
163 # (1S Sl~ 

MlNlMlZl\TlON OF TllB LIFE-CYCLE COST WHEN mrrnOFIITlNG 
DUILDINGS. 

GUSTAFSSON S-I,Kl\RLSSON B.G. 

Institute of Technology, Dept of Mechanical 
Engineering, Div Energy Systems, S 581 83 Linkoping, 
Sweden 

Introduction. 

When a building shell be renovated. there is on opportun ity to c hange 
Lhe house e.s on enel,"gy system. However, it is very important to choose 
n retrofi_t strategy which minimi?.es the remo.!ning 1,ife-Cyr.k Co.'<t, I.CC. 
for tho building. 1 f such o s trotegy could be found, lhe house 11s an 
e nergy system will be optimized, and no other retrofit can meke t he 
otal cost lower. ln order to elaborate a method that can find the 

optimal strategy for each unique building, the Swedish Council for 
Ouildlng Research and the community of Malmts, Sweden, hnve funned thii: 
n:!>cnrch project which Js running since aprU 1985. ln Malm1S we are co
opet·ot.tng wi th a group of seven buildi ng contractors . active all over 
.';" ede n, end thus it is possible for us to present t he first result from 
our research concerning two ex1sting buildings, owned by l\DV nnd 
$vcni;k::i Riksbyggen 1\0. l'irst, however. we will describe Lhe 
mnl.hcmotic nl model. 

The OPEllA model. 

The problem to be solved can be considered as a mixed nonlinear and 
integer program. The objective function that shall be minimized 
describes t he LCC for the building . However, ordinary progrnmmjng 
mn ll.1o<ls con not solve such pc-oblems and ot the some ti me fhid the t1·11c 
minimum wi th absolu te accuracy. Thus '"e have develope d a FORTUM! 
ru·ogrnm where lhe l..CC for each 11111 que building cnn be ca l ct1J otcrl. fin 
energy retrofit is after that implemented and a ne w LCC is r.a l culnted. 
Only ; r the firs t LCC is higher then the second the relrofi t ts 
ru-ori tnhlr. nnd r.hoscm. Tr 1.hn r r:vnrnc ii; vnlJd I.hr. rcL rof'j L or crn 11·se 
i !l 1·r.jecLcd. It shall be noted t hat for the insulation meas ures t h 
optimal insulation thickness is calculated using a derivotjve method. 
This is also t he fact for t he exnmined bivalent hee ting systems. TI1e 
optimal distri bution between e.g. on oil-boiler and a heat pump diffe rs 
or course due to the thermal status of the building, which is 
Influenced by the envelope retrofit strategy. This strategy however . 
•lepends on the heating system and thus the variables have to be 
cons idcr-od s I mu! tnneousJy Jf n cumbersome iteraU ve mclhod i>hn I I hr. 
ilVnidcd . Us.ing th-is kfnd of solving process for the prnb.l cm e ni:urrs 
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Lhat Lhe true minimum is discovered nnd by that an optimal retrofit 
strategy. 

The input parameters to the model consists of e.g. the buildi ng 
geometry. the building costs for different retrofits, the installation 
costs for the p0ssible types of heating equipment , the enec-gy rates, 
the climate etc. The output from the model is pc-esented in some tables 
where the i nfluence of different discount rates, optimization time e t c 
can be cons.idered. ln the tables the LCC for the existing building and 
the savings from di fferent profitable retrofits are shown . The best 
solution are also presented and the resulting energy demand and so 
fourth ;ire shown. lly small changings i n the FORmAN code it is poss ible 
Lo get a lot o f in formation about the optimal strategy and the solution 
can be studied i n detail. The model and the nece.ssary input parameters 
are described jn (1) . 

Bu.ilding 1. l!ovitsmannen 6, owned by ABV. 

This building, from 193~. contains 18 apartments and is located in the 
middle of Malmo. The facade is made of bricks while the foundation and 
the cellar floor are made of concrete. A rather big garage is located 
under and beside the actual building. This garage is also heated from 
the same boiler and it is thus difficult to get values for the energy 
demand etc that reflect ordinary multi-family buildings in Malmo. The 
garage is

2
thus excluded from the calculations. The total apartment area 

is 1308 m . The buil~ing has 5 storeys over the cellar. The total 
window area j s 160 m type two glnzzd. U-values for the attic floor and 
external walls are 0.9 and 1.2 (W/m ,K) resp. 

The retrofit costs for different measures are: 

200 • 1175 • tar 

250 • 2500 • tew 

for att_ic floor insulation /m
2 

for external wall insulation/m
2 

where t is the thickness of new insulation. 
In t.hJs cnse there is no inevitable rP.novat.ion to be made and the 
figures above thus only show the assumed insulation cost. 

The costs for window retrofits nre: 

1300 
2250 
2650 

for n t.wo glnzed window 
-

11
- three -"-

four 

Caulking windows and doors have an approximate cost of: 

200 for caulking one window 

An exhaust air heat pump costs about: 

30 000 • 6 000 • p 

whr'rc' P = I.he t.hr.rmnl power of lhe hcnt pump. Pipes orld ducts etc 
r.oupled t.o the pump are assumed to cost 2 000 SEK/apartment. 
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The different types of heating equipment costs are: 

30 000 + 200 • P
08 for a new oil-boiler 

25 000 + 150 • PEB -"- el.-boiler 
30 000 + 70 * POH -"- district heated boiler 
30 000 + 6 000 * PHP -"- heat pump 

All the values nbove show the cost in SEK (1 US$= app.7 SEK) and are 
presented by ABV, Malm6. 

Building 2. JUmtland 9, owned by Svenska Riksbyggen AB. 

This object consists of two buildi2gs containing 105 apartments with a 
total area or approximately 6500 m . The U-valuzs for the wall. attic 
floor and the floor:- a re 0 . 91. 0. 55 end 0

2
83 W /m , K resp . . The wi ndows 

~re two glazed with a U-volue of 3.0 W/m ,K . Building year is J956. 111e 
e.xterna.l wells consist of bricks. the et Uc floor of concrete and 
mineral wool and the cellar floor of concrete and wood-wool slabs. The 
buildings are heated with district heet~ng end have on installed power 
of 570 kW for the radjators and 670 kW for the hot water. The total 
energy demand dudng 1985 was 1.li OWh, a little less then calculated. 

The retrofit costs for the different measures are: 

Cnul king 
while an 

200 • 200 • T 
af 

350 • 300 *Tew 

1000 • Boo • Aw 

1100 + 900 • AW 

i200 +1200 • Aw 

ror the attic floor insulntion/m2 

external wall 

for one two glazed window, area 

-"- three -"-
four 

windows nnd doors cost epproximntely 200 
exhaust air heat pump costs about 30 000 

SEK/window etc., 
+ 3 000 * P SEK. 

The heating equipment retrofit~ co!'lt npprox1mntely: 

50 ooo • 350 • r
00 

20 000 • 100 • PEB 

100 000 

150 000 • 
~00 * POil 

3000 * PllP 

for oil-boilers wHh the power POU 

for electrical boi le1·s, power P r.n 
for d1strict heated b., power r

011 
for hent pump fncHities, power P

11
1' 

IL shnll be noted that the high firm cost for the oi I boUer nhove 
<lcpr.nds on n very bnd ch1mney thnt hns l.o be r·enovnl.ed. All I.he costs 
elc, shown nbove, are deUvered by Svenskn lliksbyggcn All, Mnlmii. 

or course it is impossible to show all of the input dntn for Ll1R 

calculntions and thus we recomend the Interested rP.nder t.o r.onl.nr.t. 11s 

ror l.hc complete input file!'<. 
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Energy cos l s , differe nLial rates e . t.c. 

Jn t he tables hc Jow. the LCC have bee n colculo ted for different heating 
systems. TI1e e ne r gy cost for t he buHdi ng t h\1S differs due to that 
equipment. The oil pri ce used was 0 .211 SEK/ kWh considering the 
e ff iciency o r t he boile r . TI1e pri ce for e l ec tricity de pends on t he 
season ond ti me fo r consumpti on . '111e power utility uses a dirferential 
1·nte. 111e mean vn luc fo r onp ye JJr i s npp . 0.30 SEK/kWh, teKes inc luded. 
The d i str ict hr.a t i ng util.l l y nl so usP.s o t Jme - o f -use rote since s ome 
~·nll rs. ·m e me!ln vnl ue f o r t he e ne rgy p r ice dur i ng one year is ebou t 
n . 20 SF.K/ kWh . l nfri rmn t i on obo11 t thre di!'l t r ic t he ll ti ng rate and its 
! nf 1 nrmr.e on opti ma I n~ Lrrif J t s are .;hown in ( 2) . The he a t pump 
«qui 1•m<:nl . Io ns :i n ns sume d C:OI' ~ }. O. nnrJ t hus t he e ne rgy cost l s 0 . 10 

SEK/kWh . 

!'.£Q!l_Om ic_p31rnm~_l:_e rJ?_,_ _£1 lmn te_e tc. 

The LCC is cnlculated using the net present value method. This is 
rn·r. s r.n tcrl in <le ta ii in ( 1 ) . llowever, in this method we have to use the 
prop"r <lisr,011nt rnte nncl optlmlzntlon t.ime. Unfortunately there are no 
ultimate vnlur.s for those parnmeters, but most recomendations tells us 
thnt the discount rate shall be between 3 - 10 % inflation excluded. 
The proper opUmization time can not be determined with any accuracy 
llllt the .influrnce from very time? dlstont events are very small nnd thus 
the opUmnl rel.rorit strategy chimges very little if the optimization 
time changes from e . g. 50 to 70 years . 

The two objects are sited in Malmo, Sweden, and the number of degree 
hours thus can be calculated to 105 000. llowever, this number is 
clecrensed by the omount of free energy coming into the buildings with 
the sun and the use of electric equipment and thus studies also have to 
be made for other numbers of degree hours. 

Thr. pn>hlr·ms m"nt.lrnir!ll nhovr. nrr. not r.ns y lo solve nnd 1.hus we 
have to study the strntegies for some different .input pnrameters, i.e. 
o sensitivity onalyzis hos to be made . In ( 3) this has been done for 
insulation retrofits . · 

~ 

'l11e resu lt f rom t he ca lculati ons i s s hown in two t ables . Firs t t he I.CC 
is p resen ted j_f 110 r e t ro f its nt a ll . e xe p t fo r t he i nev i table ones . nr l' 
done to t he build i ng. Ar te r t hat t he amoun t s o f money saved during the 
op tim i~ a tion period ore s hown for t he d i fferent r etrofits. If t he 
amoun t is nul I t he re t rofi t was found unprofttnbl e . and thus r e j ect ed . 
'111f: up!.l m" I .;t r11 tP.gy fm• t he r.xi st:en t hoo t ing syst.nm by t hot hn1< ber.n 
round and t he resulting I.CC is s hown . The procedu re i s then t·epento•I 
f or t he other pos si ble hea ting systems nnd t he l owest r esulting LCC c11 11 

he f ou nd i n the tobles . The f i r st t ab le s hows t he situation ro r o bns 
rn$n who r e I.he •>Pt i m ! 7.n t i on t. i mn i s 50 ynnrs. t he discoun t t'Dl:C is 5 'f. . 
I.he :111111111 1 i nr. r r:ns<: i n c nc ..,::y pr ices is 0 't nnd t he numbe r of clegr r:•: 

·- ------ .. -···---.---->,. .,,~ 
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hours is 105 000, showing the situntion in Malmo without considering 
the influence of the free energy supplied to the building by people and 
electric equipment . 

Table 1. 5cc and savings for the object llovitsmannen 6. The figures in 
10 SEK. Base case. 

Oil- El ec t . Distric t lleat Bivalent 
boiler boiler heating pump oil-hent pump 

---~- - --- - -- --- -- ---- - - ------ -- --- - --- -- -- -- - - - - - - --~--- - - ---- ---- - -
LCC with no 
envelope 
retrofits: 1. 71 1.96 1.30 2.01 1.53 

Savings : 

l\ttic floor 
insulation: 0.03 0.06 --- 0.07 
External wall 
.insuJnt.ton: --
four glazed 

0.06 -- - 0.08 

windows: 0.09 0.15 0 . 0~ 0.17 0.07 
Weather-
stripping: 0.16 0.21 O. ll 0.25 0 . 111 
Exhaust air 
heat pump: 

-~---- -- -- -- --- - ----- - ---- - - --- --------- - --- -- -- - -- - ---
New LCC 1. 113 l.IJ8 1.111 1. ~1, 1. 33 

--------------------------------

f rom table l i t i s obvious that t he best retrofit strategy is to keep 
t he ex i stent distri ct hea ting system and combine it with 
weathers trippi ng ond four glazed wi ndows. Tiie foct lha t t he windows 
shall be changed depends mostly on t he bad quaHty at t he exis ten t 
ones. TI1e wi ndows have to be replaced with new ones whethe r they save 
energy or not . The optimal strategy however does no t s ave very muc h 
energy . The de mnnd i !I 87 kW nnd 328 000 kWh/yi-nr hr f o 1·11 Lh<' ''<'I rnf I l ,,:. 
MLl"!r Liu: Ofl t.i mnl st.rnt.cgy hn!I bnen impl e me n ted LhJs dec r c nses Lo 53 k\Y 
(Incl 2

1
13 OO() kWh/~eor. 111e Mnua! de mand per squo1·e me t e1· decreases from 

250 to 185 kWh/m . Table I also shows t ha t i t is t he hi gh r11nn i ng cos 1: 
sys tems e . g. t he elec trically heated bu ild i ng Urnt gene rn tes mos t 
envel ope ret r o f :i t i; . Tirn e xhaust ni r ha nl. fltlmp. hl>w(' Vr. r, wns no t. 
prof'i l.nbl e whn l. c vn r I.he hr:n t Jng s ystem wns. 111 Lhis case tlds can 
depe nd on t he rn t he r s mall buildi ng . There is not very much heat to 
recover i n the exha us t a i r. 

A sensi ti vi ty anal yzis tells us that the optimal solution above is 
very robust. The district heating is the best chaise for: 

* optimization periods from 0 - 50 years 
* discount rates from 3 - 21 %. 
* less then 3 % annual es cal o U 011 j n energy prices. If i.ghcr no t. 
tested 

* 70 000 to 130 000 degree hours type or climate 

Weatherstripping was a profitable alternntiv<> for n.l I the pnrnmc l.r1·s 
nhove. It shnll. be noted that Jf thC?rP. wns nnother hcnling s ystem in 
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lhe bui lrling it could be more profitoble to inst11ll on exhaust air hcnt 
pump and skip the stripping for some cases. This is so because the 
weatherstripping decreases the ventilation flow through the building . 

Attic floor insulation is unprofitable as long as the 

* Discount rate is higher then 3 %. 
* the annual incrase in energy prices is lower then 1 %. 
* the climate is warmer then 130 000 degree hours 

The optimal new attic floor insulation thickness varies between 0.15 -
0.20 m .. 

Externfll wall insulation ore only chosen when the discount rate is 
3 % 01· lower, the annual incrense In energy prices is 2 % or higher. 
The optimal thickness of new insulation is about 0.07 m for those 
cases. 

Four glazed windows are not chosen when: 

* the optimization time is less then 10 years, 
* the discount rate is higher then 7 %. 
* the climate is warmer than 70 000 degree hours. 

!Jue to the uncertainty for the discount rate, thP. four gJ azed windows 
m'1ybe should be rejected. The old windows in such a case shall be 
replaced with new two glazed ditto. The optimal strategy will then 
become: "Do some weatherstripping and leave the building as it is". 

The other building is presented in the next table: 

Table 2. LCC ond savings for the object J~mtland 9. The figures in 10
6 

SEK. Base case. 

Oil- Electr-
boiler icity 

oi~trict 
heating 

lleat pump Divalent hen t 
pump - oil-b 

------------------- ------ --- ------------------------------------------
LCC with 110 

envelope 
retrofits: 

Savings: 

Altic f' I om· 

9.96 11.85 

insulation: ---- 0.07 
External wall 
insu] au on: 
Th rec g I n7.crl 
windows: o.'18 
Weather-
stripping: 0.78 
Exlrn11st nir 
heat pump: 

0.30 

0 . 69 

1.07 

8.09 

0.33 

0.57 

7 .18 

0.26 

o.48 

6. 71 

0.19 

0.37 

--- - ~------------------------------------------- ----- ---- --------- -
New LCC 8.69 9.72 7 .19 6.11~ 6.1~ 

---------- ------------ --- ------------------~--------~-------------
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Tnh I c 2 :o;hows the l,CC for a much bigger building th no toble I . Jn lhi s 
cnse the most opt.lmol solution wos to change the heatlng system Lo 11 

bivalent heat pump and an oil-boiler. 11•e heat pump supplies I.he 
building with heat during base load conditions while the oil-boiler is 
working during the thermal peaks. This heating system is the best for 
all the parameters mentioned above exept for a climate warmer then 
70 000 degree hours. The heating system retrofit shall be combined wi th 
weather stripping and changing windows to three glazed ditto. This 
solution is so robust that it never changes for the tested parameters 
exept for the heating equipment change , mentioned above. Also in t h is 
case the existent windows are very bad and they have to be replaced 
immediately. Other examples showing the influence o f the obsolescenc 
can be found in ( IJ) • 

As previous mentioned also the bivalent heating equipment has to 
be opUmlzr.d. The thermal load, the oll-boiler and heat pump 
installation cost, the energy prices all influence on the mos 
profitable solution. In (5) the optimization technique is described in 
detail. In this case the COP for the heat pump is considered es o 
constant, which can be tolerable for some heat pump instal1ations. The 
procedure, however. is exactely the some when the COP ls n funct ion of 
the outside temperature. ln this cose the heot pump delivers heot 
during all the year and the oil-boiler is used only during peo.k 
conditions . Implementing the opti mi;il envelope stt"etegy makes the totn l 
power demand cho.nge from 11119 kW to 332 kW. The energy demand dezrenses 
from .2 632 000 kWh/year to I 291 000 kWh/yenr or from 251 kWh/m to 1')6 
kWh/m . Jt is obvJous that the besl solution Js not to i:nvc nncrgy hul. 
to m<1ke it cheaper. The hcot pump Jn our cose above shn11 hnvo lhe 
pow<:?r of 216 kW ond t he oil-boJJer l 16 kW. Al Jmosl: 0 11 o f the hont 
produced ln lhe :o;ystcm comes from Lhi> heat pump, whl l e r.he oi 1-bo i lnr 
del1vers o minor port. 

From the previous discussJo., t t.. cnn he found lhnt. lhr. lowes t 
possible LCC almost olwoys emerg<:?s Jr o low running cost. hcol.lng syst.c~m 
c:on be Jmplemcnted in the building. However . lf the hul lrilng JR rnt.ht•r 
!lmu I I the. more expensive lns tn lJ o ti on cos ts for Lhc hen t pump 
oltP.rnntJ.ves con not compete with the dlfferent;lnl rnte of the distr ict 
hen ting. tr the thei:-mnl. demand gets higher, this mP.nns thnt n bfvolcnl 
"yst.em i;hnl I he c:on!lidercd. The rmvcl o pr. r<ltrorf t.l'I m1<:h nl'I immlnl.1011 
motH<l tr"CH r. un be prol'lt.nble tf•t.hc stn1·t lllp; c:nst. t!I rnl.lu: r l 1)w . Al.I.I t· 
floor insulolion sometimes is profitable. WJndows Jn good coouJf t.fon nn: 
most.ly uoprofj table to change at least for energy reasons . Exhaust oir 
heat pumps will not be profitable if o heating system with low running 
c:osts ore installed. Weatherstripping olmost olways seems to be 
profll.nble lmcouse of I.he low "irl:<it(ll !n t lon" cosL. Somet.fmci:. however . 
for healing systems with higher running costs it could be more 
profitable to install an exhaust air heat pump and reject the 
stripping. The lower ven tilation flow mokes the heat pump less 
rrofilnble than it has to be . In (6) t here are some examples abou t. this 
sf Luo ti on . 

In many cases in Sweden the buildings are retrofitted as if the 
heating system was a high running cost system. By this the thermal lone! 
gets too small to make the low running cost nnd suhsequenLcly high 
i11sto1Jation cost heating system pt·ofiLnble . lt Js thus essential LhnL 
Lhe right retrofit strategy is implemented from the beginning. 
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