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ENCORE-CANADA: COMPUTER PROGRAM FOR THE STUDY OF 
ENERGY CONSUMPTION OF RESIDENTIAL BUILDINGS I N  CANADA 

A .  ~ o n r a d l  and B .T. ~ a r s e n ~  

l ~ i v i s i o n  of Building Research, National Research Council o f  Canada 
Ottawa, Canada 

2~orweg ian  Building Research I n s t i t u t e ,  Oslo, Norway 
(Guest worker with DBR/NRC, 1975) 

ABSTRACT - The paper descr ibes  the  mathematical methods employed in the  
ENCORE-CANADA computer program which p red ic t s  the  hourly a s  we1 1 a s  the 
annual heat ing requi rements of smal l res ident  ia l - type  bui ld ings .  
ENCORE-CANADA i s  pr imar i ly  intended f o r  researchers ,  des igners  and con- 
su l  t i n g  engineers in t e res t ed  in energy conservation measures. The model 
includes t h e  e f f e c t s  of  thermal s to rage ,  in ternal  heat  ga ins ,  basement 
and a i r  i n f i l t r a t i o n  losses ,  transmission heat  losses  and s o l a r  heat  
gains.  The heat ing system is a  thermosta t ica l ly  con t ro l l ed  o i l - f i r e d  
furnace with warm a i r  d i s t r i b u t i o n .  Hourly s o l a r  radia t ion and weather 
data  f o r  various Canadian c i t i e s  a r e  used to  simulate outdoor condi t ions .  

R ~ S U M E  - Les auteurs  decr ivent  l e s  d t h o d e s  mathematiques ut i 1 i sbes  dans 
l e  programme informatique ENCORE-CANADA qui predi t  l e s  besoins de chauffage 
hora i r e s  e t  annuels des p e t i t s  immeubles rCsident ie ls .  ENCORE-CANADA 
s ' a d r e s s e  su r tou t  aux chercheurs,  aux concepteurs e t  aux ingenieurs-conseils  
qui s 1 i n t 6 r e s s e n t  aux mesures d18conomie de I1bnergie .  Le modele englobe 
l e s  e f f e t s  de I ' i n e r t i e  thermique, l e s  gains de chaleur  in t e rnes ,  l e s  pe r t e s  
de chaleur  par l e s  fondations e t  l 1 i n f i l t r a t i o n  d ' a i r ,  l e s  pe r t e s  par t rans-  
mission e t  l e s  gains de chaleur  s o l a i r e .  L ' i n s t a l l a t i o n  de chauffage 3 a i r  
chaud pulsd u t i l  i s e  I ' hu i  l e  comme combustible e t  e s t  rCgl8e par thermostat .  
Des donnees m6t~orologiques  e t  l e  rayonnement s o l a i r e  ho ra i r e  en d i f f e r e n t s  
cen t re s  canadiens .servent  3 simuler l e s  condit ions ex te r i eu res .  

INTRODUCTION study, f o r  a  given bu i ld ing  design,  t h e  r e l a t i o n  

The determination o f  t h e  h e a t  energy required  t o  
maintain prescr ibed indoor condi t ions  i n  a  bui ld ing 
i s  one o f  t h e  main concerns o f  bu i ld ing  des igners .  
(Ayres 1977). For many years  the  degree-day method 
(ASHRAE 1976) was widely used bu t ,  some of t h e  
e s s e n t i a l  elements o f  energy c a l c u l a t i o n s  a r e  
absent  from such simple methods (Mitalas 1976). 
Owing t o  the  r e l a t i v e l y  high c o s t  o f  energy t h e r e  
i s  a  need t o  r e f i n e  the  accuracy o f  bu i ld ing  energy 
requirement ca lcu la t ions .  The use  of  t h e  computer 
is  i n e v i t a b l e  due t o  t h e  length  and complexity of 
computations f o r  hour -b y-hour a n a l y s i s .  Further-  
more, it  i s  important t o  p r e d i c t  accura te ly  not  
only  t h e  t o t a l  energy consumption of a  bui ld ing,  
bu t  a l s o  the  savings a s  a  r e s u l t  o f  energy conser- 
va t ion  measures. Thus t h e  mathematical model 
inc ludes  many previously  ignored f a c t o r s .  

between hea t ing  demand and 

- cl imatological  f a c t o r s  (e .  g.  temperature, wind, 
s o l a r  r a d i a t i o n ) ,  

- bu i ld ing  loca t ion  and o r i e n t a t i o n ,  

- i n su la t ion  l e v e l s  i n  ce i l ing / roof  system, w a l l s  
and basement, 

- thermal s to rage  i n  t h e  bu i ld ing  s t r u c t u r e  and 
contents ,  

- types  of f enes t r a t ion ,  

- e x t e r i o r  su r face  s o l a r  absorp t iv i ty ,  

- a i r  i n f i l t r a t i o n ,  

- thermostat  s e t t i n g s ,  and 

- heat ing system c h a r a c t e r i s t i c s .  

This paper descr ibes  a  mathematical model f o r  OVERVIEW OF MODEL 
hour-by-hour s imula t ion of energy consumption of  ENCORE-CANADA r equ i re s  two input  data  s e t s :  
small r e s i d e n t i a l - t y p e  bu i ld ings  us ing r e a l  weather one describing the building model, and the other 
da ta .  The a s soc ia t ed  computer program, ENCORE- conta in ing hourly weather and s o l a r  r a d i a t i o n  
CANADA (Energy Consumption of  Residences i n  Canada) da ta .  The bu i ld ing  model has  t h e  following 
i s  t h e  Canadian vers ion o f  t h e  Norwegian ENCORE components: 
program (Larsen 1976 and 1977) . I t  a l lows one t o  



- basement wi th  below- and abcve-grade por t ions ,  

- non-par t i t ioned bu i ld ing .enc losu re  t h a t  includes 
ce i l ing / roof  system, wal ls ,  doors and windows, 

- t he rmos ta t i ca l ly  con t ro l l ed  w a n  a i r  d i s t r i b u t i o n  
heat ing system consis, t ing o f  o i l  - f  i r e d  furnace,, 

.smoke pipe  wi th  barometric damper, and chimney, 

- two-element e l e c t r i c  ho t  water hea te r  and s to rage  
tank from which water is  drawn according t o  a 
24 h schedufe, 

- l i g h t s  which a r e  on o r  off  according t o  a 24 h 
schedule,  

- var ious  heat -genera t ing e l e c t r i c a l  appl iances  and 
equipment t h a t  a r e  turned on o r  o f f  according t o  
a 24 h schedule, 

- occupants who a r e  p resen t  i n  the  bu i ld ing  i n  
varying numbers according t o  a 24 h schedule.  

Schedules f o r  hol idays  may be d i f f e r e n t  from those 
fo r  working days. Using t h e  schedules and the  
s p e c i f i c a t i o n s  o f  model components, ENCORE-CANADA 
computes t h e  i n t e r n a l  h e a t  ga in  due t o  

'- occupants, 

- e l e c t r i c a l  appl iances  and equipment, 

- l i g h t s ,  and 

- ho t  water consumption. 
I 

Simi la r ly ,  t h e  program uses  weather and s o l a r  r ad i -  
a t i o n  d a t a  and t h e  s p e c i f i c a t i o n s  o f  model compo- 
nents  t o  compute h e a t  gain and l o s s  through 

- below-grade por t ion o f  basement, 

- cei l ing/ , roof  system and e x t e r i o r  wa l l s  inc luding 
above grade por t ion  o f  basement, 

1 - doors,  

I - windows, and 

I - a i r  i n f i l t r a t i o n .  

These gains  o r  losses ,  wi th  t h e  exception o f  t h e  
below-grade por t ion  of t h e  basement a r e  computed 
wi th  r e spec t  t o  an a r b i t r a r i l y  chosen indoor 
r e fe rence  temperature.  The sum o f  var ious  heat  
ga ins  and l o s s e s  computed wi th  r e spec t  t o  t h e  
reference  temperature a r e  transformed i n t o  heat ing 
demand based on indoor a i r  temperature con t ro l l ed  
by thermosta t .  

I WEATHER AND SOLAR RADIATION DATA 

ENCORE-CANADA may use any one o f  39 preprocessed ! weather and s o l a r  r a d i a t i o n  data  s e t s .  They 
correspond t o  t h r e e  consecutive yea r s  o f  data  f o r  
t h e  following 13 Canadian c i t i e s .  

Vancouver, B .C . 
Edmonton, Al t a .  
Winnipeg, Man. 
Ottawa, Ont. 
Fredericton,  N . B  . 
Toronto, Ont . 
Montreal, Que. 
Hal i fax ,  N.S . 
S t .  John's ,  Nfld. 
Summerland, B .C . 

Suff ie ld ,  Al ta .  (1970-72) 
Swift Current,  Sask. (1970-72) 
Charlottetown, P .E.I . (1972-74) 

Each s e t  conta ins  t h e  c i t y ' s  l a t i t u d e  (R) md t h e  
fo l lawing da ta  f o r  each day o f  t h e  year :  

- d a t e  (day, month), 

- holiday i n d i c a t o r  (used f o r  s e l e c t i n g  schedules),  

- hour ang le  when s o l a r  a l t i t u d e  is zero ( sunr i se  
angle ,  ho), 

- tangent of dec l ina t ion  angle,  t a n ( & ) ,  

- ground r e f l e c t i v i t y ,  R (0.4 wi th  snowcover, 0.2 
without)  . 

For each day of  t h e  year t h e  data  s e t  con ta ins  24 
hourly values of  

a )  dry-bulb temperature of ambient a i r  (O,), 

b) t o t a l  cloud amount i n  t e n t h s  (C), 

c) wind speed (V), 10 m above ground, a t  
meteorological  s i t e ,  

d) wind d i r e c t i o n ,  

e) atmospheric p res su re  (P),  

f )  hour angle  (h ) ,  (sun is  above horizon i f  
Ihl<lhOO, 

g) i n t e n s i t y  of  d i f f u s e  sky r a d i a t i o n  (M,), 

h) i n t e n s i t y  of d i r e c t  s o l a r  r a d i a t i o n  pe r  u n i t  
a r e a  normal t o  sun ' s  r ays  (Mdn) , 

i )  conversion f a c t o r  f o r  i tems g) and h) ,  (e)  . 
Of these ,  a )  through e) a r e  measured o r  observed 
q u a n t i t i e s ;  f )  through i )  a r e  computed values .  
ENCORE-CANADA appl i e s  t h e  following conversion 
formula t o  items g) and h) 

where 

I (0 )  = average s o l a r  r a d i a t i o n  during present  
hour, 

e(0) = percent  d i f f e r e n c e  between computed 
and measured average t o t a l  s o l a r  r ad i -  
a t i o n  ( d i r e c t  p lus  d i f f u s e )  on a ho r i -  
zonta l  su r face  during p resen t  hour, 

M(0) = ca lcu la t ed  ins tantaneous  s o l a r  r a d i -  
a t i o n  a t  p resen t  hour, 

M(l) = ca lcu la t ed  ins tantaneous  s o l a r  r ad ia -  
t i o n  a t  previous hour. 

The f a c t o r  100/[100-e(O)] i n  Eq. (1) is a cloud 
cover modifier  der ived by comparing computed and 
measured t o t a l  s o l a r  r a d i a t i o n  on a ho r i zon ta l  
surface .  

ENCORE-CANADA uses  t h e  information i n  t h e  
weather and s o l a r  r a d i a t i o n  data  s e t s  t o  compute 
the  s o l a r  r a d i a t i o n  in t e rcep ted  by bu i ld ing  compo- 
nents .  The number of  d i s t i n c t  su r face  o r i e n t a -  
t i o n s  f o r  a given bu i ld ing  envelope a r e  determined 



i n  t h e  subrout ine  SOLRAD. For every d i s t i n c t  su r -  e = e  1 1 + c o s (  ) C 
f ace  o r i e n t a t i o n  t h e  subroutine DIRDIF c a l c u l a t e s  o  + y  ['It - E D (1 - = ) I  ( 6 )  
t he  d i r e c t  and d i f f u s e  components o f  s o l a r  r ad i -  
a t i o n  p e r  u n i t  a r e a  according t o  ASHRAE procedure 
(ASHRAE 1975). The d i r e c t  component i s  given by where 

a = surface  s o l a r  a b s o r p t i v i t y  

Idir = Idn c o s ( i )  E = r a d i a n t  interchange f a c t o r  f o r  a  ho r i zon ta l  
su r face  fac ing t h e  sky (assumed t o  be 0.9, 
0.5 and 0.1 f o r  f l a t ,  suburban and urban 

= Idn{ [ s i n ( & )  sin(R) +cos(G)cos(~)cos(h)]cos(q) bui ld ing s i t e s ,  r e spec t ive ly )  

D = d i f fe rence  between incident  long-wave sky 
- [sin(6)cos(R) - cos(6) sin(R)cos(h)]sin(q)cos(a) r a d i a t i o n  and rad ia t ion  emitted by a  ho r i -  

zontal  surface  fac ing t h e  sky 
-cos(&) s in (h )  s in (q )  s i n ( a )  1 (2) (63.1 w/m2 (20 Btu/hr f t 2 )  was used) 

where 

i = incidence angle  

a  = su r face  azimuth angle  (measured counter-  
clockwise from south) 

q  = surface  tilt angle (measured from t h e  
hor i zonta 1) 

L = l a t i t u d e  

6  = dec l ina t ion  angle 

h  = hour ang le .  

The d i f f u s e  component of s o l a r  r a d i a t i o n  i s  
given by 

H = c o e f f i c i e n t  of hea t  t r a n s f e r  by long-wave 
r a d i a t i o n  and convection (assumed t o  b e  
constant  and equal t o  17 w/m2  K,  
3  Btu/hr f t 2  R). 

In  a d d i t i o n  t o  t h e  t h i r t y - n i n e  da ta  s e t s  
mentioned above, t h e  mean (em),  amplitude (8,) 
and phase (p) of t h e  main s inuso ida l  component 
f o r  t h e  ground su r face  s o l - a i r  temperature func- 
t i o n  ( fo r  the  same t h i r t e e n  c i t i e s  and t h r e e  
consecutive years)  a r e  s to red  i n  t h e  block data  
subroutine SOLBLK. em, 0, and p  a r e  used a s  input  
t o  the  below grade basement and h e a t  l o s s  model. 
They were obtained from a  Four ier  a n a l y s i s  of 
hourly values  of ground surface  s o l - a i r  tempera- 
t u r e  computed from Eq. (6) by s e t t i n g  a = 1 - R, 
cos(q) = 1, E = 0.9,  by using measured va lues  f o r  
t h e  t o t a l  s o l a r  r a d i a t i o n  incident  on t h e  ground 
surface ,  and by assuming a  l i n e a r  v a r i a t i o n  of  H 
with wind speed (V) 

where t h e  r a t i o  of d i f f u s e  v e r t i c a l  sky r a d i a t i o n  
t o  d i f f u s e  hor i zon ta l  r ad ia t ion ,  Y,  i s  obtained from 
Threlkeld (1962) 

Y = 0.55 + 0.437cos(i)  

+ 0. 313cos2 ( i )  c o s ( i )  2 -0.2 

and the  i n t e n s i t y  of d i f f u s e  ground rad ia t ion  i s  
given by 

+ cos (6) cos ( t )  cos(h) ]  

The t o t a l  r a d i a t i o n  I t  = ( I d i r  + I d i f )  i s  
e s s e n t i a l  t o  t h e  computation of surface  s o l - a i r  
temperature from t h e  following equation (ASHRAE 
1977) : 

CALCULATIONS OF BELOW-GRADE BASEMENT HEAT LOSS 

The f i n i t e  d i f f e rence  program TRUMP (Edwards 
1968) was used t o  inves t iga te  t h e  importance of 
va r i ab les  a f f e c t i n g  heat  flow from t h e  below- 
grade por t ion  of basements. The following 
f a c t o r s  were found t o  be important: 

- amount of wall  below grade, 

- mean thermal p rope r t i e s  of concre te  and s o i l ,  

- mean and fundamental s inusoidal  component of 
ground surface  s o l - a i r  temperature, 

- depth and temperature of water t ab le ,  

- ex ten t  and thermal r e s i s t a n c e  of in su la t ion ,  

- per imeter  and shape of basement. 

Factors such a s  f r eez ing  and thawing, tempera- 
t u r e  dependence of thermal p rope r t i e s ,  snow cover, 
pos i t ion  of in su la t ion ,  and d iu rna l  and weekly 
t r a n s i e n t s  were found t o  have a  second o rde r  
e f f e c t  on ca lcu la t ed  heat  l o s s  f o r  a  heat ing 
season. Since most of t h e  important parameters 



a re  seldom known accurate ly ,  a s impl i f i ed  algorithm Gfw = steady - s t a t e  heat  conductance between 
was se lec ted  r a t h e r  than incorvorating a f i n i t e  basement f l o o r  and water t a b l e  .., 
d i f fe rence  o r  f i n i t e  element approach. The heat  
flow from the  basement was assumed t o  be  t h e  sum of G = cosine  component of dynamic hea t  

fgc conductance between basement f l o o r  and 

- s t eady-s ta t e  heat  flow t o  ground su r face  a t  mean 
annual so l  - a i r  temperature, 

- per iodic  heat flow t o  ground su r face  with temper- 
a t u r e  f l u c t u a t i o n  equal t o  fundamental s inusoidal  
component of s o l - a i r  temperature, and 

- s t eady-s ta t e  heat  flow t o  water t a b l e  a t  mean 
annual deep ground temperature. 

The basement i n t e r i o r  surface  temperature was 
assumed constant throughout t h e  heat ing season. 
The components f o r  wal l  and f l o o r  were t r e a t e d  
separa te ly  t o  s impl i fy  comparison with the  TRUMP 
f i n i t e  d i f fe rence  r e s u l t s .  Thus, i n  ENCORE-CANADA 
t h e  hourly values  of heat  flow through basement 
wal ls  (Qw) and f l o o r  (Qf) a r e  computed with t h e  
subroutine BTLOSS according t o  t h e  following 
formulae 

ground su r face  

G = s i n e  component of dynamic heat  conduc- 
fg s  tance between basement f l o o r  and ground 

surf  ace .  

The funct ion 0 ( t )  = 0, + ea[s in(2a/n  + p ) ]  
descr ibes  the  per iodic  boundary condi t ion f o r  
temperature a t  t h e  ground surface .  The f i r s t  two 
terms on the  r i g h t  hand s ides  of Eqs. (8) and (9) 
represent  s teady-s ta te  heat  flow from t h e  basement 
t o  the ground su r face  and t o  t h e  water t ab le ,  
respect ively .  The remaining terms represent the 
dynamic heat  flow between basement and pound 
su r face .  The dynamic heat flow between basement 
and water t a b l e  i s  neglected.  The conductances 
Gwg, Gww, Gwgc, G w g s ,  Gfg9 Gfw, Gfgc and Gfgs a r e  
computed once f o r  a p a r t i c u l a r  basement i n  t h e  
subroutine BASMNT. In order t o  a r r i v e  a t  these  
e i g h t  conductances, a version of t h e  method 
described by Boileau and Lat ta  (1968) i s  used. 

2lT 2lT 
+ [ G w g c ~ ~ ~ ( n  t + p) + G sin(? t +p)]Ba (8) AIR INFILTRATION CALCULATIONS 

wgs 
The a i r  i n f i l t r a t i o n  ca lcu la t ions  a r e  based on 

the  model described i n  d e t a i l  by Konrad e t  a 1  
(1978). This model i s  l imi ted t o  e i g h t  d i f f e r e n t  
bui ld ing height-to-width and length-to-width 

Qf = Gfg(om - gin) + G f w  (ewt - gin) r a t i o s .  The leakage opening of each bui ld ing 
component ( ce i l ing ,  walls, windows and doors) i s  

2 l ~  2.rr represented by  severa l  holes equal ly  spaced along 
+ [Gfgccos (T t + p) + G sin(f;- t + p)]ea 

f gs 
(9) the height of the component. If t h e  indoor 

pressure a t  t h e  ground l eve l  (P1) i s  known, t h e  
Where mass E l m  r a t e  o f  a i r  {Gj) through t h e  j - t h  hole 

t = hour of t h e  year (0 5 t 5 n) can be computed f r o m  

n = number of hours i n  a year  (n = 8760 f o r  
ordinary  year,  n = 8784 f o r  leap year) 

J 

Owt = water t a b l e  temperature -n . 
J 

c .v2 
1 1  

G .  = a  p ( ~  P+; [++g hj (---)I - P  (101 0. = constant  basement i n t e r i o r  surface  temper- 
I n  I 11 o 'i ' o  I 

a t u r e  

0 = mean annual ground surface  s o l - a i r  m 
temperature 

0 = amplitude of fundamental Fourier s i n e  
a component of ground su r face  s o l - a i r  

temperature funct ion 

p = phase of fundamental Fourier s i n e  component 
o f  ground surface  s o l - a i r  temperature 
funct ion 

G = s t eady-s ta t e  heat  conductance between base- 
Wg ment wal ls  and ground surface  

= s t eady-s ta t e  hea t  conductance between base- 
ment wal ls  and water t a b l e  

G = cosine  component of dynamic heat  conductance 
Wgc between basement wal ls  and ground surface  

G = s i n e  component of dynamic heat  conductance 
Wgs between basement walls and ground surface  

where 

s = + 1 f o r  a i r  i n f i l t r a t i o n ,  and 

= - 1 fo r  a i r  e x f i l t r a t i o n  

p = dens i ty  of indoor a i r  i f  s = - 1, and 

= densi ty  of outdoor a i r  i f  s = + 1 

R.  = r e s i s t a n c e  t o  a i r  leakage of j - t h  hole  
1 

n: = flow exponent f o r  a i r  flow through j - th  
hole  

P = outdoor atmospheric pressure  a t  ground 
l eve l  

R = gas constant  f o r  a i r  

c = wind pressure  c o e f f i c i e n t  where j - t h  hole 
j i s  located (depends on wind d i r e c t i o n  and 

bui ld ing o r i en ta t ion)  
G = s t eady-s ta t e  heat conductance between base- 
f g  ment f l o o r  and ground su r face  V = wind speed 



g = g r a v i t a t i o n a l  acce le ra t ion  

h .  = he igh t  of j - t h  ho le  above ground 
I 

0 = outdoor a i r  temperature 
0 

0 .  = indoor a i r  temperature. 
1 

Using t h e  mathematical model o f  t h e  furnace,  
smoke pipe,  barometric damper and chimney ou t l ined  
by Konrad e t  a 1  (1978), t h e  program (subrout ines  
FRNACE, INFILT, FLOWS, PCOEF, WIND, CHMNEY, FFACT 
and PRESSR) computes t h e  mass flow r a t e  of gases  i n  
the  chimney (Gc) a s  a funct ion of furnace  load 
f a c t o r  f o r  any assumed value of  t h e  indoor pressure  
a t  ground l e v e l .  The t r u e  pressure  i s  computed by 
an i t e r a t i v e  procedure from t h e  mass balance 
equation f o r  a i r  flow through m holes  and t h e  gas 
flow i n  t h e  chimney, i .e . ,  

The a i r  i n f i l t r a t i o n  load, Li, v a r i e s  wi th  ou t -  
door a i r  temperature, indoor a i r  temperature, wind 
speed, wind d i r e c t i o n  and furnace opera t ion.  I t  i s  
computed by multiplying the  sum of  a l l  p o s i t i v e  
Gj I S  by ( 0 i  - 0,) and by t h e  s p e c i f i c  heat  of a i r  
a t  temperature ( 0 i  + 0,)/2. 

HEAT TRANSFER CALCULATIONS 

The z-transform method 

ENCORE-CANADA employs t h e  z-transform method t o  
compute: 

- heat  t r a n s f e r r e d  through c e i l i n g ,  wa l l s ,  windows 
and doors, 

- h e a t  gained by indoor a i r  from occupants, l i g h t s ,  
domestic h o t  water and e l e c t r i c a l  appl iances ,  and 

- hea t ing  demand and room a i r  temperature including 
e f f e c t s  of thermostat  con t ro l  system. 

The z-transform method i s  c l o s e l y  r e l a t e d  t o  t h e  
c l a s s i c a l  Laplace t ransformat ion.  The method is  
perhaps e a s i e s t  t o  understand i n  t h e  context of 
sampled d a t a  feedback con t ro l  systems f o r  which it 
was o r i g i n a l l y  developed (Truxal 1955). I t s  a p p l i -  
c a t i o n  t o  h e a t  t r a n s f e r  problems i n  bui ld ings  is  
&scr ibed by Mita las  (1978) . 

When a continuous func t ion  of time, i ( t ) ,  i s  
sampled a t  r e g u l a r  time i n t e r v a l s ,  T, t h e  r e s u l t i n g  
funct ion,  i l ( t ) ,  can be  descr ibed i n  terms of t h e  
u n i t  impulse funct ion,  uo ( t ) ,  a s  follows: 

I f  both input ,  i ( t ) ,  and output,  o ( t ) ,  of a 
l i n e a r ,  i nva r i ab le  system a r e  expressed i n  terms 
of t h e i r  z-transforms, I (z)  and O(z) r e spec t ive ly ,  
then t h e  r a t i o  K(z) = O(z) / I (z)  i s  a z-transform 
funct ion f o r  t h e  system. I f  K(z) is known, t h e  
response t o  any given input is obta ined by forming 
t h e  product K(z) I (z) . To determine K(z) , one 
f i n d s  t h e  impulse response of t h e  system expressed 
a s  a polynomial in  z, a s  follows: 

where t h e  c o e f f i c i e n t s ,  k(nT), a r e  c a l l e d  response 
f a c t o r s  and p = m. I f  t h e  response decays t o  zero  
with time, p can be assigned a f i n i t e  value  by 
t runca t ing  t h e  polynomial. In  p rac t i ce ,  it is 
sometimes impossible t o  f i n d  t h e  impulse response 
s ince  i t  is  as soc ia t ed  with i n f i n i t e  heat  f l u x .  
In  such cases  a t r i a n g u l a r  pulse  of u n i t  a r e a  i s  
used a s  input t o  f i n d  t h e  response f a c t o r s  (Kimura 
1977; Stephenson and Mita las  1967). K(z) can 
always be transformed i n t o  t h e  r a t i o  of two poly- 
nomials (Mitalas 1978) simply by mul t ip ly ing 
Eq. (14) by a polynomial quot ient  which eva lua tes  
t o  1, i . e . ,  

I t  is  o f t en  convenient f o r  simple computations t o  
s e t  j = 1 and wr i t e  K(z) i n  t h e  form 

where wl is c a l l e d  Common Ratio and i s  defined by 

The z-transform of i ( t )  i s  obtained from t h e  
Laplace transform o f  i t ( t )  by s u b s t i t u t i n g  z f o r  
exp(Ts) . I t  i s  given by 

w = l i m  . k (nT) 
n - t m  k [ ( n -  1)T] 
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Whether given i n  t h e  form of  Eqs. (14), (15) o r  immediate e f f e c t  on t h e  indoor a i r  temperature.  
(16),  i n  genera l ,  K(z) can always be thought of a s  The delay  depends on t h e  type of i n t e r i o r  f i n i s h ,  
t h e  r a t i o  of two polynomials, i . e . ,  K(z)=N(z)/D(z) . furnishings  and cons t ruc t ion .  I t  is poss ib le  t o  
Given t h e  c o e f f i c i e n t s  Ni and Di of t h e  numerator der ive  z - t r ans fe r  funct ions  f o r  t h i s  system i n  
and denominator, r e spec t ive ly ,  together  with a t h e  form given by Eq. (16) and a s  a funct ion of  
s e r i e s  of sampled values i(nT) and o(nT) of  an mass pe r  u n i t  f l o o r  a r e a  (ASHRAE 1977; Mita las  
e x c i t a t i o n  and a response respect ively ,  except f o r  1972). The following c o e f f i c i e n t s  a r e  s to red  i n  
t h e  cu r ren t  va lue  of t h e  response o(qT), t h e  l a t t e r  the  subroutine WALLGL f o r  f o u r  d i f f e r e n t  va lues  - 
can be solved by equating t h e  coe f f i c i en t s  of t h e  of  mass p e r  u n i t  f l o o r  area :  
h ighes t  power of z on both s i d e s  of t h e  equation: 

146 kg/m2 342 kg/m2 635 kg/m2 976 kg/m2 
C 

d 

(30 l b / f t 2 )  (70 l b / f t 2 )  (130 l b / f t 2 )  (200 l b / f t 2 )  O(z)D(z) = I(z)N(z) (18) 

I f  N(z) has p+l  c o e f f i c i e n t s  and D(z) has  q + l  v 
0 

0.703 0.681 0.676 0.676 

c o e f f i c i e n t s ,  one obta ins  
v -0.523 
1 

-0.551 -0.606 -0.646 

1 
o(qT) = - { i ( 0 ) N p + i ( T ) N  + . .. + i [ ( p - l ) T ] N 1  + w -0.82 

1 
-0.87 -0.93 -0.97 

Do P- 1 
Note t h a t  vl  = 1 + w l  - vo. Based on Eq. (19), 

+ i(pT)N - o(0)D - O ( T ) D ~ - ~  - 0 
... - 

9 
t h e  amount of hea t  t r a n s f e r r e d  t o  o r  removed from 
the  indoor a i r  by a wall  surface  during t h e  
present  hour is computed i n  t h e  subrout ine  WALLGL 

- ~ [ ( q - l l ~ l ~ ~ )  (19) according t o  

Heat t r a n s f e r  through wa l l s  and c e i l i n g  Ls(o) = voQ(0) + v1Q(l) - w1LS(l) (21) 

A t y p i c a l  wall const ruct ion i s  shown i n  Fig .  1. 
The inner and ou te r  l aye r s  of a i r  and t h e  a i r space  
a r e  assumed t o  have a thermal r e s i s t a n c e  (R1 and Heat t r a n s f e r  through doors 

R6) b u t  no thermal capaci ty .  The o the r  l aye r s  a r e  The heat  flow through doors i s  c a l c u l a t e d  
spec i f i ed  by t h e i r  th ickness  (T), thermal conduc- assuming s t eady-s t a t e  condi t ions .  The steady- 
t i v i t y  (K), dens i ty  (D)  and s p e c i f i c  hea t  (S).  s t a t e  heat  flow through a door of a r e a  Ad and 
There i s  no r e s t r i c t i o n  on the  number of layers.  thermal conductance Ud due t o  t h e  d i f f e rence  
The s o l - a i r  temperature,  B( t ) ,  a t  t he  between e x t e r i o r  s o l - a i r  temperature, 8(0) ,  and 
e x t e r i o r  surface  i s  given by Eq. (6) .  The heat  indoor reference  temperature, Or,  i s  given by: 
flow, Q ( t ) ,  a t  t he  i n s i d e  su r face  of t h e  wall is  
r e l a t e d  t o  t h e  temperature d i f f e rence  8 ( t )  - 8, by 
a z - t r ans fe r  funct ion.  A method t o  ob ta in  t h e  Qd(0) = UdAd[e(0) - or] (22) 
t r a n s f e r  funct ion a s  a r a t i o  of two polynomials in  
z i s  described by Stephenson and Mitalas (1971) and 
Mita las  (1968). ENCORE-CANADA requ i re s  n c o e f f i -  Note t h a t  Ud must be  given f o r  t h e  H used i n  

c i e n t s ,  a i  and bi ,  (ASHRAE 1977; Mitalas and Eq. (6) .  The heat  t r a n s f e r r e d  t o  o r  removed from 

Arseneault  1972) t o  compute t h e  heat  flow during t h e  indoor a i r  by a door su r face  during t h e  

the  present  hour, Q(O), given t h e  heat  flows during present  hour i s  computed i n  the  subrout ine  DOORGL 

previous hours (Q(i) , i 2 0) and t h e  outdoor tem- from an equation s imi la r  t o  (21) 

pe ra tu re  during present  and previous hours ( 8 ( i ) ,  
i 0 )  The number of previous hours f o r  which 
d a t a  a r e  required  depends on t h e  number of Ld(0) = vOQd(0) + vlQd(l)  - w1Ld(l) (23) 

c o e f f i c i e n t s  (24 i s  t h e  upper l i m i t  i n  ENCORE- 
CANADA). n i s  l a r g e  f o r  massive wal ls ,  small f o r  where t h e  t r a n s f e r  funct ion c o e f f i c i e n t s  vo, v l  
l i g h t  walls. On t h e  b a s i s  of Eq. (19), Q(0) is  and w l  a r e  i d e n t i c a l  t o  those  f o r  wal ls .  
computed from . . 

Heat t r a n s f e r  through windows 
n n 

Heat t r a n s f e r  through windows occurs by t h e  
Q(o) = 1 ai  A ( @ ( i )  - 8,) - 1 bi Q ( i )  (20) combined mechanism of long-wave r a d i a t i o n ,  conduc- 

i = O  i=l t i o n ,  convection and by transmission and absorp- 
t i o n  of s o l a r  r a d i a t i o n .  Consider a window 
glazing system with o r  without i n t e r i o r  shading. 

where A is t h e  n e t  wall  a r e a .  The c o e f f i c i e n t s  bi The s o l a r  heat  g a i n  through such a window during 
a r e  dimensionless; t h e  c o e f f i c i e n t s  a i  a r e  i n  wa t t s  t h e  present  hour can be computed from t h e  s o l a r  
pe r  square metre degree Kelvin (Br i t i sh  thermal heat  ga in  f a c t o r ,  SHGF(0) , 
u n i t s  per  hour square foot  degree Rankine). The a i  
must be computed under t h e  assumption t h a t  H = l / R 1  Qs(0) = AwSwSHGF(0) = AwSw{Idif (0) [tdif +adif F l+  
= 17 w/m2 K (3 Btu/hr f t 2  R). 

The heat  Q(0) which appears on the  i n s i d e  wall  
+ Idir(0) itdir + Udir ~ 1 )  su r face  during t h e  cu r ren t  hour, does not  have an 

(24) 

L 



where 

A = window surface  area 
W 

and previous hour, t h e  heat  t r ans fe r red  t o  t h e  i n -  
door a i r  from a  window sur face  is obtained by t h e  
t r a n s f e r  funct ion method a s  

S  = window shading c o e f f i c i e n t  ( r a t i o  of 
W 

s o l a r  heat  gain  through glazing system 
t o  s o l a r  heat  gain through double- 
s t r eng th  s i n g l e  pane window g l a s s  under 
i d e n t i c a l  c l imat ic  conditions) 

Idif = i n t e n s i t y  of d i f f u s e  s o l a r  r ad ia t ion  
from Eq. (3) 

Idir = i n t e n s i t y  of d i r e c t  s o l a r  r ad ia t ion  
from Eq. (2) 

tdif = 0.8 = t r ansmiss iv i ty  f o r  d i f f u s e  r a d i -  
a t i o n  of s i n g l e  0.3175 cm (1/8 in)  
th ick  ordinary  window pane (Mitalas and 
Stephenson 1962; Stephenson 1965) 

tdir = t r ansmiss iv i ty  f o r  d i r e c t  r ad ia t ion  of 
s i n g l e  window pane 

adif = 0.054 = a b s o r p t i v i t y  f o r  d i f f u s e  r ad ia -  
t i o n  of s i n g l e  window pane (Mitalas and 
Stephenson 1962; Stephenson 1965) 

a = a b s o r p t i v i t y  f o r  d i r e c t  r ad ia t ion  of 
dir s i n g l e  window pane 

F = inward-flowing f r a c t i o n  of absorbed 
s o l a r  r a d i a t i o n  f o r  s ing le  window pane 
(given by r a t i o  of outs ide  surface 
thermal r e s i s t a n c e  t o  t o t a l  r e s i s t ance ;  
estimated t o  be  1/3) 

The t ransmiss ivi ty  and absorp t iv i ty  f o r  d i r e c t  
s o l a r  r ad ia t ion  a r e  funct ions  of the  cosine of the  
incidence angle (ASHRAE 1977; Stephenson 1965) 

( i f  tdir < 0.0, s e t  t = 0.0) d i r  (25) 

+ 8.57881 cos3 ( i )  -8.38135 cos4 ( i )  

The heat  t r a n s f e r r e d  through a  window of thermal 
- conductance Uw due t o  indoor/outdoor temperature 

d i f fe rence  i s  given by an equation s imi la r  t o  (22) 
f o r  doors 

Lw(0) i s  computed i n  the  subroutine WNDWGL. The 
t r a n s f e r  funct ion c o e f f i c i e n t s  vo, vl and w l  a r e  
i d e n t i c a l  t o  those f o r  wall surfaces .  The so and 
s1 c o e f f i c i e n t s  f o r  a  window without shading ( i . e .  
no b l inds ,  cu r t a ins  o r  drapes) a r e  s to red  i n  t h e  
subroutine WNDWGL f o r  four  values of mass per  u n i t  
f l o o r  a r e a  

When t h e  window has i n t e r i o r  shading (blinds,  
c u r t a i n s  or drapes),  so = vo and sl = vl,  and t h e  
values  of S, and Uw a r e  changed. When t h e  window 
has a  closed s h u t t e r  on t h e  ex te r io r ,  S, = so  = 
0.0, the  thermal conductance, Uw,  i s  changed and 
t h e  e x t e r i o r  surface s o l - a i r  temperature, 0 (0) , i s  
computed from Eq. (6) a s  f o r  wal l  surfaces  ( i . e .  
with a I t  included).  

In te rna l  heat  gain due t o  l i g h t s  

The heat t r ans fe r red  t o  indoor a i r  by l i g h t s  
represents  a  s i g n i f i c a n t  por t ion of t h e  e l e c t r i c a l  
power supplied s ince  e l e c t r i c  l i g h t s  have f a i r l y  
low e f f i cacy .  Some of t h e  energy i s  d i s s ipa ted  by 
convection, and a  s i g n i f i c a n t  p a r t  by r a d i a t i o n  
(Kimura 1977; Mitalas 1973; and 1973-74). The 
t r a n s f e r  function method y i e l d s  t h e  following 
formula f o r  t h e  computation of convective and 
rad ian t  heat  ga in  from l i g h t s :  

where Qu(l) and Qu(2) a r e  t h e  e l e c t r i c a l  energy 
input t o  l i g h t s  one and two hours ago, respec- 
t i v e l y .  The values f o r  Qu a r e  given i n  a  schedule 
i n  the  ENCORE-CANADA input da ta .  Notice t h a t  
&(O) does not  appear on the  r i g h t  hand s i d e  of 
Eq. (29), ind ica t ing  a  long delay between t h e  
energy input t o  l i g h t s  during t h e  present hour and 
t h e  consequent r i s e  i n  indoor a i r  temperature. 
Lu(0) is  computed i n  the  subroutine IGAIN2, where 
t h e  z - t r ans fe r  funct ion c o e f f i c i e n t s ,  y l  and y2, 
a r e  s tored f o r  four  d i f f e r e n t  values  of mass per  
u n i t  f l o o r  a rea  I 

where the  window e x t e r i o r  su r face  temperature, 0(0), 146 kg/m2 342 kg/m2 635 kg/m2 976 kg/m2 
i s  computed from Eq. (6) with a I t  s e t  t o  zero 
( s o l a r  r ad ia t ion  i s  a l ready accounted f o r  i n  Eq. (30 l b / f t 2 )  (70 l b / f t 2 )  (130 l b / f t 2 )  (200 l b / f t 2 )  
(24)) .  Note t h a t  Uw must be  given f o r  t h e  H used 
i n  Eq. (6) . 

y1 
0.5 0.5 0.5 0 .5  

Given t h e  values o f  Qs and Qc f o r  t h e  present 
y2 

-0.32 -0.37 -0.43 -0.47 



The w l  c o e f f i c i e n t s  a r e  i d e n t i c a l  t o  those  used fo r  water i n  a f u l l  tank can s t o r e  i s  Qs and i s  given 
heat  t r a n s f e r  through wal ls ,  doors and windows. by 

The c o e f f i c i e n t s  J1 and J 2  i n  Eq. (29) a r e  
normally s e t  equal t o  1 f o r  l i g h t s  t h a t  a r e  turned 
on o r  off  s t r i c t l y  according t o  a given schedule. 
However, l i g h t s  may a l s o  be turned on o r  o f f  
according t o  the  a v a i l a b i l i t y  of sun l igh t .  Thus, 
J 2  = 0 i f  t h e r e  was sun l igh t  two hours ago; J1 = 0 
i f  t h e r e  was sun l igh t  one hour ago. 

In te rna l  heat  gain due t o  occupancy and appliances- 

The heat  generated by occupants, Qo, i s  t r ans -  
f e r r e d  t o  the  surroundings p a r t l y  by rad ia t ion ,  
p a r t l y  by convection. The heat t r ans fe r red  by 
convection produces an almost instantaneous r i s e  i n  
surrounding a i r  temperature. I f  t h e  f r a c t i o n  of 
heat  t r ans fe r red  by r a d i a t i o n  is  r (0.5 is a 
reasonable value) ,  t h e  f r a c t i o n  t r ans fe r red  by 
convection i s  

where p i s  the  dens i ty  and C i s  the  s p e c i f i c  heat  
of water a t  temperature (BoU: + Bin)/2. I f  t h e  - 
volume of hot water demand during t h e  present  hour 
is  v(O), the  amount of heat ,  qd(O), required t o  
r a i s e  i t s  temperature from Bin t o  Bout i s  pv(0)x 
Cp (gout - Bin).  The make-up heat  required i s  - 
given by 

where qS( l )  is the  amount o f  heat  l e f t  from t h e  
previous hour and qg(0) r ep resen t s  t h e  standby 
l o s s  from t h e  tank (CSA 1973) and the  d i s t r i b u t i o n  
l i n e s  (Schultz and Goldschmidt 1978). 

Loc(o) = (1 -  r)QO(0) (30) I f  E l  ' qm(0), hea te r  element No. 1 produces 
e(0) = q,,,(O) amount of hea t  and t h e  tank w i l l  b e  

The gain due t o  r a d i a n t  heat  t r a n s f e r  from completely f i l l e d  with hot water, i . e . ,  %(O) = Q s .  

occupants f o r  the  present  hour i s  given by an 
equation s imi la r  t o  (29) f o r  l i g h t s  I f  E l  < q,,,(O) and E2 2 qm(0),  hea te r  No. 1 

tu rns  o f f .  and hea te r  No. 2 w i l l  meet t h e  demand 
( i . e . ,  qs(0) = Qs) by generating e(0) = qm(0) 

Lor(0) = r[ulQo(l)  + U2Q0(2)1 - WILor(l) (31) amount of hea t .  I f  E2 < q,,,(O), t h e  demand cannot 
be met f o r  t h i s  hour and only e(0) = E 2  amount of 

Notice the  one hour delay between e x c i t a t i o n  and heat  i s  generated, i . e . ,  qs(0) = Qs - qm(0) + E2. 
response. By adding Eqs. (30) and (31) one 
obta ins  the  t o t a l  hea t  gain  due t o  occupancy a s  This procedure i s  implemented i n  the  subroutine 

HOTWR t o  a r r i v e  a t  the  t o t a l  e l e c t r i c a l  energy, 
Lo(0) = ( 1  - r)Qo(0) + r [u lQo( l )  + u2Qo(2)1 - e(O), consumed by t h e  hot  water system during t h e  

present hour. I t  i s  assumed t h a t  
- w L (1) 

1 o r  (32) Qh(0) = [e(O) - qR(0)1/2 + qg(0) por t ion of e(O) 
causes the  indoor a i r  temperature t o  r i s e .  The 
heat t r a n s f e r  mechanism is assumed t o  be  i d e n t i c a l  

The rad ian t  component of heat  gain during previous t o  t h a t  f o r  occupants and e l e c t r i c a l  appl iances .  
hour i s  simply 

Thus, t h e  i n t e r n a l  heat  gain, Lh (0) , from t h e  
domestic hot water system i s  computed from Eq. (34) 

Lor(l) = Lo(l) - Loc(l) = Lo(l) - ( l - r ) Q o ( l )  (33) (Qh replaces  Qo) by t h e  subroutine IGAIN1. 

and hence, by s u b s t i t u t i n g  i n  Eq. (32), one obta ins  THERMOSTAT CONTROL SYSTEM 

The ne t  heat  l o s s  o r  heat  gain  during t h e  
Lo(0) = ( 1  - r)Qo(0) + [wl(l - '1 + rul lQo(l )  + present  hour, Ln(0), i s  given by 

The t r a n s f e r  funct ion c o e f f i c i e n t  ul i s  i d e n t i c a l  
+ Lw(0) + LU(O) + LO(O) + Le(0) + Lh(0) t o  SO and u2 i s  i d e n t i c a l  t o  sl fo r  heat t r a n s f e r  (37) 

through windows. Lo(0) is computed by t h e  sub- - .  
rou t ine  IGAIN1. where the  components a r e  

4 

Heat gain from e l e c t r i c a l  appliances and equip- 
ment, Le(0), i s  t r e a t e d  i n  t h e  same manner a s  heat 
gain from occupants. 

Heating from domestic hot water system 

Most small r e s iden t i a l - type  bui ld ings  i n  Canada 
have an e l e c t r i c  hot water hea te r  which c o n s i s t s  of 
a tank of volume V and an upper and lower hea te r  
element with maximum output of El and E2, respec- 
t i v e l y .  The incoming cold  water i s  a t  temperature 
B i n  and the  hot water leaving the  tank i s  a t  tem- 
pera ture  Bout.  The maximum amount of heat  the  

Qw : basement f loor ,  Eq. (8) 

Qf : basement walls,  Eq. (9) 

Li : a i r  i n f i l t r a t i o n  

LS : walls and ce i l ing / roof  system, Eq. (21) 

Ld : doors, Eq. (23) 

Lw : windows, Eq. (28) 

LU : l i g h t s ,  Eq. (29) 

Lo : occupants, Eq. (34) 

Le : e l e c t r i c a l  appliances 



Lh : hot water system. 

The ne t  e f f e c t  o f  indoor temperature v a r i a t i o n  
during a heat ing season on basement heat  l o s s e s  
(Qw and Qf) i s  neglected i n  ENCORE-CANADA. The 
components Lu, Lo, Le and Lh can be considered 
independent o f  indoor temperature v a r i a t i o n s .  How- 

c ever, t h e  components L i ,  Ls, Ld and Lw, which a r e  
4 computed with respect  t o  a constant  indoor 
4 r e fe rence  temperature,  O r ,  a r e  funct ions  of  indoor/ 

outdoor temperature d i f f e rence .  Therefore t h e  
e f f e c t  of indoor temperature v a r i a t i o n  cannot be  
neglected .  

A z - t r ans fe r  funct ion which r e l a t e s  the  devia- 
t i o n  of indoor a i r  temperature, B i ,  from t h e  
reference  temperature, O r ,  t o  t h e  n e t  amount of 
hea t  added t o  o r  removed from t h e  indoor a i r  can be 
derived from hea t  balance considera t ions  and t h e  
thermal c h a r a c t e r i s t i c s  of t h e  bu i ld ing  enclosure 
(ASHRAE 1977; Mita las  1972). The t r a n s f e r  funct ion 
has t h e  form of Eq. (16) with p = 1, and t h e  
coe f f i c i en t  wl i s  i d e n t i c a l  t o  t h e  one used i n  
Eqs. (21),  (23),  (28), (29) and (34).  The 
c o e f f i c i e n t s  vo, v l  and v2 a r e  ca lcu la t ed  from 

They were derived f o r  u n i t  f l o o r  a rea  under t h e  
assumption of  n e g l i g i b l e  a i r  i n f i l t r a t i o n  and 
conductance between indoor a i r  and e x t e r i o r  
surroundings. Equations (38) t o  (40) a d j u s t  t h e  
normalized c o e f f i c i e n t s  f o r  a s p e c i f i c  s i t u a t i o n  
(ASHRAE 1977; Mita las  1972). 

Let t h e  e x c i t a t i o n  be t h e  dev ia t ion  of indoor 
a i r  temperature from t h e  reference  temperature, 
B i ( t )  - O r ,  and l e t  t h e  response be  t h e  a lgebra ic  
sum of t h e  heat  demand, E ( t ) ,  and t h e  ne t  h e a t  
l o s s  o r  hea t  gain,  Ln( t ) .  Application of Eq. (19) 
y i e lds  a r e l a t i o n s h i p  between heat  demand and i n -  
door a i r  temperature 

By denoting 

v1 = glA + w [ K  + I ( 1 )  ] 1 a s  (39) one can r e w r i t e  Eq. (41) a s  

where 

g .  = normalized room a i r  t r a n s f e r  funct ion 
1 c o e f f i c i e n t s  ( i  = 0, 1, 2) 

A = f l o o r  su r face  a r e a  

Kas = t o t a l  thermal conductance between indoor 
a i r  and surroundings (computed i n  t h e  sub- 
r o u t i n e  FCFACT) 

I ( j )  = a i r  i n f i l t r a t i o n  heat ing load p e r  u n i t  
indoor/outdoor temperature d i f f e rence ,  
j hours ago. 

The normalized room a i r  t r a n s f e r  func t ion  coeff  i - 
c i e n t s ,  go, g l  and g2,  a r e  s to red  i n  t h e  subrout ine  
DEMAND f o r  fou r  d i f f e r e n t  va lues  of mass p e r  u n i t  
f l o o r  a rea  

Since both E(0) and e i ( 0 )  a r e  unknown, another  
independent r e l a t i o n s h i p  between heat  demand and 
indoor temperature during t h e  present  hour i s  
required .  This  i s  provided by t h e  mathematical 
model of t h e  thermostat  con t ro l  system. 

A simple thermostat ,  which is s e t  a t  tempera- 
t u r e  BS, f unc t ions  a s  shown i n  Fig.  2 where t h e  
heat  output ,  E, of t h e  heat ing system i s  p l o t t e d  
aga ins t  t h e  indoor a i r  temperature,  Bi .  A band, 
Bb, about t h e  se tpo in t ,  €Is, determines when t h e  
hea t ing  system i s  turned on o r  o f f .  

When t h e  temperature f a l l s  below es - %/2, 
t h e  heat ing system t u r n s  on; when t h e  temperature 
r i s e s  above O s  + 8b/2, t h e  heat ing system t u r n s  
o f f .  During a 1 h period t h e  thermostat  may go 
through seve ra l  on/off cyc les .  Consequent1 y, t h e  
on/off  cyc les  of a thermostat  control  system can- 
not  be simulated i n  hour- by -hour c a l c u l a t i o n s .  
Ins tead,  t h e  s impl i f i ed  r ep resen ta t ion  shown i n  
Fig .  3 i s  used.  I t  i s  based on t h e  observat ion 
t h a t  wi th in  t h e  thermosta t  band, 8b, t h e  t o t a l  
amount of  heat  produced is propor t ional  t o  t h e  
indoor a i r  temperature.  

Mathematically, t h e  propor t ional  band thermo- 
s t a t  c o n t r o l  system i s  represented a s  follows: 



E(0) = S ei(0) + Eo(0) 
t e s t s ,  however, can on ly  prove t h e  r e l a t i v e  
v a l i d i t y  of t h e  program r e s u l t s .  Absolute 
v a l i d i t y  remains t o  be determined by comparison 

es(o) - d eb 5 ei(o) 5 es(0)  + f 9, 
with measurements. Col lec t ion of d a t a  from houses 

(44b) located  i n  Ottawa i s  c u r r e n t l y  being undertaken by 
t h e  Division of Building Research of  t h e  National 
Research Council of Canada. 

E(0) = 0.0 ei(o) > es(o) + f e b ( 4 4 ~ )  The usefulness  of t h e  r e s u l t s  of a computer 
s imula t ion of bui ld ing energy consumption is 

where the  s lope ,  S, and the  v e r t i c a l  i n t e rcep t ,  d i r e c t l y  r e l a t e d  t o  t h e  l i m i t a t i o n s  bf t h e  mathe- 

Eo(0), a r e  given by (see  Fig .  3) 
mat ica l  model and t h e  accuracy of  t h e  a v a i l a b l e  
input d a t a .  More o f t en  than no t ,  bu i ld ing  sc i ence  
r e l i e s  on crude e s t ima tes  o f  t h e  p roper t i e s  of 

Emax s = - -  bu i ld ing  mater ia l  and environmental cond i t ions .  

Ob 
(45) I n  addi t ion ,  complicated s t o c h a s t i c  processes such 

a s  weather, s o l a r  r ad ia t ion ,  s o l - a i r  temperature 
and and i n t e r n a l  bui ld ing environment, a r e  d i f f i c u l t  

t o  model without s impl i fy ing assumptions. When an 
assumption proves t o  be inappropr ia te ,  a more 

E 0 (0) = 4 Emax - S es(0) (46) de ta i l ed ,  poss ib ly  more complicated, mathematical 
model has t o  be  adopted. 

r e spec t ive ly .  Equations (43) and (44a, b, c )  can 
be solved simultaneously f o r  ei(0) and E(0) t o  g ive  

The indoor a i r  temperature, 8 i (O) ,  and t h e  heat  
supplied by t h e  heat ing system during t h e  present  
hour, E(O), a r e  computed according t o  Eqs. 
(47a, b,  c )  i n  t h e  subroutine DEMAND. Note t h a t  
e i ,  es, Z, Eo and E vary  with t ime. The thermostat  
s e t t i n g s ,  es, a r e  spec i f i ed  f o r  every hour of t h e  
day by a schedule i n  t h e  ENCORE-CANADA input  da ta .  

CONCLUSIONS 

The s e t  of mathematical procedures used by t h e  
ENCORE-CANADA computer program has been descr ibed.  
T r i a l  runs with ENCORE-CANADA produced r e s u l t s  t h a t  
e x h i b i t  expected behaviour . Such computational 

ENCORE-CANADA was w r i t t e n  with t h e  i n t e n t  t o  
study a s  many a s  poss ib le  of t h e  f a c t o r s  t h a t  
inf luence  energy consumption i n  small r e s i d e n t i a l -  
type bu i ld ings .  This necess i t a t ed  a d e t a i l e d ,  
numerically s t a b l e  model and, consequently, a 
lengthy computer program. The amount of arithme- 
t i c  computing time requ i red  per  s imula t ion of a 
heat ing season i s  a t  present  of  t h e  order  of one 
hour on an IBM 360/67 computer, with about 5/6th 
of t h e  time being spent  by i n f i l t r a t i o n  ca lcu la -  
t i o n s .  I t  i s  expected t h a t  i f  more e f f i c i e n t  
numerical methods a r e  adopted f o r  i n f i l t r a t i o n  
c a l c u l a t i o n s ,  t h e  computing time f o r  one simula- 
t i o n  would be 10 t o  15 minutes. 

The de r iva t ions  given a r e  based on an  o i l -  
f i r e d  furnace heat ing system with  warm a i r  d i s t r i -  
bution; t h e  bu i ld ing  i s  assumed t o  have no i n t e r -  
na l  p a r t i t i o n s .  ENCORE-CANADA, however, can a l s o  
simulate e l e c t r i c a l l y  heated,  p a r t i t i o n e d  b u i l d -  
ings .  In t h i s  case  many o f  t h e  program algor i thms 
a r e  s impl i f i ed  and computing t imes  a r e  reduced. 
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