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Chapter 1

The OPERA MODEL

1.1 Akademisk avhandling

Akademisk avhandling som för avläggande av teknisk doktorsexamen vid Tekniska

högskolan i Linköping kommer att o�entligt försvaras i sal C3, Universitetet i

Linköping, onsdagen den 1 juni l988, kl. 10.15. Fakultetsopponent är professor

Gunnar Anderlind, Gull�ber AB, Helsingborg.

1.2 Abstra
t

A mathemati
al model, 
alled OPERA (Optimal Energy Retro�t Advisory)

has been developed in order to �nd the optimal energy retro�t strategy for

ea
h unique multi-family building. The optimal solution is 
hara
terized by the

lowest possible life-
y
le 
ost.

Input to the model are e. g. the geometry of the building, the building

and maintenan
e 
osts for envelope as well as installation measures, 
limate


onditions, e
onomi
al parameters and the pri
e of energy. Insulation measures,

window retro�ts, weatherstripping and exhaust air heat pumps are dealt with


on
erning the building envelope and the ventilation system. Ordinary heating

equipment, su
h as oil-boilers, as well as more 
ompli
ated systems e. g. distri
t

heating with time-of-use rates and bivalent heating systems, are treated. In

these bivalent systems heat pumps provide the base load and oil-boilers the

peak load.

The model is equipped with an energy balan
e routine whi
h is used for

the existing building, For ea
h retro�t 
onsideration and For the optimization

pro
edure. Proper a

ount is thus taken to the in�uen
e of solar gains and free

energy From applian
es et 
. The energy balan
e pro
edure is also used for

�nding the proper amount of degree hours for insulation measures as well as the

heating equipment. Two di�erent values must be used whi
h are in�uen
ed by

the retro�ts 
on
erned.

A 
ase study is also des
ribed and a sensitivity analysis is elaborated in order

to �nd out if the found optimal solution will vary with small 
hanges in input

data.

From a number of 
ases some general 
on
lusions 
an be drawn. A low

running 
ost heating system is essential for a desirable result. Distri
t heating
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4 CHAPTER 1. THE OPERA MODEL

with rates that re�e
t the short range marginal 
ost are very 
ompetitive as

well as bivalent heating systems. Heating systems, like these that 
ombine a

low running 
ost with an a

eptable installation 
ost, make almost all of the en-

velope retro�ts unpro�table. Only atti
 �oor insulation and weatherstripping

are thus 
ommon parts of the optimal solution. More expensive retro�ts, like

external wall insulation, 
an 
ompete only if the remaining life of the asset is

very short, i. e. if something has to be done to the wall for other reasons

than energy 
onservation. Consequently it is very important to implement the

op- timal solution when these situations o

ur. There is a severe risk that the

suboptimized system will not be pro�table to 
hange again.

KEYWORDS: Retro�ts, Buildings, Optimization, Installations, Heat pumps,

Insulation, Windows, Weatherstripping, Heating systems.
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Linköping University, S-58l 83 Linköping, Sweden
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ISBN 9l-7870-33S-2 ISSN 0345-7524



Chapter 2

PREFACE

During the �rst years of this de
ade the division of Energy systems at the

University of Linköping, tried to �nd out how to build a single-family house in

the best way. The best solution was to be 
hara
terized by the lowest possible


ost for the owner, during the total life of the building.

This resear
h lead to a thoroughly insulated building equipped with a very

simple heating system. The heat in the building was distributed by air provided

by the ventilation system. No radiators were needed be
ause also the windows

had su�
ient thermal insulation level.

Sin
e this 
on
ept was elaborated several thousands of houses have been

built a

ording to these ideas.

En
ouraged by these results the interest was emphasized on how to retro�t

extsting multi-family buildings. The aim was to �nd the best strategy in order

to minimize the total 
ost for the building during its remaining lifetime.

In April 1985 a resear
h proje
t was initiated in order to �nd the best solution

and the result is among other things, this thesis. The proje
t has been funded

by the Swedish Coun
il for Building Resear
h and the Muni
ipality of Malmö,

Sweden, who should be a
knowledged for this.

I am very grateful for the support from the Seven Builders Group in Malmö,

whi
h has 
ontributed substantially to the outline of the OPERA model here

dealt with, (OPERA is an abbreviation of OPtimal Energy Retro�t Advisory).

Among the members of the group I shall espe
ially mention Lennart Strömvall,

Egon Lange and Claes Alfredsson who took spe
ial interest in the moodel and

have run it in spite of its short
omings 
on
erning manuals and so forth. Sev-

eral buildings in Malmö have thus been the subje
t for OPERA runnings and

mu
h experien
e has been gained from this. I want to thank Gunnar Anders-

son, responsible for the NORD 
omputer on whi
h the 
omputer program was

developed. Without his help the proje
t would have been severely delayed. I

am also mu
h indebted to my 
olleagues at the division of Energy Systems who

have shared with me their wisdom. Finally I wish to thank my mentor Professor

Björn Karlsson for his support and en
ouragement during these years. Without

him this thesis never had 
ome into existen
e.

Linköping in Mar
h 1988

Stig-Inge Gustafsson
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Chapter 3

NOMENCLATURE

Aloan The total loan (SEK)

An Area of building part number n (m

2
)

Aw Area of one window (m

2
)

a Number of years (Years)

B The 
ost for a retro�t measure (SEK)

b Proje
t life (Years)

BA Dwelling area (m

2
)

C Annual re
urring 
ost (SEK)

C1,2,... Constants (1)

COP Coe�
ient of performan
e (1)

COPmv Coe�
ient of performan
e, mean value (1)

cp Heat 
apa
ity for air (J/kg

◦
C)

D Dimensioning load, distri
t heating (W)

DH Degree hours (K×h)

Ehp Heat pump energy (J/year)

Eloss Energy loss (J/year)

Eob Oil-boiler energy (J/year)

EChp Heat pump energy 
ost, present value (SEK)

ECob Oil-boiler energy 
ost, present value (SEK)

FIP Fixed instalment payment (SEK)

H Distan
e between the �oor and the 
eiling in

an apartment, or basement (m)

k Thermal 
ondu
tivity (W/m×K)

knew Thermal 
ondu
tivity, new insulation (W/m×K)

LCC Life-
y
le 
ost (SEK)

m Number of building parts (1)

n The number of the month. value et. 
. (1)

OPERA Optimal energy retro�t advisory

P Power for e. g. a heat pump (W)

Pdim Maximum power demand during one hour (W)

Pehp Power for an exhaust air heat pump (W)

Pfhs Free power gain to thermal load

during the heating season (W)

Psom Free power gain to thermal load during the summer (W)

P1 Thermal load in bivalent system optimization (W)
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8 CHAPTER 3. NOMENCLATURE

PV Present value (SEK)

R Redu
tion fa
tor (1)

r Dis
ount rate, in�ation ex
luded (%)

RN Number of air renewals (1/h)

t Thi
kness of insulation (m)

taf Thi
kness of atti
 �oor insulation (m)

tew Thi
kness of external wall insulation at the outside (m)

tfl Thi
kness of �oor insulation (m)

tin Thi
kness of external wall insulation at the inside (m)

t∗ Optimial thi
kness of insulation (m)

TOD Total energy demand (J/year)

T-O-U Time-of-use rates

TRANS The transmission value (W/K)

Ti The desired inside temperature (

◦
C)

Ts,n The monthly mean outside temperature (

◦
C)

Ueq Equivalent U-value (W/K×m2
)

Uex Existing U-value insulation measures (W/K×m2
)

Un U-value for part number n (W/K×m2
)

Unew New U-value insulation measures (W/K×m2
)

U0 Existing U-value (W/K×m2
)

VENT The heat loss from ventilation (W/K)

Greek:

δT Temperature di�eren
e (K)

ρ The density of air (kg/m

3
)

τ Duration (h)

τn The number of hours in month n (h)

τ1 Duration free energy (h)

τ2 Oil-boiler duration (h)
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Chapter 4

INTRODUCTION

In the beginning of this de
ade the division of Energy Systems at the University

of Linköping was trying to �nd the best way to build new single-family houses.

During this resear
h some basi
 ideas about buildings emerged:

• Buildings 
onstitute investment like any other subje
t with a high 
apital


ost. Thus they 
an be dealt with in the same way as other investment

and the pro�tability 
an be elaborated with 
ommonly used e
onomi
al

theories.

• Buildings normally have a very long life and should be 
ompared with

other long life investment.

• It is the total 
ost of the investment that is of interest. This means that

it is ne
essary to 
onsider, not only the initial 
apital 
ost, but also the

following maintenan
e and running 
osts.

• An almost perfe
t means to evaluate buildings is the so 
alled Life-Cy
le

Cost, LCC. Future investment or annual re
urring 
osts are transferred to

a base year by the present va1ue method.

• The di�erent alternatives 
an, if the LCC method is used, be 
ompared

with ea
h other and the best one is the one with the lowest LCC.

The implementation of these aspe
ts in the 
onstru
tion of new houses leads

to a thoroughly insulated building, equipped with an air-to-air heat ex
hanger

and a very simple ele
tri
 heating systetm installed in the ordinary ventilation

system.

However, some years ago the produ
tion of new buildings in Sweden de-


reased. The emphasis of the building a
tivity was instead laid on retro�tting

the existing housing sto
k, [1℄ p. 9. The so
iety en
ouraged this and by use of

the subsidiary system, for �nan
ing the building 
osts, it was possible to in�u-

en
e the retro�t strategy. The problem however, was to �nd the most desirable

solution.

In Sweden energy 
onservation measures, e. g. atti
 �oor insulation, are sub-

sidized. The is will result in a lower energy demand in the retro�tted building.

However, also 
ompli
ated heating systems, e. g. a heat pump, are subsidized

whi
h will provide the heat required in the building to a very low 
ost. Due to

11



12 CHAPTER 4. INTRODUCTION

the now heavily insulated building this new heating equipement will probably

be turned o� for long periods of time.

From the so
iety's point of view, the heat puemap will not be pro�table due

to the low amount of energy it delivers. However, the insulation will probably

also lose its pro�tability be
ause the saved energy is so 
heep. It is obvious that

the subsidiary system, will lead to suboptimations in su
h 
ases. (The loans

and grants for separated energy 
onservation measures, in single-family houses,

were abolished in 1984 [2℄ p. 35.

In order to rea
h the best solution it is also very important that the produ
er

of the heat or ele
tri
ity informes the 
onsumer of the real 
oast. This 
ost must

also in
lude environmental drawba
ks.

However, up to now, there was no method or tool present that enabled

�nding and optimal solution without a very tedious itererative pro
ess.

The Swedish Coun
il for Building Resear
h and the muni
ipality of Malmö

in the south of Sweden, thus funded a resear
h proje
t in order to elaborate

su
h a method. This thesis is one result of this proje
t.

Due to the subsidiary systaem the energy aspe
t nowadays has to be 
onsid-

ered when the building has to be renovated, at least if the most advantageous

subsidies will be utilized. However, 30 years must pass between the subsidized

renovations. Thus it is very important that the subsidiary rules and the building


odes et 
. are elaborated so, that they re�e
t the most pro�table solution from

the national point of view, i. e. the 
heapest strategy should be implemented,


onsidering all the resourses of the 
ountry.

In [3℄ it is shoown that the Life-Cy
le Coast. LCC. i. e- the sum of the total

remaining building-, maintenan
e- and running 
osts for the building, is a very

good means for evaluating di�erent retro�t strategies. The perfe
t strategy is

distinguished by the lowest possible LCC. No other strategy or retro�t measure

implemented to the building 
an lower the LCC. If this is the fa
t, both for

private and national e
onoemi
 evaluation, the solution will be perfe
t.

In [3℄ it is also shown how the problem 
an be elaborated from a mathe-

mati
al point of view, using the teminology from [4℄ or [5℄ The problem 
an be


hara
terized as a nonlinear, mixed, integer program. Su
h problems, however,


annot be solved with ordinary programming methods in 
ommer
ial use today.

Methods used to pie
e- wise linearize the nonlinear parts of the problem, e. g.

[4℄ p. 352 have only solved these di�
ulties to a part. This is so be
ause integer

problems have to be solved using e. g. the bran
h and bound method des
ribed

in [4℄ p. 154-, whi
h 
an not �nd the solution with and absolute a

ura
y.

However, the main work is to evaluate all the parameters in the mathemati
al

problem. The optimization pro
ess 
an be elaborated rather easy and thus the

ordinary programming methods have been reje
ted. Instead a FORTRAN pro-

gram has been developed 
alled the OPERA - model (OPtimal Energy Retro�t

Advisory). This program is implemented in a NORD 570 ma
hine whi
h solves

the base 
ase problem in about 30 se
onds. Derivative methods are 
ombined

with dire
t sear
h pro
edures, whi
h are des
ribed in detail in this thesis. Using

this method the true minimum point always 
an be dis
overed.

It shall be noted here that the main work has been laid on elaborating the

OPERA model. Of 
ourse also a big e�ort has been made in order to �nd proper

input data to the model and a representative building for the analysis but it has

to be remembered that it is the mathemati
al methods and programming that

is the most important. The input parameters di�er from building to building
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and ea
h unique house will have a unique optimized retro�t strategy. Of 
ourse

similar buildings will have most of the retro�ts in 
ommon but the aiem of

this thesis is not to �nd the optimal renovation pro
edure for all buildings, but

instead to show that it is possible to �nd it.

It is also essential to remember that only energy related retro�t measures

are dealt with. Aestheti
al or other reasons for a retro�t are not dis
ussed at

all. It should also be possible to 
onsider the measures and the 
onsequen
es in

monetary terms, whi
h is to say they 
ould a�e
t the lCC.

4.1 HYPOTHESIS

It is possible to �nd the best 
ombination of retro�t measures for ea
h unique

existing building. The best solution is assumed to be 
hara
terized by the lowest

possible life-
y
le 
ost for its remeaining life.

4.2 LITERATURE SURVEY

This thesis deals with a mix of three di�erent, traditionally separated subje
ts:

• Retro�tting of buildings

• Life-
y
le 
osting

• Optimization

The retro�t subje
t is often divided into one �eld related to the building

envelope and one related to installation. In ea
h of these di�erent subje
ts

there is a lot of literature but almost nothing treating the entirety. In [3℄ a

survey is presented of the literature found at the end of 1986.

In fa
t no author had dealt with the mix of the three subje
ts above in the

same work and none has been found sin
e.

At the U.S. Department of Commer
e/National Bureau of Standards in

Washington D.C., NBS, a lot of work has been done, dealing with LCC and

buildings. Mostly, however, new buildings are treated, but there are also re-

ports about retro�tting. Unfortunately, these reports are not dealing with the

optimization pro
edure at all.

In [6℄ several works about life-
y
le 
osting are presented, all elaborated at

the NBS. From the ones studied, [7℄, [8℄, [9℄, [10℄ and [11℄ give a very good view

about the life-
y
le 
osting subje
t and show why the LCC is a good means to

evaluate di�erent kinds of buildings.

There are also dis
ussions in these studies about the impa
t of e. g. di�er-

en
es in the energy pri
es and the dis
ount rate. A users guide to a 
omputer

program evaluating LCCs for di�erent buildings is also in
luded. However, no

optimization pro
ess is involved and thus the LCC has to be 
al
ulated for a lot

of building- and installation measures and the meost pro�table solution has to

be sele
ted from, a number of alternatives. Further, the building is not 
onsid-

ered as an energy system whi
h probably will make us miss the aiem, i. e. to

�nd the lowest possible LCC.

Other works about LCC 
an be found in the pro
eedings from some CIB


onferen
es ( Conseil International du Batiment pour la Ré
her
he, l'Etude et
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la Do
umentation ). In the 1984 
onferen
e there is one paper about LCC and

retro�tting, [12℄, where the LCC for retro�ts implemented to a single-family

house are 
al
ulated. The retro�t strategy is de
ided due to minimized LCC

but also here only a number of retro�ts are tested, mainly for the building

envelope. By a trial and error pro
edure some sele
ted retro�ts were 
hoosen, if

they were found pro�table, and the LCC was 
al
ulated. However, no 
hanges

were 
onsidered on the heating system and the most pro�table solution might

have been to inastall a heat pump instead of using the original heating system.

No real optimization has thus been made.

In [13℄ this was 
arried out, but for a new single-family building. A number

of di�erent 
onstru
tions were tested, in
luding envelope and installation mea-

sures, and after some 
al
ulations a solution was found. However, the paper

dealt with a new building and not with retro�tting an old one.

The CIB 85 
onferen
e also dealt with LCC, but none of the presented papers

treated retro�ts or optimization [14℄.

At the CIB 1986 
onferen
e 11 papers about LCC were presented, but only

one treated retreo�tting of multi-family residen
es,[15℄.

The 1987 
onferen
e presented several papers on LCC. However, they dis-


ussed the subJe
t from a more prin
iple point of view, e. g. [16℄ whi
h treated

the history and future of LCC. Other authors dealt with the risk analysis, [17℄,

[18℄, 
omparisons with other e
onomi
 evaulation methods, [19℄, and the im-

portan
e of proper e
onomi
al parameters, [20℄, [21℄. One author dealt with

optimization, [22℄, but for new governmeent o�
e buildings.

In [23℄ the author treats insulation optimization, similar to how it is dealt

with in this thesis, and he also elaborates the use of 
ost penalties due to

misoptimization. However, only insulation measures are treated and the paper

emphasizes the e
onomi
 theories more than the optimal thi
kness of insulation.

One author deals with LCC from a more prin
iple point of view and gives

a brief review of problems and bene�ts with this method. He also emphasizes

the di�eren
e between the life of a building material and the useful life of it.

Mineral wool has a very long life but the building where it is implemented may

have a very limited remaining life whi
h has to be 
onsidered in the analysis

[24℄.

There are also other papers written about LCC, some of them mentioned in

[3℄, but no paper has been found dealing exa
tely with the subje
t in this thesis,

though many are 
losely related to it.

There is very mu
h written about optimization te
hniques and here [4℄, [5℄,

[25℄ and [26℄ are used to �nd proper pro
edures in order to solve the problem.

However, no perfe
t solution has been found examining the algoritms a
hievable

on the market. It has been tried to implement the problem into the LAAMPS

program, whi
h solves linear and integer problems, using the linearization meth-

ods in [4℄ and also examined the OPTIVAR programming system [27℄ and [28℄.

Those systems are elaborated to solve mathemati
al problems and you have to

start with ar very stri
t mathemati
hal expression. The major problem however,

turned out to be not the optimization but to de�ne the proper problem. Then

the optimization 
ould rather easily be implemented in the �problem generation

program�.

A 
onsiderable amount is also written about retro�t design, e. g. [29℄, but

most authors deal only with part of the building, like how to �nd the best HVAC

system, and they do not try to �nd the perfe
t solution for the total energy
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system of the building. In [30℄ a 
omputer program 
alled CIRA is des
ribed,

dealing with energy retro�ts. However, the authors rank the di�erent retro�ts

in order to their saving-to-
ost ratio. They also only deal with the thermal

envelope and do not 
onsider the importan
e of the proper heating equipment,

The program works, for the envelope retro�ts, in a similar way as OPERA,

it tests the result for a number of di�erent retro�ts and 
al
ulates the energy

balan
e for the building. However, the remaining life of the existing building

parts are not taken into a

ount whi
h leads to suboptimizations. Due to these

and other reasons, the program will not �nd the optimal solution for the building

energy system.

A Swedish model that works almost in the same way is the MSA - model

[31℄. The model, whi
h does not optimize the retro�t strategy, has however

one big advantage, it 
an 
al
ulate the result of energy savings for the total

Swedish building sto
k, and thus it was used in the so 
alled Energy - 85 study

for Sweden.

There are also other drawba
ks with CIRA and MSA. They 
an not handle

di�erential rates or bivalent systems. This is very unfortunate be
ause these

systems often seem to 
ompete in the optimal solution. The models only deal

with a 
onstant energy pri
e. Of 
ourse it is possible to run the programs many

times but it is not easy to make 
orre
t presumptions about the appli
able

energy pri
e from su
h heating systems. The amount of extra insulation will

also in�uen
e the proper design of the heating system whi
h aggravates the

problem.

The fa
t is that this thesis shows that using the MSA or CIRA may lead to

severe misoptimizations, even for ordinary heating systems as the oil-�red boiler,

if they are used without expert knowledge about energy system optimization.

This is due to the ranking of the retro�ts in order to their saving-to-
ost ratio. In

MSA or CIRA weatherstripping will almost always be a proper retro�t be
ause

it is the 
heapest one. They will not 
onsider the fa
t that it 
ould be 
heaper

to invest in an exhaust air heat pump, whi
h takes 
are of the extra ventilation

�ow if the windows and doors are left as they are. The exhaust air heat pump

has a higher saving-to-
ost ratio. However also MSA or CIRA might 
hoose the

heat pump, but a smaller one than the optimal, due to the de
reased ventilation

�ow.

One paper that deals with traditional optimizing methods and retro�ts in

buildings is [32℄. However, only a few retro�ts are dealt with and there is only

one heating system taken into a

ount. The optimization is worked out in order

to �nd the lowest possible LCC but no energy balan
es are 
al
ulated and this

might of 
ourse lead to misoptimization.

A lot of work has been done in order to �nd proper retro�t 
osts, energy

pri
es, e
onomi
 parameters et. 
. and some of the 95 referen
es in [3℄ 
on
ern

su
h problems. In the following 
hapters it is referred to those and others. and

thus they are not treated here. Several attempts have been made by the Swedish

Institute of Building Do
umentation. BYGGDOK, to in
rease the amount of

adequate information about this subje
t, but the result is rather poor. If this is

due to weak sear
hing pro
edures or to a la
k of resear
h and publi
ations on the

subje
t is not easy to tell but extensive work has undoubtedly been sa
ri�
ed

to this.

The following data bases have been examined:
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• BODIL

• BRIX

• BYGGFO

• DOE Energy

• NTIS

• COMPENDEX

• INSPEC

• IBSEDEX

• Conferen
e papers index

Sin
e 1987 monthly examinations have been elaborated by BYGGDOK, �-

nan
ed by the Swedish Coun
il for Building Resear
h.

In [33℄ the la
k of information is mentioned and the author writes: "The

te
hni
al barriers are due to the la
k of information on the 
ost and performan
e

of individual retro�ts, as well as the more 
omplex issues of how individual

retro�ts intera
t with ea
h other and perform over time". The author presents

a bibliography with some 150 referen
es about retro�ts but they only treat parts

of the subje
t and thus some of them is referred to in subsequent 
hapters. This

is also the 
ase of the referen
es in [34℄, where about 500 works about building

equipment are presented.



Chapter 5

THE OPERA MODEL

The OPERA model is an optimizing mathemati
al program used for �nding

the best energy retro�t strategy for a multi-family building. This strategy is


hara
terized by the the lowest possible remaining LCC whi
h is the sum of

the building 
osts, the maintenan
e 
osts and the running 
osts for the building

during its proje
t life.

Below a very simpli�ed �ow 
hart is presented, see Figure 5.1, showing the

prin
iple method of the OPERA model.

Figure 5.1: Prin
iple �ow 
hart. OPERA model.

For every building there are 
osts for ne
essary renovation, heating and

17
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maintenan
e. In this model only energy related 
osts are dealt with and thus

the LCC here only 
ontains 
osts that in one way or another are related to

energy retro�ts. The basi
 
on
ept of the model is that every energy retro�t

will in�uen
e the LCC of the building. If a wall is insulated there are 
osts

for building, implementation of insulation et 
. On the other hand, the future

running 
osts for heating the building are expe
ted to be de
reased.

All the 
osts are transferred to one base year, using the present value method,

see Appendix 3, page 102, and thus LCCs for any di�erent alternative 
an be


ompared. The model thus starts reading the input data, e. g. the building

geometry, the thermal status of the building et 
. and pro
eeds with 
alulating

the existing building LCC. This value shows the 
ost for implementing only the

inevitable retro�ts to the building. Su
h a retro�t 
an be to 
hange the windows

if the old ones are rot. The new ones are then of the same type as the old ones


on
erning their energy performan
e.

When this existing LCC is 
al
ulated, a retro�t is implemented and a new

LCC for the retro�tted building is elaborated. If this later LCC is lower then the

previous one, the retro�t is pro�table and sele
ted by the model, otherwise not.

The pro
edure is repeated for another retro�t and also this LCC is 
ompared

to the existing building LCC.

When all the envelope retro�ts have been tested there are some 
andidates

for the optimal solution, i. e. if only the existing heating system is to be


onsidered. The de
rease in the LCC for ea
h retro�t is 
al
ulated and thus

the resulting LCC 
an be 
al
ulated. However, the retro�ts 
annot be added to

ea
h other without 
onsideration, whi
h shall be dealt with in due 
ourse. Only

strong 
andidates are to be found by this pro
edure.

The heating system is now 
hanged and the pro
edure starts almost from the

beginning. A new LCC with no building envelope measures is 
al
ulated, and

after this the retro�ts are implemented. The pro
edure 
ontinues and �nally

all possibilities are tested and the solution with the lowest estimated LCC is

sele
ted. In order to �nd the real best solution, within an a

epted a

ura
y, a

more thorough study must be elaborated. This pro
edure is presented below,

page 44.

Referen
e [3℄ des
ribes how di�erent retro�ts 
an be optimized due to the

lowest possible LCC. In that work there is also information about the evaluation

of building and installation 
osts, and referen
es to authors dealing with that

subje
t. The model, or the FORTRAN 
ode, is not presented, and it nor is

fruitful to do so here. Still, it is ne
essary to des
ribe the model in detail

be
ause it must be possibile to s
rutinize. This is done in the following 
hapters

and also in Appendix 3, page 101, where some of the subroutines are presented.

5.1 CALCULATION OF THE EXISTING BUILD-

ING LCC

The aim of the retro�ts is to make the remaining LCC for the building as low

as possible. However, implementing a retro�t 
an also make the LCC higher,

whi
h of 
ourse must be avoided. The savings from a de
reased energy use

might be lower than the building- or installation 
ost for an improvement of

e. g. an external wall insulation. In order to examine this, the existing LCC
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for the building must be 
al
ulated initially. All the 
onsidered retro�ts shall

later be 
ompared to this existing LCC. If the LCC is lower after the retro�t is

implemented the retro�t shall be 
hosen, otherwise not, see Figure 5.1.

Subroutines are 
ommonly used for frequent 
al
ulation pro
edures and the

OPERA model has several subroutines following the main program.

For 
al
ulating the existing building LCC, �ve subroutines are used:

• The number of degree hours

• The inevitable retro�t 
ost

• The present values

• The proper energy pri
es

• The energy balan
e for the building

The presentation of these subroutines 
an be found in Appendix 3.

The main program starts with reading the total input �le for the building,

see Figure 5.2. In this �le the geometry, thermal status, 
limate, building 
osts

et 
., 
on
erning the building, are des
ribed. In a separate 
hapter, page 30.

the input data are dis
ussed and a 
omplete input data list is presented in

Appendix 2 at page 91.

Input data

Proper boiler

parameters

Degree hours
Inevitable

retro t cost

Thermal load

Annual ener-

gy demand

Boiler cost

Present value

Energy cost

Present value

Total LCC

Existing

building

phd�g_2.eps

Figure 5.2: MAIN program, �ow 
hart, part 1.

The program pro
eeds, after some minor 
al
ulations, by 
alling the subrou-

tines for degree hours and inevitable retro�t 
ost 
al
ulations. The �rst routine

presents the number of degree hours, assuming that one unit is generated if the

monthly mean outside temperature is lower than the desired inside temperature

during one hour. The se
ond routine presents the inevitable retro�t 
ost, as a
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present value, for the existing building. See Appendix 3, page 101, for more

details.

The total power demand and the inevitable retro�t 
ost for the existent boiler

are then 
al
ulated. The proper parameters are assigned to the boiler variables

and the boiler 
ost is 
al
ulated by 
alling the present value subroutine.

The energy demand for the building is 
al
ulated using the energy balan
e

subruotine, another subroutine provides the program with the proper energy

pri
e and by use of formula (12.3 ), page 102 in Appendix 3, the total energy


ost is elaborated for the 
hosen optimization period.

Remaining now. is only to sum the values and the LCC for the existing

building is found.

5.2 OPTIMAL STRATEGY, EXISTING HEAT-

ING SYSTEM

The building and ventilation retro�ts in the OPERA model are:

• Atti
 �oor insulation

• Floor insulation

• External wall insulation at the outside

• External wall insulation at the inside

• Three di�erent fenestration retro�ts

• Weatherstripping

• Exhaust air heat pump

The retro�ts are presented in the order they appear in the model. The

program starts with the optimization of the atti
 �oor insulation. The optimal

extra amount of insulation is 
al
ulated and the new LCC for the building is

elaborated. If this is lower than the LCC for the existing building the retro�t is

sele
ted, otherwise not. The pro
edure 
ontinues with the �oor and the external

wall. The external wall 
an be insulated both at the outside as well as the inside.

However, OPERA sele
ts the most desireable solution from the two alternatives,

and thus the wall 
annot be insulated both at the inside and at the outside at

the same time.

For the windows a number of di�erent 
onstru
tions are evaluated. This

be
ause of the immen
e di�
ulties of optimizing a window due to solar gains,

number of panes, the distan
e between them and so forth. Here it is beyond the

s
ope to optimize su
h a 
onstru
tion and it is questionable if this is possible

at all. Some of the di�
ulties are dis
ussed further in detail in [3℄ p. 65-. The

problem is also dealt with in [35℄.

The pro
edure 
ontinues with the weatherstripping and the exhaust air heat

pump and �nally the 
andidates of the optimal strategy for the existing heating

system are found.

In [3℄ it is shown in detail how the optimization pro
edure is elaborated for

di�erent retro�t measures.
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It is important to note the fa
t that the 
andidates might fall out from the

optimal solution. This might o

ur if the LCC is not a linear fun
tion due

to the thermal losses in the building. A de
rease in the energy demand must


orrespond to the same de
rease in the LCC whether the retro�t is implemented

in the beginning or the end of the graph in Figure 5.3.

A B

a

b

A=B a=b

Life-cycle

cost

Thermal losses

phdfig_3.eps

Figure 5.3: Optimization due to LCC fun
tion

If this is the fa
t, the order of the implementation does not matter, else

there might be di�erent optimal strategies for identi
al measures. In reality

this problem might o

ur due to e. g. the habit of manufa
turing heating

equipment in dis
rete sizes, but the in�uen
e of this is negle
ted here. If the

optimization problem, for some reason must deal with this, the optimal solution

found by OPERA must be s
rutinized in detail. However, the errors in the

input parameters make su
h an analyzis very hazardous.

The same problem o

urs when real energy tari�s are 
onsidered, or if the

implementation of a retro�t leads to a longer turn o� period for the heating

system. The situation gets worse for strategies where a lot of envelope retro�ts

are 
onsidered or if the amount of free energy from solar gains and applian
ies is

large. The problem also in
reases due to the use of monthly mean temperatures

in the energy balan
e 
al
ulations.

OPERA however, 
al
ulates the resulting LCC, implementing the 
ombina-

tion of the envelope retro�t 
andidates for an optimal solution for all the heating

systems 
onsidered. Fortunately, the optimal strategy is mostly 
hara
terized

by a low running 
ost heating system and very few envelope retro�ts, and thus

this problem will not in�uen
e the total retro�t strategy very mu
h. For most


ases it 
an be negle
ted. The error in the LCC might be about 5 % due to

these 
onsiderations.

When the optimal retro�t strategy for the existing heating system has been

found, the pro
edure 
ontinues with di�erent types of heating systems. possi-

ble to install in the building. These are the oil- boiler, the ele
tri
ity boiler,

distri
t heating, the heat pump, the bivalent heat pump - oil-boiler system and

di�erential Time-Of-Use, T-O-U. rates for distri
t heating and ele
tri
ity.
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The pro
edure stops when all the possibilities have been tested and after

this the best solution is sele
ted. This solution is presented in further detail by

the program and a table is shown of the LCC for the di�erent heating systems

without the envelope retro�ts, the amount of savings and the new LCC, if the

optimal, or the almost optimal strategy is implemented. In Table 6.2 at page

42 this is shown.

5.2.1 Envelope retro�ts

In the insulation retro�t part of the main program subroutines are used for


al
ulating:

• The inevitable retro�t 
ost

• The present values

• The energy rates

• The energy balan
es

These subroutines are presented in Appendix 3, page 101.

The program starts with the 
al
ulation of the inevitable retro�t 
ost. It

is assumed that the new retro�t will be implemented at the base year, whi
h

might be a number of years before it is a
tually needed. The inevitable retro�t


ost might thus be in
reased 
ompared to the earlier 
al
ulated, 
on
erning the

existing building.

After this the insulation optimization starts. Using the energy balan
e sub-

routine, the thermal losses are 
al
ulated for the building, with the building part

under 
onsideration ex
luded. This is 
onvenient be
ause the LCC for the rest

of the building 
an be 
onsidered as a 
onstant. The energy balan
e will prob-

ably show that, due to solar gains and free energy from applian
es, the heating

equipment 
an be turned o� during a part of the year. This part of the heat

loss, is subtra
ted from the total heat loss in the building, and will provide the

suitable number of degree hours for insulation optimization. During summer

when the heating equipment is turned o� there is no reason for saving energy.

When the heating season starts the situation is di�erent. Ea
h unit of energy is

now valuable, no matter how it is produ
ed. It is worthwile to save energy even

if it 
omes from e. g. solar gains. If there was no free energy the heat had to be

produ
ed by the heating system and thus also part of the amount of free energy

is valuable. The situation is of 
ourse di�erent when the heating system is to be

optimized. The heating system does not work at all when the desireable inside

temperature 
an be obtained from free energy. The number of degree hours is

thus less for the heating equipment 
onsiderations. The subje
t is dis
ussed in

detail in [36℄. See Table 6.6 at page 46 for an example of the energy balan
e.

After that, an expression is developed showing the life-
y
le energy 
ost

for the building part 
onsidered. However, there is also a 
ontribution from the

heating equipment 
ost, due to the insulation thi
kness, whi
h must be added to

the LCC expression. The situation 
an be depi
ted by the following expression,

Equation (5.1):

LCC = C1 + C2 + C3 × t+
C4

C5 + C6 × t
(5.1)
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where:

C1 = The 
osts independent of the building part 
on
erned,

t = The insulation thi
kness,

C2 + C3 × t = The insulation 
ost and

C4

C5+C6×t
= The energy and heating equipment 
ost.

Using the fa
t that the minimum LCC 
an be found by 
al
ulating the

derivative to the expression (5.1) and setting it equal to zero, provides the

following equation:

t∗ = −
C5

C6

± (
C4

C3 × C6

)
1

2
(5.2)

The subs
ript * on t shows that this is the optimal thi
kness of insulation

for the retro�t 
on
erned. The formula (5.2) is elaborated in Referen
e [3℄ p.

46.

From expression (5.2) it is obvious that C1 and C2 do not in�uen
e on the

optimal thi
kness of insulation. Implementing the optimal thi
kness in (5.1)

will provide a LCC but this will not be 
orre
t due to the high amount of

degree hours used for the optimization. Thus a new energy balan
e is 
al
u-

lated and this time the heat produ
ed by the heating equipment is used for


al
ulating proper energy- and heating equipment 
osts. using the situation for

the retro�tted building as a whole. The pro
edure and the evaluation of these

expressions are des
ribed in detail in Referen
e [3℄, although slightly 
hanged

a

ording to the theories in Referen
e [36℄.

In �gure (5.4) the pro
ess is shown s
hemati
ly.

It shall be emphazised here that the energy balan
e subroutine is also used

several times when the window retro�ts are 
onsidered. Implementing a new

window does not only a�e
t the thermal status of the envelope but also the

solar gains radiated through the window. This might have its importan
e and

thus separate 
al
ulations are elaborated for di�erent orientations of the window

type 
on
erned. The di�erent window 
onstru
tions also have to be 
ompared

to ea
h other, a gas �lled triple glazed window 
ould result in a lower LCC

than an ordinary ditto, however both result in a lower LCC than the existing

windows.

5.2.2 Weatherstripping

One of the 
heapest retro�ts to implement is weatherstripping. By 
aulking

windows and doors in the building it is possible to de
rease the amount of 
old

air leaking through small passages in the building envelope. In many existing

multi-family buildings the ventilation system works due to these leaks. The only

driving for
e for the ventilation is the buoyan
y for
e, whi
h forms a natural

ventilation system. By 
aulking the building, the ventilation �ow will de
rease

and less heat is transferred out from the building with the exhaust air. Of 
ourse

it is not preferable to stop the ventilation totally in a building due to hygieni


reasons. even if money is saved by lower energy bills. In Referen
e [3℄ p. 84-,

all details about the 
al
ulations 
an be found.
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Figure 5.4: Simpli�ed main program �ow 
hart. Part 2.

The money saved by 
aulking measures 
an be 
al
ulated by using equa-

tion 12.5, page 101, in Appendix 3, the value of V ENT will get lower. However,

weatherstripping 
osts money and only if the amount of money saved is higher

than the money spent the measure is pro�table. In most 
ases this is the fa
t

be
ause 
aulking is rather 
heap and the in�uen
e on the ventilation �ow 
an be


onsiderable. The OPERA model 
ompares the LCC after the weatherstripping

has been implemented with the earlier 
al
ulated LCC for the existing building.

5.2.3 Exhaust air heat pump

Using an exhaust air heat pump makes it possible to take 
are of the heat in the

ventilation air and re
ir
ulate it. Earlier it was 
ommon to heat only domesti


hot water with this kind of fa
ility but nowadays the devi
e is also 
onne
ted to

the ordinary heating system used for spa
e heating. Naturally this will provide

a better pro�tability be
ause the heat pump will be working almost always, at

least during the heating season.

The OPERA model evaluates the pro�tability of the heat pump, i. e. if



5.3. OTHER HEATING SYSTEMS 25

the LCC gets lower, assuming the weatherstripping was pro�table. This means

that the ventilation �ow will be lower than the existing �ow and thus less heat


an be taken 
are of in the exhaust air. However, the model also tests if it

is more pro�table to reje
t the weatherstripping and spend the money on a

slightly bigger exhaust air heat pump. In Referen
e [3℄ p. 135, su
h 
ases 
an

be found. The energy balan
e subroutine is used to evaluate the proper amount

of heat re
ir
ulated through the building. In Referen
e [3℄ all the input data are

dis
ussed and more details 
an be found in the 
ase study starting at page 37

in this thesis.

5.2.4 Exhaust air heat ex
hangers

Another way to take 
are of the heat in the exhaust air is to use a heat ex-


hanger. However, this system must have a way to deliver the warm fresh air in

the di�erent apartments. Mostly, su
h systems are very expensive to install in

existing buildings and subsequentely they will seldom be pro�table. The prob-

lem is dis
ussed further in Referen
e [3℄ p. 91. Be
ause of the high retro�t 
ost

this measure is not in
luded in the OPERA model but it 
an be implemented

in the program quite easily.

5.3 OTHER HEATING SYSTEMS

In previous 
hapters it is shown how the OPERA model works in order to �nd

the optimal retro�t strategy. However, up to now it is assumed that no 
hanges

are 
onsidered in the existing heating equipment.

Most multi-family buildings in Sweden, now 
on
erned for retro�t measures,

were originally equipped with a 
entral oil-boiler heating system, but lately this

system has been 
hanged to e. g. distri
t heating in many areas. Sometimes a

more 
ompli
ated system, like a heat pump is installed whi
h provides the heat

at a very low running 
ost. This running 
ost is approximately 0.25 SEK/kWh

for the oil-boiler and 0.30 SEK/kWh for ele
tri
ity. Heat pumps have a 
oe�-


ient of performan
e, COP, of approximately 3 whi
h means that they deliver

heat 3 times the ele
tri
ity input. Subsequentely the running 
ost for the heat

pump is about 0.1 SEK/kWh. Distri
t heating systems and bivalent oil-boiler

- heat pump systems have a running 
ost whi
h is between that of the single

oil-boiler and the heat pump systems. In Appendix 1, page 79, this is dis
ussed

in detail.

The di�eren
e in running 
ost, that appears when the heating system is


hanged, has to be 
onsidered when optimizing the envelope retro�t strategy.

A high running 
ost will of 
ourse generate more envelope retro�ts. The money

saved in a lower energy use 
an pay for a more extensive retro�t strategy. On

the 
ontrary a low running 
ost system will generate only the 
heapest retro�ts.

For the simple systems this is evaluated simply by 
hanging e�
ien
ies.

energy pri
es, installation 
osts et
 valid for the new type of system and start

the pro
ess almost from the beginning. This will provide a new retro�t strategy

showing the situation for the new heating equipment. The new LCC might be

higher than the existing one and the strategy has to be reje
ted. This is mostly

the 
ase when a lower running 
ost heating system is ex
hanged for a higher

running 
ost ditto, e. g. from oil to ele
tri
ity. The installation 
ost is almost
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the same for the two systems, see Referen
e [3℄ p. 99 and 106, and the running


ost will thus be very important.

However, some of the heating systems provide lower running 
osts but at

higher installation 
osts. A heat pump system, with the lowest running 
ost,

is very expensive and thus the high installation 
ost 
annot 
ompensate for the

low running 
ost. It is important to note that the a
tual heat pump design is

not optimized by OPERA, but the model 
al
ulates the best thermal size of it.

Authors that have treated the design problem are e. g. Referen
es [30℄ and [31℄.

Another rather low running 
ost system at present, is the distri
t heating

system, at least if the energy 
ost for the 
onsumer re�e
ts the 
ost for produ
ing

the heat. The installation 
ost for the 
onsumer will also be a

eptable and thus

this heating system often is the best 
hoi
e.

Bivalent oil-boiler - heat pump systems also 
ombine a very low running


ost with an a

eptable installation 
ost and therefore these kinds of systems

are very interesting.

In Referen
e [37℄ the in�uen
e of the installation 
ost and the running 
ost,

on the envelope strategy, is shown for di�erent systems, and here will only be

dis
ussed thorougly two of the heating systems above, viz. heating systems with

di�erential rates and bivalent heating systems. Ordinary heating systems are

treated in Referen
e [3℄.

5.3.1 Heating systems with di�erential rates

When produ
ing heat or ele
tri
ity in a publi
 utility there are several ways to

do it. In the distri
t heating plant it is nowadays 
ommon to use garbage, wood


hops, 
oal and oil as fuels. It is obvious that the Short Range Marginal Cost.

SRMC, 
annot be the same independently of the fuel. ( The SRMC is the 
ost

for produ
ing one extra unit of energy or the money saved not to produ
e one. )

When refuse is the only fuel in the plant the SRMC is very low, approximately

0.003 SEK/MJ, (0.01 SEK/kWh). This is be
ause the utility must either get

rid of the garbage or they have to put it in a refuse dump. The garbage is used

as a base fuel, i. e. it is used all through the year. However, in the winter there

is not enough refuse to burn and the utility has to use the other fuels as well.

Oil, whi
h normally is the most expensive fuel, is used for peak load 
onditions

and the SRMC is of the magnitude 0.06 SEK/MJ (0.20 SEK/kWh).

The same dis
ussion 
an be elaborated for produ
ing ele
tri
ity, the base

load is produ
ed by hydro ele
tri
al plants and the peak load by gas turbines.

In Referen
es [38℄, [39℄ and [40℄ this is treated in detail.

It is obvious that an ordinary rate, with a 
onstant energy pri
e throughout

the year will en
ourage the energy 
onsumer to save energy regardless of the

season. One MJ saved during the summer equals one MJ saved during the

winter. This is not true for the heating utility, one MJ saved during the winter


an be worth 20 times more than the same amount of energy produ
ed in the

summer. Thus it is of great importan
e to en
ourage energy savings during the

winter, and one way is to implement di�erential rates.

In Referen
e [41℄ it is shown that it is not very easy to design a rate that

will advantage top peak saving and at the same time disadvantage 
ompeting

energy produ
ing fa
ilities su
h as solar panels or exhaust air heat pumps. The

rate also has to be normalized whi
h means that the utility 
annot in
rease the

total level of the rate. The in
ome of the plant thus will be the same no matter
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what type of rate is used for an identi
al thermal load. Be
ause of this, the

di�erential rates used in Malmö, and in this thesis, will only slightly en
ourage

top peak saving but will give 
onsiderable disadvantage to 
ompeting energy

produ
tion at the 
onsumer during the summer.

The OPERA model uses the di�erential rates elaborated by the muni
ipality

of Malmö for the 
al
ulations. This is done in a subroutine, page 104. By some

programming work it is easy to implement other rates than the default ones,

and the di�erential rates 
an be 
ompared to the �xed rates. If the new rates

in their design are similar to the Malmö 
ases it is possible to implement the

rates in the input �le 
on
erning the subroutine. In Referen
es [41℄ and in [3℄ p

109-, the 
al
ulations are des
ribed. See also page 63 in this thesis.

5.3.2 Bivalent heating systems

As mentioned above a bivalent heating system 
an often be a very good solution

for minimizing the LCC. The systems treated in the OPERA model are oil-boiler

- heat pump systems where the oil-boiler takes 
are of the thermal peak loads

and the heat pump the base load. The di�eren
e between the systems depends

on the heat sour
e. The �rst alternative uses a �xed COP, while the other sys-

tem is evaluated using a varying COP due to the outside temperature. There

are also some di�eren
es 
on
erning the installation 
ost 
al
ulations. In Refer-

en
e [42℄ it is shown how the �rst system is optimized for the existing building

thermal load and furthermore when insulation measures or other retro�ts are

implemented. The se
ond system is des
ribed in Appendix 1, page 79.

In the OPERA model the pro
edure is elaborated using mainly two subrou-

tines, the �rst one �nding a mathemati
al expression for the duration graph


on
erning the existent building and the other one for the optimization. In the

referen
es it is shown that a mathemati
al expression showing the LCC for the

bivalent system and one insulation measure 
an be depi
ted as:

LCC = C1+
C2

C3 + C4 × t
+C5×P+

C6 × P 2

C7 + C8 × t
+
C9 × P 2

× t

C7 + C8 × t
+C10×t (5.3)

C1 to C10 shows di�erent 
onstants, however not the same as in the earlier

expressions, P shows the thermal power of the heat pump and t shows the extra

insulation thi
kness.

The expression 5.3 above shall be minimized and in the OPERA model this

is done by a derivative method. However, it is not very easy to 
al
ulate the

minimum point and thus the sign of one of the derivatives is examined and

the minimized LCC is found by an iterative pro
ess. Also in this 
ase it is

important to use the proper amount of degree hours for the optimization. The

insulation thi
kness is subsequentely optimized for more degree hours than the

heat pump - oil-boiler system. The model is also provided by a maximum

number of iterations, 500, be
ause the shape of the expression might be very

�at at the bottom. A small 
hange in t might 
hange the derivative less than

the signi�
an
e in the 
omputer memories. This is so even if double pre
ision

is used for some sensitive parameters.

Figure 5.5 shows, using the situation found in Referen
e [42℄, how the LCC

varies due to the insulation thi
kness and the thermal power of the heat pump.

With no extra insulation at all, the minimum point of the LCC is lo
ated to
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Figure 5.5: LCC �eld for bivalent system and insulation.

52 kW thermal power of the heat pump while the other extreme is lo
ated, for

a very large amount of extra insulation, to 40 kW. This represents a situation

when no heat at all transfers through the building part 
onsidered. However,

the minimum LCC thus 
an be found somewhere between these extremes and

with the optimization pro
edure dis
ussed above this point is found for 0.16 m

extra insulation and 42 kW thermal power of the heat pump. In �gure 5.5 the

�rst 
oordinate shows the LCC in MSEK, the se
ond the insulation thi
kness

in meter and the last one shows the thermal output of the heat pump. From

Figure 5.6 it is obvious that it is more important to 
hoose the proper thi
kness

of the insulation than to 
hoose the proper size of the heat pump. It is also

shown that it is better to insulate a little too mu
h than the opposite.

The optimization pro
edure is mu
h easier for the other envelope and venti-

lation retro�ts, when a number of alternatives are to be evaluated. The situation

is shown in Referen
e [42℄ and here will only be emphazised that those problems

are handled by 
ommon derivative methods for one variable.

However, the situation above shows the 
ase when the heat pump has a

COP whi
h is 
onstant over the year. This is the approximate situation for

e. g. ground 
oupled heat pumps with a heat sour
e whose temperature is


onstant. Outside air heat pumps 
annot be dealt with exa
tely in the same

way be
ause of the outside temperature dependent COP. This is dealt with in

Appendix 1, page 83.

An expression showing the in�uen
e on the COP due to the temperature is:

COP =
−∆T + 66.43

20.53
(5.4)
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Figure 5.6: LCC due to insulation and heat pump size.

where ∆T shows the di�eren
e between the desired inside temperature of

20

◦
C and the outside temperatures. The expression 5.4 has been elaborated

using information from a heat pump manufa
turer Referen
e [43℄. Using the

energy balan
e subroutine the duration of the heating season is 
al
ulated and

a mean value of the COP is 
al
ulated for the suitable temperatures. However,

the heating of domesti
 hot water is 
arried out throughout the whole year and

thus a se
ond mean value COP has to be used.

A minor 
hange also has to be done be
ause the oil-boiler has to provide the

total thermal load during the worst 
limati
 
onditions, and during that time

the heat pump will be turned o�.

There are also some di�
ulties with heat pumps not dealt with in the

OPERA model. One of those is the fa
t that during the 
oldest winter days a

very high water temperature might have to be maintained in the water radiators

else they 
annot provide the desired inside temperature. This means that the

returning water to the heat pump is rather hot, maybe higher than 60

◦
C whi
h

means that the heat pump 
annot work properly and will turn o� earlier than

expe
ted. The pro�t subsequentely is jeopardized. It is very important to do

some monitoring and s
rutinize ea
h system 
on
erning 
onditions spe
i�
 for



30 CHAPTER 5. THE OPERA MODEL

the building.

Su
h di�
ulties and others depending on the single 
omponents in the in-

stalled equipment are not dealt with in the OPERA model. In subsequent 
hap-

ters other di�
ulties will be dis
ussed when bivalent systems are optimized due

to the free energy provided by e. g. solar gains and applian
es. See Figure 6.9

at page 67 or Appendix 1 at page 79.

5.4 INPUT DATA

The �rst thing to do in order to elaborate an OPERA runnning is to gather all

the ne
essary input data about the building and the possible retro�t measures.

This is a tedious work but very important for �nding the true optimal solution.

Fortunately, it is possible to use the experien
e from a number of earlier OPERA

runnings, and this means that less e�ort 
an be used on su
h systems whi
h

almost never will be part of the optimal solution.

Su
h a system 
ould be the ele
tri
ally heated boiler. Due to the high

energy pri
e, this fa
ility will seldom be the most pro�table solution. On the


ontrary this system seems to have the highest LCC of all the examined heating

systems. Small 
hanges in the installation 
ost for the ele
tri
al boiler will not


hange the total situation and therefore it will not be worthwhile to examine

this installation 
ost in detail. The situation is des
ribed in Referen
e [37℄.

Other equipment or retro�ts will be sele
ted by the model very often and thus

the e�orts shall be 
on
entrated on those systems. When starting from s
rat
h

with a unique building, it 
an be hard to 
onsider the plausible result from

the OPERA running. Thus it will be preferable to implement very approximate

data in the �rst running and after this has been evaluated, 
ontinue with further

examining of the interesting parts.

In the following se
tion of this thesis the essential input data that have to be

implemented, are des
ribed. The geometry is dealt with �rst and later the 
ost

fun
tions for di�erent retro�t measures. In this 
hapter most of the information


omes from Referen
e [3℄, but new information found will of 
ourse also be

treated.

In Appendix 2 the total input �le is presented, page 91.

5.4.1 Building geometry

The OPERA model is elaborated to �nd an optimal retro�t strategy for ea
h

unique building. It is thus important to des
ribe the geometry of the building

in the input data �le.

The area of the atti
 �oor, the external wall, the �oor and the windows and

their orientation have to be implemented as well as the number of apartments

and the total apartment area. Some of these values are used for the thermal


al
ulations while others are only used for the 
ost fun
tions.

Today it is not possible to implement the basement dire
tly in the input �le.

Instead the basement has to be simulated using other U- values or other geom-

etry for the lowest �oor in the building, see equation (6.2) and the dis
ussion

at page 61.

This is be
ause it is hard to 
al
ulate the proper U-values or thermal resis-

tan
e in the ground outside the basement wall. Furthermore, it is not 
ommon
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to use a �xed desired inside temperature in the basement. Experien
e from

a number of OPERA runnings also implies that retro�ts done in the basement

seldom will be pro�table due to the low inside temperature, the rather high out-

side temperature and the rather low equivalent U-values for the basement walls

and the soil outside, see Referen
e [15℄. In Referen
e [3℄ this is also emphasized.

The situation is similar for a 
rawl spa
e instead of a basement. The building

part has to be simulated using a slightly di�erent �oor in the OPERA 
al
ula-

tions. Crawl spa
es have been treated in Referen
e [44℄, where the 
omplexity

of the problem is des
ribed in detail. Of 
ourse it is possible to implement also

those more 
omplex situations in the model but it is questionable whether it is

worthwhile, due to the above experien
e.

5.4.2 Existing thermal status

The existing U-values for the building parts also have to be provided to the

model. Usually these values 
an be 
al
ulated with traditional methods similar

to those in Referen
e [3℄ p. 32.

This is not the fa
t for the windows. whi
h are very 
omplex in their ther-

mal performan
e and thus it is very hard to 
al
ulate proper U-values during

darkness and the di�
ulties are still greater during day time. The situation is

dealt with in Referen
es [3℄, [45℄, [46℄, [47℄, [48℄, [49℄ and [50℄.

However, it is not within the s
ope of OPERA to �nd an optimal window


onstru
tion and thus some di�erent 
onstru
tions are tested against ea
h other.

Input to the model are the U-values during darkness. The solar gains are treated

in the energy balan
e subroutine, see Appendix 3, page 101, where they are given

as monthly mean values in the input �le.

The existing ventilation system is expe
ted to be of the type natural venti-

lation, and input is the number of renewals of air per hour. Also in this 
ase

the reality is mu
h more 
omplex. The number of renewals are not the same in

the di�erent apartments and the situation will also 
hange due to the outside

temperature. In Referen
e [51℄ the problem is examined.

Of 
ourse small 
hanges 
an be made in the programming 
ode in order to

evaluate me
hani
ally ventilated systems as well. However, those buildings are

mostly not subje
t for renovation due to less age and better thermal envelopes.

5.4.3 Remaining life of the envelope

In Referen
e [52℄ the importan
e of the remaining life of the existing building

parts is shown. An external wall has a very high initial 
ost for extra insulation.

S
a�olding and demolition of the outer part of the fa
ade et 
. are expensive and

thus it will probably never be pro�table to put more insulation to an external

wall if the fa
ade is in a good shape. In su
h 
ases an inside insulation might

be pro�table and OPERA will examine this 
ase too. However, the loss of

apartment area 
an be a major drawba
k and the 
ost for this loss might make

the insulation unpro�table.

The situation is di�erent if the fa
ade has to be renovated anyway. The

extra 
ost for insulation in su
h 
ases will mostly always be pro�table, the

energy savings only have to pay for the extra insulation.

However, it is very hard to predi
t, with an absolute a

ura
y, how long the

remaining life is. The la
k of information about this subje
t is 
onsiderable,
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whi
h is also emphasized in Referen
e [3℄ p. 26. Nevertheless, the shape of

the envelope has to be 
onsidered, and mostly it is possible to make quali�ed

guesses about the remaining life of the envelope parts. In re
ent years there has

been an in
reasing interest in predi
ting the remaining life of building envelope

details, see Referen
es [53℄, [54℄ [55℄ and [56℄.

The input values to the model must show the number of years from now to

the year when the retro�t is inevitable. These values are used together with the

retro�t 
ost fun
tions in order to 
al
ulate the inevitable retro�t 
ost.

5.4.4 Ventilation system

The existing ventilation system is assumed to be of the natural ventilation type.

The number of renewals of the air has to be implemented in the input �le and

the value is used for the thermal 
al
ulations of the building. This problem has

been dealt with in Referen
e [3℄, and in [57℄ some �gures presented, show the

situation in a multi-family house in Gavle. Sweden. The remaining life of the

ventilation system is assumed to be very long and thus no inevitable retro�ts

are 
onsidered at present, in the OPERA model. It is also possible to simulate

the use of air heat ex
hangers by providing the program with a fa
tor showing

the e�
ien
y of the equipment. The situation is des
ribed in [3℄, p. 84.

5.4.5 Heating equipment

Input data 
on
erning the existing heating system is the:

• Thermal power of the equipment

• The type of equipment

• The e�
ien
y

• The remaining life

The �rst value is used for 
omparing the existing power installed, with the


al
ulated need, provided by the OPERA model. OPERA tells the user if the

system is too big or too small a

ording to ordinary design routines, 
ommon in

Sweden. The model also uses the 
al
ulated power in the 
ontinuing program.

Several types of equipment 
an be dealt with by the model. The alterna-

tives are des
ribed in the 
hapter 
on
erning the energy pri
e subroutine, see

Appendix 3, page 104. (The input text must be identi
al to the one stored in

OPERA, otherwise the model 
annot re
ognize the system.)

The e�
ien
y of the heating system is given as being less. equal or higher

then 1.0. The e�
ien
y for ordinary oil-boilers are approximately 0.7 while heat

pump systems 
an have �e�
ien
ies�. COP, of the magnitude 3. There are of


ourse di�
ulties in 
hoosing the values, be
ause no absolute a

ura
y 
an be

given. In Referen
e [3℄, p. 95, some of the problems are dis
ussed and referen
es

are made to mostly Swedish literature.

In Referen
e [58℄ the performan
e of air-sour
e heat pumps is dis
ussed.

However these pumps were installed in single-family houses and the COP was

monitored for the total heating season. The values varied between 1.10 and

2.33.
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Also here, in the heating equipment 
ase, it is important to 
onsider the re-

maining life of the existing equipment. There are di�
ulties if an a

urate value

is to be provided, but nevertheless a quali�ed guess must be made. Referen
es

like [59℄ 
an be of importan
e if heat pumps are 
onsidered.

5.4.6 Domesti
 hot water produ
tion

OPERA also has to 
onsider the hot water 
onsumption in the building and the

model requires information about the 
onsumption in kWh. The 
al
ulations

are made, assuming that no extra power is needed in the boiler for this. This

is be
ause of the short duration of the top peak load during the 
oldest winter

days. However, this is not the fa
t for the bivalent system 
al
ulations. In

Referen
e [42℄ it is shown that it is optimal to provide all the heat for domesti


hot water using the heat pump.

5.4.7 Thermal properties of new envelope measures

The model also has to be informed of the new thermal 
ondu
tivities in the

insulation material. Values have to be provided for the atti
 �oor, the �oor and

the external wall insulation. The values must 
orrespond to the 
ost fun
tions

dealt with below. see page 34. The thermal performan
e of di�erent types

of windows must be presented as U-values during darkness. The values must


orrespond to the 
ost fun
tions 
on
erning the windows, see page 34.

5.4.8 New life-
y
les for the envelope retro�ts

The retro�ts done to the envelope will 
hange the periodi
ity whenthe retro�ts

are inevitable. It is thus ne
essary to inform the model of the new life span for

the measures. The new life in years must thus be provided for the atti
 �oor,

the �oor. the external wall and the windows. The situation is dis
ussed in detail

in Referen
e [3℄, p. 53.

5.4.9 E
onomi
al fa
tors

One of the most important values in the LCC 
al
ulations is the dis
ount rate.

The item is dis
ussed in Referen
e [3℄, p. 15, and in Referen
es [7℄ and [21℄ more

information 
an be found about it. The dis
ussion 
an be summed up just by

saying that there is no ultimate dis
ount rate, but the referen
es advise us to

use a rate between 4 and 11 %. The rate used in OPERA is the real dis
ount

rate, i. e. in�ation ex
luded.

Neither 
an an ultimate optimization time or proje
t life be found. In Sweden

there is an opportunity to get spe
ial subsidies if the building is older than 30

years or if more than 30 years have passed sin
e it was last renovated with

subsidies. Also in this 
ase there must be a quali�ed guess to provide the model

with a suitable value.

This is also the 
ase for future es
alating, or falling, energy pri
es. OPERA

requires a value for the annual in
rease in X or zero. The problem is also dealt

with in Referen
e [3℄.
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5.4.10 Building 
ost fun
tions

OPERA has to be informed of the building 
ost for di�erent retro�t measures.

As mentioned earlier there is also a need for the inevitable retro�t 
ost if it

is related to energy 
onservation measures. First OPERA must 
al
ulate the

present value for e. g. an external wall, without any energy retro�ts at all.

Some time, the fa
ade has to be renovated, maybe be
ause it is rot. Earlier

in the input data �le, this instant is spe
i�ed and the 
ost fun
tion will tell

OPERA how mu
h money that has to be spent.

However, the 
ost fun
tion must also provide the model with the spe
i�


insulation 
ost. In Referen
e [3℄, p. 52 or in [60℄ it is shown that an expression

for the building 
ost 
an be written as:

C1 + C2 + C3 × t (5.5)

where C1, C2 and C3 are di�erent 
onstants and t equals the extra insulation

thi
kness. C1 shows the value for the inevitable 
ost while C2 and C3 are 
on-

ne
ted to the dire
t insulation 
ost. OPERA deals with four di�erent expression

like (5.5) representing the atti
 �oor, the �oor and the external wall insulation

measures. The author of Referen
e [32℄ uses a similar 
on
ept however with no

inevitable 
ost.

The retro�t 
ost for the windows is des
ribed with only two 
onstants as 
an

be found in the following expression:

C1 + C2 ×Aw (5.6)

C1 and C2 are 
onstants and Aw is the area for one window.

OPERA 
an handle four di�erent types of windows, and expressions have to

be presented for ea
h type. Dummy values 
an be presented for OPERA if only

a few alternatives shall be 
onsidered. The pro
edure is des
ribed in detail in

Referen
e [3℄, p. 77.

Expressions like (5.5) or (5.6) 
annot show the building 
ost exa
tly but they

will give an approximate view of the real 
ost good enough for the purpose of

OPERA.

5.4.11 Heating equipment 
ost fun
tions

The 
ost for a
quisition and installation of new heating fa
ilities must also be

known to OPERA. This is provided by using expressions like:

C1 + C2 × P (5.7)

Where C1 and C2 are 
onstants and P equals the demand of the system. Of


ourse one expression has to be presented for ea
h system under 
onsideration.

However, the bivalent systems use the expressions given for the �rst heat pump

or the outside air heat pump and the oil-boiler. In Referen
e [3℄, p. 95, it is

shown how to evaluate the expressions.

The e�
ien
y and the new life span for the equipment must naturally be

presented.

The program 
an deal with su
h installations as 
himneys for oil- boilers or

drilling holes for ground water 
oupled heat pumps as well. All of these items

have a mu
h longer life-
y
le than the pre
ise heating fa
ility itself, and they
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have to be treated separately. A 
himney 
an have a life span of 50 years while

the oil-boiler itself has a life-
y
le of 15 years.

5.4.12 Cost for ventilation measures

Weatherstripping is one measure that will be pro�table in most of the OPERA

runnings. The program assumes that the 
ost 
an be predi
ted by showing the


ost for 
aulking one window or door and furthermore to present the number of

doors et 
. to be dealt with. Important is also to present the de
rease in the

ventilation �ow after the weatherstripping is 
ompleted. The 
aulking measures

are also assumed to have a life span whi
h must be known to the model.

Exhaust air heat pumps are dealt with by presenting the 
ost for the heat

pump due to its thermal power. The expression is similar to (5.7).

The temperatures of the air �owing in and out of the equipment must be

presented and OPERA will 
al
ulate the proper thermal power of the heat pump

and pro
eed with the heat pump 
ost. Also ne
essary to present is the life-
y
le

of the pump and its COP. Similar to oil- boilers and 
himneys the heat pump

needs installations with another life-
y
le then the pump itself. Those 
osts are

presented due to the number of apartments in the building and the life span of

the installations.

5.4.13 Energy pri
es and rates

In OPERA the energy pri
es are presented in a separate input �le. For the

oil-boiler or the ele
tri
ity 
ase the energy 
ost must be presented, while for

distri
t heating information also is needed about the 
onne
tion fee. The heat

pump 
ases use the ele
tri
ity pri
e.

Also implemented are real tari�s for energy used by the utilities in Malmö,

i. e. the di�erential rates. The tari� elements are stored in the input �le and

new values 
an easily be implemented. The design of the tari�s is dealt with at

page 63 - 66. If a 
ompletely new tari�, with a di�erent design will be used it

is ne
essary to make small 
hangings in the FORTRAN 
ode.

5.4.14 Climate 
onditions

As mentioned above OPERA uses the monthly mean outside temperatures to


al
ulate the energy balan
es for the building. Values 
an be stored for a number

of sites in the input data �le. At present. OPERA assumes that three sites are

stored, but with small 
hangements in the 
ode, the number 
an be enlarged.

In Sweden it is 
ommon to design the power of the heating equipment due

to a so 
alled lowest outside temperature. This temperature 
an be found in

the Swedish building 
ode and in Malmö it is set to - 14

◦
C or -16

◦
C due to

di�erent types of buildings. A building made of heavy building material will

be designed a

ording to the higher of the temperatures. When using su
h a

method it is possible to take into a

ount the in�uen
e of the thermal mass in

the building. The problem is dis
ussed more in detail in Referen
e [3℄, p. 124.
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5.4.15 Solar gains and free heat from applian
ies and per-

sons

The values for solar gains and free heat must be given to OPERA as monthly

mean values in the input data �le. The solar gains are assumed to be presented

as the heat in kWh/m

2
, transferred through a double glazed window for the


onsidered orientation. Four orientations 
an be dealt with without any extra

programming work.

Also ne
essary to provide are the shading 
oe�
ients 
on
erning the types

of windows des
ribed above. The subje
t is dealt with in Referen
e [3℄, p. 69.

5.4.16 Output information

In the input �le it is also possible to assign values for the output presentation

of OPERA. More or less of the 
al
ulations 
an be presented at the terminal or

on the line printer et 
. This means that it is possible to s
rutinize ea
h step

of the 
al
ulations. By small 
hanges in the 
ode only parts of the 
al
ulations,

e. g. one of the subroutines or the exhaust air heat pump 
an be 
onsidered in

detail.

By assigning other values to the programming loops it is also possible to


ontrol how many 
ases of dis
ount rates et 
. that shall be presented by the

model. This provides the operator with a very good means for sensitivity anal-

ysis, i. e. how mu
h the optimal solution 
hanges if the input data are 
hanged,

see page 54 and Appendix 2 at page 91.



Chapter 6

CASE STUDY

In order to show how the OPERA model is used. a 
ase study is elaborated,

emphasizing one spe
ial building. The building is totally �
tional be
ause of the

freedom to 
hoose suitable input data. This means that OPERA 
an 
onsider all

the types of di�erent heating systems, heat pumps, oil-boilers, distri
t heating et


. at ea
h running, whi
h is not possible for all real buildings. With this method

it is possible to experiment with di�erent life-
y
les for windows, ventilation and

heating systems et 
. regardless of the 
onditions valid for just one real building.

However, all the input data are lo
ated within the intervals of those appli
able

on real buildings and at least the 
ost fun
tions are elaborated from information

valid for real buildings.

Therefore there is a total freedom to 
hoose retro�ts in order to des
ribe

the OPERA model as 
lose as required and examine whi
h of the input data

that are most important to 
onsider. In a separate 
hapter. see page 54, and in

Appendix 2 at page 91, this is dealt with in further detail.

The 
hosen building was built about 1950 and 
ontains 18 apartments. It

is a rather small three-storey multi-family building. The building envelope is

in a very poor aestheti
 and thermal shape and thus a renovation is inevitable.

Three di�erent U-values have been 
hosen, for the atti
 �oor, the �oor and the

external wall, in order to enlighten the in�uen
e of the existing thermal status

of the building envelope. The windows are double-glazed and in a poor shape

and it is ne
essary to 
hange them.

The ventilation system is a so 
alled natural system and operates by the

fa
t that warm air is lighter than 
old. The heating system is an oil-boiler with

some years left of its e
onomi
al life.

Below the input data 
on
erning the demonstration building is presented.

37
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6.1 INPUT DATA

Geometry:

The bottom area of the building is 36 × 11 m = 396 m

2

External wall area, windows ex
luded = 720 m

2

Number of windows, area for ea
h window

and total window area

North 30 × 1.69 = 51 m

2

East 3 × 1.69 = 5 m

2

South 30 times 2.23 = 67 m

2

West 3 × 1.69 = 5 m

2

Number of apartments = 18

Total apartment area = 1000 m

2

Existing thermal status:

U-Values for the existing atti
 �oor = 0.8 W/m

2
×K

external wall = 1.0 W/m

2
×K

�oor = 0.6 W/m

2
×K

windows, double-glazed, during darkness = 3.0 W/m

2
×K

Ventilation:

Ventilation system type = natural

Air renewal rate, air 
hanges/hour, see Referen
e

[3℄ and [57℄ = 0.8

Remaining life of the envelope and ventilation system:

In the base 
ase it is assumed that the building

envelope is in a very poor 
ondition and thus the

remaining life for all the building parts = 0 years

The ventilation system is assumed to have

a very long life span = 50 years

The existing heating equipment:

The building is assumed to be heated with an oil-boiler

with the power = 90 kW

the e�
ien
y = 0.7

and with a remaining life = 5 years

Domesti
 hot water produ
tion:

The energy for produ
tion of hot water per year = 252 GJ

(70 000 kWh). The value 
orresponds to the


onsumption in single-family houses and might be a

little too high see, Referen
e [61℄.

Thermal properties of new envelope measures:
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It is assumed that for all the insulation measures,

mineral wool is used with a thermal 
ondu
tivity = 0.04 W/m

2
×K

New windows, U- values

ordinary double-glazed = 3.0 W/m

2
×K

ordinary triple-glazed = 1.8 W/m

2
×K

low-emissivity, triple-glazed = 1.5 W/m

2
× K

low-emissivity, gas-�lled, triple-glazed = 1.4 W/m

2
×K

The reason for 
hoosing these types is due to the possibility of

�nding relevant pri
es. The U-values above 
omes

from Referen
e [62℄.

Slightly di�erent values are shown in Referen
e [63℄.

New life-
y
les for the envelope retro�ts:

The new life for the envelope retro�ts = 20 years

E
onomi
al fa
tors:

As mentioned above there are no ultimate dis
ount rate,

optimization time and es
alating energy pri
e rate.

Thus a base 
ase is 
hosen with the

Dis
ount rate = 5 %

Optimization time = 50 years

Es
alating energy pri
es = 0 %

Building 
ost fun
tions:

In Referen
e [3℄ some 
ost fun
tions are presented

and here it is assumed that they are appli
able

also in this 
ase. The following expressions are used

Atti
 �oor insulation 0 + 125 + 300 × taf
External wall insulation, outside 325 + 85 + 555 × tew
External wall insulation, inside 100 + 175 + 555 × tin
Floor insulation 250 + 195 + 250 × tfl
The values for the inside insulation above are


al
ulated in the same way as in Referen
e [3℄

but must also be 
ompleted with the annual

loss of rent due to less habitable area = 400 SEK/m

2

The 
ost for 
hanging windows in [3℄ however,


annot be used be
ause of the other types of

windows 
on
erned. The method for evaluating

these new pri
es is exa
tely the same as earlier,

i. e. a number of varieties are examined with

a suitable pri
e list Referen
e [64℄ and installation


osts from [3℄. Aw is the area of one window

and the the 
osts are:

Double-glazed = 2,050 + 450 ×Aw

Triple-glazed = 2,700 + 700 ×Aw

Triple-glazed. low-emissivity = 2,700 + 1,000 ×Aw

Triple-glazed, low-emissivity, gas-�lled = 2,700 + 1,100 ×Aw
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There is very mu
h written about building 
osts

and 
ost e�e
tiveness for retro�t measures.

Unfortunately the authors do not present all the

details about the retro�ts and how the 
osts are


al
ulated. Due to this it is di�
ult to use the

�gures presented in e. g. Referen
es

[65℄, [66℄ and [67℄ in OPERA runnings.

Ventilation equipment retro�ts:

As in Referen
e [3℄ the 
ost for 
aulking a window

or a door = 200 SEK

If all the doors and windows in the building are

dealt with, the renewals of air per hour in the

building is de
reased with = 0.3

The life span for the weatherstripping = 10 years

In re
ent years exhaust air heat pumps are

used as a ventilation retro�t. The 
ost

equals = 10,000 + 4,500 ×Pehp

where Pehp is the thermal power of the pump.

The life span for the devi
e = 10 years

However there are many other 
osts for

installing the pump, like a lot of pipes

that have to be 
oupled to the devi
e.

These 
osts have a longer life span = 30 years

Further, these 
osts are assumed to be

represented by a 
ost per apartment = 5,000 SEK

The inlet temperature of the air �ow = 20

◦
C

The outlet temperature = 5

◦
C

The COP of the pump is = 3.0

Heating equipment 
osts et 
.:

The 
ost fun
tions et 
. from

Referen
e [3℄ are used:

Cost (SEK) E�
ien
y Life Span (years)

Oil-boiler 20,000 + 350 × P 0.8 15

Ele
tri
ity boiler 20,000 + 100 × P 1.0 20

Distri
t heating 30,000 + 250 × P 1.0 30

Heat pump, ground water


oupled 30,000 + 3,300 × P 3.0 10

Heat pump, earth 
oupled 30,000 + 4,300 × P 3.0 10

Heat pump, outside air,

see Referen
e [43℄ 40,000 + 6,000 × P Varying 15

Furthermore bivalent heating systems are examined, i. e. the oil-boiler

- heat pump systems. The heat pump in the bivalent system 
an be of the

type outside air or ground water/earth 
oupled. As mentioned above it is also

possible to simulate the use of another life-
y
le for e. g. 
himneys or a brine

system 
oupled to the heat pump. For a 
omplete input data des
ription, see

Appendix 2, page 92.

In Referen
e [56℄ the 
ost for heat pump installations has been examined.

However, the presentation of the result 
annot be used as input data to OPERA
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without more details from the study. It seems that the pri
es presented above

are too low, but maybe this is due to the fa
t that appli
ations for the Swedish

subsidiary system were used for the examination.

The COP of 182 heat pump systems has been examined in Referen
e [68℄ by

laboratory tests. The values used in this thesis seem to 
oin
ide very well with

those found there.

Energy pri
es:

The energy pri
es are stored in a separate input data �le. The �rst 
ases eval-

uated by OPERA are assumed to have a �xed pri
e/kWh:

Type Cost in SEK/kWh SEK/MJ

Oil 0.18 0.05

Ele
tri
ity 0.32 0.09

Distri
t heating, 0.20 0.06

In the distri
t heating 
ase there is

also a 
onne
tion fee to be payed = 300 SEK/kW

Furthermore two real tari�s are implemented in OPERA, both 
on
erningMalmö,

Sweden, one for ele
tri
ity and one for distri
t heating. All these energy pri
es

and tari�s will be dealt with in due order, see pages 63, 93 and 104.

Climate 
onditions:

The lowest outside temperature, see page 35 and 51 = - 14

◦
C

The desired inside temperature = 20

◦
C

The monthly mean temperatures 
an be found in Referen
e [3℄

p. 43, or in Appendix 2 page 92.

Free energy and solar gains:

The free energy per month from applian
es and persons

11.8 MWh/month, see Referen
e [36℄ = 42.5 GJ.

The �gure above has been 
al
ulated from the assumption that examinations

of free energy in single-family houses are appli
able. The solar gains have been


al
ulated as the amount of kWh transferred through an ordinary double-glazed

window/m

2
. The pro
edure follows the method used in Referen
e [3℄p. 72-74 .

The values used are shown in Table 6.1:

However, there is also a need for di�erent shading 
oe�
ients for the type of

windows 
on
erned. The OPERA model assumes that the values above are pre-

sented with a proper shading 
oe�
ent for the double-glazed window. Constants

for the other types of windows 
on
erned in the running must be presented in

the input data �le. In this 
ase the 
oe�
ients used are, see Referen
e [3℄ p. 75:

triple-glazed = 0.8

triple-glazed, low-emissivity = 0.7

triple-glazed, low-emissivity, gas-�lled = 0.6

Above, nearly all the values that are used in this study are presented. The total

input �le is presented in Appendix II, page 91. It is very tedious work to �nd

proper values for ea
h unique building and it is hard to know if the pri
es et 
.

elaborated in a 
ase study re�e
t the real situation.
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Month North East/West South

Jan 4.30 8.27 29.66

Feb 8.94 6 17.97 143.69

Mar 18.57 41.86 73.68

Apr 28.82 61.97 75.29

May 44.50 87.58 82.59

Jun 53.48 90.91 76.28

Jul 50.54 89.07 78.50

Aug 36.63 75.07 79.81

Sep 23.12 53.11 79.37

O
t 13.54 28.30 61.57

Nov 5.82 10.75 32.70

De
 3.08 5.36 21.22

Table 6.1: Solar gains through windows

On
e more it must be emphasized here that it is not within the s
ope of this

thesis, to �nd proper input data to the model, but to show that it is possible to


al
ulate the best 
ombination of retro�t measures.

The reason for des
ribing the input �le at all, is the sensitivity analysis, see

page 54 and Appendix 2. Changes, small or big ones, will of 
ourse in�uen
e

the LCC, and the OPERA model 
an be used in order to quantify all these


hanges. However, there must be some situation to start with, and that situation

is presented above.

6.2 THE OPERA PRESENTATION

In Table 6.2 an OPERA running is presented.

Exist New Ele
 Distr Heat Heat Di� Di� Biv Biv

syst oil tri
 heat p. G p. E distr ele
 O-H 0-0

No env. retro�ts 1.62 1.66 1.89 1.61 1.92 2.08 1.60 1.89 1.62 1.69

Savings:

Att. ins 0.02 0.02 0.06 0.01 0.04 0.06 0.02 0.05 0.01 0.02

Flo. ins � � � � � � � � � �

Ext. ino 0.09 0.09 0.15 0.06 0.13 0.17 0.07 0.16 0.06 0.09

Ext. ini � � � � � � � � � �

3-glass � � � � � � � � � �

Low emi. � � � � � � � � � �

Gas �l. � � � � � � � � � �

Weathers. 0.05 0.05 0.08 0.04 0.06 0.08 0.04 0.07 0.04 0.05

Exhaust � � 0.04 � � � � 0.02 � �

New LCC 1.46 1.50 1.56 1.49 1.69 1.78 1.47 1.60 1.51 1.53

Table 6.2: Retro�t strategy matrix. Values in MSEK

The �rst value in Table 6.2, 1.62, shows the LCC for the existing building
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in MSEK. Under this value it is shown how mu
h money is saved if the optimal

amount of atti
 �oor insulation is implemented to the building, i. e. 0.02 MSEK.

If the measure was found unpro�table a �- is presented.

This is the pre
ise situation for the �oor insulation on the line below. Adding

an optimal amount of insulation to the external wall saves 0.09 MSEK and so

on. Finally the new LCC is presented if the optimal, or almost optimal, envelope

solution is implemented, 1.46 MSEK.

The values in the �rst 
olumn are all valid for the existing heating system,

the oil-boiler in this 
ase. The next 
olumn shows the situation if a new oil-

boiler is implemented now, i. e. at year 0. A new optimal strategy is presented,

almost identi
al to the �rst one. In the table all values are trun
ated to two

de
imals and that is why they seem similar.

OPERA 
ontinues with the other heating systems under 
onsideration and


al
ulates the envelope strategy for ea
h one.

The abbreviations in Table 6.2 denote in the heating system row: Existing

system, new oil-boiler, ele
tri
ity. distri
t heating �xed rate, ground 
oupled

heat pump, earth 
oupled heat pump, distri
t heating di�erential rate, ele
-

tri
 heating di�erential rate, bivalent oil-boiler ground 
oupled heat pump and

bivalent oil-boiler outside air 
oupled heat pump.

The abbreviations in the 
olumn denote: life-
y
le 
ost without any enve-

lope or ventilation retro�ts, atti
 �oor insulation, �oor insulation, external wall

insulation at the outside, external wall insulation at the inside, triple-glazed win-

dows, triple-glazed + low- emissivity windows, triple-glazed + low-emissivity +

gas-�lled windows, weatherstripping and exhaust air heat pump.

Eventually, all heating systems have been examined and OPERA now 
al-


ulates the resulting LCC for the retro�t 
ombination 
on
erning the di�erent

heating systems and presents these more thoroughly.

From Table 6.2, the existing oil-boiler system seems most pro�table 
om-

bined with some envelope retro�ts.

Table 6.3 shows one of the retro�t strategies in greater detail, su
h as the

value of the thermal load in the existing building and the resulting new load if

the retro�t is implemented.

Thermal Thermal Annual Retro�t Inevitable

load transm energy 
ost retro�t 
ost

[kW℄ [kW/

◦

C℄ [GJ℄ [MSEK℄ [MSEK℄

Existing building 77.9 2.291 573.7 0.0 0.882

Atti
 �oor ins. 0.18 m 69.5 2.045 497.7 0.070 0.882

Ext. wall ins., outs. 0.13 m 50.9 1.499 353.7 1.816 0.882

Weatherstripping 42.9 1.261 296.9 2.242 0.882

Table 6.3: Retro�t oil-boiler strategy in more detail

The load is thus 77.9 kW in the beginning and implementing 0.18 meter extra

atti
 insulation de
reases the load to 69.5 kW. After implementing the external

wall insulation and the weatherstripping as well, the load in the building is 42.9

kW.

The total transmission fa
tor, TRANS + VENT, from (12.4) and (12.5) in

Appendix 3, see page 101, is presented and will de
rease from 2.291 kW/

◦
C to

1.261 kW/

◦
C. The de
rease in annual energy demand is shown, and so is the
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in
rease in the retro�t 
ost as well as the 
hange in the inevitable 
ost. Note

that it is the annual energy demand delivered from the heating system that

is shown, 
al
ulated by the energy balan
e subroutine. In the 
ase above, the

inevitable 
osts are the same be
ause the remaining life span for the envelope

retro�ts was 0 years.

OPERA now presents the 
ombination LCC, 
onsidering the values from

Table 6.3, for all the 
onsidered heating systems. If the 
ombination of the

envelope retro�ts were independent of ea
h other, this new LCC should be

identi
al to the resulting LCC from table 6.2. However, this is not the 
ase

be
ause of the fa
ts dis
ussed on page 21.

However, OPERA 
al
ulates the di�eren
e between the Table 6.2 and 6.3

LCC, and in the existing oil-boiler 
ase it is 0.039 MSEK, or about 3 %.

Unfortunately this di�eren
e, however very small, may in�uen
e the best

strategy presented by OPERA. If the LCC is 0.039 MSEK lower than the 1.46

MSEK found in Table 6.2 the distri
t heating system with a di�erential rate is

instead the best solution.

OPERA provides the lowest 
ombination LCC as a preliminary result. It is

now possible to for
e the model to 
hoose the di�erential rate system as well

as any other of the 
onsidered heating systems. The di�erent solutions 
an be

s
rutinized very 
arefully.

The retro�ts in Table 6.2 will be 
onsidered as very strong 
andidates for an

optimal solution. The amounts of money saved in Table 6.2 however, are the

maximum values, the real savings are slightly smaller. This means that when

OPERA has 
al
ulated the LCC for the 
ombination of retro�ts, and found the

best heating system the envelope retro�ts must be re
onsidered. This is done

by implementing a slightly thinner insulation for e. g. the atti
 �oor. If this

new insulation results in a lower LCC the pro
edure is repeated, else the next

insulation measure is tested, if found pro�table in Table 6.2. In this way all the

retro�ts are examined on
e more.

In the 
ase studied above the existing oil-boiler seemed to be the best solu-

tion, 
onsidering Table 6.2, 
ombined with some envelope retro�ts. This 
ombi-

nation was estimated to result in a new LCC equaling 1.46 MSEK. The 
ombi-

nation of the retro�ts however, will result in a LCC of 1.50 MSEK. The di�eren-

tial distri
t heating system, 
ombined with another set of envelope retro�ts was

estimated to result in a LCC of 1.47 MSEK i. e. higher than the oil-boiler solu-

tion. However. the distri
t heating system 
ombined with the envelope retro�ts

provides a LCC of 1.49 MSEK, whi
h is slightly lower than the oil-boiler 
ase.

Considering the 
ombination of the heating system and all the retro�ts done

to the envelope implies that the di�erential distri
t heating system is the most

pro�table. Now OPERA examines this heating system with its 
andidates for

optimal retro�ts and 
al
ulates if the LCC gets lower, if less insulation is im-

plemented to the atti
 �oor.

In the �rst estimation it was found that 0.17 meter atti
 �oor extra insulation

was optimal. If this insulation is made 0.01 meter thinner, the LCC will de
rease

by approximately 250 SEK, from 1,496,870 to 1, 496,625 SEK. It is obvious that

the LCC fun
tion is very �at in this region. However, the lowest LCC was found

for 0.14 meter atti
 �oor insulation and 0.10 meter external wall insulation,

whi
h di�ers 0.01 meter from the �rst estimated value. The LCC will equal

1,496,060 SEK.

Of 
ourse it is not possible to predi
t the future with su
h an a

ura
y that
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an analysis of the above type is worthwile, the un
ertainty in the input data will

overwhelm the possible misoptimization, due to the situation dis
ussed above.

Thus, if there are only minor di�eren
es between the strategies 
al
ulated by

OPERA, other information than the lowest LCC must de
ide the most desire-

able strategy. However, using the OPERA model makes it possible to �nd the

optimal solution.

It is also possible to provide the model with values in the input data �le in

order to bring out an extensive amount of information from the total 
al
ulation

pro
edure if ne
essary. Su
h values may also be set in the program itself and

there are possibilities to 
hoose presentation from one of the subroutines as well

as for parts of the main program.

6.3 SCRUTINIZING THE OPERA CALCULA-

TIONS

Emphasized above are the great options in OPERA to evaluate all the 
al-


ulations resulting in the most pro�table retro�t strategy. This is also very

important in order to elaborate a sensitivity analysis, i. e. how will the �nal

result 
hange if some of the input variables are 
hanged. In this 
hapter the


al
ulations of an OPERA running are shown in order to depi
t the prin
ipal

situation. Only one retro�t and one heating system are dealt with at the same

time, total system 
hangings are dealt with at page 54. This is be
ause it is

easier to understand what happens if the heating system 
annot 
hange. The

oil- boiler system has been 
hosen for the 
al
ulations due to the more di�
ult

situation with di�erential distri
t heating. Thus it is not the optimal solution for

the total model but instead a subsystem that is s
rutinized here. All informa-

tion 
an easily be provided by OPERA by setting strategi
 output parameters

in the input data �le.

In Table 6.4, the �rst value in Table 6.2, 1.62, showing the existing LCC, is

broken up into pie
es.

Type of 
ost Cost

Inevitable retro�t 
ost 0.882

Heating equipment 
ost 0.063

Energy 
ost 0.677

Total 
ost 1.622

Table 6.4: The existing LCC in MSEK

However, even these values 
an be split into parts, showing e. g. the in-

evitable retro�t 
ost in detail. See the Table 6.5.

Also interesting is to analyze the energy demand during one year. OPERA

shows the energy balan
e for the building in monthly mean values. First the

number of degree hours is presented using the equation (12.1), at page 101, then

the energy loss is 
al
ulated using also the expressions (12.4) and (12.5), at page

101 in Appendix 3. Equation 6.1 shows the situation.

Eloss = DH × (TRANS + V ENT ) (6.1)
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Building part Cost

Atti
 �oor 0.0

Floor 0.146

External wall, outside 0.345

External wall, inside 0.106

Windows, north 0.135

east 0.012

south 0.124

west 0.012

Total inevitable 
ost 0.882

Table 6.5: The inevitable retro�t 
ost in MSEK

However, also the solar gains and free energy from applian
es are presented.

The energy delivered from the heating system as well as the energy demand

used for insulation optimization, see page 22, is 
al
ulated. The two values are


alled Energy 1 and Energy 2 in Table 6.6. (OPERA 
al
ulates the values in

kWh instead of GJ and thus some trun
ation errors might o

ur in the Table.)

Table 6.6 shows that for �ve months during the summer the building does

not need any spa
e heating from the heating system. During that time no


ontributions are made to the insulation energy demand, Energy 2.

Month Degree Energy Hot water Solar Free Resulting demand

hours loss 
onsumption gains energy Energy 1 Energy 2

Jan 15,252 125.8 21.0 6.8 42.5 97.6 125.8

Feb 14,035 115.8 21.0 10.8 42.5 83.5 115.8

Mar 13,838 114.1 21.0 19.5 42.5 73.2 114.1

Apr 10,080 83.1 21.0 22.9 42.5 38.7 83.1

May 6,696 55.2 21.0 29.0 42.5 21.0 �

Jun 3,600 29.7 21.0 30.1 42.5 21.0 �

Jul 2,083 17.2 21.0 29.8 42.5 21.0 �

Aug 2,455 20.3 21.0 26.1 42.5 21.0 �

Sep 4,680 38.8 21.0 22.0 42.5 21.0 �

O
t 8,258 68.1 21.0 15.5 42.5 31.1 68.1

Nov 10,872 89.7 21.0 7.8 42.5 60.4 89.7

De
 13,392 110.5 21.0 4.8 42.5 84.2 110.5

Sum 105,241 868.1 252.0 225.0 509.8 573.7 707.1

Table 6.6: Energy balan
e. Monthly mean values in GJ

From Table 6.4, at page 45, it is obvious that it is the energy 
ost that has

to be redu
ed if the LCC will be 
onsiderably lower. The heating equipment


ost is too small and the inevitable 
ost 
annot be de
reased.

OPERA starts trying to a
hieve this by examining atti
 �oor insulation. The

total inevitable retro�t 
ost in this 
ase is identi
al to the �rst one. shown in

Table 6.4, be
ause of the zero atti
 �oor inevitable 
ost. However, the remaining

life is zero years and this will also mean that the inevitable 
ost will not 
hange.

The next step is to 
al
ulate the optimal thi
kness of insulation. As men-

tioned above the Energy 2 value from Table 6.6 is used for this purpose and
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OPERA 
al
ulates the minimum LCC using the formulas (5.1) and (5.2), at

page 22 and 23. In this 
ase the optimal extra thi
kness of insulation is 
al
u-

lated to 0.18 meter, see Table 6.3 at page 43. The new LCC is then 
al
ulated

as presented in Table 6.7.

Type of 
ost Cost

Inevitable retro�t 
ost 0.882

Heating equipment 
ost 0.059

Energy 
ost 0.587

Retro�t 
ost 0.070

Total new LCC 1.599

Table 6.7: LCC with atti
 �oor insulation. Costs in MSEK

The new LCC is lower than the existing LCC and thus the retro�t is prof-

itable.

This is not the 
ase for �oor insulation. The optimal amount is also in this


ase 
al
ulated to 0.18 meter. The 
onstant C3 in equation (5.5), see page 34,

is identi
al for the two measures whi
h would imply an identi
al insulation

thi
kness, but this is not the 
ase be
ause the existing U-values di�er. Further,

the other insulation 
osts, C1 and C2 are higher, and the pro�tability will vanish.

Table 6.8 shows the situation.

Type of 
ost Cost

Inevitable retro�t 
ost 0.882

Heating equipment 
ost 0.061

Energy 
ost 0.614

Retro�t 
ost 0.095

Total new LCC 1.651

Table 6.8: LCC with �oor insulation. Costs in MSEK

The same information is available for all the retro�ts tested by OPERA and

furthermore, the �nal result 
an be examined in the same way.

In the following, the four parts of the LCC, i. e.:

• the inevitable retro�t 
ost

• the heating equipment 
ost

• the energy 
ost

• the retro�t 
ost

are studied in detail and a number of OPERA runnings are elaborated in

order to enlighten important parts dealing with LCC and the retro�tting of

buildings.

6.3.1 Inevitable retro�t 
ost

In order to show the in�uen
e of 
hanges in the input data on this 
ost, the

external wall retro�t will be used. It is assumed that the remaining life of this
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building part is 20 years. The original situation, when the remaining life is 0

years, is not appli
able. Neither the atti
 �oor insulation 
an be used be
ause

the 
ost is O SEK due to the value of C1 in equation (5.5), page 34. See also

Table 6.5 at page 46. OPERA provides Table 6.9 and 6.10 as a starting situation.

The inevitable retro�t 
ost is 
al
ulated by the expression (12.2), page 102

in Appendix 3, and from equation (5.1) and (5.2) it is obvious that the optimal

insulation thi
kness is independent of the remaining life of the 
onsidered build-

ing part. In Table 6.3 this is presented to be 0.13 meter. However, it is very

important to note that a longer remaining life span makes it more expensive to

make a retro�t in advan
e, i. e. at the base year. The pro�t might vanish, and

then it is better to leave the external wall as it is.

In Table 6.4 the total existing LCC equals 1.622 MSEK. Setting the remain-

ing life of the external wall to 20 years, instead of 0, makes the LCC 0.234

MSEK lower for the existing building, see Table 6.9.

Type of 
ost Cost

Inevitable retro�t 
ost 0.647

Heating equipment 
ost 0.063

Energy 
ost 0.677

Total new LCC 1.388

Table 6.9: LCC existing building. Life span for external wall equals 20 years.

Values in MSEK

Compare Table 6.9 and 6.10.

Type of 
ost Cost

Inevitable retro�t 
ost 0.882

Heating equipment 
ost 0.055

Energy 
ost 0.488

Insulation 
ost 0.111

Total new LCC 1.536

Table 6.10: LCC with external wall insulation. Remaining life span equals 20

years. Values in MSEK.

The insulated building thus must have an energy- and heating equipment


ost that is 0.234 + 0.111 MSEK lower then the not retro�tted building has,

if the retro�t shall be pro�table. This is not the 
ase. This shows that the

remaining life span for a retro�t 
an be very important.

Unfortunately it is not very easy to make a

urate estimations about the

remaining life span. The importan
e however, is in
reased if the remaining

span is short. An error in the estimation of 10 years is mu
h more important


lose to the base year than far away from it. If the span above was 10 years the

inevitable 
ost would be 0.735 MSEK, i. e. the di�eren
e between the �rst 10

years is 0.147 MSEK but the se
ond 10 years will only in
rease the 
ost with

0.087 MSEK. It shall be noted here that if the wall really is retro�tted at the

base year, the in�uen
e of the remaining life is none on the resulting LCC, Table

6.10 will not 
hange no matter if the span is 
hanged.
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In
reasing the 
ost C1 in the building 
ost fun
tion, equation (5.5) at page

34, will of 
ourse be of importan
e. Assuming the life span is 20 years, as

earlier, but 
hanging the 
ost from 325 to 500 SEK/m

2
will result in a 0.360

MSEK more expensive inevitable retro�t, 
ompared to 0.234 MSEK above, see

Tables 6.9 and 6.10. The problem with wrong estimations of the remaining life

span, thus is greater if the 
ost is high. A higher 
ost will of 
ourse in
rease the

probability that the insulation is unpro�table.

The inevitable retro�t 
ost will also 
hange if the dis
ount rate is 
hanged.

A higher rate will almost always make the inevitable retro�t 
ost lower but the

rate will also in�uen
e the other parts of the total LCC. In the tables below the

building LCC is presented with a dis
ount rate of 3, 5 and 7 %.

Type of 
ost 3% 5% 7%

Inevitable retro�t 
ost 1.044 0.882 0.782

Heating equipment 
ost 0.084 0.063 0.050

Energy 
ost 0.946 0.677 0.516

Total 
ost 2.074 1.622 1.348

Table 6.11: Existing building LCC. Dis
ount rate 3, 5 and 7 %. Costs in MSEK.

Life span 0 years for the external wall

From Table 6.11 and 6.12 it is obvious that the inevitable retro�t 
ost will


hange if the dis
ount rate is 
hanged.

Tyne of 
ost 3% 5% 7%

Inevitable retro�t 
ost 1.044 0.882 0.782

Heating equipment 
ost 0.072 0.055 0.044

Energy 
ost 0.671 0.488 0.377

Insulation 
ost 0.123 0.111 0.103

(Insulation thi
kness in m. 0.155 0.125 0.105)

Total 
ost 1.910 1.536 1.306

Table 6.12: LCC with external wall insulation. Dis
ount rate 3, 5 and 7%.

Costs in MSEK.

A higher rate will make the the 
ost lower, in the 
ase dis
ussed. However,

all the other 
osts are also 
hanged and the important thing is that the di�eren
e

between the existing LCC and the insulated building LCC gets smaller when

the rate is in
reased. Note that these di�eren
es de
rease if the rates 
on
erned

are high, a 
hange in the dis
ount rate from 3 to 5 % will not 
hange the LCC

di�eren
e as mu
h as a 
hange from 5 to 7 %. A further in
rease will sooner

or later make the di�eren
e 
hange sign and the retro�t will in that 
ase be

unpro�table. The situation is also depi
ted in Figure 6.1.

It 
an be 
onfusing to �nd that the LCC gets lower if the dis
ount rate

is in
reased. The answer to this situation 
an be found in equation (12.2) at

page 102. This may lead to the presumption that a high dis
ount rate is very

pro�table, be
ause the LCC gets lower. This is of 
ourse wrong, in reality a high

dis
ount rate implies higher 
osts for the retro�t and will de
rease pro�tability
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Figure 6.1: LCC 
hangings due to dis
ount rate.

exa
tly as is shown in Tables 6.11, 6.12 and in Figure 6.1. Also important is

the total optimization time. See the following tables.

Type of 
ost 10 years 20 years 30 years

Inevitable retro�t 
ost 0.414 0.597 0.754

Heating equipment 
ost 0.018 0.037 0.051

Energy 
ost 0.299 0.469 0.573

Total 
ost 0.731 1.103 1.378

Table 6.13: Existing building LCC. Optimization time 10, 20 and 30 years.

Remaining life 0 years for the external wall. Costs in MSEK.

The inevitable retro�t 
ost will be lower with shorter time. However, the

de
rease is mu
h higher 
onsidering short optimization periods. Changing the

period from 50 to 40 years will not in�uen
e as mu
h as 
hanging it from 20

to 10 years. From the Tables it is obvious that the inevitable retro�t 
ost, as

well as the other 
osts, will get lower if the optimization period is shortened.

More important however, is the fa
t that for the short period, insulation is

not pro�table while the opposite is valid for longer periods. The situation is

depi
ted in Figure 6.2.

Above is mentioned that an in
rease in the dis
ount rate will de
rease the

inevitable retro�t 
ost. However, this is the situation only if the optimization

period is longer than the remaining life of the building part. If the opposite

is valid the inevitable retro�t 
ost will in
rease, and the fa
t is that if the

optimization period is identi
al with the remaining life. the dis
ount rate will

not in�uen
e this 
ost at all.
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Type of 
ost 10 years 20 years 30 years

Inevitable retro�t 
ost 0.414 0.598 0.754

Heating equipment 
ost 0.016 0.032 0.044

Energy 
ost 0.277 0.345 0.417

Insulation 
ost 0.089 0.100 0.106

(Ins.thi
kness in meter 0.07 0.10 0.11 )

Total 
ost 0.746 1.075 1.321

Table 6.14: LCC with external wall insulation. Optimization time 10, 20 and

30 years. Costs in MSEK.

6.3.2 Heating equipment 
ost

From the Tables above it is obvious that the heating equipment 
ost in this


ase not 
onsiderably will in�uen
e the optimal total LCC. Note that only one

heating system is dealt with here. The 
ost is 
al
ulated using equation (5.7),

from page 34, and the total heating load for the building. This load however, is

dependent of the total thermal loss in the existing or the retro�tted building.

Important is also the 
limate, whi
h will in�uen
e on the size of the boiler.

In OPERA this is dealt with using a lowest dimensioning outside temperature,

provided by the Swedish building 
ode. In Malmö this temperature is set to

- 14

◦
C.

The retro�t 
ost for the boiler is dealt with in the same way as the retro�t


ost for the building envelope, whi
h is treated above. Thus the in�uen
e from

a di�erent rate, optimization time, retro�t 
ost et 
. will follow the same rules

presented there. The exa
t pro
edure for the 
al
ulations are presented in Ref-

eren
e [3℄.

The low in�uen
e on the total LCC in the 
ase above, where the existing

oil-boiler was dealt with, depends on the low 
ost for su
h boilers, whi
h is of

the magnitude 500 SEK/kW. The situation will be totally di�erent for more ex-

pensive heating fa
ilities su
h as heat pumps, whi
h have 
osts of the magnitude

3000 SEK/kW or more. This more expensive heating equipment however, might

be balan
ed by a mu
h lower energy 
ost. (In Referen
e [37℄ it is shown that

boiler 
osts lower than 1000 SEK/kW will hardly in�uen
e the optimal retro�t

strategy.) In order to show this, the situation is stressed in some tables using the

ground water 
oupled heat pump from Table 6.2 at page 42 as a demonstration

subje
t.

From the upper part of Table 6.15, it is obvious that the heating equipment


ost gets lower if there is a low U-value on the existing external wall.

However, more interesting is that if the wall is optimally insulated the ex-

isting U-value is of no importan
e at all, the heating equipment 
ost is not


hanged. The optimally insulated wall will have a total LCC that only slowly

will in
rease if the existing wall is in a poor thermal shape. The total 
ost for

the not insulated building has a steeper slope and for walls in a good thermal

shape the insulation is unpro�table. This is also shown in Figure 6.3.

The in�uen
e from the 
limate, under this heading i. e. the dimensioning

outside temperature. 
an be analysed in the same way. In Table 6.16 the

situation is presented.

From the Table 6.16it is obvious that the heating equipment 
ost is in
reased
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Figure 6.2: LCC 
hangings due to di�erent optimization time

for lower outside temperatures, and so is the total LCC. If the wall is optimally

insulated the slope is getting less steep and for high outside temperatures the

insulation retro�t will be unpro�table. This however, will be the situation only

in a very mild 
limate.

The dimensioning outside temperature 
an be found in the Swedish building


ode. If the building is retro�tted in order to de
rease its thermal losses, it

takes a longer period of time before it gets 
old if e. g. the heating equipment

is not working properly. A short period with 
old weather, when the outside

temperature is lower than the dimensioning one, will not in�uen
e as mu
h as

if the building had not been extra insulated at all. Insulation et 
. provides

the building with a longer time 
onstant. It is thus possible to use a higher

dimensioning outside temperature in the retro�tted building. The problem is

to �nd proper values for this in�uen
e. More details about this subje
t 
an be

found in Referen
es [3℄ and [69℄.

6.3.3 Energy 
ost

The energy 
ost part of the total LCC will almost always be most important

to de
rease in order to minimize the LCC. This part is of 
ourse in�uen
ed by

the dire
t energy 
ost, i. e. the 
ost for ea
h MJ delivered from the heating

equipment. A low running 
ost is thus essential for the result. Also the 
limate

will naturally a�e
t the 
ost and so does the thermal status of the building.

Other important fa
tors are the dis
ount rate and the optimization time. In

Table 6.17 the situation is shown for the oil-boiler equipment.
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U-value in W/m

2
× K

No Type of 
ost 0.4 0.6 0.8 1.0

extra Inevitable retro�t 0.882 0.882 0.882 0.882

insul- Heating equipment 0.607 0.646 0.686 0.725

ation Energy 0.242 0.265 0.289 0.313

Total 
ost 1.731 1.793 1.857 1.921

Optimal Inevitable retro�t 0.882 0.882 0.882 0.882

insul- Heating equipment 0.573 0.572 0.572 0.572

ation Energy 0.225 0.224 0.224 0.224

Insulation 0.091 0.106 0.113 0.117

(Thi
kness in meter 0.075 0.112 0.129 0.139)

Total 
ost 1.792 1.805 1.812 1.816

Table 6.15: LCC for the building depending on thermal status for the external

wall. Costs in MSEK

From the upper part of Table 6.17 it is obvious that the total energy 
ost

is doubled if the dire
t 
ost for ea
h MJ is doubled. The total LCC thus will

in
rease with the same slope. If optimal insulation is implemented, more insu-

lation is pro�table if the dire
t energy pri
e is in
reased. and thus the energy


ost will not in
rease as mu
h as 
ould be expe
ted, see Figure 6.4.

Changing into a 
older 
limate, will of 
ourse raise the total energy 
ost and

thus the LCC. In Kiruna, in the north of Sweden, the number of degree hours

is approximately twi
e the number in Malmö. The total energy 
ost for the

existing building will thus be doubled. Retro�tting the wall with 0.19 meter

insulation, whi
h was found optimal, will however de
rease the energy 
ost in

the same way as was found in Table 6.17.

From Tables 6.11 at page 49 and 6.12 at the same page 49, the in�uen
e of

a 
hanged dis
ount rate is presented. A low rate implies a high LCC and vi
e

versa. The energy 
ost for the existing building will de
rease faster than the

energy 
ost for the retro�tted building, and for a high rate the gap between the

two energy 
osts is less than the insulation 
ost. The retro�t will be unpro�table.

In Tables 6.13 at page 50 and 6.14 at page 51, the situation for di�erent op-

timization periods is shown. The energy 
ost will de
rease faster for the existing

building if the optimization period is shortened. and for some optimization time

the gap is smaller than the insulation 
ost and the retro�t will be unpro�table.

The thermal losses in the building are naturally also important. This 
an

be found in Table 6.15, page 53. The energy 
ost in the existing building will of


ourse in
rease if the thermal shape is poor. The retro�tted building however

will have a 
onstant energy 
ost due to the optimal insulation, whi
h is thi
ker

for the poor envelopes. When the shape is good, the retro�t will be unpro�table.

6.4 Insulation 
ost

The dire
t insulation 
ost, C2 and C3 in equation (5.5), page 34, will of 
ourse

in�uen
e on the total insulation 
ost. C2 however, will only in
rease the level

of the LCC and not the amount of insulation. It thus 
an be dealt with as an
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Figure 6.3: LCC 
hanges due to thermal status, external wall

inevitable retro�t 
ost, only o

urring on
e, i. e. at the base year. C3 will

in�uen
e the thi
kness of the insulation, and thus also the energy 
ost above.

From Table 6.18 it 
an be found that the total insulation 
ost will in
rease

if the dire
t insulation 
ost is higher.

However, the optimal insulation thi
kness also de
reases and the in
rease

in 
ost is thus rather small. The LCC for the 200 SEK/m×m
2

ase is only

marginally lower than the 800 alternative. The total 
ost will nevertheless in-


rease and for very expensive insulations the retro�t will be unpro�table. This

is also emphasized in Figure 6.5.

6.5 THE OPTIMAL STRATEGY, SENSITIVITY

ANALYSIS

In earlier 
hapters it is shown how the di�erent parts in the LCC 
hange if some

of the input parameters are 
hanged. In this 
hapter and in Appendix 2, the

total strategy is emphasized, i. e. how the optimal strategy 
hanges if one or

more of the input parameters are 
hanged.

In Referen
e [18℄ the importan
e of risk or sensitivity analysis in LCC is

emphasized. If the total strategy in an optimal solution is 
hanged for small
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Dim. outside temp. in

◦
C

Type of 
ost -6 -10 -14 -18

No Inevitable retro�t 0.882 0.882 0.882 0.882

insul- Heating equipment 0.578 0.652 0.725 0.799

ation Energy 0.313 0.313 0.313 0.313

Total 
ost 1.773 1.847 1.921 1.995

Opti- Inevitable retro�t 0.882 0.882 0.882 0.882

mal Heating equipment 0.463 0.518 0.572 0.626

insul- Energy 0.226 0.225 0.224 0.223

ation Insulation 0.111 0.114 0.117 0.119

(Thi
kness in meter 0.125 0.132 0.139 0.145)

Total 
ost 1.698 1.757 1.816 1.874

Table 6.16: LCC for the building depending on the dimensioning outside tem-

perature. Costs in MSEK.


hangings in the input data this solution would be very hazardous to implement.

One way to evaluate these LCC 
hangings due to input 
hangings is the spider

diagram.

The authors to Referen
e [18℄ suggest that the LCC is 
al
ulated for the

best estimation found for the input data. After this is done, one of the input

data is 
hanged and the LCC is re
al
ulated. The same method is used in

the previous 
hapter but the presentation of the result is di�erent. In Referen
e

[18℄ the per
entage 
hangings in the input data are emphasized, and thus several

parameters 
an be shown in the same diagram. In Figure 6.6 the same pro
edure

is used to show the result from a number of OPERA 
al
ulations.

Three parameters in the input data �le have been 
hanged. Changings in

the dis
ount rate or the optimization time will in�uen
e very mu
h on the LCC

while a 
hange in the external wall U-Value will result in an almost 
onstant

LCC.

However, the new LCC is not very interesting as long as it is not 
ompared

to the existing LCC for the building. In the text a

ompanying Table 6.15,

page 53. it was mentioned that as long as the wall was optimally insulated the

LCC hardly 
hanged at all, but for a 
ertain U-value it is better to leave the

wall as it is be
ause the insulation is unpro�table.

The 
urves in Figure 6.6 show the LCC for the solution found optimal. the

retro�t strategy is not the same for the di�erent rates et 
. Using the spider

diagram, two or more identi
al strategies 
an be examined and in that 
ase

there will be two or more �spiders� in the diagram. However, su
h 
al
ulations

are not very easy to perform in the OPERA model be
ause you have to for
e

the model not to optimize the situation. In this thesis other methods will be

used to examine the sensitivity for input 
hangements.

From Table 6.2, page 42, it is obvious that the envelope retro�ts are mostly

unpro�table no matter whi
h of the heating systems used. In the 
ase stud-

ied, only atti
 �oor insulation, external wall insulation and weatherstripping

were pro�table for most of the heating systems examined. If the remaining

life span for the external wall is longer than 0 years this retro�t also might be
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Pri
e in SEK/MJ

Type of 
ost 0.03 0.06 0.09 0.12

No Inevitable retro�t 0.882 0.882 0.882 0.882

insul- Heating equipment 0.063 0.063 0.063 0.063

ation Energy 
ost 0.417 0.835 1.252 1.669

Total 
ost 1.363 1.780 2.197 2.615

Optimal Inevitable retro�t 0.882 0.882 0.882 0.882

insul- Heating equipment 0.055 0.054 0.054 0.054

ation Energy 
ost 0.309 0.596 0.879 1.159

Insulation 
ost 0.098 0.118 0.134 0.148

(Thi
kness in meter 0.092 0.143 0.183 0.217

Total 
ost 1.344 1.650 1.949 2.243

Table 6.17: LCC for the building depending on the energy pri
e. Costs in

MSEK. Existing heating system

Insulation 
ost in SEK/m×m
2

Type of 
ost 200 400 600 800

Inevitable retro�t 0.882 0.882 0.882 0.882

Heating equipment 0.054 0.054 0.055 0.055

Energy 
ost 0.468 0.480 0.490 0.498

Insulation 
ost 0.095 0.106 0.113 0.118

(Thi
kness in meter 0.236 0.155 0.119 0.098)

Total 
ost 1.498 1.522 1.540 1.552

Table 6.18: LCC due to di�erent insulation 
osts. C3. Costs in MSEK

unpro�table.

A higher running 
ost, i. e. dire
t energy 
ost, works in the other dire
tion

and will also make exhaust air heat pumps pro�table, as is the 
ase for the

ele
tri
ally heated building.

Mentioned above are the possibilities in OPERA to examine what happens

if one or more values in the input data �le are 
hanged. In fa
t, running the

program to the end provides also tables for optimization times of 10, 20, 30 and

40 years, di�erent dis
ount rates from 3 to 13 % and es
alating energy pri
es

from 1 to 3 % annually. Of 
ourse it is very easy to 
hange these limit values,

if preferable. However, examining these tables makes it easy to examine what

will happen to the optimal strategies.

In this 
ase the distri
t heating system with a di�erential rate was found the

best one. This heating system should be 
ombined with three envelope retro�ts.

From the OPERA tables mentioned above it 
an be found that this solution also

is 
hosen for a number of other alternatives of the dis
ount rate et
. In order

to depi
t the situation a method found in Referen
e [18℄ has been used whi
h


an be 
alled LCC mapping. However, in this thesis, also the optimal solutions

are shown. The values in the graph, Figure 6.7, show the LCC in MSEK for

di�erent 
ombinations of the dis
ount rate and the optimization time.

The distri
t heating system with a di�erential rate is the best system for long
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Figure 6.4: LCC 
hanges due to energy pri
es.

optimization periods and low dis
ount rates. A 3 % dis
ount rate implies that

this solution is 
hosen for periods between 20 - 50 years. If the dis
ount rate

is higher, say 5 %, the solution is optimal for 30 - 50 years. It is obvious that

high rates will imply less retro�ts as well as shorter optimization periods. High

rates and a short optimization time will reje
t all envelope retro�ts ex
ept for

weatherstripping, and keeping the existing heating system is the best solution.

However, in the vi
inity of, e. g. a 10 % 
hange, the best estimation, i.

e. 5 % and 50 years, the �rst solution will not 
hange. See also Appendix 2,

page 91, where a 5 % 
hange has been made for all the input data. The same

pro
ess 
an be elaborated for other 
ombinations of input parameters. The

situation is in the next �gure depi
ted for annual in
reases in the energy pri
es

and 
hanges in the optimization time.

In Figure 6.8 it 
an be found that more 
ompli
ated heating systems are


hosen if the energy pri
es are es
alating.

Due to this heating system 
hange, the same envelope retro�ts will be 
onsid-

ered as in Figure 6.7. It 
ould be expe
ted that if the energy pri
es in
rease, an

extensive envelope retro�t should be optimal. The best thing to do is however,

not to save energy but to provide it at a lower pri
e.

In Figure 6.8 it is also shown that the system found pro�table for the best

estimation of input data, i. e. 50 years and 0 % in
rease, will be more robust

due to 
hanges in these parameters than was the 
ase in Figure 6.7.
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Figure 6.5: LCC 
hanges due to insulation 
ost.

It must be observed here that the insulation measures found pro�table, and

sele
ted by the model, are not identi
al for the di�erent sets of 
ombinations.

The atti
 �oor insulation thi
kness varies from 0.13 to 0.24 meter, and the

external wall insulation from 0.09 to 0.18 meter.

Weatherstripping was pro�table in all the examined 
ases.

However, as is emphasized above there are also a lot of other variables that

in�uen
e the optimal strategy, e. g. the existing thermal envelope. This is

obvious from Table 6.15, page 53, low existing U-values will make the insulation

retro�ts unpro�table. Another example is that the weatherstripping measure of


ourse will be in�uen
ed by the possibility to make the existing ventilation �ow

lower.

From the above dis
ussion it is obvious that some of the input data values

are more important than others. A high dis
ount rate, e. g. higher than 10 %

will make almost all of the possible retro�ts unpro�table, whi
h means that the

total strategy is in�uen
ed. The same is valid for a short optimization time, say

less than 10 years.

The opposite situation is valid for e. g. the COP for expensive heat pump

systems. It will almost never be possible to �nd a system that is pro�table for

the building 
on
erned in this 
ase. This is also emphasized in Appendix 2. The

situation is of 
ourse di�erent for a mu
h bigger building or a 
older 
limate.

The best thing to do is thus to provide OPERA with values found by expe-

rien
e, run the program and see what happens. The retro�ts that are sele
ted

in a number of 
ases will be the interesting ones to study in more detail.

6.5.1 Insulation measures

Changing the inevitable 
ost, C1 in Equation (5.5), page 34, will 
hange the total

LCC but it will not 
hange the fa
t that insulation is pro�table be
ause of the
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Figure 6.6: Spider diagram

0 year remaining life span. However, 
hanging also this makes the inevitable


ost important, see Tables 6.9 page 48 and 6.10 at page 49. The longer the

remaining life span is, the smaller is the interval of the 
ost where insulation

is pro�table. Shortening e. g. also the optimization time will de
rease the

interval even more. Thus it is not very hard to 
onstru
t 
ases where almost

any situation 
an be found optimal.

However, the un
ertainty is not total be
ause it is possible to �nd intervals

where all the values will probably be lo
ated. In Referen
e [3℄ it is shown that e.

g. the dis
ount rate for national 
al
ulations has been re
ommended between 3

and 10 % but most of the authors suggest rates in a mu
h smaller span, between

4 and 7 %. In Referen
e [21℄ 5 % is re
ommended.

When retro�tting a building with a total new life span of more than 30 years,

very short optimization periods are of no interest.

Un
ertainties in the 
ost fun
tion (5.5) 
an be treated in the same way. A


lose study of the 
osts emerging from retro�tting walls et 
. will give us values

that re�e
t the reality with errors less than say 20 %.

In the 
ase studied above this means that atti
 �oor and external wall in-

sulation 
an be 
onsidered as pro�table, and the insulation thi
kness shall be

between 0.13 and 0.18 meter for atti
 �oor insulation and between 0.10 and 0.15

meter for the external wall insulation.
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Figure 6.7: Bivariate sensitivity analysis. Dis
ount rate versus optimization

time. The values show the LCC in MSEK

Insulation of the external wall at the inside was never found pro�table. This

is be
ause of the loss of apartment area. The loss of rent from this area is of the

same magnitude as the insulation 
ost and thus the outside wall insulation 
ost

must be approximately twi
e the inside insulation 
ost if the latter should be

found pro�table. If insulation at the outside is not preferable for other reasons,

e. g. aestheti
al, the situation will be di�erent. By setting the outside insulation


ost high OPERA 
an be for
ed to 
hoose insulation at the inside.

The �oor insulation was not found pro�table by OPERA. This was be
ause

of the low U-value 
hoosen for the �oor, 0.6 W/m

2
×K. The 
al
ulations for the

�oor are elaborated in the same way as the other insulation measures. This

however, is not 
orre
t be
ause the temperature in the basement is higher than

in the outside air. The problem is solved by 
al
ulating an equivalent U-value for

the �oor. Assuming the existing U-value is 1.0 W/m

2
×K at the �oor between

the basement and the �rst apartment, and assuming that the inside temperature

in the basement is 10

◦
C, this equivalent U-Value will be approximately 0.6

W/m

2
×K, whi
h is used in this 
ase.

The basement walls are surrounded by soil and it is not very easy to 
al
ulate

an a

urate value for the heat loss through them and through the ground. In

Referen
e [44℄ the author is dealing with the 
omplexity of this problem but

it is not worthwile to implement su
h pro
edures in OPERA. The following

dis
ussion enlightens the situation. In Referen
e [70℄ p. 219 a simple expression

is elaborated as follows:
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Figure 6.8: Bivariate sensitivity analysis. Annual in
rease in energy pri
es

versus optimization time. The values show the LCC in MSEK

Ueq =
2× k

π ×H
× ln(1 +

π ×H

2× k
× U0) (6.2)

where: k is the thermal 
ondu
tivity for the soil, H is the height of the wall

and U0 is the existing U-value of the wall.

Using k = 1.0 W/m

2
×K, H = 2.5 m and U0 = 1.0 W/m

2
× will evaluate in

an equivalent U-value of 0.4 W/m

2
×K. For existing U - values of that magnitude

an insulation retro�t will almost always be unpro�table. In Referen
e [71℄the

subje
t of optimal insulation of the building foundation is treated for new res-

idential housing. However, the authors use methods similar to those presented

in Referen
e [30℄, in this thesis dealt with in page 15, and no optimum 
an be

found without a tedious trial and error pro
edure.

6.5.2 Window retro�ts

In the 
ase dealt with in this thesis window retro�ts are only pro�table with

high energy pri
es. Note that high energy pri
es �rst will 
hange the heating

system and thus better windows are on
e again reje
ted by the model. This is

so, even if the windows have to be 
hanged anyway. The most pro�table solution

is to 
hange windows to the ordinary double-glazed type, see also Appendix 2,

remark number 1, page 97. The better thermal performan
e, in the other types

of windows dealt with here. 
annot justify the higher 
ost.
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6.5.3 Weatherstripping

This is the retro�t that is almost always sele
ted in an optimal strategy. The


ost for 
aulking windows and doors is rather low 
ompared to the amount of

energy saved. However, it is not easy to �nd proper values for the ventilation

rate de
rease. Here a value from Referen
e [3℄ is used. The 
al
ulations are

elaborated assuming a life span for the measure of 10 years, and the total 
ost

is 
al
ulated as a present value. Lowering the ventilation rate de
rease will of


ourse make the retro�t less pro�table regardless of the low 
ost. The in�uen
e

of di�erent dis
ount rates et 
. are the same as for the insulation retro�ts

dealt with above. However, this measure was found pro�table for all the tested

variations and thus it 
an be 
onsidered as part of an optimal strategy. The

exa
t 
al
ulation pro
edure is shown in Referen
e [3℄.

6.5.4 Exhaust air heat pump

This is a rather expensive retro�t measure and thus only 
hosen if a high run-

ning 
ost heating system is optimal. This is almost never the situation and

the retro�t will rarely be sele
ted. Thus it seems a bad strategy to install an

equipment like this. Small 
hanges in the assumed input values might even ag-

gravate the situation and thus it will not be part of the optimal strategy. The

weatherstripping will de
rease the ventilation �ow through the building and

thus OPERA tests if it is more pro�table to reje
t the 
aulking and install a

somewhat larger heat pump. However, this was not the situation in the 
ase

shown. OPERA uses the energy balan
e subroutine to ensure that there is a

need for the heat from the heat pump. During the summer the heat pump is

only used for hot water produ
tion.

6.5.5 Changing the heating system

As mentioned above it was often optimal to 
hange the heating system to distri
t

heating. In spite of its higher installation 
ost su
h a system will give advantages

due to the lower running 
ost. However, in the 
ase studied, there is very little

di�eren
e in the total LCC, between the oil-boiler and the distri
t heated system.

Be
ause of the un
ertainties in the input data et 
., it 
an be estimated it is best

to keep the existing heating system. If the oil pri
e will raise in the future it

will also in�uen
e the distri
t heating rate provided by the utility. However, if

the utility uses a fuel mix to provide the heat, it is only the winter or peak load

pri
e that should be in
reased and thus, due to marginal 
ost pri
ing, only part

of the heat pri
e should be of the same magnitude as the oil pri
e. This means

that the normalized running 
ost from the distri
t heating and the running 
ost

from the oil-boiler will di�er more than today.

6.5.6 The best strategy

From the analysis above the best strategy 
an be 
hara
terized by:

• Installing a distri
t heating system

• Insulating the atti
 �oor with 0.13 - 0.18 meter mineral wool

• Insulating the external wall with 0.10 - 0.15 meter mineral wool
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• Caulking the windows and doors

Maybe the result above looks poor after all the analyses done. Not mu
h

was going to be done to the building in order to obtain the best pro�tability.

However, this is the experien
e from a number of OPERA runnings. The enve-

lope retro�ts. as well as the exhaust air heat pump will seldom be pro�table.

The external wall insulation. found pro�table above, is optimal only be
ause of

the 0 year life span.

On the 
ontrary, the 
loseness of the existing heating system strategy might

be a little surprising. see Table 6.3 page 43. In many earlier OPERA 
ases

it was more pro�table to 
hange the oil-boiler to a lower running 
ost system

su
h as bivalent oil-boiler heat pump systems whi
h provide a 
ombination of

a very low running 
ost and an a

eptable a
quisition 
ost. The reason for the


ompetitive existing heating system is mostly due to the low energy demand

in the 
ase above. In the next 
hapter a more thorough study is elaborated in

order to des
ribe also these more 
omplex heating systems.

6.6 DIFFERENT HEATING SYSTEMS

In the 
ase studied, only two di�erent heating systems were found to be 
an-

didates for the optimal solution. Due to di�erent reasons one of those 
ould

be ex
luded, the existing oil-boiler. Below, the winning distri
t heating system

and the di�erential tari� is treated in further detail. However, it 
ould also

be interesting to examine the 
onditions ne
essary if other and more 
omplex

solutions were to be 
hosen.

In OPERA the �rst six heating systems are 
al
ulated in the same way. The

di�eren
es between them are di�erent pri
es for energy, di�erent e�
ien
y and

a
quisition 
osts et 
. The energy pri
e is a �xed value in SEK/kWh. The

distri
t heating system, however, also 
onsiders a 
onne
tion fee. For distri
t

heating and ele
tri
ity these kinds of rates in re
ent years are the subje
ts for

a 
hange. Di�erential or time-of-use rates are introdu
ed. The reason for this

is that the 
ost for produ
ing an extra unit of energy di�ers mu
h due to the


onditions when this extra unit is produ
ed. During peak 
onditions, for Sweden

in the winter, the 
ost 
an be �ve times higher or more than during base load. It

is obvious that energy savings during base load 
onditions will be less pro�table

if a 
ost- re�e
ting rate is provided by the utilities. Energy should be saved

when there is a need for it.

6.6.1 The di�erential distri
t heating rate

When a building is 
oupled to the distri
t heating system a 
onne
tion fee has

to be paid. In the 
ase studied here. this is

300× Pdim

where Pdim is the maximum demand during one hour. There is also another

fee, the demand fee, to be paid due to the demand whi
h is 
al
ulated as:
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Single-family houses: 500 + 600 × D × R

Multi-family houses,

D = 0 - 800 kW,: 700 + 600 × D × R

D = 801 - ∞ kW: 2,400 + 600 × D × R

D is 
al
ulated as the energy use during January and February divided by

the number of hours during those two months. R is a redu
tion fa
tor de
ided

by the utility. In 1986 the fa
tor equaled 0.25.

The energy pri
e is 0.19 SEK/kWh, 0.053 SEK/MJ from November to Mar
h

and 0.10 SEK/kWh, 0.028 SEK/MJ from April to O
tober.

It is obvious that energy 
onservation during summertime is very di�
ult if

it is going to be pro�table.

In Table 6.6 page 46, it is shown that OPERA 
al
ulates the energy demand

month by month. Multiplying these �gures with the appli
able pri
e provides

the total running 
ost for energy during one year.

In our 
ase this results in:

• Conne
tion fee = 23,000 SEK

• Demand fee = 6,000 SEK

• Energy 
ost = 26,000 SEK

The dire
t energy 
ost as an annual mean value will be
ome 0.047 SEK/MJ,

0.17 SEK/kWh. If the demand fee is in
luded, the 
ost will be 0.057 SEK/MJ

or 0.21 SEK/kWh.

In the OPERA running shown in Table 6.2 page 42, this normalized pri
e for

distri
t heating is also used in the ordinary distri
t heating 
al
ulations. The

total LCC for the existing building thus will be identi
al or 1.61 MSEK. Due to

trun
ation errors the values are not exa
tly the same.

When a retro�t is introdu
ed, OPERA 
al
ulates the total energy 
ost during

one year, over again. The retro�t will lower the energy demand. Insulation

measures, window retro�ts et 
., lower the 
ost mostly in the winter, while the

energy demand during summer, as before, will equal the hot water produ
tion.

This means that less of the more expensive energy is used. More money is

thus saved if a di�erential rate is introdu
ed. However, the in�uen
e is rather

small be
ause most of the heat is 
onsumed during high pri
e 
onditions, see

Table 6.2.

The e�e
t is enhan
ed for mineral wool insulation measures be
ause the

Energy 2 
olumn in Table 6.6, page 46, is used for the insulation optimization.

Almost no 
heap energy at all is used and thus the optimization is elaborated

for an energy pri
e 
lose to the high one in the tari�. The result is a thi
ker

insulation 
ompared to optimization with ordinary rates.

The exhaust air heat pump saves energy also during summer when the energy

is 
heap. The savings in money is therefore mu
h lower if a di�erential rate is

introdu
ed. The subje
t is treated in detail in Referen
e [41℄.

6.6.2 Di�erential rates for ele
tri
ity

The ele
tri
ity tari�s are slightly more 
ompli
ated. For low voltage purposes,

where the fuse size is lower then 250 A, the following rate is appli
able:
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Energy 
ost,

Nov-Mar
h,

Monday to Friday, 06-22: 0.345 SEK/kWh = 0.095 SEK/MJ

other times 0.16 SEK/kWh, = 0.044 SEK/MJ

Demand 
harges:

63 A 2,380 SEK

80 A 2,900 SEK

100 A 3,520 SEK

125 A 4,300 SEK

To the energy 
ost a tax of 0.072 SEK/kWh shall be added, 0.02 SEK/MJ.

There are more varieties for other sizes of the fuses but the information presented

above is enough for the purpose in this thesis. If a fuse bigger than 250 A is

required another type of tari� is used, and OPERA will de
ide whi
h tari� to

use.

The high energy pri
e will be
ome 0.12 SEK/MJ, 0.417 SEK/kWh,and the

low pri
e 0.06 SEK/MJ, 0.232 SEK/kWh. Cal
ulating on the rate for one week

results in suitable monthly mean values used in this thesis:

5× 16× 0.417 + 5× 8× 0.232 + 2× 24× 0.232

7× 24
= 0.3214

whi
h is the high pri
e from November to Mar
h (= 0.089 SEK/MJ). The low

pri
e is of 
ourse 0.232 SEK/kWh during all the other months. Considering the


onditions for ea
h month will result in small di�eren
es, see page 135. Using

the same te
hnique as above for distri
t heating, the total 
ost during one year

will be
ome:

• Energy 
ost 47,200 SEK

• Demand 
harge 4,300 SEK

The normalized energy 
ost will be 0.08 SEK/MJ, 0.30 SEK/kWh, without

the demand 
harge and 0.09 and 0.32 respe
tively with this in
luded.

Implementing the optimal amount of atti
 �oor insulation, 0.21 meter, will

de
rease the energy 
ost above mentioned to 40,500 SEK. The demand 
harge

however will still be the same, or 4,300 SEK. The dire
t running 
ost for the

energy, the demand 
harge ex
luded, will be lower for the retro�tted building.

The 
ost 
hanges from 0.2961 to 0.2949 SEK/kWh whi
h means that more

money would be saved if a di�erential rate was implemented.

However. the demand 
harge above is not 
hanged and if this is in
luded

in the energy pri
e, whi
h surely is 
orre
t, the running 
ost is in
reased from

0.3231 to 0.3261 SEK/kWh. The savings with the di�erential rate will thus in

this 
ase be lower than if a �xed rate is used. see Table 6.2 at page 42. The

demand 
harge in this 
ase will thus work in the opposite dire
tion and make

the di�erential rate a disadvantage.

The same thing 
on
erns the 
aulking measure, the pro�tability is lower with

the di�erential rate. It is obvious that the design of the rate is essential for the

behaviour of the 
onsumers.

The pro�tability of the exhaust air heat pump will be lowered very mu
h.

The �xed rate will generate approximately twi
e the savings 
ompared to the
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di�erential rate. Extensive studies about the ele
tri
ity di�erential rates 
an be

found in Referen
es [38℄ and [39℄.

6.6.3 The bivalent heat pump systems

Mentioned above are the advantages with a bivalent oil-boiler heat pump system.

In the 
ase studied here however, these systems were not found pro�table, see

Table 6.2 page 42. The theories for the optimization are shown in Referen
e [42℄

and in Appendix 1 page 79. There are some di�eren
es in the 
al
ulation pro-


edures between the two systems dealt with by OPERA, mostly 
on
erning the

elaboration of the equipment 
ost. In the �rst system the heat pump is assumed

to work all year and thus the oil-boiler does not have to provide the thermal

peak load. In the other 
ase the heat pump is assumed to be turned o� when

the outside temperature is very low. The oil-boiler must provide all the heat

under those 
onditions.

The present value for the equipment 
ost is elaborated in a more sophisti-


ated way in the se
ond 
ase. During the life span of the system it is possible

to implement a 
ost for re
onditioning, whi
h must be provided to OPERA as

a share of the �rst time installation 
ost. It is also ne
essary to inform the

program when the re
ondition takes pla
e. In the �rst 
ase these 
osts have to

be in
luded in the heating equipment 
ost.

The varying COP is also important in the se
ond 
ase whi
h is assumed to

be 
onstant in the �rst one. In the 
ase studied here this varying COP together

with the system 
osts will make the outside air heat pump more expensive than

the ground water 
oupled one.

If the amount of free energy, from solar gains and applian
es is rather large,

there is a risk that the optimization pro
edure will not work properly for the

bivalent systems. This will happen if the optimization pro
edure results in heat

pumps with less thermal power than the point �P summer� in Figure 6.9.

The true optimal situation will then be that the heat pump is to be aban-

donned, i. e. the oil-boiler system is better than the bivalent one. OPERA

will tell the operator if this happens and the fa
t is that the outside air heat

pump, in the 
ase studied here, resulted in su
h 
onditions, see Appendix I.

The bivalent heating systems will be advantageous if the heat 
onsumed in the

building is in
reased. If the building is lo
ated in a 
older 
limate or if the

building is bigger than the one tested here, these systems seem to be the best

solution. One 
ase is dis
ussed in [72℄.

If the amount of free energy is de
reased the same thing will happen.

In Table 6.19 this is emphasized. Abbreviations see page 43.

In the 
ase studied one of the bivalent systems was the most pro�table


ombined with three envelope measures. However, the distri
t heating system

with a di�erential rate is very 
lose and a more thorough study has to be made

in order to �nd the real best solution. The important thing here, is that the

amount of heat 
onsumed in the building will in�uen
e the best strategy. If more

heat is needed, the more 
ompli
ated heating systems 
an 
ompete. Compare

with the result in Table 6.2.

The envelope retro�t strategy for the bivalent outside air heat pump is almost

similar to the one for the oil-boiler. This is be
ause the optimization resulted in

a too small heat pump, see Figure 6.9. OPERA thus 
al
ulates as if there were
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Figure 6.9: Duration 
urve with optimization failure

only the oil-boiler present. The hot water however, is still produ
ed by the heat

pump.
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Exist New Ele
 Distr Heat Heat Di� Di� Biv Biv

syst oil tri
 heat p. G p. E distr ele
 O-H O-O

No envelope retro�ts 2.02 2.05 2.45 1.96 2.11 2.27 1.94 2.39 1.91 2.08

Savings:

Atti
 ins 0.04 0.03 0.07 0.02 0.02 0.04 0.02 0.06 0.02 0.03

Floor ins 0.01

Ext wall ins 0.12 0.12 0.21 0.09 0.12 0.16 0.09 0.19 0.08 0.12

Weatherstrip 0.06 0.06 0.09 0.05 0.07 0.08 0.05 0.08 0.04 0.06

Exhaust h.p. 0.04 0.02

New LCC 1.81 1.83 2.02 1.79 1.89 1.98 1.78 2.04 1.77 1.86

Table 6.19: Retro�t strategy matrix. Free energy from applian
ies = 0

kWh/month. Values in MSEK



Chapter 7

INFLUENCE OF THE

SWEDISH SUBSIDIARY

SYSTEM

In previous 
hapters the optimal strategy has been studied for building 
osts,

energy pri
es et 
. found in literature dealing with these subje
ts. If these pri
es

are adequate from the so
ietal point of view is very hard to know. Wrong pri
es,

of 
ourse, 
an lead to misoptimization.

Using the input data from the 
ase study will regrettably lead to severe

misoptimization 
onsidering the private e
onomy for a landlord in Sweden. Here,

as in many other 
ountries, there is a subsidiary system in order to en
ourage the

owner of a building to implement retro�t measures on the house. This system

must be taken into proper 
onsideration in private e
onomy optimization.

In Sweden the subsidiaries 
an be split up in three types:

• Renovation loans

• Interest subsidiaries

• Energy retro�t subsidiaries.

The most advantageous part is the renovation loans and therefore these will

be des
ribed in further detail. There are a number of restri
tions for the loans.

• The measures must result in 
onsiderable improvement of the fun
tional

or te
hni
al performan
e of the building.

• The building must be older than 30 years.

• The owner of the building must be able to administer the building in a

proper way.

• The building must, after the renovation, have the same standard as a new

building.

• The building site or real estate must have been sold by the muni
ipality.
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• Et 
., Et 
.

The 
onstraints above and other information about the subsidiary system,


an be found in Referen
es [73℄ and [74℄.

The muni
ipality a

epts or reje
ts the appli
ation in the �rst 
onsideration

by the so
iety. It is also authorized to reje
t some of the 
onstraints, e. g. the


onstraint 
on
erning the site.

If you are entitled to these renovation loans the so
iety gives you a loan up

to 30 % of the renovation 
ost. The remaining 70 %, must be 
overed by a


redit institution, like a mortgage bank. The rate of interest of the 30 % loan

was 11.75 % and for the se
ond loan 11.20 %, in January 1986. Both loans

are of the type �xed-yearly-instalment, i. e. the sum of the amortization and

interest payments are the same every year. The amortization payment however,

is 
al
ulated as if the rate of interest was 8 %. The �rst loan has a pay-o� time of

30 years and the se
ond 40 years or less, if de
ided by the mortgage institution.

However, the se
ond loan does not exa
tly follow the �xed-yearly-instalment

method. A pay-o� plan is de
ided for ea
h 
ase.

The so
iety will subsidize the interest payments and the �rst year the rate is

warranted to a value between 2.15 - 2.6 %. After this the rate is in
remented by

0.25 % ea
h year. The 
ost however is 
al
ulated on the total sum of the loan, as

if no pay-o� was made. This means that after some years the guaranteed interest

payments will get higher than the real interest and by then the subsidiary will

be abandoned.

When the in�uen
e of the subsidiary system is elaborated it is ne
essary

to transfer all the future payments to the base year, using the present value

method. First however. the 
ost must be evaluated in running pri
es. In order

to simplify the 
al
ulations it is assumed that there only is one loan with an

interest rate of 12 %. The annual amortization is 
al
ulated for an 8 % �xed-

instalment loan with 30 years pay o� time. The in�ation is assumed to be 7 %

and the real dis
ount rate to 5 %. The total loan is estimated to be 100,000

SEK. and the guaranteed rate of interest in the beginning 2.6 %.

When the annual payment, i. e. the sum of the pay-o�s and the interest


ost, must be the same year by year, this 
an be 
al
ulated:

FIP = Aloan ×
r

1− (1 + r)−p
(7.1)

where FIP = the �xed instalment payment, A = the total loan, r = the

dis
ount rate and p = the pay-o� time. Using Aloan = 100,000, r = 0.08 and

p= 30 the annual 
ost will be 8,883 SEK. The dis
ount rate 
ost, 0.08× 100,000,

is 8,000 SEK and thus the amortization will be 883 SEK. The following year

the loan has de
reased to 99,117 SEK and the interest 
ost, 8 %, will be
ome

7,929 SEK. The amortization will be 8,883 - 7,929 = 953 SEK.

From Table 7.1 it is obvious that the subsidiary system is abandoned at

year 21, i. e. when the real 
ost of interest is lower than the guaranteed one.

However, Table 7.1 shows the running pri
es with an in�ation estimated

to 7 %. Using the net present value method, equation (12.2) at page 102, the

annual payments 
an be transferred to �xed pri
es, and furthermore transferred

to the base year using Expression (12.2) on
e more with a real dis
ount rate of

5 %. Table 7.2 shows this.
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Year FIP Int. Amort- Warr. int. To pay Next year Real


ost ization 
ost loan int.

8 % 2.6 %+.25% 12 %

1 8,883 8,000 883 2,600 3,483 99,117 12,000

2 8,883 7,929 953 2,850 3,803 98,164 11,894

3 8,883 7,853 1,029 3,100 4,129 97,135 11,759

20 8,883 5,073 3,809 7,349 11,159 59,603 7,609

21 8,883 4,768 4,114 7,599 11,266 55,489 7,152

29 8,883 1,267 7,615 � 9,517 8,225 1,901

30 8,883 657 8,225 � 9,211 � 986

Table 7.1: Swedish subsidiary system. Running pri
es

Year Running Fixed pri
es Present value

pri
es 7 % in�ation 5 % real dis
. rate

1 3,483 3,254 3,013

2 3,803 3,322 3,013

3 4,129 3,371 2,912

4 4,462 3,404 2,800

29 9,517 1,338 325

30 9,211 1,210 280

Present value at the base year 46,660

Table 7.2: Swedish subsidiary system. Present value 
al
ulation

In Table 7.2 the present value is 
al
ulated for the annual payment found in

Table 7.1. The initial 
ost, 100,000 SEK, has de
reased to approximately 50,000

SEK by the simpli�ed subsidiary system. It is possible to 
al
ulate the pre
ise

situation in the same way as shown above but here the approximate situation

is su�
ient.

If the proprietor of the building is entitled to renovation loans all of the build-

ing and installation measures may be in
luded in the loan as long as the total

pri
e for the retro�tted building does not ex
eed the pri
e for a new building.

The 
ost for the measures will thus be approximately half the real 
ost.

An OPERA running with these new 
ost fun
tions implemented in the earlier

presented 
ase study, will result in a new bivalent heating system, the ground

water 
oupled heat pump 
ombined with an oil- boiler. The envelope retro�ts


ombining this heating system are 0.26 meter atti
 �oor insulation, 0.20 meter

external wall insulation and weatherstripping. The total LCC is 0.86 MSEK.

It was thus optimal to 
hange the existing heating system while the envelope

measures were kept almost the same as before, although the optimal insulation

thi
kness, was in
reased.

If the existing heating system, i. e. the oil-boiler, is not 
hanged, an extensive

envelope strategy should be implemented. This is of 
ourse natural be
ause all

the building 
osts have been divided by 2.

From the above dis
ussion it is obvious that the subsidiary system has a very
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big in�uen
e on the optimal solution. The heating system is 
hanged and the

insulation thi
kness is in
reased by approximately one third. However, 
hanging

the heating system to a low running 
ost system, will still make e. g. exhaust

air heat pumps unpro�table.



Chapter 8

CONCLUSIONS

The optimal retro�t strategy for a unique multi-family house 
an be 
al
ulated.

The best strategy is then 
hara
terized by the lowest possible remaining life-


y
le 
ost for the building.

This building is 
onsidered as an energy system and both envelope, ventila-

tion and heating system retro�ts are dealt with simultaneously.

Di�
ulties with un
ertainties in input data 
an be solved by a sensitivity

analysis. For a �xed set of input data there is an optimal solution and the

OPERA model, des
ribed in this thesis, enables the �nding of it.

The OPERA model is used for optimization of the retro�t strategy 
on
ern-

ing a unique building. However, some general 
on
lusions 
an be drawn from

this thesis and a number of OPERA runnings:

1. The 
onventional method with retro�t ranking due to the saving-to-
ost

ratio is wrong. OPERA runnings show that essential for a low LCC is

a low running 
ost. If the heating system provides this to an a

eptable

installation 
ost the �rst step is taken towards a low LCC. Su
h heating

systems 
an be distri
t heating with a rate that re�e
ts the 
ost for pro-

du
ing the heat. or bivalent oil-boiler - heat pump systems. These kinds

of heating systems shall be 
ombined with a few 
heap envelope retro�ts.

If the other method is used, where the retro�t with the highest saving-

to-
ost ratio is implemented �rst and after this the se
ond highest. the

demand of heat in the building might be
ome too low. The pro�tabil-

ity with a more 
omplex heating system, whi
h from the beginning was

optimal, might vanish and misoptimization will o

ur.

2. Optimal energy retro�ts shall be implemented when the building is sub-

je
t for renovation from other reasons than energy 
onservation. If a low

running 
ost heating system is implemented, very few envelope retro�ts

are pro�table. Weatherstripping and atti
 �oor insulation might emerge

as plausible retro�ts. However, more expensive retro�ts 
an be pro�table,

i. e. when the remaining life of the 
onsidered building part is very short.

Very poor windows might e. g. be 
hanged to new ones with a better ther-

mal standard. Most important is, that the best solution is implemented,

if the envelope of the building is the subje
t for renovation measures. This

means that the optimal solution, e. g. the optimal amount of insulation,

must be applied. If a lower degree of insulation is 
hosen this will lead to
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misoptimization and this 
annot be 
hanged with any pro�tability, until

next time the building part has to be renovated for other reasons than

energy 
onservation. This is the situation for many buildings in Sweden

today, where 0.05 to 0.10 meter of insulation is applied on the external

walls.

3. A 
ombination of heating system, envelope and ventilation retro�ts leads

to the optimal solution. It is ne
essary to 
onsider the building as an

energy system. One example of this is that weatherstripping is not always

part of the optimal retro�t strategy. It might be better to take 
are of

the extra ventilation �ow in an exhaust air heat pump. The marginal 
ost

for the extra thermal power in the heat pump is lower than the 
ost for


aulking the windows and doors.

4. The result of envelope retro�t 
ombinations di�ers from 
al
ulations made

for retro�ts added one by one but the di�eren
e is minute and 
an mostly

be negle
ted. OPERA 
al
ulates if a retro�t is pro�table, i. e. if the

LCC is de
reased when the retro�t is introdu
ed. If this is the situation,

the retro�t is a 
andidate for the optimal solution. A number of retro�ts

are examined. The 
ombination of the retro�ts found pro�table will not

result in exa
tely the same life-
y
le 
ost as if the savings for ea
h retro�t

were added to ea
h other and then subtra
ted from the original 
ost. This

di�eren
e is enhan
ed if a lot of retro�ts are 
ombined and if a lot of free

energy, from e. g. applian
es, is present in the building. In this thesis

it is shown that the optimal solution is mostly 
hara
terized by a low

running 
ost heating system with only a few retro�ts implemented at the

envelope, and thus the di�eren
e will be very small, about 5 % of the

resulting LCC, and subsequently they mostly 
an be negle
ted. However,

using OPERA it is possible to �nd the true optimal strategy with the

signi�
an
e required. In most 
ases the order of implementation 
an also

be negle
ted. To insulate the atti
 �oor �rst and after this implement

extra insulation at the external wall will yield almost the same result as

if the order was the opposite.

5. Bivalent heating systems and insulation measures 
an be optimized si-

multaneously. When a bivalent heating system is 
onsidered it is very

important that the thermal power of the oil-boiler and the power of the

heat pump as well as the amount of insulation are optimized. In this

thesis it is shown how this 
an be elaborated. If the insulation is found

pro�table, up to 0.2 meter of extra insulation might be optimal. This is

surprising be
ause of the very low running 
ost for the bivalent system.

6. The ordinary degree hour 
on
ept must be abandoned. Energy balan
e


al
ulations are ne
essary in order to �nd proper optimization parameters.

The insulation measures shall be optimized for a higher amount of degree

hours than the heating system. This is due to the in�uen
e of free gains

from solar radiation, applian
es et 
.

7. Distri
t heating and ele
tri
ity rates must re�e
t the real 
ost for produ
-

ing an extra unit of energy. Marginal 
ost pri
ing might be essential for

the optimization. It is important that the utility uses a tari� that re�e
ts

the real 
ost for produ
ing the energy. The distribution between the �rm
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and the running part in the rate is essential. A high energy pri
e per MJ,

higher than it is in reality, will lead to more 
onservation measures in the

buildings. This however also will lead to misuse of the utility investment,

less energy will be produ
ed than is optimal. Di�erential, or time-of-use

rates might be of importan
e 
onsidering retro�t measures. If a di�erential

rate is introdu
ed it will slightly advantage insulation measures but will

give severe disadvantage to 
ompeting energy produ
tion in the building.

8. Subsidiary systems might lead to misoptimization. Subsidiary systems

that en
ourage energy saving measures are important for the strategy.

Cheaper insulation will make it pro�table to add more insulation to the

building. However, also more e�
ient heating systems might be pro�table,

whi
h will provide heat to a lower 
ost. This will in�uen
e the insulation

level in the opposite dire
tion and thus the optimal insulation level might

have been higher if the subsidiary system had not existed. The subsidiary

system might lead to suboptimizations from a so
ietal point of view. Com-

plex heating systems will be 
ombined with an extensive envelope retro�t

strategy. This will lead to a higher LCC than is ne
essary.

9. Optimization periods longer than 30 years exert very small in�uen
e on

the retro�t strategy. Due to the present value 
al
ulations 
osts appearing

in a distant future, have a very small in�uen
e on the solution. The retro�t

strategy will be almost identi
al if 30 or 50 years are 
onsidered.

10. The LCC for di�erent optimal solutions due to future 
hanges of the input

data di�ers less than 
ould be expe
ted. Future 
hanges of energy pri
es

et 
. might 
onsiderly 
hange the LCC for a building. The sensitivity

analysis elaborated in an OPERA running shows that the LCC, for optimal

solutions will not 
hange as mu
h as 
ould be expe
ted. Consider the

in�uen
e of 
hanges in the insulation 
ost. A low 
ost leads to a thi
k

insulation while a high 
ost leads to the opposite or no insulation at all. In

Figure 6.5 page 58, it is shown that the resulting LCC is almost 
onstant,

as long as the optimal amount of insulation is 
hosen. The in�uen
e

of higher energy pri
es on the LCC follows a straight line when only one

heating equipment is 
onsidered, see Figure 6.4 at page 57. If it is possible

to 
hange the heating system this is not the 
ase and the LCC will in
rease

slower after the heating system is 
hanged. The LCC 
ontinues to follow

a straight line but less blunt than the original one.

11. Changes in the time 
onstant of the building will not in�uen
e the retro�t

strategy very mu
h. A high 
onstant makes it possible to de
rease the

dimensioning outside temperature for the building site and subsequently

smaller heating equipment 
an be 
hosen. However it is not very easy to


al
ulate this temperature adequately but the in�uen
e 
an be simulated

by testing a number of alternatives. The in�uen
e on the optimal solu-

tion is very small due to the rather low installation 
ost for the heating

equipment.

12. The 
limate 
onditions at the building site are important. The 
limate

of the building site is important for the optimal retro�t strategy. In a


old 
limate more heat is 
onsumed in the building. The total life-
y
le


ost however will not be a�e
ted in the same way. This is due to 
hanges
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in the optimal strategy. The insulation levels are in
reased and a more

sophisti
ated heating system is pro�table to install. This will lead to a

slower in
rease of the LCC than 
ould be expe
ted initially.

13. Ele
tri
ity spa
e heating is of no interest. Dire
t ele
tri
ity for spa
e

heating seems to be of no interest be
ause of the high running 
ost. For

small buildings though, where the demand is very low, ele
tri
ity might


ompete.

14. Exhaust air heat pumps will rarely be sele
ted. Be
ause of the low running


ost heating system, almost always found optimal, exhaust air heat pumps,

due to their high initial outlay, will seldom be part of the optimal retro�t

strategy.

15. Costs for environmental pollution 
an be 
onsidered. Implementing higher

energy pri
es or higher 
osts for insulation et 
. makes it possible to in
lude


osts for environmental pollution. Note however the e�e
t on the optimal

heating equipment as well as on the thi
kness of extra insulation.

16. Implementing optimal retro�ts 
an 
onsiderably de
rease the remaining

LCC for a building. If bigger buildings are retro�tted in an optimal way a

de
rease in the LCC with 40 % has been 
al
ulated. Implementing LCC

optimization makes it possible. both for a private landlord and for the

so
iety, to save 
onsiderable amount of money.
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FUTURE WORK

In the now presented thesis, the superiority of life-
y
le 
ost analysis and opti-

mization is shown. The results from su
h 
onsiderations often di�er from those

a
hieved from other methods. However, these LCC methods are not in 
ommon

use, mostly be
ause of the tedious 
al
ulation work needed. Modern 
omputers

simplify this drudgery. The OPERA - model is run in about thirty se
onds for

the base 
ase alternative, and thus it 
an be used extensively.

However, at present the model is implemented in a big 
omputer, whi
h is

not in 
ommon use. No manual or tutorial exists to help the interested reader

with implementing a building of his own.

A big e�ort will be made to implement the model in smaller 
omputers, like

IBM PC and others. If that is su

essful the LCC 
on
ept 
an be widely spread.

Enhan
ements will also be made on the model itself. The bivalent system

whi
h was found very 
ompetitive is at present using a �xed rate for ele
tri
ity.

Time-of-use, or di�erential rates will be more 
ommon in the future and thus

it is important to optimize su
h a system as well. Maybe the model has to

be equipped with a linear programming routine in order to solve this problem.

This routine might also make it possible to optimize the retro�t 
ombination

situation without using the more 
ompli
ated iterative pro
ess, ne
essary in

OPERA today.

Other types of buildings 
an also be possible to examine by OPERA. For

example industrial buildings whi
h often have a mu
h higher degree of ventila-

tion than is 
ommon in residen
es. Then OPERA must be provided with heat

ex
hanger retro�ts whi
h are ex
luded today.

It is also important to elaborate mathemati
al expressions for the LCC �eld,

where heating system 
hanges are in
luded. Up to now only one heating system

is 
onsidered in the LCC expressions. If this is possible the pre
ise LCC �eld


ould be depi
ted and the breaking points in it 
an be revealed. Now this has

to be examined from a number of OPERA runnings.

Another interesting issue is to examine how energy 
onservation measures

will in�uen
e the running of distri
t heating 
ogeneration plants. If the utility

is used only for ele
tri
ity produ
tion a marginal use of heat from the 
ondensor

will be very 
heap, in fa
t at no 
ost at all, as the plant must get rid of the

heat in some way as long as ele
tri
ity produ
tion is utilized. Distri
t heating

however, 
annot use the low temperature of the 
ooling water from an ordinary

ele
tri
ity plant. The temperature in the 
ondensor must be in
reased whi
h
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leads to loss of ele
tri
ity, and the pri
e for the heat must re�e
t this. Optimal

energy retro�ts in buildings heated with distri
t heating will subsequently be

in�uen
ed by the needed ele
tri
ity produ
tion at the utility.

The la
k of proper input data is also emphasized in this thesis. There is thus

a need for extensive resear
h about retro�t 
osts et 
. In the future, information

from data bases might be used as default values in OPERA runnings. If the

e�ort at �nding suitable input data severely 
ould be redu
ed, the method would


ome into 
ommon use.

A thorough study of the Swedish subsidiary system will also be elaborated.

This is very important in order to en
ourage desireable behavior 
on
erning

energy 
onservation and retro�ts, from the so
ietal point of view. Using the

subsidiary system must lead toward the optimal solution found by so
iety. If

this 
ould be the situation the nation 
ould use its limitid resour
es in a better

way than today.
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APPENDIX 1

OPTIMIZATION OF BIVALENT OIL-BOILER - OUTSIDE AIR HEAT PUMP

SYSTEMSWHILE ALSO CONSIDERING ENERGY CONSERVING RETROFITS

In this appendix it is shown how the optimization is elaborated for a bivalent

heating system and energy 
onserving retro�ts. The 
ase study, see page 37. in

the main thesis is used as an example. The total data �le is shown in Appendix 2,

page 91. The optimization pro
edure is shown here in detail and thus it might be

somewhat tedious to read. That is the reason for presenting it as an appendix.

10.1 DURATION GRAPH

The 
al
ulations start with the 
onstru
tion of a duration graph for the existing

building, 
onsidering the 
limate for the building site. In the OPERA model

the 
limate is depi
ted by monthly mean temperatures. These are used for


al
ulating the heat 
onsumption in the building during one year. However,

the heating system must also be able to provide enough heat during very 
old

winter nights and a lowest dimensioning outside temperature is used to ensure

that the installed heating equipment power is su�
ient. Unfortunately it is

not very easy to 
onstru
t a mathemati
al expression, suitable for optimization


al
ulations, using these monthly mean values, and thus they are approximated

with a straight line fun
tion, elaborated with the method of least squares. This

fun
tion 
an be shown as:

∆T = −0.0025089× τ + 22.991 (10.1)

where∆T = the di�eren
e between the desireable inside temperature (20

◦
C)

and the monthly mean outside temperature, and τ = the duration in hours.

Setting ∆T to 0.0 implies that τ = 9,164 hours, and setting τ to 0.0 will

make ∆T equal to 22.99

◦
C. The total amount of degree hours during one year

will then be
ome:

DH =
9, 164× 22.99

2
= 105, 340

This �gure should be 
ompared to the �real one�, i. e. 105,241 and, as 
an

be seen, the expression (10.1) is a very good approximation.
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The situation is depi
ted in Figure 10.1, whi
h also 
an be found in [42℄.

Figure 10.1: Duration graph. Monthly mean temperatures.

In this 
ase study the existing building 
an thermally be des
ribed by an ex-

pression showing the thermal losses, i. e. TRANS + VENT from the equations

(12.4) and (12.5) at page 148. This expression is evaluated to 2.291 kW/K, see

Table 6.3, page 43, in the main part of the thesis. When multiplying this �gure

with the maximum temperature di�eren
e it is found that the thermal load in

the duration graph for energy 
al
ulations equals 52.67 kw. The total energy

demand during one year will then be:

TOD =
52.67× 9, 164

2
= 241, 334 kWh

However, there is also free energy from solar gains and applian
es that has to

be 
onsidered. In Table 6.6 in the main part, page 46, the �gures are presented.

In Table 6.6 the monthly thermal losses are shown as well.

During the summer, i. e. when the heating equipment is turned o�, this

valuable free energy equals:

55.2 + 29.7 + 17.2 + 20.3 + 38.8 = 161.2 MJ

or 44,711 kWh. This �summer energy� must be depi
ted in the duration

diagram and the duration is 
al
ulated as:

τ1 =
44, 711× 2

Psom

τ1 =
9, 164× Psom

52.67
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and thus τ1 = 3,944 hours and Psom = 22.67 kW.

The free energy during the rest of the year is also 
al
ulated by use of

Table 6.6. The heat delivered from the heating system is 573.7 MJ. Ex
luding

the domesti
 hot water part, will result in 321.7 MJ. The total energy loss in

the building is 868.1 MJ and the free energy during the heating season 
an be


al
ulated as:

868.1− 321.7− 161.2 = 385.2 MJ,

or 107,257 kWh. This free heat must answer to some thermal load in the

duration graph and therefore it is spread out during the heating

season:

Pfhs =
107, 257

9, 164− 3, 944
= 20.54 kW

Of 
ourse this is an approximation but it makes the 
al
ulation mu
h easier

than 
al
ulating on monthly mean values. The situation is depi
ted in Fig-

ure 10.2.

Figure 10.2: Approximated duration graph

This approximated duration graph is used for the optimization 
al
ulations.

It is obvious that mu
h of the heat 
onsumed in the building 
omes from appli-

an
es et 
. and these values may be too high. However, in Sweden it is 
ommon

to turn o� the heating system during the four summer months and from the

energy balan
e 
al
ulations in Table 6.6, page 46, the free heat 
ould provide

the building with the desireable 
limate during �ve months. This implies that

the magnitude is approximately right.
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Later in this appendix there are also 
al
ulations where the free gains have

been redu
ed in order to show the in�uen
e on the optimization, see page 115.

10.2 THE HEATING EQUIPMENT COST

Some of the heat, produ
ed by the bivalent heating system, 
omes from the

oil-boiler and the rest from the heat pump. In this 
ase the oil- boiler has to

provide the total thermal load during very 
old winter periods, i. e. 77.9 kW.

In the input data 
hapter, page 40, it is found that oil-boilers 
ost:

20, 000 + 350× P

where P is the power for the heating system 
on
erned. Outside air heat

pumps 
ost:

40, 000 + 6, 000× P

The oil-boiler as well as the heat pump have a life span of 15 years. The

heat pump must also be renovated to a 
ost of 10 % of the initial 
ost ea
h 7.5

years. It is also assumed here that other 
osts when installing the oil-boiler,

su
h as piping 
osts et 
., 
ost:

150× P

with a life span of 30 years. Su
h 
osts for the heat pump are assumed to

be:

200× P

with a life span of 40 years. See Appendix 2 for the total input �le.

The total 
ost for the oil-boiler 
an be 
al
ulated as:

(20, 000 + 350× 77.9)× (1 + 1.05−15 + 1.05−30 + 1.05−45
−

2

3
× 1.05−50)+

+150× 77.9× (1 + 1.05−30 + 1.05−50) = 97, 498 SEK

The total 
ost for the heat pump with the power P is 
al
ulated in the same

way i. e.:

(40, 000+6, 000×P )× (1+0.1×1.05−7.5+1.05−15+0.1×1.05−22.5+1.05−30+

+ . . . = 75, 440 + 11, 575× P

The 
osts above show the present value for the heating equipment, formula

(12.2) in Appendix 3, page 102.
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10.3 THE ENERGY COST

The energy 
ost is a little more 
ompli
ated to elaborate. The �rst thing to do

is to �nd an expression for the oil-boiler duration time, τ2. From equation (10.1)

it is found that:

τ2 =
−∆T + 22.991

0.0025089
= −398.58×∆T + 9, 164

However,

P1 = ∆T × (TRANS + V ENT ) = 2.291×∆T

and thus

τ2 = −398.58×
P1

2.291
+ 9, 164 = −173.97× P1 + 9, 164

P1 = P + 20.54

and thus:

τ2 = −173.97× P + 5, 590

The situation is depi
ted in Figure 10.3.

Now it is suitable to evaluate the heat pump energy:

Ehp = 5, 220× P −
(5, 220− τ2)× (P − (22.67− 20.54))

2
=

= 2, 610× P + 5, 559 +
P

2
× τ2 − 1.065× τ2

Inserting the expression above for τ2 gives:

Ehp = −86.98× P 2 + 5, 590× P − 394.

The oil-boiler energy is 
al
ulated as:

Eob =
(52.67− P − 20.54)× τ2

2
= −0.5× τ2 × P + 16.07× τ2

and thus:

Eob = 86.98× P 2
− 5, 590× P + 89, 803

Now the energy 
ost must be 
al
ulated. The heat pump has a varying COP

and a

ordingly a mean value during the heating season is used. Equation (5.4),

page 28 in the main part shows the situation. For ∆T = 22.991 the COP equals

2.12 and for ∆T = 0 it will be
ome 3.24. These two values answer to 0 and

9,164 hours in the duration graph. A new COP fun
tion 
an be 
al
ulated i. e.:

COP = 2.11 + 0.000122− τ

Implementing τ = 5,220 hours i. e. the end of the heating season, see

Figure 10.2, evaluates the COP to 2.75. The mean value will be:
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Figure 10.3: Energy evaluation graph

COPmv =
2.11 + 2.75

2
= 2.43

The ele
tri
ity pri
e is assumed to be 0.089 SEK/MJ, 0.32 SEK/kWh, and

the net present value fa
tor for annually re
urring 
osts 
an be evaluated to

18.26, see Expression (12.3) in Appendix 3 page 102. The heat pump energy


ost thus 
an be 
al
ulated as:

EChp = (−86.98× P 2 + 5, 590× P − 394)×
0.32× 18.26

2.43
=

= −209.15× P 2 + 13, 441× P − 947 SEK

The oil-boiler energy 
ost will be:

ECob = (86.98× P 2
− 5, 590× P + 89, 803)×

0.18× 18.26

0.8
=

357.36× P 2
− 22, 966× P + 368, 956 SEK
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10.4 TOTAL COST AND OPTIMIZATION

Adding the 
ost fun
tions, i. e. the oil-boiler 
ost. the heat pump 
ost and the

energy 
ost, result in:

LCC = 148.21× P 2 + 2, 050× P + 540, 947 SEK

The minimum point for this fun
tion will emerge when:

P =
−2, 050

2× 148.21
= −6.92 kW

whi
h of 
ourse is very disappointing as negative heat pumps do not exist.

However this result means that the best thing to do is to reje
t the outside air

heat pump. It is better to heat the building using only an oil-boiler. OPERA

thus sets the heat pump power to 0 kW.

In the 
ase above only spa
e heating has been 
onsidered. Adding also the

hot water produ
tion to the heating load, whi
h has a duration all over the year

will enhan
e the pro�tability for the heat pump. In Referen
e [42℄ it is shown

that it is optimal to let the heat pump produ
e all the hot water due to its

100 % duration.

OPERA 
al
ulates the total LCC for this new system, setting the heat pump

thermal load equal to the hot water produ
tion thermal load. The operator

however, will be informed that this situation has emerged in order to avoid

mistakes.

10.5 CHANGING THE AMOUNTOF FREE EN-

ERGY

In the example presented above the optimization leads to an impossible result,

a negative heat pump. This is be
ause of the low thermal demand and a high

heating equipment 
ost. Above was also mentioned that the free energy from

applian
es et 
. might be overestimated. It 
ould be interesting to show what

will happen if the free energy is de
reased. This has been done below, estimating

that the monthly free gains is 0 kWh. The only free energy in the building


omes from the solar radiation. A new duration graph has to be presented, see

Figure 10.4.

This new situation leads to a more en
ouraging result. The heat pump size

ought to be 9.3 kW if only spa
e heating is 
onsidered and 17 kW if the hot

water thermal load is added. It shall be emphasized here that the COP for the

hot water produ
tion is 
al
ulated for the 100 % duration.

10.6 ADDING INSULATION TO THE ENVE-

LOPE

If extra insulation is implemented on e. g. the atti
 �oor, it may be possible to

get a lower LCC due to a lower energy bill or 
heaper heating equipment. The


ase with a low amount of free energy led to a su

essful optimization and that

example is used for showing how the optimization is elaborated, 
onsidering
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Figure 10.4: Duration graph. Free energy equals solar gains.

also an insulation measure i. e. the atti
 �oor. The basi
 ideas are identi
al to

the ones used in Referen
e [42℄, but here the 
omplexity is larger due to energy

balan
e 
al
ulations and free energy 
onsiderations. As earlier, the pro
edure

starts with the heating equipment 
osts.

Adding more insulation to the atti
 �oor will de
rease the thermal load for

the building and subsequently a smaller oil-boiler 
an be used. In Referen
e [3℄

it is shown that the new U-value 
an be expressed as:

Unew =
knew × Uex

knew + Uex × t

where Unew = the new U-value, knew = the 
ondu
tivity of the new insula-

tion, Uex the existing U-value and t = the thi
kness of the extra insulation.

The new thermal loss for the building now has to be re
al
ulated and this is

done by subtra
ting the loss through the original atti
 �oor and adding the new

loss using the expression above. Mentioned above in the input data 
hapter,

page 38, are the original U-value, i. e. 0.8 W/m

2
× K and the atti
 �oor area

equalling 396 m

2
.

The total TRANS +VENT fa
tor in the building has been 
al
ulated to

2.291 kW/K and the new situation will result in:

2, 291− 0.8× 396 +
0.04× 0.8× 396

0.04 + 0.8× t
=
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= 1, 974 +
12.67

0.04 + 0.8× t

The oil-boiler 
ost will be:

(20, 000 + 350× (1.974× 34 +
0.01267× 34

0.04 + 0.8× t
))× 1.7655+

+150× (1.974× 34 +
0.01267× 34

0.04 + 0.8× t
)× 1.201 =

= 88, 873 +
343.8

0.04 + 0.8× t
SEK

The heat pump 
ost will be the same as before or:

75, 440 + 11, 575× P

In order to evaluate the heat pump energy the duration for the oil-boiler

must be expressed. Above it is shown, page 83, that:

P1 = ∆T × (TRANS + V ENT )

In this 
ase (TRANS + V ENT ) is not a 
onstant but a fun
tion of t, i. e.

the insulation thi
kness. The expression is shown above and thus:

P1 = ∆T × (1.974 +
0.01267

0.04 + 0.8× t
)

and

τ2 = −398.58×
P1

1.974 + 0.01267
0.04+0.8×t

+ 9, 164 hours

In this 
ase where the insulation optimization is emphasized P1 = P , see

page 22, and this expression 
an be simpli�ed to:

τ2 = −
15.94× P − 839.69 + 318.86× P × t− 14, 471× t

0.09163 + 1.5792× t

In the �rst 
ase studied above, page 80, the heating season period 
ould

a
tually be 
al
ulated by the energy balan
e subroutine. Here however, the

heating season is a fun
tion of t. Fortunately the heating season will not 
hange

very mu
h for a single retro�t why an approximation 
an be used. In Refer-

en
e [15℄ it is shown that rather thi
k insulations, i. e. about 0.2 meter, often


an be found optimal, and su
h an insulation will result in a very low thermal

�ow through the atti
 �oor. OPERA thus 
al
ulates the heating season for the

building as if no heat at all was transferred through this asset. In this 
ase the

heating season is 
al
ulated to 6,616 hours. The energy produ
ed by the heat

pump now 
an be approximated as:

Ehp = 6, 616× P −
(6, 616− τ2)× (P − 12.61)

2
=
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3, 308× P + 41, 713 + 0.5× P × τ2 − 6.31× τ2

Implementing the expression for τ2 gives:

Ehp = 3, 308× P + 41, 713−

−

7.97× P 2 + 159.43× P 2
× t− 9, 245× P × t − 520.34 × P + 91, 239 × t+ 5, 294.5

0.09163 + 1.5792 × t

The oil-boiler energy will be
ome:

Eob =
(22.991× (1.974 + 0.01267

0.04+0.8×t
)× 9, 164

2
− 16, 068− Ehp =

= 191, 882+
1, 334

0.04 + 0.8× t
− Ehp

The 
onstant 16,068 shows the amount of free energy during the summer if

no heat at all is transferred through the atti
 �oor. This is an approximation

be
ause the real value is a fun
tion depending on the thi
kness of the extra

insulation.

The same approximations must be made for the COP of the heat pump,

the real COP is approximated with the one 
al
ulated for the building with no

thermal transport through the atti
 �oor. The situation leads to the following

expression:

Costob + Costhp + Energy costob + Energy costhp + Costins = Total 
ost

From the expressions above it is a
hieved:

Total 
ost = 878, 958+ 5, 731× P +
5, 824.5

0.04 + 0.8× t
+

+
14.08× P 2 + 281.7× P 2

× t− 16, 335× P × t− 919.4 × P + 161, 210 × t+ 9, 354.8

0.09163 + 1.5792 × t
+

+49, 500 + 118, 800× t

Now this 
ost fun
tion must be derivated in order to �nd the minimum point.

f ′

P (t, P ) = 5, 73 + +
563.4× P × t+ 28.16× P − 919.5− 16, 336× t

0.09163 + 1.5792× t

f ′

t(t, P ) = −
4, 659.6

0.04 + 0.8× t
+

3.57× P 2
− 43.7× P − 3

(0.09163 + 1.5792× t)2
+ 118, 800

These two derivatives shall equal 0 simultaneously for the minimum point.

However, it is not very easy to a
tually 
al
ulate this point. OPERA has thus

been provided with an iterative pro
ess that tests the result for a number of
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Figure 10.5: LCC �eld for insulation and heating system optimization

alternatives for t and P . This pro
ess results in a heat pump power equalling

13.26 kW and an extra insulation of 0.197 meter. The LCC �eld is shown in

Figure 10.5.

See also Figure 5.5, at page 28, for a graphi
 presentation. Note however,

that Figure 5.5 is elaborated from a slightly di�erent mathemati
al expression.

It must be observed that it is not 
orre
t to implement the values for P and

t above and 
al
ulate the total LCC. This is due to the free energy 
onsideration

see page 87. Thus the insulation thi
kness value is implemented in the ( TRANS

+ VENT ) equation and the optimization starts on
e again now for the building

in
luding its insulated atti
 �oor. The pro
ess is shown in the beginning of this

appendix and is not repeated here. However it results in a heat pump power

equalling 7.63 kw if the hot water load is ex
luded.

10.7 EXHAUST AIR HEAT PUMPS

An exhaust air heat pump 
an be used to take 
are of the heat in the ventilation

air. In this 
ase when there already is a heat pump in the heating system it is

most important to 
onsider the duration graph when 
al
ulating the new LCC,

see Figure 10.6.

In OPERA the spa
e heating is default and the exhaust air heat pump

delivers heat for the hot water produ
tion only when there is a heat surplus

from the spa
e heating. However, the hot water is produ
ed with the ordinary

heating system and thus the pro�tability of an exhaust air heat pump will

mostly vanish. OPERA tests if the devi
e is pro�table or not using the pro
ess

des
ribed in the beginning of this appendix and thus only the duration graph
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Figure 10.6: Exhaust air heat pump and heating system duration graph

will be presented here.



Chapter 11

APPENDIX 2

Sensitivity analyzis, in�uen
e on the optimal solution due to 
hanges in the

input data. As mentioned in the main part of the thesis, it is possible to use the

OPERA model in order to elaborate a sensitivity analysis, i. e. how does the

optimal solution 
hange if small 
hanges would appear in the input parameters.

In the main part, the subje
t has been dealt with from a more prin
ipal point

of View, and with 
onsiderable 
hangings in the data. Here, a more thorough

study will be elaborated and all input parameters will be s
rutinized one by

one.

It must be remembered that it is the optimal solution found for the basi



ase alternative that is examined due to small 
hangings in the basi
 
ase input

data. One of the parameters is in
reased or de
reased with 5 % and the optimal

LCC 
hange is 
al
ulated. Note that there is no ultimate value to 
hoose and

thus 5 % is not better or worse than any other value. The result is presented

in a table and, when 
onsiderable 
hangings in the strategy emerge they will of


ourse be examined in greater detail.

The OPERA input data �les 
onsist of some two hundred values, most of

these dis
ussed in the main part of the thesis. Some of the values des
ribe the

geometry of the building, e. g. the number of windows. Those will not be

dealt with in this appendix, as part of the sensitivity analysis. Other values

might be 
oupled to ea
h other, e. g. the areas of the atti
 and the �oor, whi
h

means that not only one of the parameters 
an be 
hanged, while the other is


onstant. Su
h values are marked NPC below, i. e. Not Possible to Change.

In the following Table 11.1 the total input �les are des
ribed, the base 
ase

alternative is presented and a 5 % in
rease or de
rease of appli
able parameters

is implemented. The per
entage 
hange in the new optimal LCC is 
al
ulated

and shown. Note remarks in the end of the appendix!

91
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Input data Value Quantity LCC 
hange in % for Remarks

- 5 % + 5 %

Atti
 �oor area 396 m

2
� � NPC

Floor area 396 m

2
� � NPC

External outside wall area

windows ex
luded, 720 m

2
� � NPC

External inside wall area

windows ex
luded 720 m

2
� � NPC

Total apartment area 1000 m

2
� � NPC

Area of one north window 2.23 m

2
� � NPC

Number of north windows 30 � � NPC

Area of one east window 1.69 m

2
� � NPC

Number of east windows 3 � � NPC

Area of one south window 1.69 m

2
� � NPC

Number of south windows 30 � � NPC

Area of one west window 1.69 m

2
� � NPC

Number of west windows 3 � � NPC

Existing thermal

atti
 insulation 0.8 W/m

2
× K -0.021 0.019

Existing thermal

�oor insulation 0.6 W/m

2
× K -0.211 0.211

Existing thermal

external wall insulation 1.0 W/m

2
×K -0.046 0.051

U-value double-glazed

window 3.0 W/m

2
×K -0.016 0.457 1

Remaining life atti
 �oor 0 years � 0 2

Remaining life �oor 0 years � -2.333 2

Remaining life external

wall at the outside 0 years � -1.939 2

Remaining life external

wall at the inside 0 years � -1.697 2

Remaining life windows 0 years � -4.543 2

Type of ventilation Natural � � NPC

Number of air renewals 0.8 l/hour -0.517 0.597

Type of heating system Oil-boiler � � NPC

Existing power in

the heating equipment 170 kW -0.067 0.067

Existing heating

equipment e�
ien
y 0.7 � 0 0

Remaining life of

existing boiler 5 years -0.089 0.089

Hot water energy demand 70,000 kWh/year -0.666 0.666

New thermal 
ondu
tivity

atti
 �oor insulation 0.04 W/m × K -0.057 0.055

New thermal 
ondu
tivity

�oor 0.04 W/m × K 0 0

New thermal 
ondu
tivity

external wall outside 0.04 W/m × K -0.137 0.133

New thermal 
ondu
tivity

external wall inside 0.04 W/m × K 0 0

U-value new triple-glazed

window 1.8 W/m

2
× K 0 0

U-value new triple-glazed

window with low-emissivity 1.5 W/m

2
× K 0 0

U-Value new triple-glazed

window with low-emissivity

gas-�lled 1.4 W/m

2
× K 0 0

New duration of atti
 �oor 20 years 0 0

New duration of �oor 20 years 0.299 -0.276

New duration of external

wall, outside 20 years 0.706 -0.653

New duration of external

wall, inside 20 years 0.217 -0.201

New duration of windows 20 years 0.581 -0.538
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Input data Value Quantity LCC 
hange in % for Remarks

- 5 % + 5 %

Optimization time 50 years -1.037 0.873

Dis
ount rate 5 % 1.981 -1.865

Annually es
alating

energy pri
es 0 % 3.488 3

Atti
 �oor, building 
osts,

part 1 0 SEK/m

2
� 0.785 4

part 2 125 SEK/m

2
-0.166 0.166

part 3 300 SEK/m

2
× m -0.057 0.055

Floor building 
osts,

part 1 250 SEK/m

2
-0.491 0.491

part 2 195 SEK/m

2
� �

part 3 250 SEK/m

2
×m � �

External wall building 
ost,

outside,

part 1 325 SEK/m

2
-1.160 1.160

part 2 85 SEK/m

2
-0.206 0.206

part 3 555 SEK/m

2
× m -0.137 0.133

External wall building 
ost,

inside,

part 1, 100 SEK/m

2
-0.357 0.357

part 2, 175 SEK/m

2
0 0

part 3, 555 SEK/m

2
× m 0 0

Apartment height 2.4 m -0.342 0.356

Annual rent 400 SEK/m

2
× year 0 0

Building 
ost, windows,

double-glazed,

part 1 2,050 SEK -0.671 0.671

part 2 450 SEK/m

2
-0.285 0.285

triple-glazed, part 1 2,700 SEK 0 0

part 2 700 SEK/m

2
0 0

triple-glazed, low-emissivity,

part 1 2,700 SEK 0 0

part 2 1,000 SEK/m

2
0 0

triple-glazed, low-emissivity,

gas-�lled, part 1 2,700 SEK 0 0

part 2 1,100 SEK/m

2
0 0

Oil-boiler 
ost, part 1 20,000 SEK -0.022 0.022

part 2 350 SEK/kW -0.067 0.067

e�
ien
y 0.8 0 0

New duration 15 years 0.094 -0.085

Piping 
ost 150 SEK/kW 0 0

Duration 30 years 0 0

Ele
tri
ity boiler 
ost,

part 1 20,000 SEK 0 0

part 2 100 SEK/kW 0 0

e�
ien
y 1.0 0 � 5

New duration 20 years 0 0

Piping 
ost 0 SEK/kW � 0

Duration 40 years 0 0 6

Distri
t heating boiler 
ost,

part 1 58,000 SEK -0.234 0.234

part 2 50 SEK/kW -0.009 0.009

E�
ien
y 1.0 +1.001 � 7

New duration 30 years 0.102 -0.094

Piping 
ost 0 SEK/kW � 0.031 8

Duration 45 years 0 0

Heat pump, ground water


oupled, part 1 30,000 SEK 0 0

part 2 3,300 SEK/kW 0 0

COP 3.0 0 0

New duration 10 years 0 0

Piping 
ost 200 SEK/kW 0 0

Duration 25 years 0 0
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Input data Value Quantity LCC 
hange in % for Remarks

- 5 % + 5 %

Heat pump, earth 
oupled,

part 1 30,000 SEK 0 0

part 2 4,300 SEK/kW 0 0

COP 3.0 0 0

New duration 10 years 0 0

Piping 
ost 0 SEK � 0

Duration 20 years 0 0

Outside air heat pump 
ost,

part 1 40,000 SEK 0 0

part 2 6,000 SEK/kW 0 0

COP part 1 66.43 0 0 9

COP part 2 20.54 0 0 9

New duration 15 years 0 0

Piping 
ost 200 SEK/kW 0 0

Duration 40 years 0 0

Reinvestment 10 % 0 0 10

Period 7.5 years 0 0 10

Monthly mean temperatures:

January -0.5

◦
C 0.351 -0.351 11

February -0.7

◦
C 0.320 -0.320 11

Mar
h +1.4

◦
C 0.225 -0.080 11

April +6.0

◦
C 0.006 -0.006 11

May +11.0

◦
C 0 0 11

June +15.0

◦
C 0 0 11

July +17.2

◦
C 0 0 11

August +16.2

◦
C 0 0 11

September +13.5

◦
C 0 0 11

O
tober +8.9

◦
C 0.006 0.003 11, 12

November +4.9

◦
C 0.169 -0.005 11

De
ember +2.0

◦
C 0.225 -0.225 11

Number of items for weather-

stripping 90 0.159 -0.159 13

Cost for ea
h 200 SEK -0.143 0.143

De
rease in ventilation �ow

if weather-stripping 0.3 renewals/hour 0.211 -0.211

Duration weather-stripping 10 years 0.121 -0.100

Number of apartments 18 � � NPC

Inlet temperature to exhaust

air heat pump 20

◦
C 0 0 14

Inside room temperature 20

◦
C -1.034 1.315 15

Dimensioning outside

temperature -14

◦
C 0.031 -0.031 16

Piping 
ost, exhaust air

heat pump 4,500 SEK/apart. 0 0

Duration 30 years 0 0

Exhaust air heat pump 
ost,

part 1 10,000 SEK 0 0

part 2 4,500 SEK/kW 0 0

Duration 15 years 0 0

COP 3.0 0 0

Outlet exhaust air

temperature 5.0

◦
C 0 0 17

Free energy:

January 11,800 kWh/month 0.214 -0.214 18

February 11,800 kWh/month 0.214 -0.214 18

Mar
h 11,800 kWh/month 0.138 -0.072 18

April 11,800 kWh/month 0 18

May 11,800 kWh/month 0 0 18

June 11,800 kWh/month 0 0 18

July 11,800 kWh/month 0 0 18

August 11,800 kWh/month 0 0 18

September 11,800 kWh/month 0 0 18

O
tober 11,800 kWh/month 0 0.010 18, 19

November 11,800 kWh/month 0.091 0 18, 19

De
ember 11,800 kWh/month 0.119 -0.138 18
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Input data Value Quantity LCC 
hange in % for Remarks

- 5 % + 5 %

Solar gains north dire
tion:

January 4.3 kWh/m

2
0.005 -0.005

February 8.94 kWh/m

2
0.011 -0.011

Mar
h 18.57 kWh/m

2
0.015 -0.014

April 28.82 kWh/m

2
0 0

May 44.5 kWh/m

2
0 0

June 53.48 kWh/m

2
0 0

July 50.54 kWh/m

2
0 0

August 36.63 kWh/m

2
0 0

September 23.12 kWh/m

2
0 0

O
tober 13.54 kWh/m

2
0 0

November 5.82 kWh/m

2
0 0

De
ember 3.08 kWh/m

2
0.002 -0.002

Solar gains, east dire
tion:

January 8.27 kWh/m

2
0.001 -0.001

February 17.97 kWh/m

2
0.002 -0.002

Mar
h 41.86 kWh/m

2
0.002 -0.002

April 61.97 kWh/m

2
0 0

May 87.58 kWh/m

2
0 0

June 90.91 kWh/m

2
0 0

July 89.07 kWh/m

2
0 0

August 75.07 kWh/m

2
0 0

September 53.11 kWh/m

2
0 0

O
tober 28.30 kWh/m

2
0 0

November 10.75 kWh/m

2
0 0

De
ember 5.36 kWh/m

2
0 +0.0003 20

Solar gains, south dire
tion:

January 29.66 kWh/m

2
0.027 -0.027

February 43.69 kWh/m

2
0.040 -0.040

Mar
h 73.68 kWh/m

2
0.044 -0.044

April 75.29 kWh/m

2
0 0

May 82.59 kWh/m

2
0 0

June 76.28 kWh/m

2
0 0

July 78.50 kWh/m

2
0 0

August 79.81 kWh/m

2
0 0

September 79.37 kWh/m

2
0 0

O
tober 61.57 kWh/m

2
0 0

November 32.70 kWh/m

2
0 0

De
ember 21.22 kWh/m

2
0.013 -0.013

Solar gains, west dire
tion:

January 8.27 kWh/m

2
0.001 -0.001

February 17.97 kWh/m

2
0.002 -0.002

Mar
h 41.86 kWh/m

2
0.002 -0.002

April 61.97 kWh/m

2
0 0

May 87.58 kWh/m

2
0 0

June 90.91 kWh/m

2
0 0

August 75.07 kWh/m

2
0 0

September 53.11 kWh/m

2
0 0

O
tober 28.30 kWh/m

2
0 0

November 10.75 kWh/m

2
0 0

De
ember 5.36 kWh/m

2
0.0003 -0.0003

Shading 
oe�
ient,

Triple-glazed 0.1 0 0

Triple-glazed, low-emissivity 0.2 0 0

Triple-glazed, low-emissivity

gas-�lled 0.3 0 0

Oil pri
e 0.18 SEK/kWh -0.194 0 21

Ele
ri
ity pri
e 0.32 SEK/kWh 0 0

Distri
t heating pri
e 0.20 SEK/kWh 0 0

Conne
tion fee,

distri
t heating 300 SEK/kW -0.045 0.045

Fixed fee no 1 700 SEK -0.043 0.043 22

Fixed fee no 2 2,400 SEK 0 0 23
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Input data Value Quantity LCC 
hange in % for Remarks

- 5 % + 5 %

Power related fee 600 SEK/kW -0.139 0.139 24

Redu
tion fa
tor 0.25 -0.139 0.139

Energy pri
e di�erential

distri
t heating:

January 0.19 SEK/kWh -0.141 0.141

February 0.19 SEK/kWh -O.109 0.109

Mar
h 0.19 SEK/kWh -0.078 0.078

April 0.10 SEK/kWh -0.036 0.036

May 0.10 SEK/kWh -0.036 0.036

June 0.10 SEK/kWh -0.036 0.036

July 0.10 SEK/kWh -0.036 0.036

August 0.10 SEK/kWh -0.036 0.036

September 0.10 SEK/kWh -0.036 0.036

O
tober 0.10 SEK/kWh -0.036 0.036

November 0.19 SEK/kWh -0.073 0.073

De
ember 0.19 SEK/kWh -0.119 0.119

Ele
tri
ity rate, demand 
harges,

Fuse less than,

35 A 1,640 SEK/year 0 0

50 A 2,060 SEK/year 0 0

63 A 2,380 SEK/year 0 0

80 A 2,900 SEK/year 0 0

100 A 3,520 SEK/year 0 0

125 A 4,300 SEK/year 0 0

160 A 5,420 SEK/year 0 0

200 A 6,760 SEK/year 0 0

250 A 8,400 SEK/year 0 0

Energy pri
e, di�erential

ele
tri
ity heating:

January 0.33 SEK/kWh 0 0

February 0.32 SEK/kWh 0 0

Mar
h 0.32 SEK/kWh 0 0

April 0.23 SEK/kWh 0 0

May 0.23 SEK/kWh 0 0

June 0.23 SEK/kWh 0 0

July 0.23 SEK/kWh 0 0

August 0.23 SEK/kWh 0 0

September 0.23 SEK/kWh 0 0

O
tober 0.23 SEK/kWh 0 0

November 0.32 SEK/kWh 0 0

De
ember 0.33 SEK/kWh 0 0

Demand tari�, ele
tri
ity:

Conne
tion fee 4,500 SEK 0 0

Demand tari�, ele
tri
ity:

Subs
ription fee 65 SEK/kW 0 0

Demand 
harge 135 SEK/kW 0 0

Energy pri
e:

January 0.31 SEK/kWh 0 0

February 0.31 SEK/kWh 0 0

Mar
h 0.31 SEK/kWh 0 0

April 0.23 SEK/kWh 0 0

June 0.19 SEK/kWh 0 0

July 0.19 SEK/kWh 0 0

August 0.19 SEK/kWh 0 0

September 0.23 SEK/kWh 0 0
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Input data Value Quantity LCC 
hange in % for Remarks

- 5 % + 5 %

O
tober 0.23 SEK/kWh 0 0

November 0.31 SEK/kWh 0 0

De
ember 0.31 SEK/kWh 0 0

Table 11.1: OPERA input data values and sensitivity analysis

11.1 Remarks

1. When an in
rease of 5 % is implemented. triple-glazed windows in the east

and west dire
tions are 
onsidered as 
andidates of the optimal solution.

In this 
ase the LCC in
reased with 0.5 % for a 5 % in
rease in the U-

value but de
reased only by 0.02 % for a de
rease in the U-value. A


loser study may thus result in reje
ting these window retro�ts. See the

dis
ussion about the 
ombination of di�erent retro�ts in page 21.

2. The original values of the remaining life of the assets are set to 0 years.

Thus it is not possible to 
al
ulate a 5 % 
hange in these parameters. An

in
rease is instead implemented by 5 years.

3. The original value is 0 % in
rease in es
alating energy pri
es. It is not

possible to 
al
ulate a 5 % in
rease in this parameter and thus a 1 %

es
alation is evaluated.

4. The 
ost is 0 SEK/m

2
in the original input �le. A 5 % 
hange thus 
annot

be 
al
ulated. An in
rease from 0 to 20 SEK/m

2
is thus evaluated.

5. The ele
tri
ity boiler e�
ien
y 
annot be higher than 1.0. A 5 % in
rease

is thus not 
onsidered.

6. The duration of the piping measures is of no interest here be
ause of the

0 
ost for this measure.

7. The e�
ien
y of the distri
t heating equipment is set to 1.0. No higher

value 
an be implemented.

8. The original value is 0 SEK/kW. This 
annot be 
hanged with 5 %. Instead

10 SEK/kw is evaluated.

9. This value is dis
ussed in 
onne
tion with formula 5.7 in the main part of

the thesis.

10. In Chapter 10 this value is dis
ussed in further detail.

11. The temperature values are not 
hanged by 5 %. Instead an in
rease or

de
rease with 1

◦
C is made.

12. For an in
rease here of 1

◦
C the LCC is in
reased by 0.003 %, whi
h is not

logi
al. This value however is very small and may be the result of some

trun
ation error.

13. This is an integer value and thus the 
hange here is 5 items. No de
imal

values are a

epted.



98 CHAPTER 11. APPENDIX 2

14. The temperature is in
reased or de
reased with 1

◦
C, instead of 5 %.

15. The temperature is not 
hanged with 5 %. Instead a 1

◦
C di�eren
e is

implemented.

16. A 1

◦
C 
hange is implemented instead of 5 %.

17. The outlet temperature is 
hanged by 1

◦
C instead of 5 %.

18. The free energy here is 
onsidered as energy from applian
ies. Solar gains

are treated below.

19. When the free energy is in
reased by 5 % the LCC in
reases with 0.01 %.

This is not logi
al and may be the result of some trun
ation error. The

in�uen
e however, is very small and no 
loser investigation has been made.

20. For an in
rease of the free energy of 5 % the LCC raised by 0.003 % whi
h

is not logi
al. This may be the result of some trun
ation error.

21. In this 
ase the best strategy is to keep the oil-boiler. The rest of the

strategy is however almost the same.

22. The original value 700 is paid every year. See the appli
able 
hapter in

the main part of the thesis dealing with the di�erential distri
t heating

rate.

23. The value 2,400 shows the �xed fee for buildings with a higher thermal

load than 800 kW. This is not the 
ase here and thus the in�uen
e is 0.

24. This value shall by multiplied by the thermal load resulting from the

energy demand during January and February, and divided by the number

of hours in this period.

11.2 Some further notes

From the above Table 11.1 the 
hange in the optimal, or almost optimal. LCC

is presented for a 5 % 
hange in the input value 
on
erned. Sometimes it

was not possible to 
hange the value with 5 % and in those 
ases other input


hangings were 
al
ulated.The Table above shows the total input data �les to

the OPERA model ex
ept for outside temperature values for other sites than

Malmo. Sweden.

It is possible to devide the resulting LCC 
hangings in three parts:

• An in
rease in the input value results in an in
rease in the resulting LCC.

• A de
rease in the input value results in an in
reased resulting LCC.

• A 
hange in the input value does not in�uen
e the resulting LCC at all.

One example from the �rst group is the 
hange in existing thermal insulation

status. A 
hange from 0.8 to 0.84 W/m

2
× K for the atti
 �oor results in a LCC

in
rease from 1,487,950 SEK to 1,488,233 SEK or with 283 SEK. A 
hange

to 0.76 W/m

2
× K will de
rease the LCC with 313 SEK. Note that the LCC

fun
tion is not linear. In this 
ase a 
hange in the input value with 5 % results
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in a 
hange, however very small, in the resulting LCC with about 0.02 %. This

is so be
ause the atti
 �oor insulation retro�t was found pro�table. A high

U-value results in a thi
ker insulation whi
h means that the resulting LCC is


hanged mu
h more slowly than if no insulation at all is implemented. See Table

6.15, at page 53, in the main part of the thesis.

An example where this is not the 
ase 
an be found in the next value in

the table, 
on
erning �oor insulation. This has a U-value of 0.6 W/m

2
× K and

a 5 % 
hange will result in a 
hange of the magnitude 0.2 % or ten times the


hange dis
ussed above. The insulation measure here was found unpro�table

and thus the in
rease in U-value must result in a higher energy demand. For

some U-value however, the insulation retro�t will be pro�table and thus the

LCC slope will have a severe 
hange in that point. It is essential to note that

the 
hange of 0.2 % is no more important to the result than the ten times smaller

value. In the �oor insulation 
ase the optimal strategy is identi
al for better

U-values, nothing ought to be done to the �oor. The LCC however, will 
hange

but nothing pro�table 
an be done to in�uen
e the LCC. When the breaking

point is rea
hed, however. the slope is ten times less blunt, but every small


hange in the original U-value will in�uen
e the optimal strategy, i. e. the

insulation will be thi
ker or thinner.

The same situation 
an be found 
onsidering the optimization time or the

so 
alled proje
t life. A 5 % 
hange here results in a LCC 
hange of about 1 %.

This does not imply that there are severe 
hangings in the optimal strategy.

The 
ompeting strategy is 
hanged in the same way and the new situation is

almost the same from a relative point of view. Figure 6.2, page 52, shows the

situation.

The input values dis
ussed above will in�uen
e the total LCC for all possible


hangings. This is not the situation 
onsidering e. g. the distri
t heating

equipment 
ost. The 
ost is devided in two parts, one initial 
ost, 50,000 SEK.

and one 
ost that depends of the thermal size, 50 SEK/kW. A 5 % 
hange in the

se
ond part will result in a 0.009 % 
hange in the resulting LCC. If the value

is in
reased enough the distri
t heating equipment will suddenly be defeated

by another heating system, probably the existing oil-boiler, whi
h ought to be


ombined with other envelope retro�ts as well. In
reasing the distri
t heating

equipment 
ost still more, will not 
hange the new LCC at all. The equipment

is not part of the optimal solution.

Using the OPERA model enables one to �nd the optimal retro�t solution for

the studied building. If the model was perfe
t there would be smooth transitions

from one solution to another. No blunt steps would appear in the LCC fun
tion.

However, as 
an be found 
onsidering the U-value for double-glazed windows.

su
h steps 
an appear if the strategy is 
hanged. A de
rease of 5 % in the input

value results in a LCC 
hange of 0.016 % while an in
rease of 5 % results in a


hange by 0.457 %. The reason for this is due to the way OPERA operates. The


andidates for the envelope retro�ts are sele
ted if the new LCC is lower than

the LCC for the existing building. The amounts of savings 
an sometimes be

overestimated. In this spe
i�
 
ase, where the strategy was 
ompleted with two

window retro�ts with a very low pro�tability, the optimal solution is probably

to reje
t those retro�ts. With some extra e�orts this point 
an be revealed if

the 
al
ulations are s
rutinized.

There are also input values that, if they are in
reased, will de
rease the

resulting LCC. One example of this is the dis
ount rate. A 5 % in
rease will
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result in about 1.8 % de
rease in the new LCC. The 
hange is severe but, as

dis
ussed above in 
onne
tion with the proje
t life, it will not ne
essarily 
hange

the optimal strategy very mu
h. The 
ompeting strategies will 
hange to the

same degree. See Figure 6.1, page 49, and Figure 6.7, page 60, in the main part

of the thesis.

The last 
ategory of values is the one whi
h does not 
hange the resulting

LCC at all. One example is the ele
tri
ity demand fee, i e 135 SEK/kW. This

parameter 
an be 
hanged in�nitely. and still it will not a�e
t the resulting LCC.

There must be other 
hangings in the input data for something to happen.

Another example is the 
ost for triple-glazed windows. If this 
ost is de-


reased enough the retro�t will suddenly be part of the optimal solution and

further 
hanges will of 
ourse result in another LCC.

In the Table 11.1 above a 5 % 
hange is introdu
ed into appli
able input

data. The resulting 
hange in the new LCC is 
al
ulated, and the maximum


hange is found to be about 2 %, i. e. a 
hange in the dis
ount rate. However

almost all values have a ten times smaller in�uen
e, or even smaller, on the

resulting LCC. There are also many parameters that will not 
hange the result

at all.

From the above dis
ussion it is obvious that it is not possible to 
lassify

or rank the parameters in rate of importan
e, in a general way. Ea
h unique

building will have a set of parameters that must be studied in detail. If an-

other building is studied the set might be 
ompletely di�erent. The experien
ed

OPERA operator, will be able to �nd these important parameters and thus it

will be possible to �nd the best solution with a high degree of a

ura
y.



Chapter 12

APPENDIX 3

The OPERA model has several subroutines following the main program. In

this appendix �ve of those will be presented. The �ve subroutines are used for


al
ulating:

• The number of degree hours

• The inevitable retro�t 
ost

• The present values

• The proper energy pri
es

• The energy balan
e for the building

12.1 THE NUMBER OF DEGREE HOURS

In Sweden it is 
ommon to use the degree hour 
on
ept in order to 
al
ulate the

annual energy demand for a building. The degree hours are used in OPERA e.

g. for the energy balan
e 
al
ulations and thus it is 
onvenient to use monthly

mean outside temperature values. The equation used for the 
al
ulations is:

DH =

12∑

n=1

(Ti − Ts,n)× τn (12.1)

where DH = the number of degree hours, n = the number of the month,

Ti = the desired inside temperature, Ts,n = the mean outside temperature at

month n and τn = the number of hours in month n. The pro
ess is des
ribed

in detail in Referen
e [3℄ page 43.

The numbers of degree hours for ea
h month are also stored in an array for

later 
al
ulations on e. g. di�erential rates or tari�s.

In the subroutine the desired inside temperature is read as an input param-

eter. Traditionally this temperature has been used to simulate the 
ontribution

of free energy, e. g. solar gains in the building. This 
an be done by setting

this value lower than the desired inside temperature.

In Sweden, 20

◦
C are normally 
onsidered as an adequate inside temperature,

but 17

◦
C are used for the energy 
al
ulations. Due to this it is assumed that the

101
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free heat takes 
are of the remaining three degrees. A more detailed dis
ussion

about the degree hour 
on
ept 
an be found in Referen
e [75℄.

In Referen
e [3℄ 20

◦
C was used for the inside temperature and subsequentely

the in�uen
e from the free energy was negle
ted. However the 
al
ulations were

elaborated for a number of di�erent 
limates and thus for a number of di�erent

amounts of degree hours.

Dis
ussions with many interested readers of Referen
e [3℄, proposed the use of

energy balan
e 
al
ulations instead of using the traditional degree hour 
on
ept.

The method used in OPERA is presented in Referen
e [36℄, where the energy

losses and heat produ
tion in the building are 
al
ulated with an extensive use

of energy balan
es. This also means that it is possible to take solar gains and

free energy from applian
es into proper 
onsideration.

12.2 THE PRESENT VALUE CALCULATIONS

When 
al
ulating the LCC it is important to 
ompare the building 
osts, the

energy 
ost et 
. on one spe
ial o

asion, the base year. It does not matter

whi
h year this is, but it is essential that the same year is 
onsidered for all the


osts when adding them together. A method that transfer 
osts, o

urring at

di�erent o

asions, to one base year, is 
alled the net present value method. The

method is des
ribed in detail in Referen
e [3℄ and is well known from e
onomi


literature and will thus not be presented here on
e again. Only the formulas

used in OPERA are shown. For a future non-re
urring 
ost the Present Value


an be 
al
ulated as:

PV = B × (1 + r)−a
(12.2)

and for annual re
urring 
osts as:

PV = C ×
1− (1 + r)−b

r
(12.3)

where B = The 
ost for one measure, r = The dis
ount rate, a = The number

of years from the base year to event B, C = The annual re
urring 
ost and b =

The number of years in the 
al
ulation period.

If the 
onsidered measure has a longer life than the total proje
t. the re-

maining, so 
alled salvage value, has to be subtra
ted from the net present value.

This value is also 
al
ulated by use of expression (12.2). This equation is the

only one used in the subroutine while the annual re
urring 
osts are 
al
ulated

in the main program. This is be
ause there is no need to 
al
ulate this more

than twi
e for one program 
y
le. The dis
ount rate and the proje
t life are


onstants during this 
al
ulation.

The input parameters in this subroutine are the 
ost for measure B and the

dis
ount rate r, in equation (12.2). but also the total optimization period, b,

the number of years before event B happens, a. and how long it takes until it

happens again.

The output parameter is the present value for the measure under 
onsider-

ation. In Appendix 1, page 82 an example is shown using equation (12.2).
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12.3 THE INEVITABLE RETROFIT COST

When 
al
ulating the total LCC for the existing building it is ne
essary to �nd

out how mu
h the inevitable retro�ts 
ost is. One example of su
h a measure

is 
hanging windows be
ause of rot in the frames. The retro�t measure in

this 
ase, is implemented from other than energy 
onservation reasons and is

thus 
onsidered as inevitable. Nevertheless, they have to be taken into proper

a

ount, be
ause if an energy retro�t is implemented at the base year, the

following inevitable retro�t periods will 
hange, and the 
ost in
reases. The

savings from the energy 
onservation thus have to be higher than the in
reased

retro�t 
ost if the retro�t will be pro�table. The subje
t is dis
ussed in detail

in Referen
e [3℄ page 53.

The subroutine serves the main program with the 
al
ulations 
on
erning

the building envelope, i. e. the atti
 �oor, the external walls, the �oor and the

windows. The pro
edure is depi
ted in Figure 12.1.

In the subroutine the input parameters are:

• The area of the building part

• The initial 
ost, i. e. the inevitable 
ost, see C1 in Equation (5.5), page

34, in the main part of the thesis

• The life-
y
le for the new building part the remaining life-
y
le for the

existing building part.

Ea
h building part has an assigned parameter whi
h runs from 1 to 8.

Part number:

1. The atti
 �oor

2. The �oor or �basement equivalent�

3. The external wall. outside insulation

4. The external wall, inside insulation

5. Windows to the north

6. Windows to the east

7. Windows to the south

8. Windows to the west

The subroutine starts with 
al
ulations for the atti
 �oor, and 
al
ulates the

inevitable retro�t 
ost for one o

asion i. e. �B� in Expression (12.2 ). After this

is done the present value is 
al
ulated by 
alling the appli
able subroutine. The

pro
ess is repeated until all the building parts are treated. The total present

value of the inevitable retro�t 
ost has then been found.
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Figure 12.1: Inevitable retro�t 
ost subroutine, �ow 
hart

12.4 THE ENERGY PRICE SUBROUTINE

The existing heating system in the building in�uen
e the LCC very mu
h. One

variable in the input parameters tells the subroutine whi
h energy sour
e that

shall be used, i. e.:

• 1,2 = Oil

• 3,5,6 = Ele
tri
ity

• 4 = Distri
t heating

• 7 = Di�erential distri
t heating. time-of-use. rate

• 8 = Di�erential ele
tri
ity, time-of-use, rate



12.5. THE ENERGY BALANCE SUBROUTINE 105

• 9 = Bivalent oil-boiler, ground 
oupled heat pump system

• 10 = Bivalent oil-boiler, outside air heat pump system

In the main part of the thesis the heating systems are dealt with in detail and

here it is only explained that the subroutine provides a proper energy pri
e and

a 
onne
tion fee, if appli
able.

The energy pri
es must be given to the model in SEK/kWh, e�
ien
y ex-


luded:

• The pri
e for oil

• The pri
e for ele
tri
ity

• The pri
e for distri
t heating

• The pri
e for distri
t heating, di�erential rate

• The pri
e for ele
tri
ity, di�erential rate

The �rst three values are used dire
tly as they appear in the input data

�le when the heating systems 1 - 6 are 
onsidered. For the systems 7 and 8

some 
al
ulations must be elaborated in the subroutine, see page 63 - 66. The

bivalent systems 9 and 10 only use the subroutine to get the oil and ele
tri
ity

pri
e. In Appendix 1 page 79, and in Referen
e [42℄ these systems are treated

in detail.

12.5 THE ENERGY BALANCE SUBROUTINE

As mentioned above it is ne
essary to 
al
ulate the energy balan
e for the build-

ing in order to �nd the relevant heating 
ost. The subroutine uses the values of

free energy from applian
es and solar gains through windows as input param-

eters and they are not 
al
ulated in the program. Other input parameters are

the monthly amount of degree hours from Formula (12.1) and the sum of the

transmission and ventilation fa
tor 
al
ulated as:

TRANS =

m∑

n=1

(Un ×An) (12.4)

V ENT = H ×BA×RN × ρ× cp (12.5)

where n is the building part indi
es, m the number of building parts, U

is the thermal transmittan
e and A is the area for the building parts. In the

Formula (12.5) H is the distan
e between the �oor and 
eiling in an apartment,

BA is the net dwelling area, RN the number of air renewals in the apartments,

ρ the density of air and cp the heat 
apa
ity. A more detailed dis
ussion about

Formulas (12.4) and (12.5) 
an be found in Referen
e [3℄. The subroutine is

depi
ted in Figure 12.2.

The 
al
ulations start with reading the total amount of free energy from

solar gains and applian
es. The values are given in monthly mean values for

one year. Cal
ulations in the main program provide the subroutine with the

total energy losses in the building using the expressions (12.1, 12.4 and 12.5)
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above. The total losses are then subtra
ted from the total gains and the result

is tested if negative or not. If it is negative. the gains are bigger than the

losses and the heating equipment 
an be turned o� during the whole month for

spa
e heating purposes. As is shown in [36℄ this is important to 
onsider, when

de
iding the proper optimization values for both the heating system and the

envelope retro�ts. The heating system shall of 
ourse only be optimized for the

heat a
tually produ
ed in the fa
ility and the free energy during the year has

to be ex
luded from the total energy losses in the building.

The envelope retro�ts, however. shall not be optimized for the same amount

of energy. During most of the year the free energy is valuable. If there is no free

energy the heating system must produ
e the heat. Only during the months when

the heating system is not working with spa
e heating, the free energy is of no

value. It will only raise the temperature inside the building to an un
omfortable

level. In those 
ases the free gains of 
ourse are useless. Be
ause of this it is

ne
essary to 
al
ulate the energy balan
e for the existing building, and every

time a new retro�t is implemented in the model. See Table 6.6 at page 46 for

an example.
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Figure 12.2: Energy balan
e subroutine, �ow 
hart
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