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Abstract—Hourly, daily, monthly and annual he4ting and cooling requirements of a residential building
located in Ottawa, Ontario, Canada were estimated, employing ENERPASS as the energy simulation
tool, and performing hour-by-hour energy analysis.. The following wedther data were emploved:

(i) Ten vears (1967-1976) of weather data. The ten-year average of the results is identified as
TYA

(i) A typical meteorological year (TMY) generated using the same ten years of data,

(iti) Two different hourly ambient air temperature distributions (T1 and T2) for a typical day in
each month. The solar radiation on each surface was estimated using the mean.monthiy clear-
ness index.

The house use patierns, including heat generation and the thermostat setting, were taken the same
when using TYA, TMY, T1 or T2. The analysis was carried out for the house as it is (well insylated
and airtight), and for two modifications: one with larger infiltration rate and lower wall thermal re-
sistance, and the other with larger south-facing window area and using super-windows, The results
of this study show that the long-range hourly, daily, monthly and annual heating and coeling require-
ments of a residential building located in a cold climate can be predicted by employing mean daily
* maxifium and minimum temperatures and the mean monthly clearness index for each month, This
amounts to substantial savings in computational costs, in either using many years-of weather data or
»generating a TMY for the site. For locations lacking detailed hourly weather data. the use-of data and
~'the procedure outlined in this study may be employed to predict the long-range thermal performance
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of simple residential buildings.

1. INTRODUCTION

Currently there exist many computer programs for
the energy analysis of buildings. Most-of these pro-

- grams require hourly weather data of the site as part

of their input. The programs employ different levels

. of sophistication in analysing various components

of the energy exchange in the system ard can even-
tually estimate the hourly, daily or monthly energy

“requirements for heating and cooling of the build-
ing. They may also'predict the size and the energy

consumption of equipment such as fans, pumps,
“etc, Somie of these programs have beén written Spe-
cifically to analyse cértain passive solar heating fea-
“tures such as diréct gain, mass walls; sunspace, etc.
No attémpt is being made here to list these pro-
grams or to cite their strengths or limitations. Sev-

“eral “¢oiipariscas of some of these. programs: are

available in the literatiure{1-6].
”f The resvarch was carried out when M. N. Bahadori
‘was 4 visiting professor (on'leave of absente from Shiraz

- University, Shiraz, Tran) in"the Départment of Mechanical

Engineering; and M. J. Chamberldin a research engineer

* with the Building-Erigiheéritig Group, University of Wa-
“ierioo, Warerloo, Ontirio,-Canada.
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The use of hourly data (for 8760 hours per year)
can be expensive. Furthermore, the year selected
for energy analysis may not represent an average
or a typical meteorological year of the location. To
determine the energy performance of the building
for a typical year, one can perform the energy anal-
ysis for many years (which adds to the computa-

‘tional costs) and take some kind of averaging of the

results, or create, from many years of available past
weather data, a datum to represent a typical me-
teorological year (TMY)(7-9). There have.been
séveral attempts to reduce the need for hourly en-

“ergy analysis by manipulating the hourly weather

ddta so that daily and monthly energy requirements

" can' be predicted at’lower costs of Computation of

handling of data(10, 11}.
In addition to high costs irivolved in using houtly
weather data for énergy. simulations, there: exists

~another major disadvantage for this process: sach

data mdy’ fot: be availablefor the location of iifter-

“est./Théte dare many cities, particularly in the’ de-

veloping countries, for which the detailed houtly

" data such as temperature, solar radiation, wind ve-
logity and direction, etc.,; required for hourly-en-
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ergy analysis, are not recorded. In these cities, one
may find records on daily maximum and daily min-
imum temperatures, the duration of sunshine or
cloud cover, etc., for many years. It is highly de-
sirable to estimate the energy requirements of build-
ings for heating and cooling using the available data.

The purpose of this investigation was to show
that the hourly, daily and monthly energy needs of
simple buildings can be estimated using only a lim-
ited available weather data for the location. The
data needed are the mean daily maximum and mean
daily minimum temperatures and the average clear-
ness index for each month. In this research, a res-
idential building located in Ottawa, Ontario, Can-
ada was considered for analysis.

2. DESCRIPTION OF THE BUILDING

The building considered for energy analysis is a
two-storey residential building with a full basement
used as a living space{12]. The building has a total
floor area of about 300 m*. The building is well in-
sulated and is airtight. It has the following thermal
resistances: windows, 0.41 m*C/W (double glazed);
exposed walls, 6.32 m*C/W; ceiling-roof, 10.50
m’C/W. It also has a large south-facing window of
19.55 m® (as compared to a total window area of
31.11 m?). The infiltration through the house was
estimated to be equivalent of # = 0.5 air changes
per hour.

Two modifications of the above (reference)
house were also considered in this study. They are
the following:

Modification [. Wall thermal resistance of 3.5
m°C/W and the infiltration rate of 7z, = 1.0 ac/h.
This is the case of a house not so well insulated nor
airtight.

Modification 2. South-facing window area of
29.33 m* with a thermal resistance of 1.03 m*C/W.
This is the case of using oversized south-facing
super-windows for more effective direct gain pas-
sive solar heating.

In both modifications, the remaining dimensions,
parameters or physical properties, remained the
same as in the reference house. That includes the
house use pattern (by a family of four), the night-
time thermostat setback of 16°C (from 20°C during
the day), no natural ventilation in summer, etc.[12].

3. WEATHER DATA EMPLOYED FOR THE ANALYSES

The following weather data were employed to
estimate the heating and cooling requirements of
the building:

(a) Ten years (1967-1976) of hourly weather
data for Ottawa. The data include the temperature,
total and diffuse solar radiation intensities on a hor-
izontal surface, relative humidity and wind veloc-
ity.

(b) Hourly weather data representing a typical
meteorological year (TMY) for Ottawa. These data
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were produced using the same ten years of weather
data as mentioned above[9].

(c) Two temperature distributions, one given by
{(13]:

T - T = A[0.4632 cos(t’ — 3.805)
+ 0.0984 cos(2t’ — 0.360)
+ 0.0168 cos(3t' — 0.822)
+ 0.0138 cos(4t’ — 3.513)], (1)
where
, 2w
= n t-1 )
and
Al =258 Ky — 5.21; (3)

and the other equation given by

T~-T-= cos a(t — 15). (4)

In these equations, T is the hourly temperature (in
°C), T’ the mean monthly temperature, ¢ the time
(12 at solar noon), Ky the mean monthly clearness
index(14], ® = 2w/24 or 15%hr and T and A, are
given by:

2T+ T, s)

A = (T; - T, (6)

where T, and T, are the mean daily maximum and
the mean daily minimum temperatures of the air for
the month of interest.

It is clear that with these temperature distribu-
tions, we need only to specify T, Kr, T, and T, for
each month. The values of 7" and T are generally
very close to each other and one can use T given
by eqn (5) in place of 7' without much error. Table
I gives the Ottawa weather data employed for this
analysis[14-17].

(d) Solar radiation data. With a knowledge of
mean monthly clearness index K7 given for Ot-
tawa[14], the solar radiation intensity on each wall
facing direction j (north, east, south or west), was
determined as follows:

1 1 :
[j = Rpilpn + ’2'Idh + Epgrlh’ @)

where subscripts b and d refer to the beam and dif-
fuse components of the solar radiation and 4 to hor-
izontal surface. The term R,; was determined from
a knowledge of the sun angles(14] and py; is the re-
flectivity of the ground surrounding the wall j. For
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Table 1. Ottawa weather data employed with the analyses T1 and T2
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Mean Daily Max.Temp., Tx -6.4 -4.7 1.3 10.9 18.3 24.0 26.4 25.1 20.1 13.8 5.1 -3.7
Mean Daily Min.Temp., Tn -15.6 -14.4 -7.5 0.3 6.5 12.3 14.8 13.5 9.1 3.6 -2.4 -11.6
Mean Daily Temp., T' -10.9 - 9.5 -3.1 5.6 12.4 18,2 20.7 19.3 14.6 8.7 1.4 -7.7
T=1% (Tx + Tn) -11.0 - 9.6 -3.1 5.6 12.5 18.2 20.6 19.3 14.6 8.7 1.4 -7.7
'IZT [14] 0.51 0.56 0.57 0.52 0.54 0.57 0.57 0.56 0.54 0.48 0.40 0.44
'I(T* 0.50 0.55 0.55 0.51 0.51 0,52 0.54 0.53 0.50 0.47 0.37 0.44
At = (Tx - Tn) 9.2 9.7 8.8 10.6 11.8 11.7 11.6 11,6 11.0 10.2 7.5 7.9
A;: = 25.8Ft - 5.21 7.95 9.24 9.5 8.21 8.72 9.5 9.5 9.24 8.72 7.17 5.11 6.14
Wind Velocity, m/s 4.5 4.7 4.74 4,65 4.38 3.89 3.44 3.44 3.75 4.07 4.42 4.42

NOTES:

—_ %
A11 temperatures and the amplitudes are in °C. KT is estimated from the solar radiation

data [17] and are given here only for comparison with those given by Reference 14.

other terms, we have[14]:

Iy = krlon, @®)

Lan = In = Iy, 9)
360N

I,=1I [l + 0.033cos< 365 >] cos6,, (10)

kr={a + bcosa(t — 12)1Kr, (11)

a = 0.409 + 0.5016 sin(w, — 60), (12)

b = 0.6607 — 0.4767 sin(w, — 60). (13)

In these equations k7 is the hourly clearness index,
I,, the extraterrestrial solar radiation intensity on
a horizontal surface, /. the solar constant (1353 W/
m?), N the day number (N = 1 for 1 January), 6,
the zenith angle and w, is the horizontal sunset hour
angle. The ratio of diffuse to total radiation in a
horizontal surface was selected from([18]:

LanlIn = 1 — 0.249%rfor k< 0.35, (14a)
Lanlly = 1.557 — 1.84krfor0.35 <kr<0.75, (14b)
Lan/In = 0.177forkr>0.75. (14c)

The following day numbers were selected in this
analysis(14] to represent the months of January
through December: N = 17 (17 January), 47 (16
February), 75 (16 March), 105 (15 Apnl), 135 (15
May), 162 (11 June), 198 (17 July), 228 (16 August),

258 (15 September), 288 (15 October), 318 (14 No-
vember), and 344 (10 December). With a latitude of
45.45 for Ottawa, cos 8,, R, and w, were calculated
for these days[14] and I/'s were determined for all
the walls.

4. SELECTION OF A COMPUTER PROGRAM
FOR ENERGY ANALYSIS

A computer program called ENERPASS[19] was
chosen for the energy analysis. In a previous
study[12], ENERPASS and another computer pro-
gram called TARP (Thermal Analysis Research
Program)[20] were selected for the energy analysis
of the same building, using Ottawa weather data for
1981.

ENERPASS is a medium level, hour-by-hour en-
ergy simulation program, requiring about  of a me-
gabyte of disk storage for the source and executable
code. One weather data file requires about 132 kil-
obyte of disk storage. TARP, on the other hand, is
a high level hour-by-hour energy simulation pro-
gram, requiring about 2 megabytes of disk storage
for the source and executable code. One weather
data file requires about 500 kilobyte of disk storage.
TARP must be run on a mainframe, while ENER-
PASS could be run on a mainframe or a microcom-
puter.

It was found that the results of energy analysis
using TARP and ENERPASS were very close to
each other{12]. Because of much lower costs of run-
ning ENERPASS, we decided to use this computer
program for our energy analysis here.
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ENERGY ANALYSES AND PRESENTATION
OF THE RESULTS

Energy analyses were performed for the refer-
ence building and its modifications using one or
more of the following data:

(1)
(ii)
(iif)

(iv)

Ten years of weather data and estimating
the ten-year average (TYA) for each month.
The weather data specified as a typical me-
teorological year (TMY).

The hourly temperature distribution for
each month given by eqn (1) and the solar
radiation intensities calculated for the se-
lected representative days (12 days to rep-
resent 12 months of the year), as was dis-
cussed in Section 3(d). This analysis is
called T1.

The hourly temperature distribution for
each month given by eqn (4) and the solar
radiation intensities the same as in (iii)
above. This analysis is called T2.

The effect of wind velocity in both analyses 71 and
T2 is the same as we have selected the same infil-

tration

rate and the convective heat transfer coef-

ficients for both cases.

The following energy analyses were performed:
(I) For the reference house:

(a)

(b)

Hour-by-hour energy analysis to determine
monthly energy requirements for heating
and cooling, using TYA, TMY, T1 and T2.
Tables 2 and 3 and Fig. 1 show the results.
When using T'1 and T2, the monthly require-
ments were determined by multiplying the
daily needs by the number of days in the
month.

Hour-by-hour energy analysis for every day
of the months of January and July, using
TMY, and hour-by-hour energy analysis for
17 January and 17 July, using 71 and T2.
Table 4 and Fig. 2 compare the results.
When using TMY data, the monthly aver-
ages are obtained by taking the average of
31 (days) values at each hour of interest.

(I} For the modified houses:
Hour-by-hour energy analysis to determine
monthly energy requirements for heating and
cooling, using TMY, T1 and T2. The energy sim-
ulations were carried out for both modifications
1 and 2. Table 5 compares the results for the
modified houses. Figure 3 shows the monthly

Table 2. Monthly heating requirements of the reference house, GJ/mo

ANNUAL

REQUIR.
-YEAR JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC GJ/yr
1967 14.59 16.17 12.34 6.80 3.97 0.31 0.06 0.08 0.80 3.43 8.77 13.25| 80.57
1968 19.29 15.11 10.55 4.20 2.54 0.78 0.08 0.13 0.15 2.30 9.04 14.81| 78.98
1969 15.21 11.63 11.16 6.01 3.09 0.71 0.09 0.03 0.72 3.26 7.67 14.81| 74.39
1970 18.82 14.35 11.18 6.02 2.66 0.48 0.10 0.08 0.57 2.19 6.87 16.19( 79.51
1971 18.24 13.95 11.73 7.28 2.52 0.47 0.11 0.20 0.25 2.00 8.89 14.30| 79.94
1872 15.31 15.11 13.65 8.11 2.09 0.84 0.13 0.11 0.39 4.10 8.67 14.92| 83.43
1973 14.68 13.75 8.84 5.8 2.82 0.54 0.03 0.02 0.63 1.80 8.06 13.85| 70.88
1974 15.78 13.85 11.73 5.89 3.76 0.40 0.06 0.03 0.81 3.18 7.49 11.99| 74.97
1975 15.15 12.42 11.62 6.99 1.00 0.42 0.02 0.06 0.74 2.58 6.21 15.35| 72.56
1976 18.84 12.46 12.00 4.96 3.39 0.25 0.10 0.11 0.71 3.88 8.14 16.40|81.24
TYA 16.59 13.88 11.48 6.21 2.78 0.52 0.08 0.09 0.58 2.87 7.98 14.59| 77.65
™Y 15.14 13.82 11.31 5.81 2.36 0.38 0.12 0.07 0.68 2.55 6.19 14.78]73.21
Tl 16.95 13.93 10.70 5.26 1.71 0.23 0.00 0.00 0.14 1.63 7.57 14.81|72.93
T2 16.94 13.93 10.70 5.28 1.77 0.23 0.00 0.00 0.13 1.65 7.56 14.81]73.00
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Table 3. Monthly cooling requirements of the reference house, GJ/mo
ANNUAL
REQUIR.
YEAR JAN FEB MAR APR MAY JUN JuL AUG SEP OCT NOV DEC GJ/yr
1967 0.00 0.00 0.00 0.00 0.04 0.68 0.96 0.86 0.63 0.09 0.00 0.00 3.26
1968 0.00 0.00 0.00 0.09 0.10 0.33 1.08 0.81 0.74 0.32 0.00 0.00 3.47
1969 0.00 0.01 0.00 0.03 0.10 0.52 1.00 1.29 0.41 0.16 0.00 0.00 3.52
1970 0.00 0.00 0.00 0.07 0.11 0.58 1.03 1.06 0.33 0.23 0.0l 0.00 | 3.42
1971 0.00 0.00 0.00 0.00 0.20 0.64 0.79 0.79 0.52 0.15 0.00 0.00 3.09
1972 0.00 0.00 0.00 0.01 0.32 0.33 0.99 0.73 0.60 0.09 0.00 0.00 | 3.07
1973 0.00 0.01 0.02 0.08 0.05 0.69 1.32 1.40 0.58 0.22 0.00 0.00 4.37
1974 0.00 0.01 0.02 0.04 0.03 0.47 0.92 1.01 0.31 0.12 0.01 0.00| 2.94
1975 0.00 0.01 0.00 0.00 0.60 0.81 1.26 1.13 0.19 0.18 0.08 0.00 | 4.26
1976 0.00 0.01 0.00 0.16 0.12 0.72 0.78 0.95 0.42 0.23 0.01 0.00| 3.40
TYA 0.00 0.005 0.004 0.05 0.17 0.58 1.01 1.00 0.47 0.18 0.01 0.00 | 3.48
T™Y 0.00 0.01 0.01 0.06 0.16 0.56 1.11 1.18 0.49 0.19 0.08 0.00 | 3.85
T1 0.00 0.00 0.00 0.00 0.08 0.75 1.32 1.20 0.40 0.00 0.00 0.00 /| 3.75
T2 0.00 0.00 0.00 0.00 0.13 0.80 1.36 1.25 0.45 0.00 0.00 0.00| 3.99

ENERGY REQUIREMENT (GJ /mo)

o

L=1]

E-N

)
|

TYA

J

Tlor T2

|

|

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
MONTH

Fig. 1. The monthly heating and cooling requirements of the reference house, employing TYA, TMY,
T1 and T2.
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Table 4. Heating and cooling loads of the reference house
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Fig. 2. The heating and cooling loads of the reference house, employing TMY, T1 and T2.
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Table 5. Monthly heating and cooling requirements of the modified houses, GJ/mo
ANNUAL
REQUIR.
DATA JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC | GJ/yr
=
E. T™MY 26.85 25.12 20.69 10.85 4.7 0.83 0.30 0.26 2.17 6.31 12.08 26.40 | 136.56
<t
E"‘ Tl 30.01 24.84 19.91 10.31 3.61 0.41 0.05 0.07 0.60 5.27 14.79 26.41 | 136.28
- § T2 30.0 24.84 19.92 10.36 3.62 0.48 0.05 0.06 0.65 5.36 14.78 26.42 | 136.54
=
= [=
; E ™Y 11.62 10.38 8.50 4.35 1.63 0.22 0.07 0.03 0.35 1.55 4,53 11.32 | 54.55
<L
EN T1 13.0 9.97 7.25 3.43 1.17 0.12 0.00 0.00 0.06 0.56 5.11 11.40 | 52.07
% T2 13.0 1 9.98 7.24 3.46 1.24 0.12 0.00 0.00 0.06 0.62 5.11 11.41 | 52.24
=
E ™Y 0.00 0.00 0.00 -0.03 -0.06 -0.39 -1.00 -1.05 -0.32 -0.09 -0.03 0.00 | -2.97
<
E"‘ T1 0.00 0.00 0.00 0.00° 0.00 -0.48 -1.15 -0.92 -0.11 0.00 0.00 0.00 | -2.66
§ T2 0.00 0.00 0.00 0.00 0.00 -0.57 -1.23 -1.03 -0.15 0.00 0.00 0.00 | -2.98
S
g § TMY -0.16 -0.38 -0.37 -0.40 -0.51 -0.96 -1.57 -1.70 -1.00 -0.59 -0.31 -0.09 | -8.04
S | =
et §N T1 0.00 -0.05 -0.16 -0.09 -0.61 -1.29 -1.88 -1.85 -1.10 -0.27 0.00 0.00 | -7.30
L.
é T2 0.00 -0.05 -0.16 -0.12 -0.66 -1.33 -1.91 -1.89 -1.14 -0.31 0.00 0.00 | -7.57
=) ;

ENERGY REQUIREMENT (GJ/mo)

L

|

|

l

[

JAN FEB MAR APR MAY

JUN JUL AUG SEP OCT NOV DEC
MONTH

Fig. 3. The monthly heating and cooling requirements of the reference (RH) and modified houses M1

and M2).
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energy requirements for the reference as well as
the modified houses.
In the above tables and figures, when heating and
cooling needs are presented side by side, negative
sign (—) is employed to show the cooling require-

ments.

6. DISCUSSION

With reference to Tables 2-5 and Figs. 1-3, we
can make the following observations:

(@)

(b)

©

(d)

(e)

The results of energy analyses using the ten-
year (1967-76) average (TYA), the typical
meteorological year (TMY), T1 and T2 are
very close to each other. Although the
hourly energy requirements may differ from
each other, the difference in daily, monthly
and annual energy requirements for heating
and cooling predicted by TYA, TMY, T1 and
T2 become very small. Some of the differ-
ences between TYA or TMY and 71 and T2
may be due to the fact that TYA and ™Y
are based on ten years of weather data while
T1 and T2 are based on about 30 years of
weather data[14—17]. Furthermore, such dif-
ferences are often observed even when using
two different energy simulation programs for
the same weather data[12].

In almost all cases, the results of T1 and T2
are the same, indicating that a simple sinu-
soidal temperature distribution for the am-
bient air is sufficient for energy analysis.
The hourly energy requirements for 17 Jan-
uary and 17 July using TMY are quite dif-
ferent from those of the monthly average
values using TMY, indicating that 17 Janu-
ary was perhaps a colder, and 17 July, a
warmer day than the respective average
days (see Table 4). The monthly average val-
ues were determined by estimating the
hourly energy requirements for 31 days of
the month and taking the arithmatic average
of these values for each hour. In cases of T1
and T2, the values given for 17 January or
17 July and the monthly averages are the
same.

The drop in heating load at 7:00 a.m. in Jan-
uary (see Table 4 and Fig. 2) is due to the
use pattern and the thermostat setting in the
house(12]. _

The cooling requirements estimated in all of
the analyses are due to sensible heat gains.
The latent load may be estimated by assum-
ing a wet-bulb temperature distribution for
the ambient air in each month and knowing '
the monthly average latent heat generation
in the house.

7. CONCLUSIONS

From the energy analysis carried out for a res-
idential building located in Ottawa, using;: |

M
(ii)

(iii)

ten years (196ﬂ6) of weather data;

the data generated from the same ten years
of weather data to represent a typical me-
teorological year (TMY);

an hourly sinusoidal temperature distribu-
tion for a typical day in each month and the
solar radiation intensities on each surface
estimated from the mean monthly clearness
index (called T2),

the following conclusions may be drawn.

(a)

(b)

(c)

The ten-year average (TYA) monthly heat-
ing and cooling requirements are close to
those estimated using TMY data. For the
months of December and January, the dif-
ferences between the predicted energy
needs are about 1.4% and 3%, respectively.
The annual heating requirement estimated
by TYA and TMY differ only by about 6%.
For the months of July and August, the dif-
ferences are 10% and 18%, and the annual
cooling needs differ by about 11%.

The hourly, daily, monthly and annual heat-
ing and cooling energy requirements may be
estimated by using an hourly sinusoidal tem-
perature distribution and estimating the
solar radiation intensity on each surface. All
one needs are the mean daily maximum and
minimum temperatures for each month and
the mean monthly clearness index. These
temperatures are often available at any
weather station and the mean monthly clear-
ness index can be estimated from a knowl-
edge of cloud cover at the site.

Although the close agreements between the
energy requirements estimated using TMY
and T2 (based on the mean monthly maxi-
mum and minimum temperatures and clear-
ness index) are demonstrated for a residen-
tial building located in Ottawa, further
investigation is needed (using different types
of buildings and climatological conditions)
to show the versatility of the procedure pre-
sented here for estimation of the energy re-
quirements of buildings. In cities (particu-
larly in the developing countries) for which
detailed hourly weather data and TMYs are
not available, one can use the T2 data and
the procedure presented here to estimate the
heating and cooling requirements of build-
ings.
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