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1.1 INTRODUCTION
Buildings are becoming larger and'mote complex, and the economic

. envitonment in which they operate is becowming  more uncertain. Build-

their design task. These include :

v

i)

Co i1)

111)

iv)

vi)

wvii)

v)

T

. - . CHABTER 1

~

r

)

ing desigwers today are encountering several difficult prog}ems\ in

A

an increasing number of alternatives to consider;

assessment of technolégical \innovations, . many of .

-

which are unproven in. terms of initial cost, relia-

' bility and future costs;

prediction of the future operating and maintenance
SN
cost environment for the various subsystems compris—

ing a building;

difficulty of co-ordinating the designj;étivitiea‘bf

various professional disciplines involved in the
design process;
an increase in the complexity of interactions between

alternatives;

~

more stringent design.codes;

3

a design fee structure whish has not ' kept pace with

v

the increase in the complexity of the design task;

and

v
increasing designer's 1liability.
B ¢ . .

~

.




; There is a need for a low cost comput:er:-—ba,sede design decision
e . , ' . ‘ ‘
tool for screening alternatives in the preliminary design phase which

v .
' facc.ounr.s for investor criteria and constraints and for interactions
1 ~ . .

. . v L
between building subsystems. The need for such a tool is particularly b

°

Y ‘ T, . ,
pressing with respect to the design of building energy systems.' The i

- . ) ’
- components of- such a tool include : ' , . C

' ‘-a) Preliminary analysis and 'design routineg - In this. com- “ ok
™ : © . v .

ponent, alternative types (e.g. different system types)
\ . .

< _ ‘and values -for the variables describing each alternative

it)"pe. must be determined. Alseo, the ir;géract,idn between_ N

different systems and source of the interactions 'must be

v i . - AN
. . :

ot 'coﬁB,ide:"ed. ‘ ' ) . . .

T b) - Economics - Development, of this component '_requi,res :
- *1. formulation of performance measires which ref- .
- ledt investor's interests; '

te o

2. g:pdelin_g“yof time variations; . , . N\ ' 2

3. ‘treatment of risk; o -

o

C d ) T idencificac'ipn ,Aaqd ‘i‘nclusion of forecasting .-
. B c
B techniqués; - and 4 o S -
a 5. development of cost models. T

¢ . ey 0> timizati‘o:i - For this component, we need to Qdapt' 'Op-' T
~ timizacion‘ t‘ech;liques to help in”,‘vse;llect'ihg subsystem al- |
. A - . : o
_ternatives and in optimizing”:he design :of the al't:'erx;a-;

S °

8 T tive se'fecl:ed. Also, a co-ordination routine’ must be .

.7 " developed in order to interface the designs of the var- ' ta
-0 . ) * - . & - R A} ) ) ) .’, .
. ious building subsystems. L s o :

M . . Q " -~ ' i ) r.

e et NG
.
>



“» d) Data base -~ A data base for capii:él and future éoscs‘
must be established. Collection of data and-its reliab-

ility is one of the major issues in both phases des- =

b2, Y o
g “g°

sl
A

n Y

. * cribed in &) and b).

"In this study; the main Fotus will be on the ,ecomgmics component of

the design tool- '

¢ Sl

Ca Most ‘lreséarch done to date on developing computer. aids as des-

ables, given the type of system, or studying the intgraction between

cribed above has fo‘cussed on*either selecting values for design vari- '

. : s,
given subsystems. .

. . The energy crisis since .1973 has lent greater urgency to the task

- of developing s{xch a system. The sudden changes in:the pri,ce of var-
ious sources of energy (see Fig. 1-1), and also the increasing related

. A
¢. Trate of inflation, make it mnecessary to use ﬁerformance measures in

-~

decision making which account for future costs. This means we pro-

bably have to change ourbapp}-oach to the initial design of’ the .bui}d_

v

s ing, bol:h in téms ofl initial cost’ (to avoid high future cosgs),’ and
the altefnacives we s_elect. ‘
.1.2 OBJECTIVES
> In ordt;t to develop a decision tool aloug the line previously
' ‘ . .
" d::lacussed,- the following issues that "re‘}aCe to Ehe e'conomic“./component '
“e must, be resolved :
1) formulatiom, mlquanr.icacive' terms of obje\'ctive fune-
o . l'tiong‘ fo;: different owné‘r.,.types; : . . "-‘
?6 RS “ . )

>
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' O 14)

111y

11)'

111)

iv)

v)

‘vi)

vii)

The ,specific goals for this study are :

" for assessing the relative merits of various deci-

-~ \ . RN

treatment of the ~desigu ‘problem as a multi-attributed

decision making one;' and
. 7 v {

meagurement, quantification and incorpora'tion of risk °

-z a ©

in_!:'f)' the decision-making process.

N

to fomuIaEe the building design problem for different

.

investor viewpoints; ' .

R - . .
to develop a detailed statement of an ob\_]ective func-
tion which measures life-cycle cost; - - .,

to formulate different time model types; .

to demonstrate how risk can be measured and quantified

for the function identified in 1ii);

to show how risk can enter into the decision-making

process,“bo’t}x for selecting alternatives at the sub- '

system level, given specified values for co-ordination

* varidbles, at;d how to pick the optimal design of a

system comprised of a set of subsystems.
N ,

- '

to develop_ an interactive computer package to be used

- sions; and ™

to examine an 'actual case study to determine if one

makes different design decisions for diffefénlf design

criteria. -

~




w

The -basic hypotheses. of thie study ate: -
1) Rdisk analysis provides-additional infoimation for the- ,
decision-maker (investor/designelr), which helps him to . ,‘~
forecast more accurately, and to make better decisions.

2)", .Identification of risk sources and the relative magnitude

o of the risk from each source assists the designer in

. ' s allocating design resources to critical life-cycle cost
‘ 2 - , ' . ST
components; and ‘
3) Design decision tools helps the designer in e:(a.}nining ,

"a larger number of de'sign alternatives and choosing the
'best one. e

.

'1.3 INVESTOR VIEWPOINTS

Rl . . L4 -

Different investor types can be categorized ac¢ording to their
v, » hotives. These basic investor types can be ident:ifiéd as:

8 Speculative builder - A speculative builder is one who

v : ‘ constructs the building only for t:he pfurpose of selling

A

- ‘ ‘ ‘ . . upon.completion, There is little, or no consideration
.o . : about future costs and operating ;;roblemsi except as

required by existing Building"codes. The priority of the —

. builder may be stated as: o

N : - | - i ' Minimize Capital Cost Subjeckt to: Code Constraints...

1i) Public investment - This type of investment is non-

" profit and id“goncerned with all future costs (operatiom,
4 repair, alteration), as well as with capital cost. It is \
. . ‘ ! ,
: .
3 W d
k“ B - N ~ s

PUNEEN
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4

-

a) capital funds are limited; ‘ e .
’ ]
b) funding mechanisms for capital cost and future = *
operating costs differ, with operating fu;zdg béing ! :
l easier-to obtain, . ) o . |
. » e
,Beéause gdvel;nments do not’ pa.y income ta¥, future cost:sz -

-7 - - |
\ . ‘ ) cod

£l
-

important to note that the above statement does not mean'

° 4

that governments alwiys strive to minimize life-cycle cost,’

©

for at least two reasons:

dssume greater importance for public investments than private ones

in making trade-offs between capital and future gosts. For this

case, one or more of several objective ft&nctions can be selected for

optimization. They include: B *

* A

in whichs . : - ' :

" 4. Minimize Energy Cofisumption

5. Minimize Risk

Optimization of functions 1s sn\bject to constraints such as: -

. 1. Capital cost constraints

1. Maximize NPV or IRR

2. Minimize LCC ) ' p

1

3. Minimize Capital Cost

’

6. Maximize the presence of the government at a certain location,

NPV = net present value

‘IRR = internal rate or return

-
.

LCC = life cycle cost
ST

2. Code constraints : -

[ :
3. \Energy budget " T) ' f
4. Risk exposure constraints.

. . X , ) ' .
)
4 - N . . ’




1.4 OPTIMIZATION

1Y - -

ii1) Private investor - For the private owner, minimization’

' of capital cost tends to form the most important eri-

" térion. “However, he is also interested in mirnimizing
;peraéing costs and—future alteration costs. In ad@}—
. ‘tioem, ta% considerations form an integral part of the

Aecision process. Typica;}y, the inYestoF wants ﬁo op-

‘timize one or more of the following functié&s:

: 1. Maximize NPV o; IRR |

. 2. Maximize;Uniformity of cash flow .

3, Minimize LCC “
4, Minimize Capital Cost :

‘“ ’-. \
5. Minimize Risk - '

[

subject to:
1. Equity constr?nnqa g .

-t
2. Code constraints .

i

3. Risk exposure consgtraints

4, tnergy budget constraints

e
3

0

Itwis useful to subdivide the opt;mizaﬁion prbblems into four

types (Table 1-1). They dre:
- \

Zorfe 11) Single objective function and deterministic variables
Zone 21) Single objecti%e function and probabilistic variables

. ) 12
Zone 12) Multiple objective function and deterministic variables

Zone 22) Multiple objective function and probabilistic variables

S~

&
i
¢

A

:
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' TREATMENT OF OPTIMIZATION PRQBLEMS

~ TABLE 1-1

Subject to': .
i) Equity constraints
11) Code constraints
1ii) Future expenditure

! OBJECTIVE B
SN FUNCTION : o
| VARIABLE SINGLE CRITERION MULTIPLE CRITERIA
TREATMENT 1 - 2
Optimize one of ’ Optimize two or more of
1) Maximize NPV or IRR 1) Maximize NPV.or IRR
2) Minimize LCC 2) Minimize LCC
3) Minimize Capital Cost 3) Minimize Capital
. Cost
DETERMINISTIC' 4) Minimize Operating _, | 4) Minimize Operacing'
1 . Cost | Cost )
' Subject to : Subject to :
" 1) Equity comstraints i) Equity constraints
i1i) Code constraints i1) Code constraints
%, | 111) Future -expenditure ii{i) Future expenditure
g constraints constraints
Optimize one of Optimize two or more of
1) Maximize NPV or IRR 1) Maximize NP¥ or IRR
' 2) Minimize LCC 2) Minimize LCC
3) Minimize . Capital Cost | 3) Minimize Capital
4) Minimize Opéiating Cost
Cost : ﬂ} Minimize Operating
: 5) Minimize Risk! Cost
PROBABILESTIC 6) Minjymize Expected 5) Minimize Risk
2 Ut¥lity of LCC 6) Minimize Expected

Utilicy of LCC
Subject to : ‘
i) Equity constraints
1i) Code constraints

¢ ‘constraints iii) Future expenditure
B /I iv) Risk exposure constraints
constraints iv) Risk exposure
. congtraints
L4 e
. # e
»
‘: ’ }1;«0»

h)_.__ .
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‘\}

— N
R

(‘“

//‘,/’—" performance measures as fandom variables,

'In the probabilistic case,/at is important to determine which

,’ v > ,
variables will be trea ed as détérmiﬁist}c ones, and which hii% be
treated as probabi s;ic. ‘Figure 1-2 depicpéthe types of random

t
19

«Inputs which oc ’ '
s

i) Economic phase -~ Given the size of a system, cost para-‘

eters, and related inputs can be treated deterministi-

. cally or probabilistically and the resulting output of
. H] '
this phase, profit, capital cost, life-cycle cost, etc.,’

>

can be treated as deterministic or random variables,
. >

In this study, attention will be directed at treating the economic
« . - . .

H

deterministic or random variables. Y

RANDOM
VARIABLES
DETERMINISTIC [~ . DETERMINISTIC =~ DETERMINISTIC.
INPUT 'PRELIMINARY OUTPUT ECONOMIC cosT
\ DESTGN ANALYSTS N
RANDOM. | ~ RANDOM RANDOM
. .
FIG. 1-2 PROBABILISTIC PARAMETERS IN DESICN
] . >‘

P




- 11 -

ﬁfl’he single objective function optimization problem may be stated,

as iii?‘aximizing or mid{mizing ohe specific criterion, subject to impli- :

cit or explicit constraints on decision variables as required ﬁ?r

. building codes, "etc., and/or constraints on other .economicﬂperformance

measures. -
e K
Max NPV ' * 41-1)
subject to : ’
. * N\
. ‘ . .
Capital Cost < G,
Ed A . S 1
Risk Level <R, R S
Energy Cost < Eq ‘ “
. I . '
" T ! + :

Co» Ry, Eg are the maximum allowable.
s, v '
X . !

The multiple 4objective funcéion case could be stated as optimiz~-

ing a series of objective funct ions su,bbject: to constraints. TFor exam-
¥

AN , . . . ‘
Maximize IRR . » . S

ple :

Minimize LCC
. Minimize Capital cost ’ .

‘ - Minimize Risk T o
L 4

subject to .constraints as ‘stated in Eq. (1-1). 1In this thesis, atten-
tion will be ‘fécussed on pro(blems described in zomes 11 and 21.

N\

.
. . \ | |
‘ '
2
. ' N .
1 N »




1.5 LITERATURE REVIEW . . ]

xisting literature " can

s

P Using the framework of Table\\(l‘—l),

' |

examined : ‘

s

i) Zones ( 21) J . EVERY
) . . { *{&\;‘;"f .
» Choudhary [}1] and Russell and Choudhgfy 17] devellsped

a practidal computerized design aid f;;: th optimdm de—k
sigh of th;a' foﬁndati;n, structure’énd enclosure systems
of 1ight industrial buildings in such a way as to per-—,
mit trade-offs to be made between these systems, in or-

. der to gét an optimum overall system performance as

mez'isured by capital cost.

(
v

Box's [2] optimization method was employed in this stu-
'dy. and was demonstrated to be useful for co-ordinating
the design of‘ the building subsystems tonsidgréd.

11) .Zone 21 ‘ -

a - -

a) Russell [3] analyzed the building energy sys-

. L . (
' tem. He introduced the life-cycle cost formu-

"

.lécion, Hhi:ch 1r;cludes .both th’e design aspect.
+ ,and economic factors. He noteci tk'lat economic
and ;anvironinental ‘vatiables regarding -politi-
cal, sog:ial,L environmental and inflqtidn p‘rob-‘
lems which imp:ct on capital cos,ts‘&and opérac-
ing costs ‘during the life of ;héf'bgilding are

. iargely uncontrollable, and the risk level ar-

‘ ising from them can be very high. ' The design

o

be’

o i

M ot 1




P " . -13 -

’
. .
.
[ . . .
L.

variébréﬁ describiné tHe_physical‘characCerist—~

| o o ics”and interaction between iarge building sub-

\ ’\ ' systems are, howevgr, controllable, lamdb_can be
" o pelected so as to reduce the clients risk expo-
sure. The formulation of life-cycie cost given

in reference [3] forms a basis for this study.

b‘) Wilson and Templeman [4] in their study went -

v

. one Jstep furthet and gave almost a ‘compiete
picture o'f /at/\/ optimum thermal design of agn of~
fic;e building.. They assume; that the structure

i . of the building, including Internal and extern-

ajl configuration, ceiling, walls, floor,. parti-
tion size and material are kmown. Also, some

/ ' ' high level decisifans, such as the ty;»e of heat~

ing syst;em, energy source Ye.g. fuel oil) are

already gade. . The purpose of this éapef was &o

get the balance point in the 'tracrieoff between

thermal subsystem and other subsystems. The
life-cycle cost (tradeoff between 1insulation

its . efficiency). ’ Geometric programming was
. : used for optimization of the design. As a cop-
. clusion, the authors stated that, for optimum

‘ '+ thermal degign in buildings, a higher degree of

objective function selected was to minimize

thickness, fuel consumption, systeu; size and '




Py s ey

~

insulation |than is presently used is needed.

.
-~
at N

In this thesis work, the above-stated conclu-

& :
| : . .sion will'be looked at in a case study. (Chapter
- \ N~ . . .
g 5)7:;»;\.(% \ / . . .
E{’;ﬂ “ ~- ) ° ’

\ - s .

Development of life—c'y\rcle costing reldtionships is treated in

I

* Chapter 2. Chapter 3 deals with risk analysis and methods to quantify
- ; )

risk.- Aiso, different met:h(ods for ranking alternatives are presented

in this chapter. The comp\jter program for computing life cycle cost,
/ .
including consideration of/tisk, is described in Chapter 4. An actual ’

. -
case study will be pre’sent/ed in Chapter 5. Conclusions and recommend- \
. -
dtions for future studieg are presented in Chapter 6." A listing and ¥

. ! . £
typical output of the computer program which is described in Chapter 4

t

are presented in Appendix A.

| - .

‘. ¢ -
/’ ] . . . ' , R
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. sis. Hence, before examining the i1ssue of life cycle costing, rhe use |, o

2.1 OBJECTIVES

"The -objectives of this chapter are : d N

i) ° To summarize the use of contihﬁous:cbmpounding for

. " )
‘. . ,
~—— cost .modeling; ' \ o ‘ | ‘

1i)" to. demonstrate how a fundamental relgtionship for '

L4

- }ife cycle cost can be obtained from® the net present

value (NPV) equatioh which measures toktal project

performance; .

liii) rhe information required for a life cycle

cost énalysis; and

iv) " to ide;nify how qpntrdilable design decisions and un® } . )
éonﬁrollable‘time;effecta'apg ;efleéted in the life ‘
¢cycle cost relationship.

2.2 MODELING WITH CON&INUOQS FUNCTIONS ' ) ~
¥ In mos:,Jif noé all, major building prpjeccs,revenuf”nd expense
items flow throughou& the fegr,)often‘in a non—-uniform méhnef. Conse-

quently, in theory, greater accuracy can be obtained py'using continu-
ous modeling as opposed to discrete modeiing of cash flows. As well,
certain moﬂeling advantages occur when continuous compounding is used,

e.g.. in conJucting risk“anal&sis and ‘in performing sensitivity analy-

— ”

[
x

of continuous compounding is described. ' e

N o : , . L o
e w O ) ’ : ‘ !/
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N

i o Congider the case &here'we trave the present sum of P at 2 °
- N . . W
time zero with r ©bBeing the nominal <dnterest rate,’whicQ is
‘computed and 'compounded m .times in a year (Fig. 2-1) ., ‘
v ‘ ‘ ' vp . n
; s ’
s F
¥ ’ '
/ | 's
P ; = .
«l | N , ) . ) 1 N i .. 9;
J ' FIG. (2-1) DISCRETE CASH FLOW DIAGRAM N
Thus, for each period, the effective interest rate is r/m.
. * LN .
Then the future worth of sum P 1s: '
F=P (1 +r/m)® . T ' (2-1)
, . .

. . S
v ” . ETS

- .
5

;nd thd effective annual interest rate Y, which is defined to be the

. ' B - ) .
exact ahnual rate which takes into account thencompounQiqg which oc-

curs within a year [5] is: -

! . Ld

h ® . ) . o N
Y = PQAAr/mT -P o () 4/ -1
- * P ' '/A

~

LV (2=2)

<

-
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; "When m + = (continuous compounding), the effective interest
.rate becomes: . » - E -
, | .
v T " N
s Y= Up QU+l mef -1 _ : (2=3)
N . ¢ . . - ' 2 . .
" - - , ~ - .
. ' ' v )
worth sum F 1is: . ‘ .
. -~ E L} . }
- F=pPe*™ or P=rett | - Co T (2-4)
v L . o - ' . .
o ) . . ' . . o -
. : R 2

" whick is the"fuqdamenwtal reiatiénghip for continuous compounding.

Lo - ~

In the general case of/continyous cash f;ows’, ds opposed to dis-

crete flows (Fig. 2-2), daring time interval Af, CF(t). At dollars . ,

- - flow, whereg CF(t) ‘1is the cash flow at time t. .o, ’

\ .
B '
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Thus, using continuous compounding, the preseht 'sum of the above
: » cash flow is: ‘ l
F - . ~
& .
2 ¢ 1)
. . ) rt . Y , . J
“ P = CF(t) .e At . (2-5)
. Summing over all the intervals At, and letting At+0, we have:
. ’ ) L . ) o ‘ @
p= o2 or(ey 7T Lae ' . (2-6)
\ o o t! ‘
9 (Lx’
Example 1 ° & C ot
. To demonstrate t:he uge of the above relationship, e:onsider the
case of uniform cash flqé (Fig. 2-3a) T <. a -
. ° ' '
, ) -
" \
' 4 . .o s A h B'
'CF(tj ) ¥ - »
\‘ . w l\ ..
SR ‘
h u' B R J l N N
| ! 5 o
1 1 i —p .
. * . d ty ' ty o L
/ ‘. o : )
3 ' . ) o
‘ N . . @
" ? (2-3a) UNIFORM GDNTINUOUS CASH FLOW DLAGRAM -
b ‘ (l‘ * . - «
? ) . > » » . 'ﬁﬁ " ' Ca
< "r’;" T : : "\ . . ) )
- | ‘:P‘ ) v . M . 9" \\ . 0 N .
| S ; o N b D N
et e
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The present sum P of cash flows from t; to t,

*

t, ¢
P-ft:C.ertdt-—l—

Example 2 l

r

(e“rtl ’_

equals:

Ig the case of an exponential continuous cash flow with. the

v

- - y.
inflation rate (8) being constant (i.q. CF(t) = Co eet), Fig. 2-3(b)

‘ 4
’. _"CF(t)
|
© I
|
L —p
r g
;o FIG. (2-3b) ' EXPONENTIAL CONTINUOUS CASH FLOW DIAGRAM
//‘ X , :
\/‘:he present sum P is given -by: '
IR ‘ot =Tt dt = - te (g-1)t ,
P = fti Co St e dt Co S e © dp (2-8)
T -G (B-r)tz . (B-r)ti. : "
. .i.g.:f (e( ) 2 . e(S.r)tx)- . . .w’
2 I
When § =1, P = C, (t; ~'ty) ] - \ O . '
' ‘ R '.‘ ’ Ue:
N, -
. ) L
", ) .
v I" \ ° .
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Consider the most general case of inflation models, in which 6 .
. s | .
varies with time (Fig. 2=3c). o
N &
(t) .
. - ]
‘Cl -
N ! Ty
/
{ .
/ \
‘ -
. . FIG. (2-3c). , o
FIG. (2-3e) CONTINUOTH' FLOW DIAGRAM T'SING 8 = £(t)
At any time ¢t, the cash flow caﬁgPe calculated as
8 (t )4t Y '
CR(t) =C, » 7 FDOE Sledbe | 0 (e e
. - At

.
e ———t 2 ——
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Let At =+ 0; then the above equation becomes :
. ) &
’ . o sfeqny L arn )
CF (£)= Co e”® <L - S (2-9) ,
, ( , ,
, . » . ‘ ¢
‘ anuhe present worth of the cash flow C(t) is :
‘e f,08 () .47 . : .
.]’ P 'f . CO . e ° . . e-rt . dt ) (2_10)
2.3 NET PRESENT VALUE .
B . A fundamental criterion for evaluating an investment and compar=—
v %\g investment alternatives 1s the net present value criterion. Its
. { '

-~ i -
use in real estate investment projects 1is well d_ocument:ed [S, 6}.

S

The net present value relationship gives the present value of all

.

future .after-tax cash flows (including ultimate disposal of the‘fn‘op-‘-

ert.:y (Fig. (2-4)), l.e. : T . ' \ \

~ v ' ' ’ ' / .
» NPV = present worth of revenues = s S .
, ’ o / . present worth of disbursements (2-11)

et

|

N aem

Y

JRVERVI
\
>
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. . =22 - ‘
\ L}
CF(t) ' Repaf: and Alteration .
- L ‘ Rent up / \ \ ¥ costs .
~ 0 costs / \ ‘ .
3
--ConstructionA \ \
Cost Cost / \ [
A |
"5;;;:::;3 and Maintenance
z tg costs .
' t Revenues ¢
‘ 0 . ) 1 , .
) Absorption, . L
period . Final -
) Revenues| Construction 4 Full operating period Disposal
I~ period, ' g
B D 4 .n ‘
0 ~
’ FIG {(2-%)"' CASH FLOW DIAGRAM FOR A BUILDING PR?;ECT
: / /// . '
Figure (2-4) shows four different phases of building project's life
cycle and corresponding cash flows. ‘ \
) i) . construcgion.perio&; - s : . ’
iif the' absorprion period ‘which can overlap ‘hhe con-
struction period, and during which rent up and
, , ’ {
’ ] " commissioning costs, are incurred; L
l, .
iii) operating period which includes revenues, operaring -
- and maintenanqs costs and cyclic repair and alter- .
. ation costs; ang finally
iv) final disposal of the physical asset. . .

o -

' For any 1investaent, if the net present value is positive, it-

: ’
“

'should be accepted . In the case of negative net present value, other -

" N : .
) . investment_altetnatives should be tried. ‘ N

In the most ‘general case, where cash flow (revenues) and cash

.

outflow (disburgpments) are considered as continuous funcrtions, using

[y

continuous compounding, the above statement can be writren as
. ' {

|}

e R
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tE 'tE SN '
NPV = JbR () . e-r(t(),t dt -~ fog (t) . e‘r(k‘«’)'t d,t | (2-12)

p

L

where :
R(t) = revenues (function of ::lesign, time)

C(t) = disbursements including interest paymenrs (function

.,

" of design,' time)
{ N
= time as measured from rthe starting point (ry, = 0)
r = minimum attracktive rate of ret:urnf, which can vary

with time in the most general case (for our study,

r represents the after-tax rate of return and in-

y
cludes an allowance for inflation). ¢

The rate of return represents the rate of interest earned on the

H

unrecovered balance of an investment [6]. Whenever income taxes are

levied, such taxes tend to reduce the rate of return. The effect of

t

taxes on the cash flow can be expressed as follows [3] :

AN

BCTF(E) = R (t) - G (t) - ACK) ‘ ’ (2-13)
ATCF(t) = (1-T) . BTCF(t) + T . [CCA (t) - A(t)] : (2-14)
\ '
where : :
N ‘ y ‘ .o k ‘ !
BTCF(t) = before-tax cash flow ' -

ATCF(I:) = after-tax cash flow

T = tax rate

(3]
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e

N

r

- 2% -

+

CCA (t) = ca;pital cost allowance ar:‘ time .

A (r) = mortgage amortization at time ¢

Therefore, the income tax comnsequences for a proposed investment

must be estimated, and stipulated minimum attractive rate of retutn

1

should be an after-tax rate-rather ‘than a before-tax rare. Also, this ‘

rate must be an inflation-adjusted rate, which in the “simplest case is

the addition of séme .desired real rate of return apd an esrimared

inflation gate, 8. i.e.
r=1i+89 . ' ’ ' (2-15)

where 3 . ' Y
i = real rate of return

B = inflation rate .

-

In eq\iation (2-15), the real rate of return can be assumed cons-
tant for’a specific investment (5). The inflation rare "06" is a func-

tion of time\and\CQnsequently thé rate of return is a function of

eti‘le,o
. f

- Both revenues and. aisbursements should be .measured in terms of

current. dollla::s for the following reasons s : e

' 1 . Taxation - For taxation purpose;‘, we need to deflate
. %the'capital cost allowance if we.use constant doll'ars,
- Cw because ’it‘ is not indexed (;.g. to prepai‘g budget) ;

2. | To make proper detisions, we need to know. the real mag-

nitude of cash flows. Therefore, there is a need to’

work in terms of current dollars.

AN

I s

e vt detgmasioN

vt




+ Now, using the following assumptions:

a)

c)

Equation (2-12) becomes:

Ll

L. where:

NEV = SR e -

- 25 - E o i

maintenanage cost do not escalate at tle same rate). ke

Inflation is a ‘function of tinie which is the most
general case ( 8 = 6(t)); ' ]

Cash flow for a cost it ca% be represent;\cl by an Vs
i .

*
.
’

inflation model: (e.g. CF(t) = Co efg e(T)dT)
r=41i + Bc(t)', Ibherg Bg(t) is an overall inflation

rate, 'existing’ in the parket, which can bé \Jcalled an,
overall inflation measure (e.g. rate at whfc:h consumer
‘price inde;: varies); | \

B;L(t) = 0o(t) + Gdi(t), where 64(t) .is the inflation .

function fo‘;' the ith cost item, and Bdi(t) is the 7

differential inflation function for the same item;

t N ) : .
(Be(D 0, (1))dr £(8.(T)#8,.(T))dT .
6 dg¢ e 5D ey

L
’

)

.

t
Bs(t)dT :
e = fo7€ et ae

A]

dR(t) - differential inflation function of reyenués e

1

edc(r) = differential inflation funct:i'on of disbursements

Ro - revenues (base year estimate)
. \

Co = disburgements (base year estimate)
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If the general sinflation rate over a long period of tin*xle\'\is taken
: R

as a constant ( f.e, 8; (t) = GG),, then Eq. (?—16)’becou\es: : ¢
v, \
t t ' .
. ¢ f6, (1) dT O, (v dt \ . -
© o dR - odct -it S
NPV = S[R,e ~Coe . e . dt (2-17) . ’
7
or alternatively: ’ .
*
oo v gt | |
‘ Ba(m at I8 (1) .ar
. o R'T - oC - R
.oV = SlRre Coe . leeTTRae ,’
. (2-18)
& i
where: ]
} ‘ ]
gg (1) = _overall inflation function of revenues li
‘s
- 8¢ (1) = overall inflation function of disbursements !
4 \‘ "
i
. - ! . o
.In Eq. (2-18), we need to predict the overall inflat¥pn model}.
. o |
The disbursement component could be divided into two parts - ingtial
cost (construction phase), and future costs (operating phase) (Fig. L

2-4). Then, Eg. (2-18) becomes:

ot *

t t B

A /6 e d
- I[Roe'n r(T) dZ(Cie A C:L(T) dT'*-Cfé §8¢e (D) dt

B |
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Cf' = future cost (function of design and time)
! )
Ro = revenues (function of design and time)

9ci(t) = inflation model for initial cosﬁ_ .

8cg(1) = inflation model for future cost

T et o
N
i

D T

—

Sorioamy b 2 e | e

épé‘more explicitly, using Fig. (2-4) : |

L

t T i\
. ' ) . '
by JPR(D dT " e, (M dr :
. =f - - -rt,
NPV“tl Rje e .4t ti Ce .e .dt (2-20)
. t . ) .
.oJe
g §Pc (™t "4 ‘
-{ Cfe IPSLLIF T g
,in which : "1 % \ '
i N ¢ ‘

Lo, 1s the srarting time for construckion;

!

£y s the finishing timeé for ‘constructionm; and

tp 1s the end of the study period.” " A

2 4 LIFE CYCLE .COSTING (LCC) T

v

The net present value relationship, Eq. (2-20) is not in a form

. where we can directly identify our architectural and engineefing con-

tribution ro overall economic performance, both in terms of capital

.

cost and future operating costs. .- w

Y -

Normally, on2 key objective of the owner/developer is to maximize

the net present value. Now as drchitects and engineers, we do not

normally know the values .of all the inputs that go into determining
rhe net present value. However, we can contribute o maximization of

NPy by minimizing total capital cost and the furure costs associated

with the physical systems of a‘buil&ing {3]. By using this approach,

interaction between different design alternatives and r7benues are

neglecred. Also, the effect of different desién techniques on
- v " : -
duration of project; is ignored, unless in formulation of life-cycle,

i
[y

o e et ot oy

7,

~
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4
*¥

not umade. ’

Thus, ‘the life cycle éost could bé defined as : -

LCC = Présent worth of capital Eost +
present worth of future costs o (2-21)
3 Y ' .
*

.

The revenues and final disposal of assets are excluded from this,
telationship (they are gssumed to be included in Eq..(2—20)). From
Eq. (2-20), LGC can be written as :

t t ,
0o o (04 g {8, (%) dt

tecef coe T 77 e7T g fEC' £ Tt
-to { . - +t1 fe . .e .dt . (2-22)

" where the future coét"ifgelf 18 composed of different compbnents, i.e.

operating, maintenance,‘repair and alteration (see Fig, 2-4).

LY

cycle cost equation, using a work breakdown structure, such as the
Uniformat structure (Table 2:1), which breaks down the building system
into two levels, level I which deals with the major building subsyst~

ems (e.g. enclosure, structure, mechanical system), and level II which

system, the elements are boilers, chillers, etc.).

‘Then, a generél expression for 1LCC may be written as :

n ‘ L R '
LCC = 23_1 (c,_3 + (1-T) (coj + Cpy * Cry + cpj)* - T.CCAj) (2-23)
e o . L4 I '

*Note : Alteration. and repair costs are assumed to be expensed. In
‘gome cases, . especially when they are sizeable, they would be
_ capitalized; thus altering the capital cost allowance base.
‘ A .' : 4

) ‘ : - - : .

e s s =

o

cost, specific allowance is made. In this study, guch an éllbwance is

For design purposes, it is uséfulfto\further decompose the life-"

44%u}"\\r___‘ includes the elements of a specific subsysteu'(e;g. for a mechanical




] ’ . ' ‘ ' i - ‘
Cij = present worth of capital cost of system j

Coy = prgsent worth of operating coat of system j

- “ ‘o N .
Cnj = presé%t worth of maintenance cost of system ‘
Cry. = present worth of repair cost of gystem ]

Cpj = ~present worth of alteratiom cost of syﬁtem 3 '

, B
T = tax rate *
. ~
. CCAj = capital cost allowance o{ system §

tt

- 3

.« In the above equation, copt components aée'ig the form of Eq. (2-24),

. e.g., initial cost. he
t ct . °
t1 o (1) dt ’ <
c.=/ c,e® 2 Tt ae ' : 2-24) -
~xj tg i ) s . . ( )

where Cxj 1is the x®P cost item of system j.

v
' a

Eﬁuation (2-23) differs for different types of 1nvéstqrs

i) For the speculativé builder, Eq. (2~23) becomes

. ee
»

" ' n ' “ 'I 4 \".
LCC = %_1 Cij . ' ‘ : . (2-25)

L - "’. : 4 / -
" f.e., the builder is concerned solely with the minimi-

" zation of initial costs. - o

s 2




Y
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TABLE (2-1)
. UNIFORMAT COST BREAKDOWN .
UNIFORMAT categories for building elements for recording
or estimating costs of comstruction, repair,’ replacement,
alteration, improvement, salvage.
«

LEVEL I - SUBSYSTEMS LEVEL II - ELEMENTS

01 FOUND@TIO&S 011 STANDARD FOUNDATIONS .
el ) 012 SPECIAL FOUNDATION COMDITIONS

022 BASEMENT EXCAVATION , -
023 BASEMENT WALLS | -

ES

02 SUBSTRUCTURE <:;\m_ozl sL® oN GraDE !

03 SUPERSTRUCTURE 031 FLOOR CONSTRUCTION
‘ 032 ROOF CONSTRUCTION
“033 STAIR CONSTRUCTION

04 E*TERIOR CLOSURE 041 EXTERIOR WALLS

"042 EXTERIOR DOORS AND
'+ WINDOWS
05 ROOFING : : e .
06 INTERIOR © | 061 ,PARTITIONS ' ~ -
CONSTRUCTION 062 INTERIOR FINISHES .

, 063 SPECIALTIES

07 _CONVEYING SYSTEMS

08 MECHANICAL SYSTEM | P61  PLUMBING
- 082 HVAC
083 FIRE PROTECTION
‘084 SPECIAL MECHANLCAL SYSTEMS

09 ELECTRICAL SYSTEMS |,091 SERVICE AND DISTRIBUTION
092 LIGHTING AND POWER -
093 SPECIAL ELECTRICAL SYSTEMS

P

. 10 GENERAL CONDITIONS | AU \
AND PROFIT o : i
. ¢ K T
11 EQUIPMENT 111 FIXED AND MOVEABLE EQUIPMENT

112 FURNISHINGS
113 SP%%}AL CONSTRUCTION

1

12 . SITEWORK ~ ° . 121 SITE PREPARATIDN
. 122, < SITE IMPROVEMENT

123, SITE UTILITIES

yﬂi 124 -OFF-SITE WORK

- prTmTm T

s et M




N \ - N . _ . e IR . . 5] ,
C L h A :.‘ : Al ’ v/
4 LN | ' K ) q\ . i ! .
oo oL A - - -
Ix » ~3 {
et LT ; L . ) ‘ . )
l' ’9 o+ > o ' o @ﬂ ) b -\
< - VA ) : ' v - 31 -
- o . g‘ . . , A. "‘
» N [ T .t L . . ’
. , .« , [ .~ R N2 . X Sl . , - A N
\ ¢ ' \ 11) 'ggbliaf investment .« f£Or a public investment (T = 0),
,\ 4 ' ) l . ’ + M , | “ '
7 ¢ 4 s Thus, Eq., (2-23), becomes™ : Co N
' : ’ - : ' \ & . <0, : ¢
t‘ ' ‘ - i ) -~ " ’ !
. ».‘ [N s \
s a . ‘L‘C = ju l (Cij +° Coj + C.mj + ctj + C pj . o 4 (2-26)
- to ” ‘" . ’ E ‘ . ’ ' - . ’ . ~
\ i - 7 v X . . « s
;oo , o For: this case, .furture cdsts have the greatest import-
- N  E . . . . ' . . O - . .t " .'
N . ) Lo - i * 'ance add~"impact on life cycle cost' (becadse of,rhe no-
' . ¥ . - [l ‘
. o Iy T . Y s
., . ' . tax situdtionm). _ o
R "“——\‘- 0 14d) P-rivate'c'mner : for>§ private bwner, Eq. (2-23) is the
) . ) ‘::' 7 objeé;ive B&ction.‘ it can be seen thac the impacl: of
'ﬁ. T - futu\:e costs on life~ cycle "cost, reduces by Increasing s
’ the tax rate.. ) : . e .

r : * o 4 . . L . . . . )

T . QEq. (2-23), the preseht worth ,qf;"“fu‘turew cost: il:ems, "
A - . ) : o ’ : .

v .. : : Cos Cm, Cr, Cp, pould be expressed és a product of some\

T BRI .

. . < 7 ¢ -
.. N o o tine funcrion which is" largely beyond our con:rol and 4

- \ "’ . - R
{h\ ' bdse y, cost which is a functi n of design; it can be
oA : N - s‘* o . Ib %’:‘ ~ N R s gas . b T =5

si%ifi&xitly, influenced byv design deqisioQ. ' Y

A T : : ,

oo . " . . Separating’ these two factors, and controlling the. - ..
ST S U Y some : E
' l " : ~ design,. we can exer: some - control ower the tfime = .

K v - . - W , N
N . - " faector. Thus,”in general : ' o, ' ’
b \\ " ¢ s , T .

‘»“‘: o ‘ B ‘ !

. f PR RY ) ' . ' Lo ) 'y
% - e "Cx = ij B"jul S ‘ ‘ . " o , (2~-27) # |
P ' - . . | \
2 'L‘& , b ‘ = ‘ ' ! ’ .
f - < Yoo “ \,, . q -
o 1 o \ ' e . -
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ih which : b ) ' O
* A\ t .‘ J } L. ;\;Z.-“Bv:‘” *.
ij'u-f- f (design decisions) = Base year cost of operating,
’ O . . ;-‘ - * maintaining ‘or repairing the .
- : P o7 . . . .
) ' Lo . . system; ' y\»
) h Bgy =f (time, inflation, discount rate) = present worth
i ‘ of time models
r ‘ j(' o ” :
{ ) 'for operating,
< e maintenance or
{; N b e ) ° . e
" repair cost.

! ° ) ) . LA - '
A The time varying factors (ij) could be shown more explicitly as .
t : : a function of two factors (Fig. 2-5): ° '

- Be=f (6 2 - e , -, (2-28)
}% . " PR v . . K . K ; . . ‘
T . where : - N . - {
¥ o , L : :
! <. \ 0= inflation ‘ - AR ‘ '
g Z = other factors, such as : o - \
E ’ ‘.a)‘ ,base year cost change due to physical depreciation of

‘ . . “ -

. . the system, in terms of comstant dollars;

; ; e .b) new regulations, e.g. new regulations t"equiring the use
( . . . . A . .

i of only gas-fired heating in residentdal buildings .(dm- .-
P . stead of fuel oil). - .

/.
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The 2Z component is very difficult ko calculate and to disting-
- ‘ ‘
uish from inflatiom, except ,in the presence of good records, which is
» , \ ,
seldom the case. In this study, only inflation effects hdve been
’ - . , R .
" - . considgred, i.e. Z =0, and thus B = £(8). ‘
S RESREE " Note : Because of the different nature of cash flows for repair
e and altergtio—r cosgsv, compared to operation and maim:gn{ang,:g cosf.s,
’ they 'have different formulations for rthe time factor (B).
‘-' ) 1) F’Qr operating (B,), and maintenance (Bp), the ctime
* : Y . ' | B o ‘
i + factor has the form of :
) . ’ ' t L
S ‘ Z_E £ 8(1) .1 . o :
. , C . B=w {de . 7Tt 4¢ - ’ ' ga_n
"\ - - 1 . ' - - {2 .;9)
: @ . ' }. v o
: using the dnflation time model. e
N , K , ) K ) . <] v, . hd
¢ ' 1) For repair (B,), and alteration (Bp)', the time _if‘acl:o: has the
_form of (See Fig. 2-6) : . e
A ) '
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C o 34 - )
a. > » ) l“
. (‘tE-n) .(8-1) ‘
: B=r).n_ l-e ' .o :
B =e - ' (2-30)
1-e @74 o " .
» ‘\V A

o

wﬁefe :
. n = time from starting point to first repair;

j = cycle of repair (i.e. a regular fepair period has been. as-

¢ Suméd;'and " -
.F/‘ﬁi ’ ' - . ‘e !
'H = constant inflation rate.
Having the base year costs of repair and renewal, the future cost
-~ !

for each period can be computed. Fig. (2-6) shows the fﬁture period-

ic: costs computed by using Eq. (2-30) and base year costs.

®e,p, .
P 1
i -
C '
4 ' 'r’p4
\ ! 5 4\
f.p3 -
A
c 1t .
. 2P :
- C'r . 4
’pl
) oyt oy 1
e - ! L -
. N T B : : . t .
- % “ ) T ‘ )

', 'FIG: (2-6) = REPAIR AND ALTERATION CASH FLOW DIAGRAM o
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Finally, the life cycle cost 4ation$hip becomes : ' '\

n
LCC =L, (Cyy+ (i—r? (cojsoj+cmjamj+?rjstj+cpjspj)

R CCA{) — . I (2-31)

2.5 TIME MODELLING

In the last section, a case was made for working in current dol-

~

lars. Thus, we need to study the future behaviour of cash flows in (
ordér:' to determine 'time models for each cbmponent. One way to predict .

a suitable time model for a future cost item is ro use‘ past experience

and statiézicél data. . Fc;r example, for l:hg ene'rgy compon;nt of the

life cycle cost Equat;ion, time models can be developed for the differ-

ent rypes of energy sources (fuel oll, Fig. (2-7); gas, Fig. (2-8)5

v

electricity, (Fig 2-9), by using published indices (Statistics Canada

~

9 , -
[73). Models for other components can be developed from data found in -

BOMA [8] and IREM [9] reports. .
. A

In using past 'statistical data, one. must be very careful about
using models based on these data for predicting future costs. It ,isl . !
possible that different functions can fi? almost perfectly the past:

' -data; however, ‘depending on which function is selected, as represent~




atrive of the future,Figs. (2-7, 2-8, 2-9), different design decisicmns

' ~ will be made. ,

" The above cost models can also be defined by t%?ir inflation mod-

| ’ .

use in computing the B function; they include-:

1. The linear inflation model (9 a a), which is Eénstant

: over the period oé ;tudy. This m&del is the -one most
“ommonly used in life-cycle costing srudies.

3/// ‘ ‘ '2.. Hyper-inflation models : ’ *
‘ | R ~a) =g+ bt linearly‘incrqases with time.

? N - | ) b) g=a - bt ' linearly decreasés with time. -

\ / 3. Power inflation model.

e

%

o= G+ (0 - &) ed.t '
[ .,

i " where :

a,b,d = constants ( a ié the same as 8y)

' LI v

J

‘ . 4
Cos:'mﬁhels shown in Fig. (2-7, 2-8, 2-9) can all be defined by,

pover inflation model.
( . x
01 = today's inflation rate -

[

fe = predicted long-term {nflation rate

e

o~

4 = time from starting point of construction

. 4]
The above-mentioned models are chosen for this work, bu?‘morg work

needs to be dore in deterﬁiniu%/ﬂodels which best fit,the existing

, : ‘ ‘ T o . .
} ' - . . . i

]: . : -

- . " els; figure (2-10) 1llustrates different types of inflation models for

¥ o s L
»
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candidate for future/research.

2.6 INFORMATION REQUIRED FOR LIFE CYCLE COST *

)

are required :

1.

In order to conduct.'a life-cycle cost st,ri'xay; the f

' iddels and telated parameters).

“

P oo &
// .
Identify which buildipg siﬂ:syst_ems enter, into the anal-
ysis at leve , (e.g. example, exterior closure an

1 1/1/( 1 rior closu d

mechanical system).

~

Identify the level II elements for tﬁose subsystems

which are identMfied in’ step 1, (e.g. considering.

the mechanical system, ™It could be plumbing, HVAC

-
[

etc-)o ‘ v 4 T
—_ .

Estimate the capital ‘cost data for each element.

)

—
Determine the labour and resource expenses for proper-
op‘eral:ion and mi;xtenance:of- each building subasystem or
element ('in coday's dollars). The data for this sec~

tion are very difficulr to obtain, but some publica-

I

R —

‘ 1!:i.ons, such as BOMA reports [8] and Statistics Canada

(7] can be helpful. Especially useful are data ob-

1

3

tained from existing operations.

'Forecast "how the price of the labour and resource in-

puts for operating and maintenance and other costs are

likely to vary with time (i.e., select appropr‘:late time

ollowifig steps




i

N

]

L

6. Estimate ‘the nature and cost of future periodic rep.air

- and alteration work for each building element. It has

to be determined when the first rep.air will .occur and

how often it will be repeated (Fig. 2-6). For inlnova;-

tive technologies,‘,ijg_'is very difficult to es;:imate the
cost, time and frequency ‘of repairs.

7.. Obtain from the client the after~tax rate, r, period

of étudy te» .and tax rater T to be used In the anal-

ysis. ' a

w

2.7 INTERACTION BETWEEN DIFFERENT SUBSYSTEMS

* Ohe item of crucial importance in conducting.a LCC analysys is
propgriy accounting for interactions between capital cost and future
co'st.s,‘ bot‘h with respect to ind:l.vidua]f bui;ding .subsyst:ems, and
between different subsystems. When Eq. (2-31)1is used, it 1is possible

to miss some key interactions that result from design decisions. To

l
’ f

aid ?.n identifying interactions, it is useful to comstruct an
interaction matrix‘ (Fig. 2-11). r
In a b;.xilding system, interaction exists in different ‘forms :
1) between capital cost and future cost’ of subsystem {, (
g+, in mechanical system by increasing the initial )
' éost, the future operating cost can decrease;
between capital cost of subsystem 1

i1) and future cost,

e.g., the interaction exists between

: 3

capital cost of the ench)sure systfem and the operating , -

/o

' of system J,

cost of the mechanical system;

¢ v

o




i11)

iv)

4
- 42 -
between capital cost of subsystem i and capital cost

of./SubsySCem,, j» e.g., using a good system_of enclos-
ure rﬁghc decrease the cost.of Ehe HVAC system; and
bet':wegn ’ful:ure‘ cost of' subsystem i and future cost
of subsystem ], e.g., by good maintenance, of the
~ .

building enclosure, we can save'on energy cost of

mechanical system.

-

g

»

B

P,

-t %
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A basig'expressidh for_  life-cycle cost was presen:ed in Chapter

. 2. In this chapter,, the following topics. will be treated : , o

1. ‘1den:ificacion of sources- of uncertainty for

. cycle cost equation components;

-

.2, demonstration of a practical method of measur

< . N
or uncertainty for each of these components;

+

3. exploration of how risk propagates in the 1li

. cost equation; and
. . s

. s
N

-

“.

the life

-

ing risk o

fé-cycle . '

4. determination of how risk may be incorporaced into o . *

the decision-making procea;.’

V4

]
!

»

3.1 RISK SOURCES

In order to identify the risk sources in design and opgratidn of
. . \

t
buildings, one must ‘analyze the building elements one-by-one (e.g.

whaé are the risk sources in'desig;land operation of

tem?). Let us consider the life-cycle cost equation og

~

ents.

“
M o 3

LCC:’ - cij + (I-T)(Cojnoj + Cm.'.,BmJ + erBrj +1CPJBP

: = Cyiy (I‘T'BAj‘;}h-ﬁ- (1-‘1‘)(?01303 + CpjBpj + CrjB

t

In}ghé above equatioh, (1-T) and (l-T.BAJ) are assumed t
" Assume. that : '

‘a) B '“ - (I;T'BA:]) . 4

A}

AN ' "\

Y

the HVAC sys-

buiidipg elem-

i~ T.CCAj)

ri-+ Cpibpy) /

(3-1a) 1o

-

o be constant..
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. - . b) (B‘ Q. B& ms Br) = (‘1‘Tj ‘(‘BO) Bm‘r‘ Br) B) * N
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4 in which the B values are tax adjusted values. "Using these values,
K3 .- , R , ) ,
I equaz:ion (3—13) lgp.comes': y . ‘ . ,
2 ' e o ' ‘ Y
;": - A . L. ¢ . , ;
a, N ? - ¢ . «
. * LCCj = CijB 1j ‘k«COjB o) + ijB nj +‘erntj + ijBpj ‘
' ! i . - * IS
5 hd v v .
~ ‘ “Ioghy : ‘ G-1)
. v ' ; x.l . . P . *\ ¥
; K ' ) - ‘, ) Co g J
J - . " ’ A
: . shere : |\ me . . '
i - L . . t *
! ; B Cxxj -= base year cost of building element j (capital, operating,
N - maintenance, repair, alteration, étc.)
) - By = present worth of after-tax time variation models\for build-
‘l,y D e ing element 3 ' ' \ I‘E“E‘
. h - The uncertainty involved in baae year ,costs (ij) may be due to
Ty s e,
' the following reasons .: ' ) : .
L. \ 1. ini\ccurate nl':ediccion routines, which becauaé of sim-
NI '
; \ w‘ - plici:y, are frequcntly used, especially in th%eu—, )
; } ; L 4 . . "‘Q L . N ' N . N
o { * ‘ minaty{esign phase v . | =
| E - ’ \ 2. uncertain productivity, ’ I .
- . A 3. innovativ: technologies which ‘765 unproved to dar.e 3
i ! .
t o i) by conplexi:y sof delign,‘ e , o V“_‘ -
13 e 4 '
/>\£ ; o .,5' _Jinqo-plete design informationm;
> N . - . . . , ’
' ; S £ ” L 6. :un,cn’rtain load .vbntintion (e.g. enerz.y’ conapupgion);
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~The wuncertainty involved in the\ determina‘tion ‘Pf time moc_lé],s,
p(ij)‘ 1s due to : ‘ |
| l.  lack of availability of data ban}c of past costs;
4 2. inab;Llity to px"edict ful:uré events which migh: affect

future costs;

. 53. " incomplete knowledge ogthe mecﬁanis%decér- \ '
vm:‘lne future costs; ( s J
/ -

i

e 4. changes in social trends which affecr productivity;
5. unknown reliability of innovative technologies; and )

! 6. retroactive legislation (e.g. regylation to use a
. : ° ¥

minimum standard enclosure’ insulation).
4

Figure (3-1) deménstrates the uncertainty séurces for different |

\ ) '
types of emergy. Also, it demonstrates’ a hierarchy for decision’ mak-

«

ing.It starts with the determination of availabiliry of .the energy
- . . [N

tygsﬁ and then considers the question of how stable is this availabil-

ity. ’AStability depends- on social, "economic and political facrors, and

also on the export and import policies .of each country. Finally, cost

variations in the ffiture must be identified. In this study, only: the -
~" cost variation behaviour has been looked at. i 'nbted previously,

more work needs to Pe done in the future to assess future cost varia-~

® tions and to éuiixcify the uncertainty relating to these variatious.

*

-

L

3.2 MEASUREMENT OF RISK

~

3
Risk can be defined ag ‘the dispersion of the ptbbability distri~ ',
v M \ .

" bution of the p&:'fomnc‘e meagure being considered, e.g. the ‘standard

6
L3S

.. o
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deviation of life-cycle cost (or relarive coefficient of variation).

If we consider the life-cycle cost equation (3~1) :.

-’ 5 . ‘
" LCC = I CyxyByj
;- x=l .

all the ij and Byy . are random variables which can be described by

density functions. These variables, however, are complex funcrions of

- other variables, including design.decisions, labour<productivity, mat-

erial quantities, wage rates, escalation rates, etc. (e.g. B = f (e)j, '

where 8 = 9(t)). v
In this study,,the approach is to work with the (aggrega:e vari-

s - n

able ¢

%4 in determining risk. For the B variable, we_'determine A,'
the uncertginl:'y by estimating the uncertainty in the gscalation models

.. €
( g= g(t)), and then deriving the uncertainty in B by applying fun-

“
damental staristical relations. -

*-The goal h‘ere is to end up with a degcrip:ion of the uncertainty
in life-g:yclé cost. ‘- This means we have to identify a method to repre~
gsent the uncertainty. ‘ N

3Js2.1 Den's:ltj Function ¢

“

This is the most rigofous'matmer :Ln which to descr.ib‘e a random
variable. Assuming sufficient infon‘ndtipn | is available, pleasufingi
riék this way requires ‘chat pro‘babilitn}? ;iensit:y ‘functions for each
variable and .-jo'int: discribut_:iog funcr.ion; for \eac;h pai: of ‘variables
must be es‘;ima;ed\., Then we need some method .to derive rhe de‘;fxs'ify‘

function for LCC, such“as Monte' Car¥lo simulation (1ll1), (alternarively :

% P gl e bt S
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we can make some specializ.ed assumptions about the shape of the

componenc density functions - e.g. they are all normal). The < use of

density ‘functions is impractical, however, because\ of ;:he lack of
relevant data to derive density functions and because of the
difficulty of generating the density function. For. ekample, let us

consider the general case of a multivariable random‘f'unction :

' ‘ /. .

« «

o Y=g (x1, X3, +vv xn)' ' / _ . (3~2n

Suppose we know the density functions //fx (xLi) fo.r each of the
Xy and the joint distribuéipps between xi a:d X4 hfxixj (xy, x'j)
fo'r gll valyes of 1, j.- In theory, we can derive the density func-
;ion - fy(y), but the problems aré :

1® Each of the Xi are functionsithemselves for our case;

2. ,the information required for determining £y (%;) and
' ' i

fx {x X ) are very difficult to get .
ij 1"

3., the task of assembling them to determine fy(y) is
difficuhg.

3.2(.2~ - Moments -

The moments of a random va_time delfined as the expectations
of the powers of the random variable which has a givén c_listribution,-
If x 1is a random variable, the rth moment of «x, u;xi‘"ally denoted by
us(x) is defined as : , I \

-




>
e e o st s o e

- 50 -

uartx) - g (x:r) ‘ " . ‘ (’3‘3)

]

And the r'" central moment of x about ur(x) 1g depoted by [10] :
€ -

w (x) = El(x = »T] N
T o (3-4)
In order to study the behaviour of random variables existing in

A

eq..(3-1), we will use.the first moment x (mean), the second moment

2 .
u’z(x) =0y (variance) and preferably the third nioment where Y3 is the

3

coefficient of skewness u‘3(%) - Y3o. . Once we have the first, second

and ghird moments for each variable, it is possibl(e to approximate the
moments for the B function and life-cycle cost in terms of the moments
of the C's and B's by using a truncated Taylor series expansion.

For a single variable function:

" -
/ - . '

. N o
' Y = g(x) 3 '5)

i -

u'sing the first four terms of the Taylor series expansion about the
mean value of x4, X, we have:

a

N - L . N et : N . PR

W

ot ek A AR,




.

(RSN

Pt vt

’ - 51 .
’ 1
’ = i g-s. — _1. dz I - 2
. Y 8 (2) + dx 7{ . (x x) + 2 dx E (x -i-)
+ 1/6 ‘%H (x=%)3 + 0en . | e
d v »
Taking the expected value of both sides éives :
- . 1 a2 | o2 1 43 .
T=g @+ G- 38 |goxt G 53 ns
1
v ,
where : .
Y3 is the gpefficient of skewness . : (’.
'Y 1is the mean Vﬁlue‘of Y
./ » T . ) ' Y -
Using the definition of variance : ]
. ) \‘ ’
2 D ;
oy = E (M2 .
we get :
. ‘.(‘ ./4
P ' Y - ¥
.‘b ‘ .
a ‘ '{ | ! :¢"
> ;
- : S S *

. mN

(3-6)
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- And the third moment can be approximated from:

3

2 A
34 @ gy g—x§)} SN (3-10)

! = E(v—v 3 = ..C!'-g- . .
' u3(y) = E(y-y) (dxl{ pE oLt (G (G
5 ’ xRy
22 2 3
.-3— - '-d-& - d . o . 5 '—]-— . —d—g- . d { .
(GG st G @GP
X . : X
) 32 22 3
3 .

— . 5 —-1.— L Q-E- L] d L] . 7 l il -d—-& ld L
(svy) s ox * Gz g G| vt B G R )l_
¥ x

| \ RS U S-S 2 2, ¢ 8

: (v *2) oy * G+ 58 0 (&) )| - (rgry) ¢ oy

\x ' ”
. where : | ‘ . < . .
Yn 1is the coefficient of nth m?mgnt
. ' ‘f_\ 4’ L ’,: , ‘\, - “:l
~  B(x) ,
Yo = * - (3-11)
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Now let us consider the multi-variable case: b
Y=g (x, Xop eee xn) ’ ' b (3_12)’
' /
o Using.the Taylor series eipansiod, we will have:
’ 8 I>
- - - g x19x21'°'9 xn
Y=g (X1, X9, ece + g ' -
28 (X1 Xy eeey Xn) 1m1 . 1 (xg = xg)
3xi X
a‘ + 3- [rz’:. azg(xl,xz’ sees X ) (“ - — )2
2 L fml = - L P
2 X .
] xy
[

Vo : o o ’
n n 2 ¢ ) -

+2- L % 3B(X,X, e0e X (x, - x,) (x;, = x,)] +e0u

axy ij
. o T ' :
e ) . ' v (3-13)

The mome‘nts/f,or this funct_i,.on are [11]:

a

i

‘ ] - - =y 1 n’ azg(x X .o‘o b 4 ‘ 2
.‘;.\‘q’ Y- 8(;‘1, ng see xn) + i { i-l - 1’ 2_’ 4 n _ Ui
' ’ ' * 2. x
) . | | o | 3151
¢ e o - {
T Y 22glxy, % , %) co = . 1+ |
N 7#22‘5 B1X1y X9y sev» o -.E[(xi-xi) (xj -xj) vba
“ . | CE RS X B
(3-14) .
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ag(xl, xé, ey xn).' a«g(xl, x

g 2) Tee g L.[‘(x-!x)(x j)]v -
jj axi ' L-: ' axj. .

3 -

‘n,. ag(xla x23 ceey kh) é',g(xl,-xz, ceey xn) y . ‘ ’
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1=j . ‘ axi L i axiz ’ -
ag(x,, xrl"': ) ag(x,x, ...,x) '
—1 2 “L L2 me x)(x =)4)

373
axj .

2 : .
ag(xl, Xys eoes xn)! 9 g(xl, Xyy . oees xn)

nn o
+ 28 ¢ - .

i} dx - LZ . 2 0%, 0x -

i#] 1 =-f“i 3 <.

2l (x, - x,)° (xj - x,)l}

3g(x1, 9f eees X )
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" \ z?f {[\ag(xl, Xprt oees xn)t:z ?g(xl, xz,’ caey xn)
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3g(x., Koy +1v, X ) |
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fInfomat:ion réquired /?or detemination of approximte moment:s
with t:he above-mentionnd degree of accuracy (only four tert;xs of l’aylor
series expgnsion), are 1mpossib1a to gat}‘tber. Some info‘rmation, like ’
moments (beyond fourth moment), do not have a ré‘ady physical interi;re-
tation. Even more, in order to use the third moment, we have to fiud
higher moments of xy's. Hnnce , for practical purposes, most of thc
timu are clininated and only the first and second moments (mnn and

4 ' . o
variance) will be used in the analysis. '
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For example, consider the B function: ' T

) : tE . - . *
B = (1-T) '_{ (e.et ’ e_rt) dt l

1 1
N

f

[ moeml Z{L— (Pt _ .e(e,,-r)t

1)3' o (3—17)
| r | | | ’
ey & 1ol 1 Dty (Ger)t
. E(B) = (1 'r)[~ = (e E-e(, r. 1) +
| | : ‘ )
. - . /
L1 2 (8-1) tE 2- (8-1) tl . / ' |
@ e ) - \< -
2 (et (Ban)t
) (t:E -t,e l) +
4""1
2 - (B-p)t (Fr) e,
(5-:53 (e 'E-e 1))6 ]’ '
3 e LG
b ey = e t——l“ (s-m (e-ﬂt L
8-r) ) ¥ o L
1. @)ty (F-p)t, T .
e
, :

| .
 In .6rdcr.to‘.m1m the i!ggiﬂc'apén 'bf ommitting higher order
terns :lntquution; (3-17, 3-}8’, 3-19), sevaral s:udiuf vere made,
| (‘;- | / | :1 |
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a) Consider mean and variance only, as variance or coefficient

of vaxji?tiqn'increaseé, the mean value increases exponentially. Figs.
(3-2a » 3-2b , 3-2¢ ) ‘demonstrate the effect of variance on mean value

(y3=0). (Each figure demonstrates a specific value of (g-r);

b) Consider mean, variance and coefficient of skewness (Y3), as

[

positive values, for +vy3 1Increases, the mean value increases expo—

7 nentially. Figs. (3_23,3‘_21,"3_2,3 ), demonstrate the effect of dif-

ferent coefficients of skewness (-3 < y3 S +3) *for different values of

(98~ r), For negative values of +y3, the mean values partially de-

crease (when the coefficient of variation 1s high). By ignoring high

coefficient of skewness in an uncertain decision-making environment,

one might mak: wrong decisions based on wrong mean value.In order to

incorporate the coefficient of skewness or high order moments, they .

h,can be computed by using basic data (Max, Min and mean values) and

!

triangular approximation of density functions. !

, ‘ g .
In this study, no work halq been done in computing high order mo-
‘ments, and as defined in Eqs. (3-17, 3-18, 3-19), for risk analysis

" purposes, only first and second moments are used.

The information required for first and second moment calculations

are the mean value and coefficient’ of variation (fhe coefficient of

0 4 AN .
variation can be éalculated by.dividing the second moment by ghe first

m{gent of ' the variable) for each basic variabl:; for example "8" or

/"C_" .

We the mean and variance of life-cycle cost, the fol—l

19w1n3' prodedure is suggested : .

\

o e it b oA
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/' R , - 1. \Estiuie thé capital cost, base year costs-for future ; <

/ , j‘ "

compSnents of LCC and the related coefficient of varia- *

le, ‘capital cost of HVAC 'syst,étrn is

ts coefficient of variecion/;kx.——

For| jreatest 'ncéuracy, the anaiysis must’ . ) n

tion. For e
‘ . " $3,000,000 and
N r" ' ‘

is ,025.

» : . start at the lovest  level. For -example, consicfei‘ing '

» /

. N
Pig. (3-3), one must do the estimation at the. component

'level in order to accural:ely estimate the unéer:aincy. : .
- ?v »

M. Idenl:ify the inflation scenario fot each futyre cost:

component and its telaced coefficiem: o?’ variation.’

For example, 0," 15% ‘and varies by 99/5 = 3

. 3. Using rhe simple form of eqs. (3~7, 3-8), :l..e. :
W . '

. ] @ - /

Y-s(x)+1/2( |)°x e ey

- . . 3

$)%0 2 BRI € > I -

‘ ' . 2 _ ,dg’
. ‘ . ax-cu

o
N -
“ s t

Yy . . ‘» - R . ) . ( +
) s . - . ' O . \ ¥ T . -t
# v Coapute the mean and variance of B. 4 // AR '
. . « . ' 7 l.n - : LJ '). .
.+ . |Note: The B function could be treated in thres dif.fer'enc Jays
Co ' v M ! P
; ) a) B - f(e) whcre 8 could be one of l:he inflatiou mdcls

’

i . Ny

i ~ described in Chupr.er -2 -mﬁ 0 s ,assumed to bc known,
oo, ~ co, . 8
{

with certainty. : i o .

‘4"' K [ . - 4 . -

% ’ _‘ S , b) B - £( 6),whcrc ) u :10: deendnn: with som coetfi-l'
/‘ , ’ cicnl: of mution. U-:lns cqi. (3—2’1. 3—22), tha nun,
. T and uum \of B can be obmn.d oL T
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¢) B = f(g), where 8 is a combination of several models, .

' where each one has a speéified probability of occur-

; rence. For example, g1 = 10X; P1 . ,-; b3 99 = 5%; Py =
‘ -3; @3 = 20%; P3 = .3. For each inflation|hodel, the
T, corresponding B must be evaluated : ’ -
. | = B(g1); B2 = B(62); B3 = B(g3) . (3-21)
K * R ) l'_ .
-then, , ' . v .
.\ 0 .
= 3 . - ) ‘ - N
B =T pyBy : - Co (3-22)
8nd @ i-l‘ . . . ' B
3 4 ° T (3=23)
U% = £.pi( B4-B) ' ,
] . 1—1 . s } -
r. . .

,In §hia case, the high order moments #lso can be computed. For
'example,_coefficieqts of skewness can be co'mputed. as : ;

1

« . g - J
U 3(B) = £ p4(B4.B)
g fuu]

&, Compute ‘the moments of life-cyecle cost.
Take the general ’life-%cycle.cost equation :

L4

n ; L S j -
19008, (Caglyg 'y CosPod? Casfay® FrsPey { Cops )
| . 'Q . . ) . - h. ' * ﬁ .\ . \ L ’ .
\ . o e oo N Yo
N i - - (3-24)
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Equation (3-23) consists of some deterministic terms and some

probabilistic terms. For example, B 1 is deterministic. The

S

_remaining terms are all random variables, and ungertainty is
N .

’ : \ R
~ greatest for furure costs,

Take the case of product terms, e.g. These two factors

: CojBoj°

for most of the subsystems are-correlated, but for.the moment assume

o

that they are not correlated; then:

variations can fncrease the risk, even though bahq ear costs are known .
’ | .

a

~

: ' . I ' .
with a relatively higher degree of certaintly. - For example, uncertain-
__ §

e 4 aA R A 4t e et e —

ty involved in operatlng cost of HVAC systems dominates the initial

cost uncertainti{ and controls overall risk level.

-
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Once we have the first and second moments for the product terms

in the life~-cycle cost equation, then:

' ,  E(LCC) = TCC=cC,, B

‘ 1j. i t CosPos * CagPug ¥ Crg Prg * CpiPps
R : .
; - . (3-27)"
; ‘ and'variance:
AN ' .
2 E‘ 22 R I N D ’ . C
ISR, Lcc= (B +C°. 0o + 80
- ij ij o] Boj o] Coj, ‘
2 2 a2 2 2. 9 2 2
t 0 g c_,o + Bpq0 ‘c O ,
03y By * Cn” By T s oo & 0y Ty
. _2'02 2 2 el g 2 2 - . '
Ces By YRS Cop o Gy Py %y P
P 2 . / .
ou2 2 2 o \
+ B, .9 +0, o q ‘
P Gy T By Gy
m m L '
+ 2% X ((B,, ), ) cov [c,..C.]
Cgmlmger MK 15° "1k, | ,
. R ) ;- . T .\" o N
+ Toovloy, 0 ] + cov [y, 1] + Covlry, R .
~ ' . o+ Cov[PJ, pk] . | ;
%5- . ~ m.m. - L
! . + 21 I (Bij)_.[CQV[Cij. o} +
: S = le-j+1
I N A R ) e v .
o | ij, uk] + Cov[c Rk] + Cov[Cij. ]] + R
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Covlo,, 1] + cov_[oj,nk]
+ Cov[Oj, Pk] + )

' Cov[gj, Rj] + Cov[MJ.,PJ] + Cov[RJ,Pj ]

. e \J M
in’ which:

Oj» Mys Rys Py

th@aelves-\ are functions of othér variables. .

. 4

3

R,,.P are functions of other ‘variables, where those variables . -
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‘ o " From Benjamin and Cormell [12], the covariance between two func- : f
B tions Y; and Yy where :
I I K ' Y ! s ' ‘
. Yy = 81 (X1, X2, eeey Xp) ' : . e (3-2'9?
o BRI , /
and ) 0 o ' . [ . ‘

b4) -'82yx2: -a.,?{n) . " . .

"= 15 given by :

8 . f
: ’ nn aY aYz . '
3, - Cov Y3, Y2]- D Bxi I_’_ ax ‘ Cov (xi, xj) . (3-30)'
P j K . .
. For éimmi:le for Oj, Oy, Cov(oj, Ox) i's given by : , '
o COV(Oj. Ok) = Boj[Bok . COV[coj- Cok] + Cok - c°"[cojr Bokll .
. e . .
/ .

‘Some of these covatiancea are zero (no correlation). For exantb-
‘ '.lgg, considct the various mechanical subsystens elemoa(s. A correla-

tion exists between operating coac time models, but farely is there a

I g
) cortelation bel:ween base yen:s coul:s and time models; therefore., the
' 2 L} l
. . covarinnce between c: o and 30 . in‘moat cases 1 zero.,
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The above apprbach to risk analysis has.been incorporated inﬁq a

PO T

comp;xter program, which can easily be used in the desigﬁ office.

-

To 1illustrate the use 'of the foregoing relationships, consider
the following example.

Calculate the LCC cost and risk for a two-component system

- (mechanical and electrical systém), having zero tax rate, 1.5 _year °
. . ‘ N

: 7
(ty) construction period, 30 years study period (tg) and MARR (r) of ‘
ku.z. Detailed cost data for each system are piven as follows: , ‘
ez ' - B '
ENERGY SYSTEM, ° ] (
. s
4
MECHANICAL SYSTEM | ELECTRICAL SYSTEM
. M € ’ ~ ‘
~ : . N \
| - .
1. Mechanical System : * j
~ . ' i
€y = $10,000 U-ci- -$250
Co = 1,000 Og = 100
. B . . .
. 6 = 158 - Opg = 4.5% . -
. LVt . ) , B . 9 v \
w— - -~
’ / N ‘ -
2. Electrical System : . ‘ : T ., .
gy = § 5,000 Og = 9500 - & S
L. TG o= 70 oge 75
S I A T
I}" - . . ' \, .
- ) B v ‘!‘ "
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" LCC analysis of mechanical system: : ) ‘ o
e 1) Compute By
t:E . P
o B.o=£(0). =, e O Dar ' ’ ‘
J ' ' using Eq. -(3-18, 3-19)
T B =48.9

; » %8 = 27,57 P
. ' ) ey _Compute L—-CCM ‘ \

Tc=C, + (1-T) ° CB -T.CCA . ' ;
lec=c (-1 ' ¢B - T CCA | 1

= CC=¢C + CBR
T=0, LC=T, +CE

LCCy= 10,000 + 1,000 *(48,9) = $58,900

3) "Gompute the variance of LCC, °2LCG

+ 9Lee, = (2500 +(100)2(48.9)% +(100002(27.57)% +(100) % (25.57)7

o .= a8k

i - ' LCC analysis of electrical system:
1) Compute By , . Lo
i '

t
B =£(6) =/
t

) 1 SR A ..
- i S o ’
t . u%ing' Eqs (3~18, 3-19)
: ( _ .
‘ B=183 o =67 . ‘ J

e . : 2) Computqﬁé;' ‘ B . -

LcC = (::L CB,

SN =5000 + (750)(18.3) LT e
Ny ‘ BTN ‘L,CCE"'IB,‘72_5‘ ‘ ‘ o . ';," ‘
.' . . . ro ' ‘ ) " o PN \\ L ‘ - - “ ’:” :'_: _\l y‘.l' t \\ ", :“‘ ,\‘ - ;“ R . .
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" + ‘9" ! = 68 - ”
- ] . .
‘ ; | )
3) Compute the varian_ﬁa of LCC, 0 ynp . b
using Eq. (3.28) (the same as mechanical system) ‘ co ,
: o2 2 2 2 2 2 ?
' LCCp = (500)" + (75)7 (18.3)" + (6.7)" (750)" +
2 , P :
(6.9° (75 ) . | {
: = (s2sn)? ‘ o
g | N\
The total life-cycle cost'is equal to: o . »
. o . ’ A
= ‘ © LCC =LeG, *+ I6G, \ S . ‘
= 77,625 - ‘ T
g \ ' '
4nd “LCC is computed as ‘followa: o )
. § . ’ \ ' , * Y
' . ‘ a) If the corrélation between the piechanical and electrical A
«gystems is assumed equal to zero, .txhen: ' T . {1
..,.;; : .2 ' f‘ / ' ‘ . ' ?u ! ‘
5 : %rcc = (28,118)2 + (52512 :
I : Lo . , : .
e : o %1ec = 428,605 , c,v. = ,3685
| ) o . | ¥ ) , . . P ‘ . . ) '
| ‘ Ss
x \ o . : o
3 : b) If correiation exists between cost of different t%es of
: . . energy, and ¢ = .9, we will have:
| /II ‘; -
0 | : |
; y
! T
: { * ' : ‘ .‘ - ’
e ’;c.;“{‘ ; ‘ h L ' _ .
o ML DR - T L ;
‘ 1 ‘ ‘ ,\ w ‘4\‘ o : . i
¢ el
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e = e e e e q -

| s e

2
hd
} - - -
. ; 69 ‘ y
02 02 ol -
LCC =" LCC + LCC, + 2 Cov (Lcc, » LccE) -
) X ' % ~N Y
- (28,605)'2,, + 2(.(.'9)(6.7)(25.57)(750)(1000)’)A "
' . %
- %icc = $32,396, c.v. = L4173 L
- oo Lo
The above example demonstrates the importance of incorporating °
. |
the second moment (variance) in the LCC analysis. Special emphasis .
is _on/the time component of operating cost "B", which determines the
risk allocation’s‘ and controls its significances——:. - P
c, | | '
]
© s .r .
V3.3 SELECTION OF ALTERNATIVES : T
. ' ! R |
Using the mean varilance computed for life cy‘f_zle cost of each
‘element, there are wany ways to seléct the best alternative; (i,e..
t , * , ' R . . .
+ there are different criteria by which alternatives can Pe ranked, )
For example, capital cost, ]/.ife-cycle, cost, risk, etc. But rather - ‘
. . ' : e >
than consider the above criterion indepéendently, we can combine at ’
" . least two of them into a single meagt'.\re,’ {.e. LCC and risk.
\ ’ ¢ /—:""' 3 ’
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In order 'to make the comparison procedure efficient, it is useful
to first screen out the least desirable alternatives. - The concept of

®, .
efficiency frontier [13] may be employed for this screening task. It

is based on the following p;inciple. :If there ‘are two alternatives
with equal exp.ect:ed 1life-cycle costs, the \alternative whi'ch has a
lager risk should be selected; if there are two alternatives with the
same level of risk the one with 1ower expected life-cycle cost should
%se'lec‘ted (Fig. 3-4). ;

. ’ .
> Once the screening °of alternatives has beeii performed, the re-

r

maining ones must be ranked. Two methods are described here.

3.3.1  Use of Urility Theory
o -

The ‘basi's for the utility theory haé been well "documented  in ;nagy
: B . -
references [1l1l, 1l4; 15]. According to the theory, each individual has

A

- a measurable preference among various choices ava lable in a risk sit-

e
uation. “This preference is called his utility. ,t:ility?lsso meagured

in’ arbitraty units which/ar{‘e ca’led utiles. By suitable questioning,

' we can determine for each individual a relationshlp between utilicy
‘JD’

" and ot:her measurable quantities (dollara), which is called a "ul:ilil:yl

o

fnnct::lon'. }hia function offers a picture of his attitude towards
taking ri‘gk. -

I.n .any decision involving risk, the deciaion mak.er will choose

NGT% @r’

that al, :i\@ nhich pax:‘.mizes his expec:ed utilicy, which .may be

- expresaed as j‘“&% & l '“»
| . - ‘ )

L Mg e L N (3-32) ©




[

‘ where x 1is the performance measure of interest which. is 'a random

“ variable with a density function fy(x . ‘ ‘
N . ! - R , 1 .
a) For the polynomial case, where : ’ .
U mAg+ Afx + Agx2 4 ee. o (3-33)
ve may apply the expegt:a:ion operator directly as fgllows :
. LT
For u=ay +ax /4 L. ‘ (3-34)
. “ Al . * .
£ _ } . , ) '
E(U) = Ay + Ajx S : (3-35)
. s . ,
° . Cl 4 . -
\ ' Thus, for ‘this caae', maximizing expected ucilit'y is entical to'nxim—
Azing the expected value. o . ‘ ‘\1 |
Por U = A+ Apx + Agx? o L (3:36)
v« . . \ .
E(U) = Ay + Ajx + A2 (of + X2y ‘ . (3-37)
. N ) o
Here we need the mean and variance of the random varisble x. ,
And for : . : " -
: T ‘ \: P | ] -»Ab + Al‘ + ‘Alzxz $ Aaxs o ' . '~ . o . (3-38)
"_ X 5 ‘\‘ .~ . ‘ ‘ P ‘-: & . N
e « : N 4 S ! s N

L UB(U) = Ag + AJR + Ag(as-}l-' x2) + AAg(Jugo,! 4 234 u3la)) 0 (3-39)
- L R v ‘ K . L . , ’ <,

-

N - + ~ + 1 .
R . ‘. . .t * ¥ ! -
o N . L. . .5 )
. , . . » Y. N N .
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3 ® t t t t 'b ‘ N ) . w d
f . . . - - .. . . M - - , . [ , N
S N,y o T L
Lot SRR T Y : ’ \ T
. . :' ' . hd ) @ - .‘ v \ ’ ' ) \
! A qu this case, 'the add;l:ional infoml:ion in the for& of the skewness
. - " . N\ ‘
T ) " . of. :hg,perfomuce measure. is required. ) N o
.' . -i \\‘! ‘ . . . .': e e - - #1 A . . . L7
. g T ; | * U . — e
P .~ b) Fof the exponential utiliry case [16], we have : e .
N { R X &‘ - * . * - \
) - t‘ ..( N ﬂ Ay 'l ‘j . A ] .. H] (‘\d . ] ¥
L e V (x) = 1/8 (1-e®X) i -r EE (3-40) ,
ot . /.\‘ . ] . M . - .
CH E " : ) . - . e 8
-, <. 't s . Im order ro use this 'fnnct:f,on., one mupt identify the coefficient |
“o v , b . * . ) . .
o o "7 Y1 . g, vhich indicates the deciy{:n'mgker's attitude rowards taking riskd: |
- . - ’ o . . R
) . . S e : . . ‘
- N R o ‘ . iy 1if s ) 0, - then" the decision mz;l.}er' is averse to )
N : S ”_- ;‘:‘ PR '. - . ’r:l;k ( Fis\. 3_,5 ). . ' p /.
v - - B ! . n ' : ‘e v
- T ;o A1) if' 8 = 0,\} then the decisi%n maker ;ls déutral towards risk
b e . B ’; " (rig. 3-5); N o (/ - - -
t o ' R . : . ' . T
R B < 141) | 1f s ¢ 0y thén- the decision maker exhibits a pref«
" C 0. 7 " erence for risk, (Pig.3-5); . . A .
T, " ; o xi','me "Ceixtrai L:lnit Theorenm” (12) séitea 'l:har, under very gemeral .
’ “‘ol; I ot o W -
. e TR .conditiona. as 'the ' number of var:lablea in the sum becomes large, the "
;) R d:l.stribucion of v :he sum ,of rnnd’on vatiables will Qpproach the nomﬂ.
' ,”‘. C diattibuﬁoﬁ This theoren holdn Hhen we' have 1ndepeqdent varj:}bl‘ps
g L and :he dzﬁtribucion of vatiables ave not: identiul. Since th,ese
. ‘ T ;- ' Q “' - ~s
: S condit:tops bold for Life-cycle Cost Analyais, we# can *assumes t:hat t:he
B N .‘,, ‘,:' ' n/'”.‘ e /‘ A At !:. . R S S
: d'en\lity funcl::lon of. LBG h noml" (iﬁg. < Lcc can be fully dencri‘b‘
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U = LcC + 1/2 % Lee - o

-”

For a normal dlstbribution aod exponential utility, the risk ad- »
juet:ed value 1is the' expected value of life-cycle cost, lesa a ﬁisk
p . ‘ .
discount that is proportional to the variance of distribution® and to

risk aversion parameter "S". This function is also called the uncer-

~

tainty equivalent of an investment.. 'I'hus, in the case‘nf exponential

ut; lity he following steps can be followed E . ' '
s

@

¥ 1. det:,ermine the coefficient of ri’iz\averslon, 83 )
k2. using eqs. (3-'2;‘ 3-28), comput:e the wean and variance -
. : -of lif!é-cycle aoat' !
T 3. calculate the utility value from eq. (3-43)..
5.3.2' Use of ptobahility value \ J ‘
Aasuming Jthat E'_\density fung:;on of 1life-cycle acost is normal, ¥

the Q.tefa;ﬂes could be ranked by mlnimizing the probabllity,that
) ° ~

. ’ [ 2 . . . + »
LCC exceeds a specified life-cycle cost\budget (see Fig. (3- ))

® . o

3 et
v

\'m;mxsrm pnc:slos mn.z f "

A
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i The concept 1is to : . ' : . i
' . ¢ o .
( ’ . e s : ) . .
{ ~ \ : -
o Y Min P[LCC ( LCC pax] | - | (3-81)
Co . _ \
'2 o ..m' o o l ) . '!
? . - , Lo a | 8 -
L Since LCC is negative, we can say : I ) \ _ L.
f e M. PLILCCI DI LCCyg, ] e ERURRNCETINATI Y
l o -
: ' . . ' ¢ ‘ | R A _ s
" or S : : ‘ ) P o
Max Pf luccl inogy,,l ] S N ©(3-43) S A
L Coe . JREC "L i : . ' : .
* y ) ; ' Y : .
' 44§ e} o ’ . . ) A' < ' * )
~'5 S o lreel-lggel e - Lce ' 't . -}
' Max B[ == \<—.—C’§“—"—.:j1 ‘ S (e :
1 S %ee Y %we. : o ,
o ' \ where " R T | ) ( :
r i ‘ » ,“ +
(‘ . ' : o o ] e .
Dl b “~< . " '\ ‘.‘ s
A T l1.ccI |Lcc| . rI.CL_.m‘ ol - lncl '
o . " oren ULCC ' : GLm . \4 BN
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. Therefore, we want to :

Max P[Z ‘1.

. 3
Then, the procedurg. foxrranking alternatives is as follows $

(
1. Compute the .mean and variance of LOC for each altern-

‘

2
ative; CLEC % 1co); y;

determine the budget.cost;._(chnax)

)

3. coingut:e Z usits
' \

O'chi

b

-~

s I3 .
;:hooqe the: alternative #rresponding to minimum value

of zi‘.
- For émpla ‘.
1
. / ,
6 E] ' o fo. f
LCCy = 10,000, LCCl, -gﬁooo .-

LCGz.= 10,500 °LCC, = 1000 and. 1CC . = 11,000
L w "

000-10, 50
.,,,5"22 11 500 _

»"w .
p *"’*,:"Wa £ g R

et % Le, j« g s ‘é&w‘* s
i ngu%‘J
B Jé’f{i@mm-* S0

i
de 3! A
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Choose first alternative as a better alternative.
A variation of the above procedure is to ran# altgmnatives
accﬁiﬁing to a fixed level of risk. This method can be described:as :
\ » 1, fing the corresponding value of 2 using noxfial tables / _‘\ o

[11]. For example, if P 15%, z = 1,036;

using egq. (3—49), and ' mean and variance of LCC compute

the value of LCC' \
. . o e
choose the alte:native;ghat yields the minimum va%ge of

. »
LCC; . ) !

For ethple : .
. ﬁ .

Using the previous examples, data for p = 15!; z = 1.036

¢
a £l

m"axl = (1.036)(2000) +10,000.= 12,07

mcmxz - (1.036)(25'09'). +°10,500 =. 12,044

e te \X

'
v T

select the aecend alter .ve-es the best.u
Measuring r{;k and incorporating ui:h life-cycle cost heve been
,prenenteq/;n/aigferent waysi By using polynomial ucillty function, it
_ciaion maker—continuously snrtea

Diffieul 5 1n decorminltion of
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' //’ . Vi -
.~ Using first and 'second moments (mean and variance) only, the
. , ,
. / . ’ . i
N ' /expé’nmxtigl utility /function introduces a constant risk fagtor. The —

-

assumption eases the use of this function fd! risk evaluation. 1In ‘

N .
Yo order to define the decision-maker behaviour in a more exact manner, ' ;

S
o
. '

a \set of exponential utility functions with different W

risk factors, e.g.:’ ' . , ‘

’ v

e one might use

- * . 20 M$ LLCC < 40M$) C ame0dn(i0y v o o
10 M$ (LCC < 20M$) . 8 =+,05. 0™ . ' [
' . LCcgloM$ o .. s T+l (107% . o
t N N ‘, \ ' . R ., ®
oot . ¢ ¢ Pi
; . ' .Pne of the most appropriate definitions for risk is "the .
oo AU : )

o probability of fahure", which in inves;,tm'ent: problems 18 "the s

proﬁ'ébility of exceeding a ceiling budget”. The probability value

v

N cbuge{ﬂ:‘ is based p\this definition, and it 1s the most useful concept

gt*v:fegeﬁt’: for use by decision-makers in construction industry.
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© - CHAPTER 4 N

The purpose of this chapter is to discﬁss a combuterized decision

aid which incorporates the concepts and relationships disdéussed in

Chapters 2'and 3. _ J)

e . ‘e

.

4.1° PROGRAM OBJECTIVES . .

- The 1mmediat':e objectives adopted. for gevelc;ping an interactive

rx

computer-based lifé-cycle cost decision aid\are as follows : RN

1. '.I'o”be _ab'le‘ to aqaiyze the project at' two’ levels. Level

. 1 wdeals with Ibuilding sdbs;stemé .(.e.._é. englbsure,

structure, e‘tc.‘)'g‘nd Level II treats”cl_\e puiiding“ ele-

.ments for each subsystem (e.g. cohsidgring ex;c_lqsxir;,

i a 'tiley could be walls, winldgys, doots and roof);
‘2. To calculate capital qo;ilt: . lif;-cyclJ cost and ‘risk at
. each level, for use in ranking the alternhtivesy’; .

‘~3. To be able to choose the most desirable alternative 'for e
ERE each element of a b;xilding subsysten tlevel 1II); - R
4. To be able to edit 'the data in orde: to condudt senai-‘ .

L '. rtivit:y analye 8; gpd' o " . . '

-

5. To make the p ograi: as ‘flexible as poasible in order to
’ L% .

a]:low future dditions as described in Chap:ar 1.

“:‘-,'rhe 1ong-t:ern go la beyoud thiu theais for prograu devel‘opu t

- e

A kst




3 . 1.
g

.

'subsys tem,

To create -a gtorag

" 4.2 mrur OP COST. DATA : o ' -

—SO‘J - °

! . P
4 -, !

Ny

To incorporate preliminary analysis and design routines

f

which can be us’éd_to generate input necessary for a
level II analysis (e.g computer package developed by

Choudhary [1]); - - 4 :

° .

*To incorporate optimization techniques for both single-

v
attributed amd multi-att_ributed decision making,

for deterministic, and prébab%’listie formulations as
described in Cﬁap't.el.; 1. These techniques shall be used
to optimize building subsyste;r; perfo'rﬁance by determi‘n—
ing optinum .values for the variables describing each
as well as for the co-ordination vatiables

which link the yarious building subsystems;

. »

file to allow for multiple sessions

i

with the same problem data, and A P :

L. .“...

.T6 add to a data base giving cost rates, rtegression m&-

dels, etg. for modeling of time vaz{ations.

il

o
X

“.' 1

Cap:ltal cbsts can be :reated as deteminis:fé or probabil:l.at,ic.

, ¢

For t:he probabilist:lc cafpe, input: consgists ot '{)the expected valua and

\

e L coeff,icien: df mia:m for each capital’ mﬁ item. .
. , e R ,‘\; - .
Vo e Tt Lifﬁ-cyclefcont dam" copnittsl,.pf too-

+

a) Base yeat M't and its coafficienl: of variatioﬁ : »

| ‘. ¥ 9?51??'{"“‘“‘*’1 ‘”“
,* e)

s

LR

P

N ‘;;" ke fﬁv
a 44""'90\37

i‘&“e

n-,a odel aran

both -

-
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) " e v ‘ < o :
' o d) Utility function parametets;

-
. — e kit
s

.

e) Study period, MARR, and tax rate. |
‘ ' .. Y i ' ; : & ‘ ’ .

+4.3 SENSITIVITY ANALYSIS

Prior to maki:ng a final investment decision, it is worthwhile to

i evaluate th‘ sensitivity of economic performance to changes in the

o ~

) valueé’ of key paraméters about which there is uncertainty, elg.” energy
cost and enclosure cost. This can be done by recopputing the life- A ‘
cyclejcost measure for different valugs of the parameters in que?ﬁion, t Nl

" “using a technique called sensitivity ana}ysi‘s. The results of a {,/

"sensitivity analysis enable the decision maker to consider the conse-

quences associated with alternative parametric values. By examining

the results, the decision ‘maker is bettet gble .to ‘decide 1f an invest-

- = . ' v . —

ment should be undertaken. In this program, the user selects the data '

Ll

which he Vish?a to change, i‘t;iputs the information and executes the . .3

.

p‘r,ogram. A verylimportant section qf this. \Ytogrém which 1s-cali.ed

" "RERUN" 18 designed- for tﬁ;é purpgse. .. _ - . NS .

I T . L N .o
; : . ) . 5 'i - . ’ -~ s
e a . ) . . .
P 4.4 - PROGRAM DESCRIPTION " ‘ ' '

» -

P 4 o . ‘ ": ’
e e The program is called "LIFE" and 1s deaigned to be. uaed fn. an 1n—
. N ‘i
/ o .

tetactive mode. An at.tempt: has been made to have it euitable for dai- ..

., , “ o v |
~ -rect use in engineering and architecturql design offices\ The program

P -

i' conaists of three mair parts- (Fig. (&-1)) : ‘,(

L a'j nput 1ntetfacn z ’x'hia snction daals’ with the 1n@.all R

-
oD

- inputs aud Qny tevitions required “for unsitivity ml-
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Sertd

..‘. .‘7\

ity function parameters and MARR cannot be revised. .

s

ysid. At present, the tax rate, period of study, util-

b)- Operatignal interface : In ,thig section,’ capital cost, ‘ C
) life-cycle cost and risk ar;a comput:eéd. Deta:lled[ infor- \;. ‘ ,
‘; mation aboug: time modgls is also output. ) ‘\ L
» c) Ogtput ingerface : In:?h;s sectidn, g:abulat;d-' 1nforma-" ! M
tion ({:apital cost{ life-cycle cos'th, "risk and utility; " L 1
values) 1s made ‘ava'i]\.anble\ to the usér' for decision ‘
\- making purposes. . ) i
'Specifically',_. the program consists of one main pr:?gram and eight
. sub-routines. , o ', N N T N o
1. Main Prog.rain‘ o IR - S i
'fhe functions of ‘the main program include : ‘ i | ' )
R a) etructuring of‘ the ‘problem dt hand, uaing_the Uniformat .
- . \)St:rqcture. The standai‘d-.fbrﬁat , Table (2-.1), formg\an
1nte§r\l p‘art of the main program. The user may in- ' - ' ‘ 4
T ‘qteasée the number of elements, alternativés and sub- ‘» .

)

SR b)

‘syst:ems as requited for the problem a't(hand..

. ents or suhsyatems can be created in the memory after - -

[

.

New elem-
atandard elementa and/or subsystems are fiuished, e.g.
thc new elemqnt "chiller is added and 1s ghown on page
1‘0’ and . .. ':' “J 2' :::'"‘"’ . ) - .,

computatiou of total J.ife-cycle cost: based .on detailed

mfmtﬁatim fed f:on vnri.ous sub—raucines. )

2 Sub—R’o’uHm .\omts" _‘}
- l‘,

m‘lm amq-tputigc is. ,conut’tdctﬁd‘ tor th ‘

Wl ¥

pqts., 'Evo tmt'\bt b\;bpu,iv

w a2




- AREA SUMMARY
TABLE 5-1 [16)

. _
. }
- 91 -
~. . ‘ )
. Gross Rentable
2 e
. . - ¥ - '
LAND AREA
OFFICE SITE 32,000 —
PARKING SITE _ 19,100 —
51,100
BUILDING AREA
© A.RETAIL
‘Concour€e Level’ "31,37% " 21,782
Street Level . 28,423 21,935
Mezzanine Level 25,663 - 21,750
‘Ground Floor Parkade & Underground Pedway 15,900 7,500
TOTAL RETAIL s 101,361 72,967
B. OFFICE
2 Part Floors (3 & &) 28,948 S 14,478
11 Typical Low Rise (5-15) 159,216 144,364
14 Typical High Rise (16-30) 202,638, 188,636
2 Mechanical & Eleva.tors Rooms (2 & 31) 14,474 rann
TOTAL OFFICE 405,272 ! 347,474
* RETAIL & OFFICE AREA TOTALS 506,633 420,44
C. PARKING ' '
Floor Area (6 storeys) 126,200 he '
BUILDING AREA TOTALS ) 632,833 420,441
J o
. * NOTE:

%

R
.

Ve e
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'The building is served by eight high-speed gearcless elevators in,/ .

'.two banks. Four serve low rise floors, one through fifteen inclusive,

* at a speed ?f 500 feet per minute. Four serve the high-rise floors,"

. central ‘systlem" mechanical robms, complete with chillers, boilers,

<in Fig. (5.3) [16].
: .

sixteen through. twenty-nine, with service from .the first and second

retall levels, at speeds of 700 feet per minute.:
The 'building has sprinkler proteétion"thrOughOut and smoke de-
tectors at every floor with smoke exhaust and stairwell pressurization

systems as per local building codes. Security systems allow for prpg-—

Il

rammed elevators during after hours and 24 hour building watch tour

S
pal

gecurity.

3

The mechanical systems were designed to accommodate maximum ten-

wr

ant fit-up flexibility of partitions while maintaining efficient con—-

3

trol and eqeégy use. A Variable Air Volume (VAV) air distribution

system was::?uhich permitted minimum office core sizes. ~ High-
pressure rEss" Six duct risers fr({)m a central fan system serves

» e
the VAV boxes- on each floor. Perimeter o‘ffic‘e _floor heating was

4

L3

designed for hot water radiation at ‘the window.locations. Sequential’

aring and cooling control of radiation and VAV boxes by means of’

| 1]

pneufpatic thermostats was designeh for the perimeter areas. Two (2)

N ‘

{ v . .
pumps and fa‘ﬁ_s, are Installed q_n the top floor and fourth ‘floor and

‘

1
allow for up and down feed of air and water for heating, ventilation

ax_nd air conditioning (HVAC). A achematic of the HVAC. system is shown

«

)
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‘ ’ . . , Q' ' A /
: ' The building wall systems consist of 4" insulated aluminum pan- ' o b

< b . . i

els with green tinted double glazing window sections. Glass area “and oot

wall panel area for the typical wall module constitute approximately - \‘ !

-
av

52% and 48% respectively of the total building ’perimeter area., Neutral
tone sun drapes are provideld on all windows. Details of a typical
wall section are shown in Fig. (5.4) [16].

A common five foot by five fbot‘ ceiling module, with recessed °

——
M

fluorescent light fixtures sufficient to maintain an illumination ;o{‘ ‘

.75 foo.t-candies at desk level,. is thouw/ﬁoss‘ible with a "checker-
. i C
board” light fixture layout. .~This amounts to an dverage 2.3 w/fe2

o

energy consumption for. ZXighting, including standard ballasts. Light

switching for, egglf'/floqr, with tenant switching override, forms part

3 [4gia)
of the "design{f Special/light fixtures with aluminized parabolic ref- \ '
. lector desigpj and "warm" light fluorescent tubes are used to' obtain

max{mum ligﬁting efficiency and 'minipium energy consumption. The added , .

cost for this change was $200,000, but electricity &s;age dropped from

3 watt:s/sg.ft} to 2.3 watts/sq.ft: The illumination system trea'tted in

) L N P '
© 2°. 7 'the analysis herein rgflects the 3 w/ft:2 system. o 4
/ ’, " - ' ’ .
: 5.2 ENERGY ANALYSIS ) ‘
/ - :
. . ;~""  To date, eleven enclosure treatments have been studied to deter-
’ V4

mine their impact on energy consumption, capitai cost, life-cycle cost

and risk. ¢ Variations in glazing type .and insu'lation thfckness havF

“been consideréd. Energy analyses were conducted using the Merivether

, Systems fAnalysis Program [£7]. Climatic conditions for Edmor}fon, Al-
- . :

- " * . . . ) \ : ¥
&-I - A : i
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ives studied. “The unit costs of the wall system given in Table 5.2

2. -98 -

,berta, form thf baais for the energy- analyses. Energy consiunption :

"M

‘; data for the enclosyre strategies examined are presented in Table

Fa -

5.2. The mechanical gystem was not resized for any of the alteruat—
B /"

w

were obtalined directly from tixe supplier. The spread in these costs

< v

is quite low, with the difference in total cost between the least ex—‘ 1

pensive and most expensive alternative being $471 697. Note that al-

e

ternative 5 corresponds .to the design selected. The variation in

. . - . . Ve
energy consumption between the alternatives consldé/ed\g.s not large.

-

It is of interest to note how mych of the energy congu is in the

. ; k.
- 4

fdtm of light"ﬁand power (3.15 wat g/£t2). Thus, money might be mdre
ts/ 8

advantageously spent on the :llluminatibn system than ‘on the enclosure

2 s '

system to reduce energy consumption.‘ This ‘was in fact done, as des-
b -

> . - : , )
cribed previously. : N\ - , -

° o \"h
The following values were utilized for computing- DCC, °2LCC and

expected ut.illty of LCC. The capital costs of the* enclosure, mechan—

a v . -

‘ical and electrical systems -equal the unit rates in Table 2, times the

—-— ' - .
gross wall area, $2,380,810 and $1,626,900, respectively. A coeffi-
* TN

cient of4 variation of 0 025 was assumed for all capital cost 1items,

except for the enclosure alternatives which have 6 inchés of inﬁul—

ation. For this ?:ase, the coefficient of variation for encloaure ca- -

.

pital cost. was set at 0.05. The reaspn r this was that /Lhe supplier
. t JP

consulted had not fabricated a panel with 6 inches of insulation to
7

‘date, and he_ was not sure §f his price for this case. Exis_ting energy

rates'of $1.143/MCF for gas and $0.0242/kwatt fcfr electri[::ity were taken as -

+ e,
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. ' " . rJ i
\ WALL PAMNEL - | PANEL INSULATION
.- INSULATION THICKNESS
GLAZING | ENCLOSURE & 2" 4 6"
TREATMENT] ENERGY DESCRIPTIONS ’
- ! 1
U Glass ) 0.490 0.490 0.490
U Panel 0.114 0.660 - 0,040
. J o 'y Effective . 0.310 0.284 " 0.274
Clear L{ 0.88 0.88 0.88
bouble °|™Mall Cost §/7t? 13,35 18.60 18.85
’ ‘Heating MBH/yr 19,130,252 17,683,351 17,142,933 | -
' Chiller KWH/yr . _316,666 -317,444 317,883 ). -
a ights & H/v .078,194] &, ,082,7647 |
L ai‘ssneﬂ‘;”y‘%""/fé o | S84 S0%R.47°0 . ©08E.08%
P 4 >
. |U Glass 0.430 0.430 0.430
_J U Panel 7 0.114 0.060 0.040
~ u. Ef‘Fect‘Ive 0.278 0.252 0.243
Tint * {SC 0.58 0.58 0.58
Double Wall Cost’ $/1"t2 19.75 20.00 . 20.23
. Heating MBH/yr 17,425,917} 15,965,057! 15,402, 236
Chiller KWH/yr 295,786 296,157 298,186
_{Lights & Power KWH/yr 6,000,211 5,980,829 5,998,737
Total Energy KWH/ ft2/yr 35.33 ©33.94 | 33.48
,- 7 8 ,
" luglass . 0.430 0.430
U Panel 0.060, 0.040
U Effective *0.252° 0.243
Reflec- |SC . 0.38 0.38
" Ltive Wall Cost $/1"t2 . 21,00 21.25 -
Pouble Heating 1BH/yr NOT 15,950,085} 15,409,892
Chiller KWH/yr RUN 256,798 257,705
- Lights & Power.KHH/yr ! 5,838,550 5,841,845
Total £neray KNHLft_/hr 33.87 32.89
10 11 12
U G'lass 0.310 0.310 0.310
U Panel o - 0.114 0.060 0.040
co i Effective B , 0.216 0.190 0.180
Clear sC A 0.7 0.7
Triple  |Wall Cost $/ 12 2&75 ‘ 21.00 21,25
Heating MBH/yr 13,903,700{ 12,458,151} 11,917,873
Chi'l'ler KiH/yr : 312,513 313.368 313,712
ights & Power KWH/yr 6,057,884 6,062,181 6,064,173
otal Energy KWH/ft*/yr 32736 31.06 30,58

u Effective = 0.52 *Glass + 0 48 *J Panel
2 Gross Wall Area = 162,654 ft2
¥ Overall Boiler, Pumping and Piping Effimency"z 75%
4 . Lght & Auxilfary Power Use 3. 15 Hatts/ft2

5‘flet Leasable space = 322,787 ft?

«* Note :'1 K4H = 3412 BTU

TABLE 5-2

N

" DATA FOR ENFRGY CONSERVATION STRATEGIFES
* I ' -

~

o~
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time zero costs, " “The heating system i3 gas fired\, while electricity

» t

is used for ' cooling and lights 'and:' power. The cost for elect;‘icélr

power does not Iinclude demand charges. The mean and variance of ener--

°

gy cost time models were computed using equations (3= 18,'3- 19). Time ’

variation scenarios for gi‘s and electricity were selected, as shown in
Table 5.3 apd Fig. 5.5 ‘

For electricity, time models similar to those used for gas were
. “ - .

‘s’elected to reflect the fact that electricity in Alberta is generated

by burning both ga: and coal. No maintenance, repair or alteration
costs were included for any‘subsyste‘am.n A study period of 20 years,
tax rate of zero and discount, rate of 15 perceﬁt were selected for
illustrative purposés. It should be noted that risk ;.s maximized for
‘the (case 'of T = 0. | o

Computer runs ;ere made for 1, 2 and 4 times base year eneréy
costs to reflect én;isting coats.'at: different geographic locationq.
Construction period and study period are i.S,anq\21.5’years, r;esiaect'-

ively. Table 5.4 contains cost and risk data des'cr:'ibing each altern-

ative. The data vshoir that most of the risk comes from .the future

a
[

costs and that capital cost fo;.‘xl;‘s a ver‘y substantial percentag.e of
‘1ife cycle cost for the ptoje_ct é:.:a\minedw. For a glven base year ener-
gy cost multiplief, as presented in Tables 5.4 ané 5.5, the spread in
both  LCC. andl 'OLcc is not large mainly because the differences in
ienergy‘ c.onsumption t:etweeu aiternatives' are small and because the

mechhnical system was not resized to take account of reduced heating

and cooling loads. Nevertheless, the risk assumed By‘the investor, as
. B : ‘

- . . v
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measured by %1ce can be substantial. \~fﬁrther, it i::; possible to
exert at least partial 'conttol over this risk by effectiv'e design of
the energy \system. ’ O

Computed c’LCCA can be used for different "pt;r:pose,s s

1) \ranking of alternatives;

2) identifying the uncertainty sources which haQe to be
) ’ controlled. 'ﬁe contribution of each component in the

LCC equation to variance can be,iéentifiég. Attention
can then be directed at allocating risks which cannot
be further reduced, redesigning or refining designs to
reduce other‘ risks and seeking more information to -
refine the estimate of risk (e.g‘wt‘i‘me models, etc.)-.

For the case in which correlations are ignored, rankings of the
energy conservatfon strategles are presented in Tables 5.6. Criteria
qéed for the rankings include ca‘pital cost; e;té'ectegl'utility for risk
prone, risk neutral and risk averée behaviour, minimum‘probability of
;zxceeding a' ﬁninimum fixed life cycle. cost budget of $12 x 106 (for
base year cost multiplier of'1), $13\.S x 106 kfor base year cost mul-
tiplier of two), $16 x ‘106 (for b':iase year cost multiplier of fo;’r)',

and minimum life cycle cost for a given risk level equal to 15 per-

cent.

Alternative 1, which has the lowest capital‘/ cost, and highest

standard deviation for life cycle cost is the best solution in all

v

cases except when the base year energy price multiplier is 4 and the™

decision maker is exceedingly risk averse (s = 0.1 x 10'6) or the last

. ., 3 v

N
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criferion identified in Table S:A‘is .employed. The rankings do
change, however’,- ags one goes fréom a base yezar energy cost multiplier
of one to four aqd from risk-prone to risk-averse behaviour. . ‘

An analysis was also conducted based on the assuull'pti;F that, cor-
relation exists between costs of different types:of energy (e.g. bet-

. . 13
ween costs of gas and electricity, the coefficient of correlationp is

p =1 for systems which use the same energy
&

set equal to .9) and

source). Using eq. (3.7), o 1is calculated (by considering the cor-

relation between the cost of different systems, the value of o in-
A} . " 1]

creases substantially), and the 'rank:lng of alternatives are presented
in Table 5.7 (a computer: program was written for the correlation com-
putation). Alternative 1 is_,the bestisolution' in all the cases except

when the base year cost 1s a multiplier of 4. But. ranking changes as
- L} .
one mpfes from risk-prone case to risk-averse hehaviour. Comparing
< . .

Tablés ' 5.6 and 5.7, it 1is clear that the influence of correlation

should pot be neglected. ' ' : L

- Ly

The efficient frontiers in the case of no correlation are c.on—

structed for screening of alternatives for energy cost multipliers

one, two and four, as described in Chapter 3 are depicted in Figures

5.6, SN,Eand 58 This preliminary screening allows the number of al-

T"\V )

tematives‘ to be reduced substantially, e.g. in Fig. (5.6), altern-

o

atives 6, 10, 11, 12 can be eliminated. by the screening procesy.

N SIUVUUPIEN
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5.3 SENSITIVITY ANALYSIS

» &~
In order to conduct the sensitivity analysis -for life-cycle cost,

;_\ some key parameters in the life-cycle cost eQuétion should be chosen.
In the previous chapters, time components of future costs were identi-
- ' fied as a main source of risk. Therefore, it is worthwhile to observe . -7
how :enaitive 1;fe—cycle cost and risk are with respect to time. Fig-

ure (5.9) shows how life-cycle cost and risk increase -exponentially -

-with time, how the gap increases between different multipliers of base
.year costs and why study of future time models was emphasized
(corr;,lation bet:ween~ different cost ite;lns are fgnorey/{

Another ‘paramet’er which 13 selected for sensitivity anal)"'sis is
the.tax'nrat:e.'"lt:s effect on life-cycle cost land risk were discussed
1n' Chapters 1 and 2. Figure (5.10) demonstrates the fact that, as tl;e
.tiax rate increases, life-cycle cost and risk decreased subs;:an'tially.
For puﬁblic development‘s, where there i}}\o tax consideration, both 3
life-cycle cost and risk have the higheat values. This value decreas-

es ‘as the t::sa‘J rate increases. For a private’ dwner, who pays 50% tax, '

the risk'deceases almost by 302 and 1life-cycle cost decreases by

) '-'53:'>:"a1most' four million dollars.

’
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6..»1 The objectives /get forth in this thesisg were ty

]

01) To develop a detailed statement of an objective function
which wmeasures life-:-cycle cost; : .

11) To demonstrate,K how risk can be measuréd and quantified/. f'or‘
. A . M

/the life-cycle cost; as

111) To show how risk can enter into the decision-making process;

%o

iv) To develop an interactive compiiter package to be used for| as-

sesiné the relative merits of yvarious decisi‘o’ns; and

‘ . P
o

v) To examine an actual case study to demonstrate the signifie-

t

ance of risk and’ the sensitivity of alternative .rankings to

3
~

different ranking criteria.

These hoals have been met. In particular, a comprehensive rela-

\

Jlonship for 1life-cycle cost which treats all phases in the projegt .-

M life-cycle and the breadth of investor types "has been devebped'. TOJ

facilitate a life-cycle cost analysis, a work breakdown structure si

milar to the Uniformat structure is suggested. The significarce” of

<+
n

time modeling in life-cycle cost 1s emphasized. ' It 1is assérted that
~ the first step 'in time modeling is the determination of future infl'q-
tion scenarios, in which the inflation rateocan,v‘ary with time. Rela-,

tionships are given for the present worth of ‘these time models. Sour- .

ces of uncertainty in ‘the life—cycleﬁcost equation are invéstigatéd. ’ i

\ A first and setond homent Ppproach to measuring and' quantifying this e’

uncertainty 1s proposed, and the mé&bd.ology is described in detail.

S

e i R
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Maximization of+ expected utility is suggested*bas an objective
funé;ion, as it incorporates both expected life—cyple cost and a mea-

sure of its variation. A computer aid based ,on the life-cycle- cost

J
model deyelope& wag prepared and applied to a cdse study to demon-
strate sou;ces of risk, their rela;ive.magnitude ard  the sensitivitx\
of rankings. of alternat;ves to different decision criteria, including
capital cost, life cycle cost and expected dtility of 1life cycle

cost. It was demonstrated that the choice of a design alternative can

vary degLnding on the decision criteria adopted.

,6.2 RECOMMENDATIONS -

TopicS;whicﬂ should be treated in future work include :
1. Development of ‘a methodology for decision making for problems

characterized by multiple attributes and uncertainty;
AN . . .
2. Incorporation of preliminary analysis and design routines in

the life-cycle cpst(computer package developed;

3. Development of a data base- to psfmit multiple computer ses-

sions on the same problém;land f

v s
15

Co |
4. Addition of optimization technique;u using both single-attri-

-

// ‘buted and Bulti-attributed decision criteria, and éor deter~

»
Q

ministic and probabilistic f;kfulations.‘ . , “l

i

bt

ey
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