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Abstra
t

This paper des
ribes the use of life-
y
le 
osting when a building is to be

retro�tted. The Life-Cy
le Cost, LCC, in
ludes all 
osts that emerge during

the life of a building, su
h as building 
osts, maintenan
e 
osts and operating


osts. When the LCC is to be 
al
ulated, future 
osts must be transferred to

a base year by use of the present value method. Albeit the LCC in
ludes all


osts, this paper will only deal with those 
osts related to the heating of the

building, or the use of energy in one form or another. If the retro�ts will yield

a 
heaper form of 
leaning or not, will subsequently be out of the s
ope. One

other 
on�nement is that all the 
onsequen
es must be expressed in monetary

terms, i.e. money. If the building after the retro�tting has a di�erent aestheti


shape, it is likewise not dealt with here. The paper, however, deals with the

implemention of extra insulation on various building parts, 
hanging windows

for a better thermal performan
e, weatherstripping, exhaust air heat pumps

and di�erent types of heating equipment. The basi
 view is that the building

is 
onsidered as an energy system and, at least sometimes, all the energy 
on-

serving measures must be dealt with at the same time if an a

urate result will

emerge. One more 
orner-stone in the paper is that the retro�t strategy shall

be the one with the lowest possible LCC, i.e. the situation must be optimized

in one way or another. Here derivative, dire
t sear
h and linear programming

methods are dealt with. Be
ause of the limited length of the paper only a brief

presentation of the methods 
an be made and therefore an extensive referen
e

list is presented showing the state of the art in the middle of 1991. There are

also many examples of real 
ases in order to highlight various aspe
ts of the

subje
t.
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Chapter 1

INTRODUCTION

When a building is to be refurbished it is important to 
onsider that it already

has a Life-Cy
le Cost, LCC, wether it is rebuilt or it is left as it is. If the LCC

is to be the ranking 
riterion for de
iding what to do it is therefore important

to 
ompare the new LCC to the old, or existing, one. If the new one is lower

it is pro�table to rebuild, if the opposite is true the building should not be

refurbished at all. One of the basi
 
onsepts in life-
y
le 
osting is the Present

Value, PV , whi
h is used for transferring future 
osts to one base year where

they 
ould be added properly. There are many papers and books about how to

use the PV for life-
y
le 
osting, e.g. Marshall or Flanagan et al., see Ref. [1℄,

[2℄ and [3℄, and only the expressions for 
al
ulating the PV will be shown here.

The �rst one (1.1) shows the PV for a single 
ost o

uring on
e in the future,

while the se
ond (1.2) shows the PV for annually re
urring 
osts.

PV s = Cs× (1 + r)−n
(1.1)

PV a = Ca×
1− (1 + r)−m

r
(1.2)

where r = the real dis
ount rate, n = the number of years until the single 
ost

Cs o

urs and m = the number of years the annual 
osts Ca o

ur.

Expression (1.1) is suitable for 
al
ulating the PV for e.g window retro�ts or

insulation measures, while (1.2) is used for energy and other annually re
urring


osts. Before it is possible to start with the PV 
al
ulations it is ne
essary to

�nd the 
osts Cs and Ca and proper values for r, n and m. Unfortunately,

there are some di�
ulties here be
ause of un
ertainties both for the 
osts as

well as for the e
onomi
 fa
tors. Cs might be found in 
ertain pri
e lists, see

e.g. Gustafsson and Karlsson, see Ref. [4℄ for an example of the 
al
ulation, so if

these are a

urate the problem is solved to a part. Ca, however, is in�uen
ed by

the thermal state of the building and further the un
ertainties are larger due to

�u
tuating energy pri
es in the future. The real dis
ount rate, r, 
annot be set

to an a

urate value valid for all investors, and the fa
t is that di�erent authors

re
ommend values between 3 - 11 %. Van Dyke and Hu (1989), see Ref. [5℄, even

show that some investors have dealt with negative rates.Note that in�ation is

ex
luded from these values. The value for n, the number of years until a retro�t

is inevitable, is likewise not possible to a

urately predi
t, and the same is valid

5



6 CHAPTER 1. INTRODUCTION

for the proje
t life of the building, m. From the above dis
ussion it might seem

hopeless to 
al
ulate anything at all and believe in the result. However, every

time an investment is made, values for all the variables are set even if the investor

is un
ons
ious about them. A 
loser analysis will many times reveal limits where

the values might roam and then it will be possible to 
al
ulate the result using

slightly di�erent values for ea
h 
al
ulation. Without 
omputers this is a very

tedious task and this is also one of the reasons why life-
y
le 
osting has not been

used very frequently before. By use of modern 
omputers large problems 
an

be solved in a few minutes even in PC:s and MAC:s, and using mainframes will

in
rease the 
al
ulation speed even more. It is nowadays possible to 
al
ulate

the result for a number of di�erent s
enarios and then examine the situation in

a so 
alled sensitivity analysis. Several interesting results will then o

ur and

general 
on
lusions will be possible to be drawn in spite of un
ertainties in input

data. Below it is shown how di�erent retro�ts are dealt with in order to �nd

the very best renovation strategy.



Chapter 2

INSULATION MEASURES

The optimal thi
kness of extra insulation is of 
ourse in�uen
ed by a number of

variables e.g the building 
ost , the 
limate 
onditions, the energy 
ost et
. To

start with the building 
ost it has been found suitable to des
ribe the Building

Cost as:

BCins = C1 + C2 + C3 × tins (2.1)

where C1 = the amount in ¿/m

2
for s
a�olds, demolition et
, C2 = the

amount in ¿/m

2
for the new insulation, studs et
, C3 = the amount in ¿/m

2×

m for the new insulation, studs et
 and tins = the thi
kness of new insulation

in m.

The reason for splitting up the 
ost in three parts is be
ause of the in�uen
e

of the existing life of the building asset. As an example, 
onsider an external

wall. The fa
ade is in a rather poor shape but nonetheless the retro�tting of

it might not be ne
essary for say 10 more years. The C1 
oe�
ient shows the

amount of money to be paid at year no 10 whether energy 
onserving measures

are taken or not. This retro�tting is 
alled inevitabe or unavoidable and is very

important to take into 
onsideration. Assume that C1 equals 500 SEK/m
2
and

that the wall must be retro�tted in year no 10 when it is unavoidable. The real

dis
ount rate is set to 5 % while the proje
t life is assumed to be 50 years and

the life of the new fa
ade is supposed to be 30 years. Subsequently the PV of

the retro�tting, see expression (1.1), will be
ome:

500× (1+0.05)−10+500× (1+0.05)−40
−

30− 10

30
×500× (1+0.05)−50 = 349.0

The PV 
al
ulation shows the value of the money invested year no 10 and no

10 + 30. Further the salvage value year no 50 is subtra
ted. The PV above must

be added to the LCC for the existing building be
ause it shows the inevitable

retro�t 
ost. If the wall is retro�tted now, at present time, the PV 
al
ulation

will be
ome:

500× (1+0.05)−0+500× (1+0.05)−30+
30− 20

30
× 500× (1+0.05)−50 = 601.2

From this it is shown that the in
rease of the 
ost for retro�tting now, instead

for at year no 10, is 601.2 - 349.0 = 252.2 SEK/m

2
. The 
ost 601.2 SEK/m

2
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8 CHAPTER 2. INSULATION MEASURES

must be thus be added to the new LCC. Closer details about PV 
al
ulations


an be found in Ruegg and Petersen (1987), see Ref. [6℄. After this, the 
ost for

the very insulation must be in
luded. However, it is assumed that insulation is

only applied on
e, at the base year, so it is not ne
essary to 
al
ulate the PV

for the extra insulation. At this state of the examination it is not possible to tell

how mu
h insulation that is to be implemented and subsequently not to present

the 
ost C3 × tins in Eq. (2.1). It has been shown, Gustafsson (1986), see Ref.

[7℄, that the new U-value for an extra insulated asset may be expressed as:

Unew =
Uexi × knew

knew + Uexi × tins
(2.2)

where Uexi = The existing U - value in W/m

2× K and kexi = The thermal


ondu
tivity in the extra insulation in W/m×K

Multiplying the U-value with �rst the area of a building asset, se
ond the

number of degree hours for the building site and third with the energy pri
e

will result in the annual 
ost for the energy �ow through the asset. Further

the annual 
ost must be multiplied with the PV fa
tor, 
al
ulated by use of

Eq. (1.2), whi
h will yield the total energy 
ost for a number of years. Using

a real dis
ount rate of 0.05 % and a proje
t life of 50 years the PV fa
tor will

equal 18.26. In Malmö, in the south of Sweden, the number of degree hours for

one year equal 114 008 and then it has been assumed that one degree hour is

generated for ea
h hour the desired indoor temperature, 21

◦
C, is higher than

the outdoor temperature, see Gustafsson (1986), i.e. Ref. [7℄ for all details of

degree hour 
al
ulations. Suppose the energy 
ost is 0.40 SEK/kWh, 1 US$ =

6 SEK, and the area of the building asset is 200 m

2
with an existing U-value of

0.8 W/m

2×◦
C and a k-value for the new insulation of 0.04 W/m×◦

C. The Total

Cost in SEK for the energy �ow through the building asset will subsequently

be
ome:

TCenergy =
114 008× 0.40× 200× 0.8× 0.04 × 10−3

× 18.26

(0.04 + 0.8× tins

=
5 329

0.04 + 0.8× tins

When the building is extra insulated there also is a 
ost for the insulation and

putting it at the proper pla
e. Assuming the 
onstant C2 equals 100 SEK/m

2

and C3 equals 600 SEK/m
2×m, see Eq. (2.1), will result in the following build-

ing 
ost in SEK for the asset:

TCbuilding = 200× (601.2 + 100 + 600× tins) = 140 240 + 120 000× tins

The problem is now to minimize the sum of the energy and the building 
ost

and this is utilized by use of the derivative of this sum whi
h is set to 0. The

way for doing this is shown in Gustafsson (1986), Ref. [7℄ but the result is that

the optimal level of insulation in metres be
omes:

topt = −
0.04

0.8
+

5 329

(120 000× 0.8)0.5
= 0.186

Inserting this optimal level of insulation in the sum the resulting LCC will

be
ome 190 785 SEK. This 
ost is now to be 
ompared to the LCC if the building

is left as it is, and for the asset of 
on
ern this is:
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LCCexi = 200× 349.0 +
5 329

0.04 + 0.8× 0
= 203 025 SEK

The existing LCC is thus higher than the new one, even if the di�eren
e is

as small as about 13 000 SEK, and it is subsequently pro�table to insulate the

asset with, preferably, the optimal amount of new insulation. In Figure 2.1 the

situation is shown in a graphi
al way.

Figure 2.1: Graphi
al view of insulation optimization

As 
an be seen from Figure 2.1 the existing LCC is higher than the optimal

new one. If, however, the inevitable 
ost would be de
reased, for example by

assuming that the remaining life of the envelope is longer than before, the

existing LCC will also de
rease, and for a 
ertain point it is better to leave the

building as it is. From Figure 2.1 it is also obvious that it is essential that

enough insulation is applied. This limit is in the 
ase above about 0.07 m,

if less insulation is used the retro�t is unpro�table. If too mu
h insulation is

implemented the same might happen, but in the �gure studied above this fa
t


ould not be observed. It is better to use 0.35 m of insulation than not insulating

at all. In Gustafsson (1988), i.e. Ref. [8℄ a thorough examination is made for

all the parameters of 
on
ern and therefore this will not be repeated here.
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Chapter 3

EXCHANGING WINDOWS

When the ex
hange of windows is of 
on
ern it is not easy to �nd a 
ontinuous

fun
tion to derivate in order to �nd the best solution, even if there have been

some attempts for �nding su
h a fun
tion, see e.g. Markus (1979), Ref. [9℄.

Instead it has been shown that it is preferable to 
ompare di�erent sets of

windows with ea
hother. The existing LCC is thus 
ompared to the new LCC

for the number of di�erent alternatives. It is very important to �nd, not only one

solution with a lower LCC, but the lowest one of them all. It is also important to


onsider the fa
t that a thermally better window normally re�e
ts solar radiation

to a higher degree than simpler ones. This fa
t 
an be dealt with by use of

a so 
alled shading fa
tor. The situation will subsequently di�er for various

orientations of the windows. The best solution may therefore be to keep the

double-glazed windows oriented to the south while 
hanging to triple-glazed

windows to the north. Life-
y
le 
osting and windows are dealt with in more

detail in Gustafsson and Karlsson (1991), Ref. [10℄. The Building Cost for

Windows may, Gustafsson (1986), see Ref. [7℄, be expressed as:

BCw = C1 + C2 ×Aw (3.1)

where C1 = A 
onstant in ¿ for ea
h window, C2 = A 
onstant in ¿/m

2
for

ea
h window and Aw = The area in m

2
for one window.

Here BCw will appear whenever there is a 
hange of the windows and the

expression is subsequently used in a somewhat other way than expression (2.1).

11
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Chapter 4

WHEATHERSTRIPPING

Mostly it is pro�table to de
rease the ventilation �ow in the building. This 
an

be a

omplished by 
aulking the windows and doors. The 
ost for this measure

is often very low 
ompared to other energy retro�ts but it is not always the

best way to a
t espe
ially when exhaust air heat pumps might be part of the

solution. It is also important to 
onsider that it is ne
essary to ventilate the

building. Too mu
h wheatherstripping might make the residen
es unhealthy

to live in. In life-
y
le 
osting these fa
ts are hard to in
lude in the 
al
ulus

and thus only the energy 
osts are dealt with here. Suppose a building has 50

windows and doors to 
aulk. If the 
ost for 
aulking is 200 SEK/item the total


ost will be
ome 10 000 SEK. Further, assume that the wheatherstripping must

be repeated after 10 years. The PV 
ost will thus be
ome approximately 23 600

SEK if a 5 % dis
ount rate and a 50 year proje
t life are used. If the volume

of the building is 5 000 m

3
and the ventilation rate is 0.8 renewals per hour the

�ow is 4 800 m

3
/h. The heat 
apa
ity for air is about 1.005 kJ/kg×K and the

density of the air approximately 1.18 kg/m

3
. Subsequently the heat �ow 
an

be 
al
ulated to about 5 700 kJ/K×h. If the same number of degree hour as

above is assumed to prevail, i.e. 114 008, the energy �ow will be
ome 180, 5

MWh/year. Using the PV fa
tor 18.26 and an energy pri
e of 0.4 SEK/kWh,

as above, the total energy 
ost will be 451 000 SEK. If the ventilation �ow is

de
reased with, say 0.2 renewals per hour this 
ost will be
ome 338 000 SEK

and it is obvious that the wheatherstripping in this example will be pro�table.

13
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Chapter 5

EXHAUST AIR HEAT

PUMP

One other means to de
rease the heat �ow from the ventilation is to install an

exhast air heat pump. This devi
e takes heat from the ventilation air and, by

use of ele
tri
ity, transfers this heat ba
k to the building again. One part of

ele
tri
ity may often result in two to three parts of heat. It is, however, very

important to install a heat pump of the right size be
ause the amount of heat in

the ventilation air is a limited resour
e. In this paper no example is presented

how to 
al
ulate the LCC for the heat pump. This be
ause it is very rarely


hosen as an optimal retro�t. It must nonetheless be emphasized that using a

heat pump might make it unpro�table to 
aulk the windows in the building.

Even if wheatherstripping is a very 
heap retro�t it might be even 
heaper to

use a slightly larger heat pump in order to utilize the in
reased ventilation �ow

from not 
alking the windows.

15
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Chapter 6

OTHER BUILDING OR

INSTALLATION

RETROFITS

Exhaust air heat ex
hangers are not dealt with here be
ause of the high 
ost

for distributing the air from the devi
e to the di�erent apartments in a building

but the prin
iple for 
al
ulation is of 
ourse the same as before. Water heater

blankets and regulation of radiator thermostats might be important measures

in order to de
rease the energy need in the building. However, the blankets are

only useful if the water heater is lo
ated outside of the thermal envelope or if

the heating season is very short. Thermal thermostats will only try to set the

desired inside temperature as 
lose as possible and they will only be useful if

the surplus heat is wasted by use of extra ventilation.

17
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Chapter 7

HEATING SYSTEM

RETROFITS

There are also a number of heating system retro�ts that must be 
onsidered. If

the building is eqiupped with an oil-boiler it might be better to 
hange it to a

new one with a better e�
ien
y, or maybe distri
t heating would be preferable

if this possibility exists. At least in Sweden bivalent systems seems to be of

interest when larger buildings are 
onsidered. A bivalent, or dual-fuel, system

has an oil-boiler taking 
are of the thermal peak load and a heat pump used

for the base load. Important is to optimize the size of this equipment and it

has been shown that the level of extra insulation also in this 
ase is essential

for rea
hing the lowest LCC. See Gustafsson (1988b), Ref. [11℄, for all details.

However, if the heating system is 
hanged this will lead to a retro�t strategy

that mostly di�ers from the one 
hosen when the original heating system is used

and the strategy with the lowest LCC is to be 
hosen. The pro
ess is depi
ted

in Figure 7.1.

Figure 7.1 also emphasizes that di�erent retro�ts might intera
t. Say that

an atti
 �oor insulation was found to be pro�table. When the next retro�t,

maybe extra external wall insulation, is examined the new LCC is 
ompared to

the original one, i.e. without additional atti
 �oor insulation. Suppose also this

retro�t is pro�table. The problem en
ountered is that if the atti
 �oor insula-

tion already was introdu
ed the external wall insulation might be unpro�table.

Using an in
remental method as above mostly will overestimate the savings

a
tually made. The method for optimizatiom must subsequently in
lude an

examination of the 
ombination of the retro�ts. If the di�eren
e between the

in
remental and the 
ombination retro�t is very small the a

ura
y is satis�ed

otherwise the insulation thi
kness must be 
hanged and the resulting LCC be re-


al
ulated. Perhaps the 
onsidered retro�t will fall out totally from the optimal

solution. Fortunately, this intera
tion mostly is very small, at least if the best


andidate for an optimal solution is examined. Sonderegger et al. (1983), i.e.

Ref. [13℄ has 
al
ulated the di�eren
e to about 2 % for some 
ases and the fa
t

is that for most 
ases the intera
tion 
an be negle
ted. It shall be noti
ed that

sometimes the situations is the opposite, i.e. intera
tion leads to a lower LCC

for the 
ombination than for the in
remental method. This has been observed

for fenestration measures and is dis
ussed in detail in Gustafsson and Karlsson

19
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Figure 7.1: Optimization pro
ess, Gustafsson and Karlsson (1989), [12℄

(1991), Ref. [10℄, but the 
ases where this fa
t has been observed are very rare

and probably of s
ienti�
 interest only. In Table 7.1 a 
ase study is presented


larifying the above dis
ussion.

The original LCC is 
al
ulated to 1.48 MSEK. The program has then 
he
ked

if atti
 �oor insulation was optimal but this was not the fa
t and thus the value

.00 is shown on the line below. External wall insulation however was found

pro�table and the amount to save is 
al
ulated to 0.05 MSEK for the proje
t

life of the building. Triple- glazing and wheatherstripping were also 
andidates

for the optimal solution. If the existing heating system was 
hanged to a new

oil-boiler the LCC is in
reased even if the money saved by retro�tting are raised

and therefore this was not a very goog strategy. Distri
t heating, a ground

water 
oupled heat pump and a bivalent heat pump - oil-boiler system were

other heating systems with a lower LCC but the best one was natural gas. The
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*** LCC TABLE FOR BASE CASE 1.00 ***

VALUES IN MSEK

EXIS. NEW ELE. DIST. GR.W NAT. TOU TOU BIV. BIV.O.

SYST. OIL HEAT HEAT HEAT GAS DIST ELEC. GR.HP AIR HP

NO BUILD. RETR. 1.48 1.54 1.69 1.45 1.57 1.23 1.45 1.69 1.38 1.48

SAVINGS:

ATTIC FL. INS .00 .00 .01 .00 .00 .00 .00 .01 .00 .00

FLOOR INS. .00 .00 .00 .00 .00 .00 .00 .00 .00 .00

EXT. WALL INS. .05 .05 .11 .04 .06 .00 .04 .11 .00 .03

INS. WALL INS. .00 .00 .00 .00 .00 .00 .00 .00 .00 .00

TRIPLE-GLAZING .06 .07 .09 .06 .08 .04 .06 .08 .05 .06

TRIPLE-GL. L.E. .00 .00 .00 .00 .00 .00 .00 .00 .00 .00

TR.-GL. L.E. G. .00 .00 .00 .00 .00 .00 .00 .00 .00 .00

WEATHERSTRIP. .01 .01 .02 .01 .01 .00 .01 .01 .00 .00

EXH. AIR H. P. .00 .00 .00 .00 .00 .00 .00 .00 .00 .00

SUM. OF RETRO. 1.36 1.41 1.46 1.34 1.42 1.20 1.34 1.48 1.33 1.39

SUM. OF COMB. 1.36 1.41 1.46 1.34 1.42 1.20 1.34 1.46 1.33 1.39

DISTRIBUTION:

SAL. OLD BOILER .00 .02 .02 .02 .02 .02 .02 .02 .02 .02

NEW BOIL. COST .08 .10 .03 .06 .28 .09 .06 .03 .25 .31

PIPING COST .00 .01 .00 .01 .16 .01 .01 .00 .07 .01

ENERGY COST .60 .59 .62 .56 .28 .63 .56 .61 .34 .35

CONNECTION FEE .00 .00 .00 .01 .00 .01 .01 .00 .00 .00

BUIL. RETROF. C .43 .43 .54 .43 .43 .19 .43 .54 .40 .44

INEVITABLE COST .25 .25 .25 .25 .25 .25 .25 .25 .25 .25

Table 7.1: LCC table from the OPERA model, Gustafsson (1990), i.e. Ref. [15℄

only building retro�t to be implemented was triple-glazed windows and this

be
ause the old ones were dilapidated. It is also shown that the 
ombination

retro�t LCC and the in
remental LCC have the same value for all the heating

systems, ex
ept for ele
tri
al heating with a time-of-use rate whi
h is of no

interest for the optimal solution. More details and a thorough presentation of

the input values for this LCC optimization are presented in Gustafsson (1990)

or Ref. [14℄. Experien
e shows that it is mostly optimal to use a heating system

with a very low operating 
ost. The 
ost for the system, however, 
annot be

too high, as it is for solely a heat pump meeting the total demand in the house,

see Table 7.1. There are only a few building and ventilation retro�ts optimal

to install and if they are the 
ost for them are low or otherwise their remaining

life are very short.
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Chapter 8

SENSITIVITY ANALYSIS

In the 
ase shown above there is one solution showing a LCC mu
h lower than

the other. This is not always the situation and two or more of the strategies

above may be very 
lose to ea
hother making it hard to know whi
h one to


hose. A sensitivity analysis might solve this problem. The aim with su
h an

investigation is to �nd out if the optimal solution will severely 
hange for minor

modi�
ations in input data. Of spe
ial interest are 
hanges in the dis
ount

rate and the proje
t life of the building whi
h values 
annot be set with a total

a

ura
y. Variations in energy pri
es must often be examined, as well as many

other items in the input data �le. The result may be presented by use of a

bivariate diagram as found in Flanagan et al. (1987), i.e. Ref. [2℄. One example

is shown in Figure 8.1 found in Gustafsson (1989), Ref. [12℄. Note that the two


ases in Table 7.1 and Figure 8.1 are not identi
al.

From Figure 8.1 it is obvious that both the proje
t life and the dis
ount rate

have a signi�
ant importan
e for the optimal strategy. Note also that the value

of the LCC will 
hange very mu
h but this does not mean that a 3 % rate and

a 10 year proje
t life is the best to 
hose just be
ause this alternative has the

lowest LCC. Di�erent strategies must subsequently be 
ompared using the same

rate et
. Important is to noti
e that for higher dis
ount rates less 
ompli
ated

heating systems are 
hosen even if they have higher operating 
osts. For 3 % the

bivalent system, whi
h has a very low operating 
ost but a high a
quisition 
ost,

is the best while an oil-boiler is optimal for a rate of 9 %. Insulation measures

will have an advantage of a long proje
t life but will of 
ourse be less pro�table

also for a high dis
ount rate. Of mostly s
ienti�
 interest is the fa
t that the

LCC mostly will get lower for higer dis
ount rates but this fa
t is not valid for

very short proje
t lives. For a proje
t life of 10 years the LCC is in
reased when

the rate is in
reased from 3 to 5 %. This fa
t is dealt with in more detail in

Gustafsson (1988), see Ref. [8℄. In Sweden distri
t heat is provided by burning

a mix of fuels in the utility plant. During the summer most of the heat 
omes

from burning refuse in an in
ineration plant while oil or 
oal must be used in

the winter. The 
ost for distri
t heat is subsequently mostly lower than the

oil pri
e, while at the same time the installation 
ost is higher than the 
ost

for an oil-boiler, and that is why it is optimal to use it for some 
ombinations

of dis
ount rates and proje
t lives. It must also be noted that the amount of

additional atti
 insulation is not the same in the optimal strategies. Longer

proje
t lives and lower dis
ount rates implies more insulation. Important is also
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Figure 8.1: Bivariate sensitivity analysis, Gustafsson (1989), i.e. [12℄

that optimal thi
kness of insulation is not a 
ontinuous fun
tion. When it is

optimal to add insulation it is often ne
essary to apply more than 0.1 m or else

it is better to leave the building as it is, see e.g Gustafsson and Karlsson (1990),

i.e. [15℄. The same referen
e also emphasizes the importan
e of the remaining

life of the building asset. If this is very short it will mostly be optimal to add

extra insulation to e.g. an external wall and in that 
ase an extensive amount of

insulation should be 
hosen, say 0.2 m. Su
h a measure will de
rease the heat

�ow very mu
h through the wall and this will also imply that if all retro�ts are

made when they are unavoidable, the thermal state of the building will be
ome

better and better, and the 
ost for a
hieving this will be lower than leaving the

building un
hanged. The in�uen
e of input data 
hanges may be split i three

di�erent 
ategories, one where the LCC will in
rease for an in
rease in input

data, one where the LCC will de
rease for an in
rease and the last one where

the LCC will not 
hange at all for 
hanges in the input. Some examples of

the �rst 
ategory are 
hanges in building 
osts, installation 
osts et
. To the

se
ond 
ategory applies 
hanges in e.g. the dis
ount rate, the remaining life of a

building asset and the outdoor temperatures. Some of the input data will apply

to more than one of the 
ategories. Consider for example a small in
rease of

the oil-boiler 
ost. If the oil-boiler is part of the optimal solution the LCC will

in
rease if the 
ost for the boiler is in
reased. However, when the 
ost passes

a 
ertain limit the oil-boiler will fall out of the solution and from that point

further in
reases in the oil-boiler 
ost is of no interest. This fa
t is often used

in the pra
ti
al work with life-
y
le 
osting. When a building is analysed for

the �rst time input values 
an be 
hosen without a tedious examination pro
ess.

The important thing is that the 
hosen values at least to some degree will re�e
t
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the real situation. After the �rst optimization have been elaborated only the

strategies that are 
lose to ea
h other need to be s
rutinized. This means that

mu
h of the �rst thought of work with input data might not be ne
essary, only

some of the details must be examined more 
losely. In Gustafsson (1988), a

sensitivity analysis of all the values used in an optimization is elaborated and

it is not possible to repeat this here. Some of the fa
ts found must however,

be mentioned. It 
ould be assumed that a small 
hange in the resultimg LCC

will not be as important as if larger di�eren
ies are en
ountered. This is not

true. If a 5 % 
hange in the dis
ount rate is inrodu
ed this led to about a 2

% 
hange in the LCC whi
h is one of the largest di�eren
ies found. However,

the LCC for the existing building does also 
hange to approximately the same

amount and this mostly implies that the optimal strategy will be almost the

same for small 
hanges in the dis
ount rate. A very high existing U-value for

e.g. an external wall, i.e. a poor thermal status, might be supposed to in�uen
e

the LCC very mu
h and further the new optimal U-value. This is not so. The

optimal new U-value is not in�uen
ed by the existing one, see Bagatin et.al.

(1984), Ref. [16℄ or Gustafsson (1988), i.e. Ref. [8℄, and the fa
t is that as long

as optimal insulation is introdu
ed the resulting LCC is almost 
onstant. The

same thing is valid for the a
tual insulation 
ost. If this 
ost is in
reased the

optimization results in a thinner insulation whi
h in turn will de
rease the new

LCC. Annual in
reases in energy pri
es will naturally lead to a more extensive

retro�t strategy, whi
h will lead to a lower LCC than might �rst be expe
ted.

This will also mean that, if the proprietor knows in advan
e what the energy

pri
es will be
ome there is a possibility to make the e�e
ts smaller than if no

a
tion is taken at all. In some meaning the optimization leads to a model that

is regulated by its own. The optimization makes the best of the situation and

the result of a 
hange might not be as bad as �rst assumed.
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Chapter 9

LINEAR PROGRAMMING

TECHNIQUES

In re
ent years there has been an in
reased interest in linear programming. The

te
hnique whi
h was developed about 25 years ago has not rea
hed 
ommon

pra
ti
e be
ause of very tedious 
al
ulation pro
edures and the use of fairly

advan
ed mathemati
s. However, nowadays when 
omputers are on every desk

the situation is di�erent, and the design of mathemati
al software makes the

solving of 
omplex linear programs mu
h easier than before. It must be noti
ed

that linear programming is an optimization te
hnique whi
h is not 
on�ned to

life-
y
le 
osting. The reason for 
hoosing linear programming is the fa
t that

it is possible to mathemati
ally prove that optimum, i.e. the best solution with

the lowest LCC, has been found. The method is also suitable when dis
rete

time or 
ost steps are in
luded in the problem. Su
h things makes it harder

to use a derivative method be
ause of the need for 
ontinuous fun
tions. This

might seem to be of only minor interest but the tari�s for energy of tomorrow

will probably always be of the time-of-use type where the pri
e di�ers from one

hour of the day to another. In the traditional methods, su
h as OPERA, these

tari�s many times must be normalized and approximated by a mean value of

the real pri
e, whi
h might in�uen
e the optimal solution very mu
h. It is not

possible to deal with linear programming in detail here and thus only a very

brief presentation is made. The LCC must be expressed in a so 
alled obje
tive

fun
tion. This fun
tion, whi
h is the expression to be minimized, must be totally

linear, i.e. it is not possible to multiply or devide two variables with ea
h other.

A variable must only be multiplied by a 
onstant. The obje
tive fun
tion is

after this minimized under a set of 
onstraints whi
h also have to be linear

fun
tions. All of the 
onstraints must be valid at the same time. The pro
edure

for solving su
h problems in
ludes the use of ve
tor algebra and this is not at

all dealt with here. See e.g. Foulds (1981), Ref. [17℄ for basi
 
on
epts and

e.g. Murtagh (1981), see Ref. [18℄, for deeper insights in linear programming

and how to solve su
h problems. In this paper it is instead presented how to

analyse retro�t problems in order to use the linear programming te
hnique. In

Sweden it is 
ommon to des
ribe the 
limat 
onditions for a site by use of mean

values of the outdoor temperatures for ea
h month of the year. The use of

twelve mean values instead of a 
ontinuoes fun
tion makes it suitable to use the
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linear programming te
hnique be
ause it is not possible to derivate fun
tions

with dis
rete steps. The thermal load in kW and the need for heat in kWh will

subsequently also follow the 
limate fun
tion, whi
h implies that the steps are

in
luded also when the thermal situation is elaborated. In Table 9.1 the thermal

load is shown for a building in Malmö, Sweden whi
h 
an be 
onsidered as the

situation to start with.

Month Heat (MWh) Month Heat (MWh) Month Heat (MWh)

January 32.60 May 15.95 September 12.02

February 30.95 June 9.92 O
tober 18.99

Mar
h 29.85 July 6.97 November 24.07

April 22.53 August 7.70 De
ember 28.98

Table 9.1: Heat demand for a building sited in Malmö, Sweden

Suppose that only atti
 �oor insulation is of interest here in order to make

the problem shorter. The new demand for the building now to be 
al
ulated.

One variable is thus introdu
ed showing the themal load in the building for

ea
h month. Further, suppose that the building is heated by distri
t heat using

a time-of-use tari� where the 
ost for heat is 0.2 SEK/kWh during November

to Mar
h and 0.10 SEK/kWh for other periods of time. The �rst part of an

obje
tive fun
tion might thus be presented as:

(H1 × 744× 0.2 +H2 × 678× 0.2 +H3 × 744× 0.2 +H4 × 720× 0.1 + . . .

. . .+H12 × 744× 0.2)× 18.26 (9.1)

where H = The new optimal heat load in kW for ea
h month 1, 2,. . . = The

number of the month, 744, . . . = The number of hours in ea
h month, 0.2, 0.1 =

The distri
t heat pri
e for various months and 18.26 = The present value fa
tor.

Note that the in�uen
e of lap years is 
onsidered for February. From Table 9.1

the existing themal demand is shown in kWh.

This demand must be 
overed in one way or another. The model is therefore

supplemented by 12 
onstraints showing the situation for ea
h month and the

three �rst ones will be
ome:

H1 × 744 ≥ 32.60, H2 × 678 ≥ 30.95, H3 × 744 ≥ 29.85 (9.2)

Above the 
ost for additional insulation was shown, expression (2.1) and

the following, and furter the in�uen
e this insulation has on the thermal load,

expression (2.2). From the last equation it is obvious that it is not a linear

expression, tins is present in the denominator. However, it is possible to make

this a linear fun
tion but in that 
ase the expression (2.1) will be nonlinear. A

method found in Foulds (1981), see Ref. [17℄, 
alled pie
ewise linearization is

thus used. In this method the value of a fun
tion is 
al
ulated for a number of

dis
rete sizes of tins and ea
h value for the fun
tion is 
oupled with a binary

integer variable whi
h only 
an have the value one or zero. All these binary

variables are added and 
onstrained as lower or equal to 1. This for
es the model

to 
hoose one or none of the variables. The originally nonlinear fun
tion of tins

is thus transferred to a linear fun
tion of the binary variables. The situation is
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Added Variable Existing New De
rease

insulation U-value U-value in U-value

0.05 A1 0.8 0.400 0.400

0.10 A2 0.8 0.267 0.533

0.15 A3 0.8 0.200 0.600

0.20 A4 0.8 0.160 0.640

0.25 A5 0.8 0.133 0.667

Table 9.2: De
rease in U-value for �ve dis
rete steps of additional insulation

depi
ted by the following example. The de
rease of the heat demand is shown

by expression (2.2) and for �ve steps of insulation magnitudes the de
rease will

be
ome as presented in Table 9.2, see also Gustafsson and Karlsson (1989b) or

Ref. [19℄ :

Suppose the area of the atti
 �oor is 200 m

2
. The number of degree hours in

Malmö for January has been 
al
ulated to 15 996 and subsequently the de
rease

in heat �ow, in kWh, through the atti
 will be
ome:

10−3
× 15 996× 200×

(0.4×A1 + 0.533×A2 + 0.6×A3 + 0.640×A4 + 0.667×A5) (9.3)

The expression (9.3), and eleven more for the rest of the months, must be

added to the left hand sides of the 
onstraints in (9.2). Note also that:

A1 +A2 +A3 +A4 +A5 ≤ 1 (9.4)

and that the A variables all are binary integers. One or none of them must

be 
hosen due to (9.4). La
king is now only the building 
ost for the additional

insulation. Using the same values as above for derivative optimization, the 
ost

will be as a fun
tion of A1 - A6 instead of tins:

200× [(100 + 0.05× 600)×A1 + (100 + 0.10× 600)×A2 + . . .

+(100 + 0.25× 600)×A5] (9.5)

The model is now totally linear and therefore it is possible to use ordinary

linear or mixed integer programming methods for optimization. By the use

of more binary integers it is possible to add the in�uen
e of the inevitable


ost as well, i.e. when one of the A variables is 
hosen a 
ertain amount is

added to the obje
tive and if none is 
hosen another amount should be added

instead. As 
an be found from the example above the number of equations and


onstraints will be
ome very large for real world problems, and nowadays the

tedious work of generating equations and 
onstraints is dealt with by designing

separate 
omputer programs whi
h are used for writing the large input data

�les. More details and a 
omplete model 
an be found in Gustafsson (1992), see

Ref. [20℄.
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Chapter 10

SUMMARY

Two di�erent methods are shown for optimizing the retro�t strategy for a build-

ing. The �rst one uses a method where the LCC is a
tually 
al
ulated for a

number of 
ases and the lowest one is after this sele
ted. The other shows how

to design a mathemati
al model in the form of mixed integer programming. The

latter method demands a more s
illed mathemati
ian be
ause of the use of ve
-

tor algebra when solving the problem. However, there are advantages using this

method due to the possibilities of solving dis
rete problems, i.e. the fun
tions

must not ne
essarily be 
ontinuous. One major drawba
k is that the problems

to solve must be totally linear but by the use of pie
ewise linearization this 
an

be dealt with at least to some extent.
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