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Abstrat

In reent years it has been more ommon to use linear or mixed inte-

ger programming methods for �nding optimal solutions to the ompliated

operating options in modern Combined Heat and Power, CHP, networks.

Eletriity may be bought from the national grid or it may be produed

in ordinary ondenser or CHP plants owned by the utility. In the same

manner distrit heat an be produed by use of waste heat from industries

or from the CHP plant. Other options are burning garbage in an inin-

eration plant, using heat pumps in a sewage water plant or just burning

fuels in an ordinary boiler. Combining these options and inluding the

possibility to use onservation measures in the industry or in the hous-

ing stok will result in a very omplex situation if one tries to �nd the

optimal solution haraterized by the lowest Life-Cyle Cost, LCC. Load

management equipment, suh as hot water aumulators, will aggravate

the problem even further. By the use of modern omputers, very large

problems an be solved within a reasonable measure of time. The bases

for the mathematial models are the thermal and eletrial loads. Split-

ting these loads in �ner and �ner segments will yield a model that more

losely will depit the reality. Two methods have frequently been used,

one where the high and low prie hours in eah month have been lumped

together, resulting in 24 segments exept for one segment showing the

in�uene of the maximum eletriity demand. The other method tries

to model the loads by lumping the energy demand in six eletriity tari�

segments but also using about �fteen elements for a more versatile piture

of the distrit heating load. This paper desribes the two methods using

monitored data for 1990 from Kalmar in the south of Sweden. It is also

disussed if one of the methods is preferable or if a ombination must be

elaborated in order to model the reality lose enough for pratial use.

INTRODUCTION

Mathematial modeling by use of linear or mixed integer programming methods

has found an inreased interest in reent years. This is mostly the result of the

ommon use of omputers and you an nowadays �nd a mahine with high alu-

lation apaity on almost every desk . Previously, solving optimization problems

with the linear programming tehnique has been very tedious, and neither the
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speed nor the memory apaity have been su�ient in small desktop mahines.

These problems, at least to a part, have been solved by the introdution of 386

and 486 proessors running in proteted mode. This paper, however, does not

deal with how to �nd the optimal solution for a linear program and therefore

the interested reader is referred to Refs. [1℄ or [2℄ for more details. One of the

major drawbaks with this tehnique is that the entire mathematial problem

must be linear. Only expressions of the type:

C1 ×A+ C2 ×B + C3 ×D = C4

where C1... = di�erent onstants and A, B, D = di�erent variables an be

dealt with. Note that the = sign ould be ≤ or ≥ instead. On the other hand,

several thousands of equations ould be inluded in the problem where some

of the variables only may take the values 0 or 1. This means that nonlinear

problems many times an be transformed to linear ones and solved by use of

the traditional Simplex and Branh-and-Bound methods see Ref. [3℄. In linear

programs there is an objetive funtion that is to be minimized or maximized.

In the ase of energy system optimization, this funtion mostly inludes the

total LCC of the system and the problem will be to �nd the minimum LCC.

The thermal and eletrial loads will be part of the objetive funtion beause

the total ost is a result of, among other things, using di�erent fuels et. in the

boilers. One detailed example of how to design the objetive funtion, and the

onstraints, in a mixed integer program an be found in Ref. [4℄.

THE DISTRICT HEATING LOAD

In order to enlighten the situation, we will use an example from Kalmar in the

south of Sweden. The distrit heating load have been monitored one an hour

for almost a full year, 1990-03-19, 14.00 to 1991-03-01, 07.00. In Figure 1, a

duration graph , i.e. the values of the load have been sorted in falling magnitude,

is shown.

The maximum load in the distrit heating net is 78.2 MW but this load

did only emerge during one hour. The peak is very steep and has a very short

duration, see Figure 1. The amount of energy that must be produed above

60 MW is minute, and ould therefore not in�uene the ost very muh. One

important fat, however, is that the utility must be able to produe 78.2 MW or

there will be a shortage of distrit heat. This means that it is essential to install

boilers et . that are able to produe the total demand and while there might

be a substantial ost for this equipment, it must be inluded in the objetive

funtion.

Normally it is estimated that the peak load and its adjaent values emerge

in the same time interval, e. g. between 06.00 - 22.00 in Deember. A loser

look at the peak is presented in Table 1.

The highest value emerged 90-10-30 at 07.00 and the next highest 91-01-31

at 08.00. Unfortunately, the �rst value seems to be an error. The two adjaent

values in the original data �le are muh lower so the peak load must probably

be set to 76.89 instead of 78.2 MW. Fortunately, the error for this hour does

not in�uene the model load in a signi�ant way.

Most important to note is that the peak ontains values from very di�erent

days of the year. The seond highest value in Table 1 ourred at 8 A.M.
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Figure 1: Duration graph of distrit heating load in Kalmar, monitored values

Date Hour Load [MW℄ Date Hour Load[MW℄

901030 7 78.2 910122 7 66.54

910131 8 76.89 910118 7 66.18

910228 16 71.84 910122 8 66

910118 8 70.46 910127 7 65.42

910126 8 70.17 910130 15 65.35

910201 9 67.59 910201 8 65.25

910129 10 67.06 910130 14 65.08

910228 10 66.8 910124 6 64.42

910213 16 66.77 910218 7 64.3

910228 8 66.76 910121 9 64.27

Table 1: Peak load details for distrit heating grid, Kalmar Sweden

January 3, while the third value emerged almost one month later. However, all

values in Table 1 exept for the �rst one whih is probably wrong, are found in

January or February. A loser look at the data set for the distrit heating load

reveals that not all hours during the full year were inluded in the �le. Of the

8760 hours that should be present, only 8312 exist. Most of the laking hours

our between Marh 01 at 01.00 to Marh 19 at 14.00, or 439 hours, but still

about 10 hours are missing. It is important that the model will be onsistent

and subsequently ontain 8760 hours so in order to ahieve this, about nine days

before Marh 01 and nine days after Marh 19 are opied and added instead

of the missing interval. The peak load, as found in Table 1 above, will not be

a�eted by these added hours, and thus those values ould be used to examine

how they will �t into the two types of models frequently used. In the �rst type

of model it is assumed that the limate is of major importane for the distrit

heating load. One example of suh a model, used for a study of Malmö, Sweden,

is shown in Figure 2, see Ref. [5℄.
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Figure 2: Distrit heating load for 12 months, Malmö Sweden, see Ref. [5℄

The distrit heating load has in that ase been alulated assuming that the

load origins from a giganti building. The transmission fator was alulated to

14.39 MW/K, the thermal losses from ventilating the �building� was assumed

to be 5.07 MW/K while the heating of domesti hot water was assumed to be

350 GWh for a full year. Using limati data for Malmö made it possible to

alulate the load found in Figure 2.

One very big advantage of the above proedure is that if the �building� is

to be a�eted by retro�t measures, it is possible to alulate exatly how muh

the load would be dereased by suh a measure. If Table 1 and Figure 2 are

ompared, it is obvious that the �ner details of a real load will not emerge

in Figure 2. The load for one hour in Deember might be muh higher than

one in February even if the model says that this is not the ase. On the other

hand, the real load for one year will probably not be representative for all future

years that are under onsideration. This fat speaks for the model in Figure

2 where meteorologial mean values for the outside temperatures were used.

In Referene [6℄ the real distrit and eletriity demands of Kalmar have been

studied and some statistial investigations have been elaborated. The result

shows that there is a fairly good orrelation between the outdoor temperature

and the distrit heating load. The orrelation oe�ient was alulated to 0.895

for the total data set and the orrelation was not improved if only ertain seleted

values were used instead of the total set. The �best �t equation� for the distrit

heating demand in [MW℄ was alulated to:

DHload = 5.6 + 1.525× t (1)

where t equaled the indoor temperature, 20

◦
C, minus the outdoor temper-

ature. In Figure 3 the alulated values from expression (1) are shown as dots
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while the monitored values emerge as a line.
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Figure 3: Monitored and alulated values for the distrit heating load in Kalmar

If Figures 1 and 3 are ompared it is apparent that some values are missing,

only about 7 500 hours are present in Figure 3, while about 8 200 are dealt with

in Figure 1. This is so beause the monitored temperatures inluded some 700

values whih ould not be used due to registration errors. It must also be noted

that the sorting in desending order has been ful�lled so that eah monitored

value orresponds to the same alulated value for that spei� hour. The

alulated values will therefore not be sorted in desending order but instead

emerge as sattered dots. In Figure 4 also these alulated values are sorted,

but two points above eah other at the separate urves will now not orrespond

to the same hour of the year.

However, as Figure 4 shows, the orrelation between the alulated values

and the monitored values has improved substantially by this proedure.

The alulated values underestimates the demand for very old days but

will yield higher values during part of the summer. For very warm days, i.e. no

real limate load at all, the demand is alulated to negative values, whih is

of ourse not logial. These ould however be exluded when the �nal model is

designed. The total amount of energy under the two urves are almost exatly

the same and thus it seems that the method shown will result in an aeptable

model of the distrit heating demand.

THE ELECTRICITY LOAD

The eletriity demand does not show the same high orrelation with the limate

as does the distrit heating. In Referene [6℄ the orrelation oe�ient has been

alulated to 0.326 for the total data set. If only the minimum demand eah

night was used it redued the in�uene of industrial and other ativities during

daytime, and this inreased the orrelation oe�ient to 0.748.
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Figure 4: Monitored and alulated values for distrit heating load in Kalmar

Exluding the summer months, however, did not improve this value. In

Figure 5 the eletriity demand is shown for the total data set in the form of a

duration graph.

The peak load is about 75 MW while the lowest load is about 22 MW. In

referene [6℄ the limati load was alulated as:

Eload = 20.58 + 0.809× t (2)

where t equaled the indoor temperature 20

◦
C minus the outdoor tempera-

ture. If expression (2) is used for alulating the eletriity spae heating load

the result would beome similar to that shown in Figure 3, sattered dots in the

graph but this time below the urve in Figure 5. The problem will then be the

same i.e., should the monitored values be sorted aording to their strit order

of magnitude or is it better to sort them into separate time segments no matter

their level?

THE COST FOR PRODUCTIONOR PURCHASE

OF ENERGY

The utility an produe eletriity and heat in its own failities or it an buy

eletriity from the national grid. The tari� that is used is split up in time

segments. During working days the high prie hours range from 06.00 to 22.00

while a heaper prie is used during rest of the day and on Saturdays and

Sundays. The prie will often di�er depending on the month of the year. During

summer the prie is lower than it is during winter. The models we build are

used for minimization of the life-yle ost and therefore it is important to use

a strong onnetion between the atual use of energy and the appliable prie

in the tari�. In Table 2 the monitored demand has been split up aording to

the month and time of day.
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Figure 5: The eletriity demand in Kalmar, Sweden, during 1990

In January, for example, there are 368 high prie and 376 low prie hours.

The use of eletriity during high prie onditions are 22.1 GWh whih implies

an average demand of 60 MW. For the low prie segment the orresponding

values are 17.8 GWh and 47.3 MW. The distrit heating use is 16.5 GWh, and

44.9 MW, for the high ost segment and 14.9 GWh, i.e. 39.5 MW, during the

low ost segment.

The eletriity demand in Table 2 must now be sorted in desending order

so it ould be ompared to the situation found in Figure 5. This has been done

in Figure 6.

Figure 6: Duration graph of the 24 segment eletriity demand, Kalmar, Sweden

Unfortunately, it has not been possible to show both the urve in Figure 5

and the graph in Figure 6 in the same diagram. The alulation proess used
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Month Hours Eletriity Distrit heating

High Low High Low High Low

Energy Load Energy Load Energy Load Energy Load

Jan 368 376 22.1 60.0 17.8 47.3 16.5 44.9 14.9 39.5

Feb 320 352 18.1 56.7 14.0 39.7 17.0 53.2 16.3 46.4

Mar 352 392 18.8 53.4 14.2 36.2 12.1 34.3 11.4 29.1

Apr 336 384 16.1 47.9 12.6 32.8 7.9 23.5 8.1 21.2

May 368 376 15.8 43.0 10.6 28.1 5.0 13.5 5.0 13.3

Jun 336 384 14.3 42.6 10.5 27.4 2.7 8.0 2.9 7.6

Jul 352 392 13.8 39.2 10.9 27.7 2.7 7.6 2.6 6.7

Aug 368 376 16.7 45.5 11.1 29.6 2.5 6.9 2.4 6.5

Sep 320 400 16.4 51.2 13.5 33.6 5.4 17.0 5.4 13.6

Okt 368 376 20.6 55.9 14.4 38.4 9.2 25.0 7.8 20.7

Nov 352 368 21.4 60.8 15.6 42.0 12.3 35.0 10.4 28.3

De 336 408 20.0 59.5 18.3 45.0 13.1 39.0 13.4 32.8

Sum 214.1 163.5 106.4 100.6

Table 2: Eletriity and distrit heating demand in GWh and MW during 1990

in Kalmar, Sweden

for elaborating Figure 6 asertains that the same amount of eletri energy is

shown in both �gures. It is also obvious that Figure 6 does not show the peak

load whih is apparent in Figure 5. Beause of the very small area , i.e. energy,

in the peak the di�erene in eletriity ost will not di�er very muh between

the two graphs shown. There is, however, a possibility that the size of the

equipment will be misinterpreted if only Figure 6 is used. In Referene [4℄ this

has been dealt with by use of a 25th segment showing the maximum demand

for the months November to Marh, whih are the months of onern due to

the demand part of the tari�.

THE LOAD MANAGEMENT PROBLEM

Load management equipment in residential buildings and industry is nowadays

available in order to ut peak loads. Examples ould be to add hot water

aumulators in buildings or disonneting kilns for short periods of time in an

industry. In Referene [7℄ this is dealt with by use of maximum load days or

lumps of days. It should then be possible to asertain that energy in a ut of a

peak in a high ost segment will emerge in the low ost segment for the same

day or at least later in the high ost segment. Figure 5 shows that some 200

hours have higher demands than the approximately 60 MW that is found as

the peak in Figure 6. It will not be possible in pratial use to add all these

hours to a model as separate segments and therefore they are lumped in smaller

segments as shown in Referene [7℄. The method used for elaborating Figure 6

is not su�ient for this �ne tuning of the model and thus it would be important

to split the left hand side of the load into smaller segments. Likewise important

is to asertain that the eletriity and the distrit heating loads oinide to

eah other. The seleted maximum eletriity load segments must therefore

orrespond to the very same time segments for the distrit heating load. In

Referene [7℄ or in Referene [8℄ this is not ful�lled but instead the maximum
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eletriity load segments are assumed to orrespond to maximum distrit heating

load segments, whih is not neessarily true. See Table 2 where the maximum

eletriity load emerges in the November high ost segment while the maximum

distrit heating demand is found in the February high ost segment. At the

same time, maximum distrit heating segments must orrespond to the very

same time segments in the eletriity load. In the method shown in Figure 2

where the loads are split up in segments, stritly due to the time this is not a

problem but as shown above this method might not be su�ient for �ne tuning

of the model. Eletriity load management inludes measures that will transfer

some of the energy in a peak load segment to another period of time. One

example of this is an eletrially heated hot water aumulator. If there is a

risk for a peak hour, say from 08.00 A.M. to 09.00, in the use of eletriity,

the heater should be disonneted a ertain period of time, say one hour. The

energy that was going to be used must now instead be transferred by the model

to the hour between 09.00 to 10.00. The possibility to produe distrit heat,

using CHP, is at the same time redued during the �rst hour and inreased under

the seond hour. Everyone understands that the proess for evaluating all the

possibilities is a major task and we do not think that it will be possible to design

a model that is able to aomplish the aurate answer for all di�erent kinds

of load management measures. One example an be shown from the �gures in

Table 1. If we ould use a load management system to derease the load by say 5

MW at 0800 the 31th of January 1991 this will be a �ne measure. (The seond

value is used here beause the �rst one was probably wrong.) These 5 MW

ould be transferred to any one of the hours oming later that day beause the

same date does not emerge again in the table. If, however, we want to transfer

5 MW from 08.00 the 28th of February to emerge at 10.00 the same day this

will not be a good idea beause in that ase this hour might result in a new

peak.

CONCLUSIONS

We have shown that neither of the two ommon methods for modeling eletriity

and distrit heating loads will be su�ient for proper use in linear programming

methods. The �rst type of model splits the loads due to the di�erent tari�

elements. In Sweden this means that the loads are split in high and low ost

segments for every month during one year whih will lead to 24 time segments.

There is also one segment showing the maximum demand for eletriity due to

the a ertain ost for this demand. This �rst method, however, will alulate

the average mean in all segments and thus the �ner details in the load will

be overwhelmed. One major advantage with the method is that the model is

onsistent, i.e. eah time segment will orrespond exatly for the two loads.

Load management equipment ould not be modeled properly as long as part

of the energy in the high ost segment is not transferred ompletely to the low

ost ditto, and vie versa. It will therefore not be possible to model a transfer

of energy from one hour to a subsequent one without speial measures. The

other model splits the loads in a more versatile manner where peak hours and

peak days our. These models are, however, not onsistent beause it is not

asertained that the time segments for the eletriity and the distrit heating

loads are the very same. Instead, it is assumed that the distrit heating and
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the eletriity loads have their maximums at the same time. We have shown

here that this is not always true. Neither in these type of model is it possible

to add load management measures beause the model does not keep trak of

subsequent hours in perfet order. The model of the loads will, however, show

a better orrelation to the real ones. It seems that the �rst method is the one

to prefer beause of the onsisteny in time segments but more time elements

should be added to model the peak in a more aurate manner.

ACKNOWLEDGMENT

The researh behind this paper has been �naned by the foundation of Bengt

Ingeström, Sweden.

Referenes

[1℄ Foulds L. R. Optimization tehniques. Springer Verlag, New York In., 1981.

[2℄ Bunday B. D. Basi Linear Programming. Edward Arnold, 1984.

[3℄ Gustafsson Stig-Inge and Karlsson Björn G. Insulation and Bivalent Heating

System Optimization; Housing retro�ts and Time-Of-Use Tari�s for Ele-

triity. Applied Energy, 34(?):303�315, 1989.

[4℄ Gustafsson Stig-Inge. Optimization of Building Retro�ts in a Combined

Heat and Power Network. Energy - The International Journal, 17(2):161�

171, 1992.

[5℄ Gustafsson Stig-Inge, Karlsson Björn G. Prodution or Conservation in CHP

Networks? Heat Reovery Systems & CHP, 10(2):151�159, 1990.

[6℄ Gustafsson Stig-Inge. Climate In�uene on Distrit Heat and Eletriity

Demands. Applied Energy, 42(4):313�320, 1992.

[7℄ Baklund E. L. and Karlsson B. G. Cogeneration Versus Industrial Waste

Heat. Heat Reovery Systems & CHP, 8(4):333�341, 1988.

[8℄ Henning D., Söderström M. and Karlsson B.G. Supply and Demand Side

Measures in Muniipal Energy Systems Optimisation. In Proeedings of the

1992 European Simulation Multionferene, pages 631�635, York, 1992.

10


