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A B S T R A C T 

This thes i s invest igates the l i f e - c y c l e economic and energy 

impl ica t ions of a commercial o f f i c e b u i l d i n g , located i n Vancouver, 

B r i t i s h Columbia. The work i s based on the premise that the 

commercial b u i l d i n g stock i s designed and b u i l t to sub-optimal 

l eve l s of performance. In the present context, the c r i t e r i a for 

analyzing opt imal i ty are defined i n terms of energy and monetary 

accounting. The b u i l d i n g i s designed i n compliance with the energy 

e f f i c i e n c y code for Vancouver. The energy performance of the 

b u i l d i n g i s improved to achieve an energy e f f i c i e n t o f f i c e b u i l d i n g 

through the adoption of a ser ies of design s t r a t e g i e s . 

Conclusions r e s u l t i n g from the work are: 

• The operating performance of the case study b u i l d i n g may be 

improved 77% through the adoption of simple, proven 

technologies . As a r e s u l t , the l i f e - c y c l e energy may be 

reduced 66 to 68% for b u i l d i n g l i v e s of 40 and 80 years, 

r e s p e c t i v e l y . 

• The l i f e - c y c l e embodied energy i s 0.21 GJ/m 2 .yr and 0.16 

GJ /m 2 . y r . for b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . 

These f igures are v a l i d for a l l the b u i l d i n g conf igurat ions 

s tudied . 

• For a b u i l d i n g l i f e of 40 years , the l i f e - c y c l e energy i s 

i i 



reduced from 1.6 to 0.54 GJ/m 2 .yr by the cumulative adoption 

of energy conservation s t ra teg ie s . This corresponding to a 66% 

reduct ion i n energy consumed. 

For a b u i l d i n g l i f e of 80 years , the l i f e - c y c l e energy i s 

reduced from 1.55 to 0.49 GJ/m 2 .yr by the cumulative adoption 

of energy conservation s t ra teg ie s . This corresponding to a 68% 

reduct ion . 

Reducing the operating energy of the case study b u i l d i n g 

r e s u l t s i n a savings with a net present value of $0,246 

m i l l i o n and $0,253 m i l l i o n for b u i l d i n g l i v e s of 40 and 80 

years , r e spec t ive ly . 

I f only those s trateg ies which are cost e f f e c t i v e are 

implemented, a 60% reduct ion i n operating energy may be 

achieved. The corresponding decrease i n l i f e - c y c l e energy i s 

50% and 48% for b u i l d i n g l i v e s of 40 and 80 years , 

r e s p e c t i v e l y . 

Methodological p l u r a l i s m i s a c e n t r a l c h a r a c t e r i s t i c of the 

energy debate. Competing models and t h e i r so lut ions provide a 

number of p o l i c y a l t ernat ives based on p r i c i n g , u t i l i t y 

sponsored DSM, and regulatory options. A l l s t ra teg ies provide 

opportuni t ies to reduce energy consumption, and should 

continue to form components of future p o l i c y i n i t i a t i v e s . 
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CHAPTER 1: INTRODUCTION 

This thes i s invest igates the l i f e - c y c l e economic and energy 

impl ica t ions of a commercial o f f i c e b u i l d i n g , located i n Vancouver, 

B r i t i s h Columbia. The work i s based on the premise that the 

commercial b u i l d i n g stock i s designed and b u i l t to sub-optimal 

l eve l s of performance. In the present context, the c r i t e r i a for 

analyzing opt imal i ty are defined i n terms of energy and monetary 

accounting. 

This work frequently re fers to the concept of opt imal i ty and sub-

o p t i m a l i t y . However, t h i s work does not c laim to provide a so lu t ion 

for an optimal b u i l d i n g . Because of the number of independent 

v a r i a b l e s and the subject ive nature of many of those v a r i a b l e s , 

op t imal i ty cannot be defined r i g o r o u s l y . I t i s pos s ib l e , however, 

to define the magnitude and d i r e c t i o n of improvements to b u i l d i n g 

performance r e l a t i v e to some base l ine , thus making i t poss ib le to 

substant iate and quantify the c laim of sub-opt imal i ty . The basel ine 

used to quantify l eve l s of sub-opt imal i ty i n t h i s ana lys i s i s a 

case study b u i l d i n g conforming to the energy e f f i c i e n c y code for 

commercial bu i ld ings i n Vancouver. Therefore, a b u i l d i n g that uses 

less energy, and has lower l i f e - c y c l e d o l l a r costs r e l a t i v e to the 

base l ine b u i l d i n g may be sa id to be better ( less sub-optimal) than 

the basel ine b u i l d i n g . 

A p r i n c i p a l r o l e of the l i f e - c y c l e energy analys i s i n t h i s work i s 
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to provide information that may be u t i l i z e d i n the a l l o c a t i o n of 

scarce energy resources. Such a r o l e should be viewed as 

complimentary to an economic ana lys i s . Whereas the economic 

ana lys i s w i l l provide information based on market information, the 

energy analys i s may provide an a d d i t i o n a l perspect ive based on a 

p h y s i c a l d e s c r i p t i o n of a b u i l d i n g . As discussed i n Chapter Two, an 

energy analys i s may provide relevant information when analyzing 

a c t i v i t i e s where there i s evidence of market f a i l u r e s . 

1.1 THESIS OBJECTIVES 

The major object ives of t h i s work are l i s t e d below. 

- V a l i d a t e the premise that commercial bu i ld ings are sub-optimal by 

the c r i t e r i o n of energy. This work w i l l perform a l i f e - c y c l e energy 

analys i s of a s ing le archetypal commercial o f f i c e b u i l d i n g , located 

i n Vancouver. The b u i l d i n g i s designed i n compliance with the 

energy e f f i c i e n c y code for Vancouver 1. The energy performance of 

the b u i l d i n g w i l l be improved to achieve an energy e f f i c i e n t o f f i c e 

b u i l d i n g through a ser ies of design s t ra teg i e s . The analys i s w i l l 

extend t r a d i t i o n a l energy analyses, based on operating energy, to 

JThe energy e f f i c i e n c y code for commercial bu i ld ings i n 
Vancouver i s consistent with the American Society for Heating, 
R e f r i g e r a t i o n and A i r Condit ioning Engineers (ASHRAE) standards 
[ASHRAE, 1989]. 

Page 2 



i n c l u d e the l i f e - c y c l e embodied energy o f the b u i l d i n g 2 . The l i f e -

c y c l e embodied energy i s i n c o r p o r a t e d i n the a n a l y s i s t o 

i n v e s t i g a t e the t o t a l energy r e q u i r e m e n t s o f a b u i l d i n g . 

- V a l i d a t e the premise o f s u b - o p t i m a l i t y by the c r i t e r i o n o f 

monetary a c c o u n t i n g . T h i s work w i l l p r o v i d e a l i f e - c y c l e economic 

a n a l y s i s o f the case s tudy b u i l d i n g t o observe how changes i n the 

l i f e - c y c l e energy performance a f f e c t the l i f e - c y c l e d o l l a r c o s t s o f 

the b u i l d i n g . 

-Compare and c o n t r a s t the i n f o r m a t i o n p r o v i d e d by the energy 

a n a l y s i s w i t h the economic a n a l y s i s . 

- P r o v i d e a p o l i c y framework f o r r e c o n c i l i n g t h e i n f o r m a t i o n based 

on t h e energy and economic a n a l y s e s . 

1.2 BACKGROUND INFORMATION 

1.2.1 The Case Study Building 

2 The embodied energy i s d e f i n e d as t h a t component o f the energy 
budget d e r i v e d from e x t r a c t i n g o r r e c y c l i n g the raw m a t e r i a l s , 
p r i m a r y and secondary p r o c e s s i n g , t r a n s p o r t i n g the b u i l d i n g 
m a t e r i a l s , and o n - s i t e e r e c t i o n . " L i f e - c y c l e " embodied energy 
expands the b o u n d a r i e s o f the embodied energy a n a l y s i s t o i n c l u d e 
the embodied energy consumed throughout the u s e f u l l i f e o f a 
b u i l d i n g . T h i s i n c l u d e s the energy consumed i n component 
rep lacement and maintenance o f the b u i l d i n g , and t h e energy 
r e q u i r e d t o d e m o l i s h and d i s p o s e o f the s t r u c t u r e a t the end o f i t s 
u s e f u l l i f e . 
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The design of the case study b u i l d i n g used i n t h i s work corresponds 

to a generic o f f i c e s tructure that i s representat ive of many o f f i c e 

b u i l d i n g s . Drawings of the b u i l d i n g , occupancy schedules, operating 

requirements and systems c h a r a c t e r i s t i c s are presented i n Appendix 

A. During the pre l iminary phase of the energy analys i s work, the 

b u i l d i n g was designed as a three-s tory o f f i c e b u i l d i n g . This work 

i s found i n Cole [1994]. The three-s torey conf igurat ion permitted 

a comparison of embodied energy of wood, s t e e l and concrete 

s t ruc tures . The b u i l d i n g used i n the present work adopts the same 

f l o o r p la te design, but i s of a f i ve - s torey conf igurat ion . In 

moving from a three to a f i ve - s torey s t ruc ture , i t i s no longer 

poss ib le to model the b u i l d i n g using wood, due to f i r e code 

r e s t r i c t i o n s . The f l o o r area of the b u i l d i n g i s 8026 m2. 

The s tructure of the case study b u i l d i n g i s s t e e l re in forced 

concrete. Concrete i s chosen as the primary b u i l d i n g mater ia l i n 

the study due to two re la ted fac tors : the cost advantage of 

concrete construct ion over the s t ee l conf igurat ion; and, concrete 

i s more representat ive of l o c a l construct ion p r a c t i c e s . I t should 

be noted that any b u i l d i n g i s a system of many components, using 50 

to 100 mater ia l s . In the case study b u i l d i n g , s t e e l i s a major 

component of the embodied energy due, i n p a r t , to the need for 

s t e e l r e i n f o r c i n g i n the concrete. 

A f i c t i t i o u s b u i l d i n g i s chosen i n t h i s analys i s (rather than a 

r e a l bui lding) for two reasons. F i r s t , t h i s work continues an 
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analys i s of a case study b u i l d i n g s tarted by Cole [1994]. 

Therefore, a l o t of information needed for the ana lys i s has already 

been generated. B u i l d i n g drawings, the s t r u c t u r a l a n a l y s i s , much of 

the mater ia l s take-of f and the pre l iminary operating energy model 

for the b u i l d i n g were a v a i l a b l e . Second, t h i s work performs a 

parametric study r e l a t i n g energy and economic v a r i a b l e s . I f a r e a l 

b u i l d i n g was used as the case study b u i l d i n g , information at only 

one point i n the energy and economic analyses would be a v a i l a b l e . 

1.2.2 Choosing an End Use 

This ana lys i s deals with economic and energy issues of one case 

study b u i l d i n g . The commercial o f f i c e sector i s s tudied because of 

the large p o t e n t i a l improvements wi th in t h i s sector , and due to the 

r e l a t i v e magnitude of t h i s sector wi th in the p r o v i n c i a l economy. 

Considering e l e c t r i c i t y consumption i n the commercial sector , the 

cost e f f ec t i ve e l e c t r i c i t y savings p o t e n t i a l i s of the order of 58% 

i n B r i t i s h Columbia [B.C. Hydro, 1993]. B . C . Hydro a lso pred ic t s 

the t e c h n i c a l e l e c t r i c i t y savings p o t e n t i a l i s approximately 68% 

[B .C. Hydro, 1993] 3. The annual energy consumption i n the 

commercial sector i s 93 PJ i n B r i t i s h Columbia [State of 

Environment Report for BC, 1993]. This corresponds to 9% of 

3 The cost e f f ec t ive and t e c h n i c a l conservation p o t e n t i a l 
predic ted by B . C . Hydro correspond to the reduct ion of e l e c t r i c i t y 
consumption by 2010. The work assumes adoption of the most energy 
e f f i c i e n t technologies by a l l commercial e l e c t r i c i t y consumers. For 
the economic ana lys i s , the study uses the long run marginal cost of 
e l e c t r i c i t y . 
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p r o v i n c i a l energy consumption. Further , the commercial sector i s 

the fas tes t growing sector of the economy with a growth rate of 

1.6% per year. I t i s expected that by 2015, t h i s sector w i l l 

require 134 P J , corresponding to an increase of 45% [Minis try of 

Energy Mines and Petroleum Resources, 1994], Therefore, t h i s sector 

provides an important opportunity to explore improvements i n energy 

and economic e f f i c i e n c y . 

1.2.3 Rationale for the Work 

In performing an analys i s of the performance of a commercial 

b u i l d i n g , one must address the question "Is i t worth i t ? " . This 

work i s deemed important for both economic and e c o l o g i c a l reasons. 

As noted prev ious ly , B . C . Hydro pred ic t s that commercial 

e l e c t r i c i t y users can reduce consumption 58% by the year 2010 by 

implementing s trateg ies that are cost e f f ec t i ve [B .C. Hydro, 1993]. 

This f igure may be o p t i m i s t i c . The survey by Komor and Moyad [1994] 

of studies inves t iga t ing the cost e f f ec t i ve energy savings 

p o t e n t i a l for commercial bu i ld ings i n the United States pred ic t s a 

range of 13% to 45%4. Komor and Moyad suggest that a cost e f f ec t ive 

p o t e n t i a l of 3 3% i s more p l a u s i b l e . Although there i s wide 

v a r i a t i o n i n the pred ic t i ons , the magnitude of the cost e f f ec t ive 

4 I t i s not s u r p r i s i n g that d i f f e r e n t studies should p r e d i c t 
d i f f e r e n t cost e f f ec t ive p o t e n t i a l s . The r e s u l t s of s tudies are 
based on computer s imulations which require pred ic t ions of the 
future , inc lud ing: populat ion growth ra tes , technology adoption 
ra te s , energy p r i c e s , economic condi t ions , and consumption 
pat terns . 
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p o t e n t i a l i s s u f f i c i e n t l y large to warrant further i n v e s t i g a t i o n . 

Considering eco log i ca l reasoning, there i s an obvious l i n k between 

energy use and environmental q u a l i t y that i s d i f f i c u l t to explore 

by applying only economic ana lys i s 5 . The environmental impl ica t ions 

of burning f o s s i l fuels are we l l documented [Brown, 1992, 

S t a t i s t i c s Canada, 1994, B r i t i s h Columbia Energy C o u n c i l , 1994]. 

Macdonald (1994, pg. 7.122) has noted that reducing energy 

consumption by one generic quad/yr i n bu i ld ings may lead to a 

reduct ion i n greenhouse gas emissions of approximately 16 m i l l i o n 

tonnes of carbon equivalent . A l t e r n a t e l y , the adverse e f fec t on 

f i s h and w i l d l i f e populat ions, the des truct ion of l o c a l habi ta t and 

the a l t e r a t i o n of micro-cl imates due to hydro e l e c t r i c i t y s i t e s i s 

we l l known [ B . C . , Hydro, 1994 (c) , Northwest Power Planning 

C o u n c i l , 1991]. 

1 . 2 . 4 Scope of the Analys i s 

I t i s the intent of t h i s work to provide an energy and economic 

l i f e - c y c l e ana lys i s for a representat ive commercial b u i l d i n g , 

located i n Vancouver. The research w i l l provide information about 

the r e l a t i o n s h i p between an economic l i f e - c y c l e ana lys i s inc lud ing 

c a p i t a l and operating d o l l a r costs , and an energy l i f e - c y c l e 

5There i s the growing body of l i t e r a t u r e explor ing the l i n k s 
among natura l resources, energy and economic theory. The journal 
E c o l o g i c a l Economics, works by Daly [1981, 1993], and Constanza 
[1993] provide examples. 
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analys i s inc lud ing the embodied and operating energy costs for a 

case study b u i l d i n g . These var iab le s are summarized i n Table 1.1. 

Table 1.1. Components of the L i f e - c y c l e A n a l y s i s . 

C a p i t a l D o l l a r 

Costs of Case Study Bu i ld ing 

Embodied Energy 

of Case Study B u i l d i n g 

Operating D o l l a r 

Costs of Case Study Bu i ld ing 

Operating energy 

of Case Study B u i l d i n g 

F i n a l l y , t h i s work w i l l invest igate pub l i c p o l i c y options d irec ted 

towards improving the energy and economic e f f i c i e n c y of the 

b u i l d i n g industry i n B r i t i s h Columbia. 

This work focuses on the construct ion and operation of one 

commercial b u i l d i n g i n one geographic l o c a t i o n . However, there are 

many important issues t h i s work does not address. This ana lys i s 

does not address the issue of whether the b u i l d i n g should ever be 

constructed i n the f i r s t p lace . The present study does not extend 

the ana lys i s to invest igate the energy and d o l l a r impl i ca t ions to 

the en t i re o f f i c e b u i l d i n g stock 6 and does not provide a l i f e - c y c l e 

6See B . C . Hydro, [1993] for a model of e l e c t r i c i t y consumption 
trends for the en t i re commercial b u i l d i n g stock. 
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analys i s of a l l the environmental impl icat ions of the b u i l d i n g 7 . 

I t i s argued that energy provides a bas ic p h y s i c a l and e c o l o g i c a l 

i n d i c a t o r of environmental impl icat ions of b u i l d i n g s 8 . By 

minimizing the energy impacts of a b u i l d i n g , other environmental 

s tressors are simultaneously reduced. However, the r e l a t i o n s h i p 

between energy consumption and, for example, emissions of V o l a t i l e 

Organic Compounds (VOC's) or b i o d i v e r s i t y i s not quant i f i ed or 

explored i n t h i s work. 

1.2.5 An I n t e r d i s c i p l i n a r y Approach 

This work takes an i n t e r d i s c i p l i n a r y approach to the ana lys i s of 

the energy and economic performance of a b u i l d i n g . Bui ld ings and 

energy are used and valued i n many d i f f e r e n t ways by soc ie ty . By 

imposing boundaries on the analys i s along d i s c i p l i n a r y l i n e s , one 

may create "conceptual b l i n d spots" 9 and miss e s s e n t i a l ingredients 

to improving b u i l d i n g energy performance. An i n t e r d i s c i p l i n a r y 

approach strengthens the understanding of the in terac t ions among 

a r c h i t e c t u r a l , engineering, economic and p o l i c y issues of energy, 

b u i l d i n g s , b u i l d i n g occupants and the eco log i ca l impacts of the 

7See Kohler and Lutzkendorf i n [Cole, 1992] for information 
about l i f e - c y c l e assessments of bu i ld ings . 

8There are other ind ica tors that may be informative , such as 
carbon dioxide emissions [CMHC, 1991], or appropriated carry ing 
capaci ty [Rees, 1992]. 

9 P. Stern, 1986 
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i n t e r a c t i o n s . This work serves as a means of developing an 

understanding of improving energy e f f i c i e n c y of b u i l d i n g s . However, 

t h i s information i s of l i m i t e d value i f i t i s not placed wi th in a 

broader framework. The research provides an economic and energy 

analys i s of an important pub l i c p o l i c y i ssue . 

1.2.6 The Building Industry 

There are a number of d i f ferences between the b u i l d i n g industry and 

other sectors of the economy that may inf luence the type of 

ana lys i s used i n t h i s work. F i r s t , the longevity of bu i ld ings i s 

t y p i c a l l y 40 to 80 years , with many s tructures l a s t i n g hundreds of 

years . This implies the turnover rate for bu i ld ings i s of the order 

of 1 to 2% per year. 

Second i s the magnitude of the b u i l d i n g industry wi th in an economy. 

The b u i l d i n g industry i s the second larges t i n the world, and 

o f f i c e bu i ld ings are the larges t c a p i t a l assets of developed 

nations [Brand, 1994]. I t has been predic ted that the b u i l d i n g 

sector may consume 20% to 30% of a l l resources i n an economy [Cole, 

pg. I l l , 1992]. In B r i t i s h Columbia, operating bu i ld ings consume 

approximately 24% of the p r o v i n c i a l energy requirements [Minis try 

of Energy Mines and Petroleum Resources, pg. 2, 1989]. Due to the 

s i z e , complexity and i n e r t i a of the b u i l d i n g industry , changing the 

way the industry operates i s a complex task. 
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T h i r d i s the fragmented nature of the b u i l d i n g industry . Much of 

the b u i l d i n g industry i s operated by small contractor or tradesman 

companies. The industry i s regulated at the f e d e r a l , p r o v i n c i a l and 

municipal l eve l s of government, r e s u l t i n g i n v a r i a t i o n s and 

c o n f l i c t s i n standards and enforcement between regions . 

The cumulative e f fec t of these factors i s that innovations i n the 

b u i l d i n g industry occur at a very slow rate of d i f f u s i o n . T y p i c a l l y 

i t takes 10 to 20 years for b u i l d i n g innovations to be adopted by 

the industry [Cole, pg. I l l , 1992]. In a d d i t i o n , because of the 

slow turnover rate i n bu i ld ings , the time for b u i l d i n g innovations 

to saturate the sector i s longer than most other sectors of the 

economy. Therefore, the impact of current design dec is ions w i l l 

have a large and a long l a s t i n g impact on economic e f f i c i e n c y and 

environmental q u a l i t y . 

1.3 THESIS STRUCTURE 

Chapter Two introduces the concept of an energy analys i s and the 

a p p l i c a b i l i t y to the current study. Information regarding the use 

of energy analys i s as a p u b l i c p o l i c y t o o l i s d iscussed. There has 

been controversy i n the l i t e r a t u r e regarding the information 

provided by an energy ana lys i s , and the various viewpoints are 

presented and discussed. 

Chapter Three provides an analys i s of the p o t e n t i a l to reduce the 
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operating energy of the case study b u i l d i n g through the i t e r a t i v e 

adoption of simple, proven technologies . Results of the analys i s 

are based on computer simulations of the b u i l d i n g , using the 

software program D 0 E 2 . 1 - D . 

Chapter Four quant i f i e s the l i f e - c y c l e embodied energy of the case 

study b u i l d i n g . The l i f e - c y c l e embodied energy includes four 

components: 

-the i n i t i a l embodied energy from construct ion of the base 

b u i l d i n g ; 

-the r e c u r r i n g embodied energy due to r e p a i r and replacement 

of b u i l d i n g components; 

- the embodied energy impl icat ions of improving the operating 

c h a r a c t e r i s t i c s of the b u i l d i n g ; and, 

-the energy required to demolish the b u i l d i n g at the end of 

i t s serv ice l i f e . 

Chapter Five uses the information of the previous two chapters to 

perform an energy analys i s of the d i f f e r e n t b u i l d i n g 

conf igurat ions . The r e l a t i v e magnitudes of operating and embodied 

components of the b u i l d i n g are explored. 

Chapter Six performs a l i f e - c y c l e cost analys i s of the case study 

b u i l d i n g . This analys i s ca lcu la tes the l i f e - c y c l e net present value 

of adopting s trateg ies to improve the performance of the case study 
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b u i l d i n g . Strategies are ranked according to t h e i r economic net 

present value . A comparison i s made between the r e s u l t s of the 

energy and economic analyses. 

In Chapter Seven the focus of the d i scuss ion changes. Whereas the 

previous chapters focus at tent ion on the case study b u i l d i n g , 

Chapter Seven discusses the broader p o l i c y impl i ca t ions of the 

present work i n the context of current th ink ing about energy 

p o l i c y . Energy as perceived by economists i s compared and 

contrasted with the views expressed by behavioral and engineering 

researchers . The second sect ion of the chapter reviews the 

stakeholders involved i n regu la t ing energy e f f i c i e n c y of commercial 

bu i ld ings i n B r i t i s h Columbia. The f i n a l sect ion of the chapter 

uses the background information of the preceding sect ions to 

provide p o l i c y options for improving the performance of the case 

study b u i l d i n g . 

Chapter Eight provides a summary and the conclusions of t h i s work. 

From t h i s information, a set of recommendations i s presented. 
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CHAPTER 2: ENERGY ANALYSIS 

2.1 INTRODUCTION 

This chapter introduces the concept and use of energy a n a l y s i s . 

Information regarding the use of energy analys i s as a p u b l i c p o l i c y 

t o o l i s discussed. There has been controversy i n the l i t e r a t u r e 

regarding the information provided by an energy a n a l y s i s , and the 

opposing viewpoints are presented and discussed. 

2.2 DEFINING AN ENERGY ANALYSIS 

Energy ana lys i s i s a procedure for quant i fy ing the t o t a l energy 

requirement for a good or serv ice . This includes the energy 

required i n the a c q u i s i t i o n of raw mater ia l s , primary and secondary 

process ing, operat ing, and f i n a l d i s p o s a l . Although energy i s the 

focus of the present study, i t i s poss ib le to apply a s i m i l a r 

ana lys i s to quantify resource use i n general . For example, 

S t a t i s t i c s Canada has recent ly developed a system of nat iona l 

accounts based on augmented input-output tables which quantify 

natura l resource use and waste and po l lu tant output by sector for 

the Canadian economy [ S t a t i s t i c s Canada, 1994]. 

2.3 ENERGY ANALYSIS AS A PUBLIC POLICY TOOL 

There has been a great deal of controversy i n the l i t e r a t u r e 

dea l ing with the p o t e n t i a l value of energy analys i s as a leg i t imate 
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and valuable source of information for p u b l i c p o l i c y . Much of t h i s 

d i scuss ion occurred between 1970 and 1980. At one extreme i s the 

work of Webb and Pearce [1975] and Leach, [1975] who argue that 

energy analys i s provides no a d d i t i o n a l information to an economic 

a n a l y s i s . By contrast i s the work of G i l l i l a n d [1975, 1978] and 

Odum [1971], In t h e i r work, the authors express the opinion that as 

energy i s the ul t imate scarce resource, an energy accounting system 

should replace the e x i s t i n g monetary system. I t i s important to 

discuss these extreme views of energy analys i s to both l e g i t i m i z e 

and provide a context to i t s use i n the present work. 

Webb and Pearce [1975] r a i s e several important issues about the use 

of energy analys i s from the point of view of economics. The major 

c r i t i c i s m s are: 

• Pr ices w i l l r i s e to r e f l e c t s c a r c i t y whereas the energy cost 

w i l l be constant. This i s r e f l e c t e d i n problems of 

intertemporal a l l o c a t i o n dec i s ions; 

• There i s no information on the dev ia t ion between ac tua l market 

p r i c e s and the shadow pr i ce s for commodities, so i t i s 

impossible to say whether an energy analys i s provides bet ter 

information than an economic ana lys i s ; 

• Energy analys i s i s based on the assumption of homogeneity: 
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[t]he problem then i s simply that the saving of energy 
measured i n phys i ca l uni t s i m p l i c i t l y assumes a one-to-
one correspondence of benefi ts forgone to energy (per 
therm) saved. In the market type economy there i s no 
reason why t h i s correspondence should e x i s t . [Webb and 
Pearce, pg. 325, 1975] 

In dea l ing with the f i r s t two issues , i t i s use fu l to r e f e r to the 

work of Georgescu-Roegen who states that: 

[e]ven a simple analys i s of the energy aspects of man's 
existence may help us reach at l east a general p i c t u r e of 
the e c o l o g i c a l problem and a r r i v e at a few general 
conclus ions . The t r u t h however, i s that the most we can 
do i s prevent any unnecessary deplet ion of resources and 
any unnecessary d e t e r i o r a t i o n of the environment, but 
without c la iming that we know the prec i se meaning of 
unnecessary i n t h i s context. [Georgescu-Roegen, 1975] 

I t should be acknowledged that def in ing an optimum intertemporal 

a l l o c a t i o n i s not resolved i n energy a n a l y s i s . However, the 

economics l i t e r a t u r e does not o f fer a comprehensive treatment 

regarding the a l l o c a t i o n of scarce resources across generations. 

For example, the issue of discount rate i n u t i l i z i n g natura l 

resources i s subject to a great deal of controversy and ambiguity 

[Norgaard and Howarth, i n Constanza, pg. 88, 1991]. 

In response to Webb and Pearce's t h i r d po int , homogeneity i s not a 

necessary feature of energy ana lys i s . I t should be stressed that 

the l e v e l of aggregation i n an energy analys i s fol lows from the 
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focus of the analys i s and the l e v e l of abs trac t ion involved. 

Examples where the analys i s i s disaggregated by f u e l type include 

the energy analyses that consider the environmental impl ica t ions of 

energy u t i l i z a t i o n . S p e c i f i c examples include OPTIMIZE [CMHC, 1991] 

and the S t a t i s t i c s Canada Environmental Perspect ives [ S t a t i s t i c s 

Canada, 1993]. 

In i t s ana lys i s of the embodied energy of b u i l d i n g s , the present 

work attempts to aggregate a l l sources of energy. This approach may 

be j u s t i f i e d as a use fu l , a l b e i t rough i n d i c a t i o n of energy 

conservation performance and p o t e n t i a l . 

G i l l i l a n d [1975], Odum [1971], and Constanza et a l . [1989] promote 

an a l ternate argument that energy i s the ul t imate l i m i t i n g input 

fac tor into product ion, and should therefore be used as an economic 

metr ic . Although the works r e l a t e d to an energy theory of value 

have in teres t and merit i n terms of proposing a bas ic b iophys i ca l 

metric for va lu ing goods and serv ices , there are several problems 

with the system. Georgescu-Roegen, for example s tates: 

I have maintained that i t would be a great mistake to 
think that the economic process can be represented by a 
vast system of thermodynamic equations. The economic 
process moves through an i n t r i c a t e web of anthropomorphic 
categories , of u t i l i t y and labour i n the f i r s t p lace . I t s 
true product i s not a phys ica l flow of high entropy, but 
the immaterial f lux of the enjoyment of l i f e obtained 
through the drudgery of work. [Georgescu-Roegen i n Daly 

Page 17 



and Umana, pg. 68, 1981] 

A second c r i t i c i s m of energy analys i s as a va luat ion technique i s 

common to a l l s ing le fac tor theories of value . Namely, that by t h i s 

theory, p r i c e l eve l s are defined based on supply information only . 

The r e l a t i v e p r i c e between commodities i s based on the s ing le 

fac tor input of energy. This implies that commodity demand and 

other input s c a r c i t i e s are i r r e l e v a n t to the p r i c e [Leach, 1975]. 

The arguments presented above regarding the value and use of energy 

ana lys i s as a pub l i c p o l i c y t o o l provides a framework for 

developing an energy analys i s for the present work. The views of 

Web and Pearce [1975], versus those of Odum [1971] and G i l l i l a n d 

[1975, 1978] provide ins ight into the l i m i t s of energy a n a l y s i s . 

However, the extreme views of these authors are of l i m i t e d u t i l i t y . 

The next sect ion develops energy analys i s as i t i s used i n the 

present work. 

2 . 4 WHAT AN ENERGY ANALYSIS CAN DO 

The l a s t sect ion reviewed the polar viewpoints about the use of 

energy analys i s as a p u b l i c p o l i c y t o o l . This sec t ion provides a 

more moderate d iscuss ion of the a b i l i t i e s and l i m i t a t i o n s of energy 

a n a l y s i s . The work by Berry [1979] provides a d d i t i o n a l information. 

I t i s a premise of Berry ' s work that an energy analys i s may provide 
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information that w i l l not be picked up by an economic a n a l y s i s . A 

p r i n c i p a l r o l e of energy analys i s i s to provide information that 

may be u t i l i z e d i n the a l l o c a t i o n of scarce resources . Such a r o l e 

should be viewed as complimentary to an economic a n a l y s i s . Whereas 

an economic analys i s w i l l provide information based on market 

information, an energy analys i s may provide an a d d i t i o n a l 

perspect ive based on a phys i ca l d e s c r i p t i o n of a process or system. 

This information i s e s p e c i a l l y re levant i n analyzing a c t i v i t i e s 

where there i s evidence of market imperfections or market f a i l u r e s . 

The market f a i l u r e s may take the form of imperfect competit ion, 

e x t e r n a l i t i e s , or issues of p u b l i c goods. In a p e r f e c t l y 

competit ive market where the p r i c e of goods and services r e f l e c t s 

f u l l s o c i a l costs , i t i s ant i c ipated that an economic ana lys i s 

would provide a l l the information necessary to make optimum 

a l l o c a t i o n dec i s ions . This impl ies , for example, the l i f e - c y c l e 

energy of bu i ld ings and t h e i r components would be f u l l y captured i n 

the p r i c e of those goods. However, under e x i s t i n g condi t ions , there 

are several reasons the l i f e - c y c l e energy of b u i l d i n g components 

may not be f u l l y picked up i n the p r i c e . For example, government 

p o l i c i e s such as taxes, subsides, or u t i l i t y rate s tructures may 

d i s t o r t the market p r i c e of energy and inf luence dec is ions about 

energy use. 

The rate s tructure used by the u t i l i t i e s industry i n B r i t i s h 

Columbia i s based on the average cost of supplying energy. This 

value i s l ess than the long-run marginal cost of prov id ing new 
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suppl ies , and may provide incorrec t p r i c e information to consumers. 

Second, the d e c l i n i n g block rate s tructure for commercial 

e l e c t r i c i t y customers encourages consumption, and does not provide 

accurate information about the cost of energy serv ices . I t i s 

an t i c ipa ted that the d e c l i n i n g block s tructure w i l l be replaced 

with a f l a t rate during the f i s c a l year of 1995-1996 [ B r i t i s h 

Columbia U t i l i t i e s Commission, pg. 7, 1994]. 

A second d i s c o n t i n u i t y between economic and energy costs may a r i s e 

when energy flows i n the absence of money flow. For example, many 

natura l resources entering a production and consumption c y c l e , or 

wastes e x i t i n g from that cyc le may have zero p r i c e , but do have an 

energy value that w i l l be captured by an energy a n a l y s i s . For 

example, during demolit ion of bu i ld ings , used mater ia l such as 

carpets , roof ing and gypsum products have zero economic value , and 

are frequent ly discarded to l a n d f i l l s . However, a l l these materia ls 

do have an energy value that w i l l be picked up i n an energy 

a n a l y s i s . 

In contras t ing the a t t r ibutes of economic and energy analyses, i t 

i s not the intent of t h i s work to suggest or advocate an energy 

theory of value . However, i t i s a premise of the present work that 

energy analys i s may provide information that may not be picked up 

i n a d i s t o r t e d market. 

2.5 USE OF ENERGY ANALYSIS IN THE PRESENT WORK 
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In t h i s work, energy analys i s i s used to provide a process by which 

the t o t a l energy of a case study b u i l d i n g may be examined. The 

t o t a l energy includes the l i f e - c y c l e embodied energy and the 

operating energy. As noted prev ious ly , t h i s should be viewed as 

prov id ing complimentary information to the economic a n a l y s i s . 

There i s present ly a l i m i t e d understanding of the in terac t ions 

between the various components of l i f e - c y c l e energy use i n 

commercial b u i l d i n g s . Cole [1994] provides an ana lys i s of operating 

versus embodied energy for a three-s torey o f f i c e b u i l d i n g , 

u t i l i z i n g three s t r u c t u r a l materia ls choices . The present work 

provides information on the r e l a t i o n s h i p between the operating and 

embodied energy of an archetypal o f f i c e b u i l d i n g over a range of 

operating performances. The r e l a t i o n s h i p between operating and 

embodied energy for the case study b u i l d i n g i s explored f u l l y i n 

Chapter F i v e . 

2.6 SYSTEM BOUNDARIES 

An obstacle i n developing an energy analys i s of bu i ld ings i s i n the 

development of the system boundaries. I t i s important to include 

a l l the s i g n i f i c a n t energy inputs , and exclude a l l i n s i g n i f i c a n t 

and extraneous inputs . Two examples of boundary problems are the 

i n c l u s i o n of human energy and s o c i a l i n f r a s t r u c t u r e i n the energy 

a n a l y s i s . 

2.6.1 Human Energy 
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Controversy ex i s t s i n the l i t e r a t u r e regarding i f and how the 

energy input from human labour should be accounted for i n an energy 

a n a l y s i s . At one extreme are the works of Odum [1971] and Punti 

[1988] who advocate the i n c l u s i o n of the energet ic value of human 

labour. At the other extreme i s the convention set out i n the 

In ternat iona l Federation of Ins t i tu tes of Advanced Study Workshop 

[IFIAS, 1974] that does not incorporate human labour i n the 

ana lys i s of i n d u s t r i a l i s e d a c t i v i t i e s . The construct ion process i s 

labour intens ive r e l a t i v e to many other a c t i v i t i e s . In add i t i on , 

there are instances where automated and energy intens ive processes 

may replace low energy human energy inputs . Therefore, the choice 

of whether and how to incorporate the energy value of human input 

may modify the energy ana lys i s . A Pre l iminary ana lys i s was 

performed to compare the. energy value of human labour i n the 

b u i l d i n g process to the embodied energy of the b u i l d i n g mater ia l s . 

The ana lys i s assumed a human labour input based on the metabolic 

energy input into the b u i l d i n g and i t s components. I t i s estimated 

for the case study b u i l d i n g i n t h i s ana lys i s , the labour component 

of the i n i t i a l embodied energy i s of the order of 0.4%. This i s 

l ess than the uncertainty of the energy a n a l y s i s , and i s not 

invest igated fur ther . 

2.6.2 i n f r a s t r u c t u r e 

A second boundary problem i s how or i f one should include i n the 

energy analys i s of a b u i l d i n g the i n f r a s t r u c t u r e associated with 
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serv ices to that b u i l d i n g . Services may inc lude , for example, 

e l e c t r i c i t y generation and transmiss ion, water, communications, 

roads, f i r e pro tec t ion , and waste water treatment. For t h i s 

a n a l y s i s , the system boundary has been chosen to include the s i t e 

and b u i l d i n g , but does not extend the ana lys i s to include the 

embodied energy of s o c i a l i n f r a s t r u c t u r e . In a s i m i l a r way, the 

b u i l d i n g design may d ic ta te the f u r n i t u r e used and the c lo th ing 

worn by occupants. Again, the boundary i s chosen to exclude the 

embodied energy of these components. 
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CHAPTER 3 : OPERATING ENERGY OF CASE STUDY BUILDING 

3 . 1 INTRODUCTION 

This chapter provides an analys i s of the p o t e n t i a l to reduce the 

operating energy of a commercial o f f i c e s t ruc ture . The case study 

b u i l d i n g i s consistent with the energy performance requirements of 

the energy e f f i c i e n c y code for Vancouver, B . C . S imi lar analyses 

have been performed for commercial bu i ld ings i n B r i t i s h Columbia 

[BC Hydro, 1992]. While the B . C . Hydro study invest igates energy 

conservation p o t e n t i a l of the ent i re b u i l d i n g stock, the intent 

here i s to perform an independent and comprehensive ana lys i s of the 

energy conservation p o t e n t i a l for one case study s t ruc ture . 

3 . 2 BACKGROUND 

There are numerous works deal ing with the operating c h a r a c t e r i s t i c s 

of b u i l d i n g s , and s trateg ies to improve energy e f f i c i e n c y . An 

example that has relevance to the present work i s provided by the 

B . C . M i n i s t r y of Energy Mines and Petroleum Resources [1991:a, b ] . 

These works examine the l i f e - c y c l e costs of adopting energy 

e f f i c i e n c y standards, based on the American Society for Heating, 

R e f r i g e r a t i o n and A i r - c o n d i t i o n i n g Engineers (ASHRAE) performance 

standards (ASHRAE, 1989). The M i n i s t r y ' s work considers 13 

commercial b u i l d i n g types for three c l i m a t i c regions of B r i t i s h 

Columbia. The t h i r t e e n b u i l d i n g types analyzed i n the projec t were: 
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-Warehouse 

- R e t a i l non-food store 

-Gas bar/Convenience store 

- R e t a i l food/Grocery store 

-Low r i s e o f f i c e (three-storeys or less) 

-High r i s e o f f i c e (more than three-storeys) 

-Elementary/secondary school 

- U n i v e r s i t y / c o l l e g e 

-Hote l 

-Restaurant 

- H o s p i t a l 

-Refr igerated warehouse 

-Shopping m a l l . 

The c l i m a t i c regions invest igated i n the work were: 

-Temperate coasta l 

- C e n t r a l i n t e r i o r 

-Upper i n t e r i o r . 

The work i s based on computer s imulations of the energy consumption 

c h a r a c t e r i s t i c s of the bui ld ings using the program DOE-2.ID 

[Lawrence Berkeley Laboratory 1989, 1991]. The analys i s suggests i t 

was cost e f f ec t ive to improve a l l the bu i ld ings studied to meet or 

exceed the ASHRAE 90.1 standards. The analys i s i s based on a 

15-year study period and a discount rate of 10%. Several bu i ld ings 

i n the study had a negative c a p i t a l cost for upgrading to meet the 
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ASHRAE performance standard. This i s because improving the 

performance of the b u i l d i n g permitted the i n s t a l l a t i o n of smaller 

and less expensive Heating, V e n t i l a t i o n and A i r - c o n d i t i o n i n g (HVAC) 

systems. 

Focusing on a b u i l d i n g s i m i l a r to the case study b u i l d i n g examined 

i n t h i s work, the net present value of implementing the performance 

standards was found to be $19.45/ m2. To a r r i v e at the net present 

value f igures requires an estimate of the future cost of energy. 

The r e s u l t s of the above analys i s are based on energy p r i c e 

forecasts found i n a report on the forecast demand and supply 

requirements for B r i t i s h Columbia between 1990 and 2010 [Energy 

Mines and Petroleum Resources, 1991]. 

3.3 QUANTIFYING THE OPERATING ENERGY OF BUILDINGS 

The un i t used to quantify the operating energy of bu i ld ings i s the 

B u i l d i n g Energy Performance Index (BEPI) 1 . This corresponds to the 

operating energy consumed per un i t of f l o o r space per year, and i s 

measured i n Gigajoules per square metre per year [GJ /m 2 . yr ] . T y p i c a l 

BEPIs for commercial bui ld ings i n Vancouver range from 0.4 GJ /m 2 .yr 

to 4.8 GJ/m 2 . yr , with an average of 1.75 GJ/m 2 .yr [Cole, pg. 26, 

1994]. A l t e r n a t e l y , the average BEPI for offi.ce bu i ld ings i n the 

United States i s estimated at 1.2 GJ/m 2 .yr [Houghton, pg. 9.190, 

'This un i t i s standard i n the l i t e r a t u r e . 
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1994]. I t i s important to note that many of the bu i ld ings used i n 

a r r i v i n g at these f igures are not b u i l t to ASHRAE 90.1 standards. 

As a bas is of comparison, high energy e f f i c i e n c y designs i n 

European bu i ld ings are achieving BEPIs of the order of 0.1 GJ/m 2 .yr 

to 0.3 GJ/m 2 .yr [Cole, pg. 27, 1994]. Because of the e f fec t of 

c l i m a t i c v a r i a t i o n s and d i f f e r e n t operating schedules between 

Vancouver and the c i t i e s of Europe and the United States , d i r e c t 

comparisons of operating energy performance are d i f f i c u l t to make. 

The operating energy for the case study s tructure i s ca l cu la ted 

using the computer design t o o l "DOE-2.ID". The program was 

developed by the United States Department of Energy, and i s a 

h igh ly f l e x i b l e computer modell ing device that i s capable of 

s imulat ing a l l aspects of the b u i l d i n g . This includes c l i m a t i c 

condi t ions , envelope and systems c h a r a c t e r i s t i c s as we l l as 

occupancy schedules and loads. The case study b u i l d i n g was 

introduced i n Chapter One. Drawings, d e t a i l s of the occupancy 

schedule, operating loads and systems c h a r a c t e r i s t i c s are contained 

i n Appendix A. 

3.3.1 S i t e Versus Source Energy 

In quant i fy ing the operating performance of the case study 

b u i l d i n g , i t i s important to d i s t i n g u i s h between the source 

(primary) energy and the s i t e (secondary) energy. Source energy 

re f er s to the primary energy requirement for operating a b u i l d i n g , 
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i n c l u s i v e of e f f i c i e n c y losses . S i te energy re f er s to the energy 

a c t u a l l y consumed i n the b u i l d i n g 2 , exc lus ive of e f f i c i e n c y losses . 

In the present work, i t i s assumed that e l e c t r i c i t y generated by 

thermal p lants represents 15% of e l e c t r i c i t y use [B .C. M i n i s t r y of 

Energy Mines and Petroleum Resources, 1989], and i t i s assumed that 

the thermal p lant i s 33% e f f i c i e n t . Therefore, one un i t of s i t e 

e l e c t r i c i t y i s equivalent to 1.45 un i t s of source e l e c t r i c i t y . I t 

i s assumed that source and s i t e energy i s equivalent for hydro 

e l e c t r i c i t y 3 and natura l gas serviced to the b u i l d i n g 4 . The 

d i s t i n c t i o n between source and s i t e energy i s made i n order to 

maintain consistency when comparing the operating and embodied 

energy c h a r a c t e r i s t i c s of the case study b u i l d i n g . 

3 . 4 D E S I G N PROCESS 

Model l ing the b u i l d i n g ' s operating energy was an i t e r a t i v e process . 

An i t e r a t i v e approach was u t i l i z e d to minimize p o t e n t i a l mistakes 

and the e f for t s required to "debug" the operating energy program. 

The process to model thermal performance was based on the fo l lowing 

steps: 

2 I t i s assumed that the BEPI's r e f erred to i n the l a s t sect ion 
correspond to s i t e energy. However, the d i s t i n c t i o n between s i t e 
and source energy i s not made by any of the references . 

t r a n s m i s s i o n losses have not been inc luded. 

4 Natural gas has a net energy r a t i o of approximately 60. See 
Nemetz [1993]. 
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- s i n g l e - s t o r e y , s ing le thermal zone5 s t ruc ture ; 

- s i n g l e - s t o r e y , f i v e thermal zone s truc ture ; 

- three - s toreys , f i v e thermal zones per f l o o r ; 

- f i v e - s t o r e y s , f i v e thermal zones per f l o o r ; and, 

- f i v e - s t o r e y s , twenty-one thermal zones per f l o o r , based on a 7.5 

m. g r i d conf igurat ion used as the base case study s t ruc ture . 

Once the base b u i l d i n g was obtained, the design was a l t ered to 

observe the operating c h a r a c t e r i s t i c s under d i f f e r i n g design 

conf igurat ions . An i d e n t i f i c a t i o n numbering system was implemented 

through t h i s design process. Simulation run #1 through #6 

correspond to the pre l iminary models 6 i n the i t e r a t i v e process. 

Test runs #7 to #17 correspond to the tes t runs of the base case 

study b u i l d i n g and modified b u i l d i n g s . 

3 . 5 IMPROVING T H E OPERATING ENERGY OF T H E C A S E STUDY B U I L D I N G 

The base b u i l d i n g was sys temat ica l ly upgraded from a t y p i c a l o f f i c e 

b u i l d i n g to an energy e f f i c i e n t b u i l d i n g . There i s a large and 

diverse set of s trateg ies that may be implemented to improve the 

operating performance of a b u i l d i n g . The s trateg ies employed i n the 

present work were guided by a set of c r i t e r i a i n c l u d i n g : 

5A s ing le thermal zone implies the en t i re b u i l d i n g i s 
c o n t r o l l e d by one thermostat, and the temperature of a l l areas i s 
to be maintained at a s ing le temperature. This i s a s i m p l i f i c a t i o n , 
s ince the core of the b u i l d i n g usua l ly requires coo l ing while the 
perimeter areas require heating, coo l ing or both. 

6 Single storey, s ing le thermal zone, e tc . 
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-maintain the a i r q u a l i t y of the indoor environment 7; 

-implement s trateg ies that are wel i es tabl i shed i n the b u i l d i n g 

community; 

-implement s trateg ies that can be modelled wi th in the operating 

energy s imulat ion program; 

I t i s acknowledged that the operating energy computer model 

l i m i t e d the range of s trateg ies incorporated i n the case study 

b u i l d i n g . For example, i t was not poss ib le to model stack 

v e n t i l a t i o n . 

Any design process i s a synthesis of t e c h n i c a l knowledge, 

experience, i n t u i t i o n and external cons tra in t s . The necess i ty of 

u t i l i z i n g and incorporat ion of experience and i n t u i t i o n 

extens ive ly i n the process of r e f i n i n g the operating 

c h a r a c t e r i s t i c s of the b u i l d i n g implies that there i s no optimal 

pathway or b u i l d i n g design. 

Once the s trateg ies to improve the operating energy were se lected, 

a h ierarchy was implemented based on a set of p r i n c i p l e s out l ined 

i n ASHRAE 90.1 [1989]. 

• Identify and minimize the impact of the functional 

requirements of the building. This implies, for example that: 

7The indoor environment re fers to indoor a i r q u a l i t y , v i s u a l 
access to the outs ide, and sources of noise . 
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-the b u i l d i n g systems should be matched to the 

occupancy requirements for the b u i l d i n g . 

• Identify and minimize the internal and external loads on the 

building. Strategies carried out here include: 

-changing the b u i l d i n g or i en ta t ion to maximize passive heating 

and l i g h t i n g c a p a b i l i t y ; 

- c o n t r o l l i n g a i r i n f i l t r a t i o n ; 

- improving the i n s u l a t i o n and g laz ing ; 

-implementing day l ight ing s t ra teg ie s ; 

-reducing l i g h t i n g l eve l s 

-us ing high e f f i c i e n c y o f f i c e equipment, such as high 

e f f i c i e n c y copiers , p r i n t e r s and f a c s i m i l e s . 

•Integrate subsystems to improve the efficiency of the building 

systems. For example: 

-reducing the l i g h t i n g load through the implementation of 

d a y l i g h t i n g and high e f f i c i e n c y l i g h t s , there i s a 

corresponding reduct ion i n the coo l ing load of the b u i l d i n g 

and poss ib le increase i n heating requirements. 

• Improve the efficiency of subsystems by: 

- r e p l a c i n g the v a r i a b l e a i r volume heating system with a heat 

pump. 

The h ierarchy of s trateg ies used to improve the performance of the 
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case study b u i l d i n g i s consistent with general procedure out l ined 

above. This process was re f ined by studying the output of the 

computer s imulations a f ter each run to determine which b u i l d i n g 

load contr ibuted the greatest amount to the energy consumption of 

the b u i l d i n g . That load was targeted i n the next b u i l d i n g 

s imulat ion . 

3 . 6 RESULTS OF THE OPERATING ENERGY MODEL 

Table 3.1 provides summary information of the b u i l d i n g energy 

performance of the case study b u i l d i n g under a number of 

conf igurat ions . Spec i f i ca t ions of the base b u i l d i n g are presented 

i n Appendix A. In add i t i on , complete graphica l and tabular data for 

the operating energy of the case study b u i l d i n g i s presented i n 

Appendix B. 
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Table 3 .1 . Summary of Bu i ld ing Energy Performance Index for Case 

study B u i l d i n g . 

SIMULATION 
RUN 

STRATEGY BEPI 
[GJ/m 2 .yr] 

CUMULATIVE 

% CHANGE 

s i t e , (source) 

7A Base Case 0.96 (1.39) 

7B Orienta t ion 0.95 (1.38) -3% 

7C I n f i l t r a t i o n 0.91 (1.32) -7% 

7D I n f i l t r a t i o n 0.89 (1.29) -9% 

8A Dayl ight ing 0.56 (0.93) -43% 

8B Heat Pump 0.44 (0.64) -55% 

9 Glazing 0.41 (0.59) -58% 

10 L ight ing 
Density 

0.35 (0.51) -64% 

11 Insulat ion 0.34 (0.49) -65% 

12 Equipment 0.28 (0.41) -71% 

13 Night Purge 0.28 (0.41) -71% 

14 L i g h t i n g 
E f f i c i e n c y 

0.23 (0.33) -77% 

15 Wall to 
Window Ratio 

0.23 (0.33) -77% 

16 Increase 
Comfort Zone 

0.23 (0.33) -77% 

17 Sun-space 0.23 (0.33) -77% 

Page 3 3 



The cumulative percent reduct ion i n operating energy corresponds to 

the reduct ion i n operating energy achieved by implementing the 

s tra teg ies success ive ly . Incremental percent changes are less 

meaningful i n t h i s analys i s as the magnitude of performance 

improvements i s dependent on what s tra teg ies precede. This 

c h a r a c t e r i s t i c may be a t t r ibuted to the dependence of b u i l d i n g 

subsystems: for example, l i g h t s and coo l ing systems. Test runs 13, 

15, 16 and 17 are s trateg ies that were found to have n e g l i g i b l e or 

negative impact on the operating performance of the b u i l d i n g . The 

r e s u l t s of the operating energy analys i s are consis tent with other 

analyses of operating energy 8. The i n i t i a l s i t e B u i l d i n g Energy 

Performance Index (BEPI) i s 0.9 6 GJ /m 2 . yr . This i s consis tent with 

a b u i l d i n g conforming to ASHRAE 90.1 standards. Through an 

i t e r a t i v e design process, a f i n a l s i t e BEPI of 0.23 GJ/m 2 .yr was 

achieved, corresponding to a 77% reduct ion i n operating energy of 

the case study b u i l d i n g . 

Test runs 7A through 11 imply no behavioral modi f i cat ion by 

b u i l d i n g occupants. Nor does i t imply a reduct ion i n the q u a l i t y or 

quanti ty of energy services provided. Test runs 12 and 14 

incorporate the p o t e n t i a l to reduce energy loads through behavioral 

modi f i cat ion by bu i ld ing , occupants. For example, the e l e c t r i c i t y 

8See M i n i s t r y of Energy Mines and Petroleum Resources, [1991], 
BC Hydro, [1993,1994]. Houghton [1994] presents s i m i l a r r e s u l t s 
based on s imulat ion runs using D0E2.1E, and measured energy 
consumption. 
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consumption from the e levator was reduced by making stairways the 

primary mode of t ransport ing occupants between f l o o r s . This may be 

achieved by making stairways more v i s i b l e or convenient and 

e levators less so. Reducing the energy load associated with o f f i c e 

equipment has been invest igated by Danbridge et a l . [1994]. The 

author notes a 57% reduct ion i n energy consumption i s current ly 

p o s s i b l e . The reductions i n the l i g h t i n g load i n t e s t run 14 i s 

achieved by maintaining low ambient l i g h t i n g and u t i l i z i n g high 

e f f i c i e n c y task l i g h t i n g . 

Because of l i m i t a t i o n s i n the D0E2 program, the f u l l advantage of 

the sun-space design cannot be explored. For example i t i s not 

poss ib le to explore reductions i n operating energy through the 

implementation of passive stack v e n t i l a t i o n e f fec t s 9 coupled to the 

sun-space. 

Test runs were performed to e s tab l i sh the e f fec t on the b u i l d i n g 

operating energy through the reduct ion of indoor a i r c i r c u l a t i o n . 

There was no reduct ion of the outside a i r supply i n t h i s t e s t run. 

A reduct ion i n the operating energy to a s i t e BEPI of 0.18 GJ/m 2 was 

achieved. As stated prev ious ly , however, a c r i t e r i o n for improving 

the case study b u i l d i n g was that there should be no loss of indoor 

environmental q u a l i t y . Indoor a i r q u a l i t y i s of s u f f i c i e n t 

'Passive stack v e n t i l a t i o n re fers to a process of buoyancy 
dr iven (as opposed to mechanical fans) v e n t i l a t i o n r e s u l t i n g from 
the temperature d i f f e r e n t i a l between i n t e r i o r and e x t e r i o r spaces. 
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importance t h a t t h i s s t r a t e g y was not implemented i n the case study 

b u i l d i n g . 

3.7 OBSERVATIONS ON THE OPERATING ENERGY MODEL 

There are a number of p o i n t s t h a t should be emphasized i n r e v i e w i n g 

the data presented i n Table 3 .1 and Appendix B . F i r s t , the data f o r 

monthly energy use p r e d i c t s anomalous behaviour f o r the month of 

February. T h i s i s e x p l a i n e d by the nature of the c a l c u l a t i o n 

method. The s i m u l a t i o n program performs an hour by hour a n a l y s i s of 

energy use. S i n c e t h e r e are fewer days i n February, t h e r e i s a 

c o r r e s p o n d i n g decrease i n energy use f o r t h i s month 1 0. 

Second, u n c o n t r o l l e d a i r i n f i l t r a t i o n i n commercial b u i l d i n g s i s 

d i f f i c u l t t o c o n t r o l and p r e d i c t . In a d d i t i o n , a i r i n f i l t r a t i o n i s 

f r e q u e n t l y an important source of h e a t i n g l o a d . For example, 

a n a l y s i s by P u b l i c Works Canada [1994, pg. 1-4] has documented a 

s a v i n g s p o t e n t i a l i n h e a t i n g energy of 2 0% t o 60% through reduced 

a i r i n f i l t r a t i o n . S t u d i e s by the Canadian Mortgage and Housing 

C o r p o r a t i o n [CMHC, 1993] suggest t h a t i n f i l t r a t i o n i n b u i l d i n g s may 

be one t o two orders of magnitude l a r g e r than d e s i g n 

s p e c i f i c a t i o n s . In the computer a n a l y s i s performed i n t h i s 

a n a l y s i s , a i r i n f i l t r a t i o n r a t e s p r e s c r i b e d i n the ASHRAE 90 .1 

standards are used. I t i s not c l e a r , however, how w e l l t h e s e d e s i g n 

1 0 T h i s anomaly may be removed by n o r m a l i z i n g the i n f o r m a t i o n 
f o r an average month (30.4 days). However, t h i s r e s u l t s i n a l o s s 
of i n f o r m a t i o n , so t h i s step i s not performed here. 
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s t a n d a r d s a r e a c h i e v e d i n p r a c t i c e , nor i s i t c l e a r t h a t zero 

u n c o n t r o l l e d a i r i n f i l t r a t i o n i s p o s s i b l e . 

T h i r d , t h e f i n a l l e v e l o f performance does no t i m p l y a l i m i t t o 

the t e c h n i c a l o r b e h a v i o r a l energy s a v i n g s p o t e n t i a l f o r the 

b u i l d i n g . R a t h e r , t h i s i s the l e v e l o f performance a c h i e v e d t h r o u g h 

the a p p l i c a t i o n o f s i m p l e , i n e x p e n s i v e and f a m i l i a r s t r a t e g i e s t o 

improve t h e o p e r a t i n g c h a r a c t e r i s t i c s o f the b u i l d i n g . W i t h the 

a d d i t i o n o f a c t i v e s o l a r d e v i c e s such as p h o t o v o l t a i c p a n e l s and 

s o l a r h e a t e r s , t h i s b u i l d i n g c o u l d p o t e n t i a l l y be t r a n s f o r m e d i n t o 

an energy autonomous b u i l d i n g . A p r e l i m i n a r y a n a l y s i s o f the 

p o t e n t i a l t o make the case s tudy b u i l d i n g energy autonomous was 

p e r f o r m e d . The c a p i t a l c o s t o f t h i s s t ep was o f t h e o r d e r o f one 

m i l l i o n d o l l a r s f o r the p h o t o v o l t a i c c e l l s a l o n e . A d d i t i o n a l 

c a p i t a l c o s t s f o r the i n v e r t o r s and the b a t t e r i e s were not 

c a l c u l a t e d . Due t o the c a p i t a l c o s t e s t i m a t e d from the p r e l i m i n a r y 

a n a l y s i s , no f u r t h e r r e s e a r c h of a p h o t o v o l t a i c system was 

p e r f o r m e d . A s o l a r water h e a t i n g system was a l s o i n v e s t i g a t e d . 

However, t h i s system was o n l y a b l e t o augment the c e n t r a l h e a t i n g 

system ( r a t h e r t h a n r e p l a c e i t ) . T h e r e f o r e , t h i s o p t i o n was not 

e x p l o r e d f u r t h e r . 

3 . 8 MODEL VERIFICATION AND UNCERTAINTY 

To g a i n c o n f i d e n c e i n the r e s u l t s o f the o p e r a t i n g energy model , 

the computer output was v e r i f i e d u s i n g two a p p r o a c h e s . F i r s t , the 
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data were compared against a set of t e s t runs from the developer of 

the D0E2 program [Lawrence Berkeley Laboratory, 1986]. The f i ve 

- s torey o f f i c e tower was compared with a case study s tructure of 

s i m i l a r aspect r a t i o , but of a t h i r t y - s t o r e y design. Assuming the 

heat t rans fer between f loors i s of second order magnitude, the 

B u i l d i n g Energy Performance indexes (BEPI) for the f i v e and t h i r t y 

storey, o f f i c e s tructures were found to be comparable. The 

assumption of n e g l i g i b l e f l o o r to f l o o r heat t rans fer i s based on 

the observation that the temperature and pressure d i f ferences 

between f l o o r s i s small or zero. Therefore, the heat t rans fer 

between f l oors w i l l be smal l . 

As a second te s t of the operating energy model, the computer data 

were compared to measured r e s u l t s . o f s i m i l a r b u i l d i n g s . For an 

o f f i c e B u i l d i n g located i n Vancouver, conforming to ASHRAE 90.1, 

the B u i l d i n g Energy Performance Index (BEPI) should be i n the range 

0.8 GJ/m 2 .yr to 0.95 G J / m 2 . y r u . 

The v e r i f i c a t i o n process i s acknowledged to be i n d i r e c t . However, 

i n the absence of a r e a l b u i l d i n g with energy performance data over 

a range of performance c h a r a c t e r i s t i c s , i t i s impossible to v e r i f y 

the operating energy model d i r e c t l y . The uncerta inty i n the 

operating energy analys i s i s in f erred from discuss ions from 

i n d i v i d u a l s with experience i n applying the model to e x i s t i n g and 

n Ray Cole 
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new b u i l d i n g s 1 2 . Using these estimates, the uncerta inty i n the 

ana lys i s of the b u i l d i n g operating energy i s estimated at 10%. 

3.9 CONCLUDING REMARKS 

I t was found that the operating energy for the case study b u i l d i n g 

could be reduced by 77% below a b u i l d i n g conforming to ASHRAE 90.1 

standards. This f igure i s consistent with other inves t iga t ions of 

achievable reductions i n operating energy [BC Hydro, 1992], The 

reduct ion i n operating energy i s achieved through the adoption of 

simple, proven technologies . 

1 2Gord Shimco, DW Thompson Inc. 
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CHAPTER 4: EMBODIED ENERGY OP CASE STUDY BUILDING 

4.1 CHAPTER LAYOUT 

This chapter begins by def in ing the concept of embodied energy, and 

d i scuss ing i t s magnitude i n b u i l d i n g s . Methods used to p r e d i c t the 

energy i n t e n s i t y 1 of goods and services are reviewed. Published 

r e s u l t s of analyses of the energy i n t e n s i t y of b u i l d i n g materia ls 

and embodied energy of bu i ld ings are presented. The i n i t i a l and 

l i f e - c y c l e embodied energy for the case study b u i l d i n g i s 

ca l cu la ted over the range of operating performances examined i n 

Chapter Three. 

4.2 DEFINING THE EMBODIED ENERGY OF A BUILDING 

The embodied energy of a b u i l d i n g i s that component of the energy 

budget derived from extract ing or r e c y c l i n g the raw b u i l d i n g 

mater ia l s , primary and secondary process ing, t ransport ing the 

b u i l d i n g mater ia ls to the s i t e , and on-s i t e erec t ion . " L i f e - c y c l e " 

embodied energy expands the boundaries of the embodied energy 

analys i s to include the embodied energy consumed throughout the 

use fu l l i f e of a b u i l d i n g . This includes the energy consumed i n 

component replacement and maintenance of the b u i l d i n g , and the 

energy required to demolish and dispose of the s tructure at the end 

JIn t h i s work, energy i n t e n s i t y re fers to b u i l d i n g materia ls 
and embodied energy to the b u i l d i n g . 
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of i t s use fu l l i f e . 

4.3 SIGNIFICANCE OF THE EMBODIED ENERGY OF BUILDINGS 

Depending on the l i f e s p a n , the l i f e - c y c l e embodied energy for a 

b u i l d i n g may be 18% [CMHC, pg. 1, 1991] to 40% (Kohler i n Cole , 

1991, pg. 29) of the l i f e - c y c l e energy budget of a b u i l d i n g . As the 

operating energy of the b u i l d i n g decreases, the embodied energy may 

become a larger component of the t o t a l energy budget. However, lack 

of information i n the published l i t e r a t u r e suggests there i s no 

c l e a r understanding how changes to the operating performance of a 

b u i l d i n g w i l l inf luence the embodied energy of a b u i l d i n g . 

4.4 METHODS OF ANALYSIS 

The present analys i s r e l i e s on prev ious ly publ ished data for the 

energy i n t e n s i t y of b u i l d i n g mater ia l s . This sec t ion provides a 

b r i e f d e s c r i p t i o n of how the information has been generated. The 

methods used to estimate the energy i n t e n s i t y values include input -

output a n a l y s i s , process analys i s and s t a t i s t i c a l methods. 

4.4.1 Input-Output Analys i s 

Input-output analys i s provides information on the i n t e r 

r e l a t i o n s h i p s between d i f f e r e n t sectors of the economy, prov id ing 

information i n terms of energy embodied per monetary u n i t of 
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output. The analys i s permits the c a l c u l a t i o n of d i r e c t and i n d i r e c t 

primary energy required to produce a good or s e r v i c e . The use of 

input-output analys i s techniques to estimate the energy i n t e n s i t y 

of commodities i s developed i n Re i s ter [1978], Bush [1981], and 

Peet [1993]. 

An advantage of input-output analys i s i s the a b i l i t y to capture a l l 

the d i r e c t and i n d i r e c t energy inputs of a product . The i n d i r e c t 

energy inputs include the upstream energy embodied i n mater ia ls and 

equipment, such as the too l s required to produce the f i n a l good. 

A problem with information derived from an input-output table 

ar i ses from the l e v e l of disaggregation of the tab le s . 

S p e c i f i c a l l y , the c o e f f i c i e n t s derived from an input-output 

ana lys i s provide estimates of the energy embodied i n a d o l l a r ' s 

worth of the average product of an industry . This impl ies that an 

input-output analys i s w i l l provide an imprecise estimate of the 

embodied energy of commodities that have a p r i c e that i s far away 

from the average product p r i c e [Reister , 1978]. This i s l ess of a 

problem i n Canadian data compared to input-output data from other 

countr ies . The Canadian commodity input-output tab le i s 

disaggregated into 602 commodities (compared to 215 indus tr i e s for 

the United States) r e s u l t i n g i n fewer a t y p i c a l products . 

A second problem with input-output analys i s i s the four-year time 

lag between the age of the data and p u b l i c a t i o n of the tab le s . 
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There has been a steady decrease i n the embodied energy of 

commodities produced i n Canada of approximately 1.0% per year 2 . 

Rely ing only on input-output analys i s may r e s u l t i n a systematic 

over-est imation of the energy i n t e n s i t y of current b u i l d i n g 

mater ia l s . 

4.4.2 Process Analys i s 

Process ana lys i s involves the q u a n t i f i c a t i o n of a l l the d i r e c t and 

i n d i r e c t energy inputs to and outputs from a process . Although 

conceptual ly simple, a number of l i m i t a t i o n s of t h i s method have 

been expressed i n the l i t e r a t u r e , [Baird and Aun, pg. 6, 1983, 

CMHC, Appendix I I , p g . , x i , 1991]. F i r s t , i t i s a complex task to 

keep track of a l l the i n d i r e c t energy inputs . This frequently 

r e s u l t s i n truncat ion e r r o r . Second, the inputs to a process may 

vary by the production technology used. Therefore, the energy 

i n t e n s i t y f igures may be dependent on var iab le s inc lud ing age of 

the data, and loca t ion s p e c i f i c var iab le s inc lud ing manufacturer, 

or p lant e f f i c i e n c y . 

Input-output ana lys i s and process analys i s are the predominant 

means employed i n d e r i v i n g the data used i n the present a n a l y s i s . 

A t h i r d method, S t a t i s t i c a l analys i s i s used to a l esser extent. 

2See Section 4.7.3 for d e t a i l s of the change i n energy 
i n t e n s i t y of materia ls with time. 
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4.4.3 S t a t i s t i c a l Analysis 

The energy input per un i t of product output may be ca l cu la ted from 

nat iona l s t a t i s t i c s . This method has been used i n the energy 

i n t e n s i t y data published by Baird and Aun [1983]. However, due to 

the age of t h i s data set and because the information i s generated 

for the New Zealand economy, the present ana lys i s assumes minimal 

dependence on t h i s information. 

4.5 REVIEW OP THE LITERATURE 

4.5.1 Energy Intensity of Building Materials 

There has been extensive research into the energy i n t e n s i t y of 

mater ia l s . For the present study, the energy i n t e n s i t y of a number 

of b u i l d i n g materia ls has been c o l l e c t e d from various sources 

dat ing from 1968 to 1993. This data i s presented i n Appendix C I . 

The data i s derived from several countr ies , inc lud ing Canada, the 

United Kingdom, the United States and New Zealand. The methods used 

to der ive the energy i n t e n s i t y f igures are documented with the 

data. The techniques include input-output a n a l y s i s , process 

a n a l y s i s , and to a l esser extent, nat iona l s t a t i s t i c s . The l e v e l of 

ana lys i s var i e s with the mater ia l and source, with many of the 

f igures represent ing an analys i s to l e v e l two and three boundaries 

s t i p u l a t e d by the Internat ional Federation of I n s t i t u t e s of 
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Advanced Studies (IFIAS). I t i s predicted that such an analys i s 

w i l l capture 90% to 95% of the f u l l energy i n t e n s i t y of a commodity 

[CMHC, 1991]. . . 

The divergence i n the energy i n t e n s i t y according to the source i s 

l arge . I t should be stressed that there i s no absolute ly correct 

value for the energy i n t e n s i t y of any mater ia l [Kohler, i n Cole , 

1991]. V a r i a t i o n s may occur due to d i f ferences i n : 

-the s p e c i f i c b u i l d i n g products inves t igated; 

-the primary energy sources used, for example, hydro 

e l e c t r i c i t y versus natura l gas; 

-the scope of the energy i n t e n s i t y ana lys i s , inc lud ing 

system boundaries and the l e v e l of ana lys i s ; 

- the method of ana lys i s ; 

- t ranspor ta t ion factors inc luded; 

- v a r i a t i o n s i n the conventions used i n dea l ing with 

feedstock m a t e r i a l , r e c y c l i n g , and mul t ip l e products; 

or , 

- v a r i a t i o n s i n the manufacturing process a r i s i n g from the 

technology used to produce the good. 

An example of v a r i a t i o n i n conventions r e l a t e d to feedstock energy 

value ar i se s when comparing the energy i n t e n s i t y of p l a s t i c and 

wood. In c a l c u l a t i n g the embodied energy Of p l a s t i c , the feedstock 

energy has been incorporated into the energy i n t e n s i t y f i gures . 
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Conversely, i n est imating the energy i n t e n s i t y of wood, no such 

add i t ion has been incorporated. In B r i t i s h Columbia, wood accounts 

for approximately 8% of primary and secondary energy use 

[ S t a t i s t i c s Canada, pg.XX, 1991, b ] . I t may be argued that i t i s 

incons i s tent to include the feedstock for p l a s t i c and not for wood. 

However, i n the case study b u i l d i n g examined i n t h i s work, the use 

of wood accounts for a n e g l i g i b l e f r a c t i o n of the l i f e - c y c l e 

embodied energy. Therefore, t h i s inconsistency w i l l create l i t t l e 

uncerta inty i n the r e s u l t s . 

V a r i a t i o n s i n manufacturing processes may i n part be due to the age 

of the data (and corresponding technology), and geographical 

l o c a t i o n . The dependence of energy i n t e n s i t y on age of the data i s 

further explored i n Appendix C2. Based on data provided by 

S t a t i s t i c s Canada, the energy i n t e n s i t y (per $1000 of commodity) i s 

l i s t e d for b u i l d i n g materials from 1976 to 1990. 

Concrete and s t e e l are dominant materia ls i n the case study 

b u i l d i n g . Small inaccuracies i n the energy i n t e n s i t y of these 

mater ia ls w i l l have a correspondingly large e f fec t on r e s u l t s . In 

the present a n a l y s i s , works by Stelco [1993] and Radian [1993] are 

used for s t e e l and concrete products, r e s p e c t i v e l y . These 

pub l i ca t ions provide current , l oca t ion s p e c i f i c information on a 

range of s t e e l and concrete products, based on Canadian i n d u s t r i a l 

surveys. 
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4.5.2 Embodied Energy of Bui ld ings 

There have been several references deal ing with estimates of the 

embodied energy of r e s i d e n t i a l and commercial bu i ld ings over the 

l a s t 20 years . These published works provide ins ight to the i n i t i a l 

embodied energy of b u i l d i n g s , and explore the r e l a t i o n s h i p between 

the embodied and operating energy of b u i l d i n g s . 

The works of Ste in et a l . [197 6] and Serber [1976] provides the 

f i r s t comprehensive analys i s of the embodied energy of b u i l d i n g s . 

The works are based on input-output information of the United 

States economy for the year 1967. Results of the analyses pred ic t 

the embodied energy of an average o f f i c e b u i l d i n g of 18.6 GJ/m 2 . 

Serber's work provides a pre l iminary analys i s of the r e l a t i v e 

magnitude of operating and embodied energy for two commercial 

o f f i c e bu i ld ings located i n New York. For the bu i ld ings used i n 

Serber's a n a l y s i s , the embodied energy i s equivalent i n magnitude 

to f i v e to ten years of operating energy. Because of the age of the 

data, the r e s u l t s of the analyses are of l i m i t e d value to the 

present work. The energy i n t e n s i t y of mater ia ls has decreased 

considerably s ince 1967, and the operating c h a r a c t e r i s t i c s of new 

bui ld ings has improved 3. However, the methodologies used and 

ins ights gained from these works remain important. 

3The B u i l d i n g Energy Performance Index (BEPI) i n Serber's 
ana lys i s i s 3.97. The BEPI for the base b u i l d i n g i n the present 
ana lys i s i s 0.96. 
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Baird and Aun [1983] i n New Zealand document the energy cost of 

b u i l d i n g s , and provide an estimate of the r e l a t i v e magnitude of 

embodied versus operating energy for houses and l i g h t cons truct ion . 

For s ing le family housing, the authors pred ic t the construct ion 

energy to be approximately 3 GJ/m 2 and the r a t i o of construct ion 

energy to annual operating energy to be approximately 8. Ba i rd and 

Aun's work focuses on timber framed b u i l d i n g s . In a d d i t i o n , the age 

of the study l i m i t s the a b i l i t y to i n f e r information from the 

a n a l y s i s . 

The Canadian Mortgage and Housing Corporation (CMHC) produced a 

computer program c a l l e d "OPTIMIZE" [CMHC, 1991] to inves t igate the 

l i f e - c y c l e energy and environmental impact of housing i n Canada. 

The study i s based on energy i n t e n s i t y data obtained from Canadian 

input-output tables for the year 1987. For a 350 m2 house with a 

l i f e - s p a n of 40 years , r e s u l t s of the ana lys i s suggest the l i f e -

cyc le energy of a house i s 29.9 GJ/m 2 . The i n i t i a l embodied energy 

i s ca l cu la ted to be 2.4 GJ/m 2 , and the l i f e - c y c l e embodied energy 

i s 4.2 GJ/m 2 . Leve l i zed over the 40-year l i f e s p a n , the l i f e - c y c l e 

embodied energy i s 0.11 GJ/m 2 . yr . 

Howard and S u t c l i f f e [1992] provide an i n v e s t i g a t i o n of the l i f e -

cyc le embodied energy c h a r a c t e r i s t i c s for a number of b u i l d i n g 

designs. The authors pred ic t an i n i t i a l embodied energy for o f f i c e 

bu i ld ings of 3.5 GJ/m 2 to 7.3 GJ/m 2 , depending on the 
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c h a r a c t e r i s t i c s of b u i l d i n g f i t - o u t 4 . Considering the l i f e - c y c l e 

embodied energy, and l e v e l i z i n g over a 60-year l i f e span, the 

authors p r e d i c t a l i f e - c y c l e embodied energy of 0.18 GJ/m 2 .yr to 

0.45 GJ/m 2 . yr . These values depend on the l e v e l of f i t - o u t , and the 

frequency of component replacement. This compares to the predic ted 

operating energy of 0.84 GJ/m 2yr to 1.41 GJ/m 2 yr. Rearranging these 

numbers, the l i f e - c y c l e embodied energy may range from 11% to 3 6% 

of the t o t a l energy budget for the bui ld ings s tudied . 

Oka et a l . [1993] have performed an analys i s of the t o t a l energy 

consumed and environmental p o l l u t i o n generated i n the construct ion 

of s ix commercial bui ld ings i n Japan. The bu i ld ings range i n s i ze 

from 1500 m2 to 216,000 m2. The smaller bu i ld ings are re in forced 

concrete construct ion and the larger bui ld ings are predominantly 

s t e e l . The energy i n t e n s i t y f igures for the b u i l d i n g mater ia ls are 

based on an input-output analys i s of the Japanese economy. The 

major f indings of t h i s inves t iga t ion are: 

-the i n i t i a l embodied energy of o f f i c e bu i ld ings i s of the order of 

8-12 GJ/m 2 ; 

- the embodied energy of the bui ld ings appears to decrease with 

increas ing o f f i c e s i z e , although the change i s not monotonic. 

-the construct ion cost i s proport iona l to the energy consumption. 

The authors predic ted that the energy i n t e n s i t y per un i t p r i c e i s 

"Office f i t - p u t re fers to the q u a l i t y of f i n i s h i n g work used 
i n the p r o j e c t . 
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32 MJ/1000 yen (4.6 MJ/$) . 

Buchanon and Honey [1994] invest igated the embodied energy and 

environmental impacts of a range of b u i l d i n g types inc lud ing 

housing, i n d u s t r i a l and commercial bu i ld ings i n New Zealand. The 

r e s u l t s of t h i s work are based on the energy i n t e n s i t y data set of 

Ba ird and Aun. For o f f i c e b u i l d i n g s , the authors p r e d i c t the 

i n i t i a l embodied energy for wood, concrete and s t e e l construct ion , 

are 3.7 GJ/m 2 , 5.6 GJ/m 2 , and 6.6 GJ/m 2 , r e s p e c t i v e l y . These f igures 

are for mul t i - s torey bui ld ings i n the range from three to s ix 

s toreys . 

Cole [1994] invest igated the l i f e - c y c l e energy use of a 

three-s torey o f f i c e b u i l d i n g located i n two geographic l oca t ions ; 

Vancouver and Toronto 5 . The b u i l d i n g i s modelled assuming three 

s t r u c t u r a l conf igurat ions based on wood, concrete and s t e e l 

cons truct ion . Data for the embodied energy c a l c u l a t i o n s are based 

on recent ly published f igures . Major f indings of t h i s work are: 

• the i n i t i a l embodied energy of a concrete b u i l d i n g i s 

4.66 GJ/m 2 for a b u i l d i n g with no underground parking , 

and 4.93 GJ/m 2 for the same s t ruc ture , but with 

underground parking; 

5The f l o o r p late design i n Cole [1994] i s i d e n t i c a l to the 
design used i n the present work. 
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• assuming a 50-year b u i l d i n g l i f e , the r e c u r r i n g embodied 

energy i s 6.5 GJ/m 2 , 

• for a b u i l d i n g l i f e of 25, 50 and 100 years , the l e v e l i z e d 

l i f e - c y c l e embodied energy i s 0.3, 0.26 and 0.2 GJ/m 2 . yr , 

r e s p e c t i v e l y ; and, 

• the operating energy for the case study b u i l d i n g located i n 

Vancouver i s approximately 1.05 GJ/m 2 . yr , suggesting the 

l i f e - c y c l e embodied energy i s 20 to 30% of l i f e - c y c l e energy 

budget. 

In i t s input-output tab les , S t a t i s t i c s Canada [1994] provides 

estimates of non-res ident ia l construct ion and r e p a i r cons truct ion . 

The t o t a l energy for these commodity gr.oups, i s 5.79, and 5.83 

MJ/$ , r e s p e c t i v e l y . These f igures correspond to the energy 

i n t e n s i t y i n 19906, measured i n 1986 d o l l a r s . 

A summary of the f indings of the i n i t i a l and l i f e - c y c l e embodied 

energy of bu i ld ings i s provided i n Table 4 .1 . 

6The l a s t year for which data are a v a i l a b l e . 
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Table 4 .1 . Summary of I n i t i a l and L i f e - c y c l e Embodied Energy 

Resul t s . 

AUTHOR 
DATE INITIAL 

EMBODIED 
ENERGY 
[GJ/m2] 

ANNUAL 
LIFE-CYCLE 

EMBODIED 
ENERGY 

[GJ/m 2 .yr] 

ANNUAL 
OPERATING 

ENERGY 
[GJ/m 2 .yr] 

S te in et 
a l . 

1976 18 . 6 4.8 

Ba ird and 
Aun 

1983 3 0.38 

CMHC 1991 2.4 0.11 0. 64 

Howard & 
S u t c l i f f e 

1992 3.5-7.5 0.18-0.45 0.84-1.41 

Oka et 
a l . 

1993 8-12 

Buchanan 
& Honey 

1994 5.6 

Cole 1994 4 . 9 0.2-0.3 1. 05 

4.6 INITIAL EMBODIED ENERGY OF BASE CASE STUDY BUILDING 

This sec t ion describes the methods used and r e s u l t s obtained for 

the i n i t i a l embodied energy of the base case study b u i l d i n g . The 

i n i t i a l embodied energy of the case study b u i l d i n g inc ludes: 

-the energy required to produce the bas ic components (e .g . b r i c k s , 

heating equipment or windows); and, 

-the energy required to transport the b u i l d i n g mater ia l s and 

components from the manufacturer to the b u i l d i n g s i t e , p lus the 
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energy required for on-s i te assembly. 

4.6.1 Energy to Produce the B u i l d i n g Components 

To ca l cu la t e the component of embodied energy r e s u l t i n g from 

mater ia l s product ion, the fo l lowing methodology was appl ied: 

• Define the energy i n t e n s i t y of the b u i l d i n g mater ia l s . This 

information i s obtained from the published sources r e f e r r e d to 

i n Sect ion 4.5. The energy i n t e n s i t y of b u i l d i n g mater ia l s i s 

found i n Appendix C l . 

• Based on a r c h i t e c t u r a l , s t r u c t u r a l , mechanical and e l e c t r i c a l 7 

drawings of the b u i l d i n g , quantify the mater ia ls required for 

the b u i l d i n g (a materials takeof f ) . This information i s 

provided i n Appendix C3, and corresponds to pr in touts of the 

spreadsheets used i n the c a l c u l a t i o n process . 

• Combine the information on energy i n t e n s i t y with the mater ia ls 

takeoff 8 for the case study b u i l d i n g to c a l c u l a t e the embodied 

energy of each b u i l d i n g component and assembly. 

7The mechanical and e l e c t r i c a l drawings used i n est imating 
mater ia ls were not ava i lab le for the case study b u i l d i n g . Instead, 
a s i m i l a r o f f i c e b u i l d i n g having i d e n t i c a l systems was used to 
define an energy/m 2 for mechanical and e l e c t r i c a l systems. 

8A takeoff i s a l i s t of a l l materials used to construct the 
b u i l d i n g . 
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• Sum the embodied energy of b u i l d i n g component to obtain the 

t o t a l embodied energy of the b u i l d i n g mater ia l s . 

4.6.2 Materials Wastage 

In the c a l c u l a t i o n of energy i n t e n s i t y of b u i l d i n g mater ia l s , an 

allowance has been made for materia ls wastage. The allowance i s 

determined for each component of the b u i l d i n g , and i s i n the range 

of 0 to 5%. The wastage fac tor i s based on the works of Cole 

[1994], CMHC [1991] and experience. 

4.6.3 Construction Energy 

Construct ion energy includes the energy required for transport ing 

b u i l d i n g assemblies to the s i t e plus assembly and erec t ion of the 

components into the b u i l d i n g . Cole [1994] suggests a range of 7 to 

10% of t o t a l embodied energy, and appl ies a general f igure of 7% of 

the i n i t i a l embodied energy for the construct ion energy. 

An ana lys i s was performed to invest igate the magnitude of 

t ranspor ta t ion energy and s i t e energy requirements. Based on the 

energy i n t e n s i t y of f r e i g h t transport of 1.7 MJ/tonne Km9, an 

'Based on (dated) 1970 estimates of the energy e f f i c i e n c y of 
f r e i g h t t ransport . See Nemetz [1993]. 
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average t r a v e l l i n g distance between suppl i er and s i t e of 20 Km10, 

and a b u i l d i n g weight of 9600 tonnes 1 1 , the transport energy 

corresponds to 330 GJ. To ca l cu la te the s i t e energy, i t i s assumed 

that 100 KW (400 V o l t s @ 250 Amps) of power i s used for 7.5 hours 

a day for the durat ion of the projec t of 15 months. This 

corresponds to a s i t e energy of 810 GJ . The t o t a l construct ion 

energy used i n t h i s analys i s i s the sum of the t ransporta t ion 

energy and s i t e energy, 1140 GJ . These numbers are not prec i se 

c a l c u l a t i o n s , but provide order of magnitude estimates of the 

construct ion energy. I t w i l l be shown i n the next sect ion that the 

construct ion energy i s small compared to the embodied energy of 

b u i l d i n g mater ia l s . The energy required to transport workers to the 

s i t e has not been inc luded. 

4 . 6 . 4 Results 

Applying the methodology out l ined i n the l a s t s ec t ion , the i n i t i a l 

embodied energy of the base b u i l d i n g i s ca l cu la ted to be 34300 GJ . 

D e t a i l s of the c a l c u l a t i o n are i n Appendix C3. The f l o o r area of 

the b u i l d i n g i s 802 6 m2. Therefore, the i n i t i a l embodied energy of 

the b u i l d i n g , inc lud ing construct ion energy and normalized for 

f l o o r area i s 4.2 6 GJ/m 2 . Table 4.2 presents the embodied energy of 

the b u i l d i n g components, summarized from the data i n Appendix C3. 

1 0 This i s a representat ive t r a v e l l i n g d is tance . 

1 1 This value i s ca lcu la ted from the mater ia ls takeoff . 
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Table 4.2. I n i t i a l Embodied Energy and Mass of B u i l d i n g 

M a t e r i a l s . 

MATERIAL 
EMBODIED 

ENERGY, 
[GJ] 

% BY EMB. 
ENERGY 

MASS 
[TONNES] % BY 

MASS 

Stee l 12900 38.73 410 4.22 

Concrete 4870 14.64 8100 84.34 

Aluminum, 
Copper 3650 10.97 57 0. 60 

Gypsum 2040 6.14 460 4 .76 

Insu la t ion 1560 4.70 51 0.53 

Roofing 1470 4.43 47 0.48 

P l a s t i c 1450 4.37 15 0.16 

Paint/adhe 
s ives 1120 3 .36 26 0.27 

Br ick 910 2.73 360 3 .78 

Glass 840 2.54 83 0.87 

Other 2310 6.96 

Construc
t i o n 1140 3.43 

T o t a l 34300 100.00 9600 100.00 

The information presented i n Table 4.2 suggests that approximately 

90% of the i n i t i a l embodied energy i s contained i n 10 bas ic 

mater ia l types. The importance of concrete and s t e e l i s worth 
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not ing . 53% of the i n i t i a l embodied energy and 89% of the b u i l d i n g 

mass may be a t t r i b u t e d to these two mater ia l s . In Table 4.3, the 

same information i s organized by b u i l d i n g component. This 

information h igh l igh t s the importance of the s tructure and 

mechanical systems i n terms of the i n i t i a l embodied energy. 

Table 4 .3. I n i t i a l Embodied Energy by B u i l d i n g Component. 

COMPONENT EMBODIED 
ENERGY, [GJ] 

%0F INITIAL 
EMBODIED 

ENERGY 

Structure 10800 31.53 

Mechanical 5800 16.93 

Envelope 3950 11.55 

Glaz ing 2830 8.25 

I n t e r i o r 
P a r t i t i o n 2790 8.16 

E l e c t r i c a l 2170 6.33 

Roof 2130 6.21 

Floor F i n i s h 1320 3.85 

Other 1320 3 .85 

Construct ion 
Energy 1140 3.33 

T o t a l 34300 100.00 
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4.6.5 Comparison With Other Studies 

As noted i n the review of the l i t e r a t u r e , there i s a commodity 

c las s i n Canadian input-output tables for n o n - r e s i d e n t i a l 

cons truct ion . I t may be argued that an adequate p r e d i c t i o n of the 

embodied energy of the case study b u i l d i n g can be achieved by 

u t i l i z i n g t h i s s ing le f i g u r e . However, there i s a wide v a r i a t i o n i n 

n o n - r e s i d e n t i a l bu i ld ings types, so t h i s f igure was not r e l i e d on 

a priori. Instead, the input-output value of embodied energy of 

bu i ld ings i s used as a check on the r e s u l t s of the analys i s 

performed i n the present work. Referr ing to Appendix C2, the 

embodied energy of non-res ident ia l bu i ld ings i s approximately 6 

GJ/$1000. The c a p i t a l cost of the case study b u i l d i n g (see Chapter 

Six for de ta i l s ) i s 5.2 m i l l i o n d o l l a r s , and the f l o o r area i s 8026 

m2. Therefore, the i n i t i a l embodied energy, predic ted d i r e c t l y from 

the input-output tables , . i s 3.9 GJ/m 2 . From the preceding analys i s 

of the b u i l d i n g by component," the embodied energy i s predic ted to 

be 4.26 GJ/m 2 . The d i f ference i n these two pred ic t ions i s of the 

order of 8%. 

The r e s u l t s of the present analys i s are lower than many other 

s tudies . For example, Howard and S u t c l i f f e [1992] p r e d i c t an 

i n i t i a l embodied energy of 3.5-7.5 GJ/m 2 . A l t e r n a t e l y , Buchanon and 

Honey [1994] p r e d i c t an i n i t i a l embodied energy of 5.6 GJ/m 2 . 

Discrepancies between the r e s u l t s may be the r e s u l t of d i f ferences 

i n the age of the data. For example, the r e s u l t s of Buchanon and 

Page 58 



Honey are based on information generated i n 1976. Because of the 

importance of concrete and s t e e l i n the p r e d i c t i o n of i n i t i a l 

embodied energy, small d i f ferences i n energy i n t e n s i t y f igures 

between the present work and other studies w i l l have a s i g n i f i c a n t 

impact on r e s u l t s . 

Cole [1994] pred ic t s an i n i t i a l energy i n t e n s i t y of 4.93 GJ/m2 for 

a three-s torey concrete s tructure with underground parking . 

Differences between the present r e s u l t s and those of Cole may be 

a t t r i b u t e d to d i f ferences i n the construct ion energy used i n the 

a n a l y s i s . In add i t i on , the work of Oka et a l . [1993] suggest a 

decrease i n energy i n t e n s i t y with increas ing f l o o r area. Therefore, 

d iscrepancies between the present work and the work of Cole , may be 

the r e s u l t of the trend predicted by Oka et a l . 

4.7 RECURRING EMBODIED ENERGY OF CASE STUDY BUILDING 

The r e c u r r i n g embodied energy corresponds to the energy required to 

maintain the b u i l d i n g over i t s l i f e . This includes energy to r e p a i r 

and replace b u i l d i n g components. In order to c a l c u l a t e the 

r e c u r r i n g embodied energy of a b u i l d i n g , three factors must be 

quant i f i ed : b u i l d i n g l i f e ; frequency of maintenance and 

refurbishment; and, future trends i n the energy i n t e n s i t y of 

b u i l d i n g mater ia l s . 

4.7.1 B u i l d i n g L i f e 
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I t i s very d i f f i c u l t to pred ic t the l i f e span of a b u i l d i n g . 

Therefore, representat ive time spans of 40 years and 80 years are 

chosen for the l i f e of the case study b u i l d i n g . 

4.7.2 Replacement and Refurbishment 

The second factor to be incorporated into the r e c u r r i n g energy 

ana lys i s i s the schedule of replacement and refurbishment. 

Replacement i s defined as maintenance r e q u i r i n g a completely new 

assembly or system. Refurbishment implies that less than 100% of an 

assembly i s replaced. In the present work, the replacement and 

refurbishment schedules used by Cole [1994], and CMHC [1991] are 

used to formulate r e c u r r i n g embodied energy of the case study 

b u i l d i n g . This information i s i n Appendix C4. 

4.7.3 Changes to Embodied Energy of Building Components With Time 

The t h i r d fac tor to be predicted i s the energy i n t e n s i t y of 

b u i l d i n g components i n the future . This issue has received 

inadequate a t tent ion i n the l i t e r a t u r e . Cole [1994] and CMHC [1991] 

assume no change i n energy i n t e n s i t y with time. However, between 

1971 and 1986, there was a 20% decrease i n energy i n t e n s i t y for 

s t e e l , a 24% decrease for non-ferrous metals, and a 3 3% decrease 

for cement [ S t a t i s t i c s Canada, 1993]. These rates of change i n 

energy i n t e n s i t y may not be sustained into the future , but i t i s 

assumed there w i l l continue to be s i g n i f i c a n t reductions i n energy 
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i n t e n s i t i e s . For example, the work by CANMET pred ic t s the energy 

i n t e n s i t y of s t e e l produced i n Canada w i l l decrease from 27 

GJ/Tonne i n 1989 to 11.9 GJ/Tonne i n 2010 [CANMET, pg. x i i i , 1993]. 

In order to make the pred ic t ions of the change i n energy i n t e n s i t y 

of b u i l d i n g materia ls over time, the energy i n t e n s i t y of 

construct ion r e l a t e d commodities from 1976 to 1990 was examined. 

This information i s i n Appendix C2. The annual rate of change i s 

determined from a graphica l analys i s of data found i n Appendix C2. 

A Geometric ser ie s 1 2 i s used, implying that the energy i n t e n s i t y 

decreases to zero asymptot ica l ly . An annual reduct ion i n energy 

i n t e n s i t y of materia ls of 1.0%/yr. i s appl ied i n t h i s a n a l y s i s . 

Higher order ser ies could have been used to p r e d i c t the trend i n 

energy i n t e n s i t y . However, the geometric ser ies provides a simple 

and (over the range of data examined) reasonably accurate means of 

p r e d i c t i n g the time trend. 

4.7.4 Two Approaches 

Two methods are used to pred ic t the r e c u r r i n g energy of the case 

study b u i l d i n g . The f i r s t method appl ies energy i n t e n s i t y data from 

the Canadian input-output table [ S t a t i s t i c s Canada, 1994], combined 

with survey r e s u l t s of maintenance expenses [BOMA, 1994]. The 

method i s conceptual ly simple, and provides an a l ternate 

1 2A geometric ser ies i s defined as a set of consecutive numbers 
that vary by a constant mul t ip le of the previous value i n the 
s e r i e s . 
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methodology to that used by Cole [1994], CMHC [1991], and Howard 

and S u t c l i f f e [1992]. 

The second method used i s consistent with the authors noted above. 

This method appl ies a replacement and refurbishment schedule to a l l 

b u i l d i n g components, ca lcu la tes the embodied energy due to the 

maintenance schedule, and sums over the b u i l d i n g l i f e . 

4.7.4.1 Recurring Embodied Energy Based on Input-Output Analysis 

In order to estimate the embodied energy associated with 

replacement and maintenance, the energy i n t e n s i t y of b u i l d i n g 

reconstruct ion i s obtained from the 1990 S t a t i s t i c s Canada input -

output t a b l e . A value of 6.11 MJ/$ i s used for 1994. The 

maintenance expenses are obtained from the most recent survey of 

the B u i l d i n g Owners and Managers Assoc ia t ion (BOMA) exchange report 

[BOMA, pg. 429, 1994]. For 1994, the maintenance costs of pr iva te 

sector o f f i c e b u i l d i n g s , located i n downtown Vancouver i s $15.51/m 2. 

An annual i n f l a t i o n rate of 2%/yr. i s assumed1 3. M u l t i p l y i n g the 

energy i n t e n s i t y of b u i l d i n g reconstruct ion and the annual 

maintenance cost r e s u l t s i n an estimate for the annual r e c u r r i n g 

embodied energy. The annual r e c u r r i n g embodied energy i s summed 

over the l i f e of the b u i l d i n g , g iv ing an estimate of the r e c u r r i n g 

1 3 This rate i s consistent with the projected i n f l a t i o n rate 
predic ted by the M i n i s t r y of Finance and Corporate Relat ions 
[1994] . 
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embodied energy. Based on the above assumptions and method, the 

r e c u r r i n g embodied energy for the case study b u i l d i n g i s 4.7 GJ/m 2 

for a b u i l d i n g l i f e of 40 years, and 11.6 GJ/m 2 for a b u i l d i n g l i f e 

of 80 years . Normalized for b u i l d i n g l i f e , the 40-year b u i l d i n g has 

an annual r e c u r r i n g embodied energy of 0.12 GJ/m 2 . yr , and the 

80-year b u i l d i n g has an annual r e c u r r i n g embodied energy of 0.15 

GJ /m 2 . y r . 

4.7.4.2 Recurring Embodied Energy Based on Replacement Schedule 

The second method used to estimate the r e c u r r i n g embodied energy i s 

based on an assumed maintenance and r e p a i r schedule, consistent 

with the schedule used by Cole [1994]. De ta i l s of the maintenance 

schedule are found i n Appendix C4. Based on the above assumptions, 

the r e c u r r i n g embodied energy for the case study b u i l d i n g i s 4.2 

GJ/m 2 for a b u i l d i n g l i f e of 40 years, and 8.5 GJ/m 2 for a b u i l d i n g 

l i f e of 80 years . Normalized for b u i l d i n g l i v e s , the 40-year 

b u i l d i n g has an annual r e c u r r i n g embodied energy of 0.11 GJ/m 2 . yr , 

and the 80-year b u i l d i n g has an annual r e c u r r i n g embodied energy of 

0.11 GJ /m 2 . y r . 

4.7.3 Comparison of Results 

The r e s u l t s of the r e c u r r i n g embodied energy are summarized i n 

Table 4.4. 
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Table 4.4. Comparison of Recurring Embodied Energy Based on two 

Methods. 

BUILDING 
LIFE 

INPUT-OUTPUT METHOD MAINTENANCE METHOD BUILDING 
LIFE 

T o t a l GJ/m 2 Annual 
GJ/m 2 .yr 

T o t a l GJ/m 2 Annual 
GJ/m 2 .yr 

40 years 4.7 0.12 4.2 0.11 

80 years 11. 6 0.15 8.8 0.11 

Agreement between the two methods i s good for an assumed b u i l d i n g 

l i f e of 40 years . The di f ference i n r e s u l t s for the case of an 

80-year b u i l d i n g l i f e i s of the order of 25%. I t i s hypothesized 

that the input-output values may be h igh . As a b u i l d i n g nears the 

end of i t s l i f e , maintenance does not occur as r e g u l a r l y , and 

b u i l d i n g components are allowed to degrade. This i s captured i n the 

maintenance schedule method of c a l c u l a t i n g r e c u r r i n g embodied 

energy, but not i n the input-output method. Therefore, the 

remaining analys i s w i l l u t i l i z e the maintenance schedule 

information. 

4.8 DEMOLITION AND RECYCLING 

The f i n a l component of embodied energy to be quant i f i ed i s the 

energy required to demolish or recyc le the b u i l d i n g at the end of 

i t s l i f e . Demolition consis ts of the ac tua l demoli t ion process, 

plus haul ing away debris to a l a n d f i l l . Recycl ing implies s o r t i n g 
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of mater ia ls and reuse. There i s l i t t l e r e c y c l i n g of b u i l d i n g 

mater ia ls at t h i s t ime 1 4 . In add i t ion , i t i s not c l ear how 

r e c y c l i n g should be incorporated into an energy a n a l y s i s . Due to 

these l i m i t i n g fac tors , r e c y c l i n g i s not considered further i n the 

ana lys i s 1 5 . To pred ic t the demolit ion energy, the energy i n t e n s i t y 

f igure used i n transport ing the b u i l d i n g mater ia ls at the time of 

o r i g i n a l construct ion i s used. I t i s assumed that the energy 

required for the ac tua l demolit ion of the b u i l d i n g i s smal l . The 

energy i n t e n s i t y of demolit ion i s estimated at 330 G J 1 6 . The 

demoli t ion energy i s less than 1% of the i n i t i a l embodied energy. 

4 . 9 LIFE-CYCLE EMBODIED ENERGY OF CASE STUDY BUILDING 

The l i f e - c y c l e embodied energy of the case study b u i l d i n g may be 

ca l cu la ted by summing the i n i t i a l , r e c u r r i n g and demoli t ion energy 

components defined i n the previous sect ions . 

1 4 In B r i t i s h Columbia i n 1992, approximately 7.5% (by weight) 
of b u i l d i n g demolit ion mater ia l was recyc l ed . Most of t h i s mater ia l 
was asphalt [SENES, 1993]. 

1 5The r o l e of r e c y c l i n g of b u i l d i n g materia ls requires further 
i n v e s t i g a t i o n . However, i t i s beyond the scope of t h i s work to 
perform that a n a l y s i s . 

1 6Because of the uncertainty of i n demoli t ion energy, t h i s 
f igure i s not adjusted for changes to energy i n t e n s i t y i n the 
future . Therefore, t h i s provides a conservative estimate of 
demoli t ion energy. 
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Table 4.5. Summary of L i f e - c y c l e Embodied Energy Based on two 

Methods. 

BUILDING 
LIFE 

INPUT-OUTPUT METHOD MAINTENANCE METHOD BUILDING 
LIFE 

T o t a l GJ/m 2 Annual 
GJ/m 2 .yr 

T o t a l GJ/m 2 Annual 
GJ/m 2 .yr 

4 0 years 9.0 0.23 8.5 0.21 

80 years 15.9 0.20 12.7 0.16 

As noted i n the l a s t sec t ion , the f igure for the 8 0-year b u i l d i n g , 

based on input-output analys i s may be high due to the p r e d i c t i o n of 

r e c u r r i n g energy i n t e n s i t y near the end of the b u i l d i n g l i f e . The 

r e s u l t s suggest that by doubling the l i f e of a b u i l d i n g , the l i f e -

cyc le embodied energy may be reduced by 13 to 24%. 

As noted i n Section 4.6.4, the i n i t i a l embodied energy i s 4.27 

GJ/m 2 . This impl ies that the i n i t i a l embodied energy accounts for 

between 47% to 50% of the l i f e - c y c l e embodied energy for a b u i l d i n g 

with a 40-year l i f e . For an 80-year b u i l d i n g l i f e , the i n i t i a l 

embodied energy accounts for between 27% to 34% of the l i f e - c y c l e 

embodied energy. 

Table 4.6 examines the r e l a t i v e magnitudes of the l i f e - c y c l e 

embodied energy by b u i l d i n g component. Comparing the r e s u l t s of 

Table 4.3, the magnitude of the s tructure reduces from 31.5% to 

between 16% and 10.5% for 40 and 80 year b u i l d i n g s , r e s p e c t i v e l y . 
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A l t e r n a t e l y , the importance of i n t e r i o r f in i shes ( inc luding 

carpet s ) , increases from approximately 12% of the i n i t i a l embodied 

energy to 23% and 2 6% of the l i f e - c y c l e embodied energy for the 40 

and 80-year b u i l d i n g l i v e s , r e spec t ive ly . 

Table 4.6. Comparison of the L i f e - c y c l e Embodied Energy by B u i l d i n g 

Component. 

COMPONENT 

% OF LIFE-CYCLE EMBODIED ENERGY 

COMPONENT 40 Year 80 Year 

S i t e 1.39% 1. 60% 

Structure 16.00% 10.50% 

Envelope 7.81% 6.13% 

Glaz ing 14.23% 16.15% 

Roof 11.32% 13.12% 

I n t e r i o r 
P a r t i t i o n s 

14.64% 16.33% 

Floor Finishes 8.42% 9.52% 

Mechanical 13 .72% 13.89% 

Elevator 0.56% 2.64% 

E l e c t r i c a l 3.84% 2 . 84% 

Other 8. 07% 7 .29% 

T o t a l 100% 100% 
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4.9.1 Comparison With Other Studies 

Agreement between the present study and s i m i l a r works i s summarized 

i n Table 4.7 below. The r e s u l t s of t h i s work are i n the range of 

publ ished works. Discrepancies between t h i s study and the r e s u l t s 

of Cole [1994] may be a t t r ibuted l a r g e l y to d i f ferences i n the 

methodology employed to ca l cu la te the r e c u r r i n g embodied energy. 

This study assumes a decrease i n energy i n t e n s i t y over time, 

whereas Cole does not. Therefore, the r e s u l t s of Cole are h ighly 

dependent on the assumed l i f e span of the b u i l d i n g . 

Differences between t h i s work and the r e s u l t s of Howard and 

S u t c l i f f e [1992] may also be a t t r ibuted to d i f f e r e n t assumptions 

and methods employed to ca l cu la te the r e c u r r i n g embodied energy of 

the b u i l d i n g . In t h e i r work, Howard and S u t c l i f f e assume three 

grades of o f f i c e f i t - o u t , three frequencies of maintenance 

schedules, and a s ing le l i f e span of 60 years . Conversely, t h i s work 

assumes a s ing le grade of f i t - o u t , two l i f espans scenarios and 

employs two independent methods to ca l cu la te the embodied energy 

associated with r e c u r r i n g energy. 

Because of the d i f f e r e n t assumptions made and the speculat ive 

nature employed i n quant i fy ing the r e c u r r i n g embodied energy, i t i s 

not poss ib le to say which set of r e s u l t s provides the most accurate 

or "best" r e s u l t s . 
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Table 4.7. Summary of I n i t i a l and L i f e - c y c l e Embodied Energy 

Resul t s , Including Results of Present Study. 

AUTHOR DATE INITIAL 
EMBODIED 

ENERGY GJ/m 2 

ANNUALIZED 
LIFE-CYCLE 

EMBODIED 
ENERGY 
GJ/m 2 .yr 

Ste in et a l . 1976 18 . 6 

Ba ird and Aun 1983 3 

CMHC 1991 2.4 0.11 

Howard & 
S u t c l i f f e 

1992 3.5-7.5 0.18-0.45 

Oka et a l . 1993 8-12 

Buchanan & 
Honey 

1994 5.6 

Cole 1994 4.9 0.2-0.3 

This Study 1994 4.1 0.16-0.23 

4.10 INITIAL EMBODIED ENERGY OF IMPROVED BUILDINGS 

As noted i n Chapter One, an object ive of t h i s thes i s i s to 

inves t igate the r e l a t i o n s h i p between the operating and embodied 

energy of a b u i l d i n g as the design progresses from a bas ic 

conf igurat ion to an (operating) energy e f f i c i e n t conf igurat ion . 

This sec t ion quant i f i e s the e f fec t on the embodied energy due to 

changes i n the case study b u i l d i n g operating performance. 
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The s trateg ies implemented i n reducing the operating energy were 

discussed and quant i f i ed i n Chapter Three. To quantify the e f fec t 

on the i n i t i a l embodied energy due to changes i n operating 

performance, the spreadsheets used to ca l cu la t e the embodied energy 

of the base b u i l d i n g are modified according to the changes i n 

b u i l d i n g design s trategy. The program used to ca l cu la t e the 

operating c h a r a c t e r i s t i c s of the b u i l d i n g i s used to estimate the 

heating v e n t i l a t i o n and a i r - c o n d i t i o n i n g (HVAC) equipment s i ze s . 

Changes i n the b u i l d i n g embodied energy due to r o t a t i n g by 90 

degrees i s assumed to be zero. This implies there i s no constra int 

imposed by the b u i l d i n g s i t e . S i m i l a r l y , changes i n a i r 

i n f i l t r a t i o n are assumed to cause zero change i n b u i l d i n g embodied 

energy. I t i s assumed that higher q u a l i t y workmanship w i l l achieve 

the reductions i n a i r i n f i l t r a t i o n 1 7 . 

The s tra teg ies l i s t e d i n Table 4.8 cumulately reduce the operating 

energy of the case study b u i l d i n g by 77%. Conversely, the i n i t i a l 

embodied energy changes by a maximum of 2%. The negative signs i n 

runs 7B to 10 imply a reduction i n the i n i t i a l embodied energy of 

the b u i l d i n g due to smaller HVAC equipment s i z e s . The changes i n 

s ign and the small magnitude of changes i n the embodied energy 

suggest that operating energy and embodied energy are loose ly 

coupled. I n t u i t i v e l y t h i s makes sense. None of the design 

"There w i l l be an increase i n the c a p i t a l costs of the 
b u i l d i n g . This w i l l be quant i f i ed i n Chapter S ix . 
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s trateg ies implemented to reduce operating energy s i g n i f i c a n t l y 

a l t e r the b u i l d i n g design. Therefore, i t i s expected that changes 

to the embodied energy w i l l be smal l . 
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Table 4.8. Changes i n I n i t i a l Embodied Energy due to Changes i n 

B u i l d i n g Design. 

RUN STRATEGY EMBODIED ENERGY GJ/m 2 % DIFF 

FROM 7A 
STRUCTURE 

AND 
ENVELOPE 

MECH
ANICAL 

ELEC
TRICAL 

TOTAL 

% DIFF 

FROM 7A 

7A Base 3 .29 0.7 0. 27 4.26 0 

7B O r i e n 
t a t i o n 

3 .29 0. 67 0.27 4 .23 -1% 

7C I n f i l 
t r a t i o n 

3 .29 0. 62 0. 27 4 .18 -2% 

7D I n f i l 
t r a t i o n 

3 .29 0. 62 0. 27 4 .18 -2% 

8A Day-
l i g h t i n g 

3.29 0. 61 0.28 4.18 -2% 

8B Heat 
Pump 

3.29 0. 61 0.28 4 .18 -2% 

9 Glaz ing 3.33 0. 61 0.28 4.22 -1% 

10 L i g h t i n g 
Density 

3.33 0.61 0.27 4.21 -1% 

11 Insu la 
t i o n 

3.46 0.61 0.27 4.34 2% 

12 Equip. 
Loads 

3.46 0. 61 0.27 4.34 2% 

14 L i g h t i n g 
E f f i c . 

3.46 0.61 0.26 4 .33 2% 

4.11 RECURRING EMBODIED ENERGY OF IMPROVED BUILDINGS 

The spreadsheet used to ca l cu la te the r e c u r r i n g embodied energy of 

Page 72 



the base b u i l d i n g was modified to ca l cu la te the r e c u r r i n g embodied 

energy associated with b u i l d i n g improvements. The method based on 

the replacement and refurbis'hment schedule i s used. Again, a 1% 

decrease per year i s assumed for the change i n energy i n t e n s i t y of 

b u i l d i n g components. 
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Table 4.9. Recurring Embodied Energy for Improved B u i l d i n g s . 

RUN STRATEGY RECURRING EMBODIED ENERGY 

[GJ/m2] 

40 Year 80 Year 

7A Base Case 4.15 8.76 

7B Orientat ion 4.11 8.65 

7C I n f i l t r a t i o n 4.02 8.45 

7D I n f i l t r a t i o n 4 . 01 8.41 

8A Dayl ight ing 4.02 8.44 

8B Heat Pump 4.02 8.44 

9 Glaz ing 4 .11 8.62 

10 L ight ing 
Density 

4.09 8.59 

11 Insu lat ion 4.12 8. 65 

12 Equip. Loads 4.12 8.65 

14 L ight ing 
E f f i c i e n c y 

4.11 8. 62 

4.12 LIFE-CYCLE EMBODIED ENERGY OF IMPROVED BUILDINGS 

The l i f e - c y c l e embodied energy i s obtained from summing the 

i n i t i a l , r e c u r r i n g and demolit ion energy for each case study run. 
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Table 4.10 below summarizes the change i n the l i f e - c y c l e energy for 

the range of improved b u i l d i n g s . 

Table 4.10. Summary of L i f e - c y c l e Embodied Energy of B u i l d i n g With 

Improvements. 

RUN STRATEGY LIFE-CYCLE EMBODIED 
ENERGY [GJ/m2] 

40 Year 80 Year 

7A Base 8.41 13 .02 

7B Orienta t ion 8.37 12 .91 

7C I n f i l t r a t i o n 8.28 12 .71 

7D I n f i l t r a t i o n 8.27 12.67 

8A Dayl ight ing 8.28 12.7 

8B Heat Pump 8 . 28 12.7 

9 Glazing 8.37 12.88 

10 L i g h t i n g 
Density 

8.35 12.85 

11 Insu lat ion 8.38 12.91 

12 Equip. Loads 8.38 12.91 

14 L ight ing 
E f f i c i e n c y 

8.37 12.88 

The maximum dev iat ion i n l i f e - c y c l e embodied energy r e l a t i v e to the 
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base case i s less than 2%. I f the values i n Table 4.10 are 

l e v e l i z e d for the 40 and 80-year l i f e span of the b u i l d i n g , the 

l i f e - c y c l e embodied energy (to two decimal places) i s 0.21 GJ/m 2 .yr 

for a 40-year l i f e and 0.16 GJ/m 2 .yr for the 80-year l i f e span for 

all strategies. This again suggests that changes to the operating 

energy occur (almost) independently to changes i n the embodied 

energy of the b u i l d i n g over the range of operating s tra teg ies and 

performances s tudied . 

4.13 REDUCING THE LIFE-CYCLE EMBODIED ENERGY OF THE CASE STUDY 

BUILDING 

A number of methods that may be usefu l i n reducing the l i f e - c y c l e 

embodied energy of the case study b u i l d i n g are given below. 

The f i r s t method i s mater ia l r e c y c l i n g 1 8 . The in troduct ion of s t e e l 

m i n i - m i l l s and scrap s t e e l processing provides an important means 

of reducing the energy i n t e n s i t y of s t e e l products . Using recyc led 

s t e e l impl ies a reduct ion i n the energy i n t e n s i t y of s t e e l by 

approximately 40%. S i m i l a r l y , through the adoption of mater ia ls 

r e c y c l i n g , the energy i n t e n s i t y of copper may be reduced by 84% and 

aluminum by 95% [Nemetz, 1993] 

The report by SENES [1993] documents construct ion waste r e c y c l i n g 

1 8 Recycl ing of bu i ld ings i s an a l t e r n a t i v e . For example, o f f i c e 
bu i ld ings being converted into apartment b u i l d i n g s . 
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prac t i ce s i n Canada. In 1992, B r i t i s h Columbia recyc led 7.5% of i t s 

b u i l d i n g construct ion and demolit ion waste. This f igure i s wel l 

below the nat iona l average of 17%. Therefore, r e c y c l i n g provides a 

p o t e n t i a l l y important means of reducing the energy i n t e n s i t y of 

b u i l d i n g s . 

A second method of reducing the l i f e - c y c l e embodied energy of the 

case study b u i l d i n g was found from an analys i s of the energy 

i n t e n s i t y of the Canadian economy since 1976. Appendix C.2 traces 

the change i n the energy i n t e n s i t y of b u i l d i n g mater ia ls i n Canada 

over the l a s t 2 0 years . In t h i s work i t i s assumed that the energy 

i n t e n s i t y of goods and services produced i n Canada decreases by 

approximately 1% per year. This suggests that t echnolog ica l 

development i n materia ls production may play an important r o l e i n 

reducing the embodied energy of bui ld ings i n the future . I t i s not 

c l e a r i f t h i s w i l l remain true over the long term. As e a s i l y 

recovered sources of fue l and bas ic mater ia ls are depleted, the 

energy i n t e n s i t y of materia ls may begin to r i s e 1 9 . 

A t h i r d method for decreasing the l i f e - c y c l e embodied energy of the 

case study b u i l d i n g i s through increased b u i l d i n g l i f e . As noted i n 

the l a s t sec t ion , by increas ing the l i f e of the b u i l d i n g , the 

annual l i f e - c y c l e embodied energy decreases from 0.21 to 0.16 

1 9 This argument may be countered by the opportunity for 
s u b s t i t u t i o n towards low energy i n t e n s i t y mater ia l s , or the growing 
trend i n Canada towards r e c y c l i n g m a t e r i a l . 
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GJ/m 2 . yr , corresponding to a 24% reduct ion . While increas ing 

b u i l d i n g l i f e provides an a t t r a c t i v e so lu t ion at the b u i l d i n g 

l e v e l , i t may not be su i tab le when deal ing with the e n t i r e b u i l d i n g 

stock over the long run. Due to t e c h n i c a l obsolescence, bu i ld ings 

constructed to present standards may be h igh ly i n e f f i c i e n t by the 

standards of 40 or 80 years hence. I t may be des i rab le to decrease 

the l i v e s of s ing le un i t s i n order to increase the energy 

e f f i c i e n c y of the en t i re b u i l d i n g stock. However, there i s 

i n s u f f i c i e n t information i n the l i t e r a t u r e regarding the change i n 

b u i l d i n g performance over time to quantify optimal replacement 

i n t e r v a l s of b u i l d i n g s . Therefore, the strategy of increas ing the 

serv ice l i f e of bui ld ings i s ambiguous at the macro l e v e l . 

The methods described above to reduce the embodied energy of the 

case study b u i l d i n g are conceptually qui te d i f f e r e n t from methods 

used to reduce the operating energy of the b u i l d i n g . For example, 

creat ing i n f r a s t r u c t u r e to support materia ls r e c y c l i n g or reducing 

energy i n t e n s i t y through research and development funding i s qui te 

a d i f f e r e n t dec i s ion making process to decreasing the l i g h t i n g 

i n t e n s i t y of an o f f i c e b u i l d i n g . The scale of the dec i s ion i s 

l a r g e r , and the dec i s ion i s made by stakeholders outside the 

b u i l d i n g design team. 

The fourth means of reducing 

b u i l d i n g involves decis ions 

includes subs t i tu t ion or 

the embodied energy of the case study 

at the b u i l d i n g design l e v e l , and 

omission of b u i l d i n g mater ia l s . 
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Subs t i tu t ion implies choosing b u i l d i n g mater ia ls with low energy 

i n t e n s i t y . A l t e r n a t e l y , omitt ing c e r t a i n f in i shes such as carpets 

and drywal l assemblies i s a growing a r c h i t e c t u r a l form with a 

number of a t t r i b u t e s . Lower c a p i t a l and maintenance costs , improved 

a i r q u a l i t y , and a t t r a c t i v e appearances (eg. po l i shed concrete 

f l oors instead of carpet) provide further incent ives to explore 

t h i s opt ion . As noted i n Table 4.6, i n t e r i o r p a r t i t i o n s and f l o o r 

coverings account for 23% to 26% of the l i f e - c y c l e embodied energy 

of the case study b u i l d i n g . Therefore, omitt ing c e r t a i n f in i shes 

may provide an important means for reducing l i f e - c y c l e energy 

consumption. 

While i t i s v a l i d to examine a l t ernat ives to reduce the l i f e - c y c l e 

embodied energy of the case study b u i l d i n g , i t i s important to make 

dec is ions i n the context of the t o t a l energy consumed by the 

b u i l d i n g . Chapter Five compares the r e l a t i v e magnitude of the 

operating and embodied components of the b u i l d i n g energy 

consumption. 

4.14 MODEL UNCERTAINTY 

I t i s a d i f f i c u l t task to place a l e v e l of confidence on the 

ana lys i s of t h i s chapter. The value obtained for the i n i t i a l 

embodied energy of the case study b u i l d i n g i s accurate to wi th in 

the uncerta inty of the energy i n t e n s i t y of the base mater ia l s . As 

noted i n Sect ion 4 .5 .1 , and assuming a l e v e l II a n a l y s i s , the 
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uncerta inty i n the i n i t i a l embodied energy of the case study 

b u i l d i n g i s of the order of 10%. 

I t i s not poss ib le to place a r igorous error estimate on the l i f e -

cyc le embodied energy of the case study b u i l d i n g . The r e s u l t s of 

the l i f e - c y c l e analys i s are dependent on the assumed frequency of 

maintenance, and the rate of change of the energy i n t e n s i t y with 

time. Neither of these var iab le s can be defined without empir ica l 

information. A s e n s i t i v i t y analys i s was performed to observe the 

dependence of the r e s u l t s on the assumed frequency of maintenance 

and assumed change of energy i n t e n s i t y with time. To provide an 

upper l i m i t on the embodied energy estimates, i t i s assumed that 

the frequency of maintenance i s doubled for i n t e r i o r f i t out 2 0 , and 

the rate of change of energy i n t e n s i t y i s halved (from 1%/yr. to 

0.5%/yr.) . Under t h i s scenario , the l i f e - c y c l e embodied energy i s 

0.26 GJ/m 2 .yr and 0.20 GJ/m 2 .yr for b u i l d i n g l i v e s of 40 and 80 

years , r e s p e c t i v e l y . To provide a lower l i m i t , the frequency of 

i n t e r i o r f i t - o u t i s halved and the rate of change of energy 

i n t e n s i t y i s increased to 1.5% per year. Under t h i s scenario , the 

l i f e - c y c l e embodied energy i s 0.18 GJ/m 2 .yr and 0.13 GJ/m 2 .yr for 

b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . These r e s u l t s are 

summarized i n Table 4.11 below. The large v a r i a t i o n i n the r e s u l t s 

of the s e n s i t i v i t y analys i s h igh l igh t s the need to make cautious 

2 0The f i t - o u t i s included i n the s e n s i t i v i t y ana lys i s s ince the 
frequency of maintenance work to i n t e r i o r f in i shes i s h igh ly 
speculat ive compared to other b u i l d i n g components. 
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assumptions about future trends i n the l i f e - c y c l e embodied energy 

of b u i l d i n g s . This places r e a l constra ints on the a b i l i t y to i n f e r 

general information from the present ana lys i s . 

Table 4.11. Results of S e n s i t i v i t y A n a l y s i s . 

LIFE-CYCLE EMBODIED ENERGY [GJ/m 2 .yr] 

B u i l d i n g L i f e 40 Year 8 0 Year 

High Scenario 0.26 0.20 

Used i n Analys i s 0.21 0.16 

Low Scenario 0.18 0.13 

4.15 CHAPTER SUMMARY 

A summary of the f indings are: 

-The i n i t i a l embodied energy of the b u i l d i n g i s 4.26 GJ/m 2 . 

Normalizing for b u i l d i n g l i f e , t h i s corresponds to 0.10 GJ/m 2 .yr for 

a b u i l d i n g l i f e of 40 years , and .0.053 GJ/m 2 .yr for a b u i l d i n g l i f e 

of 80 years . 

- S t e e l accounts for 38.7% of the i n i t i a l embodied energy and 

concrete accounts for a further 14.6% of the i n i t i a l embodied 

energy. 
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-The s tructure accounts for approximately 32% of the i n i t i a l 

embodied energy and the HVAC system accounts for a further 17%. 

-Using the maintenance method to ca l cu la t e the r e c u r r i n g embodied 

energy, the r e c u r r i n g embodied energy i s 0.11 GJ/m 2 .yr for b u i l d i n g 

l i v e s of 40 and 80 years. 

-The l i f e - c y c l e embodied energy i s 0.21 GJ/m 2 .yr and 0.16 GJ/m 2 . yr . 

for b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . These f igures 

are v a l i d for a l l the b u i l d i n g conf igurat ions s tudied i n Chapter 

Three. 

-Over the range of performances and s trateg ies studied i n t h i s 

work, the operating energy and l i f e - c y c l e embodied energy are 

nearly independent. 

-The r e s u l t s of the analys i s suggest that over the range of energy 

performances studied i n t h i s work, m u l t i p l y i n g b u i l d i n g p r i c e and 

the input-output value for non-res ident ia l construct ion provides 

s u f f i c i e n t accuracy to pred ic t the i n i t i a l embodied energy of the 

case study b u i l d i n g . 

-Options ava i l ab l e to reduce the l i f e - c y c l e embodied energy of 

bu i ld ings inc lude: materia ls r e c y c l i n g ; r e l y i n g on the natura l 

trend i n the Canadian economy to reduce the embodied energy of 

goods and serv ices ; increas ing the b u i l d i n g l i f e ; and, mater ia ls 
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s u b s t i t u t i o n or omission of c e r t a i n f i n i s h e s . 

- B u i l d i n g l i f e , the future trends i n energy i n t e n s i t y of b u i l d i n g 

mater ia l s and the frequency (and magnitude) of b u i l d i n g maintenance 

are var iab le s that cannot be quant i f i ed i n the ana lys i s ex ante. 

Therefore, the r e s u l t s of the l i f e - c y c l e embodied energy 

c a l c u l a t i o n s are h ighly dependent on assumptions made throughout 

the a n a l y s i s . 
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CHAPTER 5: LIFE-CYCLE ENERGY ANALYSIS 

5.1 INTRODUCTION 

This chapter combines the r e s u l t s of Chapters Three and Four to 

explore the l i f e - c y c l e energy requirements of the case study 

b u i l d i n g . Results of the present ana lys i s are compared to the 

f indings of other s tudies . The r e l a t i v e magnitudes of the operating 

and l i f e - c y c l e embodied energy are compared over the range of case 

study s trateg ies examined i n previous chapters. 

5.2 LIFE-CYCLE ENERGY ANALYSIS 

In order to obtain the l i f e - c y c l e energy of the case study 

b u i l d i n g , the t o t a l energy consumed by the b u i l d i n g must be 

q u a n t i f i e d . The t o t a l energy i s the sum of the annual operating 

energy and the l i f e - c y c l e embodied energy (normalized for assumed 

b u i l d i n g l i f e ) . 

5.2.1 Operating Energy 

Table 5.1 summarizes the annual operating performance of the case 

study b u i l d i n g over the range of energy conservation s trateg ies 

examined i n t h i s work. Results are given i n terms of the B u i l d i n g 

Energy Performance Index (BEPI). 
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Table 5.1. Summary of Bu i ld ing Energy Performance Index for Case 

Study B u i l d i n g . 

SIMULATION 
RUN 

STRATEGY BEPI 
[GJ/m 2/year] 

CUMULATIVE 
% CHANGE 

S i t e , (Source) 

7A Base Case 0.96 (1.39) 

7B Orienta t ion 0.95 (1.38) -3% 

7C I n f i l t r a t i o n 0.91 (1.32) -7% 

7D I n f i l t r a t i o n 0.89 (1.29) -9% 

8A Dayl ight ing 0.56 (0.93) -43% 

8B Heat Pump 0.44 (0.64) -55% 

9 Glaz ing 0.41 (0.59) -58% 

10 L i g h t i n g 
Density 

0.35 (0.51) -64% 

11 Insulat ion 0.34 (0.49) -65% 

12 Equipment 0.28 (0.41) -71% 

14 L ight ing 
E f f i c i e n c y 

0.23 (0.33) -77% 

5.2.2 L i f e - c y c l e Embodied Energy 

The l i f e - c y c l e embodied energy was explored i n Chapter Four. Table 

5.2 summarizes the re su l t s of the l i f e - c y c l e embodied energy 

a n a l y s i s . 
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Table 5.2. Summary of L i f e - c y c l e Embodied Energy of Case Study 

B u i l d i n g . 

RUN STRATEGY LIFE-CYCLE EMBODIED 
ENERGY [GJ/m2] 

40 Year 80 Year 

7A Base Case 8 .41 13.02 

7B Or ienta t ion 8.37 12.91 

7C I n f i l t r a t i o n 8.28 12.71 

7D I n f i l t r a t i o n 8.27 12.67 

8A Dayl ight ing 8.28 12.7 

8B Heat Pump 8.28 12.7 

9 Glazing 8.37 12.88 

10 L i g h t i n g 
Density 

8.35 12.85 

11 Insu lat ion 8.38 12.91 

12 Equip. Loads 8.38 12.91 

14 L ight ing 
E f f i c i e n c y 

8.37 12.88 

D i v i d i n g the l i f e c y c l e embodied energy by the b u i l d i n g l i f e r e s u l t s 

i n the annualized l i f e - c y c l e embodied energy. The annualized l i f e -

cyc le embodied energy i s 0.21 GJ/m 2 .yr for a 40 year l i f e and 0.16 

GJ/m 2 .yr for the 80 year l i f e span for all strategies examined i n 

Page 86 



t h i s work. 

5.3 LIFE-CYCLE ENERGY ANALYSIS 

Combining the annual operating and l i f e - c y c l e embodied energy data 

provides an estimate of the annual l i f e - c y c l e energy requirement 

for the b u i l d i n g . Table 5.3 summarizes the l i f e - c y c l e energy 

requirements of the case study b u i l d i n g over the range of 

s t r a t e g i e s . The r e s u l t s are presented g r a p h i c a l l y i n Appendix D. In 

the r e s u l t s presented below, the source 1 operating energy i s used 

i n the c a l c u l a t i o n s . Using the source energy ensures consistency of 

system boundaries when comparing the embodied and operating 

components of the l i f e - c y c l e energy. 

JThe source energy re fers to the primary energy consumed to 
produce energy. The d i s t i n c t i o n between s i t e and source energy i s 
discussed i n Sect ion 3 .3 .1 . 
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Table 5.3. L i f e - c y c l e Energy Results of Case Study B u i l d i n g . 

STRATEGY 
EMPLOYED 

RUN LIFE-CYCLE 
ENERGY 

[GJ/m 2 .yr] 

LIFE-CYCLE 
EMBODIED ENERGY 

AS % OF TOTAL 

STRATEGY 
EMPLOYED 

RUN 

40 year 80 year 40 year 80 year 

Base Case 7A 1.6 1.55 13.13% 10.32% 

Orienta t ion 7B 1.59 1.54 13.21% 10.39% 

I n f i l t r a t i o n 7C 1.53 1.49 13.73% 10.74% 

I n f i l t r a t i o n 7D . 1.5 1. 45 14.00% 11.03% 

Dayl ight ing 8A 1.14 1. 09 18.42% 14.68% 

Heat Pump 8B 0.85 0.8 24.71% 20.00% 

Glazing 9 0.8 0.75 26.25% 21.33% 

L i g h t i n g 
Density 

10 0.72 0. 66 29.17% 24.24% 

Insu la t ion 11 0.7 0. 65 30.00% 24.62% 

Elevator , 
Equipment 

12 0.62 0.57 33 .87% 28.07% 

L i g h t i n g 
E f f i c i e n c y 

14 0.54 0.49 38.89% 32.65% 

For a b u i l d i n g l i f e of 40 years, the l i f e - c y c l e energy may be 

reduced from 1.6 to 0.54 GJ/m 2 .yr by the cumulative adoption of 

energy conservation s t ra teg ie s . This corresponds to a 66% 
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reduct ion . S i m i l a r l y , for a b u i l d i n g l i f e of 80 years , the l i f e -

cyc le energy may be reduced from 1.55 to 0.49 GJ/m 2 .yr by the 

cumulative implementation of the energy conservation s t ra teg i e s , 

corresponding to a 68% decrease. 

As hypothesized i n Chapter One and confirmed i n Table 5.3, the 

embodied energy becomes a more s i g n i f i c a n t component of the t o t a l 

energy budget as the operating energy decreases. For a b u i l d i n g 

l i f e of 40 years , the r a t i o of embodied to operating energy ranges 

from 10.3% for the case study b u i l d i n g i n i t s base conf igurat ion to 

38.9% for an energy e f f i c i e n t b u i l d i n g . S i m i l a r l y , for a b u i l d i n g 

l i f e of 80 years , the r a t i o of embodied to operating energy ranges 

from 13.13% for the base case to 32.7% for an energy e f f i c i e n t 

design. Stated d i f f e r e n t l y , the l i f e - c y c l e embodied energy i s 

equivalent to 8 to 26 years of (source) operating energy. This i s 

equivalent to 5 to 16 years of (site) operating energy. 

In applying the BEPI f igures to the l i f e - c y c l e r e s u l t s i n Table 

5.3, i t i s assumed the operating energy w i l l remain constant over 

the l i f e of the case study b u i l d i n g . There i s not s u f f i c i e n t 

information i n the l i t e r a t u r e to v a l i d a t e t h i s assumption. I t i s 

not c l e a r whether b u i l d i n g performance deter iorates over time, or 

i f i t a c t u a l l y improves due to the replacement of obsolete 

components with newer, more e f f i c i e n t u n i t s . This issue deserves 

further a t t en t ion . 
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5.4 DISCUSSION OF RESULTS 

A premise of t h i s work i s that commercial bu i ld ings are b u i l t and 

operated at sub-optimal l e v e l of energy performance. The energy 

ana lys i s presented above confirms t h i s premise, and suggests that 

a 66-69% reduct ion of energy consumption i s poss ib le through the 

adoption of simple, proven energy saving s t ra teg i e s . 

The l i f e - c y c l e analys i s suggests the magnitude of the embodied 

energy i s s i g n i f i c a n t l y less than the operating energy over the 

range of b u i l d i n g performances examined. This suggests that 

reducing the operating energy of bui ld ings should be the primary 

focus of further research and p o l i c y ana lys i s . This i s not to imply 

that the l i f e - c y c l e embodied energy i s i n s i g n i f i c a n t . For example, 

reducing the l i f e c y c l e embodied energy of the case study b u i l d i n g 

by 2 5% (through the adoption of s trateg ies examined i n Sect ion 

4.13) corresponds to an energy savings 16.9 T J 2 and 25.7 T J , for 

b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . 

5.5 COMPARISON WITH OTHER STUDIES 

The r e s u l t s obtained i n t h i s analys i s are consistent with the 

r e s u l t s of other s tudies . Howard and S u t c l i f f e [1992] explore three 

grades of o f f i c e f i t - o u t , assuming three frequencies of renovations 

2 1 TJ= one t era joule = 1012 j ou les . 
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and predic ted a l i f e - c y c l e energy i n the range 1.02 to 1.86 

GJ/m 2 . yr . As discussed i n Section 4 .5 .2 , Cole [1994] predic ted a 

l i f e - c y c l e energy ranging from 1.2 to 1.3 GJ /m 2 . yr . The v a r i a t i o n 

occurs as a r e s u l t of a range of assumed b u i l d i n g l i v e s , ranging 

from 25 to 100 years . No a r t i c l e s were found deal ing with the 

change i n l i f e - c y c l e energy as the operating c h a r a c t e r i s t i c s of the 

b u i l d i n g are improved. 

5.6 CHAPTER SUMMARY 

The major f indings of t h i s chapter are: 

- f o r a b u i l d i n g l i f e of 40 years , the l i f e - c y c l e energy ranges i n 

magnitude from 1.6 to 0.54 GJ/m 2 . yr ; 

- f o r a b u i l d i n g l i f e of 80 years , the l i f e - c y c l e energy ranges from 

1.55 to 0.49 GJ/m 2 . yr ; 

- the r a t i o of l i f e - c y c l e energy a t t r i b u t e d to the embodied energy 

ranges from 13.1% to 38.9% for a b u i l d i n g l i f e of 40 years , and 

from 10.3% to 32.7% for a b u i l d i n g l i f e of 80 years , depending on 

the operating c h a r a c t e r i s t i c s ; 

-reducing the operating energy requirements of the case study 

b u i l d i n g provides the larges t p o t e n t i a l energy savings for the 

b u i l d i n g ; and, 
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-the r e s u l t s of the energy analys i s i n t h i s work i s consis tent with 

the f indings of other s tudies . 
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CHAPTER SIX: LIFE-CYCLE COST ANALYSIS 

6.1 INTRODUCTION 

This chapter examines the economic impl icat ions of construct ing and 

operating the case study b u i l d i n g . In add i t i on , the d o l l a r costs of 

a l t e r i n g the base b u i l d i n g to an energy e f f i c i e n t design are 

pred ic ted . 

6.2 ASSUMPTIONS AND DEFINITIONS 

A number of assumptions are required to perform an economic l i f e -

cyc le a n a l y s i s . This sect ion defines the i n f l a t i o n r a t e , discount 

rate and energy pr i ce s used i n the ana lys i s . 

6.2.1 I n f l a t i o n Rate 

In order to maintain consistency of methods between the present and 

s i m i l a r l i f e - c y c l e analyses [Minis try of energy Mines and Petroleum 

Resources, 1991, a ,b , B . C . Hydro, 1994], the i n f l a t i o n rate i s not 

netted out. An annual i n f l a t i o n rate of 2% i s assumed for t h i s 

a n a l y s i s . This value i s consistent with the projected i n f l a t i o n 

rate for B r i t i s h Columbia [Minis try of F i n a n c i a l and Corporate 

Re la t ions , pg.10, 1994]. A d d i t i o n a l i n f l a t i o n rates of 1.5% and 3% 

per year are used to perform a s e n s i t i v i t y a n a l y s i s . 
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6.2.2 Discount Rate 

In t h i s a n a l y s i s , a discount rate of 10% has been chosen. This i s 

consis tent with guidel ines for benef i t -cos t ana lys i s publ ished by 

the Province of B r i t i s h Columbia [Environment and Land Use 

Committee S e c r e t a r i a t , 1977]. A d d i t i o n a l discount rates of 8% and 

12% are used to provide a s e n s i t i v i t y a n a l y s i s . 

6.2.3 Energy Pr ices 

A t h i r d issue i n developing a l i f e - c y c l e cost ana lys i s i s def in ing 

the energy costs to be used i n the l i f e - c y c l e a n a l y s i s . Options 

include p r i v a t e and s o c i a l costs , average and marginal costs , or 

time of use versus long run marginal costs . In the present 

a n a l y s i s , the long run marginal cost 1 of energy i s used. A d d i t i o n a l 

economic analyses are performed using current energy p r i c e s . 

I t i s argued 2 that the long run marginal cost of energy i s the 

minimum value that should be used i n de f in ing p u b l i c p o l i c y options 

regarding energy use. This p r i c e promotes the e f f i c i e n t 3 a l l o c a t i o n 

of energy resources. The long run marginal cost of e l e c t r i c i t y used 

:The Long Run Marginal Cost of energy i s the cost of an 
a d d i t i o n a l u n i t of energy, suppl ied through increas ing the capacity 
of the generating system. 

2See, for example, Sutherland [1993] or the B r i t i s h Columbia 
U t i l i t i e s Commission [1992]. 

3 E f f i c i e n t from an economic perspect ive . See Sect ion 6.2.6 for 
a d i scuss ion of t h i s term. 
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i n the present analys i s i s $0.0691/KW.hr ($19.19/GJ). This f igure 

i s obtained from B . C . Hydro [1991, 1993]. The long run marginal 

cost of natura l gas used i n the analys i s i s $4 .9 /GJ, and i s 

obtained from B . C . Gas [Appendix D, pg. 41, 1994]. 

I t i s acknowledged that the long run marginal cost of energy does 

not r e f l e c t the cost of environmental e x t e r n a l i t i e s of energy use. 

Although environmental concerns r e l a t e d to energy use are a primary 

reason for undertaking t h i s the s i s , i t i s argued 4 that monetizing 5 

environmental e x t e r n a l i t i e s has many d i f f i c u l t i e s . I f environmental 

e x t e r n a l i t i e s are to be quant i f i ed while developing p o l i c y for 

energy e f f i c i e n c y , M u l t i p l e A t t r i b u t e U t i l i t y Theory (MAUT6) may 

provide a more defensible and robust means of inc lud ing 

environmental issues i n the p o l i c y ana lys i s . 

6.2.4 Discount Rate Adjustment 

The economic analys i s appl ies an analys i s i n 1994 d o l l a r s . 

Combining the i n f l a t i o n rate and the discount rate r e s u l t s i n the 

computed nominal discount r a t e . The computed nominal discount rate 

i s 12.2% (1.10*1.02-1=0.122). In the s e n s i t i v i t y a n a l y s i s , nominal 

discount rates of 9.62% (1.08*1.015-1=0.0962) and 16.5% (1.12*1.04-

4See, for example, B r i t i s h Columbia Energy Counci l [1994], and 
the B r i t i s h Columbia U t i l i t i e s Commission [1993]. 

5See B r i t i s h Columbia U t i l i t i e s Commission [pg.3, 1993] for a 
d i scuss ion of t h i s term. 

6See McDaniels [1993] for a development of MAUT. 
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1=0.1648) are a lso app l i ed . 

6.2.5 Present Value Calculations 

The present value (PV) of a stream of costs ($y), assuming a 

discount rate of r for T years may be ca lcu la ted using equation 

(1) • 

z (1+r) T 

6.2.6 Economic E f f i c i e n c y , Energy E f f i c i e n c y and Cost Effectiveness 

The terms economic e f f i c i e n c y , energy e f f i c i e n c y and cost 

ef fect iveness deserve some e laborat ion . Economic e f f i c i e n c y implies 

that maximum benef i ts are obtained at a minimum cost . This occurs 

when the benef i ts of producing an a d d i t i o n a l u n i t of output 

(marginal benefit) equals the cost of producing an a d d i t i o n a l un i t 

of output (marginal cos t ) . Increased energy e f f i c i e n c y implies that 

the energy input to produce a un i t of output i s decreased. 

Improving the energy e f f i c i e n c y of output may increase , decrease or 

leave unchanged the economic e f f i c i e n c y of a process . Cost 

e f fect iveness implies the l eas t cost method of achieving a goa l . 

In the present ana lys i s , cost ef fect iveness i s quant i f i ed using two 

methods; a net present value technique, and an analys i s of the 

incremental cost of b u i l d i n g improvement per un i t of energy saved. 
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The methods are explained i n sect ions 6.5 and 6.6, r e s p e c t i v e l y . 

6.3 C A P I T A L COST OF C A S E STUDY B U I L D I N G 

The c a p i t a l cost of the case study b u i l d i n g i s ca l cu la ted using the 

mater ia l s takeoff for the b u i l d i n g (see appendix B) i n conjunction 

with a d e t a i l e d cost database for b u i l d i n g components7 [Means, 

1994]. This database provides cost information on construct ion 

labour, b u i l d i n g assemblies and components. The c a p i t a l cost of the 

base b u i l d i n g i s estimated at 5.23 m i l l i o n d o l l a r s , or $652/m2. 

The same process i s used to estimate the c a p i t a l costs of the 

b u i l d i n g improvements. I t i s assumed i n the ana lys i s that b u i l d i n g 

improvements are not treated as "add-ons" by the contractor . 

Therefore, there are no premiums paid due to design changes 

associated with improvements to b u i l d i n g performance. 

The cumulative costs of success ive ly implementing the energy 

conserving s trateg ies are presented i n Table 6.1. Implementing 

s tra teg ies 7A to 14 i n c l u s i v e , the c a p i t a l cost of the improved 

b u i l d i n g i s 5.66 m i l l i o n d o l l a r s . This corresponds to a cost of 

$705/m2, corresponding to an 8.2% increase over the c a p i t a l cost of 

7The construct ion cost data i n Means [1994] i s based on surveys 
of b u i l d i n g costs across North America. The information i s updated 
annual ly . Correct ions are appl ied i n the present ana lys i s to 
account for cost estimates s p e c i f i c to Vancouver. C i t y estimate 
c o r r e c t i o n factors are included i n the Means database. 
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the base case. Improvements to the operating performance of the 

b u i l d i n g lead to a continuous down-sizing of the HVAC system. The 

smaller HVAC system frequently of fsets the increased c a p i t a l cost 

of the b u i l d i n g improvements. 

Table 6.1. C a p i t a l Cost of Bu i ld ing Under Di f f erent Design 

Scenarios . 

SIMULATION 
RUN 

STRATEGY CAPITAL COST, 
[$] 

INCREMENTAL 
COST, [$] 

7A Base Case 5,233,000 

7B Orientat ion 5,237,000 4,000 

7C I n f i l t r a t i o n 5,250,000 13,000 

7D I n f i l t r a t i o n 5,303,000 53,000 

8A Dayl ight ing 5,250,000 -56,000 

8B Heat Pump 5,285,000 38,000 

9 Glaz ing 5,592,000 307,000 

10 L i g h t i n g 
Density 

5,558,000 -33,000 

11 Insulat ion 5,652,000 95,000 

12 Elevator , 
Equipment 

5,650,000 -2,000 

14 L i g h t i n g 
E f f i c i e n c y 

5,660,000 10,000 

6.4 OPERATING COSTS 
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The operating costs include energy, b u i l d i n g c leaning and 

maintenance, adminis trat ive , and f inanc ing . To estimate the costs 

associated with maintenance, c leaning and f inanc ing , information 

published by the B u i l d i n g Owners and Managers Assoc ia t ion [BOMA, 

1994] i s used. This mater ia l i s based on survey data for pr iva te 

sector commercial o f f i c e space. For Vancouver, the annual operating 

and f ixed expenses, less u t i l i t i e s i s $893/m2. This value i s used 

i n a l l the analyses of the case study b u i l d i n g . To estimate the 

u t i l i t y costs , the energy consumption of the b u i l d i n g i s obtained 

from the operating energy simulations of Chapter Three. This 

information i s combined with energy p r i c e information of Section 

6.2.3 to obtain annual energy costs . The annual operat ing cost 

estimates for the b u i l d i n g are summarized i n Table 6.2. In 

a d d i t i o n , the present value of the operating cost assuming 40 and 

80-year l i f e s p a n i s presented. The present value c a l c u l a t i o n s 

assume a discount rate of 12.2%. 
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Table 6.2. Annual and L i f e - c y c l e Operating Costs . 

SIMULATION 
RUN 

STRATEGY ANNUAL 
OPERATING 
COST [$] 

PRESENT VALUE OF 
OPERATING COSTS [$] 

SIMULATION 
RUN 

STRATEGY ANNUAL 
OPERATING 
COST [$] 

40 Year 8 0 Year 

7A Base Case 845,000 6,850,000 6,920,000 

7B Or ienta t ion 845,000 6, 850,000 6,920,000 

7C I n f i l t r a t i o n 844,000 6,850,000 6,920,000 

7D I n f i l t r a t i o n 845,000 6,860,000 6,930,000 

8A Dayl ight ing 795,000 6,450,000 6,520,000 

8B Heat Pump 782,000 6,350,000 6,410,000 

9 Glazing 791,000 6,420,000 6,480,000 

10 L i g h t i n g Density 781,000 6,340,000 6,400,000 

11 Insulat ion 780,000 6,330,000 6,390,000 
, 000 

12 Elevator , 
Equipment 

771,000 6,260,000 6,320,000 

14 L i g h t i n g 
E f f i c i e n c y 

761,000 6,180,000 6,240,000 

For a b u i l d i n g l i f e of 40 years, the present value of the operating 

costs decreases from 6.85 m i l l i o n d o l l a r s to 6.18 m i l l i o n d o l l a r s 

by the cumulative adoption of s trateg ies 7 to 14. This corresponds 

to a 9.8% reduct ion . S i m i l a r l y for a l i f e s p a n of 80 years , the 

present value of the operating costs i s reduced by 9.8%. 
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6 . 5 LIFE-CYCLE COSTS 

By combining the c a p i t a l and present value operating cost estimates 

for the b u i l d i n g , the l i f e - c y c l e b u i l d i n g costs are determined 8 . 

Estimates of the b u i l d i n g l i f e - c y c l e costs are summarized i n Table 

6.3 for the d i f f e r e n t design conf igurat ions . D e t a i l s of the 

ana lys i s and graphs are presented i n Appendix E . 

8Due to the nature of present value c a l c u l a t i o n s , costs 
incurred a f ter 40 and are smal l , and a f ter 80 years even smal ler . 
Therefore, the cost associated with demolishing the b u i l d i n g at the 
end of i t s serv ice l i f e i s found to be less than the uncerta inty i n 
the economic ana lys i s , and i s not included i n further a n a l y s i s . 
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Table 6.3. B u i l d i n g Lifer-cycle Costs . Discount Rate = 12.2%. 

SIMULATION 
RUN 

STRATEGY LIFE-CYCLE COSTS [$] 

40 Year 80 Year 

7A Base Case 12,100,000 12,200,000 

7B Orientat ion 12,100,000 12,200,000 

7C I n f i l t r a t i o n 12,100,000 12,200,000 

7D I n f i l t r a t i o n 12,200,000 12,200,000 

8A Dayl ight ing 11,700,000 11,800,000 

8B Heat Pump 11,600,000 11,700,000 

9 Glazing 12,000,000 12,100,000 

10 L ight ing Density 11,900,000 12,000,000 

11 Insulat ion 12,000,000 12,000,000 

12 Elevator , 
Equipment 

11,900,000 12,000,000 

14 L i g h t i n g 
E f f i c i e n c y 

11,800,000 11,900,000 

To obtain the Net Benefi t (NB) associated with implementing the 

a l ternate design s t ra teg ie s , the l i f e - c y c l e cost of each strategy 

i s subtracted from the l i f e - c y c l e cost of the base b u i l d i n g . This 

information i s summarized i n Table 6.4. 
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Table 6.4. Incremental Net Benefi t of S trateg ies . Discount Rate = 

12.2%. 

SIMULATION 
RUN 

STRATEGY NET BENEFIT [$] SIMULATION 
RUN 

STRATEGY 

40 Year 80 Year 

8A Dayl ight ing 462,000 466 000 

10 L i g h t i n g Density 116,000 116,000 

12 Equipment, 
Elevator 

71,700 72,400 

14 L ight ing 
E f f i c i e n c y 

71,000 71,800 

8B Heat Pump 67,200 68,200 

7B Or ienta t ion -3,670 -3,670 

7C I n f i l t r a t i o n -9,230 -9,180 

7D I n f i l t r a t i o n -63,500 -63,600 

11 Insulat ion -86,700 -86,700 

9 Glaz ing -378,000 -379,000 

T o t a l NPV 246,000 253,000 

The values i n Table 6.4 represent the incremental l i f e - c y c l e net 

benef i t of adopting the s t ra teg ie s . I f those s tra teg ies with a 

p o s i t i v e net benef i t are implemented, a savings of $0,788 m i l l i o n 

and $0,794 m i l l i o n ($98.18/m2 and $98.93/m2) may be achieved over 
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the l i f e of the b u i l d i n g of 40 and 80 years , r e s p e c t i v e l y 9 . I f a l l 

the s trateg ies are adopted, inc lud ing those that are not cost 

e f f e c t i v e , the t o t a l Net Benefit (NB) i s $0,246 m i l l i o n and $0,253 

m i l l i o n for b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y 1 0 . This 

impl ies that implementing a l l the s trateg ies to reduce energy 

consumption w i l l r e s u l t i n net savings over the l i f e of the 

b u i l d i n g with a net benef i t of approximately $0.25 m i l l i o n . The 

r e s u l t s suggest that i f one i s interested i n saving both energy and 

money, adopting a l l s trateg ies may be j u s t i f i e d . However, i t should 

be stressed that adopting a l l s trateg ies i s not cost e f f e c t i v e . 

The order of the s trateg ies i n Table 6.4 r e f l e c t s decreasing net 

benef i t . Strategies deal ing with o r i e n t a t i o n , i n f i l t r a t i o n , 

i n s u l a t i o n and g laz ing have a negative l i f e - c y c l e net benef i t . 

Or ienta t ion and i n f i l t r a t i o n r e s u l t i n negative net benef i t due to 

the increased use of e l e c t r i c i t y (although the t o t a l energy 

consumed i s lower) r e s u l t i n g i n an increased operating cost . 

Improved g laz ing and i n s u l a t i o n are found to have negative net 

benef i ts due to the high c a p i t a l costs of these improvements. In 

t h i s a n a l y s i s , the g laz ing i s changed from double pane c l ear glass 

to t r i p l e pane, low-e g lass . The i n s u l a t i o n i s doubled on wal ls and 

the roof . This ' work does not invest igate whether less dramatic 

'Repeating t h i s analys i s using current energy pr i ce s ( instead 
of long run marginal cos t s ) , the NB i s $556,000 and $572,000 for 
b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . 

1 0Repeating the analys i s using current energy p r i c e s (rather 
than the long run marginal cos t ) , the NB i s $53,000 and $58,000 for 
b u i l d i n g l i v e s of 40 and 80 years, r e s p e c t i v e l y . 
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design changes (for example, a 25-50% increase i n i n s u l a t i o n 

instead of 100% used here) might produce a p o s i t i v e NB for 

i n s u l a t i o n and g laz ing s t ra teg i e s . 

6.5.1 S e n s i t i v i t y Analys i s 

A s e n s i t i v i t y analys i s was performed to observe the e f fec t on the 

r e s u l t s of the analys i s due to changes i n the discount r a t e . With 

a discount rate of 9.62%n, the net benef i t of the cost e f f ec t ive 

s tra teg ies i s $0.98 m i l l i o n and $1.01 m i l l i o n for b u i l d i n g l i v e s of 

4 0 and 8 0 years , r e s p e c t i v e l y . Using a discount rate of 16.5%, the 

net benef i t of implementing the cost e f f ec t i ve s tra teg ies i s $0.58 

m i l l i o n and $0.59 m i l l i o n for b u i l d i n g l i v e s of 40 and 80 years , 

r e s p e c t i v e l y . 

6.5.2 Payback Period 

An analys i s was performed of those s trateg ies with a p o s i t i v e net 

benef i t to observe the payback per iod of inves t ing i n energy 

e f f i c i e n c y . 

u See Sect ion 6.2.4 for d e t a i l s . 
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Table 6.5. Investment Payback Period for C o s t - E f f e c t i v e S trateg ies . 

SIMULATION 
RUN 

STRATEGY PAYBACK 
PERIOD 

8A Dayl ight ing Immediate 

10 L i g h t i n g Density Immediate 

12 Elevator , Equip Immediate 

14 L ight ing 
E f f i c i e n c y 

0.02 Y r . 

8B Heat Pump 11.3 Y r . 

A l l P o s i t i v e NB 
Strategies 

Immediate 

7B-14 A l l Strategies 17.2 Y r . 

Although the addi t ion of a heat pump has a payback per iod of 11.3 

years , i f a l l the s trateg ies with a p o s i t i v e NB are implemented 

together, the payback period i s immediate. I f a l l s trateg ies 

invest igated to improve the operating performance are implemented, 

the payback per iod i s qui te long, at 9 years 1 2 . 

6.6 LEVELIZED COST ANALYSIS 

The ana lys i s of sect ion 6.5 provides information on the r e l a t i v e 

1 2 Based on a discount rate of 12.2%. Assuming a discount rate 
of 9.62%, the payback per iod i s 7.5 years . With a discount rate of 
16.5%, the payback period i s 12.5 years . 
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value of the s trateg ies used to decrease operating energy based on 

a net benef i t a n a l y s i s . An a l ternate methodology i s to examine the 

incremental cost of b u i l d i n g improvement per u n i t of energy saved. 

This value may be compared to the cost of purchasing an a d d i t i o n a l 

un i t of energy. I f the cost of saved energy i s less than the cost 

to purchase an a d d i t i o n a l un i t of energy, then i t i s economically 

a t t r a c t i v e to implement the energy saving s trategy . The l e v e l i z e d 

cost ana lys i s provides s l i g h t l y d i f f e r e n t information to the net 

benef i t ana lys i s of Section 6.5; t h i s i s discussed further i n 

Section 6 .6 .1 . 

To obtain the incremental cost of b u i l d i n g improvement per un i t of 

energy saved, the present value of the incremental l i f e - c y c l e cost 

i s d iv ided by the b u i l d i n g l i f e to obtain the l e v e l i z e d cost . This 

value i s then d iv ided by the annual energy savings i n GJ . Results 

are summarized i n Table 6.6. 
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Table 6.6. Leve l i zed Cost per Unit of Energy Saved. 

SIMULATION 
RUN 

STRATEGY LEVELIZ] 
PER UNIT 

SAVED 

3D COST 
ENERGY 

:$/GJ] 
40 Year 80 Year 

7A Base Case 

7B Or ienta t ion 0.38 0.38 

7C I n f i l t r a t i o n 0.72 0.72 

7D I n f i l t r a t i o n 9.89 9.91 

8A Dayl ight ing -4.36 -4.40 

8B Heat Pump -1.74 -1.77 

9 Glazing 39.30 39.37 

10 L ight ing 
Density 

-6.00 -6 . 05 

11 Insu lat ion 27.02 27.00 

12 Elevator , 
Equipment 

-3.72 -3.76 

14 L ight ing 
E f f i c i e n c y 

-4.42 -4.47 

The l e v e l i z e d cost per un i t of energy purchased i s determined by 

l e v e l i z i n g the present value of energy costs over the 40-year and 

80 year b u i l d i n g l i v e s . The l e v e l i z e d energy costs are d iv ided by 

the t o t a l energy consumed over the same 40 or 80-year l i f e . The 

l e v e l i z e d cost per un i t of energy purchased i s shown i n Table 6.7. 
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Table 6.7. Leve l i zed Cost per Unit of Energy Purchased. 

SIMULATION 
RUN 

STRATEGY LEVELIZED COST PER 
UNIT ENERGY 

PURCHASED [$/GJ] 

40 Year 80 Year 

7A Base Case 

7B Or ienta t ion 3.04 1.53 

7C I n f i l t r a t i o n 3.15 1.59 

7D I n f i l t r a t i o n 3.24 1. 63 

8A Dayl ight ing 2.77 1.40 

8B Heat Pump 3.35 1. 69 

9 Glaz ing 3.49 1.76 

10 L i g h t i n g Density 3 .32 1. 68 

11 Insu lat ion 3 .38 1.71 

12 Elevator , 
Equipment 

3.27 1. 65 

14 L ight ing 
E f f i c i e n c y 

2.98 1.50 

Table 6.8 presents the d i f ference between the l e v e l i z e d cost per 

u n i t of energy saved and the l e v e l i z e d cost per un i t of energy 

purchased. A p o s i t i v e value indicates the investment i n energy 

e f f i c i e n c y i s less expensive than paying for an a d d i t i o n a l un i t of 

energy, implying the investment i s cost e f f e c t i v e . The magnitude of 
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the d i f ferences indicates the r e l a t i v e a t tract iveness of the 

investment a l t e r n a t i v e s . Table 6.8 ranks the investment 

a l t e r n a t i v e s according to the a t tract iveness of the investment. 

Table 6.8. Dif ference Between Leve l i zed Cost per Unit of Energy 

Saved and the Leve l i zed Cost per un i t of Energy Purchased. 

RANK SIMULATION STRATEGY DIFFERENCE [$/GJ] 

40 Years 80 Years 

1 10 L i g h t i n g Density 9.32 7.72 

2 14 L i g h t i n g 
E f f i c i e n c y 

7.40 5.97 

3 8A Dayl ight ing 7.13 5.80 

4 12 Elevator , 
Equipment 

6.99 5.41 

5 8B Heat Pump 5. 09 3.46 

6 7B Orienta t ion 2.66 1.15 

7 7C I n f i l t r a t i o n 2.43 0.87 

8 7D I n f i l t r a t i o n -6.66 -8.27 

9 11 Insu lat ion -23.64 -25.29 

10 9 Glazing -35.81 -37.61 

I f only those i n d i v i d u a l s trateg ies which are cost e f f e c t i v e are 

adopted, the d i f ference between l e v e l i z e d cost per u n i t of energy 
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saved and the l e v e l i z e d cost per un i t of energy purchased i s 

$41.02/GJ and $30.38/GJ for b u i l d i n g l i v e s of 40 and 80 years , 

r e s p e c t i v e l y . I f s trateg ies 7B through 14 are a l l adopted, the 

d i f ference between l e v e l i z e d cost per un i t of energy saved and the 

l e v e l i z e d cost per un i t of energy purchased i s $1.93/GJ and 

$0.949/GJ for b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . 

A s e n s i t i v i t y ana lys i s was performed to observe the e f fec t of 

discount rate on the d i f ference between l e v e l i z e d cost per un i t of 

energy saved and the l e v e l i z e d cost per u n i t of energy purchased. 

Adopting a l l cost e f f ec t ive s t ra teg ie s , and assuming a discount 

rate of 9.6%., the d i f ference i s $55.83/GJ and $41.35/GJ for 

b u i l d i n g l i v e s of 40 and 80 years, r e s p e c t i v e l y . Assuming a 

discount rate of 16.5%, the d i f ference i s $31.91/GJ and $23.63/GJ 

for b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . 

6.6.1 Comparing the Net Benefit Calculations to the Levelized Cost 

Analysis 

The r e s u l t s of Table 6.8 are consistent with r e s u l t s of the net 

benef i t r e s u l t s presented i n Table 6.4. The order of s tra teg ies has 

changed, i n d i c a t i n g the dependence of r e s u l t s on the methods used 

to perform the ana lys i s . In add i t i on , Table 6.8 suggests that 

changing the o r i e n t a t i o n and reducing i n f i l t r a t i o n are a t t r a c t i v e 

investments. This i s i n contrast to the r e s u l t s i n Table 6.4. The 

discrepancies are smal l , and may r e f l e c t c h a r a c t e r i s t i c s of the 
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d i f f e r e n t c a l c u l a t i o n methods or inaccuraccies i n the c a l c u l a t i o n s . 

Which method one uses to decide on the energy conserving s trateg ies 

to be implemented depends on the p r i o r i t i e s used i n the dec i s ion 

making process . For example, while adopting a heat pump has a 

p o s i t i v e NB and p o s i t i v e l e v e l i z e d cost , the payback per iod of t h i s 

s trategy i s 11.3 years . I f one i s constrained to a f ive -year pay

back per iod , t h i s strategy may not be : implemented i f taken i n 

i s o l a t i o n . 

6.7 COMPARISON OF THE ENERGY ANALYSIS AND ECONOMIC ANALYSES 

Comparing the r e s u l t s of the economic analys i s of t h i s chapter to 

the energy analys i s of Chapters Three to Five suggests there i s a 

c o r r e l a t i o n and dependence between the methodologies. For example, 

i n order to obtain the operating costs over a range of b u i l d i n g 

performances, the operating energy must be simulated. A consequence 

of t h i s dependence i s that i t i s not poss ib le to perform an 

economic ana lys i s without also performing (even p a r t i a l l y ) an 

energy a n a l y s i s . Therefore, i n the present a n a l y s i s , economic 

ana lys i s and energy analys i s should be viewed as complementary. 

Consistent with the notion that economic and energy analyses are 

based on complementary information i s the observation that they 

provide consistent r e s u l t s . Many s trateg ies used to reduce the 

l i f e - c y c l e energy consumption of the b u i l d i n g are a lso cost 
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e f f e c t i v e . 

The operating energy model for the b u i l d i n g was r e - r u n to observe 

the s i ze of cost e f f ec t ive energy saving s t ra teg i e s . The order of 

strategy was changed to be consistent with the economic analys i s 

based on the d i f ference between l e v e l i z e d cost per u n i t of energy 

saved and the l e v e l i z e d cost per un i t of energy purchased of Table 

6.8 1 3 . Results of the rev ised operating energy analys i s are 

presented i n Table 6.9. Only those s trateg ies that were found to be 

cost e f f ec t i ve are inc luded. 

1 3As noted i n Section 3.6, b u i l d i n g sub-systems are coupled. 
This impl ies that changing the order of implementation of 
s tra teg ies changes the incremental reduct ion i n operating 
performance. 
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Table 6.9. Improvements to the Operating Performance of B u i l d i n g 

Using C o s t - E f f e c t i v e Strateg ies . 

RANK SIMULATION STRATEGY BEPI 

[GJ/m 2 .yr] 

CUMULATIVE 

% CHANGE 

7a Base Case 0.96 

1 10 L i g h t i n g Density 0.86 10. 6 

2 14 L i g h t i n g 
E f f i c i e n c y 

0.80 16.6 

3 8A Dayl ight ing 0. 61 36.8 

4 12 Elevator , 
Equipment 

0.55 43.0 

5 8B Heat Pump 0.51 47.1 

6 7B Orienta t ion 0.42 56.8 

7 7C I n f i l t r a t i o n 0.38 60. 0 

The information i n Table 6.9 suggests a 60% decrease i n the 

operating energy of the b u i l d i n g i s poss ib le by applying s tra teg ies 

that are cost e f f e c t i v e . A l t e r n a t e l y , the l i f e - c y c l e energy of the 

b u i l d i n g decreases by 50% and 48% for b u i l d i n g l i v e s of 40 and 80 

years , r e s p e c t i v e l y . 
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6.8 CHAPTER SUMMARY 

The major f indings of t h i s chapter are l i s t e d below. 

-The c a p i t a l cost of improving the energy performance of the case 

study b u i l d i n g i s $53/m2. This corresponds to an 8.2% increase . 

- I f only those s trateg ies are implemented that are cost e f f e c t i v e , 

the net benef i t of upgrading the b u i l d i n g i s $0,788 m i l l i o n , and 

$0,794 for b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . 

- I f only those s trateg ies are implemented that are cost e f f e c t i v e , 

the payback per iod i s immediate. 

-A second c r i t e r i o n for cost ef fect iveness used i n the ana lys i s i s 

the d i f ference between the un i t cost of energy savings and the un i t 

cost of energy purchases. I f only those i n d i v i d u a l s tra teg ies which 

are cost e f f ec t i ve are adopted, the d i f ference between l e v e l i z e d 

cost per u n i t of energy saved and the l e v e l i z e d cost per un i t of 

energy purchased i s $41.02/GJ and $30.38/GJ for b u i l d i n g l i v e s of 

40 and 80 years , r e spec t ive ly . 

-S trateg ies used to reduce a i r i n f i l t r a t i o n , increase b u i l d i n g 

i n s u l a t i o n and improve the performance of f enes trat ion systems are 

found to be uneconomic. The analys i s of the cost ef fect iveness of 

the i n s u l a t i o n and fenes trat ion i s incomplete. A doubling of 
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i n s u l a t i o n above ASHRAE 90.1 i s invest igated here. S i m i l a r l y , the 

g laz ing i s changed from double pane to t r i p l e - p a n e , low-e g lass . 

This work does not invest igate whether less dramatic design changes 

(for example, a 25-50% increase i n i n s u l a t i o n instead of 100% used 

here) might produce a p o s i t i v e NB for i n s u l a t i o n and g laz ing 

s t r a t e g i e s . This deserves greater a t t en t ion . 

-The economic and energy analyses are based on complementary 

information and provide consistent r e s u l t s . A 60% decrease i n the 

operating energy of the b u i l d i n g i s poss ib le by applying s trateg ies 

that are cost e f f e c t i v e . This implies the l i f e - c y c l e energy of the 

b u i l d i n g may be decreased by 50% and 48% for b u i l d i n g l i v e s of 40 

and 80 years , r e s p e c t i v e l y . 
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CHAPTER SEVEN: ENERGY POLICY RELATED TO COMMERCIAL BUILDINGS 

7.1 INTRODUCTION 

Results from the previous chapters suggest there i s a large 

p o t e n t i a l to save energy and money by improving the performance of 

the case study b u i l d i n g . Yet most o f f i ce s being b u i l t today do not 

take advantage of the (energy and economic) savings p o t e n t i a l found 

i n t h i s work. In t h i s chapter, the focus moves away from the 

ana lys i s of the case study b u i l d i n g and considers the broader 

context i n which decis ions re la ted to the b u i l d i n g industry i s 

made. The f i n a l sect ion focuses again on the case study b u i l d i n g to 

provide p o l i c y a l t ernat ives that may help to improve the 

performance of s i m i l a r bu i ld ings . 

7.2 NATURE OP THE POLICY DEBATE 

Over the past twenty years , there have been hundreds of papers on 

the top ic of energy use and energy conservation [Lutzenhiser, 

1992]. What s tarted i n the 1970's as an inves t iga t ion of the l i n k 

between energy and the economy moved i n the 1980's to an 

i n v e s t i g a t i o n of the "hard" versus the "soft" energy paths 1 . More 

recent ly , the focus has sh i f t ed to concerns about energy use 

leading to environmental degradation. As Sanstad and Howarth note: 

'See Lovins [1976] and Robinson [1982] for a d i scuss ion of 
these terms. 
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Almost every aspect of the problem has been s tudied: 
d i f f e r e n t end uses; technologies; types of dec i s ions ; 
psycho log ica l , economic, s o c i a l f ac tors ; and so f o r t h . 
Energy analysts who c a l l for more research t y p i c a l l y f a i l 
to address t h i s fac t and to answer these fundamental 
questions: What i s further research l i k e l y to uncover 
that has heretofore passed unrecognized i n the 
l i t e r a t u r e ? Why has a l l the work done to date f a i l e d to 
c l a r i f y debates over consumer r a t i o n a l i t y and i t s t i e s to 
energy e f f i c i ency? [Sanstad and Howarth, pg. 1.176, 1994, 
a] 

I t i s admitted that the present chapter uncovers l i t t l e that i s 

new. Fundamental issues that were cen tra l to the energy debate 

twenty years ago remain unresolved. A wide d i v e r s i t y of opinion 

remains i n the l i t e r a t u r e regarding the most e f f e c t i v e p o l i c y 

mechanisms for achieving improved l eve l s of energy e f f i c i e n c y . At 

one extreme i s the view general ly associated with economists and 

rooted i n the concepts of consumer sovereignty and r a t i o n a l choice . 

At the other extreme i s the work of behavioral researchers and 

technolog ica l analysts who perceive the dec i s ion making process of 

consumers i s incons is tent with the economic concepts of r a t i o n a l i t y 

and u t i l i t y maximization. A re so lu t ion of t h i s debate i s u n l i k e l y 

due to d i f ferences at the framework l e v e l between the r a t i o n a l 

choice advocates and behavioral and technology analys ts . This 

impl ies that d i f f e r e n t pos i t ions i n the energy p o l i c y debate are 

u l t imate ly based upon a set of s e l f - d e f i n e d , s e l f - l i m i t i n g 

fundamental i n t e r e s t s , and assumptions that do not r e s u l t from the 
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debate, but guide i t . In the ear ly 80's, a s i m i l a r debate occurred 

r e l a t e d to "hard" versus "soft" energy paths, prompting the 

fo l lowing observation: 

. . . u n d e r l y i n g the f a c t u a l issues apparently i n dispute 
are d i f ferences at the framework l e v e l , that i s , 
d i f ferences i n bas ic presupposit ions and i n the patterns 
of th ink ing employed. In the main, these d i f ferences 
manifest themselves i n d i f ferences concerning the nature 
of present s o c i a l r e a l i t y , the focus of i n t e r e s t of 
ana lys i s and p o l i c y , and the i n t e r p r e t a t i o n and use of 
data . None of these d i f ferences , which are often 
i n e x t r i c a b l y intertwined, can be unambiguously resolved 
s ince the c r i t e r i a i n terms of which such a r e s o l u t i o n 
should be made are themselves i n dispute . [Robinson, pg. 
24, 1982] 

Although agreement i s not l i k e l y between opposing views i n the 

current energy debate, some kind of r e c o n c i l i a t i o n may be explored. 

I t i s argued that disagreement over the facts and models i s a 

c e n t r a l c h a r a c t e r i s t i c of the p o l i c y debate r e l a t e d to energy 

e f f i c i e n c y . As such, there i s a strong argument for methodological 

p l u r a l i s m : where no one model can describe t h i s p o l i c y issue 

unambiguously and completely, combining the competing models and 

t h e i r so lut ions may provide a more robust basis for developing 

p u b l i c p o l i c y . This issue i s further explored i n Sect ion 7.4. 

Further , i t i s postulated that the concept of "bounded r a t i o n a l i t y " 

may provide a means for br idg ing the methodological and conceptual 

d i s p a r i t i e s between the po lar views of economics, and behavioral 
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and engineering researchers . This i s explored i n Sect ion 7.5. 

7.3 VIEWS OF ENERGY 

I t i s a premise of t h i s work that energy i s used and valued i n a 

number of ways. How i n d i v i d u a l s and soc iety th ink about energy 

a f fec t s the way consumers value energy and p o l i c y makers contro l 

energy. Prevalent views of energy inc lude: 

• The t echno log i s t ' s view of energy as a p o t e n t i a l source of 

work, heat or information; 

• As a s t r a t e g i c mater ia l , energy i s viewed as having importance 

for m i l i t a r y and economic s e c u r i t y . 

• In terms of a s o c i a l necess i ty , energy supply i s treated as a 

bas ic human r i g h t . 

• As an eco log i ca l resource, t h i s implies that energy i s part of 

a natura l system and must r e f l e c t the values of s u s t a i n a b i l i t y 

and f r u g a l i t y . 

• F ina l ly . , energy can also be viewed as a commodity [Stern and 

Aronson, 1984]. 

For the purpose of t h i s work, the f i r s t four views l i s t e d above are 
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c o l l e c t e d i n t o one conceptual model c a l l e d the 

b e h a v i o r a l i s t / t e c h n o l o g i s t ' s view of energy. The energy 

conservation l i t e r a t u r e appears to be p o l a r i z e d i n a bimodal 

fashion. At one extreme i s the work of behavioral analysts and 

technolog i s t s . At the other extreme i s the work associated with 

n e o c l a s s i c a l economists and consistent with the view of energy as 

a commodity. Proponents of the extremes are easy to i d e n t i f y i n the 

l i t e r a t u r e , although many a r t i c l e s appear to f a l l somewhere i n the 

middle. In the next sec t ion , a t t r i b u t e s and values of the two 

models are compared and contrasted. 

I t i s important to d i s t i n g u i s h between the views of energy because 

p o l i c y choices are often i m p l i c i t l y choices among the views of 

energy. When a view of energy i s adopted, i t l e g i t i m i z e s c e r t a i n 

choices and actors wi th in the p o l i c y arena, and may marginal ize or 

exclude others . 

For example, choosing the view of energy as a commodity over the 

view of energy as an eco log i ca l resource may set l i m i t s or 

i n s t i t u t i o n a l b a r r i e r s on what dec i s ion makers consider an 

appropriate energy conservation p o l i c y . These b a r r i e r s and l i m i t s 

may be i m p l i c i t or e x p l i c i t . The dominance of the view of energy as 

a commodity i s a problem i n the present work, because i t l i m i t s the 

scope of p o l i c y options aimed at energy conservat ion. Frequently , 

i n order for energy conservation concerns to be addressed wi th in a 

commodity framework, interested par t i e s must argue not on t h e i r own 

Page 121 



terms of f i n i t e resources or environmental impl i ca t ions , but on the 

bas is of economic e f f i c i e n c y or the advantage of u t i l i t i e s s e l l i n g 

energy services rather than energy as a commodity. I f dec i s ion 

makers and consumers are to explore and be responsive to the wide 

range of p o l i c y options ava i l ab l e i n order to increase energy 

e f f i c i e n c y , a primary step must be a broadening of views of energy. 

7.3.1 Energy as a Commodity 

The model of energy as a commodity i s based on the assumptions of 

consumer r a t i o n a l i t y 2 and u t i l i t y maximization. This impl ies that: 

. . . p r o d u c e r s and consumers have s table preferences that 
they seek to s a t i s f y through market t ransac t ions . 
Consumer choices thus reveal information about underlying 
preferences, and the acceptance or r e j e c t i o n of energy-
e f f i c i e n t technologies r e f l e c t s a r a t i o n a l evaluat ion of 
the re levant costs and benef i t s . Market imperfections 
invo lv ing imperfect information or t ransac t ion costs 
might impede the adoption of cost e f f ec t i ve energy 
e f f i c i e n t technologies . But deviat ions from r a t i o n a l 
behaviour are ru l ed out by assumption and cannot, 
therefore , const i tute an appropriate basis for p o l i c y 
in tervent ion . [Sanstad and Howarth, pp. 1.176-1.177, 
1994, a] 

2 This model i s based on the p r i n c i p l e s that: 
1) i n d i v i d u a l s have stable and t r a n s i t i v e preferences ( i f a>b and 
b>c, then a>c); 
2) i n d i v i d u a l s are s e l f in teres ted; and, 
3) i n d i v i d u a l s have accurate and complete information. 
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Consistent with the view of energy as a commodity i s the argument 

that p r i c e provides the best s i gna l to consumers regarding the 

optimal l eve l s of consumption and conservat ion. "Theory would 

ind ica te that the marginal un i t of consumption should be p r i c e d at 

the marginal p r i c e of future supply. Indeed, a l l un i t s of 

consumption could be pr iced at the marginal p r i c e of future supply 

and consumers would be induced to use the resource e f f i c i e n t l y from 

an economic stand po in t ." [ B r i t i s h Columbia U t i l i t i e s Commission, 

pg. 39, 1990] 

Recent examples i n the l i t e r a t u r e of the view of energy as a 

commodity are the works by Sutherland [1992, 1994, Energy Mines and 

Resources Canada, 1993]. Sutherland argues that many b a r r i e r s to 

energy e f f i c i e n t investments are simple c h a r a c t e r i s t i c s of normally 

funct ioning markets. The author suggests that consumers who invest 

i n energy e f f i c i e n c y require higher rates of re turn when the 

investments are i l l i q u i d , r i s k y or possess high transact ions costs . 

"The high discount rates required by consumers for energy 

e f f i c i e n c y investments r e f l e c t r e a l costs i n a competit ive market, 

not a r t i f i c i a l market b a r r i e r s , " [Sutherland, pg. 15, 1992]. 

A second argument presented i n Sutherland's works i s the notion 

that many programs designed to be energy e f f i c i e n t may not be 

economically e f f i c i e n t . The author argues that the l eg i t imate r o l e 

for p u b l i c p o l i c y i s i n deal ing with market f a i l u r e s , of which he 

c i t e s issues based on e x t e r n a l i t i e s , the p u b l i c goods nature of 
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energy resources and nat iona l s e c u r i t y . 

F i n a l l y , Sutherland argues that p r i c i n g and u t i l i t y rate s tructure 

are the best mechanisms to promote energy e f f i c i e n c y among end 

users [Energy Mines and Resources Canada, pp. 30-31, 1993], The 

author argues that energy p o l i c y should be l i m i t e d to br ing the 

consumer p r i c e of energy i n l i n e with i t s marginal cos t . 

7.3.2 The Behavioralist/Technologist Model 

The incorporat ion of behavioral analys i s i n energy conservation 

p o l i c y provides an a l t e r n a t i v e model to the economics approach 

expressed by Sutherland. The works of Stern [1986], Stern and 

Aronson [1984], Kempton and Schipper [1994], and Robinson [1991] 

provide examples of t h i s view. In general , t h i s group perceives 

that consumers do not minimize the costs of obta ining energy 

serv ices . In add i t i on , t h i s group general ly does not endorse the 

r a t i o n a l choice model of consumer dec i s ion making. Therefore, 

behav iora l / t echnolog i s t analysts tend to promote the adoption of 

p u b l i c p o l i c y to promote energy e f f i c i e n c y : 

Consumers are not merely i l l - i n f o r m e d about energy 
technologies , but also have trouble determining how to 
make "correct" choices when provided with f u l l 
information. Thus p o l i c i e s of various kinds are j u s t i f i e d 
to ensure that consumers reap the benef i ts of energy-
e f f i c i e n t technologies as i d e n t i f i e d by t e c h n i c a l 
experts . [Sanstad and Howarth, pg. 1.177, 1994, a] 
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7.3.3 Behavioral Barriers to Improving Energy E f f i c i e n c y 

L i s t e d i n the b e h a v i o r a l i s t / t e c h n o l o g i s t l i t e r a t u r e are a number of 

fac tors that create b a r r i e r s to improving energy e f f i c i e n c y . I t i s 

beyond the scope of t h i s work to produce an exhaustive l i s t of 

these b a r r i e r s , but a number of issues stand out, and are explained 

below. 

7.3.3.1 Energy I n v i s i b i l i t y 

The i n v i s i b i l i t y of energy i s frequently argued as a major obstacle 

to improving e f f i c i e n c y . Because of energy's i n v i s i b i l i t y , 

i n d i v i d u a l s may develop "folk ca lcu la t ions" to provide information 

on estimates of energy e f f i c i e n c y . These c a l c u l a t i o n s may be based 

on running time or estimates of the amount of human labour 

replaced. Such ca l cu la t ions contr ibute to sub-optimal energy 

choices [Lutzenhiser, pg. 261, 1993], 

An example of energy i n v i s i b i l i t y i s common i n the trend towards 

automating energy systems. In heating systems, one may set a s ing le 

d i a l to c o n t r o l the temperature for an e n t i r e b u i l d i n g . This 

i n v i s i b i l i t y comes at the cost of a loss of c o n t r o l , making energy 

conservation more d i f f i c u l t . In add i t i on , evidence suggests that 

consumers frequently manually over -r ide the automatic contro l s , 

us ing devices i n ways they were never intended, thus exacerbating 

engineering attempts at improving energy e f f i c i e n c y [Lutzenhiser, 
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pg. 261, 1993). 

7.3.3.2 Information 

Energy information may be a b a r r i e r to behavioral changes i n 

conservat ion. A major problem with energy information i s that i t 

may be presented i n unfami l iar or abstract ways. Instead of there 

being a simple index of e f f i c i e n c y , information i s frequent ly given 

i n s c i e n t i f i c un i t s that may have l i t t l e or no meaning to the user 

of the information. 

A second problem with energy information i s the d i v e r s i t y wi th in 

the target audience. Because there i s a great d i v e r s i t y among 

bui ld ings and energy users , information d irec ted towards an average 

b u i l d i n g or consumer i s probably going to be i n c o r r e c t for any 

p a r t i c u l a r b u i l d i n g or user. As an example of consumer d i v e r s i t y , 

there may be a 100% change i n the consumption of energy merely by 

changing the occupants of a b u i l d i n g [Stern, 1987]. This 

v a r i a b i l i t y creates great uncertainty about the accuracy or value 

of information provided. 

Another problem with energy information i s the confusion and loss 

of c r e d i b i l i t y of experts created by c o n f l i c t i n g advice and 

p o l i c i e s . An example of t h i s may occur when u t i l i t y companies 

promote the conversion of heating systems from e l e c t r i c i t y to gas 

as a means of saving on energy b i l l s , while ignor ing that 
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e l e c t r i c i t y powered heat pumps are h igh ly e f f i c i e n t for space 

cond i t ion ing . I m p l i c i t i n t h i s problem i s the need for c r e d i b l e , 

accurate and non-biased sources of information. People respond not 

only to information, but to t h e i r perceptions and evaluations about 

the source of information. Unfortunately, many u t i l i t i e s lack 

c r e d i b i l i t y among t h e i r customers, so i t becomes a d i f f i c u l t task 

to penetrate a market with information, even i f that information i s 

c o r r e c t . 

7.3.3.3 Discount Rates 

A common problem among consumers considering improvements to energy 

conservation equipment i s the high discount rate many i n d i v i d u a l s 

i m p l i c i t l y place on t h e i r investments. In one study, a range from 

20% to 200% was observed [Stern and Aronson, 1984]. The consequence 

of t h i s i s that many investments do not appear economically v i a b l e 

to these consumers. For example, high e f f i c i e n c y l i g h t i n g systems 

have higher c a p i t a l costs than regular l i g h t s , but over the l i f e , 

the investment w i l l save money. I f the discount rate used by an 

i n d i v i d u a l i s h igh, the investment i n e f f i c i e n c y w i l l not be 

a t t r a c t i v e . 

7.3.3.4 The Symbolic Meaning of Energy 

The debate of energy supply, demand and conservation i s frequently 

associated with c o n t r o l , power, and freedom. In essence, a l o t of 
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symbolism revolves around the issues of energy consumption and 

conservat ion. Freedom and contro l are powerful symbols, and i t i s 

poss ib le that energy conservation programs may be viewed as a 

threat to personal freedom. 

7.3.3.5 Momentum of Past Behaviour 

A l t e r i n g the i n e r t i a of past behaviour i s often d i f f i c u l t because 

people tend to commit themselves to habits that have evolved over 

long time spans. This problem may be confounded by fear of change 

and r i s k . An example of t h i s occurs i n the res i s tance to 

t echnolog ica l innovations. Heat pumps used for condi t ion ing 

bu i ld ings have lower c a p i t a l costs than comparable HVAC systems. In 

a d d i t i o n , they are cheaper to run. Even so, these devices are not 

the f i r s t choice of many b u i l d i n g designers. 

7.3.3.6 L i t e r a c y 

I t was estimated i n Canada i n 1991 that 16% of Canadian adults are 

f u n c t i o n a l l y i l l i t e r a t e i n e i ther o f f i c i a l language, and 14% are 

innumerate 3 [ S t a t i s t i c s Canada, 1991, a ] . I f an i n d i v i d u a l cannot 

recognize numbers i n i s o l a t i o n or cannot read, that i n d i v i d u a l w i l l 

not be able to understand non-verbal information r e l a t e d to energy 

e f f i c i e n c y . 

3There were 16.4 m i l l i o n adults i n Canada i n 1991. This impl ies 
there were 2.6 m i l l i o n i l l i t e r a t e adults and 2.3 m i l l i o n innumerate 
adul t s . 
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7.3.3.7 Intermediaries 

The presence of intermediaries such as land- lords or b u i l d i n g 

contractors may have an e f fec t on the success of e f f i c i e n c y 

programs. These i n d i v i d u a l s are responsible for the i n i t i a l design 

and purchase of b u i l d i n g components, but are not responsible for 

the operating costs . Therefore, energy e f f i c i e n c y may not be an 

important fac tor i n the dec i s ion making process of these 

i n d i v i d u a l s . 

7.3.4 A T h i r d Conceptual Model 

A c r i t i c i s m l e v e l l e d at both the b e h a v i o r a l i s t / t e c h n o l o g i s t ' s view 

and the economic approach i s that the models focus a t tent ion and 

p o l i c y on aggregate e f fects of typical bu i ld ings and occupants. I t 

has been argued that p o l i c y based on these two models exaggerates 

the importance of pr i ce s and technolog ica l so lu t ions , and 

underestimates the importance of i n d i v i d u a l ac t ion [Lutzenhiser, 

1993]. A t h i r d conceptual model of energy use that focuses 

p r i m a r i l y on the human occupants of bu i ld ings i s a c u l t u r a l l y based 

model. There i s evidence from the s o c i a l science l i t e r a t u r e that a 

person's energy consumption and conservation l eve l s vary 

sys temat ica l ly on the basis of s o c i a l c l a s s , e t h n i c i t y , l i f e - c y c l e 

stage, gender, occupation, education, geographic l o c a t i o n and l o c a l 

cu l ture [Lutzenhiser, pg. 53, 1992]. In a d d i t i o n , a c u l t u r a l l y 

based model: 
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t rea t s energy as a key v a r i a b l e i n c u l t u r a l evo lut ion , 
observing that a l l soc i e t i e s require energy-conversion 
technologies to surv ive , that the amount of a v a i l a b l e 
energy to a cu l ture i s a funct ion of the technology, that 
energy-conversion d i f f e r e n t i a l s inf luence the r e l a t i v e 
prosper i ty and power of soc i e t i e s ( l i m i t i n g i n some cases 
and s t imulat ing dramatic growth i n o thers ) , that 
technology choices are determined p r i m a r i l y by p o l i t i c a l 
processes, and that the p o l i t y and economy are i n turn 
shaped by c u l t u r a l i n s t i t u t i o n s ( e .g . , r e l i g i o u s , 
s c i e n t i f i c , governmental and corporate arrangements, 
understandings and be l i e f s ) . [Lutzenhiser, pg. 54, 1992] 

An i m p l i c a t i o n of the c u l t u r a l l y based model i s the asser t ion that 

there i s as much i n e f f i c i e n c y i n consumers' choice of demands to be 

met as there i s i n the way those demands are provided [Kempton and 

Schipper, 1994]. For example, as noted i n Sect ion 7 .3 .3 .2 , there 

may be a 100% change i n the energy consumed i n a b u i l d i n g simply by 

changing the occupants. 

Although the c u l t u r a l model does provide important in s igh t into 

energy consumption and conservation at the i n d i v i d u a l l e v e l , the 

model poses more questions than i t appears to be capable of 

answering at t h i s time. Therefore, the present work w i l l focus 

p r i m a r i l y on the b e h a v i o r a l i s t / t e c h n o l o g i s t model versus the 

economics model for energy conservation p o l i c y 4 . 

4The b e h a v i o r a l i s t model of energy consumption i s s t a r t i n g to 
include c u l t u r a l var iab le s and issues . See for example Kempton and 
Schipper [1994]. 
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7.4 ANALYSIS OP COMPETING VIEWS 

As stated i n the d i scuss ion on the nature of the debate between the 

proponents of the competing models, the b e h a v i o r a l i s t / t e c h n o l o g i s t 

and the economic models appear to be based on a set of s e l f -

l i m i t i n g assumptions. As such, there are a number of problems with 

the competing models. This sect ion h i g h l i g h t s the l i m i t s of the 

models presented i n the l a s t sec t ion . Due to the l i m i t a t i o n s of the 

economics and b e h a v i o r a l i s t models, a case i s made for 

methodological p l u r a l i s m . 

There are a number of responses to the arguments presented i n the 

economics approach expressed i n Sutherland's work. A f i r s t 

c r i t i c i s m i s that by assuming a priori that energy and conservation 

measures are valued only as a commodity, bought and so ld i n a we l l 

funct ion ing , competitive market, the author l i m i t s the p o t e n t i a l 

explanations for the low l eve l s of energy conserving behaviour. As 

noted i n Sect ion 7.3, energy may be viewed and valued i n a number 

of ways. A l t e r n a t e l y , Sanstad and Howarth [1994, b] note there i s 

l i t t l e evidence to support the premise that energy i s bought and 

so ld i n a "normal" market. A second argument i s that i t i s 

d i f f i c u l t to d i s t i n g u i s h between a market f a i l u r e and a market 

b a r r i e r . Government p o l i c y may improve economic e f f i c i e n c y for the 

case of market b a r r i e r s , and may reduce transact ions costs or r i s k s 

through a su i tab le choice of p o l i c y instruments. A t h i r d argument 

against the work of Sutherland i s that the author's conclusions are 
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not neces sar i ly va l ida ted by experience. The ana lys i s of Chapter 

Six suggests p o t e n t i a l l y large savings over the l i f e c y c l e of 

bu i ld ings through the adoption of energy saving technologies . 

A l t e r n a t e l y , i t was found that the net present value of the 

benef i ts associated with implementing energy e f f i c i e n c y standards 

to commercial bu i ld ings i n B r i t i s h Columbia was $17.32/m2 

(1 .61 / f t 2 ) 5 [Energy Mines and Petroleum Resources, pg. 23, 1991]. 

The b e h a v i o r a l i s t / t e c h n o l o g i s t model has a number of c r i t i c i s m s 

associated with i t a l so . While t h i s model frequently endorses the 

implementation of pub l i c p o l i c y as a means of r e s o l v i n g the 

perceived market b a r r i e r s and market f a i l u r e s associated with 

energy consumption, t h i s model does not address a number of key 

i ssues . F i r s t , proponents of t h i s model have not acknowledged that 

the b a r r i e r s that i n h i b i t the adoption of energy e f f i c i e n t 

technologies are l i k e l y to i n h i b i t the effect iveness of any pub l i c 

p o l i c y d i rec ted at so lv ing the problems. Second, the presence of 

market b a r r i e r s does not necessar i ly mean that the benef i ts of 

p u b l i c p o l i c y exceed the costs . T h i r d , the existence of behavioral 

b a r r i e r s i s frequently acknowledged i n the l i t e r a t u r e , yet there i s 

l i t t l e understanding of t h e i r r e l a t i v e importance compared to 

economic c r i t e r i a . Fourth, much of the information generated by 

behavioral analysts focuses at tent ion on r e s i d e n t i a l energy users . 

I t i s not c l ear i f the issues and p o t e n t i a l so lut ions are the same 

5Based on the assumptions of a 10% discount rate and a 15 year 
study p e r i o d . 

Page 132 



for the commercial and i n d u s t r i a l sectors . F i n a l l y , the arguments 

presented by behav iora l i s t s and technologis ts are frequently 

consis tent with p r i n c i p l e s of economics, and may be strengthened by 

more thorough use of the economics l i t e r a t u r e [Sanstad and Howarth, 

1994, a ] . 

The ana lys i s of competing views suggests that the economics and the 

behaviora l i s t / t echnology models provide incomplete information for 

understanding energy conservation behaviour. This i s hardly 

s u r p r i s i n g , as any model i s a s i m p l i f i c a t i o n of r e a l i t y , and the 

models are attempting to describe and pred ic t complicated, dynamic 

i ssues . In a d d i t i o n , observing the debate that has occurred over 

the l a s t 20 years suggests that disagreement over the facts and 

models i s a c e n t r a l c h a r a c t e r i s t i c of the debate r e l a t e d to energy 

e f f i c i e n c y . As such, there i s a strong argument for methodological 

p l u r a l i s m : where no one model can describe t h i s p o l i c y issue 

completely, combining the competing models and t h e i r so lut ions may 

provide a more robust basis for developing p u b l i c p o l i c y than 

choosing one model and i t s s o l u t i o n . 

7.5 CONSUMER RATIONALITY 

The f o c a l point i n the debate between economists and the 

behav iora l / t echnolog i s t analysts appears to be based on d i f f e r e n t 

in terpre ta t ions of and l eve l s of confidence i n the concept of 

economic r a t i o n a l i t y . At an informal l e v e l , the concept of 
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r a t i o n a l i t y makes sense: i n d i v i d u a l s prefer better to worse and t r y 

to make we l l informed, reasonable dec i s ions . However, i t seems less 

p l a u s i b l e that i n d i v i d u a l s a c t u a l l y make choices according to a 

formal opt imizat ion process expressed by r a t i o n a l choice t h e o r i s t s . 

As Simon notes: 

In i t s treatment of r a t i o n a l i t y , n e o c l a s s i c a l economics 
d i f f e r s from the other s o c i a l sciences i n three main 
aspects:(a) i n i t s s i l ence about the content of goals and 
values; (b) i n i t s pos tu la t ing g lobal consistency of 
behaviour; and (c) i n i t s pos tu la t ing "one world"-that 
behaviour i s ob jec t ive ly r a t i o n a l i n r e l a t i o n to i t s 
t o t a l environment, inc lud ing both present and future 
environment as the actor moves through time. [Simon, pg. 
S210, 1986] 

Evidence suggests that i n d i v i d u a l s "muddle through," 6 making 

imperfect dec is ions framed by l i m i t e d time and processing 

c a p a b i l i t i e s , incomplete information, external cons tra in t s , and a 

range of n o n - f i n a n c i a l motives. Simon [1986] makes the d i s t i n c t i o n 

between the "substantive" r a t i o n a l i t y of economics and the 

"procedural" or "bounded" r a t i o n a l i t y of other s o c i a l sc iences . 

I t i s suggested that the concept of bounded r a t i o n a l i t y may provide 

more comprehensive and r e a l i s t i c basis for creat ing p u b l i c p o l i c y . 

Further , i t has been postulated that many behavioral b a r r i e r s to 

energy e f f i c i e n c y create "departures from substantive r a t i o n a l i t y 

6See Lindblom [1959] for a d i scuss ion of t h i s concept. 
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and r e s u l t i n the systematic overconsumption of energy r e l a t i v e to 

the l e v e l that would p r e v a i l given the c o s t - e f f e c t i v e p r o v i s i o n of 

energy serv ices ." [Sanstad and Howarth, pg. 1.178, 1994, a] There 

are a number of impl icat ions of adopting the concept of bounded 

r a t i o n a l i t y : 

• i t i s no longer poss ib le to l a b e l c e r t a i n energy e f f i c i e n c y 

programs as economically " ine f f i c i en t" based on the 

t h e o r e t i c a l grounds rooted i n the concept of substantive 

r a t i o n a l i t y ; 

• departures from substantive r a t i o n a l i t y may imply the 

systematic overconsumption of energy, r e s u l t i n g i n a sub-

optimal a l l o c a t i o n of energy resources; and, 

• the same factors which create departures from substantive 

r a t i o n a l i t y may create b a r r i e r s to any program designed to 

improve energy e f f i c i e n c y . 

The preceding sect ions have attempted to provide a bas is for 

understanding the c o n f l i c t i n g views and l i m i t e d understanding 

surrounding the debate on energy consumption and conservat ion. The 

next step i n developing a p o l i c y framework for energy conservation 

i n commercial bui ld ings i s to define the p a r t i c i p a n t s i n the 

dec i s ion making process. The next sect ion maps the "sub-government" 

of t h i s p o l i c y i ssue . 
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7.6 MAPPING THE SUB-GOVERNMENT 

In developing a p o l i c y framework for improving the l i f e c y c l e energy 

e f f i c i e n c y of b u i l d i n g s , i t i s important to understand the context 

wi th in which the p o l i c y i s designed, implemented and enforced. The 

b u i l d i n g industry i s made up of a large and fragmented group of 

stakeholders . Interact ions between these groups range from 

c o l l a b o r a t i v e to confronta t iona l . Frequently , however, there i s 

l i t t l e communication or co-ordinat ion between stakeholders . 

The major stakeholders involved i n improving energy e f f i c i e n c y i n 

bu i ld ings inc lude: 

Government: 

Federal Government; 

Natural Resources Canada, 

Consumer A f f a i r s , 

B r i t i s h Columbia P r o v i n c i a l Government; 

Energy Mines and Petroleum Resources, 

Munic ipal A f f a i r s , 

B r i t i s h Columbia U t i l i t i e s Commission, 

B r i t i s h Columbia Energy Counci l (Unt i l November 1994) 

Munic ipa l Government 

Planning 

Engineering 

Permits 
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U t i l i t y Companies (Private and P u b l i c l y Owned) 

E l e c t r i c i t y 

Gas 

Pr iva te Companies 

Bui lders 

Designers (Archi tec t s , Engineers) 

Product Manufacturers 

Performance Contractors 

B u i l d i n g Owners 

B u i l d i n g Occupants 

Advocacy Groups 

Consumers 

Environmental 

Internat iona l organizat ions 

A number of impl icat ions r e s u l t from having such a large and 

diverse group of stakeholders involved i n the p o l i c y arena. 

• Gett ing issues onto the p o l i c y agenda may be a simple task 

due to the number of access po int s . 

• No one stakeholder can se ize the p o l i c y agenda as author i ty 

and resources are d iverse . 

• Each stakeholder has a d i s t i n c t set of p r i o r i t i e s , and 

author i ty i s d iverse , therefore , the task of ge t t ing p u b l i c 
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p o l i c y implemented i s a long and d i f f i c u l t task [Lutzenhiser, 

1994]. 

7.7 POLICY ALTERNATIVES 

This sect ion reviews the p o l i c y options that have been implemented 

i n B r i t i s h Columbia and elsewhere to improve the energy e f f i c i e n c y 

of the b u i l d i n g sector . The use and choice of p o l i c y instrument i s 

discussed b r i e f l y . Further information oh p o l i c y options used to 

regulate the energy industry may be obtained i n the l i t e r a t u r e 7 . 

The object ives which d i c ta t e the choice of p o l i c y options inc lude: 

e f f i c i e n c y , f l e x i b i l i t y ; d i s t r i b u t i o n a l consequences; the a b i l i t y 

to implement, monitor and enforce the p o l i c y ; and, the philosophy 

of the governing agent concerning the presence of non-market 

forces . These factors provide a basis for comparison of the various 

p o l i c y options presented below. P o l i c y options inc lude: 

• adopt u t i l i t y sponsored programs i n the form of Demand Side 

Management (DSM); 

• permit a competitive market to determine the l e v e l of energy 

e f f i c i e n c y through deregulat ion of energy markets; 

7 See, for example, The Energy J o u r n a l f Energy P o l i c y . Energy 
Systems, and Energy. 
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• introduce p u b l i c p o l i c y to provide information or gu ide l ines ; 

or , 

• implement and enforce a set of regulat ions such as standards 

or p r i c i n g . 

7.7.1 U t i l i t y Sponsored 

There are many programs offered by u t i l i t i e s under the framework of 

Integrated Resource Planning (IRP) and Demand Side Management 

(DSM)8. Considering, for example, the e l e c t r i c i t y conservation 

programs for commercial bu i ld ings by B . C . Hydro, measures inc lude: 

• f i n a n c i a l incent ives i n the form of grants to perform b u i l d i n g 

s imulat ion studies to examine a r c h i t e c t u r a l design 

a l t e r n a t i v e s ; and, 

• performance incent ives based on the d i f ference between actual 

b u i l d i n g performance and b u i l d i n g performance modelled on the 

ASHRAE 90.1 energy code 9. 

8See B r i t i s h Columbia U t i l i t i e s Commission [1993] for an 
explanation of these terms. For current issues regarding IRP and 
DSM, see Proceedings of the ACEEE 1994 Summer Study on Energy 
E f f i c i e n c y i n B u i l d i n g s . 

9 In the form of f i n a n c i a l incent ives a v a i l a b l e to designers and 
contractors i f the b u i l d i n g i s more energy e f f i c i e n t than i s 
required by the energy code. 
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Focusing on natura l gas conservation p o l i c y by B . C . Gas, there are 

no DSM programs to reduce natura l gas consumption by commercial 

users at t h i s t ime. An incent ive /rebate program for medium and high 

e f f i c i e n c y b o i l e r s i s expected to commence s h o r t l y . In add i t i on , 

incent ive programs for heat pumps and natura l gas powered coolers 

i s expected to be included i n the Integrated Resource Plan (IRP) 

for B . C . Gas i n the spring of 1995 [Connally, 1995], 

There are a number of points to emphasize i n order to assess the 

value of incent ives as an option i n DSM programs. F i r s t , i t i s 

d i f f i c u l t to pred ic t or evaluate the ef fect iveness of incent ive 

programs. Because p a r t i c i p a t i o n i s voluntary, i t may be d i f f i c u l t 

to design a program with enough f l e x i b i l i t y to a t t r a c t a large 

number of p a r t i c i p a n t s . 

P a r t i c i p a t i o n rate i s a c r i t i c a l fac tor a f f e c t i n g the success of 

u t i l i t y sponsored DSM programs. The review by Berry [1993] suggests 

that p a r t i c i p a t i o n i s frequently of the order of 6%. A recent 

survey by Nadel et a l . [1994] provides a number of s trateg ies 

common to successful DSM programs. The authors l i s t the fo l lowing 

important a t t r i b u t e s : 

-implement programs which are easy to p a r t i c i p a t e i n ; 
-design programs which attempt to involve the e n t i r e 

community; 

-promote personal contact between the sponsoring 
organizat ion and the customer; 
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-provide t e c h n i c a l ass istance made r e a d i l y a v a i l a b l e ; 
-maintain high q u a l i t y of service and product; 
- i n v o l v e trade a l l i e s to a s s i s t i n the design and 

marketing of the programs; 
- inc lude e f f i c i e n c y thresholds to create market push; 
-use good marketing strategy, i n c l u d i n g , 

-marketing that targets many stakeholders i n the 
process with information that i s re levant to 
each stakeholder, and, 

-marketing that informs the p a r t i c i p a n t of the 
f u l l range of economic and noneconomic benef i ts 
of the program; 

-make i t poss ib le for p a r t i c i p a t i o n by customers, 
manufacturers, and d i s t r i b u t o r s ; 
- s t a r t programs by target ing p o t e n t i a l p a r t i c i p a n t s ; 

-maintain consistency i n program e l i g i b i l i t y and 
incent ives ; 

-provide f i n a n c i a l incent ives ; 
-work with other stakeholders to encourage coordinat ion 

and cooperation between, for example, the u t i l i t y 
and government regulatory bodies. [Nadel et a l . , 

pp.42-44, 1994] 

A second issue of DSM programs i s t h e i r cost . In the case of B . C . 

Hydro, the f i n a n c i a l incent ives are seen as a temporary measure to 

promote and p u b l i c i z e conservation to customers. The high cost of 

some DSM programs makes them a less a t t r a c t i v e long term component 

of conservation strategy [Barry, 1993]. 

A f i n a l concern of u t i l i t y sponsored conservation programs i s the 

a l l o c a t i o n of r i s k and the " p r i n c i p a l agent problem". As noted by 

Sutherland [1994] and Nadel et a l . [1992], the u t i l i t i e s (the 
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agent) make DSM investment decis ions and are i n the p o s i t i o n to 

p r o f i t from the gains of successful investments. However, the 

customers (the p r i n c i p a l s ) incur the r i s k s and losses i f the DSM 

investment i s not success fu l . 

Although there are uncerta int ies associated with the adoption of 

u t i l i t y sponsored DSM programs, incent ives , rebates and grants are 

a p o s i t i v e way of introducing the concept of e f f i c i e n c y and 

conservation to consumers. As opposed to standards or p r i c e 

increases , the a b i l i t y to evoke a p o s i t i v e response towards 

conservation i s p o t e n t i a l l y a strong a t t r i b u t e of these programs. 

An a l t e r n a t i v e to DSM programs i s performance based hook-up fees 

[Wirtshafter , 1994], that l i n k b u i l d i n g performance to the charge 

l ev i ed by u t i l i t i e s for i n i t i a l connection to the g r i d . The 

a t t r a c t i o n of t h i s option i s that such a program would force 

bu i lders and designers to consider the long-term energy 

impl i ca t ions of t h e i r b u i l d i n g s . Another option i s prov id ing the 

u t i l i t y with the author i ty to enforce b u i l d i n g standards r e l a t e d to 

energy e f f i c i e n c y . C r i t i c i s m of the performance based hook-up fee 

has centered around the notion that there i s no standard method of 

measuring the operating performance of a b u i l d i n g . However, the use 

of the B u i l d i n g Energy Performance Index (BEPI) may provide a 

so lu t ion to the c r i t i c i s m . 

7.7.2 Competitive Markets 
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A second p o l i c y option i s the use of deregulat ion and competitive 

markets to determine the optimal l e v e l of energy e f f i c i e n c y . This 

option has been u t i l i z e d to some extent i n the na tura l gas market, 

where marketing functions prev ious ly held by the B r i t i s h Columbia 

Petroleum Corporation were t rans ferred to the p r i v a t e sector 

[Minis try of Energy Mines and Petroleum Resources, 1989], The 

e l e c t r i c i t y sector i s v e r t i c a l l y integrated , r e s u l t i n g i n a 

monopoly by B . C . Hydro throughout much of the province . Due to the 

market f a i l u r e a r i s i n g from a natura l monopoly, deregulat ion of the 

e l e c t r i c i t y sector i s d i f f i c u l t to j u s t i f y . 

7.7.3 Regulatory 

Within the context of regulatory approaches to improving end use 

e f f i c i e n c y , a number of options are a v a i l a b l e to government 

agencies. These options range i n l eve l s of coerciveness from 

information, education or guidel ines to imposing standards or 

adjust ing p r i c e . 

7.7.3.1 Information 

Information programs are important, but information i s e a s i l y 

forgotten . Many conservation programs r e l y on the process of 

d i f f u s i o n of information for improving e f f i c i e n c y l e v e l s . There are 

a number of l i m i t a t i o n s and drawbacks to t h i s process . For 

instance, i t i s slow. In add i t i on , i t i s d i f f i c u l t to c o n t r o l and 
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p r e d i c t where or how much e f fect the programs w i l l have. F i n a l l y , 

the whole process r e l i e s on an ind iv idua l ' s w i l l ingness to 

p a r t i c i p a t e . The low rates of success that are t y p i c a l of many 

conservation programs suggest the need for a more aggressive 

approach to energy conservation. In a s i m i l a r way, education 

programs are important, but i f the i n d i v i d u a l s who are being 

educated are not i n a p o s i t i o n to make dec is ions regarding 

consumption patterns (such as school c h i l d r e n ) , the value of the 

programs must be questioned. 

7.7.3.2 Standards 

Commercial bu i ld ings constructed i n Vancouver are subject to energy 

e f f i c i e n c y standards designed by the American Society for Heating 

Re fr igera t ion and A i r - C o n d i t i o n i n g Engineers [ASHRAE, 1989]. This 

standard i s used i n the design of the base b u i l d i n g i n the present 

a n a l y s i s . The Nat ional Research Counci l i s developing a s i m i l a r set 

of e f f i c i e n c y standards to be implemented n a t i o n a l l y i n 1995/96 

[National Research Counc i l , 1994]. 

The use of standards i s widely discussed i n the l i t e r a t u r e , and 

there are a number of issues surrounding t h i s choice of p o l i c y 

instrument. The f l e x i b i l i t y of p o l i c y instruments i s an issue to be 

considered. Standards tend to be a r e l a t i v e l y i n f l e x i b l e p o l i c y 

t o o l . However, i t i s not c e r t a i n how much f l e x i b i l i t y i s opt imal , 

nor i s i t c l ear whether the reduct ion i n uncerta inty derived from 
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standards of f se ts the disadvantage of lack of f l e x i b i l i t y . A second 

argument against standards i s that they may act as a c e i l i n g as 

we l l as a f l o o r s ince there i s no incent ive to surpass the 

requirements of a standard. However, i f a ra tche t ing process i s 

used, t h i s need not be the case. 

Standards are usua l ly considered a poor choice because they may be 

i n e f f i c i e n t . This may be true when the options of taxes or 

tradeable permits e x i s t , but under the present circumstances, 

standards appear to have a number of advantages. For example, i t 

may cost B . C . Hydro on the order of one m i l l i o n d o l l a r s to provide 

an incent ive program and market that program e f f e c t i v e l y . 

Conversely, the M i n i s t r y of Energy, Mines and Petroleum Resources 

can implement a standard at a cost of approximately f i f t y thousand 

d o l l a r s [Barry, 1993]. A l t e r n a t e l y , standards are an e f f i c i e n t 

means of overcoming the b a r r i e r discussed i n sec t ion 7 .5 .1 .7 

associated with intermediar ies . I f those intermediaries do not have 

the choice to purchase i n e f f i c i e n t devices , there i s no longer a 

problem for the i n d i v i d u a l who must pay the operating costs . 

Because standards are capable of transforming en t i re markets, they 

are a p o t e n t i a l l y powerful p o l i c y instrument. 

A f i n a l c r i t i c i s m of standards has been expressed by Conover et a l . 

[1994] who assert that the e f f o r t needed to enforce a standard i s 

corre la t ed to the complexity and stringency of the standard. The 

authors found non-compliance rates as high as 25%. 
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7.7.3.3 P r i c i n g 

The r o l e of economic rates (Through p r i c e s tructure and taxes) i s 

seen by The M i n i s t r y of Energy Mines and Petroleum Resources as the 

most important way for energy u t i l i t i e s to encourage customers to 

conserve energy and to use i t more wisely [Energy Mines and 

Petroleum Resources, 1989]. However, current p r i c i n g does not 

r e f l e c t t h i s view, as the p r i c e for energy i s less than the cost of 

prov id ing a d d i t i o n a l suppl ies . Based on information from the 

M i n i s t r y of Energy Mines and Petroleum Resources [1994], the p r i c e 

for natura l gas i s approximately 2.5% less than i t s long run 

marginal cost . S i m i l a r l y , the p r i c e of e l e c t r i c i t y i s approximately 

12% less than i t s long run marginal cost . Prov id ing consumers with 

inaccurate p r i c e s ignals for energy may lead to m i s a l l o c a t i o n of 

resources , r e s u l t i n g i n excessive energy consumption above the 

economically e f f i c i e n t l e v e l . 

In making the argument for p r i c e change as a means of reducing 

energy consumption, the p r i c e e l a s t i c i t y of demand provides useful 

information. The p r i c e e l a s t i c i t y of demand measures the percentage 

change i n demand r e s u l t i n g from a 1% change i n the p r i c e of a 

commodity, ceteris paribus10. 

1 0Used to ind ica te that a l l var iab le s except the ones s p e c i f i e d 
are assumed constant. 
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There are a number of sources that have estimated the p r i c e 

e l a s t i c i t y for e l e c t r i c i t y and natura l gas i n B r i t i s h Columbia. In 

a recent rate design a p p l i c a t i o n , B . C . Hydro uses an aggregate 

c o e f f i c i e n t for B r i t i s h Columbia of -0.67 1 1 [ B r i t i s h Columbia 

U t i l i t i e s Commission, pg. 38, 1990]. A l t e r n a t e l y , J e k e l - S a d l i e r 

[pg. 2, 1990] estimates the p r i c e e l a s t i c i t y for e l e c t r i c i t y 

consumption i n the commercial sector of B r i t i s h Columbia to be 

-0.147, -0.489 and -0.476 for 1 year, 6 year and 16 year impact 

analyses, r e s p e c t i v e l y . 

The p r i c e e l a s t i c i t y for natura l gas i s estimated i n the range of 

-0.046 to -0.013 by B . C . Gas [BCUC, pp 9-10, 1994, b] . J e k e l -

Sad l i er [pg. 5, 1990] estimates the p r i c e e l a s t i c i t y for natura l 

gas consumption by commercial users i n B r i t i s h Columbia to be -

0.113, -0.533, and -0.565 for 1 year, 6 year and 16 year impact 

analyses, r e s p e c t i v e l y . 

The magnitudes of p r i c e e l a s t i c i t y for e l e c t r i c i t y and natura l gas 

are s i g n i f i c a n t l y less than u n i t y . This impl ies that a change to 

the p r i c e of e l e c t r i c i t y and natura l gas w i l l generate less than a 

proport ionate decrease i n energy consumption. This suggests that 

large p r i c e increases may be required to achieve moderate 

1 1 The e l a s t i c i t y f igure includes r e s i d e n t i a l , commercial, and 
i n d u s t r i a l e l e c t r i c i t y users . The e l a s t i c i t y for the i n d u s t r i a l 
sector i s estimated at -0.15 to -0 .25, and t h i s sector corresponds 
to approximately 45% of t o t a l e l e c t r i c i t y sales by B . C . Hydro. 
Therefore, the e l a s t i c i t y for the commercial sector i s probably 
greater than -0 .67, although no f igures were l i s t e d . 
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improvements i n energy conservation l e v e l s . Therefore, i t i s not 

c l e a r that p r i c e mechanisms alone provide the most appropriate 

mechanism to reduce energy consumption i n the commercial sector . 

This i s e s p e c i a l l y true i n the short and medium time frames. 

An a l t e r n a t i v e or supplement to uniform p r i c e increases i s rate 

design. The B r i t i s h Columbia U t i l i t i e s Commission has stated that 

"Rate design can be e f f ec t ive i n s e t t ing rate s tructures that 

expand p u b l i c awareness by sending appropriate p r i c i n g 

s i g n a l s . . . rate design [ is] the preferable veh ic l e for promoting 

conservation and e f f i c i e n t use through customer rates" [BCUC, pg. 

3, 1992]. 

Considering for the moment e l e c t r i c i t y consumption, B . C . Hydro 

current ly uses a d e c l i n i n g block rate s tructure for commercial 

consumers. This implies that the more e l e c t r i c i t y a customer 

consumes i n a month, the cheaper i t becomes for a un i t of 

consumption. The t r a i l i n g block rate s tructure evolved from a 

t r a d i t i o n a l energy scenario of customers benef i t ing from economies 

of scale and d e c l i n i n g costs i n the development of new generation. 

However, the s i t u a t i o n has reversed s ince B . C . Hydro now faces the 

prospect of developing higher cost resources to supply the growth 

i n demand for e l e c t r i c i t y . Since 1992, the B r i t i s h Columbia 

U t i l i t i e s Commission (BCUC) has d i rec ted u t i l i t i e s to move to a 

f l a t rate s t ruc ture . I t i s ant i c ipated i n the case of B . C . Hydro, 

that t r a n s i t i o n to a f l a t rate w i l l be complete by the 1995/96 
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f i s c a l year [ B r i t i s h Columbia U t i l i t i e s Commission, pg. 7, 1994]. 

I t i s important to assess the value of p r i c e and rate s tructure 

wi th in the framework for evaluat ing p o l i c y options out l ined above. 

The issue of e f f i c i e n c y i s an important p o l i c y goa l . The most 

e f f i c i e n t way for a commodity to be p r i c e d i s through market 

forces . However, because the p r i c e e l a s t i c i t y for e l e c t r i c i t y and 

natura l gas are s i g n i f i c a n t l y less than un i ty i n the short and 

medium term, large p r i c e increases would be required to achieve 

moderate gains i n energy conservation l e v e l s , t h i s impl ies that a 

mix of p o l i c y mechanisms may provide a more appropriate so lu t ion to 

t h i s p o l i c y i s sue . In add i t i on , there are many e x t e r n a l i t i e s 

associated with energy supply and consumption. With the presence of 

mul t ip le market f a i l u r e s for energy, i t i s impossible for the p r i c e 

to ever be defined opt imal ly . However, on the basis of the 

a l t e r n a t i v e s , p r i c i n g must s t i l l be acknowledged as an important 

method of achieving p o l i c y goals e f f i c i e n t l y . 

An advantage of p r i c i n g and rate design over other options i s the 

ease of implementation and s i m p l i c i t y of monitoring the e f fects on 

conservat ion. In add i t i on , p o l i c y using p r i c i n g and rate design can 

transform ent i re markets, r e s u l t i n g i n increased d i f f u s i o n rates of 

technology. This i s i n contrast to the u t i l i t y sponsored approach 

that d i f fuses in to the market b u i l d i n g - b y - b u i l d i n g . 

7.8 RELEVANCE TO THE CURRENT STUDY 
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Much of what has been discussed so far i n t h i s chapter i s derived 

from a review of the l i t e r a t u r e . The next step i s to take the 

general information of the previous sect ions and draw out p o l i c y 

conclusions that may be u t i l i z e d to improve the energy and economic 

performance of commercial bu i ld ings s i m i l a r to the case study 

b u i l d i n g . 

Methodological p l u r a l i s m i s a c en tra l c h a r a c t e r i s t i c of the energy 

debate. Competing models and t h e i r so lut ions provide a number of 

p o l i c y a l t e r n a t i v e s based on p r i c i n g , u t i l i t y sponsored DSM, and 

regulatory opt ions . A l l s trateg ies l i s t e d above provide options to 

reduce energy consumption, and should continue to form components 

of future p o l i c y i n i t i a t i v e s . As noted i n Section 7.4, however, the 

b a r r i e r s that i n h i b i t the adoption of energy conserving 

technologies are l i k e l y to i n h i b i t the ef fect iveness of p u b l i c 

p o l i c y so lut ions implemented to deal with the problems. 

The p r i c e for energy does not r e f l e c t the marginal cost of adding 

new supply. Provid ing commercial energy users with the correct 

p r i c e s i g n a l i s an important step i n improving the energy and 

economic e f f i c i e n c y i n the b u i l d i n g sector . As noted i n Sect ion 

7 .7 .3 .3 , the p r i c e for energy i s less than the long run marginal 

cost of energy. However, the p r i c e e l a s t i c i t y for energy among 

commercial users i s less than uni ty for e l e c t r i c i t y and natura l gas 

i n the short and long run. This implies that large p r i c e increases 

would be required to achieve moderate reductions i n enery 
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consumption. Therefore, p r i c e changes alone may not provide the 

most a t t r a c t i v e so lu t ion to improving energy e f f i c i e n c y . 

The d e c l i n i n g block rate s tructure used by B . C . Hydro does not 

encourage energy conservation. However, as noted i n Sect ion 

7 .7 .3 .3 , a f l a t ra te s tructure w i l l be implemented by the 1995/96 

f i s c a l year. Moving to an i n c l i n i n g block rate s tructure may 

provide further incent ive to improve e f f i c i e n c y , and should be 

considered i n future p o l i c y ana lys i s . 

The adoption of the ASHRAE 90.1 energy e f f i c i e n c y standards for 

commercial bu i ld ings i n Vancouver provides a basel ine performance 

for b u i l d i n g s . However, i t has been shown i n t h i s work that the 

standards define a l e v e l of performance that i s sub-optimal . More 

s tr ingent performance standards, e s p e c i a l l y for l i g h t i n g systems 

w i l l have p o s i t i v e energy and economic benef i t s . 

U t i l i t y sponsored programs are a p o t e n t i a l l y powerful option at 

improving energy conservation i n the commercial sector . Current 

Demand Side Management i n i t i a t i v e s include performance based 

incent ives for l i g h t i n g , and funding for design s tudies . Incentive 

programs to encourage medium and high e f f i c i e n c y b o i l e r s w i l l 

commence s h o r t l y . There are a broad range of a d d i t i o n a l DSM 

programs a v a i l a b l e . Notably, the idea of performance-based hook-up 

fees deserves greater a t t ent ion . In a d d i t i o n , d a y l i g h t i n g and heat 

pumps provide v i a b l e energy conservation s t ra teg i e s . Future DSM 
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programs should target these s t ra teg ie s . 

The current governance system may i n h i b i t improvements i n energy 

performance of b u i l d i n g s . As noted i n Section 7.6, there are many 

stakeholders i n t h i s i ssue , each with a d i s t i n c t set of p r i o r i t i e s . 

Author i ty i s d iverse , mandates overlap, and there i s l i t t l e 

leadership or c o l l a b o r a t i o n . Therefore, future p o l i c y should 

include mechanisms for improving the i n s t i t u t i o n a l arrangements i n 

t h i s i s sue . 
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CHAPTER EIGHT: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

8.1 SUMMARY OF FINDINGS AND CONCLUSIONS 

8.1.1 Operating Energy 

• The i n i t i a l B u i l d i n g Energy Performance Index (BEPI) for the 

case study b u i l d i n g i s 0.96 GJ/m 2 . yr . This i s cons is tent with 

the case study b u i l d i n g conforming to the ASHRAE 90.1 energy 

e f f i c i e n c y code. 

• By the adoption of simple, proven technologies , the operating 

energy of the case study b u i l d i n g i s reduced to 0.23 GJ/m 2 . yr . 

This corresponds to a 77% reduct ion i n operating energy 

consumption. 

8.1.2 Embodied Energy 

• The i n i t i a l embodied energy of the case study b u i l d i n g i s 4.26 

GJ/m 2 . Normalizing for b u i l d i n g l i f e , t h i s corresponds to 0.10 

GJ/m 2 .yr for a b u i l d i n g l i f e of 40 years , and 0.053 GJ/m 2 .yr 

for a b u i l d i n g l i f e of 80 years . 

• S tee l accounts for 38.7 % of the i n i t i a l embodied energy and 

concrete accounts for a further 14.6% of the i n i t i a l embodied 

energy. 
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The s tructure accounts for approximately 32% of the i n i t i a l 

embodied energy and the HVAC system accounts for a further 

17%. 

The r e c u r r i n g embodied energy i s 0.11 GJ/m 2 .yr for b u i l d i n g 

l i v e s of 40 and 80 years. 

The l i f e - c y c l e embodied energy i s 0.21 GJ/m 2 .yr and 0.16 

GJ/m 2 . yr . for b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . 

These f igures are v a l i d for a l l the b u i l d i n g conf igurat ions 

studied i n t h i s work. 

Over the range of performances and s trateg ies studied i n t h i s 

work, the operating energy and l i f e - c y c l e embodied energy are 

nearly independent. This implies that improving the operating 

performance of the case study b u i l d i n g does not change the 

l i f e - c y c l e embodied energy of the b u i l d i n g . 

The r e s u l t s of the analys i s suggest that over the range of 

energy performances studied i n t h i s work, m u l t i p l y i n g b u i l d i n g 

p r i c e and the input-output value for n o n - r e s i d e n t i a l 

construct ion provides s u f f i c i e n t accuracy to p r e d i c t the 

i n i t i a l embodied energy of the case study b u i l d i n g . 

Options a v a i l a b l e to reduce the l i f e - c y c l e embodied energy of 

the case study b u i l d i n g inc lude: materia ls r e c y c l i n g ; r e l y i n g 
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on the natura l trend, i n the Canadian economy to reduce the 

embodied energy of goods and serv ices ; increas ing the b u i l d i n g 

l i f e ; and, materia ls subs t i tu t ion or omission of c e r t a i n 

f i n i s h e s . 

8.1.3 L i f e - c y c l e Energy Analysis 

• For a b u i l d i n g l i f e of 40 years , the l i f e - c y c l e energy i s 

reduced from 1.6 to 0.54 GJ/m 2 .yr by the cumulative adoption 

of energy conservation s t ra teg i e s . This corresponding to a 66% 

reduct ion i n energy consumed. 

• For a b u i l d i n g l i f e of 80 years , the l i f e - c y c l e energy i s 

reduced from 1.55 to 0.49 GJ/m 2 .yr by the cumulative adoption 

of energy conservation s t ra teg ie s . This corresponding to a 68% 

reduct ion . 

• The r a t i o of l i f e - c y c l e energy a t t r i b u t e d to the embodied 

energy ranges from 13.1% to 38.9% for a b u i l d i n g l i f e of 40 

years , and from 10.3% to 32.7% for a b u i l d i n g l i f e of 80 

years , depending on the operating c h a r a c t e r i s t i c s . 

• Reducing the operating energy requirements of the case study 

b u i l d i n g provides the larges t p o t e n t i a l energy savings. 

8.1.4 L i f e - c y c l e Cost Analysis 
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The c a p i t a l cost of the case study b u i l d i n g i n i t s base 

conf igurat ion i s $5.23 m i l l i o n ($652/m2) . The c a p i t a l cost of 

improving the case study b u i l d i n g to an energy e f f i c i e n t 

design i s $53/m2. This corresponds to an 8.2% increase i n 

c a p i t a l costs . 

I f only those s trateg ies are implemented that are cost 

e f f e c t i v e , the net benef i t of upgrading the b u i l d i n g i s $0,788 

m i l l i o n , and $0,794 for b u i l d i n g l i v e s of 40 and 80 years, 

r e s p e c t i v e l y . The analys i s assumes a discount rate of 12.2%, 

and u t i l i z e s cost data based on the long run marginal cost of 

energy. 

Strategies used to reduce a i r i n f i l t r a t i o n , increase b u i l d i n g 

i n s u l a t i o n and improve the performance of f enes trat ion systems 

are found to be uneconomic. However, the ana lys i s of the cost 

ef fect iveness of the i n s u l a t i o n and fenes trat ion a l t erna t ive s 

i s incomplete, and requires further a n a l y s i s . 

The l i f e - c y c l e net benef i t of implementing a l l b u i l d i n g 

improvements i s $0,246 m i l l i o n and $0,253 m i l l i o n for b u i l d i n g 

l i v e s of 40 and 80 years, r e spec t ive ly . 

I f only those s trateg ies with a p o s i t i v e net benef i t are 

implemented, the payback per iod i s immediate. Implementing a l l 

s t ra teg ies has a payback per iod of 9 years . These r e s u l t s are 
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based on a discount rate of 12.2%. 

• A second c r i t e r i o n for cost ef fect iveness used i n the analys i s 

i s the d i f ference between the un i t cost of energy savings and 

the u n i t cost of energy purchases. A p o s i t i v e value implies i t 

i s cheaper to purchase energy savings than to purchase 

a d d i t i o n a l energy. I f only those i n d i v i d u a l s tra teg ies that 

are cost e f f ec t ive are adopted, the d i f f erence between 

l e v e l i z e d cost per un i t of energy saved and the l e v e l i z e d cost 

per un i t of energy purchased i s $41.02/GJ and $30.38/GJ for 

b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . I f a l l the 

s tra teg ies are implemented, the d i f ference between the un i t 

cost of energy savings and the un i t cost of energy purchases 

i s $1.93/Gj and $0.949/Gj for b u i l d i n g l i v e s of 40 and 80 

years , r e s p e c t i v e l y . 

• The economic and energy analyses are based on complementary 

information and provide consistent r e s u l t s . A 60% decrease i n 

the operating energy of the b u i l d i n g i s poss ib le by applying 

s trateg ies that are cost e f f e c t i v e . This impl ies the l i f e -

cyc le energy of the b u i l d i n g may be decreased by 50% and 48% 

for b u i l d i n g l i v e s of 40 and 80 years , r e s p e c t i v e l y . 

8.1.5 P o l i c y Implicat ions 

I t has been postulated that the concept of bounded r a t i o n a l i t y 
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may provide a means for br idg ing the methodological and 

conceptual d i s p a r i t i e s between the po lar views of economics, 

and behavioral and technology researchers . Further , i t i s 

argued that disagreement over the facts and models i s a 

c e n t r a l c h a r a c t e r i s t i c of the p o l i c y debate r e l a t e d to energy 

e f f i c i e n c y . As such, there i s a strong argument for 

methodological p l u r a l i s m : where no one model can describe t h i s 

p o l i c y issue unambiguously, combining the competing models and 

t h e i r so lut ions may provide a more robust bas is for developing 

p u b l i c p o l i c y . 

P r i c i n g , u t i l i t y sponsored DSM,' and regulatory measures 

provide options to reduce energy consumption, and should 

continue to form components of future p o l i c y i n i t i a t i v e s . 

However, the b a r r i e r s that i n h i b i t the adoption of energy 

conserving technologies are l i k e l y to i n h i b i t the 

ef fect iveness of p u b l i c p o l i c y so lut ions implemented to deal 

with the problems. 

The p r i c e for energy does not r e f l e c t the marginal cost of 

adding new supply. Providing commercial energy users with the 

correc t p r i c e s igna l i s an important step i n improving energy 

and economic e f f i c i e n c y i n the b u i l d i n g sector . The p r i c e 

e l a s t i c i t y for energy among commercial users i s less than 

uni ty for e l e c t r i c i t y and natura l gas i n the short and long 

run. Therefore, for p r i c e changes to be an e f f ec t i ve p o l i c y 
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instrument, large p r i c e increases would be requ ired . This 

suggests that a mix of p o l i c y instruments may provide a more 

appropriate p o l i c y choice . 

The d e c l i n i n g block rate s tructure used by B . C . Hydro does not 

encourage energy conservation. However, a f l a t rate s tructure 

w i l l be implemented by the 1995/96 f i s c a l year. Moving to an 

increas ing block rate s tructure may provide further incent ive 

to improve e f f i c i e n c y , and should be considered i n future 

p o l i c y a n a l y s i s . 

The adoption of the ASHRAE 90.1 energy e f f i c i e n c y standards 

for the case study b u i l d i n g provides a base l ine performance. 

However, the standards define a l e v e l of performance that i s 

sub-optimal . More s tr ingent performance standards, e s p e c i a l l y 

for l i g h t i n g systems w i l l have p o s i t i v e energy and economic 

benef i t s . 

U t i l i t y sponsored programs are a p o t e n t i a l l y powerful option 

to improve energy conservation i n the commercial sector . 

Current Demand Side Management i n i t i a t i v e s inc lude performance 

based incent ives for l i g h t i n g , and funding for design s tudies . 

Incentive programs to encourage medium and high e f f i c i e n c y 

b o i l e r s w i l l commence s h o r t l y . There are a broad range of 

a d d i t i o n a l DSM programs a v a i l a b l e . Notably, the idea of 

performance based hook-up fees deserves greater a t t e n t i o n . In 
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a d d i t i o n , day l ight ing and heat pumps provide v i a b l e energy 

conservation s t ra teg i e s . Future DSM programs should target 

these energy conservation s t ra teg i e s . 

• The current governance system may i n h i b i t improvements i n 

energy performance of b u i l d i n g s . There are many stakeholders 

i n t h i s i ssue , each with a d i s t i n c t set of p r i o r i t i e s . 

Author i ty i s d iverse , mandates overlap, and there i s l i t t l e 

leadership or c o l l a b o r a t i o n . Therefore, future p o l i c y should 

include mechanisms for improving the i n s t i t u t i o n a l 

arrangements i n t h i s i ssue. 

8 . 2 RECOMMENDATIONS 

I t i s recommended that an economic and energy a n a l y s i s , s i m i l a r to 

the one performed here, be performed for a l l commercial b u i l d i n g 

types and c l i m a t i c regions of B r i t i s h Columbia. I f s i m i l a r 

performance improvements are obtainable at cost e f f ec t i ve l e v e l s , 

i t i s recommended that the b u i l d i n g code be modified to improve the 

minimum energy performance of commercial bu i ld ings i n B r i t i s h 

Columbia above ASHRAE 90.1 standards. 

I t i s recommended that future work should continue to focus on the 

operating performance of b u i l d i n g s . I f the b u i l d i n g energy 

performance index (BEPI) i s less than 0.3 GJ/m 2 . yr , the embodied 

energy w i l l be an important component of the l i f e - c y c l e energy, and 
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should be quant i f i ed .and minimized. 

P r i c i n g , u t i l i t y sponsored DSM, and regulatory measures provide 

options to reduce energy consumption. I t i s recommended that a l l 

options should continue to form components of future p o l i c y 

i n i t i a t i v e s . 
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Append ix A 

Tab le A1: 3ui lding Speci f icat ions 

test run B A S E BUI . D I N G C O N F I G U R A T I O N 

Schedu les Day Hours Fac tor 

O c c u p a n c y Mon-Fr i 1.8 0 

9,11 1 
12 0.8 

13 0.4 

14 0.8 

15,18 1 
19 0.5 

20 0.1 

21 0.1 

22,24 0 

W e e k e n d s 1,24 0 

and Hol idays 

Lights Mon-Fr i 1,8 0.15 

9 0.9 

10 0.95 

11 1 

12 0.95 

13 0.8 

14 0.9 
15,18 1 

19 0.6 

20,21 0.2 

22,24 0.15 

W e e k e n d s 1.24 0.15 

and Hol idays 

Equ ipmen t Mon-Fr i 1.8 0.02 

9,20 0.8 

21,24 0.02 

W e e k e n d s 1.24 0.02 

and Hol idays 

Inf i l t rat ion Mon-Fr i 1.7 0.4 

8,18 0.06 

19,24 0.4 

W e e k e n d s 1,24 0.4 

and Hol idays 

Fans Mon-Fr i 1.7 0.4 

8,18 0.06 
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A p p e n d i x A 

19,24 0.4 

W e e k e n d s 1,24 0.4 

and Hol idays 

Des ign Character is t ics 

Or ientat ion Major Ax i s Paral le l to North South 

Occupancy 13.9 sq . m/person 

Lights 27 W / s q . m 

Equ ipmen t 5.4 W / s q . m 

Ai r Inf i l t rat ion 2 A C H 

Peop le Heat Ga in 0.47 MJ/person/hour 

Hot W a t e r 5000 W a t t s 

S c h e d u l e ^ O c c u p a n c y 

E levator 75 K W 

Schedu le= O c c u p a n c y 

Glaz ing 2 layers 

A l u m i n u m F r a m e W i t h o u t T h e r m a l Break 

Shading coef f ic ient 0.909 

The rma l Conduct iv i ty 0.72 

Of f ice Condi t ions 

Design Heat T e m p 21 Deg . C 

Design Coo l T e m p 23 Deg . C 

Ai r Changes /Hr 4.5 

O/A changes /Hr 0.58 cu m./person 

Var iable A i r V o l u m e S y s t e m 

Baseboard Heat ing 

Underground Park ing Condi t ions 

Outs ide A i r Changes /Hr 6 

Heat ing, Cool ing Not Supp l ied 
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