
I r- 

1 3 4 4 5 6  0 0 6 0 0 8 2  9 

ORNL/CON-24 

I 

The ORNL Engineering-Economic Model 
of Residential Energy Use " 

- I 

L I - 3  Eric Hirst- 

I Janet Carney 



Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

Price: Printed Copy $6.00; Microfiche $3.00 

This report was prepared as an account of work sponsored by an agency of theunited 
StatesGovernment. Neither the United States Government nor any agency thereof, nor 
any of their employees, contractors, subcontractors, or their employees, makes any 
warranty, express or implied, nor assumes any legal liability or responsibility for any 
third party's use or the results of such use of any information, apparatus, product or 
process disclosed in this report, nor represents that its use by such third party would 
not infringe privately owned rights. 

I 

\ 

\ 
\ 



ORNL/CON-24 

Contract No. W-7405-eng-26 

ENERGY DIVISION 

THE ORNL ENGINEERING-ECONOMIC MODEL OF RESIDENTIAL ENERGY USE 

Eric Hirst 
Janet Carney 

Date Published: July 1978 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
DEPARTMENT OF ENERGY 

I I 





THE ORNL ENGINEERING-ECONOMIC MODEL OF RESIDENTIAL ENERGY USE 

Eric Hirst 
Janet Carney 

- ABSTRACT 

The ORNL residential energy use model was developed to simulate 
energy use in the residential sector from 1970 through 2000. The model 
provides considerable detail on annual energy uses by fuel, end use, and 
housing type; and also estimates annual equipment installations and 
ownership, equipment energy requirements, structure thermal performance, 
fuel expenditures, equipment costs, and costs for improving thermal 
performance of new and existing housing units. Thus, the model provides 
considerable detail on residential energy uses and associated costs. 
These details are useful for evaluating alternative energy conservation 
policies, programs, and technologies for their energy and economic 
effects during the next quarter century. 

The present version of the model deals with four fuels, eight end 
uses, and three housing types. Each of these fuel use components is 
calculated each year as a function of stocks of occupied housing units 
and new construction, average housing size, equipment ownership by fuel 
and end use, thermal performance of housing units, average unit energy 
requirements for each equipment type, and usage factors that reflect 
household behavior. 

Simulations of energy use from 1960 to 1976 show that the model 
accurately predicts historical data on aggregate energy use, energy use 
by fuel, energy use by end use, and equipment ownership market shares. 
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THE ORNL ENGINEERING-ECONOMIC MODEL OF RESIDENTIAL ENERGY USE 

E r i c  H i r s t  
J a n e t  Carney 

1. INTRODUCTION 

This  r e p o r t  desc r ibes  t h e  s t r u c t u r e ,  i n p u t s ,  v a l i d a t i o n ,  and opera- 

t i o n  of t h e  ORNL r e s i d e n t i a l  energy use  model. The purpose of t h i s  work 

i s  t o  provide an a n a l y t i c a l  t o o l  t o  e v a l u a t e  a v a r i e t y  of energy conser- 

v a t i o n  p o l i c i e s ,  programs, and technologies  f o r  t h e i r  e f f e c t s  on energy 

u s e ,  energy c o s t s ,  and c a p i t a l  c o s t s  over t i m e .  

* 
The model d e a l s  w i th  annual  energy use  f o r  f o u r  f u e l s  ( e l e c t r i c i t y ,  

gas ,  o i l ,  o t h e r ) ;  e i g h t  end uses  (space hea t ing ,  a i r  cond i t ion ing ,  water 

h e a t i n g ,  r e f r i g e r a t i o n ,  food f r e e z i n g ,  cooking, l i g h t i n g ,  o t h e r ) ;  t h r e e  

housing types  ( s ing le- fami ly ,  mult i - family,  mobile homes); and two housing 

s ta tes  (new, e x i s t i n g ) .  Household energy use f o r  each component i s  com- 

puted i n  response t o  changes i n :  s t o c k s  of occupied housing u n i t s  and new 

r e s i d e n t i a l  c o n s t r u c t i o n ,  equipment ownership by f u e l  and end use ,  s i z e  

and thermal  performance of housing u n i t s ,  average u n i t  energy requirements  

f o r  each type  of equipment, and usage f a c t o r s  t h a t  r e f l e c t  household 

behavior .  

The model s imula t e s  annual  energy use  f o r  each yea r  from 1970 through 

2000. Thus, a s imula t ion  involves  t h e  c a l c u l a t i o n  of 5,760 (30 yea r s  x 

192) f u e l  use  components. The model a l s o  c a l c u l a t e s ,  a t  t h e  same level  of 

d e t a i l ,  in format ion  on new equipment i n s t a l l a t i o n s ,  equipment ownership, 

new and average equipment e f f i c i e n c i e s ,  new and average s t r u c t u r e  thermal  

* 
E l e c t r i c i t y  use  f i g u r e s  are i n  terms of primary energy (11,500 

Btu/kwhr o r  3.37 J/J from 1970-2000); t h a t  i s  they inc lude  l o s s e s  i n  
gene ra t ion ,  t r ansmiss ion ,  and d i s t r i b u t i o n .  F igures  f o r  'gas and o i l ,  
however, do n o t  i nc lude  l o s s e s  a s soc ia t ed  wi th  r e f i n i n g  and t r a n s p o r t a t i o n .  

1 
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performance, usage f a c t o r s ;  and annual  expendi tures  on f u e l s ,  improved 

equipment, and thermal  improvements t o  new and e x i s t i n g  s t r u c t u r e s .  

Th i s  r e p o r t  d e a l s  wi th  our  n a t i o n a l  energy model. We a l s o  developed 

r e g i o n a l  r e s i d e n t i a l  energy use i n p u t  d a t a  s o  t h a t  w e  can 

model f o r  each of t h e  t e n  Fede ra l  reg ions  and f o r  each of 

Bureau of t h e  Census d i v i s i o n s .  1 

Figure  1 i s  a schematic  diagram of t h e  energy model. 

o p e r a t e  t h e  

t h e  n i n e  U.S. 

The demogra- 

ph ic s  submodel (Sec t ion  2)  c a l c u l a t e s  s tocks  of occupied housing u n i t s  by 

type  f o r  each yea r  of t h e  s imula t ion .  Based on c a l c u l a t i o n s  of household 

formation and r e t i r emen t s  from t h e  e x i s t i n g  s t o c k  of occupied housing 

u n i t s ,  new c o n s t r u c t i o n  requirements  are c a l c u l a t e d  f o r  each y e a r  t o  

,' . 

- 

ORNL-DWG 76-20387~ 

DEMOGRAPHICS 

HOUSING STOCKS, 
NEW CONSTRUCTION 

R ESl DENTI A L  
ENERGY USE 
SIMULATION 

FUEL PRICE-, EQUIPMENT 
PRICE-, INCOME-ELASTICITIES - ECONOMICS 

ENERGY USE/IN I T l A L  COST 
RELATIONSHIPS FOR EQUIPMENT 
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TECHNOLOGIES h DETAILED FUEL USES 
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CAP ITA L COST : 
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Fig.  1. Schematic of ORNL r e s i d e n t i a l  energy use  model. 
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ensu re  t h a t  t h e  s tock  of occupied housing u n i t s  matches demand ( t h e  number 

of  households t h a t  y e a r ) .  

- 

The technologies  submodels (Sec t ion  3 )  e v a l u a t e  changes i n  equipment 

energy requirements  and purchase p r i c e  as func t ions  of a l t e r n a t i v e  des igns .  

De ta i l ed  engineer ing  submodels were cons t ruc ted  f o r  e lec t r ic ,  gas ,  and o i l  

space  h e a t i n g  systems;  gas and - e lec t r i c  w a t e r  h e a t e r s ;  r e f r i g e r a t o r s ;  and 

gas  and e l ec t r i c  ranges.  W e  synthes ized  d a t a  from a number of sources  t o  

i n f e r  r e l a t i o n s h i p s  between equipment energy use  and i n i t i a l  c o s t  f o r  t h e  

o t h e r  end uses .  I n  a s i m i l a r  f a sh ion ,  w e  eva lua ted  changes i n  thermal  

performance f o r  6 e w  and e x i s t i n g  s t r u c t u r e s  as func t ions  of i nc reased  

c a p i t a l  c o s t  f o r  each housing type.  

The economic submodels (Sec t ion  4 )  c a l c u l a t e  e las t ic i t ies  t h a t  

de te rmine  t h e  respons iveness  of households t o  changes i n  economic vari-  

a b l e s :  incomes, f u e l  p r i c e s ,  equipment p r i c e s .  E las t ic i t ies  are calcu-  

l a t e d  f o r  each of t h e  t h r e e  major household f u e l s  f o r  each of t h e  e i g h t  

end uses .  Each f u e l  p r i c e  and income e l a s t i c i t y  i s  decomposed i n t o  t h r e e  

components: equipment ownership, equipment and s t r u c t u r e  e f f i c i e n c i e s ,  

and equipment usage. The f i r s t  g ives  changes i n  equipment f u e l  choice  

(market sha re )  i n  response t o  changes i n  f u e l  pr ices ,  equipment pr ices ,  

. and incomes. The second g ives  changes i n  equipment and s t r u c t u r e  e f f i -  

c i e n c i e s ,  and t h e  t h i r d  g ives  changes i n  household usage of equipment 

(hold ing  ownership and e f f i c i e n c i e s  c o n s t a n t ) .  

Our market p e n e t r a t i o n  methodology i s  descr ibed  i n  s e c t i o n  5. This  

p a r t  of t h e  model c a l c u l a t e s  changes i n  new equipment e f f i c i e n c i e s  and new 

s t r u c t u r e  thermal  performance over t i m e .  These changes are func t ions  of 

consumer behavior  (Sec t ion  4 ) ,  a v a i l a b l e  technologies  (Sec t ion  3 ) ,  and 

t i m e  . 
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Section 6 describes the operation of the overall simulation model. 

Basically, the simulation model combines outputs from the various sub- 

models (Fig. 1) with appropriate initial conditions for 1970 and boundary 

conditions (policy variables) for the 1970-2000 period. Outputs from the 

simulation model include 192 fuel use components for each year. 

fuel use component is determined in the simulation program as the product 

of six factors: housing stock, housing size, equipment fuel choice 

(market share), equipment energy requirement, structure thermal perform- 

ance, and usage. 

* 
Each 

Section 7 compares model predictions with historical data from 1960 

through 1976. Model predictions are compared with data for each fuel and 

.for equipment ownership market-shares in 1970 and 1975. Finally, distri- 

butions of fuel by end use for 1970 and 1975 from the model are compared 

with independent estimates. 

Section 8 presents two projections of residential energy use to the 

year 2000. Independent estimates of fuel prices and incomes are used as 

inputs to the model. Two sets of assumptions concerning technical improve- 

ments in equipment and structures are postulated. The energy and economic 

costs of these projections are compared. 

Section 9 discusses uncertainties inherent in the development and 

application of simulation models. Rough estimates of uncertainties in 

parameter estimates are used to develop "upper" and "lower" bounds on the 

projections developed in Section 8 .  

* 
Eighty-four of these 192 cells are empty; for example, oil-fired 

refrigerators. 
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The f i n a l  s e c t i o n  summarizes t h e  key f e a t u r e s  of t h e  p re sen t  model, 

d i scusses  a d d i t i o n a l  e f f o r t s  underway t o  f u r t h e r  improve t h e  model, and 

lists some of t h e  a p p l i c a t i o n s  of t h e  model f o r  our  sponsor ,  t h e  Depart- 

ment of Energy. 

Thus, Sec t ions  2-4 d e s c r i b e  t h e  submodels t h a t  provide i n p u t s  t o  t h e  

- s imula t ion  model. The fo l lowing  s e c t i o n s  d i scuss  t h e  r e s i d e n t i a l  energy 

use  s imula t ion  model i n  terms of i t s  s t r u c t u r e ,  ope ra t ion ,  a b i l i t y  t o  

match h i s t o r i c a l  d a t a ,  and t y p i c a l  r e s u l t s .  

Table  1 summarizes t h e  key f e a t u r e s  of our  model. Because of t hese  

f e a t u r e s  t h e  model is  u s e f u l  f o r  eva lua t ing  v a r i o u s  conserva t ion  p o l i c i e s ,  

programs, and technologies .  

eva lua te :  app l i ance  e f f i c i e n c y  s t anda rds ,  thermal  s t anda rds  f o r  new resi- 

d e n t i a l  cons t ruc t ion ,  a l t e r n a t i v e  f u e l  p r i c e  s t r a t e g i e s ,  and f i n a n c i a l  

i n c e n t i v e s  f o r  r e t r o f i t  of e x i s t i n g  s t r u c t u r e s .  For each of t h e s e  p o l i c i e s  

and programs, model ou tpu t s  i nc lude  estimates of energy use changes by 

f u e l  and end use  over  t i m e ;  i n  a d d i t i o n ,  ou tpu t s  i nc lude  changes i n  energy 

c o s t s ,  c a p i t a l  c o s t s  f o r  equipment, and c o s t s  f o r  upgrading s t r u c t u r e  

A s  examples, model ou tpu t s  can be used t o  

Table  1. Key f e a t u r e s  of t h e  ORNL r e s i d e n t i a l  energy use model 

E x p l i c i t  S e n s i t i v e  t o  demographic, economic, and 
t echno log ica l  de te rminants  of energy 
uses  

Simulat ion Based on household behavior  about equip- 
ment and s t r u c t u r e s  purchases  and uses  

Dynamic 

D e  t a i l e d  

Inco rpora t e s  t i m e  f e a t u r e s  of equipment 
and s t r u c t u r e s  l i f e t i m e s  and behav io ra l  
l a g s  

Ca lcu la t e s  1 9 2  fue l l end  u s e l b u i l d i n g  type 
components f o r  each yea r  f o r  energy, 
energy c o s t s ,  and c a p i t a l  c o s t s  
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thermal performance. These cost figures allow one to develop simple 

benefit/cost measures for each program. 

The model can also be used to evaluate the effects of various energy 

conservation technologies, including R&D projects. For example, the 

model can estimate the market penetration and energy and economic effects 

of offering an improved space heating system to consumers (e.g., a gas- 

fired heat pump) by specifying the efficikcy and capital cost character- 

istics of the new system. 

Finally, the model produces projections of residential energy use 

that are both detailed and internally-consistent. 

2 .  HOUSING 

Figure 2 shows the structure of our housing submodel. The submodel 
* 

first calculates headship rates for each year from 1970 through 2 0 0 0  for 

each of seven age groups: 1 5 - 2 4 ,  25-29 ,  30-34 ,  35-44 ,  4 5 - 5 4 ,  5 5 - 6 4 ,  65+. 

Headship rates are then multiplied by population estimates for each age 

group and year to determine the number of households. These households 

are then distributed among three mutually-exclusive housing types (single- 

family, multi-family, mobile homes). Next, the submodel calculates the 

number of -housing units retired and net household formation each year; 

and from this the number of housing units constructed. Finally, the 

average size of new and existing housing units is calculated for each 

year. 

a whole and for each region (either the 10 Federal regions or the 9 

Census divisions). 

As shown in Fig. 2, these calculations are done for the nation as 

* 
Headship rate is defined as household heads in age group i/popula- 

tion in age group i. 
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OF HOUSEHOLDS REGION AND YEAR 

ORNL-DWG 76-20386R 

HOUSING CHOICES U.S. HOUSING 
FOR 1970 AND 2000 - - 

STOCKS 
REGIONAL HOUSING 

STOCKS 

Headship rates are assumed t o  be f u n c t i o n s  of age,  family income, 

* marital s t a t u s ,  and las t  y e a r ' s  headship rate. The form of t h e  assumed 

HOUSING U.S. CONSTRUCTION ~ 

SIZE OF NEW HOUSING UNITS 

r e l a t i o n s h i p  is: 

REGIONAL CONSTRUCTION RETIREMENT 
OF NEW HOUSING UNITS - RATES 

where 

A, B ,  C ,  D: E: are c o e f f i c i e n t s  determined from t h e  r e g r e s s i o n  analy-  

sis , 

* 
R.H. Goshorn developed t h e  headship rate equat ions (and t h e  housing 

s i z e  equat ion discussed la ter  i n  t h i s  Sec t ion )  during t h e  F a l l  of 1977. 
Add i t iona l  d e t a i l  on t h i s  work are i n  Goshorn's unpublished r e p o r t ,  a few 
cop ies  of which are a v a i l a b l e  from t h e  a u t h o r s .  



HR. i s  t h e  headship rate 

U .  i s  the-assumed upper: 

1 

1 
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f o r  households i n  

l i m i t  on headship 

age group i, 

rate , / 

SD. i s  t h e  f r a c t i o n  of i n d i v i d u a l s  
1 

- o r  d ivo rced ,  

M. i s  t h e  f r a c t i o n  of i n d i v i d u a l s  
1 

i n  age group i who are separated” 
/ 

/ , 

i n  age group i who a r e . m a r r i e d  

- and l i v i n g  wi th  t h e i r  spouse,  

Y.  i s  median family income ( i n  cons t an t  d o l l a r s )  f o r  f a m i l i e s  i n  
1 

age group i, 

t is t h e  yea r  of i n t e r e s t ,  t-1 is t h e  preceding yea r .  

These equat ions were e s t ima ted  us ing  d a t a  from 1952 through 1976. Data on 

populat ion,* households,  

from t h e  Bureau of t h e  Census. 

family i n c ~ m e , ~  and marital  s t a t u s 5  are a l l  

W e  used t h e  l o g i t  formulat ion t o  ensure t h a t  HR remains between i t s  

predetermined lower and upper bounds (0.0 and U r e s p e c t i v e l y ) .  The 

va lues  f o r  U from r e f .  6 are based on estimates of t h e  number of husband- 

w i f e  households and t h e  occurrence of o t h e r  household types f o r  each age 

group. 

i’ 

i 
/ 

Severa l  o t h e r  independent v a r i a b l e s  were t e s t e d  b e f o r e  adopt ing t h e  

set  shown above. 

t o  income, unemployment rate, and f r a c t i o n  of i n d i v i d u a l s  who are s i n g l e  

i n  each age group. 

s i s t e n t l y  poor r e s u l t s .  

These i n c l u d e  housing p r i c e ,  t h e  r a t i o  of housing p r i c e  

Regressions ob ta ined  w i t h  t h e s e  v a r i a b l e s  gave con- 
* 

* / 

We a l s o  t e s t e d  d i f f e r e n t  f u n c t i o n a l  forms fo r  t h e  headship rate 
equa t ions :  l o g - l i n e a r ,  log-log, and l i n e a r .  W e  r e j e c t e d  t h e  l i n e a r  
form because of our p re fe rence  f o r  t h e  l o g i t  formulat ion.  The log - l inea r  
model w a s  adopted because i t  y i e l d e d  s l i g h t l y  h ighe r  t-statist ics than  
d i d  t h e  log-log formulat ion.  
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Table 2 shows t h e  c o e f f i c i e n t  estimates f o r  t h e  seven age groups,  

15-24 0 .3  -1.030 0.0000946 --- 20.753 0.490 0.95 0.75 

25-29 0.6 -0.497 0.0001300 --- 2.730 0.416 0.96 0.12 

(-3.4)  ( 3 . 4 )  (2 .73 )  , (3 .15 )  

( -2 .93)  (3 .2 )  (1 .39 )  (2 .42 )  

30-34 

35-44 

45-54 

55-64 

over 65 

0.6 

0.6 

0.6 

0.6 

0.7 

-0.00198 
(0 .02 )  

0.275 
(1 .78 )  

0.714 
(2 .85 )  

-5.,445 
(-2.36)  

2.274 
(-3.63) 

0.0000428 
(1 .43 )  

0.0000523 
(1 .62 )  

0.0000390 
(2 .29 )  

0.0000950 
(1 .68 )  

0.0000425 
(5 .40 )  

--- 2.505 
(1 .25 )  

--- 5.210 
(1.94)  

9.352 -- 
(2 .58 )  

4.513 -- 
(3 .27 )  

0.688 0.94 0.71 
(4 .37 )  

d 0.368 0.93 
(1.25)  

0.488 0.74 1.50 
(2 .78 )  

0.314 0.88 0.48 

- 

(1 .99 )  

0.168 0.98 0.72 
(1.14)  

obtained us ing  o rd ina ry  least  squares .  Figures  i n  parentheses  are com- 

puted t-statist ics.  _ M  i s  n o t  used as an independent v a r i a b l e  f o r  t h e  

f i r s t  f i v e  age groups and SD is  n o t  used f o r  t h e  las t  t h r e e .  The c o e f f i -  

c i e n t s  of t h e s e  terms i n  equat ions t h a t  included them had very low t- 

s ta t is t ics .  The i r  r e j e c t i o n  can a l s o  be argued on demographic grounds. 6 

The c o e f f i c i e n t s  f o r  more than h a l f  t h e  v a r i a b l e s  are s i g n i f i c a n t  a t  

2 t h e  5% l e v e l .  The R v a l u e s  are a l s o  reasonably good. The Durbin K2 
- 

s t a t i s t i c  i s  shown f o r  each equat ion.  These va lues  i n d i c a t e  t h a t  auto- 

c o r r e l a t i o n  is n o t  a problem i n  any of t h e  equat ions.  U s e  of t h e  Durbin 

test  must be q u a l i f i e d ,  however, because i t  is  a l a r g e  sample test. 

Simulations were conducted wi th  t h e  headship rate equat ions t o  

determine t h e  e l a s t i c i t i e s  of household formation wi th  r e s p e c t  t o  t h e  

independent v a r i a b l e s ;  see Table 3 .  Household income is  a more important 

Table 2 .  Estimated headship rate equations' 
dependent variable: Zn __ 

(U F H R )  

Median Fraction Lagged 
Age group U Constant family Fraction separated dependent b -  

income married or variable R2 DC 
divorced 

' A l l  equations are estimated using ordinary least squares with data from 1952-1976 

% is the assumed upper limit for headship in each equation. 
'D is the Durbin K -statistic. 

%he Durbin K -statistic cannot be calculated for this equation. 

(24  observations). Figures in parentheses are estimated t-ratios. 

2 

2 
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Table  3 .  Elas t i c i t i e s  of household formation ob ta ined  
wi th  t h e  ORNL housing model 

E l a s t i c i t v  wi th  resDect t o :  
Income pe r  Separated o r  Married and 
household divorced l i v i n g  w/  spouse 

Shor t  -run 0.08 0.03 0.07 
Long-run 0.15 0.06 0.08 

determinant  of household formation than  e i t h e r  of t h e  demographic vari- 

a b l e s .  

t h e  lagged c o e f f i c i e n t s  are d i f f e r e n t  f o r  each age group (Table 2 ) .  

The dynamics of response are d i f f e r e n t  f o r  each v a r i a b l e  because 

The n a t i o n a l  p r o j e c t i o n  of households ( i d e n t i c a l l y  equa l  t o  s t o c k  of 

occupied housing u n i t s )  is  nex t  disaggregated f o r  each of t h e  n i n e  Census 

d i v i s i o n s  o r  t e n  Fede ra l  regions.  

assume t h a t  each r e g i o n ' s  s h a r e  of t h e  n a t i o n ' s  households e x a c t l y  co r re s -  

I n  performing t h i s  d i saggrega t ion ,  we  

ponds t o  t h a t  r eg ion ' s  s h a r e  of t h e  n a t i o n ' s  populat ion.  

number of people  p e r  household w a s  almost i d e n t i c a l  a c r o s s  r eg ions .  

Populat ion p r o j e c t i o n s  f o r  each r eg ion  are obtained from t h e  Bureau of t h e  

Census and t h e  Water Resources Council .  

I n  1970, t h e  

7 

Households i n  each r eg ion  f o r  each yea r  are then  shared among t h e  

t h r e e  housing types on t h e  b a s i s  of an assumed housing cho ice  matrix 

(housing type  f o r  each age group) f o r  t h e  yea r  2000. 

yea r  are based on a l i n e a r  i n t e r p o l a t i o n  between t h e  known 1970 and 

assumed 2000 mix of housing types.  

each r eg ion  are d i f f e r e n t ,  based on t h e  1970 d i s t r i b u t i o n s .  

Choices f o r  each 

The d i s t r i b u t i o n s  of housing types f o r  

8 
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PPH is the average 

NC, S, W are dummy 
r 

regions , 

t is the year of 

The number of new housing units constructed each year in each region 

is based on new households in each region and retirement of existing 

housing units (determined by retirement rates input to the model). 
* 

Finally, the submodel calculates the average size of new housing 

units and of housing units in existence for each year. Ideally, this 

should include equations for each housing type; such comprehensive data 

are not available. Thus, calculations are performed only for single- 

family units. 

The equation for new single-family homes sold was developed using 

data from 1969 through 1976 for the four Census Regions. The assumed 

relationship is : 

Zn HSrt = A + B In 0 
+ F *NC + G o  S + H O W  

where 

A ,  B, Cy D, E, F, G, H are coefficients determined from the regression 

analysis , 

HS is the average size of new single-family homes sold in region r, 

Y is median family income (in constant dollars), r 

Pr is average price per square foot of new homes, 

r 

number of 

variables 

interest, 

people per household, 

for the northcentral, south, and west 

t-1 is the preceding year. 

* 
For the 1975-2000 

family and multi-family 
period, the assumed retirement rate for single- 
units is 0.7%/year; for mobile homes it is 4.0%/ 

year (ref.9). 
independent of economic factors such as incomes and heating fuel bills. 

These retirement rates are constant in our housing submodel, 



12 

Housing size and price," regional population and households , 3  and family 

income" are all from the Bureau of the Census. 

Table 4 shows the coefficient estimates and t-statistics obtained 

with the least-squares-with-dummy-variable method, used to pool the time 

series/cross section data (28 observations). The coefficients are all 

significant at the 5% level. The Durbin K statistic suggests that 

serially-correlated error terms is not a problem. 

2 * 

a Table 4 .  Estimated new housing size equation 
dependent variable: Zn(average f t2 of floor area) 

.- 

Median Average Persons Lagged 
Constant family price per dependent 

income per ft household variable NC s W R2 
' '3.13 0.'57 -0.37 -1.10 0.16 -0.035 0.048 -0.085 0.76 

(1.32) (2.72). (-2.16) (3.98) (1.11) (-2.05) (1.10) (-2.65) 

aThe equation was estimated using the least-squares-with-dummy-variables method 
with data from 1969-1976 for the four Census Regions (28 observations). 
Figures in parentheses are estimated t-ratios. 

- The coefficients in Table 4 are short-run elasticities. Long-run 

elasticities are obtained by dividing the short-run values by 0.84 (1.0 

minus the lagged coefficient). The long-run elasticity of average new 

single-family home size with respect to family income is 0.7; the long- 

run elasticity with respect to housing price is -0.4. The long-run 

elasticity with respect to persons per households (PPH) is -1.3. 
- 

This negative coefficient for PPH seems unlikely at first glance. 

However, as household size declines - holding income constant - house- 
- 

- 

* 
Recall that the K statistic is valid only for large sample sizes. 2 
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ho lds  w i l l  have more d i s c r e t i o n a r y  income. Apparently t h i s  e f f e c t  

dominates t h e  need f o r  l a r g e r  homes by l a r g e r  households. 
* 

. _ _  .- 

We-developed several p r o j e c t i o n s  of household growth, housing 

s t o c k s ,  new c o n s t r u c t i o n ,  and housing s i z e  us ing  our  submodel p l u s  

d i f f e r e n t  assumptions concerning income growth, marital s t a t u s ,  housing 

p r i c e s ,  and housing choices  i n  t h e  yea r  2000. A l l  our  p r o j e c t i o n s  

assume t h a t  popu la t ion  w i l l  grow according t o  t h e  Census S e r i e s  I1 

pro jec t ion .12  Our r e f e r e n c e  p r o j e c t i o n  of p e r  c a p i t a  income is de r ived  

from a Data Resources, Inc.  (DRI) p r o j e c t i o n  of GNP13 and t h e  S e r i e s  I1 

.. 

popu la t ion  p r o j e c t i o n .  

c a p i t a  income i n  t h i s  case is  2.4% between 1976 and 2000. For purposes 

of comparison, we  also’aeveloped housing p r o j e c t i o n s  assuming t h a t  p e r  

c a p i t a  income grows a t  3.0 and l .O%/year between 1976 and 2000. 

The average annual growth rate of real p e r  

/’. 

The DRI  

pr ,oject ion y i e l d s  a v a l u e  of p e r  c a p i t a  income i n  2000 of $10,600 (1975-$). 

The 1% and 3% p r o j e c t i o n s  y i e l d  va lues  of $7,700 and $12,300. 

c a p i t a  income i n  1976 w a s  $6,050. 

Pe r  

W e  made two d i f f e r e n t  assumptions about t h e  housing choice ma t r ix  

f o r  2000. The f i r s t  assumes t h a t  housing choices  by age of household 

head remain at their 1970 values .8  The second assumes t h a t  changes i n  

* 
Although t h e  s i g n  of t h i s  c o e f f i c i e n t  i s  accep tab le ,  t h e  magnitude 

of t h e  e l a s t i c i t y  i s  d i s t u r b i n g l y  high.  A b i a s e d  c o e f f i c i e n t  might be 
due t o  t h e  f a c t  t h a t  n o t  a l l  households l i v e  i n  s ingle-family u n i t s ;  a 
d e c l i n e  i n  PPH might i nvo lve  a s h i f t  from one housing type t o  another .  
Average f ami ly  s i z e  might be a b e t t e r  v a r i a b l e  because most s ingle-family 
homes are occupied by f a m i l i e s  r a t h e r  t han  by o t h e r  types of households. 
I n  a d d i t i o n ,  t h e  PPH v a r i a b l e  may be p i ck ing  up t h e  e f f e c t s  of o t h e r  
v a r i a b l e s  n o t  included i n  t h e  a n a l y s i s  such as age of household head, 
household weal th ,  and urban ve r sus  r u r a l  l o c a t i o n .  Unfortunately,  l a c k  
of an adequate d a t a  base p reven t s  us  from conducting f u r t h e r  a n a l y s i s  
of housing s i z e .  
PPH c o e f f i c i e n t  from 1.1 t o  0.9 f o r  s imula t ion .  

Because of t h e s e  problems, w e  a r b i t r a r i l y  reduced t h e  
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8 housing choices  t h a t  occurred between 1960 and 1970 con t inue  l i n e a r l y  

t o  t h e  yea r  2000. 

Between 1970 and 1976, t h e  percentage of t h e  a d u l t  popu la t ion  t h a t  

w a s  s epa ra t ed  o r  divorced inc reased  from less than 5% t o  almost 7%.5 

assume t h a t  t h i s  percentage w i l l  con t inue  i n c r e a s i n g  t o  t h e  y e a r  2000, 

b u t  a t  a much slower rate (3% r a t h e r  t han  6%/yea r ) .  We a l s o  assume t h a t  

t h e  f r a c t i o n  of i n d i v i d u a l s  married and l i v i n g  wi th  t h e i r  spouse f o r  t h e  

two o l d e s t  age groups w i l l  remain cons t anebe tween  1976 and 2000, compared 

wi th  an average growth of l % / y e a r  between 1970 and 1976.5 F i n a l l y ,  w e  

assume t h a t  t h e  real p r i c e  of housing p e r  squa re  f o o t  w i l l  i n c r e a s e  a t  

l % / y e a r ,  s l i g h t l y  less than  t h e  1.4%/year  rate from 1970 through 1976. 

We 

10 

F igure  3 shows our  b a s e l i n e  p r o j e c t i o n  of occupied housing u n i t s  

(households) w i t h  t h e  DRI income assumption. The number of households 

MULTI- FAMILY 
- 

A 125 
cn z 
0 - 
i - 100 
5 
Y 

cn c 
z 
3 

- 75 

(3 z 5 50 
0 
I 
0 

25 n 
3 
0 
0 
0 0 

ORNL-DWG 78- 4585A 

I I I I I 
I A 

MOBILE HOME 
I I I I I I n 

1970 1975 1980 1985 1990 1995 2000 

Fig. 3 .  Basel ine p r o j e c t i o n  of s t o c k s  of occupied housing u n i t s .  
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i s  p r o j e c t e d  t o  i n c r e a s e  from 73 m i l l i o n  i n  1976 t o  95 m i l l i o n  i n  1990 

and 106 m i l l i o n  i n  2000, w i th  an average growth rate of 1.6%/year.  

Single-family u n i t s  cont inue t o  be t h e  dominant housing type during t h e  

p r o j e c t i o n  per iod.  

P r o j e c t i o n s  wi th  t h e  3% and 1% income growths y i e l d  household 

estimates f o r  2000 only s l i g h t l y  d i f f e r e n t  from t h e  b a s e l i n e :  

104 m i l l i o n ,  respect ively.  The 3% p r o j e c t i o n  is  i d e n t i c a l  w i th  t h e  high 

108 and 

Census p r o j e c t i o n  f o r  1990; t h e  1% p r o j e c t i o n  is  s l i g h t l y  h ighe r  than 

t h e  low Census p r o j e c t i o n  f o r  1990.14 These p r o j e c t i o n s  (and o t h e r s  n o t  

d i scussed )  sugges t  t h a t  income, marital s t a t u s ,  and t h e  popu la t ion ' s  age 

s t r u c t u r e  a l l  i n f l u e n c e  household formation. 

F igu re  4 shows p r o j e c t e d  d i s t r i b u t i o n s  of housing choices  over t i m e  

W e  a l s o  us ing  t h e  two housing choice matrices f o r  2000 d i scussed  above. 

show Census estimates of housing d i s t r i b u t i o n s  f o r  1970, 1973, 1974 and 

1975. ' l5 The s h i f t  away from single-f  amily u n i t s  t h a t  occurred between 

1960 and 1970 is  cont inuing.  However, r ecen t  d a t a  show no change i n  

multi-family occupancy r a t h e r  t han  t h e  i n c r e a s e  expected from t h e  1960- 

70 t r ends .  F i n a l l y ,  r ecen t  d a t a  show a more r a p i d  s h i f t  t o  mobile homes 

than  t h e  1960-70 t r end  i n d i c a t e s .  The two housing choice matrices 

assumed f o r  2000 (Fig.  4) s e e m  t o  cover t h e  range of l i k e l y  housing 

d i s t r i b u t i o n s  between 1970 and 2000. 

F igu re  5 shows growth i n  average s i z e  of new single-family u n i t s  

2 assuming t h a t  t h e  average p r i c e  p e r  f t  of new u n i t s  i n c r e a s e s  a t  average 

annual rates of 0%, 1%, and 2% between 1976 and 2000. New housing s i z e  

i n  t h e  yea r  2000 ranges from 2,050 f t 2  t o  2,540 f t 2 (24% range ) ,  compared 

2 w i t h  1,710 f t  i n  1976.l' The e f f e c t  on e x i s t i n g  housing u n i t s  i n  2000 

i s  much less: a range i n  s i z e  of only 6%. 
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Fig. 4 .  Projected distribution of households by type of housing unit. 

The present housing submodel is a significant improvement over 

ea'rlier versions. 

changes in income and demographic variables. Housing size is a function 

of economic and demographic variables. 

Household formation is now explicitly sensitive to 

However, work remains t o  be done before we have a completely satis- 

factory submodel. Projections of housing choices are now primarily a 

function of the user's assumptions concerning housing choices in the 
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Fig. 5. P r o j e c t i o n s  of average new housing s i z e .  

1 

00 

yea r  2000; w e  hope t o  r e p l a c e  t h e s e  assumptions wi th  a s e t  of equat ions 

t h a t  s p e c i f y  housing choices  f o r  each age group as f u n t i o n s  of income, 

housing prices , demographic f a c t o r s ,  and o t h e r  v a r i a b l e s .  Add i t iona l  

work i s  a l s o  needed t o  develop b e t t e r  estimates of t h e  l i f e t i m e s  and 

r e t i r emen t  rates f o r  each of t h e  housing types.  

3 .  TECHNOLOGIES 

The technology submodels e v a l u a t e  r e l a t i o n s h i p s  between equipment 

o r  s t r u c t u r e  energy in t ens iveness  ( inve r se  of energy e f f i c i e n c y )  and 

changes i n  cap i ta l  c o s t  f o r  t h e  p re sen t  t echno log ica l  "state-of-the- 

art." Figure 6 shows how t h e  energy and c o s t  ana lyses  are combined t o  

- d e f i n e  t h e s e  r e l a t i o n s h i p s .  

De ta i l ed  eng inee r ing  and c o s t  analyses  w e r e  conducted f o r  e l e c t r i c ,  

17 gas ,  and o i l  space h e a t i n g  systems;16 gas and e l e c t r i c  water h e a t e r s ;  
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Fig. 6 .  Schematic of ORNL r e s i d e n t i a l  technology submodels. 

and r e f r i g e r a t o r s  .I8 

w a s  a l s o  completed; w e  do n o t  a n t i c i p a t e  f u r t h e r  e f f o r t  on ranges because 

they account f o r  only 5% of r e s i d e n t i a l  energy use.  

r e l a t i o n s h i p  between annual energy use  and capi ta l  cost  f o r  f r e e z e r s  is  

t h e  s a m e  as f o r  r e f r i g e r a t o r s .  W e  reviewed t h e  a v a i l a b l e  l i t e r a t u r e  t o  

determine t h i s  t ype  of r e l a t i o n s h i p  f o r  r e s i d e n t i a l  a i r  cond i t ion ing  

equipment.” 

l o s s  and summer h e a t  ga in  f o r  each of t h e  t h r e e  housing types .  

A pre l imina ry  a n a l y s i s  of gas and e lec t r ic  ranges 

We assumed t h a t  t h e  

I n  a similar f a s h i o n ,  w e  eva lua ted  changes i n  w i n t e r  h e a t  

20-22 

-Our a n a l y s i s  of water h e a t e r s  i s  d i scussed  as an  example of t h e  

equipment technology submodels .17 

e v a l u a t e  flows of energy ( e i t h e r  e l e c t r i c i t y  o r  gas)  i n t o  and through 

t y p i c a l  water h e a t e r s .  This  code w a s  then used t o  e v a l u a t e  t h e  annual  

energy requirements f o r  d i f f e r e n t  water h e a t e r  designs.  

A computer code w a s  developed t o  
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The program treats the following energy components: energy input 

to the water heater, energy into the water, distribution pipe loss, 

water heater jacket loss; and for gas water heaters, pilot light, 

main burner combustion, and flue losses. Outputs from the program 

include a complete energy balance, overall energy efficiency; and for 

gas units, the number of hours/year that the main burner is on. 

program is written so that the user can change environmental conditions 

(e.g., ambient temperature, incoming water temperature), use conditions 

(gallons/day of hot water, outlet temperature), and unit characteristics 

(size, jacket insulation thickness). 

The 

The following design changes were evaluated with the water heater 

code: 

addition of insulation to the distribution pipe, reduction in pilot 

light rate, reduction in excess air for combustion, and elimination of 

the pilot light/addition of flue damper and electric ignition. 

initial costs for these changes were obtained from communications with 

manufacturers and others conducting similar studies. 

changes in jacket insulation thickness and/or conductivity, 

The 

- 

Figures 7 and 8 summarize the results of this analysis for gas and 

electric water heaters. For use in our simulation model, we convert the 

envelope of points in Figs. 7 and 8 into an analytical expression. 
* 

These relationships between annual energy use and capital cost all show 

negative first derivatives and positive second derivatives. Imposing 

these constraints ensures that the systems conform to the law of dimin- 

ishing marginal returns. 

* 
This is similar to a production function. 
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A three-parameter equation that satisfies the two derivative con- 

straints is: 

E / E ~  = E ~ / E ~  + (K$ - 

where 

E = annual energy use (e.g., Btuyyear), 

C = initial cost (e.g., 1975-$), 

Em, A, B are parameters. Em is the asymptotic limit on efficiency 

improvements and A(l - EOD)/(B + 1) is the slope of the curve 

when E = E (and C = C ). 
0 0 

The subscript ( ) o  refers to the reference (1970) unit. 

C are the annual energy requirement and initial cost, respectively, of 

a typical unit sold in 1970. 

That is, E and 
0 

0 

Values of E,/Eo, A, and B for each type of equipment are shown in 
F 

Table 5. The resultant equations define the optimal (minimum cost) 

design alternatives for each system. 

A similar set of analyses was conducted for housing units. Figure 
* 

9 shows the relationships between thermal performance and incremental 

capital cost for new and existing single-family units.20 

shows the same relationship for new mobile homes. 

Figure 10 
22 

The equation used in 

performance/cost tradeoff 

0 
TIN/TIN = TIN /TIN 0 OD 

the simulation model to represent the thermal 

for structures is: 

* 
Thermal performance (TI or TIN) is defined as the annual heat loss 

(winter) or heat gain (summer) through the shell of a housing unit. TI 
and TIN are used in the simulation model relative to their 1970 values, 
i.e., TI1970= = 1.0. T1N1970 
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- Table 5. Equipment and structure technology characteristics 

Equipment 

Electric Gas Oil 
Emho A B Em’ Eo A B WO A B 

Space heating 0.52 8.0 1.95 0.70 1.8 -0.85 0.75 3.0 -0.79 
Air conditioning 0.55 2.0 -0.82 
Water heating 0.80 10.0 1.00 0.70 10.0 0.50 0.70 10.0 0.50 
Refrigerators 
and freezers 0.45 10.0 -0.45 

Cooking 0.80 1.5 -0.82 0.50 2.0 -0.90 

a Structures 

Electric Gas Oil * 
T* A B T* A B T A B 

Single-family 0.45 10 3570 0.40 10 4760 0.40 10 4760 
Multi-family 0.45 10 1150 0.40 10 1500 0.40 10 1500 
Mobile home 0.45 10 1670 0.40 10 2260 0.40 10 2260 

QT* = TIN~ITIN~ 
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Fig. 9. Space heating thermal performance for new and existing single- 
family units vs increased capital costs. 
Standards ( M P S )  for new construction are shown. 
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Fig. 10. Space h e a t i n g  thermal performance f o r  new mobile homes v s  
inc reased  c a p i t a l  c o s t s .  Fede ra l  s t anda rds  are shown. 

where 

T I N  i s  thermal performance (normalized t o  1970, TIN1970 = 1.0), 

C i s  t h e  change i n  i n i t i a l  c o s t  of t h e  s t r u c t u r e  due t o  t h e  

T I N  change (1975-$) , 

TINm, A ,  B are parameters.  

Values of TIBm/TINo,  A ,  and B f o r  new s t r u c t u r e s  are shown i n  Table 5. 

We are con t inu ing  our engineer ing a n a l y s i s  t o  develop b e t t e r  esti-  

mates of changes i n  energy requirement as func t ions  of changes i n  i n i t i a l  

c o s t .  P a r t  of t h i s  e f f o r t  i nvo lves  an  examination of new r e s i d e n t i a l  

technologies  such as gas-f i red h e a t  pumps, advanced e lec t r ic  h e a t  pumps, 

s o l a r  water h e a t i n g  and space h e a t i n g  systems, and i n t e g r a t e d  app l i ances .  

F igu re  11 shows how t h e s e  t echno log ie s  can be r ep resen ted  i n  t h e  same 
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Fig. 11. Annual energy use v s  r e t a i l  p r i c e  f o r  convent ional ,  advanced, 
and s o l a r  e l e c t r i c  water h e a t e r s .  

manner. F igu re  11 shows t h e  e l e c t r i c  water h e a t e r  op t ions  of Figure 7; 

p l u s  heat-pump w a t e r  h e a t e r s  and s o l a r  water h e a t e r s .  

of Em, A ,  and B a l lows one t o  r e p r e s e n t  convent ional ,  advanced conservat ion,  

Changing va lues  

and/or s o l a r  water h e a t e r s .  

4 .  ECONOMICS 

Households respond t o  changes i n  f u e l  p r i c e s  i n  t h r e e  d i f f e r e n t  

ways. I n  t h e  short-run,  they change t h e  way i n  which th3y o p e r a t e  

e x i s t i n g  s t o c k s  of equipment and s t r u c t u r e s  (e .g . ,  lower w i n t e r  tempera- 

t u r e  s e t t i n g s ) .  I n  t h e  long-run, they a l s o  change t h e i r  c a p i t a l  s tocks  

by switching from one f u e l  t o  ano the r ,  by improving t h e  e f f i c i e n c y  of 

t h e i r  c a p i t a l  s t o c k s  ( e .g . ,  purchasing a water h e a t e r  w i th  more i n s u l a -  
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HOUSEHOLD HOUSEHOLD EOUIPMENT 
MARKET SHARE MODELS b FUELUSE STATE-LEVEL 

MODELS 
DATA 

t i o n  on t h e  j a c k e t ) ,  o r  both.  Thus, t h e  e l a s t i c i t y  of demand f o r  a 

p a r t i c u l a r  f u e l  w i th  r e s p e c t  t o  t h e  p r i c e  of t h a t  f u e l  can be decomposed 

i n t o  t h r e e  elements - usage e l a s t i c i t y  (E ), equipment f u e l  choice 

(market share)  e l a s t i c i t y  (E ) and t e c h n i c a l  e f f i c i e n c y  e l a s t i c i t y  

U 

m s  

STATE-LEVEL 
-= DATA, 1951-1974 

E = E  + E  + E e .  
U m s  

TECHNOLOGY CURVES, 
MARKET PENETRATION E, 

Figure 12 i s  a diagram showing how t h e s e  e l a s t i c i t i e s  are developed 

and t h e i r  r e l a t i o n s h i p  t o  aggregate  household elasticit ies.  Overall 

c o n t r o l  of t h e  d e t a i l e d  e las t ic i t ies  i s  based on a set of econometric 

models of household demands f o r  e l e c t r i c i t y ,  g a s ,  and (shown i n  

t h e  upper r i g h t  of F ig .  12 ) .  

l a r g e  d a t a  base  con ta in ing  v a r i a b l e s  f o r  each state and each y e a r  from 

These models were cons t ruc t ed  us ing  a 

1951 through 1974. Both c r o s s - s e c t i o n a l  and dynamic models of household 

f u e l  u se  w e r e  cons t ruc t ed .  

* 
E is a c t u a l l y  t h e  e l a s t i c i t y  of energy i n t e n s i v e n e s s  ( i n v e r s e  of 

energy e f f i c i e n c y )  wi th  r e s p e c t  t o  f u e l  p r i c e .  e 
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Market s h a r e  elasticit ies w e r e  determined from a c ross - sec t iona l  

a n a l y s i s  of r e s i d e n t i a l  fue'l choices  (equipment ownership market s h a r e s )  

f o r  f i v e  major end uses:  space h e a t i n g ,  a i r  cond i t ion ing ,  water h e a t i n g ,  

food f r e e z i n g ,  and c o o l ~ f n g , ~ ~  

These models were cons t ruc t ed  using state-level d a t a  f o r  1970. 

shown i n  t h e  upper l e f t  of Fig: 12. 

Equipment and s t r u c t u r e  t e c h n i c a l  energy in t ens iveness  e las t ic i t ies-  

were der ived from t h e  annual energy use v s  c a p i t a l  c o s t  r e l a t i o n s h i p s  

d i scussed  i n  Sec t ion  3 and t h e  market p e n e t r a t i o n  model discussed i n  

Sec t ion  5. These e las t ic i t ies  show how t e c h n i c a l  e f f i c i e n c i e s  change 

over  t i m e  w i th  r e s p e c t  t o  changes i n  own-fuel p r i c e s .  

Usage e las t ic i t ies  are based on engineer ing p o s s i b i l i t i e s  (e.g. ,  

0 space  h e a t i n g  energy savings pe r  F temperature r educ t ion )  and our  

judgments. 

These d e t a i l e d  e las t ic i t ies  are reconc i l ed  wi th  t h e  o v e r a l l  f u e l  

p r i c e  and income e last ic i t ies  i n  an i n t e r a c t i v e  computer program c a l l e d  

E l a s t i c i t y  Est imator .  Th i s  program c a l c u l a t e s  o v e r a l l  s h o r t -  and long- 

run e las t ic i t ies  from t h e  d e t a i l e d  e las t ic i t ies  and compares t h e s e  

r e s u l t s  w i th  i n p u t  va lues .  

t i c i t i e s  u n t i l  an  adequate r e c o n c i l i a t i o n  is  achieved. 

The u s e r  can then modify t h e  d e t a i l e d  elas- 

Each of t h e  elements i s  descr ibed below. The household f u e l  demand 

equa t ions  ( c ros s - sec t iona l )  23 are a l l  s p e c i f i e d  i n  a log-log ( cons t an t  

e l a s t i c i t y )  formulat ion,  w i th  f u e l  demand p e r  household as t h e  dependent 

v a r i a b l e .  Independent v a r i a b l e s  include:  p r i c e s  of e l e c t r i c i t y ,  gas  

and o i l ;  p e r  c a p i t a  income; and two climatic v a r i a b l e s  (heat ing degree 

days and mean J u l y  temperature) .  Estimated e las t ic i t ies  of household 

demands f o r  e l e c t r i c i t y ,  gas ,  and o i l  obtained wi th  c ros s - sec t iona l  
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models were de r ived  f o r  1951, 1955, 1960, 1965, 1970, 1971, 1972, 1973, 

and 1974. 

These r e s u l t s  show cons ide rab le  s t a b i l i t y  over t i m e  f o r  t h e  own- 

p r i c e  c o e f f i c i e n t s  f o r  e l e c t r i c i t y  and n a t u r a l  gas;  long-run e las t ic i t ies  

average -1.0 and -2.1, r e s p e c t i v e l y .  The own-price e l a s t i c i t y  of demand 

f o r  o i l  shows m’ore v a r i a t i o n ,  w i th  va lues  ranging from -0.2 i n  1955 t o  

-2.5 i n  1965; t h e  average of t h e  f u e l  o i l  own-price e las t ic i t ies  i s  -1.3. 

Cross-pr ice  e las t ic i t ies  f o r  both e l e c t r i c i t y  and gas  g e n e r a l l y  

inc reased  i n  magnitude and s t a t i s t i c a l  s i g n i f i c a n c e  over t i m e ,  e s p e c i a l l y  

du r ing  t h e  last s i x  y e a r s  of t h e  d a t a  series. This  sugges t s  t h a t  house- 

ho lds  have become more aware of re la t ive f u e l  c o s t s  and have a c t e d  

accordingly i n  t h e i r  f u e l  choice dec i s ions .  

The a b s o l u t e  magnitude of t h e  own-price e l a s t i c i t y  f o r  o i l  is 

cons ide rab ly  less ( 4 4 % )  t h a n  t h e  c ros s -p r i ce  e l a s t i c i t y  of o i l  w i t h  

r e s p e c t  t o  t h e  p r i c e  of gas ,  averaging 1.8. The i m p l i c a t i o n  t h a t  t h e  

q u a n t i t y  of o i l  demanded is more responsive t o  changes i n  t h e  p r i c e  of 
.- 

gas than  changes i n  t h e  p r i c e  of o i l  is  c o u n t e r - i n t u i t i v e .  This  r e s u l t  

appears  t o  s t e m  from gas a v a i l a b i l i t y  problems i n  t h e  North East. 

Although t h e  p r i c e  of n a t u r a l  gas tends t o  be h igh  i n . l a r g e  oil-consuming 

states (Maine, New Hampshire, Vermont), o i l  consumption i s  a l s o  i n f l u -  

enced by t h e  u n a v a i l a b i l i t y  of gas. Thus t h e  c ros s -p r i ce  e l a s t i c i t y  -of 

o i l  w i th  r e s p e c t  t o  gas p r i c e  r e f l e c t s  both a p r i c e  e f f e c t  and an  avail- 

a b i l i t y  e f f e c t  . 
The p e r  c a p i t a  income e l a s t i c i t y  of demand f o r  n a t u r a l  gas  i s  

cons ide rab ly  h ighe r  and more s t a b l e  over  t i m e  t han  corresponding v a l u e s  

f o r  e l e c t r i c i t y  and o i l .  The income e l a s t i c i t y  of demand f o r  gas averaged 

1.8; f o r  e l e c t r i c i t y  and o i l  t h e s e  e las t ic i t ies  averaged -0.1 and +0.1 



29 

r e s p e c t i v e l y ,  i n d i c a t i n g  a clear p re fe rence  f o r  n a t u r a l  gas i n  h igh  

income states. 

A c o n d i t i o n a l  l o g i t  formulat ion w a s  used t o  estimate r e s i d e n t i a l  

f u e l  choices24 (equipment market s h a r e s ) :  Zn[(Si / ( l  - Si)] w a s  used as 

t h e  dependent v a r i a b l e ,  where S i s  t h e  f r a c t i o n  of households t h a t  u se  

f u e l  i f o r  t h e  p a r t i c u l a r  end use.  

p r i c e s ,  equipment p r i c e s ,  p e r  c a p i t a  income, h e a t i n g  degree days ( f o r  

space  h e a t i n g ) ,  coo l ing  degree days ( f o r  a i r  cond i t ion ing ) ,  f r a c t i o n  of 

households i n  urban areas ( f o r  food f r e e z e r s ) ,  and f r a c t i o n  of households 

i n  s ingle-family u n i t s  ( f o r  food f r e e z e r s ) .  

i 

Independent v a r i a b l e s  were f u e l  

Reference 24 p r e s e n t s  t h e  c o e f f i c i e n t  estimates obtained wi th  a 

semi-log l o g i t  model f o r  1970 p l u s  r e s u l t s  f o r  1970 and 1960 us ing  a 

log-log l o g i t  formulat ion.  

t h a n  u n i t y ,  except  f o r  gas ranges.  Only one of t h e  f u e l  p r i c e  e l a s t i c i t i e s  

has  t h e  wrong s i g n  (demand f o r  o i l  space h e a t i n g  w i t h  r e s p e c t  t o  e l e c t r i -  

c i t y  p r i c e ) .  Most c o e f f i c i e n t s  are s i g n i f i c a n t  a t  t h e  10% l e v e l  o r  

b e t t e r .  These e las t ic i t ies  show t h a t  consumers respond t o  f u e l  p r i c e  

changes i n  s e l e c t i n g  among a l t e r n a t i v e  equipment cho ices .  The equipment 

ownership e las t ic i t ies  used i n  our s imula t ion  model are shown i n  Table 6.  

Own-fuel p r i c e  e las t ic i t ies  are a l l  g r e a t e r  

Almost a l l  equipment p r i c e  e las t ic i t ies  are g r e a t e r  than u n i t y  and 

l a r g e r  t han  t h e  corresponding f u e l  p r i c e  e las t ic i t ies .  The equipment 

p r i c e  c o e f f i c i e n t s  a l l  have t h e  c o r r e c t  s i g n s  and are gene ra l ly  s t a t i s -  

t i c a l l y  s i g n i f i c a n t  a t  t h e  10% level o r  b e t t e r .  These r e s u l t s  show t h a t  

equipment and app l i ance  p r i c e s  are important determinants  of r e s i d e n t i a l  

f u e l  choices .  

The technology r e l a t i o n s h i p s  discussed i n  t h e  preceding s e c t i o n  are 

used t o  d e f i n e  t h e  t echno log ica l  p o s s i b l i l i t i e s  f o r  each end use.  (For 
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Table 6 .  Long-run equipment ownership market share elasticities 

Price o f :  
Electricity Gas Oil Income 

Space heating 
Electric 
Gas 
Oi 1 
Other/none 

Air conditioning 

Water heating 
Electric 
Gas 
Oil 
Other/none 

Refrigeration 

Food freezing 

Cooking 
Electric 
Gas 
Other/none 

Lighting 

Other 
Electric 
Gas 

I 

-2.0 
0.4 
0.2 

-0.3 

-2 .0 
0.8 
0.8 

-0.2 

-0.5 

-1.0 
0.7 

-0.4 

-0.4 
0.0 

0.5 
-1.3 
1.1 

- 
0.8 

-1.4 
1.1 

0.6 
-0.9 

0.0 
-0.4 

0.5 '  0.3 
0.4 0.5 

-1.2 -0.4 
-1.8 

0.9 

0.5 0.0 
0.4 0.7 

-2.0 0.0 
-3 .9  

0.1 

0.3 

0.0 
0.8 

-3.9 

0.3 

0.5 
0.2 

heating and air conditioning, changes in both structure and equipment 

are considered.) 

market penetration algorithm discussed in the following section. Outputs 

from the energy use simulation model then give the responsiveness of 

equipment energy intensiveness (and structure thermal performance for 

These engineering relationships are combined with the 

heating and cooling) to changes in own-fuel prices; see Table 7. 

The responsiveness of households to fuel price and income changes 
\ 

in terms of operational changes (holding equipment and structure capital 

stocks fixed) determines the usage elasticities. These elasticities are 
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Table 7. Long-run t e c h n i c a l  energy 
i n t e n s i v e n e s s  e l a s t i c i t i e s  

E l e c t r i c i t y  G a s  O i l  

Space h e a t i n g  
Air cond i t ion ing  
Water h e a t i n g  
R e f r i g e r a t i o n  

Food f r e e z i n g  
Cooking 
L igh t ing  
Other 

-0.82 -0.76 
-0.50 
-0.22 -0.30 
-0.63 

-0.65 
-0.12 -0.44 

0.00 
-0.20 -0.20 

-0.71 

-0.30 

i n p u t  t o  t h e  E l a s t i c i t y  Est imator  program, based on engineer ing possi-  

- b i l i t i e s  and our  judgment. For example, a 1 F se tback  i n  w i n t e r  temper-! 

a t u r e  ( f o r  a f u l l  24-hour day) c u t s  space h e a t i n g  f u e l  use by about 5%. 

A comparable i n c r e a s e  i n  summer temperature reduces a i r  cond i t ion ing  

f u e l  use by almost 10%. 

a t o r s ,  on t h e  o t h e r  hand, are much more l i m i t e d ;  households can reduce 

t h e  number of door openings and c l e a n  condenser c o i l s  occas iona l ly .  

Because of t h e s e  d i f f e r e n c e s ,  usage e las t ic i t ies  f o r  h e a t i n g  and coo l ing  

are assumed t o  be much g r e a t e r  than f o r  r e f r i g e r a t o r s  and f r e e z e r s ;  see 

Table 8. 

0 

Oppor tun i t i e s  t o  reduce energy use i n  r e f r i g e r -  

Table 8. Long-run usage e las t ic i t ies  

Own-price Income 
~~ 

Space h e a t i n g  -0.40 0.10 

R e f r i g e r a t i o n  -0.05 0.02 

A i r  cond i t ion ing  -0.40 0.30 
Water h e a t i n g  -0.25 0.05 

Food f r e e z i n g  -0.05 0.02 
Cooking -0.10 0.04 
L igh t ing  -0.10 0.10 
Other -0.10 0.10 



The E l a s t i c i t y  Est imator  r eads  i n  values  of E u’ Ems’ and Ee f o r  

each of t h e  e i g h t  end-uses. The program a l s o  r eads  i n  v a l u e s  of o v e r a l l  

household f u e l  demand e las t ic i t ies  wi th  r e s p e c t  t o  f u e l  p r i c e s  and 

incomes, both short-and long-run. Short-run usage, e f f i c i e n c y ,  and 

market s h a r e  e las t ic i t ies  are c a l c u l a t e d  w i t h i n  t h e  program. The r a t i o  

of short-run t o  long-run usage e l a s t i c i t i e s  is an i n p u t  t o  t h e  program, 

set  equa l  t o  0.5 h e r e .  This  imp l i e s  t h a t  50% of t h e  t o t a l  usage response 

occurs  du r ing  t h e  f i r s t  yea r  a f t e r  a change i n  own-fuel p r i c e  o r  income. 

We assume t h a t  changes i n  t e c h n i c a l  e f f i c i e n c i e s  and equipment ownership 

are cons t r a ined  only by equipment l i f e t i m e s .  
* 

The program then sums t h e  d e t a i l e d  e las t ic i t ies  t o  produce estimates 

of t h e  aggregate  e las t ic i t ies  ( f o r  both t h e  short-run and long-run): 

8 

k = l  
E i j  = fik (E U + Ems + Ee)ik, 

i j  where E i s  t h e  e l a s t i c i t y  of household demand f o r  f u e l  i w i t h  r e s p e c t  

t o  independent v a r i a b l e  j (one of t h r e e  f u e l  p r i c e s  o r  income).and f 

i s  t h e  f r a c t i o n  of household use of f u e l  i f o r  end u s e  k .  -- I f  t h e  

c a l c u l a t e d  v a l u e s  of E do n o t  ag ree  w e l l  w i th  t h e  i n p u t s  f o r  t h e s e  

i k  

t 

i j  

o v e r a l l  e las t ic i t ies ,  t h e  u s e r  can change some o r  a l l  of t h e  d e t a i l e d  

e las t ic i t ies .  The program then r e c a l c u l a t e s  t h e  o v e r a l l  e las t ic i t ies  

and iterates u n t i l  t h e  u s e r  is  s a t i s f i e d  wi th  t h e  f i n a l  set  of elasti-  

c i t i e s .  

* 
A s  shown la ter  (Table 12)’ t h e s e  assumed r e l a t i o n s h i p s  between 

s h o r t -  and long-run responses y i e l d  reasonable  v a l u e s  f o r  o v e r a l l  s h o r t -  
and long-run e l a s t i c i t i e s .  

‘8 
c fik = 1.0. 
k= 1 
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Although t h e  usage e las t ic i t ies  are a r b i t r a r i l y  s p e c i f i e d ,  we  can 

compare t h e i r  weighted sum wi th  estimates der ived from econometric 

a n a l y s i s .  Anderson25 shows t h a t  1 / 4  - 1 / 3  of t h e  t o t a l  long-run response 

t o  a change i n  f u e l  p r i c e  i s  due t o  usage changes. 

from t h e  E l a s t i c i t y  Est imator  show r a t i o s  of 0.20 f o r  e l e c t r i c i t y ,  0.28 

Our f i n a l  r e s u l t s  

f o r  gas ,  and 0.31 f o r  o i l .  These r a t i o s  i n c r e a s e  i n  going from e l e c t r i c i t y  

t o  gas t o  o i l  because of t h e  i n c r e a s i n g  importance of space h e a t i n g  i n  

going from one f u e l  t o  t h e  nex t .  These r e s u l t s  provide another  i n d i c a t i o n  

(beyond t h a t  o f f e r e d  by our  engineer ing e s t i m a t e s )  t h a t  t h e  usage elas- 

t i c i t i e s  are n o t  r i d i c u l o u s .  

Values of new equipment market-share e l a s t i c i t i e s  w i th  r e s p e c t  t o  

equipment p r i c e  are de r ived  from t h e  corresponding f u e l  pr ice  market- 

s h a r e  e l a s t i c i t i e s  and a set of "real" i n t e r e s t  rates inpu t  t o  t h e  

s imula t ion  program. These i n t e r e s t  rates (Table 9) are determined 

' l a r g e l y  from r e s u l t s  i n  r e f .  24 and changes i n  real f u e l  p r i c e s  during 

t h e  l a te  1960s. The equipment p r i c e  e l a s t i c i t i e s  f o r  purchase of new 

equipment of t ype  i (E ) are c a l c u l a t e d  as: cpms 

where Eijk is  t h e  market-share e l a s t i c i t y  f o r  equipment ownership wi th  

r e s p e c t  t o  f u e l  p r i c e  j ,  PQjk i s  t h e  consumer purchase p r i c e  f o r  t h a t  

type of equipment , P j  i s  t h e  p r i c e  of f u e l  j , E d k  i s  t h e  annual energy 

requirement f o r  a t y p i c a l  p i e c e  of equipment t h a t  u ses  f u e l  j f o r  end 

u s e  k ,  r is  t h e  real i n t e r e s t  rate, and t is  t h e  average l i f e t i m e  f o r  

1 
t h a t  t ype  of equipment (Table l o ) .  

m s  
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Table 9. Real i n t e r e s t  rates used i n  t h e  ORNL r e s i d e n t i a l  energy 
model t o  determine equipment p r i c e  e l a s t i c i t i e s  

Real i n t e r e s t  rate (%> f o r :  

Electr ic  Gas O i  1 

Space h e a t i n g  
Electr ic  
Gas 
O i  1 

A i r  cond i t ion ing  
Room 
C e n t r a l  

Water h e a t i n g  
E l e c t r i c  
Gas 
O i  1 

R e f r i g e r a t i o n  

Food Freezing 

Cooking 
Electr ic  
Gas 

L i g h t i n g  

Other 
E lec t r ic  
Gas 

8 
11 
I11 

1 5  
12  - 

12 
15 
15 

15 

15 

1 5  
18 

15  

11 
8 

11 

1 5  
12 
15  

18 
15  

1 5  
15 

11 
11 
8 

15 
15 
12 

/ Table 10. Assumed average equipment l i f e t i m e s  

L i f e t ime  (yea r s )  

Space h e a t i n g  
A i r  cond i t ion ing  
Water h e a t i n g  
R e f r i g e r a t i o n  

Food Freezing 
Cooking 
L igh t ing  
Other 

15  
10 

7 
14 

18 
13 
1 

10 
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Figure  13 i l l u s t r a t e s  t h e  dynamics of energy use i n  response t o  a 

change i n  gas p r i c e  f o r  gas water hea t ing .  The curves show changes i n  

usage, equipment ownership, equipment e f f i c i e n c y ;  and t h e  combined 

response due t o  a s t e p  i n c r e a s e  i n  t h e  p r i c e  of gas i n  yea r  0. 

The p r i c e  i n c r e a s e  causes an i n i t i a l  response i n  terms of reduced 

h o t  water usage. Th i s  response reaches a peak f i v e  yea r s  a f t e r  t h e  

p r i c e  i n c r e a s e  and then begins  t o  subside.  

The p r i c e  i n c r e a s e  induces two responses concerning - new water 

h e a t e r s .  Some households t h a t  would have purchased gas u n i t s  switch t o  
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Fig. 13 .  E f f e c t s  of a s t e p  change i n  t h e  p r i c e  of gas  on ownership, 
e f f i c i e n c y ,  and usage of gas water h e a t e r s .  
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e lec t r ic  o r  o i l  water h e a t e r s .  Those households s e l e c t i n g  new gas w a t e r  

h e a t e r s  choose more e f f i c i e n t  u n i t s  t han  they would have i f  t h e  p r i c e  of 

gas had no t  i nc reased .  These two equipment ownership responses  occur 

much more slowly than  does t h e  usage response: ownership changes are 

l i m i t e d  by t h e  l i f e t i m e  of water h e a t e r s  (average of seven y e a r s ) .  

as e x i s t i n g  water h e a t e r s  w e a r  ou t  can changes be made i n  terms of f u e l  

cho ices  and energy e f f i c i e n c i e s .  

Only 

A s  t h e  average e f f i c i e n c y  of gas water h e a t e r s  improves, households 

a d j u s t  t h e i r  usage accordingly.  Thus, a f t e r  30 y e a r s  t h e  usage change 

is 80% of i ts  maximum va lue  ( a f t e r  f i v e  y e a r s ) .  

The top  curve i n  F ig .  1 3  shows t h e  t o t a l  change i n  gas  use  f o r  

water h e a t i n g  i n  response t o  t h e  p r i c e  change. The t o t a l  is  t h e  sum of 

t h e  t h r e e  i n d i v i d u a l  responses.  F igu re  13 shows both t h e  complexity of 

responses  t o  a change i n  an  exogenous v a r i a b l e  and d i f f e r e n c e s  i n  dynamics 

f o r  t h e s e  responses.  Usage responds r a p i d l y  wh i l e  ownership changes 

occur much more slowly. 

i n c r e a s e ,  usage accounts f o r  more than  h a l f  t h e  change i n  gas  use f o r  

w a t e r  hea t ing .  A f t e r  30 y e a r s ,  usage accounts  f o r  only 10% of t h e  t o t a l  

response;  changes i n  f u e l  choice account f o r  65% and changes i n  equipment 

e f f i c i e n c y  account f o r  25%. 

During t h e  f i r s t  two y e a r s  a f t e r  t h e  p r i c e  

$n summary, t h e  submodels d i scussed  i n  t h i s  s e c t i o n  produce a d e t a i l e d  

set  of 272 e l a s t i c i t i e s - f o r  u s e  i n  t h e  s imula t ion  model: 

new equipment market-share e las t ic i t ies  ( 4  choices  x 7 f u e l  
p r i c e ,  equipment p r i c e ,  and income v a r i a b l e s  x 8 end u s e s ) ;  

equipment usage e las t ic i t ies  ( 3  f u e l s  x 2 own-price and income 
v a r i a b l e s  x 8 end u s e s ) .  
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Unfortunately,  t h e  s ta t i s t ica l  b a s i s  f o r  many of our  c ros s -p r i ce  

and income elasticit ies is  weak. Lack of d e t a i l e d  d a t a  fo rced  u s  t o  

make s e v e r a l  assumptions t o  d e r i v e  t h e  272 elast ic i t ies  used i n  t h e  

s imula t ion  model. Also,  t h e  a p p l i c a b i l i t y  of f u e l  p r i c e  and income 

e last ic i t ies  de r ived  wi th  d a t a  from a per iod i n  which f u e l  p r i c e s  were 

d e c l i n i n g  t o  a f u t u r e  i n  which p r i c e s  are l i k e l y  t o  r ise s i g n i f i c a n t l y  is  

unknown. C l e a r l y ,  more work must be done t o  develop good d a t a  series on 

household f u e l  uses and p r i c e s  and on econometric e s t ima t ion  t o  produce 

improved e l a s t i c i t y  estimates. 

5. MARKET PENETRATION 

This  s e c t i o n  e x p l a i n s  how t h e  s imula t ion  model endogenously d e t e r -  

mines changes i n  new equipment and s t r u c t u r e  e f f i c i e n c i e s  i n  response t o  

changes i n  f u e l  p r i c e s  and t h e  s ta te  of technologies  ( i . e . ,  r e l a t i o n s h i p s  

between equipment o r  s t r u c t u r e  e f f i c i e n c y  and c a p i t a l  c o s t ) .  There are 

t h r e e  elements involved i n  t h e  market p e n e t r a t i o n  a n a l y s i s :  

Consumer behavior  
Producer behavior 
Demand/supply i n t e r a c t i o n .  

Consumer.behavior i n  t h e  energy use model is  r ep resen ted  by f u e l  p r i c e ,  

equipment p r i c e ,  and income elast ic i t ies ,  as de r ived  i n  Sec t ion  4. Manu- 

f a c t u r e r  behavior i s  determined i n  t h e  model by supply curves t h a t  re la te  

equipment ( o r  s t r u c t u r e )  energy requirements t o  equipment (or  s t r u c t u r e )  

purchase p r i c e ;  see Sec t ion  3 .  

The market p e n e t r a t i o n  algori thm i n t e g r a t e s  t h e  demand (consumer) and 

supply (manufacturer) s i d e s  t o  provide a dynamic equ i l ib r ium t h a t  determines 

e f f i c i e n c i e s  over t i m e .  There are two s t e p s  t o  t h i s  a n a l y s i s .  The f i r s t  
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involves determination of average efficiencies for new equipment and 

structures for each year of the simulation. These efficiencies are func- 

tions of fuel prices, implicit interest rates (related to fuel price and 

equipment price elasticities), and the technology relationships. 

The second step is determination of equipment choices for new instal- 

lations for each year of the simulation. The model determines new equip- 

ment market shares each year as functions of operating costs (efficiencies 

and fuel prices) and capital costs, as well as household income. 

Table 11 summarizes the major elements of the demand and supply sides 

for new structures. The demand side is characterized by an interest rate - 
and an investment lifetime, assumed to be 6% and 25 years, respectively. 

(These values are input to the model and can be readily changed. For 

example, one might hypothesize that consumers use only five years as their 

.horizon for investment decision, although structures last much longer). 

The supply side is represented by curves that relate thermal per- 

formance to changes in capital cost for the residence; see Figs. 9 and 10. 

If the curve of Fig. 10 is rotated 90°, one obtains Fig. 1 4 .  Adding 

operating costs (for space heating and air conditioning) to the capital 

Table 11. Assumed determinants of consumer and producer behavior 
with respect to thermal performance of new structures 

1. Consumer behavior 

6% "real" interest rate 
25-year lifetime 

Assumptions can be readi-ly changed in model 

2. Supply-side behavior 

relationship between structure performance and initial 
cost (e.g., Fig. 10) 
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r, 1 .O 
THERMAL PERFORMANCE OF NEW STRUCTURES 

Fig. 14. Relationship between thermal performance and incremental 
capital cost for new structures (T = 1.0 refers to the 
1970 condition). 

.- 

cost relationship of Fig. 14 yields the lifecycle cost (LCC) curve of Fig. 

15. 

Figure 15 shows the typical behavior of declining and then increasing 

LCC as capital cost changes. The point of minimum LCC is dehoted by 

the structure thermal performance/capital cost point at which Toptimal' 

LCC is minimized. However, historical data show that the system does not 

operate at the optimal point; it operates at a point of lower capital cost 

(less efficient structure), denoted by T actual' 

and *actual optimal We hypothesize that the difference between T 

persists over time as fuel prices change. Figure 16 illustrates changes 
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Fig. 15. Lifecycle costs for heating and cooling structures as a function 
of thermal performance. 

as fuel prices change. A s  the price of fuel and Tactual optimal in T 

increases from P 0 to P 1 and P2, Toptimal moves to the left and so does 

is always the minimum on the LCC curve. T actual is Tactual* Toptimal 

calculated from T by assuming that D (the vertical distance between 

Toptimal actual 

optimal 

and T ) varies inversely with fuel price: 

i 

* 
where n - > 0. Thus as fuel prices increase, the "distortion" between the 

optimal and actual states will decline. 

* 
Absent data on the appropriate value for n, we use n = 1. We can 

also run the model with n = m to see how consumers respond in a world with 
no market imperfections (i.e., rational consumers, complete information, 
competition among suppliers, etc.). 
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Fig. 16. Changes in thermal performance of new structures as a function 
of fuel price. 

D represents the difference between the actual and optimal states. We 

hypothesize the (non-zero) existence of D because of market imperfections 

on both the demand and supply sides: lack of consumer information, costs 

of processing information, lack of incentives f o r  producers to operate at 

the optimal point, lack of motivation from financial institutions, etc. 
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We also assume that as fuel prices rise, these makket imperfections. will be 
* 

reduced. 

The model operates in a similar fashion in determining efficiencies 

of - new equipment. 

of new equipment market shares. 

However, an additional step is involved: determination 

Market shares are determined in the 

energy model as functions of capital and operating costs for each choice 

and per capita personal income (see Section 6 ) :  

Market share = F. (capital & operating costs for all choices) i 1 

+ Gi (income), 
i = electricity, gas, oil, other/none. 

These relationships yield lines of constant market share as operating and 

capital costs for the system change (assuming that the characteristics of 

competing systems and incomes do not change). The slope of these constant 

market share lines determines the implicit interest rate at which consumers 

trade off operating for capital costs (Table 9 and Fig. 17). 

The supply side is represented by curves that relate equipment 

energy requirements to equipment purchase prices; Figs. 7 and 8 (Section 

3 )  show such relationships.for water heaters. 

Once again, the demand and supply relationships can be combined on a 
, 

single graph (Fig. 17) to determine the intersection. In Fig. 17, point A 

represents the actual intersection for a particular year (e.g., 1970). 

* 
An alternative approach to evaluating market-induced changes in 

structure thermal performance is to select the consumer interest rate at a 
This would sufficiently high value so that Tactual and Toptimal coincide. 

imply that consumers do minimize lifecycle costs but at a very high 
interest rate that reflects their uncertainty and lack of information 
about their choices. Outputs from simulations run with this assumption 
differ only slightly from those obtained with the market penetration 
algorithm described above. 
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EQUIPMENT COST ( $ 1  
Fig.  1 7 .  I n t e r s e c t i o n s  between consumer p re fe rences  and t e c h n o l o w  

r e l a t i o n s h i p s  f o r  new equipment (Poin t  A r e p r e s e n t s  t h e  1970 
' ,  I I  equi l ibr ium,"  Po in t  B r e p r e s e n t s  t h e  "optimal"). 

Po in t  B r e p r e s e n t s  t h e  opt imal  p o i n t ,  i . e . ,  t h e  po in t  a t  which marginal  

improvements i n  equipment e f f i c i e n c y  y i e l d  t h e  consumer's implied rate of 
* 

r e t u r n .  
e 

. Figure  18 shows how, as f u e l  p r i c e s  change, t h e  e f f i c i e n c y  and market 

s h a r e  f o r  new equipment a l s o  change. Again, t h e  d i f f e r e n c e  between t h e  

a c t u a l  and opt imal  states is denoted by D .  D is assumed t o  vary  i n v e r s e l y  

wi th  f u e l  p r i c e .  A s  f u e l  p r i c e s  change, t h e  opt imal  po in t  (po in t  of 

tangency between supply and demand curves)  changes.  Moving perpendicular  

* 
Here aga in  w e  could have s e l e c t e d  much h igher  i n t e r e s t  rates so  t h a t  

p o i n t s  A and B of F ig .  1 7  would co inc ide .  
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EQUIPMENT COST ( $ 1  

Fig. 18. Changes in new equipment efficiencies and market shares as 
. functions of fuel price. 

from the optimal point the distance D yields the market share line and 

efficiency for the new equipment. 
- 

The market penetration algorithm seems to operate well. That is, 

runs made with various inputs to the simulation model yield results that 

are intuitively plausible. However, effort is required to empirically 

validate the algorithm (in particular, determine a value for n) and to 

establish a theoretical basis for the formulation developed here. 

6 .  SIMULATION MODEL 
._ 

The residential energy use simulation model combines outputs from the 

housing, economic, and technology submodels (Fig. 1); plus appropriate 



initial conditions for 1970 and policy variables for the 1970-2000 period. 

Outputs from the model include detailed estimates of annual national 

energy use by fuel, end use, and housing type; and corresponding informa- 

tion-on equipment installations and ownership, equipment energy require- 

ments, structure thermal performance, fuel expenditures, equipment costs, 

and costs for improving thermal performance of new and existing structures. 

Figure 19 is a diagram of the simulation model that shows how the various 

inputs are combined to produce these detailed outputs. 
* 

* 
The computer program for the simulation model was written in 

FORTRAN IV for an IBM computer. 
guide are available from the authors. 

Copies of the source deck and user's 
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residential energy use simulation model. 
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The basic equation in the simulation model that defines residential 

use of fuel i for end use k in housing type m during year t is: 

m m ikm TIikm Eu;km ik 
Qtkm = HTt HS t t  C t Ut , 

where HT is the stock of 

housing units (for space 

occupied housing units, HS is the average size of 

heating and air conditioning only), C is the 

fraction (market share) of households with a particular type of equipment, 

TI is the thermal performance of housing units (for space heating and air 

conditioning only), EU is the average annual energy use for the type of 

equipment, and U is a usage factor. 

As an example, consider consumption of electricity for space heating 

in single-family homes. 

and C is the fraction of single-family homes that use electricity for 

heating. HS is the average size of single-family homes. TI is the 

average thermal performance (scaled to 1970, TI 

family homes that use electricity for heating, EU is the average annual 

energy requirement in Btu/unit of an electric space heating system, and U 

is a usage factor (U 

their electric heating systems. 

HT is the stock of occupied single-family homes 

= 1.0) of single- 1970 

= 1.0) that reflects how intensely households use 1970 

Stocks of occupied housing units (HT) by type of unit and average 

housing size (HS) are calculated in the housing submodel, discussed in 

Section 2. 

The fraction of households of type m that use fuel i for end use k 
ikm (C ) is determined from: 

t 
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where 

R = fraction of last year's equipment stock that is scrapped. 

P is related to average equipment lifetime (Table 10) by 

1 R = l -  Y 

2 'Itaverage 

CN = fraction of new equipment (NU) installed during year t that 

uses fuel i for end use k in housing type my 

NU = number of new units installed during year t that provide 

end use k in housing type m. 

equals growth in households plus replacement of units that 

are scrapped in year t. 

The number of new units installed 

The fraction of new units (CN) is calculated from the following 

equation: 

where 

A, By Cy D = 

x =  
EUN = 

TI = 

PEQ = 

Y =  

* 

coefficients derived from the market share elasticities 
discussed in Section 4 ,  

* 
fuel price, 

new equipment energy use, 

average thermal performance, 

new equipment purchase price, 
* 

per capita 

Prices and incomes are 

* 
income. 

expressed in constant 1975-$. 
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This set of equations is solved twice: once for new equipment installations 

in - new housing units and once for installations in existing housing 

units. The C.coefficients can differ for the two types of installations 

to reflect differences in implicit interest rates used in decision 

making. For example, installations in new housing units might involve a 

" lower interest rate because new home mortages carry a lower interest 

rate than do home improvement loans. Also, the thermal performance 

values (TI) differ for new and existing housing units. 
* 

In these new equipment market share equations, consumer choices 

are functions of both operating cost (fuel price x equipment energy use) 

and equipment cost. This formulation provides a strong link within the 

simulation model between technological changes (in EUN, TI, and/or PEQ) 

and economic changes (in fuel prices). 

The EU terns (average annual equipment energy use) are calculated 

within the model based on EUN values, equipment lifetimes, and existing 

stocks of equipment: 

(1 - Rk) ikm - EUNtkm CNtkm NUt km + EU,-l ikm Ct-l ikm HT,-l m 
EUt - Y 

ctkm HT: 

EUN values can be calculated within the model as functions of the 

technology relationships and implicit interest rates, as discussed in 

Section 5. Alternatively, EUN values can be supplied as inputs to the 

simulation model to reflect imposition of equipment/appliance efficiency 

standards. When such standards are imposed, the model calculates EUN as 

* 
We use an upper limit of 1.2 (rather than 1.0) in the logit equation 

for refrigerators and an upper limit of 2.0 for lighting. Thus we assume 
that the number of refrigerators per household can increase by no more 
than 20% and the number of lighting fixtures per household can increase 
by no more than l oo%,  relative to 1970 ownership. 



49 

explained i n  Sec t ion  5 and compares c a l c u l a t e d  va lues  wi th  t h e  imposed 

s t anda rds .  The lower of t h e  two va lues  is then u s e d . w i t h i n  t h e  model. 

The T I  t e r m s  ( a p p l i c a b l e  only f o r  space h e a t i n g  and a i r  cond i t ion ing )  

are de r ived  i n  a manner similar t o  t h a t  f o r  t h e  EU t e r m s .  However, T I  

can change i n  two ways w i t h i n  t h e  model: 
* 

f o r  new housing u n i t s  and 

f o r  e x i s t i n g  u n i t s  ( r e t r o f i t ) .  The s imula t ion  program keeps t r a c k  of 

new housing c o n s t r u c t i o n ,  removals of p a s t  housing s t o c k s ,  and t h e  

a p p r o p r i a t e  va lues  of T I  f o r  each f u e l ,  end use ,  housing type combination. 

The usage terms (U) are determined by equat ions of t h e  form: 

where 

E ,  F ,  G ,  H = c o e f f i c i e n t s  der ived from usage e l a s t i c i t i e s  discussed 
i n  Sec t ion  4 .  

This  l o g i t  formulat ion ensures  t h a t  t h e  i n t e n s i t y  wi th  which house- 

hold equipment i s  used v a r i e s  by no more than  k50% from t h e  1970 usage. 

These upper and lower bounds are se t  s o  t h a t  major improvements i n  

equipment e f f i c i e n c y  ( e . g . ,  s o l a r  water h e a t i n g  systems t h a t  u se  only 

1 / 4  as much energy as convent ional  systems) do n o t  y i e l d  r i d i c u l o u s l y  

high usage va lues .  

The i n t e n s i t y  wi th  which households use  equipment depends on incomes 

and t h e  ope ra t ing  c o s t  f o r  t h a t  type of equipment. Here aga in ,  energy 

use  depends on both t echno log ica l  and economic f a c t o r s .  

The model a l s o  r e q u i r e s  a se t  of i n i t i a l  cond i t ions  f o r  1970. 

These 1970 d a t a  inc lude  equipment ownership (market s h a r e s )  , 8  annual 

* 
Thermal performance f o r  new s t r u c t u r e s  (TIN) is  t r e a t e d  t h e  same 

way as is EUN: t h e  model can e i t h e r  accep t  thermal s t anda rds  f o r  new 
c o n s t r u c t i o n  as i n p u t s  o r  c a l c u l a t e  f r e e  market changes i n  TIN.  
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equipment fuel use, 

installations - for each fuel/end use/housing type combination. 

prices28 and housing stocks8 are also required. 

26 equipment prices , 2 o y  24y 27 and new equipment 

Fuel 

Finally, a set of boundary conditions for the 1970-2000 period must 

be input to the model. These inputs include stocks of occupied housing 

units and new construction (from the housing submodel of Section 2), 

fuel prices, incomes, new equipment standards, thermal performance 

standards for new structures, thermal performance for retrofit programs, 

and characteristics of new technologies. 

inputs allows the user t o  evaluate the energy, energy expenditure, and 

capital cost impacts of various residential energy conservation policies, 

programs, and technologies. 

Changing some or all of these 
* J  

* 

Outputs produced by the simulation model include 192 fuel use com- 

ponents (Fig. 20) calculated for each year from 1970 through 2000. The 

model calculates, at the same level of detail, new equipment installations, 

equipment ownership, average equipment energy use, equipment expenditures, 

average thermal performance, thermal performance expenditures, and usage 

factors. Thus the outputs produced by the simulation model are quite 

detailed; approximately 540 different quantities are calculated for each 

year of a simulation run. 

Table 12 shows the short- and long-run 

cities obtained with the simulation model. 

fuel price and income elasti- 

The model was run six times 

* 
Not all conservation policies can be evaluated with this model. 

Strategies that affect electric and gas utility rate structures (rather 
than average prices) such as time-of-day pricing, changes in block rate 
structures, and elimination of master-metering cannot be handled with 
the model. Changes in consumer attitudes and awareness (in response to 
information and education programs) cannot be explicitly modeled. 
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Fig. 20. Level of detail provided by simulation model for fuel uses, 
equipment ownership, new equipment installations, fuel costs, 
equipment costs, and structure thermal performance costs. 

.. 

Table 12. E l a s t i c i t i e s  obtained wi th  the  ORNL r e s i d e n t i a l  
energy use  model 

P r i c e  o f :  

a E l e c t r i c i t y  Gas O i l  All f u e l s  Income 

E l e c t r i c i t y  
s h o r  t - run 
1 ong - r un 

-0.16 0.02 0.0 -0.13 0.14 
-0.83 0.20 0.04 -0.61 0.43 

Gas 
short-run 0.02 -0.20 0.01 -0.17 0.14 
long-run 0.16 -0.95 0.12 -0.67 0.58 

O i  1 
shor  t-run 0.01 0.04 -0.22 -0.18 0.11 
long-run 0.04 0.68 -1.13 -0.49 -0.13 

T o t a l  
s hor  t - run -0.06 -0.05 -0.04 -0.15 0.13 
long-run -0.37 -0.10 -0.10 -0.59 0.36 

‘Income e l a s t i c i t i e s  i nc lude  the  effects  of income on household formation,  
housing s i z e ,  and f u e l  use  per  household. 



t o  o b t a i n  t h e s e  e las t ic i t ies :  once wi th  f u e l  p r i c e s  he ld  cons t an t  a t  

t h e i r  1970 v a l u e s  from 1970 through 2000, and then  wi th  p-r-ices of i nd i -  

v i d u a l  f u e l s ,  income, o r  a l l  f u e l s  i nc reased  by 10% i n  1971-and he ld  

cons t an t  t h e r e a f t e r .  The va lues  i n  Table 12 are t h e  e las t ic i t ies  calcu- 

l a t e d  f o r  1971 and 2000. These numbers suggest  t h a t ,  i n  t h e  long-run, a 

10% i n c r e a s e  i n  t h e  pr ice  of a l l  f u e l s  w i l l  c u t  energy demand by 6%.  

S i m i l a r l y ,  a 10% i n c r e a s e  i n  incomes w i l l ,  i n  t h e  long-run, i n c r e a s e  

energy demand by almost 4%. 

7. MODEL VALIDATION 

R e s u l t s  obtained wi th  t h e  s imula t ion  model are compared wi th  h i s -  

t o r i c a l  d a t a  f o r  t h e  1960-1976 and 1970-1976 pe r iods .  Comparisons are 

performed between d a t a  and p r e d i c t i o n s  f o r :  annual  consumption of elec- 

t r i c i t y ,  gas ,  o i l ,  and t o t a l  r e s i d e n t i a l  energy; equipment ownership 

market s h a r e s ;  and energy use  d i s t r i b u t i o n s  by end use.  

I n  a d d i t i o n  t o  t h e  i n p u t  d a t a  r equ i r ed  f o r  t h e  i n i t i a l  yea r  (1960 

o r  1970) d i scussed  i n  Sec t ion  6,  t h e  u s e r  must s p e c i f y  new equipment 

market s h a r e s  (CN v a l u e s ) .  

t o  determine t h e s e  CN v a l u e s .  Therefore ,  w e  a d j u s t  t h e s e  i n p u t s  ( 4  

f u e l s  x 8 end uses  = 32 v a l u e s )  s o  t h a t  t h e  model p r e d i c t s  equipment 

ownership market s h a r e s  a t  t h e  nex t  census y e a r  (19708 f o r  t h e  run 

s t a r t e d  i n  1960, 197315 f o r  t h e  run s t a r t e d  i n  1970) w i t h  reasonable  

accuracy. 

Adequate d a t a  are n o t  a v a i l a b l e  w i t h  which 

Also,  t h e  u s e r  must s p e c i f y  t h r e e  usage f a c t o r  r a t i o s  (U 1959/'1960 

) f o r  e l e c t r i c i t y ,  gas ,  and o i l .  We a d j u s t  t h e s e  v a l u e s  
Or u1969/u1970 

u n t i l  t h e  model's p r e d i c t i o n s  f o r  t h e  f i r s t  few y e a r s  a f t e r  t h e  simula- 

t ion  begins  are reasonably accu ra t e .  
- 
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Because of t h e s e  35 "free"  i n p u t s ,  t h e  model accu ra t e ly  p r e d i c t s  

energy use  f o r  a t  least a f e w  yea r s  a f t e r  t h e  s imula t ion  begins .  

F igure  2-1 compares model p red ic t ions  of r e s i d e n t i a l  f u e l  uses  

( e l e c t r i c i t y ,  gas ,  o i l ,  t o t a l )  w i t h  d a t a  from 1960 through 1976. 28 

model s l i g h t l y  underpredic t s  t o t a l  energy use  i n  t h e  l a te  1960's  and 

The 

ove rp red ic t s  energy use i n  t h e  mid 1970's.  The d i sc repanc ie s ,  however, 

are minor: 

and 1975. 

t h e  l a r g e s t  e r r o r  i n  t h e  model's p r e d i c t i o n  is  7% f o r  1974 

P r e d i c t i o n s  of gas use are q u i t e  good u n t i l  t h e  l a te  1960's .  Then, 

p red ic t ed  gas use c o n s i s t e n t l y  exceeds a c t u a l  gas  use.  

due t o  gas sho r t ages  and cu r t a i lmen t s  t h a t  f i r s t  appeared i n  t h e  l a t e  

1960s and became more s e r i o u s  i n  t h e  e a r l y  1970s. P red ic t ions  of o i l  

This  i s  pr imar i ly  
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Fig. 21. Comparisons of r e s i d e n t i a l  energy use  d a t a  and model 
p r e d i c t i o n s ,  1960 t o  1976. 
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u s e  are  good. 

and 1974 is  captured by t h e  model. E l e c t r i c i t y  use  p r e d i c t i o n s  are 

q u i t e  a c c u r a t e  throughout t h e  17 yea r  per iod.  

The s h a r p  d e c l i n e  i n  o i l  us,e t h a t - o c c u r r e d  between 1973 

* 
Table 13 p r e s e n t s  va lues  of t h e  mean square percentage e r r o r  (MSPE) 

f o r  t h e  1960-76 and 1970-76 pe r iods  from t h e  1960-76 run and f o r  t h e  

1970-76 pe r iod  from t h e  1970-76 run. These MSPE va lues  show t h a t  t h e  

1960-76 run does a much b e t t e r  job f o r  t h e  f u l l  1 7  y e a r s  t han  f o r  t h e  

l as t  seven yea r s .  

q u i t e  low f o r  both per iods.  F o r t u n a t e l y ,  t h e  e r r o r s  i n  p r e d i c t i n g  

i n d i v i d u a l  f u e l  u ses  tend t o  cance l  each o t h e r .  

However, t h e  MSPE f o r  t o t a l  r e s i d e n t i a l  f u e l  use is  

Table 1 3 .  Comparison of residential energy -use predictions and data 

Mean square percentage error (%) 

1960-76 simulation 1970-76 simulation 

1 9  60- 76- 1970-76 19  70- 76 

Electricity 
Gas 
Oil 

2.4  3.2 
9.5 14.4 
5.6 7.8 

3.2 
2.7 
6.4 

Total 3.5 4.8 1.8 

S t a r t i n g  t h e  model i n  1970 y i e l d s  smaller va lues  f o r  MSPE than  

those  obtained f o r  t h e  s a m e  s i x  yea r  pe r iod  w i t h  t h e  1960-76 run. The 

35 1970 CN and 1969/1970 U i n p u t s  s tart  t h e  s imula t ion  i n  t h e  r i g h t  

d i r e c t i o n .  The major d i f f e r e n c e  between t h e  two s imula t ion  runs concerns 

gas use.  S t a r t i n g  t h e  model w i th  1970 d a t a  i m p l i c i t l y  c a p t u r e s  t h e  

/ 
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effects of natual gas shortages. Thus, the overprediction of gas shown 

in Fig. 21 does not occur with the 1970-76 run. 

Table 14 compares model predictions (from the 1960-76 run) with 

Census estimates of equipment ownership market shares for 1970 and 

1975.8’15,29 (Comparisons between these data and results from the 1970- 

76 run are not shown because the 1970-76 run yields excellent predictions, 

primarily because of the user-specified 1970 CN values.) The 1970 

predictions are very close to Census data, primarily because we adjusted 

the 1960 CN values to ensure a close fit. Predictions of electric 

equipment market-shares for 1975 are slightly lower than actual values; 

predicted values of gas equipment ownership for 1975 are higher than 

- Table 1 4 .  Comparison of actual and predicted values of 
equipment ownership market shares ( X )  a 

1960 1970 1975 

Actual Actual Model Actual Model 
\r 

Space heating 
Electricity 1.8  
Gas 43.2 
Oi 1 32.5 
Otherlnone 22.5 

Air conditioning 
Room 10.5 
Central 1 . 9  
None 87.6 

Water heating 
Electricity 20.4 
Gas 47.5 
Oi 1 1 1 . 7  
Otherlnone 20.4 

Food Freezing 18.4 

Cooking 
Electricity 30.9 
Gas 51.5 
Oi 1 z . 1 . 1  
Otherlnone 16.5 

7.7 
55.2 
26.0 
11.1 

25.0 
10.7 
64.3 

25.4 
55.0 

9.8 
9.8 

28.2 

40.7 
49.1 

0.5 
9.7 

8.2 
53.9 
26.0 
11.9 

23.9 
12.3 
63.8 

25.9 
53.7 
10.3 
10.1 

28.7 

41.1 
48.5 

0.5 
9.9 

12.6 11.0 
56.4 58.5 
22.5 2 2 . 1  

8.5 8.4 

29.4 31.4 
20.0 18.8 
50.6 49.8 

30.3 , 28.5 
53.7 56.8 

8.9 8.5 
7 . 1  6.2 

35.0 33.0 

46.8 44.3 
44.8 48.2 
0.1 0.4  
8.3 7 . 1  

Actual equipment ownership market shares are from refs. 8 ,  1 5 ,  and 29. a 
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actual values. These differences are probably due to gas shortages; 

these errors also account for discrepancies in fuel use predictions 

shown in Fig. 21. Predictions of oil equipment market-shares (space 

heating, water heating) are quite close to the Census estimates. Finally, 
. -  

predictions of freezer and air conditioner ownership are good. 

Table 15 shows a comparison between the 1960-76 simulation predictions 

of residential energy use-by end use for 1970 and 1975 with estimates 

obtained from refs. 8, 15, 26, and 28. Predicted distributions for 
* 

both years are,close to the actual distributions. The model overpredicts 

energy use for water-heating and space heating and slightly underpredicts 

electricity use for refrigerators and for other purposes. The refrigerator 

underprediction is caused by changes in the characteristics of refrig- 

erators purchased during the 1960s. These new units were larger than 

their replacements and much more likely to have automatic defrost features. 

Thus; the new units consumed more electricity than did their replacements. 

* 
The comparisons in Table 15 should not be taken too seriously because 

of the difficulties associated with estimating "actual" energy use by end 
use. 

Table 15. Comparison of actual and predicted household 
energy end use distributions a 

1970 (percent) 1975 (percent) 

Actual Model Actual Model 

Space heating 
Air conditioning 
Water heating 
Refrigeration 
Food Freezing 
Cooking 
Lighting 
Other 

Total 

55 57 
5 6 

14 16 
6 5 
2 2 
5 5 
6 4 
a 6 

101 101 

52 54 

1 4  16  
6 5 
2 2 
5 5 
6 4 
a 6 

100 100 

7 a 

- 

aActual energy end use distributions are estimated from data in refs. 8, 
15, 26, and 28. ' 
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Underprediction of o t h e r  e l e c t r i c i t y  uses  is  probably due t o  l a c k  of 

d i saggrega t ion  w i t h i n  t h e  model of t h e s e  uses:  dishwashers,  washing 

machines, c l o t h e s  d r y e r s ,  t e l e v i s i o n s ,  and o t h e r  s m a l l  app l i ances .  

These r e s u l t s  suggest  t h a t  t h e  s imula t ion  model a c c u r a t e l y  p r e d i c t s  

h i s t o r i c a l  r e s i d e n t i a l  energy use  t r e n d s  and p a t t e r n s  f o r  t h e  1960-1976 

pe r iod .  Close agreements between d a t a  and p r e d i c t i o n s  f o r  aggregate  

energy u s e ,  energy use  by f u e l ,  energy use  by end use ,  and equipment 

ownership market s h a r e s  lend confidence t o  our  use of t h e  model t o  

s i m u l a t e  f u t u r e  r e s i d e n t i a l  energy use t r e n d s  and p a t t e r n s .  

8. PROJECTIONS TO THE YEAR 2000 

We develop two p r o j e c t i o n s  of r e s i d e n t i a l  energy use:  a b a s e l i n e  

t h a t  i nc ludes  no government conservat ion programs and a case t h a t  

i nc ludes  the  programs proposed i n  t h e  National Energy Plan3' and new 

r e s i d e n t i a l  t echno log ie s  developed because of government and p r i v a t e  

i n d u s t r y  r e sea rch  programs. D i f f e rences  between t h e  two p r o j e c t i o n s  31 

provide estimates of t h e  energy and economic e f f e c t s  of implementing 

t h e s e  conservat ion programs. 

W e  assume t h a t  populat ion grows according t o  t h e  Bureau of t h e  

Census S e r i e s  I1 pro jec t ion .12  

p r o j e c t i o n  of GNP13 and t h e  populat ion p r o j e c t i o n .  

Per  c a p i t a  income i s  der ived from a D R I  

P r o j e c t i o n s  of 

household formation,  s t o c k s  of occupied housing u n i t s ,  and average 

housing u n i t  s i z e  are from our  housing submodel. 

estimates of housing s t o c k s ,  we  assume t h a t  t r e n d s  i n  housing choices  

(among s ingle-family,  multi-family,  and mobile homes) between 1960 and 

1970 w i l l  cont inue through t h e  end of t h e  century.  Fuel  p r i c e s  are from 

t h e  Department of Energy and t h e  Brookhaven Nat ional  Laboratory.  

I n  developing our 

13 
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Table 16  shows the  va lues  ‘of popu la t ion ,  households,  f u e l  p r i c e s ,  

and incomes from 1970 through 2000 used i n  t h e  b a s e l i n e  p r o j e c t i o n .  

Between 1976 and 2000, populat ion grows a t  an average annual rate of 

0.8%, wh i l e  t h e  number of households grows. a t  1.6%. Higher growth i n  

household formation is  due t o  income growth (2.4%/year) and t h e  changing 

age composition of t h e  populat ion.  

s u b s t a n t i a l l y  du r ing  t h i s  pe r iod ‘  ( 3 . l % / y e a r )  , whi le  o i l  (1. -/%/year) and 

e l e c t r i c i t y  (l .O%/year) p r i c e s  i n c r e a s e  more slowly. 

Gas p r i c e s  are p r o j e c t e d  t o  i n c r e a s e  

- 

Figure  22 shows. the p r o j e c t i o n  of energy use  t o  t h e  yea r  2000 

produced by our  model u s ing  t h e  i n p u t s  d i scussed  above. 

estimates t h a t  f u e l  use w i l l  grow from 14.4 QBtu i n  1970 t o  16.3 QBtu i n  

1976, 1 7 . 7  QBtu i n  1980, and 24.9 QBtu i n  2000. Average annual growth 

ra te  i n  energy use from 1976 t o  2000 i s  1.8%, compared wi th  3.6%/year 

from 1950 t o  1976. Energy use p e r  household grows a t  an  average annual  

ra te  of 0.2% between 1976 and 2000, compared wi th  1.6%/year  between 1950 

and 1976.28 Growth i n  energy use t o  t h e  yea r  2000 is slower than du r ing  

The model 

28 

t h e  p a s t  26 y e a r s  because of h ighe r  and r i s i n g  f u e l  p r i c e s ,  slower 

growth i n  p e r  c a p i t a  income, and slower growth i n  populat ion and households.  30 

Table  16. Inputs  used i n  the  b a s e l i n e  p r o j e c t i o n  of r e s i d e n t i a l  
energy use t o  2000 

Per  c a p i t a  6 Fuel  p r i c e s  (1975-$/lo Btu) 
Populat ion Households Electricity a G~~ oil income 

(105 (105 (19 75- $) 

1970 205 63 2.53 1.47 1.84 5,420 
1975 214 71 2.78 1.69 2.81. 5,850 
1976 215 73 2.83 1.88 2.83 6,050 

1980 222 80 3.01 2.18 3.16 7,150 
1985 233 88 3.16 2.60 3.46 7,970 
1990 244 95 3.31 3.04 3.70 8,890 
2000 260 106 3.57 3.94 4.20 10,570 

- a  Reca l l  t h a t  e l e c t r i c i t y  is given i n  terms of primary energy. 
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The d i s t r i b u t i o n  of energy by end use  is  shown i n  Fig.  24. Space 

hea t ing  ( t h e  most important end use f o r  t h e  e n t i r e  per iod)  d e c l i n e s  i n  

Fig.  22. Base l ine  p r o j e c t i o n  of r e s i d e n t i a l  energy use.  

F igure  23 shows t h e  d i s t r i b u t i o n  of energy use  by f u e l .  E l e c t r i c i t y  

use  grows r a p i d l y  a t  3.4%/year from 1976 t o  2000, whi le  gas  and o i l  uses  

remain e s s e n t i a l l y  cons tan t .  These d i f f e r e n c e s  i n  f u e l  use growth are 

due t o  h i s t o r i c a l  equipment choice preferences  ( r e f .  28) ,  d i f f e r e n t  f u e l  

p r i c e  t r a j e c t o r i e s  (Table 1 6 ) ,  and d i f f e r e n c e s  i n  p r i c e  e l a s t i c i t i e s  f o r  

each f u e l  (Table 12) .  Because of t hese  changes, t h e  s h a r e  of household 

energy accounted f o r  by e l e c t r i c i t y  inc reases  from 47% i n  1976 t o  68% i n  

2000. 
* 

* 
Trea t ing  e l e c t r i c i t y  i n  terms of end use energy (3,412 Btu/kwhr), 

i t s  s h a r e  of household energy use i n c r e a s e s  from 21% i n  1976 t o  38% i n  
2000. 
from 22 t o  18%, and t h a t  by o t h e r  f u e l s  from 6 t o  3%. 
energy,  e l e c t r i c i t y  i s  t h e  dominant household f u e l  throughout t h e  projec-  
t i o n  per iod .  

The sha re  con t r ibu ted  by gas d e c l i n e s  from 51  t o  41%, t h a t  by o i l  
I n  terms of primary 

I n  terms of end use energy,  gas  is  t h e  dominant f u e l .  
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importance from 50% i n  1976 t o  43% i n  2000. A i r  cond i t ion ing ,  on t h e  

I 

o t h e r  hand, i n c r e a s e s  i t s  s h a r e  of t h e  t o t a l  from 7% t o  12% between 1976 

and 2000. Shares of energy accounted f o r  b y . o t h e r  end uses  remain 

n e a r l y  cons t an t .  

The second p r o j e c t i o n  inc ludes  several conservat ion programs. 

Because t h e s e  programs and our analyses  of them are d i s c u s s e d i n  d e t a i l  

elsewhere ( r e f s .  30 and 3 1 ) ,  we only summarize r e s u l t s  here .  This  case 

inc ludes  h ighe r  p r i c e s  f o r  o i l  (about 5%) and gas  (15%) because of t h e  

proposed changes i n  p r i c e  r e g u l a t i o n s  i n  t h e  National Energy Plan, shown 

i n  F ig .  25; r e g u l a t i o n s  concerning e f f i c i e n c y  of new household equipment, 

a p p l i a n c e s ,  and s t r u c t u r e s ;  information and i n c e n t i v e  programs t o  encourage 

wea the r i za t ion  of e x i s t i n g  homes; and t h e  i n t r o d u c t i o n  of new r e s i d e n t i a l  

t echno log ie s  (e .g . ,  advanced e lec t r ic  h e a t  pumps, gas - f i r ed  h e a t  pumps, 

LITEK lamp) produced as a r e s u l t  of p r i v a t e  and government RD&D. 
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Figure 26 and Table 1 7  summarize t h e  e f f e c t s  of t h e s e  programs on 

r e s i d e n t i a l  energy use and household economics. Energy use  is  c u t  by 7% 

i n  1980, 1 4 %  i n  1990, and 1 7 %  i n  2000 .  Overall, t h e s e  programs reduce 

energy growth from 1.8 t o  1. O%/y/ear . , 

Between 1977 and 2000 a t o t a l  of 64  QBtu are saved becaus;: of t h e s e  

programs. Almost h a l f  t h e  sav ings  are e l e c t r i c i t y ;  gas  and o i l  account 

f o r  almost 40% and almost 20%, r e s p e c t i v e l y .  The p r e s e n t  worth of 

ORNL-DWG 78-4580A 
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Fig. 2 6 .  Energy savings due t o  r e s i d e n t i a l  conse rva t ion  programs. 

Table 17. Cumulative (1977-2000) energy and economic effects 
of conservation programs 

(billion 1975-$) a Energy (QBtu) Economic 

Electricity 30 Fuels 54 
Gas 24 Equipment -10 

-21 

Total 64 Net 23 

- 10 Structures - Oi 1 

a Present worth calculations are performed with a real interest 
rate of 8%. 
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reduced household f u e l  b i l l s  is $54 b i l l i o n .  

t h e  p re sen t  worth of i nc reased  expendi tures  on improved equipment and 

s t r u c t u r e s  ($31 b i l l i o n ) .  Thus t h e  n e t  b e n e f i t  t o  s o c i e t y  ( exc lus ive  of 

t h e  c o s t  of government programs) is  $23 b i l l i o n .  From t h e  s t andpo in t  of 

This  is  p a r t l y  o f f s e t  by 

* 
t h e  t y p i c a l  household, t h e  b e n e f i t / c o s t  r a t i o  f o r  t h e s e  programs is 1 . 7 .  

9. UNCERTAINTY 

Despi te  t h e  p r e c i s i o n  w i t h  which computer models y i e l d  o u t p u t s ,  t h e  , 

32 r e s u l t s  themselves are s u b j e c t  t o  a t  least fou r  kinds of u n c e r t a i n t i e s :  

1. Parameter e s t ima t ion  - t h e  d a t a  and s ta t i s t ica l  techniques used 
y i e l d  model c o e f f i c i e n t s  t h a t  are unce r t a in .  For example, t h e  f u e l  
p r i c e  and income e l a s t i c i t i e s  used i n  our  model are estimates of t h e  
(unknown) a c t u a l  va lues .  S i m i l a r l y ,  t h e  parameters t h a t  d e f i n e  engineer ing 
r e l a t i o n s h i p s  between equipment energy use and c a p i t a l  c o s t  are known 
only approximately.  

2 .  Exogenous v a r i a b l e s  - i n c o r r e c t  assumptions about t r a j e c t o r i e s  
f o r  t h e  independent v a r i a b l e s  w i l l  y i e l d  i n c o r r e c t  p r o j e c t i o n s  of t h e  
dependent (endogenous) v a r i a b l e s .  For example, u n c e r t a i n t i e s  i n  our  
assumed f u e l  p r i c e  and p e r  c a p i t a  income t r a j e c t o r i e s  l ead  t o  uncertain-  
t ies  i n  our estimates of f u t u r e  r e s i d e n t i a l  energy use. 

3 .  M i s s p e c i f i c a t i o n  - U s e  of t h e  i n c o r r e c t  form f o r  equat ions (e.g., 
log-log v s  l i n e a r )  o r  omission of important v a r i a b l e s  can l ead  t o  i n c o r r e c t  
p r o j e c t i o n s .  I n  our  model, f o r  example, t h e  age s t r u c t u r e  of t h e  popula- 
t i o n  does n o t  i n f l u e n c e  e i t h e r  t h e  choice of household goods o r  t h e  
i n t e n s i t y  wi th  which they are used. One might expect  households wi th  
c h i l d r e n  t o  use more energy f o r  water h e a t i n g  (showers, laundry,  food 
p repa ra t ion )  t han  would o l d e r  f a m i l i e s  w i th  no c h i l d r e n  a t  home. 

4 .  S t r u c t u r a l  change - Models are cons t ruc t ed  wi th  h i s t o r i c a l  d a t a  
t h a t  encompass c e r t a i n  ranges i n  t h e  dependent and independent v a r i a b l e s .  
Systems might behave d i f f e r e n t l y  o u t s i d e  t h e s e  h i s t o r i c a l  ranges.  For 
example, w e  assume i n  our  model t h a t  consumer choices  among competing 
systems (e .g . ,  water h e a t e r s )  va ry  smoothly as func t ions  of c a p i t a l  and 

* 
The Appendix c o n t a i n s  t h e  computer output  s u m r y  pages (from t h e  

s imula t ion  model) f o r  t h e  two cases d i scussed  i n  t h i s  s e c t i o n .  

'The a n a l y s i s  and d i s c u s s i o n  i n  t h i s  s e c t i o n  are motivated by t h e  
i d e a s  and suggest ions presented by Rent! Males ( E l e c t r i c  Power Research 
I n s t i t u t e )  i n  d i s c u s s i o n s  a t  ORNL and i n  h i s  d r a f t  paper ,  r e f .  32. 
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o p e r a t i n g  c o s t s .  However, consumer behavior  may change a b r u p t l y  a t  some 
unknown h igh  l e v e l  of f u e l  p r i c e s .  
d i s c o n t i n u i t i e s  i n  f u t u r e  behavior  are p o s s i b l e ,  b u t  are n o t  i nco rpora t ed  
i n t o  ou r  model. 
become very important i n  t h e  f u t u r e .  
n a t i o n ' s  households w e r e  a i r - cond i t ioned ;  today more than  50% are a i r -  
cond i t ioned . )  

The e x i s t e n c e  of t h r e s h o l d s  and 

A l s o ,  new energy-intensive r e s i d e n t i a l  f u n c t i o n s  might 
( I n  1950, less than  1% of t h e  

The t h i r d  and f o u r t h  problems are extremely d i f f i c u l t  t o  t rea t  quan- 

t i t a t i v e l y ;  they are n o t  d i scussed  f u r t h e r .  The second problem (independ- 

e n t  v a r i a b l e s )  i s  b e s t  handled by running s e v e r a l  d i f f e r e n t  s c e n a r i o s  i n  

which independent v a r i a b l e s  are 'changed. Our earlier s t u d i e s  p r e s e n t  

r e s u l t s  of t h e s e  s c e n a r i o  e x e r c i s e s  ( r e f s .  30 and 3 1 ) ;  a l s o  t h e  s e n s i t i v -  

i t y  of model r e s u l t s  t o  independent v a r i a b l e s  is  given by e las t ic i t ies ,  as 

shown i n  Tables 3, 4 ,  6,  7, 8, and 1 2 .  

This  s e c t i o n  treats t h e  f i r s t  problem - u n c e r t a i n t y  i n  parameter 

estimates. I d e a l l y ,  w e  should s p e c i f y  an expected va lue  (mean) and a d i s -  

t r i b u t i o n  f u n c t i o n  f o r  each of t h e  approximately 300 c o e f f i c i e n t s  i n  our  

energy model. 

t i m e s ,  a l lowing t h e  parameters t o  vary randomly f o r  each run. 

of such a Monte Carlo s imula t ion  e x e r c i s e  would r e v e a l  t h e  s e n s i t i v i t y  of 

Then, w e  should run t h e  s imula t ion  model s e v e r a l  hundred 

The r e s u l t s  

model r e s u l t s  (e .g . ,  a d i s t r i b u t i o n  of model ou tpu t s  f o r  energy use i n  

2000) t o  v a r i a t i o n s  i n  t h e s e  parameters.  

We do n o t  perform such an e x e r c i s e . '  A s  our  d i s c u s s i o n s  i n  Sec t ions  

2-6 i n d i c a t e ,  t h e  parameters i n  our  model are based only i n  p a r t  on 

s t a t i s t i c a l  a n a l y s i s .  

d i s t r i b u t i o n  f u n c t i o n  ( o r  even a s t anda rd  d e v i a t i o n )  f o r  each c o e f f i c i e n t .  

Even i f  we could,  t h e  c o s t  i n  both computer programming and computing t i m e  

t o  conduct such a Monte Carlo s imula t ion  would be p r o h i b i t i v e .  

Thus we have no r igo rous  method f o r  d e f i n i n g  a 

Therefore ,  w e  u s e  a s imple r  approach t o  e v a l u a t e  t h e  s e n s i t i v i t y  of 

model r e s u l t s  t o  v a r i a t i o n s  i n  parameter estimates. W e  d e f i n e  two sets of 
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va lues  f o r  those  parameters  t h a t  most s t r o n g l y  in f luence  model r e s u l t s  - 

one set of va lues  t o  y i e l d  a h igh  p r o j e c t i o n  of energy use and one set t o  

y i e l d  a low p r o j e c t i o n .  

Table  18 lists t h e  parameters t h a t  w e  va r i ed  i n  t h e s e  runs ,  t h e  

assumed v a r i a t i o n ,  and t h e  s e c t i o n  i n  t h i s  r e p o r t  where these parameters 

are d iscussed .  Our upper and lower l i m i t s  f o r  t h e s e  parameters are 

guesses  a t  reasonable  va lues .  For example, our  review of econometric 

ana lyses  of household f u e l  choices24 sugges t s  t h a t  own-price market s h a r e  

e las t ic i t ies  are known wi th  much g r e a t e r  r e l i a b i l i t y  than are cross-pr ice  

elasticit ies.  Hence, w e  vary  t h e  c ross -pr ice  elasticit ies i n  t h i s  exercise 

by +25%. S i m i l a r l y ,  va lues  of usage e las t ic i t ies  wi th  r e s p e c t  t o  both 

own-price and income are based p r imar i ly  on judgments and engineer ing  

f e a s i b i l i t y .  So w e  vary  t h e s e  va lues  by +25%. 

. 

I n  a c t u a l i t y ,  i t  is  u n l i k e l y  t h a t  our  parameter estimates are a l l  t o o  - 
low (or  t oo  high)  by 25%. In a Monte Carlo s imula t ion ,  these parameters 

Table 18. Variations in parameter estimates 

Parameter 
Change 

High Low Section 

Cross-price market 
share elasticities +25% -25% 4 Ems 

Own-price usage 
elasticities 

Usage elasticities 
with respect to income 

Equipment technology 
characterization 

EU 

EU 

exponents A 

-25% +25% 4 

+25% -25% 4 

-25% +25% 3 

New structure technology 
characterization 
exponents A -25% +25% 3 

Exponent in market 
penetration submodel n 0.5 2.0 5 
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would be v a r i e d  randomly s o  t h a t  some would i n c r e a s e  w h i l e  o t h e r s  would 

decrease i n  each run. I n  our  case, w e  va ry  t h e  parameters t o g e t h e r  t o  

t h e i r  "extreme" v a l u e s  t o  y i e l d  e i t h e r  a high p r o j e c t i o n  o r  a low pro- 

j e c t i o n  of energy use.  (On t h e  o t h e r  hand, 25% is  n o t  n e c e s s a r i l y  t h e  

o u t e r  l i m i t  on t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e s e  parameters.)  

Thus w e  vary 76 of t h e  310 parameters i n  t h e  model. Our judgment and 

previous s imula t ion  runs suggest  t h a t  t h e  i n f l u e n c e  of t h e  o t h e r  parameters 

on energy use p r o j e c t i o n s  is  much less. 

W e  r an  our b a s e l i n e  case (discussed i n  t h e  preceding s e c t i o n )  w i th  

t h e  two a d j u s t e d  sets of parameters.  F igu re  27 shows t h e  o r i g i n a l  base- 

- . l i n e  and t h e  two per turbed runs.  Clear ly , .changing t h e s e  76 parameters 

a f f e c t s  p r o j e c t i o n s  of r e s i d e n t i a l  e l e c t r i c i t y ,  gas ,  o i l ,  and t o t a l  f u e l  

u se .  However, t h e  v a r i a t i o n  i n  r e s u l t s  is  less than one might expect .  

For example, a l though t h e  parameters are v a r i e d  by ?25%, t h e  v a r i a t i o n  i n  
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t o t a l  energy use  is only 53% i n  1980, 56% i n  1990, and +8% i n  2000. Thus, 

feedbacks w i t h i n  t h e  energy model dampen t h e  e f f e c t s  of c o e f f i c i e n t  varia- 

t i o n .  F igu re  27 a l s o  shows t h a t  t h e  v a r i a t i o n  i n  r e s u l t s  is  approximately 

symmetrical about t h e  nominal b a s e l i n e .  The percentage v a r i a t i o n  i n  

p r o j e c t i o n s  i s  g r e a t e s t  f o r  o i l  (218% i n  2000) and least  f o r  e l e c t r i c i t y  

(?6% i n  2000). T h i s  v a r i a t i o n  is  probably due t o  d i f f e r e n c e s  i n  space 

h e a t i n g  energy use  among f u e l s .  
- 

We a l s o  r e r a n  t h e  conservat ion case d i scussed  i n  t h e  l as t  s e c t i o n  

w i t h  t h e  two sets of parameters (Fig. 28 ) .  The v a r i a t i o n  i n  energy pro- 

j e c t i o n s  i s  less than f o r  t h e  b a s e l i n e  case: +6% i n  1980 and 1990 and 

+7% i n  2000. However, t h e  v a r i a t i o n  around t h e  nominal conservat ion case 

i s  n o t  symmetrical. The government r e g u l a t o r y  programs l i m i t  growth i n  

'energy.use and reduce t h e  high-side v a r i a t i o n .  
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Finally, we evaluate the effects of parameter variations on differences 

between the baseline and conservation cases; see Fig. 29. The variation 

in estimated energy savings among the three cases (high, nominal, low) is 

less than the variation in baseline energy use, but more than the variation 

in the conservation case energy use. 

parameter estimates would affect all runs in roughly the same fashion. 

This particular exercise suggests that such is not the case. The effects 

of parameter variation are much larger for the base case (Fig. 27)  than 

for the conservation case (Fig. 28). Therefore, the variation in estimated 

energy savings falls in between the two ranges (Fig. 29). 

We had expected that variations in 

Table 19 shows the cumulative energy and economic benefits for the 

conservation programs discussed in the preceding section for the three 

sets of parameters. Although the estimated energy and economic benefits 
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Table 19. Cumulative (1977-2000) energy and economic effects 
of conservation programs: sensitivity to model parameters 

Energy (QBtu) 
High. Nominal Low 

a' Economic (billion 1975-$) ' 
High Nominal Low 

Electricity 40 30 22 Fuels 71 54 41 
Gas 27 24 21 Equipment -12 -10 - 9  

-25 Oi 1 

Total 81 64 51 Net 35 23 7 

- -21 - 8 Structures -2 - 10 - 14 - 

aPresent worth calculations are performed with a real interest rate of 8%. 

depend on the coefficients, these results show positive savings for all 

three sets of coefficients. 

These results suggest that projections of energy use (and economic 

effects) produced with our simulation model are not too sensitive to 

reasonable variations in the estimates of key coefficients. This fortun- 

ate occurrence is due primarily to feedbacks within the model. For 

example, if equipment efficiencies are more costly to implement (i.e., we 

reduce the A coefficients), then usage will adjust more than it otherwise 

would to compensate for the increased operating cost of equipment. 

10. SUMMARY 

The model developed here simulates national energy use on an annual 

basis for four fuels, eight end uses, and three housing types. Each of 

these fuel use components is determined within the model as a function of 

housing stocks and new construction, housing size, equipment installations 

and ownership by fuel and end use, energy efficiencies for new and exist- 

ing equipment, thermal performance for new and existing housing units, and 

usage factors that reflect household behavior. 

are functions of fuel prices, equipment prices, incomes, and technologies. 

These factors, in turn, 



Thus, the residential simulation model is sensitive to the major demogra- 

phic, economic, and technological determinants of residential energy use. 

Comparisons of model results with data from 1960 to 1976 show that 

the model accurately predicts residential energy use in aggregate, by 

fuel, and by end use. Predictions of equipment ownership market shares 

are also good. 

We have been using, and continue to use, our model for our program 

sponsors in DOE to evaluate a variety of conservation programs. We 

examined the energy and economic impacts of different levels of appliance 

efficiency standards, standards for construction of new homes, and 

different incentives to encourage weatherization of existing housing 

units. We also evaluated the likely market penetration and consequent 

energy and economic effects of developing new residential technologies 

such as gas-fired heat pumps and high efficiency refrigerators. 

30 

31 

In addition, we used our model for the Congressional Office of Tech- 

nology Assessment to evaluate the potential of new conservation programs; 

the President's Council on Environmental Quality to understand recent 

trends in residential energy use; and the President's Council of Economic 

Advisers to evaluate the potential savings of different retrofit programs. 

Our model was used in the National Academy of Sciences study on nuclear 

and alternative energy systems (CONAES) to develop alternative projections 

of residential energy use under different fuel price and income assumptions. 

Finally, we used our regional models for the General Accounting Office to 

estimate future trends in electricity demand in the TVA region. 

The present version of our residential energy use model is much more 

flexible, detailed, and powerful than were earlier versions. In partic- 
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ular, the present version has more detail with respect to new equipment 

installations in new and existing housing units, more detail in the speci- 

fication of technology relationships, more flexibility in the market 

penetration algorithm, and better equations for estimating household 

formation and housing size. Nevertheless, our model is far from perfect. 

Limitations that should be addressed include: 

1. Improved econometric estimates of price elasticities. The 
weakest part of our present model relates to the equipment market share 
and usage elasticities. These elasticities are obtained with an inade- 
quate (and to some extent, inaccurate) data base, poorly specified models, 
and are based on a time period that may not relate well to future changes 
(see discussion of uncertainties in Section 9). 
estimating our overall fuel demand models (similar to those in ref. 23) in 
an effort to address these problems. 

We are presently re- 

2.  Market penetration. Our model contains a simple algorithm, 
described in Section 5 ,  that estimates changes in new equipment and 
structure efficiencies over Cime as functions of consumer interest rates, 
fuel prices, and available technologies. However, our model is ad hoc; it 
lacks a theoretical basis and empirical validation. We are presently 
reviewing the literature on market penetration models and hope to develop 
an improved model within a year. 

3 .  Housing choices. Our present housing model is a great improve- 
ment over earlier versions. However, housing choices are determined 
entirely by user assumptions. We hope to replace these assumptions with a 
set of equations that share households among housing types as functions of 
age of household head, housing prices, incomes, and other relevant economic 
and demographic variables. 

4 .  Improved characterization of residential technologies. We are 
continuing our engineering analysis of residential structures and have 
begun to analyze the energy use/capital cost relationships for solar water 
and space heating systems. 

5 .  Equipment decay rates. We presently assume that residential 
equipment and structures decay at an exponential rate. This greatly 
simplifies calculations within the model. However, the limited data 
available on equipment lifetimes suggest a decay function that is more 
nearly logistic, in which very few units are discarded during the first 
few years, then during a middle period many units are discarded, and 
finally a few units last for very long times. A s  new data on equipment 
and structure lifetimes become available, this information should be 
incorporated into the model using a more realistic (and computationally 
burdensome) decay function. 
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6 .  Other end uses .  Our energy model does n o t  e x p l i c i t l y  a l low f o r  
t h e  i n t r o d u c t i o n  of new end uses  (e.g. , sidewalk de ic ing ,  swimming pool  
h e a t i n g ,  i n s i d e  a i r  f i l t r a t i o n ) .  The model inc ludes  an "other" end use  
t h a t  is  allowed t o  grow as income rises, depending on growth i n  f u e l  
p r i c e s .  However, t h i s  may n o t  adequately account f o r  t h e  p o s s i b l e  i n t r o -  
duc t ion  and adopt ion of some new energy-intensive uses .  

7 .  Data. Because t h e  model is  s o  d e t a i l e d ,  i t  r e q u i r e s  a very  
d i saggrega te  d a t a  base.  
forced  us t o  make va r ious  engineer ing  approximations and personal  judg- 
ments. Improved d a t a  are becoming a v a i l a b l e  and t h i s  w i l l  a l low us  t o  
r e f i n e  t h e s e  approximations and assumptions. 

The l a c k  of s u f f i c i e n t l y  d e t a i l e d  accu ra t e  d a t a  
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