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ABSTRACT 

Two different approaches to the deter
mination of heating and cooling loads 
in buildings are compared: determinis
tic models and methods based on equi
valent thermal parameters (ETP's) of 
a building. While the former are al
gorithms for the determination of all 
heat transfer through the shell of any 
building, the latter is a data orien
ted approach that infers the ETP's of 
a particular building by multiple cor
relation of load data and weather. 
The ETP method is convenient to provi
de a rank ordering of different houses 
by their energy performance and to as
sess the overall effects of retrofits 
on a house. Like deterministic me
thods, it can also predict accurate 
heating loads as a function of weather.. 

A convenient set of ETP's is establi
shed for a gas heated residential 
townhouse. Multiple step regressions 
with weather, of gas consumption data 
with and without auxiliary electrical 
heab yield an e~timate of the first 
ETP, the furnace field efficiency, of 
76.5%. Except for the nequivalent s0-

lar window area n , the other £TP's ob
tained from data regressions reprodu
ce satisfactorily the results of de
tailed calculatipns. The overall 
eff.ect of retrofits is tested by com
parison with the ETP's obtained from 
a pilot study with no.attic insulatio~ 
performed before caulking of the house 
shell. 

INTRODUCTION 

A large number of methods have been 
developed to predict the heating/coo
ling load or the indoor temperature of 
a building in response to weather and 
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usage profiles (Ref. 1-2). Most of 
these methods involve computer oriented 
algorithms that balance all heating and 
cooling terms caused by equipment, ap
pliances, outdoor weather and other 
factors. The time delays caused by heat 
conduction through walls greatly add to 
the complexity of these algorithms. 
While many of the resulting large com
puter packages have been increasingly 
successful in predicting energy requi
rements for buildings of widely diffe
rent construction and location, they 
also are inherently deterministic: once 
all input data concerning building con
struction, weather and operating sche
dules are fed into the computer, the . 
predicted temperatures and/or heating 
or cooling loads are fixed. If this 
output does not agree with measured 
data to the user's satisfaction, there 
is no obvious way to correct the pre
diction. 

A different approach, using equivalent 
thermal parameters (ETP's) of a buil
ding, has been proposed (3-4): Instead 
of telling the computer how the buil
ding is built and asking it for the 
heating load, one tells the computer 
the measured hea~ing load and asks it 
for the building parameters -- parame
ters (ETP's) describing what the buil
ding is like. The same can be done 
using cooling load and/or indoor tempe
rature as input instead of heating load. 
A convenient set of ETP's is 1) total 
heat loss rate per unit temperature 
difference, 2) equivalent solar window 
area, 3) constant heat loss rate to the 
ground, 4) equivalent thermal mass and 
5) furnace field efficiency. Why the 
furnace efficiency is included as a 
building feature (rather than as an 
equipment standard) and the definition 
of the other ETP I s is the main subject 



of this paper. 

Such a set of ETP's for a particular 
building can thereafter be used to es-
timate the same building's thermal 
performance in other weather situa
tions; or, it can quantify the buil
ding's performance before and after 
retrofits. In many cases, the ETP's 
are best thought of in analogy to 
measured "miles per ,gallon" for a car. 
It is important to recognize the dis
tinctions in the philosophy and the 
applicability between the determinis
tic and the ETP methods. Once the 
actual data on heating/cooling load 
and indoor temperature of a building 
exist, it is comparatively easy to 0b
tain the building's ETP's. This can 
be done without knowing anything else 
about the building. Specifically, no 
floor plans or other construction data 
are needed. In fact, to a certain 
extent, we get them as output, in the 
form of ETP's. To be able to catalo
gue the energy requirements and the 
thermal response of any house by a 
quite general set of three or four 
numbers should look attractive to po
licy makers, real estate agents and 
homeowners. The same set of numbers 
also facilitates a meaningful assess
ment of the overall effects of retro
fits on a house. It will be shown 
that one can obtain the ETP's of a 
house ctleaply enough to make :them useful. 

Deterministic methods, in turn, can 
tell you what (almost) any building 
does anywhere, not only tlie one on which 
you have load data; they are especial-
ly useful when the building exists 
only on the drawing board. The price 
for this generality is a large and 
complex program and considerable paper 
work on input sheets, listing every
thing from the composition of each wall 
layer to the efficiency of the heating 
system. 

There are also hybrid approaches like 
estimating a set of ETP's from load 
data predicted by a deterministic com
puter package (5). In this paper, in 
turn, we will compare the ETP's obtai
ned from measured load data with what 
is calculated by a very detailed ac
counting of all heat transfer mecha
nisms between the house and the 
environment. 

The ETP method has been applied to ex
perimental buildings (3). This paper 
describes a similar approach, inclu
ding the contribution by the sun and 
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internal heat sources, applied to an 
actual occupied townhouse. The fuel 
burned by the thermostatically regula
ted, central gas furnace in this town
house"the outside temperature, the 
solar flux and the electric consumption 
are continuously monitored. The house's 
ETP I s obtained from correlation of this 
data are discussed in view of their 
physical interpretation and compared to 
what is calculated using detailed floor 
plans and construction data. The amount 
of furnace gas "saved" when auxiliary 
electric heating is provided, gives a 
direct estimate of the furnace field 
efficiency, independent of design cal
culations. A similar experiment, with 
a free-floating inside temperature (as 
opposed to a thermostatically controlled 
indoor temperature) was also performed 
and is described elsewhere (6). 

The experiment described in this paper 
is part of the ongoing project on ener
gy conservation carried out by the Cen
ter for Environmental Studies of Prin
ceton University at Twin Rivers, New 
Jersey, a 3000 dwelling, Planned Unit 
Development (7). The experiment, out
lined in the following section, was 
carried out in a three-bedroom, two
story wood-frame townhouse, occupied by 
the author and contiguous to other 
identical units within the same block. 

A SIMPLE HEAT LOAD MODEL 

A general model relating the change in 
time of the inside temperature to the 
inside-outside temperature difference 
and the heat added by furnace, sun and 
appliances is described in (6). When 
the inside temperature is held constant 
by a thermostat, the resulting model 
equation is considerably simplified to 
a simple energy balance of the heat 
gains provided by the furnace, the sum 
of all interior heat sources, the heat 
conduction through all house boundaries, 
the air infiltration and the sun. 

£G = -(E+P+B+L) + H(T-TO) - AS (1) 

G is the rate of energy released by 
the furnace' ,gas combustion [Watt); 

E is the furnace field efficiency; 
E,P are the rates of energy released by 

all electricalappliance~ including 
specIal resistance heaters intro
duced for experimental purposes and 
the eeople in the house [Watt); 

B is the rate of "constant" basement 
and neighbor heat gain [Watt); 

L is the latent heat gain of the 
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humidifier (usually negative) [W]; 
H is the equivalent heat transfer 

per unit inside-outside tempera
ture d~fference [Watt/Gel; 

T is the average indoor temperature; 
TO is the outdoor temperature [Oe]; 

A is the equivalent solar window 
area [m2]; , 

S Is the solar flux impinging on the 
south wall of the house [watt/m2]. 

The relatively light construction of 
the outside facing walls and the con~ 
stancy of the indoor temperature make 
the inclusion of a heat storage term 
unnecessary. The same is not true 
when we let the indoor temperature 
float (disabling the thermostat) (6). 
Then, the~considerable thermal masses of 
interior walls and floors and of the 
cinder block firewalls enter into ac
tion. To be sure, these masses always 
store heat, but little of it is relea
sed and little additional heat is ab-
sorbed as long as we keep the indoor 
temperature constant. 

We will consider the simple model we 
outlined only for situations where the 
right hand side of eq. 1 remains posi
tive. Warm outdoor temperatures or 
high solar or appliance heat gains 
that can cause the furnace to shut off 
for a long period of time have the ef
fect of a transition to the free-floa
ting indoor temperature case. 

Equation 1 expresses the fundamental 
energy balance in a house at the most 
elementary level. Basically; it is an 
instantaneous degree-day model with a 
reference temperature that varies with 
the sun and the internal loads. The 
parameters £, B, H and A constitute a 
set of equivalent thermal parameters 
for this house. The field furnace 
efficiency, £, is defined as the ratio 
of the portion ,of combustion energy 
useful to heating the house and the 
total energy released by combustion. 
The "constant" basement and neighbor 
heat gain, B, includes all those heat 
transfers that vary very slowly when 
compared to the variations in outside 
temperature and solar flux, e.g. heat 
gain from the ground (usually negative) 
and from the neighboring houses. The 
non-negligible dependence of B on the 
neighbor temperature is a peculiarity 
unique to rowhouse construction. The 
equivalent heat transfer constant, H, 
is the sum, per unit inside-outside 
temperature difference, of the rates 
of heat conduction through the walls, 
the w;i.ndows and the attic, and the 
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rate of heat convection caused by air 
infiltration. 

The exposed walls of this townhouse fa
ce approximately south and north. For 
most of the winter season, no direct 
sunlight reaches the northern side. 
Therefore, for the particular case of 
our south-£acing townhouse (and possibly 
for a detached house with no windows on 
either east or west wall), we can defi
ne the equivalent solar window area, A, 
as the area of the 100% transparent, 
perfectly insulated opening in the 
south wall that would allow for the 
same degree of indoor solar heating as 
what is actually attained. It gives 
the net effect of the sun shining 
through the windows, as well as heating 
the opaque outside walls and roof (7). 

Both the equivalent solar window area, 
A, and the constant heat gain, B, are 
seasonally variable: they do not quite 
fit the description of "ideal" equiva
lent parameters unique to the home. 
However, it is shown in the appendix 
that the seasonal dependence'is relati
vely easy to estimate, without the need 
for separate data for every month of 
the year. 

The model described by eq. 1 can now be 
applied to experimental data. We mea
sure (in our case, every 20 minutes) 
the gas consumption, the energy relea
sed by electric appliances and people, 
the indoors and outdoors temperatures 
and the solar flux impinging on the 
south wall. From this data we wil'l in
fer, by mult~ple step regression analy
sis, the equivalent thermai house 
parameters £, H, A and B. 

REGRESSIONS AND FURNACE EFFICIENCY 

The experiment presented in this paper 
was carried out during 7 days of last 
winter'S natural gas crisis (January 
1977). Figure 1 shows the most rele
vant of the collected data,. The indoor 
temperature is obtained as an average 
~f 12 thermistor probes distributed 
over the two living space floors. The 
abnormally high outdoor temperature ex
cursion on January 28 indicates a heavy 
winter storm on that day. During the 
first 47 hours of the experiment, two 
portable electrical heaters equipped 
with fans placed upstairs and down
stairs provided a constant 2.92 kW heat 
source assisting the furnace in heating 
the house. 



I:it 

26----------------~---------------------------------------, 

20 15 

I >UR~~~~ATING ;~~ l~"\ ~~-';. 

J ,~,~: ~, , .-. '. -~ .. 
t-

10 ~. 
~ 
9 

5 ~ 
• V"".,. . , "~.,,,--.. .. ."'..... ~.J ;.,,: . ': . .~ \ ;. : . ~ . :; ~ -

: . ,..,"" ~. . ...... : \.t. .'w. j 'Oi t I ~, 

~L-----------~~-------------M~----~~----------+O 

:-10 

-16 
J 

;.~~ 
j , 

N 

E 
0.5 ~ 

.-: 

INDOOR AND OUTDOOR TEMPERATURE. FURNACE HEATING RATE AND 
SOLAR FLUX ON SOUTH FACING WALL 

FIG. I 

The equation used for the regression 
of these data is of a form consistent 
with the original model in eq. 1: 

G = -£ + £(T-TO) - ~S (2) 

£, £, ~ are the regression coefficients; 

G, T, TO and S conform to the nomen
clature below eq. 1. 

Two separate regressions were carried 
out: one for the data recorded while 
the electric heaters were operating, 
and one after they were shut down. 
The resulting coefficients and the R
squared's are shown in Table 1. The 
numbers in parentheses under the coef
ficients indicate the t-statistics (ll) 
of the estimates. 

As one would expect, the coefficient in 
inside-outside temperature difference, 
b, changes little after heater shut
down. The change in the solar coeffi
cient, a, is a statistical artifact 
discussed in a later section. 

The dramatic change in the intercept,~ 
between the two experiment periods re
flects the drop in electrical heat gain 
after heater shutdown and gives us a 
measure for the furnace field efficien
cy, £: The relation between the drop in 
the intercept in eq. 2, A£, and the 
concurrent drop in the constant "energt' 
term in eq. 1, A(E+P+B+L), is 

AC = A (E+P+B+L) 
£ 

(3) 

TABLE 1 Regression Coefficients During and After Electric Heating 

c. b a R4! 

on 3.399 kW 279 W;oC 4.35 2 0.67 m 
Electric (12.6) (9.7) 
Heaters 

6.35 m2 off -0.519 kW 295 W;oC 0.80 
(28.4) (24.4) 
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From Table 1 we know f:.c to be 3.918 kW. 
The change in (P+B+L) before and after 
heater shutdown is extremely small (a 
mere 81 Watts), while the much larger 
drop in electrical heat, f:.E, is very 
well determined by direct measurements. 
Thus we obtain ,a reliable value of 
2.996 kW for t.(E+P+B+L). Solving eq. 3 
for E, we obtain an estimate of the 
field furnace efficiency of 

E 
2.996 kW + 
3.918 kW = 0.765 0.030 (4 ) 

The indicated error margin reflects 
the uncertainty in the computation of 
f:.(E+P+B+L) and 6£. Again we should 
point out that this estimate of E re
sults simply from looking at how much 
gas heat we "saved" by turning on a 
known amount of eiectric heat. In a 
more traditional approach one would 
calculate how much heat is needed to 
keep the house at the recorded indoor 
temperature, given the outdoor weather ~ 
and divide the heat load thus obtained 
by the recorded heat rate supplied by 
the furnace. However, such heat load 
calculations are theoretical and based 
on many sometimes unwarranted assump
tions, like the rate of air infiltration. 
The lack of need for a heat load cal
cUlation in the method presented in 
this paper el~minates an important 
source,of inaccuracy. 

REMARKS ABOUT FURNACE EFFICIENCY 

The furnac'e field efficiency obtained 
in the previous section appears some-

released by natural gas combustion are 
lost, either by direct exhaustion to the 
outside (e.g. through the stack) or by 
combustion inefficiencies. The remai
ning 77% are "useful" heat, keeping the 
living space of the house warm, basement 
included. The definition of efficiency 
becomes fuzzy as soon as we decide to 
exclude a room or the basement from the 
living space. Then the portion of fur
nace heat reaching that room through' 
the heating system is effectively lost. 
decreasing the actual furnace efficiency. 
For jnstance, excluding the basement 
would drop the furnace efficiency in our 
townhouse to about 66%. A mere decision 
by the occupants, without any physical 
change, can decrease the effective fur
nace efficiency! Clearly the furnace 
efficiency alone is a poor measure of 
efficient energy use and must be defined 
more strictly, since a small family can 
effectively reduce it, simply by not 
using some space of their home. 

For the purposes of this paper we will 
stick to the "full use" definition of 
furnace field efficiency that draws the 
house boundaries around all rooms and 
the basement. When striving for effi
cient energy use, though, we must 'not 
only ask for a high furnace fieldeffi
ciency, but also for high equivalent 
thermal parameters A and B,a low Hand 
a high occupancy of the living space-.-
Retrofitting existing houses 'and their 
heating systems will save energy; indu
cing families to buy smaller homes would 
save even more. 

what high compared to what is usually OTHER ETP'S OBTAINED FROM REGRESSION 
assumed and measured. Earlier measu-
rementsof, the same type of gas fur- The regression coefficients £, h and a 
nace yielded a laboratory plenum effi- listed in Table 1 can be used in two 
ciency of 75%-80% (Ref. 8) . But in a ways: to predict the furnace heating ra
real life setting, under partial load, te in a given weather situation and to 
one WOUld, expect this number to drop evaluate the equivalent thermal parame-
significantly. ters A, Band H. Figure 2 gives an idea 

, " of the predictive value of the regres-
A major cause for our estimate to be a sion coefficients. While discrepancies 
high 76.5% is attributed to our inc1u- between predicted and measured furnace 
ding the basement, where the furnace heating rates are clearly present, the 
is located, as part of the living spa- general trend is well reproduced. Some 
ceo This is perfectly legitimate for of these discrepancies can be ,related to 
those houses with finished basements sudden stirrings of the air around the 
(a sizeable and growing number in thermostat or to temporary surges in in-
Twin Rivers); it is less legitimate terior heat gains like the double spike 
when the basement is used mainly as a on the evening of January 24, caused by 
storage area. To unravel this ambi- the cooking of a larger dinner and the 
guity we must go back to a proper de- presence of a guest. The corre1ationof 
finition of furnace field efficiency. the discrepancies with wind speed and~r 
To say that the field efficiency of wind direction is inconclusive. The wi-
the furnace is 77%' is equivalent to de range of the weather variables and of 
saying that 23% of the chemical energy the internal heat gains during the ex-
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perimfnt makes one confident that the 
set of regression coefficients £, ~ 
and ~ can be used as reliable predic
tors for the furnace gas requirements 
over most of the heating season, pro
vided the proper adjustments are made 
for changes in internal appliance 
loads and solar height, affecting c 
and ~, respectively. How this is done 
will become clear from what follows. 

A consistency check of our simple mo
del results from comparing the ETP's 
B, H and A obtained from the regres
sion coefficients c, b and a to what 
we would expect these-parameters to be 
from theoretical calculations. The 
relation between regression coeffi
cients and ETP's is obtained through 
comparison of eqs. I-and 2: 

B £ C - (E+P+L) 

H = £b 

A = £a 

(6a) 

(6b) 

(6c) 

Table 2 displays the three parameters 
B, H and A obtained from the regression 
coefficients, along with what is calc~ 
lated by design load methods in the ap
pendix. The most striking feature is 
the excellent agreement between the es
timated and calculated values of H. 
The calculation of H is part of what is 
commonly referred to as a static heat 
load calculation. It entails the sepa
rate computation of the heat transfers 
per unit temperature difference for 
each wall, each window, the attic, the 
front door, etc. Also included is the 
contribution of air infiltration, mea
sured during the experiment to be an 
average of 0.5 exchanges per hour. It 
is this measurement that eliminates the 
largest source of error in a standard 
heat load calculation and makes the good 
agreement of estimated and calculated 
H plausible. The slight increase in 
the calculated values of H after heater 
shutdown is due to a higher average 
wind speed of "4.8 m/s (10.7 mph), up 
from 1. 8 m/s (4.1 mph). The discrepancy 

TABLE 2 ETP's Obtained From Regressions and From Design Load Calculations 

Heaters on Heaters off 
£ = 76.5% Regressed Calculated Regressed Calculated 

B [kW] -1.14 -1.03 -1.14 -1.02 
H [WrC] 213 213 226 220 

A [m2] 3.33 5.98 4.86 5.98 
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between regressed and calculated values 
of the solar window area A is a sta
tistical artifact. As can be seen in 
Fig. 1, the solar flux is rising and 
falling most of the time, while rare
lyon a steady peak level. Consequen
tly the regression algorithm tends to 
"match the slopes" of the rising and 
falling solar flux to the decreasing 
and increasing furnace operation, at 
the expense of the few poorly matched 
peak points. The result is a chronic 
underprediction of the equivalent so
lar window efficiency, reflected in 
the under-prediction of the drop in fur
nace operation during daytime, visib
le in Fig. 2. Setting A to the,design 
value of· 5.98 m2 computed for this 
season results in a visibly better 
matching between predicted and actual 
data, as shown in Fig. 3. The esti
mate of A is even further off target in 

the first experiment period because the 
combined effect of the auxiliary hea
ters and the sun made the furnace shut 
off completely for almost six and a half 
hours, on January 23. The necessary 
exclusion of such points from the re
gression analysis takes away even more 
"solar peak points", further underesti
mating A. Since we cannot make the sun 
shine as a square wave, this kind ofe~ 
periment is not a good estimator of the 
equivalent solar window area A. A be~ 
ter estimate for A is provided by expe
riments based on free-floating tempera
ture, where thermal storage plays a ma
jor role, literally "saving" the tran
sient solar energy for experimental de
tection and correlation (6). 

EVALUATING THE EFFECTS OF RETROFITS 

A five day long pilot study similar to 

TABLE 3 Regression of Pilot Study and Regressed and Calculated ETP's 

Regression Coefficients ETP's: Regressed Calculated 

c = 1.273 B [kW] 0.38 0.04 
£ = 0.765 

b = 465 Wrc H [WrC] 356 327 
R2 = 0.85 (29.5) 

a = 3.45 m2 A [m2] 2.64 6.32 
(10.8) 

7 



this experiment had been conducted 9 
months earlier in April 1976 in the 
same house. In the time span between 
that study and the main experiment a 
series of retrofits were performed on 
the house. Wall joints and window 
frames were sealed and caulked, redu
cing air infiltration rates by about 
30%. The most important difference in 
the house between that pilot study and 
now, however, was an uninsulated attic. 
This was achieved by rolling back the 
0.52 W/ (Oem2) (R-ll) fiberglass insu
lation batts on the attic floor. The 
anticipated effect, calculated in the 
appendix, is a 54% increase in the H
parameter of the house. The regres
sion coefficients obtained from this 
pilot study are displayed in Table 3. 
Since there was no intermittent ope
ration of auxiliary electrical heaters, 
no direct estimate of the furnace field 
efficiency is available from that pi
lot study. Using E=76.5% obtained 
from the main experiment, the equiva
lent thermal parameters B, Hand A are 
evaluated and also listed in Table 3, 
along with what is exp'ected from cal
cUlation. 

Just as in the main experiment, there 
is fairly good agreement between cal
culated and regressed H, the equiva
lent rate of heat transfer per unit 
temperature difference. Comparing the 
356 Watt/oC obtained without attic 
insulation to the 226 Watt/oC obtained 
with insulation provides direct evi
dence supporting the benefits of this 
easy retrofit. Caulking and sealing 
may also have helped, but it is diffi
cult to detect it this way because the 
higher "leakiness" of the house in 
that pilot study is offset by the much 
colder weather in the main experiment 
(-5,±6°C vs. +7±4°C). That the 
eguivalent solar window area is again 
underestimated comes as no surprise 
for the reasons stated earlier. Com
pared to the main experiment, the dis
crepancy in the constant heat gainpa
rameter is larger, but so is the un
certainty.in the determination of the 
electrical heat gain E, the latent 
load Land the neighbor temperature. 
Actually, the discrepancy is only 
slightly larger than the uncertainty. 

It is through simple experiments of 
the type described in this paper that 
the equivalent thermal parameters of'a 
house can be determined before and af
ter different kinds of retrofits. 
Though the procedures we outlined were 
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applied to a rowhouse, they are just as 
valid and easier to perform for deta
ched houses, where B, the constant heat 
transfer, would depend on the average 
indoor-outdoor temperature difference 
only, and not on the neighbor tempera
ture. 

A SIMPLE KIT TO DETERMINE ETP'S 

The experiment described in this paper 
made use of a large number of sensors 
and a relatively sophisticated data 
acquisition and processing system. 
Most of the results could have been ob
tained with a far simpler arrangement, 
described here: a thermistor or simi
lar temperature recording device loca
ted in a shady spot outside, a simple 
relay on the gas valve or any other si
milar mechanism on the heating and coo
ling plant, a solar flux meter (even a 
sophisticated temperature-compensated 
unit can cost as little as $150) and a 
few precise mercury thermometers. USing 
an appropriate power supply unit, the 
thermistor, the solar flux meter and 
the furnace relay can be monitored by 
a multi-channel chart recorder. A con
stant setting of the thermostat and 
periodic readings of the indoor tempe
rature in strategic spots and of the 
electric utility meter should provide 
all remaining necessary information. 
In a rowhouse setting, additional vi
sits to the neighbors may be necessary. 
Data reduction could be carried out ma
nually with relatively little effort, 
if hourly averages of the readings are 
taken. Ordinary least square regres
sions in three variables necessary for 
the data analysis can be carried out 
on any desk (or some pocket) calculator. 
If ETP's were to be determined on a 
commercial basis, a $20 fee per visited 
house should cover the capital cost 0.2). 
An additional $80 should cover the 3-4 
hours of work for a trained technician 
to install and to remove the kit and to 
reduce the collected data. 

CONCLUSION 

The concept of equivalent thermal pa
rameters (ETP's) for a house has been 
presented and applied to actual data 
gathered from an occupied townhouse. 
A convenient set of ETP's is found to 
be the equivalent rate of heat trans
fer per unit inside-outside temperatu
re difference, H, the equivalent solar 
window area, A, the rate of constant 
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heat transfer, B, and the furnace 
field efficiEmcy ,E: • All ETP' s are 
experimentally determined through re
gression analysis of the data. The 
efficiency, E, is obtained by compa
rison of two separate runs, one with 
straight gas furnace heat and one 
with auxiliary electrical heat. The 
difference in the regression inter
cepts represents the gas heat "saved"; 
dividing the known auxiliary electric 
heat by the saved gas yields our esti
mate of the 76.5% field efficiency of 
this furnace, independent of design 
heat load calculations. With this 
number, all other ETP' scan be derived 
from the regression coefficients and 
compared with standard engineering 
calculations applied to that house. 
The correspondence is.better than so
me uncertainties in the calculation, 
with the exception of the equivalent 
solar window area A, chronically un
derestimated by this type of experi
ment. Only a sequence of uniformly 
sunny days, cold enough never to turn 
the furnace off completely, or a free
floating indoor temperature experiment 
can give a more reliable estimate of A. 

The effect of attic insulation on the 
H-parameter of this house is a':so shown. 
It confirms the about 35% reduction in 
H anticipated from desing calculations. 
However, other investigations at our 
lab indicate that the situation maybe 
more complex than what this result 
implies. 

The concept of ETP's lends itself to a 
variety of purposes; for instance, e~ 
tablishing a rank-ordering of diffe
rent houses according to their energy 
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efficiency, assessing the effect of 
retrofits and predicting the energy use 
of a house in a given Weather situation. 
Although in this paper the concept has 
been applied to the heating season only,. 
it is clearly generalizable to the coo
ling and intermediate seasons. A pro
totype of a low cost experiment kit ai
med at determining the ETP's of any 
house is also suggested. 

APPENDIX 

Synchronization of Furnace Operation 

Controlled by the thermostat located in 
the downstairs living room, the gas fUIl
nace operates in an on-off mode, asyn
chronous to all other data sampling. 
Figure 4 shows the qualitative furnace 
operation covering three separate fi
rings. The furnace fires more often 
and for longer periods if the outdoor 
temperature drops or if the sun is down. 
Two furnace variables are involved: the 
on-time, g, (the time the Slas valve is 
open) and the £Ycle time, c, between two 
successive firings. A meaningful smoo
thing into one furnace variable is pro
vided by the fractional on-time, f, de
fined as the share of on-time in the 
cycle time between consecutive firings: 

(7) 

The index i stands for the i-th firing. 
An f-value of 0 means that the furnace 
is totally shut off, while an f-value of 
I indicates full power operation. Fi
gure 5 shows on-times, cycle times and 
fractional on-times over the whole ex-

g2 g3 --. 
r--

t . 
3 

time 

INTERMITTENT FURNACE OPERATION: FIRING TIMES (ti>, 
ON TIMES {gil. CYCLE TIMES (ei) 

FIG. 4 
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FURNACE OPERATION: ON TIME, CYCLE TIME AND FRACTIONAL ON TIME 
(ORIGINAL DATA AND INTERPOLATION) 

FIG. 5 

'TABLE 4 Heat Load Calculation for 3-Bedroom Wood-Frame Townhouse 

Contribution from U [WI (Oem2 ) 1 A [ni2] UA [W;oC] 
Outside Wa1.1s 0.556 63.3 35.2 
Front 'Door . 3.07 2 1.9 5.7 

(46.4)2 Double Pane Windows1 
1 4.26 (3.98) 11.67 49.7 

Sing!l.:e Pane Patio Door 6.07 (5.45)2 5.58 3 33.9 (30.4)2 3 
cei11ng: Insulated and Bare 0.488(3.50) 3 70.9(67.4) 34.6 (236.2) 
Roof 3.95 84.2 332.8 
Attic: Ceil. ;& Roof in Series - - 3 31.3 (138.2)3 
Air Infiltration 0.5 ex/hr V=382m 64.3 
''lIotal Equivalent Heat Transfer Constant H = ~ (213.3) 2 (327.0) 3 

1. £ 2. Floor Firewa11s 0.965 104.2 HN=100.6 
Basement Fir.ewa1ls 1. 87 5 49.1 HB= 91.9 

(3.3)5 Ab. :Grade Basement Walls 2.17 (0.553) 6.0 HW= 13.0 
Ab. ~rade Basement Windows 5.45 5 0.77 4.2 

(6.6)6 Bel. ;Grade Basement Walls 0.566(0.286) 22.9 HG= 13.0 
Basement Floor 0.095 67.4 6.4 

(1) 80% glass area, metal sash. 
( 2) 2.2m/s (5 mph) wind, instead of 4.5 m/s (10 mph) • 
( 3) Attic insulation rolled back. 
(4) Includes 3 exchanges per hour attic ventilation (measured) • 
(5) Insulated with 0.52 w/(OCm2) (R-ll) insulation. 
(6) Insulated with 0.63 W/(OCm2) (R-9) insulation. 
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perimental period. Notice how the cy
cle times become much larger and the 
on-times Somewhat shorter during day
time, bQth concurring in reducing the 
corresponding fractional on-times. 
Even in very cold weather the furnace 
rarely works harder thanSO% of its 
full power. 

A four-point Lagrange Interpolation 
was used to synchronize the irregular
ly spaced f-points (circles in Fig. 5) 
with the 20-minute sampling intervals 
of all other data. The result is the 
continuous curve in Fig. 5. When the 
furnace is off for a long time, the 
interpolation may yield negative va
lues. All such instances are excluded 
from the analyses in this paper and 
the corresponding f-values set to zero 
in all figures. When we multiply the 
fractional on-times f by the heat con
tent of natural gas and by the measu
red gas flow when the furnace is on, 
we obtain what we called G: 

G = £·24.03 kW = f·82,000 Btu/hr (8) 

G was defined in the text as the heat 
released by furnace gas combustion. 

Heat Load Calculations 

The floor plans of the townhouse and 
the detailed breakdown of all contri
butions in the steady-state heat load 
calculation are given in (7), using 
heat conductances from (10). A sum
mary' is g'iven' in Table 4. 

The heat transfer rate B i3 calculated 
as the sum of the heat transfers to the 
ground and to the neighbors. The con
duction to the ground per average ba
sement-outdoor temperature difference 
was calculated following a method de
veloped by Frank Sinden, of our lab (9) , 
based on an exact steady-state solu
tion of the three-dimensional Fourier 
Equation. The thermal mass of the 
earth smoothes the fluctuations of out
door temperature. Thus the time ave
rage, over the whole experiment, of 
the outdoor temperature was taken to 
estimate the heat transfer to the ground. 

The heat flux by conduction and air in
filtration through the above grade ba
sement walls fluctuates with the daily 
outdoor temperature. However, it can 
be shown that the amplitude of the 
fluctuating portion of this heat flux 
is reduced by a factor of about three 
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by the considerable thermal mass of all 
basement walls and the floor. Thus only 
about one third of the fluctuating heat 
flux reaches the first floor, directly 
influencing the thermostat: only that 
third is "attributed" to H by the re
gression, while the other two thirds 
are attributed to the "constant" heat 
transfer rate B. The exact proportions 
can not be well established in this ex
periments. As a compromise we include 
all conductive basement heat transfer 
into the B parameter, while lumping all 
air infiltration (including the base
ment contribution) into the H parameter. 
Thus the heat gain B is calculated as 

B=(HG+HW)(To-TB)+HB (TN-TB)+HN(T'N-T) (9) 

HG, HW, HB, HN are' defined in Table 4 ; 

TO, Ta, TN, T are the time averages" 
over the full experimental periods, of 
the outdoor, basement, neighbor an9, in-
door temperatures. ' 

In the pilot study, all basement walls 
were bare. In the first period of ,the' 
main experiment, 43% of the above grade 
wall and half of the below grade walls 
were insulated. The remaining portions 
of both were insulated after 2 of the 5 
days of the second period. Using the 
temperature values listed in Table 5, 
we compute B to be 

B = -1.030 kW 
B -1. 024 kW 
B +0.043 kW 

(heaters on) 
(heaters off) 
(pilot study) 

(lOa) 
(lOb) 
(l'Oc) 

TABLE 5 Temperature Time Averages 

All °C TO TN TB T 

H'ters on -3.9±3.6 19.7 19.6 23.0 
H' ters off -5.6±6.3 19.3 21.3 21.3 
Pilot St. +6.9+3.6 22.8 19.9 20.3 

TABLE 6 Time-Averaged Heat Gains 

All kW E1 p2 L3 

Heaters on 4.095 0.155 -0.506 
Heaters off 1.1S0 0.125 -0.563 
Pilot Study 0.568 0.142 -O.llS 

( 1) Includes all electric consumption, 
except what makes up for the hot water 
that "goes down the drain". 
(2) Obtained from people presence times, 
using 117 Watts (400 Btu/hr) per person. 
(3) Includes latent heat of water to hu-
midifier and to plants, at .6S7 kWhr/kg. 



Equivalent Solar Window Area A 

This parameter is the result of a con
tribution from the transparent windows 
(about GO% of the total A, in our town
house with south facing double pane 
windows making up 17% of the total 
south wall surface) and a contribution 
from the opaque walls. Using the 
sol-air temperature concept, theequi
valent solar window area A is defined as 

(11) 

£s is the average net transmissivity 
of the window glass to solar radia
tion (0.73 measured in January, 
0.58 in April)*; 

W is the net transparent glass area 
of the south-facing windows 
(6.39 m2 & 5.98 m2); 

a is the absorptivity of the outside 
opaque walls to solar radiation; 

h is the outside film coefficient 
(a/h = 0.035 (OCm2)/w from (10»; 

H' is the heat conduction per unit" 
teIrperature difference through the 
opaque outside walls and the attic 
(37.2 W/(oCm2) & 82.1 W/(OCm2». 

While the net glass area W can be de
termined quite' easily, the net trans
missivity £ of glass to solar radia
tion is a c8mplicated function of so
lar altitude, time of day, glass pro
perties, number of window panes and 
"more. For this experiment £ was de
termined experimentally withSthe use 
of two solar flux meters placed inside 
and outs"ide the window. 
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