
Optimisation and Simulation of Building Energy

Systems

Stig-Inge Gustafsson,

IKP Energy Systems

Institute of Te
hnology,

SE-581 83 Linköping, Sweden

Abstra
t

The Mixed Integer Linear Programming, MILP, te
hnique is a useful

tool for the optimisation of energy systems. However, the introdu
tion of

integers in linear models results in a severe drawba
k be
ause the rang-

ing pro
ess is no longer available. Therefore, it is not possible to study

what happens to the solution if input data are 
hanged. In this paper,

we 
ompare an MILP model of a building with a simulation model of an

identi
al 
ase. Both models des
ribe a building with a number of possi-

ble retro�ts. Using the MILP te
hnique, the optimal retro�t strategy is


al
ulated, after whi
h 
ertain input data are 
hanged. The optimisation

results in the lowest possible Life-Cy
le Cost, LCC, of the building, and

the paper des
ribes how mu
h the LCC will 
hange if the property owner


hooses other solutions. An in
rease in a parti
ular data value may 
ause

the LCC to in
rease or de
rease. It may also be un
hanged. Only a few

data redu
e the LCC when their values are in
reased.
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INTRODUCTION

When a building is to be retro�tted, a number of measures are possible. For

example, the existing windows 
an be repla
ed with new triple-glazed types

or the existing boiler 
an be repla
ed with a distri
t heating system, if su
h a

system is available. Several hundred 
ombinations exist and it is not easy to


hoose the best strategy. The Life-Cy
le Cost, whi
h sums all 
osts during a


ertain period of time, provides a 
riterion for �nding the best solution, i. e.

when the LCC is as low as possible. The strategy is thereby optimised and no

solution with a lower LCC will be 
reated as long as the input data are the same.

Changing these data might, however, result in a di�erent optimal solution. In

MILP programming, the LCC is set up in a so 
alled �obje
tive fun
tion� whi
h

is to be minimised. A very simple solution is to 
hoose the value zero for all

the variables, although in this 
ase no heating is provided in the building. A

number of 
onstraints are therefore introdu
ed, all of whi
h must be ful�lled in a

valid solution. In most 
ases, only a few of the 
onstraints are a
tually used for

the spe
i�
 optimal strategy, but it is not easy to determine them in advan
e.
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Some of the 
osts of building equipment are not totally linear but instead show

in
remental behaviour. If a wall is retro�tted and extra insulation is to be

applied, there is a �starting 
ost� whi
h must be 
onsidered. Su
h steps are

dealt with by using integers, i.e. if insulation is to be applied, a high pri
e must

be paid before the a
tual insulation retro�t a
tually starts. Su
h 
osts o

ur,

for example, in the 
ase of demolition of the existing fa
ade. If the insulation is

optimal, the integer is set to 1 and the 
ost is in
luded in the optimal LCC. If

the opposite is valid, the integer equals zero. LP and MILP programming from

a mathemati
al viewpoint is dealt with in Referen
e [1℄ or [2℄ and is therefore

not 
overed here in greater detail.

OPTIMISATION

The 
ost of heating a building varies a

ording to the 
limate during the year.

If ele
tri
ity is used, whi
h is 
ommon in 
ountries su
h as Sweden and Norway,

the 
ost also depends on the time of day. High 
ost periods apply on working

days, while a lower pri
e is 
harged in summer. Distri
t heating tari�s may

also be divided into su
h time-of-use tari�s. Sin
e the LP method is used, the

energy need has to be split up into a number of segments and the energy in

that segment multiplied by the appli
able 
ost. The energy 
ost is in
urred

every year and thus a present-value fa
tor must be introdu
ed. For a 50-year

proje
t life and an interest rate of 5%, this fa
tor will be 18.26. Our obje
tive

fun
tion therefore in
ludes the following expression, where P1hdh, P1hhp and

P1hob indi
ate the thermal need in kW for a distri
t heating system, a heat

pump and an oil-boiler in the January high 
ost segment.

(P1hdh ×

0.26

0.95
+ P1hhp ×

0.94

3.0
+ P1hob ×

0.39

0.7
)× 368× 18.26

The distri
t-heating pri
e is 0.26 SEK/kWh and the e�
ien
y is 0.95. The

other values refer to the heat pump and the oil-boiler. Only one time segment

is shown here and it has a length of 368 hours. Note that we do not know the

a
tual values of P1hdh et 
., whi
h instead are set by the optimisation. The

model 
ontains 22 time segments. The reason for this is �rstly that monthly

mean values are used for the 
limate. Twelve segments are used for this purpose.

Se
ondly, a

ording to the ele
tri
ity tari�, the �ve winter months have a high


ost and a low 
ost segment. In order to properly represent the use of a hot water

thermal storage system, weekends must be treated separately and therefore ea
h

winter month, from November to Mar
h, is divided into three segments. The

model is shown in detail in Referen
es [3℄ and [4℄ and in its present state it


ontains 183 variables and 152 
onstraints. Of the variables, 75 are binary

integers. For pedagogi
 reasons, we start with a 
ase where no building retro�ts

at all are performed on the 
limati
 shield or ventilation system. In order

to a
hieve this, we have set high values for the 
osts of su
h measures. The

optimisation result 
an be studied in Figure 1, whi
h shows that the oil-�red

boiler should be used only in two segments, i. e. January and February nights

between Monday and Friday.

The oil-boiler is also used for 
overing thermal peaks up to 72 kW. The heat

pump should operate throughout the year. This is partly a 
onsequen
e of the

Swedish ele
tri
ity tari�s of 1.01, 0.56 and 0.45 SEK/kWh for winter working
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Figure 1: Thermal demand in the studied building and optimal use of the oil-

boiler and heat pump.

days, winter nights and summer respe
tively. The pri
e of oil in this study

is set to 0.39 SEK/kWh. (1 USD equals about 8.3 SEK). The Coe�
ient Of

Performan
e, COP, for the heat pump is set to 3.0, while the e�
ien
y of the

oil-boiler is 0.75. The running 
ost of the heat pump is therefore always lower

than for the oil-�red boiler. The reason for using the boiler at all is that large

heat pumps are very expensive 
ompared to oil-boilers. In this study, the 
osts

have been set to 55,000 + 60Pob SEK for the boiler and 60,000 + 5,000 Php

SEK for the heat pump. These 
osts must, of 
ourse, be 
al
ulated as present

values before they are inserted in the obje
tive fun
tion, see 4 for details.

In the studied 
ase, the thermal size of the boiler is 35.03 kW, while the heat

pump is optimised to 15.23 kW. If the COP for the heat pump and the e�
ien
y

for the oil-�red boiler are 
onsidered, the total thermal power installed in the

building is 71.96 kW, whi
h is the a
tual need, see Figure 1. The total LCC is


al
ulated at 1.566 MSEK.

SIMULATION

It is now assumed that the property owner 
hooses a heat pump of a di�erent

size. For the sake of 
onsisten
y, the boiler should be 
hanged a

ordingly.

Figure 2 shows the resulting LCC for di�erent ele
tri
al sizes of the heat pump.

If the property owner 
hooses not to use a heat pump at all, the LCC will

be 2.39 MSEK. The in
remental 
ost of the heat pump will thus not be present

in the LCC. If only a very small pump is used, for example 1 kW as shown in

Figure 3, the in
remental 
ost is present, but at the same time the energy 
ost

is redu
ed and the LCC be
omes 2.35 MSEK.

However, the slope of the 
urve 
learly 
hanges at that point. If a theoreti
al

heat pump with a size of 0.001 kW is 
hosen, the LCC will be 2.50 MSEK. The
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Figure 2: Life-Cy
le Cost in MSEK of the studied building for di�erent ele
tri
al

sizes of a heat pump.

same e�e
t 
an be seen at the other end of the graph. When the size of the heat

pump ex
eeds 23.99 kW, there is no need for an oil-�red boiler and hen
e the

slope 
hanges again. This results in a LCC of 1.60 MSEK. The optimal LCC

is, however, about 0.04 MSEK lower. From Figures 1 and 2, it is obvious that

the size of the heat pump is not very interesting on the right-hand side of the

optimum point, as long as its size, together with the size of the oil-�red boiler,

is su�
ient for meeting the thermal peak in the building. If too small a heat

pump is 
hosen, the result will be unsatisfa
tory be
ause the slope of the 
urve

is mu
h steeper on the left-hand side of the optimum.

COMPARING SIMULATION AND OPTIMISA-

TION

One retro�t whi
h is almost always pro�table is weatherstripping. Hitherto,

this type of retro�t has been prohibited by the very high 
ost, whi
h we set to

25,000 SEK, for sealing ea
h window or door. A more a

eptable value would

be 250 SEK. Weatherstripping is then in
luded in the optimal solution and

the LCC be
omes 1.558 MSEK, i.e. slightly lower than before. At the same

time, the new optimal sizes of the heat pump and oil-boiler be
ome 14.63 and

33.90 kW respe
tively. In Figure 3, the 
hange in LCC is shown for di�erent

values of the sealing 
ost. The squares show the LCC when weatherstripping is

implemented, whatever the 
ost, while the dots show the result of optimisation.

For low sealing 
osts, the two LCCs are identi
al, but when the weatherstripping


ost ex
eeds 307 SEK per sealed item, the retro�t is ex
luded from the optimal

solution. The dots in Figure 3 are subsequently lo
ated on a horizontal straight

line, while the squares are lo
ated on a straight, but as
ending, line.
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Figure 3: Life-Cy
le Cost values for di�erent 
osts of weatherstripping.

The same behaviour 
an be seen for fenestration retro�ts. Until now, they

have also been ex
luded from the optimal solution by high retro�t 
osts. Now

a 
hange from ordinary double-paned windows, with a 
ost of 1,100 SEK/m

2
,

to triple-glazed ones is assumed to 
ost 1,300 SEK/m

2
.

If windows with a Low Emissivity, LE, 
oating are 
hosen, the 
ost in
reases

to 1,500 SEK/m

2
. The U-values for the three types are set to 3.0, 1.5 and

1.2 W/

◦
C × m

2
respe
tively. The optimisation results in a strategy where LE

windows are optimal. The sizes of the heat pump and oil-�red boiler are 12.32

and 29.60 kW respe
tively, and the optimal LCC is redu
ed to 1.467 MSEK.

If the 
ost of 
hanging to LE windows is redu
ed, the LCC must also de
rease

be
ause it is always optimal to install them. If, however, the 
ost is in
reased,

the next best solution will be optimal, i.e. to install triple-glazed windows

without an LE 
oating, see Figure 4.

In Figure 4, the LE windows are abandoned at a 
ost of 1,600 SEK/m

2
and

the LCC subsequently shows a horizontal line. Instead, triple glazed windows

without LE be
ome optimal. At the same time, a slightly larger oil-�red boiler

and heat pump be
ome optimal. If the 
ost of the now optimal windows is

in
reased, two possibilities exist. LE windows may on
e again be
ome optimal

or double-paned windows should be used. The overall behaviour is, however,

the same for weatherstripping and fenestration.

For our original data set, extra insulation on the atti
 �oor was not optimal.

The 
ost was assumed to be (260 + 530t) SEK/m
2
, where t is the extra thi
kness

in m. The �rst value shows an in
rement in the 
ost, whi
h does not a�e
t the

a
tual amount of extra insulation, but instead may indi
ate whether this amount

is optimal or not, see Figure 5.

When the in
remental 
ost is lower than about 250 SEK/m

2
, it is optimal
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Figure 4: Life-Cy
le Cost values for a varying window retro�t 
ost.

to apply an extra 0.16 m of mineral wool on the atti
 �oor. At the same time,

the optimal size of the boiler will de
rease to 28.96 kW and the heat pump size

to 10.53 kW. If the other part of the insulation 
ost varies, there is a 
hange in

behaviour. As the 
ost de
reases, more and more insulation should be added,

whi
h a�e
ts the total thermal need in the building, see Figure 6.

At a 
ost of 150 SEK/m for ea
h square metre, 0.34 m extra insulation

should be added, while 0.18 m is optimal at a 
ost of 450 SEK/m

2
×m. When

the 
ost ex
eeds 500, insulation is ex
luded from the optimal solution. To the

left of the value 500, the dots have a small slope, while the LCC is 
onstant to

the right of that point. For the values 150 and 500, the LCCs are 
al
ulated at

1.446 and 1.467 MSEK respe
tively. The optimal heat pump size is 
onstant,

while the size of the boiler varies between 27.84 and 28.75 kW. As long as the

property owner a
ts in an optimal way, the LCC 
an be held almost 
onstant

regardless of the 
ost of the extra insulation. Note that only optimal LCCs are

present in Figure 6. If 0.34 m of extra insulation is applied and its 
ost is at

the highest level in Figure 6, the LCC be
omes 1.497 MSEK.

The same behaviour 
an also be found if varying energy pri
es are 
onsidered.

In the 
ase above, an ele
tri
al heat pump was found to be optimal. Figure 7

shows how the LCC varies for di�erent ele
tri
ity 
osts.

The ele
tri
ity pri
e di�ers a

ording to the time of day. On working days

during the winter, the pri
e is 1.01 SEK/kWh, but in Figure 7 it varies from 0.5

to 1.5 SEK/kWh. For the lowest pri
e, only triple-glazed windows are optimal.

For 0.6, weatherstripping is added and for 0.8, LE-windows are used. When the

pri
e rea
hes 1.2 SEK/kWh, 0.18 m extra insulation on the atti
 �oor should

be added. The heat pump is abandoned for winter working days at a pri
e of

1.40 SEK/kWh and distri
t heating is used instead. At the same time, extra

insulation is ex
luded from the optimal solution. After this, the LCC is 
onstant.

Be
ause of the dramati
 
hange in optimal strategy when the ele
tri
ity pri
e

is varied, three 
ases will be studied in more detail. When the ele
tri
ity pri
e

is 1.10 SEK/kWh, the LCC in
ludes the items in Table 1.
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Figure 5: Life-Cy
le Cost for varying in
remental 
osts of extra insulation.

Unavoidable retro�t 
ost 407,633

Triple-glazed windows with LE 
oating 69,830

Weatherstripping 33,099

Energy 
ost 693,144

Heat pump 
ost (12.32 kW) 214,692

Oil-boiler 
ost (29.59 kW) 58,035

Insulation 
ost -

Demand fee for ele
tri
ity 21,268

LCC 1,497,701

Table 1: Life-Cy
le Cost details when the high 
ost segment for ele
tri
ity is

1.10 SEK/kWh. All 
osts in SEK.

An existing building must be refurbished from time to time. The windows

must be repla
ed when they be
ome dilapidated. This must be done even if the

new windows have the same thermal performan
e as the old ones. All su
h 
osts,


al
ulated as present values, are gathered in the unavoidable 
ost in Table 1.

The largest 
ost item in the table is, however, the energy 
ost. When the 
ost

of ele
tri
ity is in
reased, another optimal solution 
omes into play as shown in

Table 2.

If Tables 1 and 2 are 
ompared, it is obvious that the energy 
ost in the

latter 
ase is lower. The same applies to the heat pump, the oil-�red boiler and

the demand fee for ele
tri
ity. Instead, a large sum is spent on insulation of the

atti
 �oor, where 0.18 m of extra mineral wool must be added. If the ele
tri
ity

pri
e is in
reased to 1.40 SEK/kWh, the strategy in Table 3 be
omes optimal.

The heat pump is no longer used throughout the year be
ause of the high

ele
tri
ity 
ost on winter working days. Instead, distri
t heating is used for

those segments be
ause of a lower energy 
ost than for oil, see Table 4.
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Figure 6: Life-Cy
le Cost versus 
ost for extra insulation.

Unavoidable retro�t 
ost 407,633

Triple-glazed windows with LE 
oating 69,830

Weatherstripping 33,099

Energy 
ost 648,488

Heat pump 
ost (10.53 kW) 198,889

Oil-boiler 
ost (28.75 kW) 57,984

Insulation 
ost (0.18 m) 97,024

Demand fee for ele
tri
ity 18,713

LCC 1,531,661

Table 2: Life-Cy
le Cost details when the high 
ost segment for ele
tri
ity is

1.20 SEK/kWh. All 
osts in SEK.

The optimal thermal size of the distri
t heating system was found to be

35.29 kW in the January high 
ost segment. This segment in
ludes 368 hours

and hen
e 12,986 kWh are used. As mentioned above, the e�
ien
y of the

system is 0.95 and the 
ost of distri
t heat 0.26 SEK/kWh. Thus the 
ost will

be 3,554 SEK. The ele
tri
ity 
ost is 0.56 for the winter months and 0.45 during

the summer. The e�
ien
y of the heat pump is assumed to be 3.0.

The annual energy 
ost, 33,793 SEK, must now be multiplied by the present

value fa
tor, 18.26, in order to obtain the 
ost for 50 years, whi
h is found in

Table 3. If Tables 1 to 3 above are 
ompared, the energy 
ost is at its lowest

value in Table 3. However, high subs
ription fees must be paid to the distri
t

heating utility and therefore the lower running 
ost must balan
e these fees if

the distri
t heating system is to be in
luded in the optimal solution. When only

a small amount of oil is needed, see Figure 1, this is not the 
ase and the boiler

is a better 
hoi
e than the distri
t heating system.
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Figure 7: Life-Cy
le Cost versus ele
tri
ity 
ost on winter working days.

Unavoidable retro�t 
ost 407,633

Triple-glazed windows with LE 
oating 69,830

Weatherstripping 33,099

Energy 
ost 617,060

Heat pump 
ost (10.53 kW) 198,889

Distri
t heating equipment (37.16 kW) 54,700

Distri
t heating subs
ription 
osts 136,183

Insulation 
ost -

Demand fee for ele
tri
ity 18,713

Salvage value of dis
arded boiler 38,909

LCC in SEK 1,575,016

Table 3: Life-Cy
le Cost details when the high 
ost segment for ele
tri
ity is

1.40 SEK/kWh. All 
osts in SEK.

CONCLUSIONS

By using a mixed integer linear programming model, we have optimised the

renovation strategy for an existing building. The existing oil-�red boiler should

be 
ombined with a heat pump run on ele
tri
ity. In addition, weatherstripping

and low emissivity triple-glazed windows were in
luded in the optimal solution.

The boiler was almost entirely used for 
overing the thermal peak during 
old

winter days. The heat pump should be used throughout the year. If the 
osts

of the 
limate shield retro�ts are in
reased, the life-
y
le 
ost of the building in-


reases to a 
ertain level where the retro�t is ex
luded from the optimal solution.

After this, the life-
y
le 
ost be
omes 
onstant.

The use of in
remental 
ost fun
tions for the retro�t measures signi�
antly


hanges the optimal solution. An extra amount of insulation on the atti
 �oor,

for example, will only be pro�table if this amount ex
eeds a 
ertain level. The
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Month Hours Distri
t heating Heat pump Total 
ost

Power Energy Cost Power Energy Cost

January 368 35.29 12,986 3,554 - - - 3,554

184 8.76 1,612 441 31.63 5,819 1,086 1,527

192 5.36 1,029 282 31.63 6,073 1,134 1,416

February 336 33.67 11,316 3,097 - - - 3,097

168 8.93 1,500 410 31.63 5,314 992 1,402

192 4.34 833 228 31.63 6,073 1,134 1,362

Mar
h 336 23.68 7,956 2,178 - - - 2,178

168 4.03 677 185 31.63 5,314 992 1,177

240 - - - 27.67 6,640 1,240 1,240

April 720 - - - 16.24 11,662 1,754 1,754

May 744 - - - 4.70 3,496 525 525

June 720 - - - 4.86 3,499 525 525

July 744 - - - 4.70 3,496 525 525

August 744 - - - 4.70 3,496 525 525

September 720 - - - 5.11 3,679 551 551

O
tober 744 - - - 17.35 12,908 1,936 1,936

November 336 30.92 10,389 2,843 - - - 2,843

168 - - - 30.92 5,194 969 969

216 - - - 27.33 5,903 1,102 1,102

De
ember 352 31.35 11,035 3,020 - - - 3,020

176 3.86 679 186 31.63 5,567 1,039 1,225

216 1.1 237 65 31.63 6,832 1,275 1,340

Total 8,784 - 60,249 16,489 - 100,965 17,304 33,793

Table 4: Energy usage in kWh and 
ost in SEK of distri
t heating and the heat

pump system.

same behaviour is shown for the heating system. If the utility uses a time-of-

use rate for ele
tri
ity, higher pri
es in one time segment support insulation

of the atti
 �oor, but when further in
reases are made the oil-�red boiler is

ex
luded from the system and distri
t heating is used instead. The heat pump

is abandoned for the high pri
e segments and insulation is no longer pro�table.

By using a simulation program, we have also examined what happens to the

life-
y
le 
ost if the property owner 
hooses other than optimal solutions. For

moderate dis
repan
ies, the di�eren
e between these 
osts is small, but if, for

example, the wrong heating system is used, signi�
ant divergen
es may o

ur.

ACKNOWLEDGEMENT

We wi
h to thank the Swedish Coun
il for Building Resear
h for �nan
ing the

work on this paper.

Referen
es

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

[2℄ Reklaitis G.V., Ravindran A., and Ragsdell K.M. Engineering optimization.

John Wiley & Sons, In
., 1983.

[3℄ Gustafsson S. I. and Boji
 M. Optimal Heating-System Retro�ts in Resi-

dential Buildings. Energy - The International Journal, 22(9):867�874, 1997.

10



[4℄ Gustafsson S. I. Mixed Integer Linear Programming and Building Retro�ts.

Energy & Buildings, 28(2):191�196, 1998.

11


