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Abstrat

When timber is to be utilised in the form of furniture it must be dried.

Green timber many times ontains more water than wood and if it is

plaed indoors the water slowly will evaporate. When the �bre saturation

point is reahed the wooden parts start to shrink and the shape of the

details will hange. If the wood is dried before it is used for furniture

parts this alamity is redued beause shrinking has ourred already in

the drying kiln when the raw material was in the form of lumber. This

drying proess use a lot of heat whih is produed by eletriity or by

�ring wood hips or oil in boilers. The ost for these energy soures

varies during the season or for eletriity also during the day. This paper

desribes how to optimise the use of energy in two drying kilns loated

at a small arpentry fatory in the south of Sweden. Monitored values

from the fatory are used in order to desribe the proess in lose detail.

These values are then used as a basis for a mathematial model whih is

designed in the form of a Mixed Integer Linear Program. The method

makes it possible to optimise the operating shemes for the two dryers.

Key words: Mixed integer linear programming, Wood drying, Eletriity, Boilers,

Steam

INTRODUCTION

The wood manufaturing industry in Sweden has not very often been subjet

for sienti� researh. The fatories are many times loated in rural areas and

the inhabitants often must move, or ommute, to larger ities in order to �nd

work. The County of Kalmar, and funding from the European Community task

5b, have therefore �naned studies of this industrial branh in order to help the

ompanies grow and be able to employ more people. Three papers have been

published within this projet and the �rst shows how a ompany uses eletriity

and heat, and further a number of proesses are identi�ed in order to make the

energy ost lower, Referene [1℄. The seond paper deals with the surfaing line

in a arpentry fatory, Referene [2℄, while the third paper examines the wood

drying proess, [3℄.
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OPTIMISATION

The method used here for optimisation, i. e. to �nd the heapest way to provide

a proess with e. g. heat, is alled Mixed Integer Linear Programming, MILP. In

all suh MILP problems there is an objetive funtion whih is to be minimised.

The objetive therefore shows the total ost for the proess. The lowest value of

this funtion is, of ourse, zero but then the proess annot work. Therefore, a

number of onstraints must be introdued whih ensure that, for instane, heat

is provided to a su�ient amount. It is not possible to dwell deeper into the

details of how to solve suh problems and the reader is referred to Referene

[4℄, [5℄ and [6℄ for further information. Commerial omputer programs are

available for MILP optimisation and e. g. CPLEX, LAMPS and ZOOM an

be used for this. All these programs need input data and these are presented

to the program in the form of a MPS �le whih is a standard format. This �le

might inlude several thousands of lines and, hene, omputers are used also for

writing this as an ordinary text �le. The MPS format just tells the operator how

to present the mathematial problem in order for the optimisation program to

read it. The main task for the researher is therefore to onstrut the omputer

program whih translates an atual proess into a mathematial problem.

CASE STUDY

One of the studied ompanies, Mörlunda Chair and Furniture Ltd., is loated

about 350 km south of Stokholm. The ompany was established in 1904 and has

now about 20 employees. Eletriity is purhased from the Sydkraft ompany

whih monitors the amount eah hour. These data are after this transferred to

a omputer loated elsewhere. One advantage with this proedure is that data

are available on an hourly basis for several years. In Figure 1 the demand of

eletriity for 1997 is presented in a so alled duration graph where the meter

readings have been sorted in desending order.

The ompany has a subsription for 190 kW but during 1997 this level was ex-

eeded by 21 kW. When this happens an extra fee must be paid of 914 SEK/kW.

(One US$ equals about 8 SEK.) Hene, an extra fee had to be paid of about

19,000 SEK. This extra fee ould be avoided by use of load management mea-

sures applied at two kiln dryers, today heated with eletriity. A number of

other alternatives have also been identi�ed. One of the dryers an be heated

with steam from two boilers, one �red with oil and one �red with wood hip

residues from the manufaturing proesses. The steam system was damaged

by frost some years ago and has not been in use sine. As a result of this

projet repairs have now started. The other dryer originally used a heat pump

for ondensing vapor in the humid kiln dryer air to water. The heat ahieved

from this proess was then led into the dryer via the irulating air. The heat

pump, however, has not been used for several years beause of some unidenti�ed

problem.

Eletriity meters have now been set up on strategi spots in the fatory and

therefore it is possible to use monitored data from these dryers and the total

eletriity need in order to design a mathematial model. The �rst time when

both dryers were used at the same time, and a peak ourred whih exeeded

190 kW, was at November 10, 1998, see Figure 2.
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Figure 1: Duration graph of purhased eletriity at Mörlunda Chair and Fur-

niture Ltd., 1997, Referene [1℄.

In Figure 2 the demand is shown for a one minute basis and the maxi-

mum total demand 215.6 kW ourred 06.39 and 06.41, i.e. minute no 398 and

400. Sydkraft, however, alulates an average for one hour whih was 196.3 kW

whih ourred for the hour between 07.00 and 08.00. The peak exeeded the

subsribed level and this ost the ompany about 6,000 SEK. For the rest of the

day the average demand was lower than 190 kW. It is now of interest to study

the peak hour in more detail, see Figure 3.

In Figure 3 it is obvious that both dryers used eletriity during the entire

hour. The use varies beause when a ertain temperature is reahed the resis-

tane heaters are turned o�. The motors for the fans in the dryers seems to

operate all the time but for other hours it is shown that they are turned o� as

well, but only for short periods of time, see Referene [3℄ where dryer no. 1 is

studied in loser detail.

MATHEMATICAL MODEL

The eletriity meters installed at Mörlunda Chair and Furniture Ltd. are

sanned eah minute. Therefore, this basis is used for the mathematial model.

For eah minute the ost present in the objetive funtion must be elaborated

and, further, a number of onstraints must be used based on the same time

interval. For one full day there are 1,440 minutes eah yielding a number of

objetive funtion and onstraint data. Just for one day the model will therefore

inlude several thousands of variables and onstraints. Even for the fast desktop

omputers available today a model of one full drying yle, whih lasts about

two weeks, will be very time onsuming to optimise. The model, therefore, is

limited to one day, viz. the one where the peak demand of 196 kW ourred.

In Table 1 the �rst values from the most interesting hour is shown.

All MILP models inlude an objetive funtion. In our ase study eletri-
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Figure 2: Eletriity demand for two dryers and the entire fatory, November

10, 1998.

Minute no Dryer no 1, [kW℄ Dryer no 2, [kW℄ Total, [kW℄

420 3.5 3.7 188

421 8.9 7.5 195.5

422 18 7.5 205.3

423 17.8 7.5 200.6

424 17.8 3.7 205.3

425 17.7 7.5 205.4

426 17.8 7.5 202.9

427 7.4 7.5 194

428 3.5 7.5 188

429 3.5 3.7 188

430 14.6 7.5 196.9

Table 1: Eletriity demand in the two dryers and in the total fatory.

ity demand in the dryers is of vital interest. Dryer no 1 an be heated with

steam from an oil-�red boiler, steam from a wood hip �red boiler or by use of

eletriity. In Referene [1℄, it is shown that the dryer use three fans when air

irulates in one diretion and two fans when the opposite is valid. Eah motor

use about 1 kW. The �rst minute in Table 1 shows that no heating ourred and

that three motors were used. It must be possible to use the fans when steam

heating is optimal and the demand is therefore divided in four parts, EM1 for

eletriity to the motors in dryer no. 1, EH1 for eletriity heating in dryer

no. 1, WH1 for steam heating using wood-hips and OH1 for steam from the

oil-�red boiler. Dryer no. 2 an only use eletriity for heating and thus only

two variables are needed EM2 and EH2. Oil for industrial use is now free of

tax harges and the prie is as low as 0.2 SEK/kWh. It is assumed that the

e�ieny of the boiler is 0.7 and the prie for oil-�red steam is 0.29 SEK/kWh.

Wood-hips �red steam is still heaper and in [3℄ the prie was found to be about
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Figure 3: Eletriity demand for the peak hour.

0.14 SEK/kWh. The boiler is in a poor state and the e�ieny is assumed to

be about 0.6 whih implies the prie 0.23 SEK/kWh. The ost for eletriity is

very low today beause of the deregulated market. The pries are not o�ial

and therefore it is assumed that 0.25 SEK/kWh ould be used in this ase study.

We have, however, tested the model with other pries as well. The e�ieny

for eletriity heating is supposed to equal 1.0. The �rst part of the objetive

funtion an now be elaborated.

[(EM11+EH11+EM21+EH21)×0.25+WH11×0.23+OH11×0.29]× (1/60) (1)

The pries are shown in SEK/kWh and hene the objetive must be divided

by 60. The index 1 shows that this is the �rst element or the �rst minute. For

one day, 1,440 suh ost elements must be added. Note that we do not now in

advane how large the variables will beome, this will fall out as the result of

optimisation. Note that the objetive funtion is linear and that the minimum

of it will be zero. This implies that also the values of the variables must be

zero whih is impossible if the dryers will work. A onstraint must therefore be

introdued. Load management is supposed to ut o� the peaks from the total

use in the fatory. A ertain amount of heat must, however, be present during,

for instane, one hour. For dryer no. 1 this leads to:

(EH11 +WH11 +OH1 + EH12 +WH12 +OH12+

. . .+ EH160 +WH160 +OH160)× (1/60) ≥ 8.2 (2)

When the value 8.2 kW was alulated all the readings from the eletriity

meter whih were greater than 3.5 kW have been inluded, i. e. eletriity used

for the motors only have been exluded. It shall be noted that it is not neessary

to restrit the use to the 24 spei� hours present during the day. Instead, 60
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onseutive minutes ould be used as well starting from e. g. minute no 2 or 3.

This leads to over 1,400 equations of type (2). Here, eah spei� hour is dealt

with, leading to only 24 suh onstraints.

Binary integers are also introdued in the model. If the motors are used

for air irulation one of these integers are set to 1. Otherwise it is 0. Adding

60 suh onseutive integers must yield a value higher than 40 whih implies

that the motors ould be turned o� for 20 minutes. If this is hazardous for the

lumber quality the value 40 ould be set higher, see Referene [3℄ for details on

these integers.

The model must also inlude the total eletriity demand. Above, it was

shown that the maximum was 196 kW. The extra ost for exeeding this level

is 914 SEK a value whih must be present in the objetive funtion (1). Two

new variables are introdued for this, EMAX and ST , and a onstraint ensures
that ST �nds a proper value:

EMAX − ST ≤ 190 (3)

In the objetive funtion, ST×914 is introdued. Beause of the optimiza-

tion, ST will ahieve the lowest possible value but it is important that it is

not negative. If the ompany wants to subsribe for a lower demand it must

negotiate with Sydkraft but if the level is set to 190 kW no money ould be

saved if demand is lower. A lower bound is therefore set so ST always must

be ≥ 0. The value of EMAX is alulated by onstraints similar to (2), see

Referene [3℄ for all details. ST will then only add a value to the objetive when

EMAX is higher than 190 kW.

Heat demand in the dryer ould be met by using steam. In (2) it is ensured

that the need is overed eah hour. Only a few minutes with large thermal

power will be su�ient but suh powerful equipment is not installed. Using

three variables whih shows the maximum of all the WH1n, WH2n and OH1n
values and multiplying these with a low ost, e.g. 10

−4
, in the objetive funtion

ensures that the need is leveled at the lowest value.

The optimal solution shows that it is possible to avoid the tari� penalty by

using load management in only dryer no 1, see Figure 4.

The average total demand dereased from 196.3 kW to 188.5 kW. Partly this

is solved by using steam from the wood-hip �red boiler of 14 kW and partly

from turning o� the eletri motors for the fans for 20 minutes during the peak

hour. Above was mentioned that the use of steam should be leveled at the

lowest possible value. This is only partly true in Figure 4. For some part of the

day 14 kW had to be used and this sets the ost in the objetive funtion. As

long as demand of steam is lower no extra ost will our and hene, 14 kW is

used until the need for heat in kWh is overed. After that the steam system is

turned o�. It must be noted that the optimisation also shows that alternative

solutions are available yielding the same ost. Small hanges ould therefore be

made in Figure 4 whih will not neessarily inrease the ost. Steam from the

oil-�red boiler should not be used at all, beause of the high fuel ost. Running

the dryer without using the fans might be impossible due to the quality of the

lumber. If the motors must run for 60 minutes eah hour this will only slightly

hange the optimal solution above. Maximum used demand will only inrease

from 188.5 to 189.7 kW. If the subsription is dereased from 190 to 185 kW

it is no longer possible to avoid the penalty fees by load management in dryer
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Figure 4: Optimal use of steam and eletriity for the peak hour in Mörlunda.

no. 1. The limit is the one found above, or 188. 5 kW.

Dryer no. 2 has a somewhat di�erent load pattern, see Table 1 and Figure 5.

From Figure 5 it is obvious that the maximum demand is about 7.5 kW.

It must be noted here that the dryer is not in perfet shape beause of the

malfuntioning heat pump. The need for eletriity, alulated as an average

for one hour, is 6.6 kW. The dryer annot, without some investments, be ou-

pled to the steam system beause of its loation. For this study it is therefore

assumed that the dryer only an be turned o� and on and then the monitored

eletriity demand is used for �nding the level eah minute. Introduing new

binary variables, B1, B2 up to B60 for eah hour and using 60 onstraints like:

ED1 −M ×B1 ≤ 0 (4)

where ED1 equals the use of eletriity in the dryer the �rst minute and M
is a large number, sets the value of B1 whih is the binary variable showing if

the dryer is used or not. If ED1 is a number greater than zero B1 must beome

1. If ED1 is zero B1 an be either zero or one. B1 is, however, oupled to a

ost in the objetive and beause of the minimisation only zero will apply. It is

assumed that the dryer an be turned o� for ten minutes without any hazardous

e�ets on the lumber. This an be ahieved in the model by use of the following

onstraint, one for eah hour:

B1 +B2 + . . .+B60 ≥ 50 (5)

Sine there is a ost for using eletriity, i.e. the ost for eah kWh, it must

be ensured that the dryer not always is turned o� ten minutes eah hour, but

instead only when the peak is likely to our. A ost is therefore introdued

in the objetive funtion for turning o� the dryer. The ost, whih is oupled

to a binary variable C whih equals one when B assumes the value zero, must

be lower than the penalty harged from Sydkraft for exeeding the subsription

level. Above it was shown that the maximum demand in the dryer was 7.5 kW.
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Figure 5: Eletriity demand in dryer no 2 for the peak hour at Mörlunda Chair

& Furniture Ltd.

Constraint (5) will however restrit the possible derease of the demand to only

1.25 kW alulated as an average for one hour. One onstraint has also been set

telling that 6.6 kWh must be delivered to the dryer. If the dryer is disonneted

ten minutes this onstraint is not met. Instead, the optimal solution shows that

the dryer must be onneted with 7.5 kW for 52 minutes and one minute with

3.34 kW whih adds up to the aquired amount. If the dryer will be a useful

tool for load management it must therefore be possible to turn it o� for longer

periods of time, preferably one hour, or to install steam heating in this dryer as

well. By the introdution of several thousands of binary variables the omputer

time for optimisation is long and the need for omputer memory onsiderable.

Our omputer, therefore, had some di�ulty to evaluate all the nodes in the

branh-and-bound tree without getting problems with the amount of memory. A

number of solutions exist whih yield the same objetive funtion value and still

more that are in the viinity of optimality whih aggravates the situation. It was,

however, observed that solutions are found within the �rst 10,000 nodes with

an objetive funtion value whih probably will not beome lower. The branh-

and-bound searh ould therefore be limited to examine only that maximum

number of nodes. The proess is by that measure not as tedious as was originally

expeted. This leads to the onlusion that mathematial optimisation by use of

the MILP method is possible but not very suitable for proesses whih has suh

long shedules as timber drying yles at least if optimum must be guaranteed.

If, for instane, extra insulation of the walls of the drying kiln is onsidered at

the same time as load management on a minute basis, several drying yles must

be examined and preferably over a number of years in order to �nd pro�tability

for suh measures. Even the most sophistiated omputer will then be too slow

for pratial use in optimisation. Using hours as a time basis might solve some

of these problems but this will make it impossible to study exatly when the

dryers are to be turned o� and on.
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CONCLUSIONS

It is shown that Mixed Integer Linear Programs, MILP, an be used for optimis-

ing load management measures applied in wood drying kilns. In order to �nd

out how muh eletriity demand an be dereased short time intervals must be

used, i.e. minutes. A drying yle is of the magnitude one or two weeks whih

leads to programs inluding several thousands of variables and many of these of

the binary type. Further, experiene from the optimisation proess shows that

a number of solutions exist with the same objetive funtion value. This leads

to tiresome alulations for even very fast omputers if the absolute minimum of

the objetive funtion must be guaranteed. Restriting the searh to a limited

amount of nodes makes the proess less tedious and probably one of the optimal

solutions will be present in the searhed set of the branh-and-bound tree.
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