
ity and thermal loads might be of minor interest if not an extremely
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Figure 5: Duration graph for the distri
t heating demand in Linköping, 1996

mild, or 
old, year is used as a base for the model.

CONCLUSIONS

We have shown how monitored data for one ele
tri
ity and one distri
t heating

load are split up in smaller segments for use in LP and MILP models. The

base for the segmentation is the appli
able tari�s used by the utility and the

produ
ers and owners of the national grid. The ele
tri
ity tari� is divided in

high, medium and low 
ost periods while distri
t heating has the same pri
e

throughout the year. Both the monitored loads show, however, a strong in-

�uen
e of the 
limate and therefore ea
h month is an appli
able basis for the

segmentation. The use of a hot water a

umulator makes it ne
essary to keep

apart weekends during the winter period from other medium 
ost periods. This

results in 22 separate segments. One drawba
k with this method is that �ner

details of the peaks disappear. Adding some very short, one hour, segments

solves this di�
ulty. At least one su
h segment should be added for the distri
t

heating load while two or more segments must be used for the ele
tri
ity load.

It is also important to use the same segments for ele
tri
ity and distri
t

heat. For Linköping it is shown that the distri
t heating load is about twi
e the

ele
tri
ity load in some segments while about half, in others. This might have

a signi�
ant in�uen
e on the possibilities to use CHP.
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Figure 6: Duration graph of the di�eren
e between the highest monitored out-

door temperature and the a
tual temperature
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Month Segment Hours Ele
tri
ity Distri
t heating

[h℄ Demand [MW℄ Energy [GWh℄ Demand [MW℄ Energy [GWh℄

Jan. High 
ost 368 184.8 68.0 265.4 97.7

Medium 
ost 184 132.6 24.4 235.2 43.3

Weekends 192 140.4 26.9 235.5 45.2

Feb. High 
ost 336 187.7 63.0 276.6 92.9

Medium 
ost 168 142.3 23.9 263.5 44.3

Weekends 192 144.3 27.7 259.3 49.7

Mar. High 
ost 336 168.5 56.6 220.5 74.1

Medium 
ost 168 124.1 20.8 213.8 35.9

Weekends 240 126.8 30.4 210.7 50.6

Apr. Low 
ost 720 121.0 87.0 136.2 98.0

May Low 
ost 744 115.8 86.0 110.2 81.9

Jun. Low 
ost 720 103.8 74.6 52.3 37.6

Jul. Low 
ost 744 100.2 74.5 50.9 37.9

Aug. Low 
ost 744 106.8 79.4 44.8 33.3

Sep. Low 
ost 720 116.0 83.4 93.1 66.9

O
t. Low 
ost 744 125.7 93.3 119.0 88.4

Nov. High 
ost 336 167.8 56.4 188.5 63.3

Nov. Medium 
ost 168 113.3 19.0 166.1 27.9

Nov. Weekends 216 120.5 26.0 162.5 35.0

De
. High 
ost 352 176.4 62.1 254.8 89.7

De
. Medium 
ost 176 129.3 22.6 225.8 39.5

De
. Weekends 216 140.6 30.4 244.3 52.8

Table 1: Ele
tri
ity and distri
t heating load for the 22 time segments

Time Demand [MW℄

January 3, 16.00 210.5

February 7, 10.00 211.6

Mar
h 15, 11.00 188.7

November 28, 15.00 197.4

De
ember 20, 10.00 214.1

Table 2: Maximum ele
tri
ity demand for the winter months in Linköping, 1996

Figure 7: Ele
tri
ity and distri
t heating loads for Linköping, 1996. The ele
-

tri
ity load is sorted as a duration graph
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