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Summary of Significant Pindings

During the monitoring period of July 1983 - March 1984, the
SHAKAWE-EC achieved acceptable indoor conditions fcr its
occupants with no use of electricity or coal for guxiliary
heating or cooling.

puring the winter months, monitored daily average
temperatures were 6 degrees higher inside than outside.
While winter nighttime temperatures ncrmally went down to
10 degrees outdoors, the average minimum temperatures
inside the SHAKAWE-EC were just over 20 degrees. When the
outdoor temperature dipped to -2.8 degrees on the coldest
night of the year, the indoor temperature minimum was 19.4
degrees. Under typical winter conditions, with the outdoor
temperature varying almost 20 degrees from day to night,
the indoor temperature varied less than 4 degrees.

During the summer months, monitored daily indoor and
outdcor average temperatures were very similar, but the
house design reduced day-night temperature swings from over
12 degrees to under 4 degrees. The design was very
effective in reducing daytime maximum temperatures,
typically keeping it 6 degrees cooler inside the house at
the hottes® time of the day. On the hottest day of the
summer, when the measured outdoor temperature was 43.1
degrees, the indoor temperature maximum was 34.4 degrees.
The house thermal mass was not able to cool off at night as
rapidly as might be desired, typically k=eping the house
somewvhat warmer at night than the outdoor air temperature.

While the occupants of the house felt that reasonably
comfortable comfort conditions were maintained throughout
the monitoring period, monitored data showed the house to
have experienced average indoor temperatures below 20
degrees for 3.2% of the monitoring period and temperatures
over 28 degreecs 34.9% of the time in the monitoring
period. The ccolest month indoors was July, but even then
the temperature was below 20 degrees only 15% of the time.
The hottest month was January, when the indoor average
temperature was above 28 degrees 84% of the time.

Based on the calibrated computer simulation model used in
this evaluation, if the SHAKAWE-EC used heating and



air-conditioning to maintain tempertures between 20 and 28
degrees, the annual auxiliary heating load would be 2.4
Gigajoules and the auxiliary cooling load would be 20.4
Gigajoules. A similar non-solar house would have a 9.9
Gigajoule heating load and a 51.6 Gigajoule cooling load.
On this basis, it can be said that the savings attributable
to the building energy design of the SHAKAWE-EC are 623%
compared to a similar, conventional design. If provided
for with electrical heating and air-conditioning, this
represents a savings of 6417 kWh. If calculated at P
.11/kWh, this is a one-year savincs of P 706.

The SHAKAWE-EC was a first experiment to demonstrate and
evaluate a range of building energy design concepts for
Botswana. It could not and was not intended to be an
optimized design. Analysis has now suggested a number of
modifications which should be considered in future
designs. The most important are:

- The "Trombe wall" passive solar heating system clearly
benefitted winter performance, but in the context of
annual performance, the benefit was small. Before
this feature is incorporated into future buildings it
is recommended that careful cost/benefit analysis be
conducted.

- The insulated wall design benefitted performance, but
not very significantly compared to less-expensive and
easier-to-build wall constructions. It is not a
design to be recommended for replication in future
buildings.

- The ceiling insulation had the most significant impact
on performance of any of the design elements examined,
but the most cost effective thickness may be less than
the 150mm used in the SHAKAWE-EC. Even a little
ceiling or roof insulation appears to have a major
benefit.

- Improving the design of the SHAKAWE-EC to increase
night ventilation cooling in the summer could improve
energy performance by as much as one-third.

This project has clearly demonstrated that simple passive
solar and energy-conserving building design concepts can
(1) greatly reduce energy consumption of those buildings
which consume energy for heating and cooling, and (2)
greatly improve comfort levels in those buildings where
little or no purchased energy can be used for heating and
cooling.



Further research and development will be very beneficial in
(1) optimizing the design components which have been
initially investigated in this project, (2) adapting these
concepts to different building applications in Botswana,
and (3) investigating other promising passive solar design
concepts which have not yet been evaluated.



1 Introduction

Most buildings currently being designed and built in
Botswana tend to be cold in winter and hot in summer. The few
buildings which are heated with electricity or coal, or cooled
with electrical air conditioning, use large amounts of energy to
achieve more comfortable conditions. To demonstrate that
energy-conserving, passive solar design of buildings can achieve
high levels of comfort with minimal energy consumption, one of
the first activities of the BRET project was to design and build
a demonstration passive solar house.

The house is based upon a standard design of the Botswana
Housing Corporation (BHC) known as the SHAKAWE-A Type II. This
was done so there would be a known reference against which to
measure cost and performance of the house. Although the
SHAKAWE-A Type II is a high-cost house, the passive design
principles involved in the redesign may also be applied to medium
and low-cost houses.

The redesigned house is called the SHAKAWE-EC. It was built
between November 1982 and April 1983 and occupied continuously
since May 1983. Microcomputer monitoring equipment was installed
in the house in June 1983 in order to assess the performance of
the house.

An initial report on the performance of the house was issued
by the BRET project in late 1983. "Winter Performance of the
Solar House - SHAKAWE-EC" presented initial results from the
monitoring of the house during June and July.

The subject of this report is both longer-term and more
detailed analysis of the thermal performance of the house. Cost
issues are not addressed in this report, nor is the performance
of the solar water- heating system, both of whizh will be dealt
with in other reports.

The performance evaluation undertaken in this report
addresses four questions:

1. How successful was the building energy design in attaining
high levels of comfort with minimal energy consumption?



2. Where performance was not as expected, what explains the
discrepancy?

3. How well does the building work compared to a non-solar
house?

4. What modifications should he considered in future designs?

The first two of these questions are addressed though
analysis of the hourly data on measured performance which were
collected by the microcomputer data acquisition system in the
house. Results are presented in Section 4 of this report.

The second two questions require the comparison of
performance to alternative designs which have not been measured.
While the BRET project is in the process of monitoring a similar,
non-solar reference house of the SHAKAWE-A Type II design, this
work will not be completed for some time and even then it will
not be a parallel experiment where all variables except the
puilding design are the same (the occupancy, for instance, is
quite different). Accordingly, these questions of comparative
performance are addressed using a computer thermal simulation
model of the SHAKAWE-EC. Results are presented in Section 5 of
this report.



2 House Description

The SHAKAWE-EC was based on the BHC SHAKAWE-A Type II design
because this house had a long narrow plan, which was felt to be a
thermally desirable building plan for passive solar design in the
Botswana climate. It offered a long face of the building which
could be oriented toward the north for passive solar heat
collection and a narrow width to facilitate cross-ventilation and
heat distribution from the south wall.

Figures 1-2 present the design of the SHAKAWE-EC. The house
is a four-bedroom home with 125 m“ floor area. The lounge,
dining and kitchen areas are open to each other to improve heat
circulation and cross-ventilation. Other primary energy
conservation and passive solar design features of the house are:

1. North-facing windows to provide direct-gain solar heating
(7.14 m™)

2. North—ficing Trombe walli to provide indirect solar heating
(7.44 m™)

3. Ceiling insulated with 150mm fiberglass insulation

4. Double walls constructed of 115mm concrete block with 115mm
loose-fill polystyrene insulation inside (except for
bedroom #4 which has no insulation in the west, east or
scuth walls)

5. Roof overhangs cf 0.5m on the south side and 1.0m on the
north side to reduce solar gains in summer

6. Six operable vents high on the south wall to improve
ventilation cooling in the summer

7. Vents in the top of internal partition walls to facilitate
alr movement between rooms

8. A breezeway intended to capture and funnel wind, thus
further increasing ventilation



Figure 1.

il

North Elevation

BEDROOM 3 P
<
m
1:B
PASSAGE
BEDROOM 2 L;
(: BEDROOM 1
/‘
(J
TRomMBe .~

x-
o

LOUNGE

TROMBE

CONTINUOUS MEASUREMENTS

A.Living room temperature
B.Back bedroom temperature

C.

IO"’II"‘I.U

Bedroam4 temperature

Living room radiant temperature
Ambient (outdoor) .cemperature

DINING
Al a

RN
:;:l::[::’:;;m

TROMBE

Total vertical radiation

Total horizontal radiation
Average windspeed

Total house current at main box
Daily hot water uasage

Bedrooml Inner surface trombe wall temperature
Bedroaml OQuter surface trombe wall temperature

House average

line voltage

House Plan

SCALE 1:100




Figure 2.

t 300 I
' r—-— -7 —
r’— ) el t
- c 308130 mm laminel L_ A
J"“‘L -k A =dvmbar bram — - B — o
=] R - - .
' = -
! - Yiclo, 800 1,y =
. - -2 d
! "o Pamid by dotasl =
i = 2
. 1]’ - At
1k 2
i Z
' & ——] - £
y . - b~ —— - . =
—! ”?z. r‘;_
[P e j
el = .
= RS S
SCALE 1:50

A more detailed physical description of the house may be
found in Appendix B. This is in the form of a complete listing of
the house description which was used as an input to the computer
simulations reported in Section 5 of this report.



3 Description of Performance Monitoring

3.1 "The Monitoring System"

In order to determine quantitatively the thermal performance
of the SHAKAWE-EC, a monitoring system was installed in the house
in June 1983. The system consists of an Aeolian Kinetics PDL-24
microcomputer data acquisition system and 14 sensors used to
monitor key performance variables. The variables monitored are
as follows:

Channel A - Living Room Air Temperature

Channel B - Bedrcom #3 Air Temperature

Channel C - Living Room Black-Globe Temperature

Channel D - Bedroom #4 Air Temperature

Channel E - Ambient Temperature

Channel F - Trombe Wall Inner Surface Temperature
Channel G - Trombe Wall Outer Surface Temperature
Channel H - Solar Water Heater Tank Temperature

Channel I - Solar Water Heater Flow Rate

Channel J - Average Household Electrical Voltage
Channel K - Total Household Electrical Current

Channel L - Total Solar Radiation on a Vertical Surface
Channel M - Total Solar Radiation on a Horizontal Surface
Channel N - Total Wind Run

The location of each of these sensors is shown in Figure 2.
All temperatures are measured with AD-590 semiconductor
temperature sensors. Alr temperature sensors are shielded from
radiant energy to measure true dry-bulb air temperature. The
black-globe temperature sensor is mounted within a small (150mm)
black sphere and is used to compute radiant temperature, a useful
supplement to air temperature in evaluating human thermal
comfort. Voltage is monitored with a small transformer plugged
into a normal household electrical outlet. Current is monitored
with a clamp-on amp transdu-er at the point where the electrical



service enters the house. Solar radiation is measured with
Hollis pryranometers mounted on the outside of th: house (one on
the roof and one on the north wall) and wind velocity by a
Maximum 3-cup anemometer mounted on the photovoltaic panels which
are located on the roof. These photovoltaic panels charges
batteries which are used to supply power for operation of the
data acquisition system, thus protecting it both from power
outages and high-voltage line transients which might damage the
equipment.

The data acquisition system scans all the sensors every 15
seconds. The values sensed are then accumulated by the
microcomputer to compute hourly totals or averages for each

channel. 1In addition, the microcomputer is programmed to compute
a numpber of performance factors on both an hourly and daily
basis. For instance, total hourly electrical consumption in the

house is found by multiplying voltage times current at each scan
interval and summing these values for each hour. A list of the
functions computed on-line by the data acquisition system is
presented in Figure 3. The hourly, daily and monthly values of
these functions can be printed automatically by the data
acquisition system when they are computed, enabling immediate
access to performance data. In addition, all hourly data were
recorded on cassette tape for subsequent analysis.

3.2 Operation of the Monitoring System

After initial installation and debugging of the monitoring
system, routine operation commenced in July 1983. Daily printouts
were examined periodically, and those from the first two months
of operation were used to prepare the BRET report, "Winter
Performance of the Solar House - SHAKAWE-EC". The initial
instrumentation did not include monitoring of wind or the solar
water-heating system. Th: anemometer was added in August and
monitoring of the solar water-heating system began in November.

Routine recording of hourly data on magnetic tape began July
20, 1983, and has been as continuous as possible since that
time. There are numerous gaps in the data, but these are not
serious enough to adversely affect analysis efforts. These gaps
reflect either periods when the data acquisition system was not
running or time when a tape was filled up but not replaced with a
blank cassette. The analysis contained in this report is based
on data collected up to March 30, 1984. The periods from which
complete hourly data were recorded are as follows:

- 10 -
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20 July 11:00 - 5 August 14:00

9 August 16:N0 - 12 August 17:00
12 August 19:00 - 19 August 15:00
26 August 18:00 - 29 August 15:00
30 August 16:00 - 20 September 0:00
23 September 19:00 - 10 October 23:00
18 October 16:00 - 22 October 8:00
22 October 19:00 - 31 October 23:00

1 November 17:00 - 2 November 9:00

7 November 14:00 - 12 November 16:00
22 November 16:00 - 12 December 16:00
16 December 15:00 - 26 December 9:00
16 January 13:0C - 18 January 10:00
13 January 20:00 - 5 February 1:00

8 February 9:00 - 25 February 17:00
25 February 19:00 - 14 March 13:00
28 March 9:00 - 30 March 4:00

3.3 Data Processing

Cassette tapes for all of the data periods listed above were
read with no problem and reformatted for analysis in a
microcomputer. ASCII and packed binary format files were createc
on IBM-PC compatible diskettes, both for data archiving and
further analysis. Then, with the assistance of a BASIC
reformatting program, the packed binary files were set up in a
spreadsheet format for further analysis using the LOTUS-123
program. Once in the LOTUS spreadsheet format, the data were
reorganized into separate files for each month. Then data were
checked for reasonableness and completeness, monthly performance
factors computed, and results printed out and graphed as
appropriate.

- 12 -



4 Monitored Performance Results

During the monitoring period, the occupants of this house
allowed the temperature inside to swing naturally, not using
auxiliary heating or air~conditioning. Thus, the temperatures
which were observed are a direct indicator of the performance of
the house design. While reasonably comfortable conditions were
achieved in this "passive" mode most of the time, it is
recognized that some occupants might wish to use auxiliary
heating and cooling to achieve greater zomfort. An analysis of
how the home would have worked under such conditions is presented
in Section 5 of this report, wihich reports the resultz of
comparative computar simulation studies. This section will
examine monitored performance of the house as it was operated and
used the specific occupants who were present during the
monitecring period.

4.1 Measured Monthly Performance

Figure 4 summarizes the monthly performance of the
SHAKAWE-EC as indicated by average indoor and outdoor
temperatures. It can be seen that even with no auxiliary
heating, the average monthly temperature of the house is always
above the lower limit of the comfort zone (20 degrees). In July
and August the average indoor temperature is about 6 degrees
above the average ambient temverature, due to a combination of
internal heat gains and passive solar hcating. In summer, the
average monthly indooxr and outdoor temperatures are very similar,
with the outdoor average rising to 1.6 degrees above the indoor
average in January. Thls suggests that cooling features of the
design are adequate, cn the average, to dissipate internal heat
gains and unavoided solar heat gains in the summer. However, the
design does not appear to be abkle to cool the building beyond
this point, which theory suggests is possible. Later in this
report this will be explored further.
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The monthly thermal performance of the building can also be
examined by looking at the typical daily temperature swing inside
and outside the bhuilding, as presented in Figure 5. The top line
in the chart is the mean daily maximum outdoor temperature
(Tomax). This is the mean value of the maximum outdoor
temperature achieved on each day of the month. Following the
same pattern, but just below, is a line representing the mean
daily maximum indoor air temperature for each month (Timax). The
other two lines on the chart indicate the mean daily minimum
indoor (Timin) and outdoor (Tomin) temperatures for each month.
Clearly, the design of the building has a significant effect in
buffering outcide temperature swings. Over the entire monitoring
period, outdoor air temperature had an average day-night swing of
11.2 degrees while the average indoor day-night swing was only
4.2 degrees.

The extreme temperatures for each month, both inside and
outside the house, are presented in Figure 6. On the coldest day
of the monitoring period, the outdoor temperature dipped to =-2.8
degrees. At the same time, the indoor temperature minimum was
only 19.4 degrees. On the other hand, on the hottest day of the
summer, when the outdoor measured temperature rose to 43.1
degrees, the indoor temperature maximum was 34.4 degrees.

Figure 7 presents the average daily household electrical
consumption for each month. As can be seen, electrical enerqgy
use 1is remarkably constant, averaging 11.84 kWwh/day. It should
be noted that these energy consumption figures do not reflect
total energy consumption of the house. Cooking in the monitored
house was done with gas, which was not monitored, and
water-heating was accomplished with a solar water heating
system.

Peak hourly electricel consumption for the month went from a
low of 2.16 kWh in July to a high of 2.53 kWh in September,
averaging 2.29 for all nine months. These values are both very
constant from month to month, and very low. While in the mode
this home was operated (no auxiliary heating or cooling) one
would not expect high peak demands, they are important to examine
in building energy performance evalution because they indicate
the extent to which different buildings may have an impact on the
electrical utility supply.

4.2 Winter Performance

In order to look at dynamic performance under winter
conditions, a typical three-day period in July has been selected

- 15 -~
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for closer examination. July 21, 22 and 23 were sunny days with
typical outdoor temperatures and wind conditions for the middle
of winter. Figure 8 shows the hourly average indcor and ambient
temperatures for this period. 1In this instance the indoor
average temperature which is shown is a space-weighted average of
the temperatures measured in the living room and bedroom #3.
Obviously, the house does a very good job of buffering the indoor
environment from the outside. Even though the outdoor
temperature varies almost 20 degrees from day tc night, the
average indoor temperature varies less than 4 degrees.

Figure 9 takes a closer lcok at the indoor temperatures on
these three days. The living room temperature varies slightly
more than 4 degrees from day to night and is well within the
comfort zone most of the time. It only gets cocl at the end of
the night, with a minimum temperature at 8:00 in the morning.

The bedrooms on the north side of the house can be assumed to be
following a similar pattern. 1In all these rooms, passive solar
gains on the north wall of the house have a direct impact. In
contrast, the temperature of bedroom #3 varies only about one
degree from day to night and remains substantially cooler than
the living room. This rocm is on the south side of the house,
where it is heated only indirectly. While temperatures in the
range of 19 degrees, such as were found here, are certainly
acceptable for sleeping, they could have been higher if it were
easier for solar heat to get to this room. This graph also shows
hourly temperatures in bedroom #4, which is not part of the main
house. Possibly due to a much higher surface-to-volume ratio
than the rest of the house a lack of insulation in three walls,
the nighttime temperatures in this room fall below the comfort
zone, although they are still far above the ambient temperature.
A daily temperature rise of over 6 degrees can be seen, similarly
attributable to the relatively large solar collection surface for
the size of the room.

Figure 10 takes a more detailed look at what is going on
with passive solar gains through the north wall of the house over
a 27-hour period on July 21-22. As the sun comes up a little
after 7:00, the temperature on the outside of the Trombe wall
starts a rapid climb. The air in the living room also starts to
warm up, but at a far lower rate, due to direct solar gain
through the north-facing windows. About three hours later, the
inside surface of the Trombe wall starts to warm up, as heat
conducted from the outside surface penetrates the wall. The
outside wall surface achieves a maximum temperature of cver 49
degrees at 15:00, about the same time as the ambient air
temperature maximum occurs. The maximum temperature on the
inside of the Trombe wall is reached at about 19:00, indicating a
time lag through the Trombe wall of about four hours. The
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maximum temperature in the living room occurs about 17:00. While
unmonitored internal heat gains (such as cooking) may have also
had an effect, the time of the living room peak suggests that
more heat is being provided by conduction through the wall than
comes directly in through the north-facing windows (direct gains
probably peaked about 13:00). While the Trombe wall temperatures
then continue to fall through the night, they do so slowly and
remain well above the indoor temperature. At night, heat is only
provided to the inside air by internal gains and heat stored in
the thermal mass of the building. With the relatively small
internal gains (about 500 watts) and the relatively cold
temperatures outside during this period, it must be concluded
that substantial heating of the house is occurring largely due to
heat which has been stored from day until night in the thermal
mass of the house, either in the Trombe wall, or in the inside
walls and slab. This is reflected in the very slow and steady
downward drift of the living room temperature from about 19:00
until 8:00 the next morning, at which point the cycle begins
again.

Figure 11 displays the hourly total household electrical
energy use for the three-day period discussed above. Just as the
electrical use was very constant from month to month, it is
relatively constant from hour to hour, at a rate of about 250
watts.

4.3 Summer Performance

Dynamic performance under mid-summer conditions is
represented by the three~-day period of January 19-21. Figure 12
shows the hourly measured indoor and outdoor air temperatures for

these three days. 1In this graph, the indoor temperature shown is
a space-weighted average of the measured indocr air
temperatures. At the time of year when keeping the inside of a

house from getting too hot is the primary environmental control
concern, it is clear that the house design is doing a rood job at
reducing mid-day temperature peaks. This is largely attributable
to the thermal mass of the house, which heats up only slowly over
the course of the day. On the other hand, this same thermal mass
cools slowly at night, and in this case keeps the average indoor
temperature substantially above ambient. Presumably, a means of
increasing heat loss from the space at night, such as a higher
ventilation rate, would allow the inside temperature to track the
outside temperature more closely.

- 20 -
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Figure 13 looks more closely at the individual monitored
indoor air temperatures over this three-day summer period. As
was the case in winter, bedroom #4 has the largest temperature
swings. It is also uncomfortably hot through almost all of the
period shown, presumably due to excessive solar gain and/or lack
of adequate ventilation (only the single operable window was used
to provide ventilation - the lack of a screen on the door
resulted in it never being opened for ventilation). Bedroom #3
shows the smallest temperature swings, but also appears to be
significantly hotter, on the average, than the living room. The
daily peak temperatures in the living room are higher than those
in bedroom #3, but the nighttime lows are much lower. While the
living room does not get as cool at night as the outdoor aijr
temperature, it comes much closer tharn bedroom #3. This suggests
that summer night ventilation in rooms like bedroom #3 is not
very good and that, while the living room is much better, it too
could be improved. The cause of the higher daytime peak
temperature in the living room is not obvious. It could be due
to reflected solar gains through the windows (which are
relatively larger in the living room), the higher internal heat
gains in this area (it is open to the kitchen and is the primary
area cccupied in the day), conductive heat gain through the
windows, infiltration, or windows being left open even when it is
hot outside,.

In Figure 14 a single day-night cycle of temperatures across
the north wall of the house is presented. During the summer, the
Trombe wall apertures were covered by vertical shading devices.
This, together with the high sun angles and roof overhang, has
cut way down on sclar heat gains compared to the winter. The
outside surface of the Trombe wall stays well below the daytime
ambient temperature, instead of rising to near 50 degrees as it
did in the winter. A pulse of heat is still transferred, with a
four~hour time lag, through the Trombe wall to the inside of the
house, but it is of much smaller magnitude than in winter. It
should be noted, however, that the inside surface of the Trombe
wall runs about three degrees warmer than the inside air
temperature, and is thus a net contributor to the cooling
problems of the house. At night, the indoor air temperature
drifts downward almost perfectly in parallel with the inside
Trombe wall temperature, again indicating the strong nighttime
coupling of the indoor air temperature to the thermal mass of the
house.

Hourly electrical energy consumption during this three-day
summer period is shown in Figure 15, As reported in Section 4.1,
the average daily electrical consumption varied very little from
month to month, and, during the winter from hour to hour. The
hour-by- hour situation in summer appears to be much different.
While the average rate of electrical use remains about 500 watts,
there is more variability than in winter and a few peaks where
hourly consumption is two to three times as great, The monitored
data do not provide an explanation of the cause of these peaks,
but they appear to have some correlation with typical daily meal
times.
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4.4 Thermal Comfort

Given that there was no coal or electrical energy consumed
by the SHAKAWE-EC for auxiliary heating and cooling, the best
indicator of the overall success of the building design is the
extent to which it created comfortable temperature conditions
inside the house.

The occupants of the house felt that reasonably comfortable
conditions were maintained throughout the monitoring period.
This reflects their particular life-style and perception of
temperatures which are "comfortable." It also may reflect their
experience in other homes, suggesting that the SHAKAWE-EC is
relatively more comfortable than other homes under similar
conditions. Still, a more quantitative assessment is useful in
understanding the performance of the building and evaluating how
comfortable it would seem to other occupants.

The typical hourly and monthly minimum, maximum and average
temperatures presented earlier do not give as clear a picture of
overall performance as can be presented. A good technique for
this is to take the hourly temperatures for each montk and sort
them into 2~ temperature "bins". Each bin will then represent
the relative amount of time that the temperature was within a
certain 2~ temperature range. When presented as a histogram, a
clear visual picture is created of just how much of the time the
temperature was at different levels during each month.
Temperature bin histograms for each month of the monitoring
period are presented in Figures 16 - 24.

The determination of the limits of comfortable temperatures
is very difficult. It varies from person to person and is
influenced by concurrent factors such as relative humidity, air
movement, level of activity and type of clothing beiny worn. It
is also somewhat comparative perception, that is, it is
influenced by previous experience in comparable situations.
However, it is possible to define limits to what most people
would find to be a comfortable temperature under typical
conditicns. 1In the "Passive Solar Design Workbook" published by
BRET in May, 1984, a full discussion of comfort and the comfort
zone 1is presented. That publication suggests that thermal
comfort conditions can be_assumed to exist if the dry-bulb o
temperature is between 19~ and 27 in winter and 20° and 28° in
summer. The seasonal shift assumes the body adjusts its comfort
zone to a range of higher temperatures in summer and lower ones
in winter. Other literature similarly indicates that in Botswana
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and other parts of southern Africa, suggested limits for
temperatures that most people would consider to be very
comfortable are from about 20 to 28 degrees. Using this comfort
zone definition of between 20 and 28 degrees, the fraction of the
time that the living room temperature is outside of the comfort
zone, 1in each month is as follows:

MONTH % OF TIME ¥ OF TIME TOTAL % OF TIME
TOO COOL TOO WARM TOO WARM OR COOL
JUL 15% 15%
AUG 5% 5%
SEP 7% 12% 19%
OCT 2% 1C% 20%
NOV 53% 53%
DEC 37% 37%
JAN 84% 84%
FEB 62% 62%
MAR 50% 50%

While these numbers may seem high, it should be remembered
that this performance was achieved without any auxiliary heating
or cooling. It is also clear from looking at the monthly bins
that a great number of the hours are between 28 and 30 degreecs.
Accordingly, if the upper bound of the comfort zone was defined
to be 30 degrees, the total percentage of the time too warm or
too cool would be reduced by 47%.



5 Comparative Performance Studies

Evaluating performance of a building design is very
difficult in the abstract. Performance is relative, and is truly
useful only when it is stated in terms of an absolute reference
framework {such as an energy standard) or relative to some other
alternative design. When we say a building performs well or
poorly, we must answer the "compared to what?" question. In
this case, the question of primary interest is probably how well
the SHAKAWE-EC performs relative to a similar, conventional
house, and that will be the primary topic for the present section
of this report.

While many of the energy conservation and passive solar
design features of the SHAKAWE-EC did not cost more than a
conventional house, other features required additional material
and/or labor costs. In order to assess the value of various
elements of the design, we would like to know how much better or
worse the building would perform with and without each of these
features.

Of course, one obvious way to assess all of these
alternatives would be to build individual houses representing
each of the options of interest and monitor _hem all in a
side-by-side experiment. This approach has two difficulties.
Obviously, it would be costly to build and monitor so many
homes. Additionally, it is obvious that the way a home is lived
in and operated by its occupants affects thermal performance.
Opening and closing windows and shades, the number and activities
of occupants, appliance usage, and personal preferences of
comfort conditions all affect building energy performance.
Unless these were all measured or controlled to be the same,
results would not be comparanle.

An alternate approach to assessing comparative performance
is to use models to represent the alternative buildings to which
we wish to compare the SHAKAWE-EC. This is much less expensive
and many options can be examined in a short period of time. The
danger in this approach is that the models used may not
accurately represent the actual performance of buildings.

-31 -



The original project design called for monitoring a
coventional SHAKAWE-A Type II house, as a comparative reference
to the SHAKAWE-EC, This was delayed due to a number of technical
difficulties while, at the same time, some comparative
performance studies using computer simulation models were
performed., The usefulness of these simulation studies was
greater than first anticipated, and checks against the measured
data from the SHAKAWE-EC indicated the simulation model to
represent the actual house with reasonable accuracy. Based on
this development, as well as continued technical and logistical
difficulties with the reference house, a decision was made to
abandon the original plan to monitor a reference house and rely
solely on simulation for comparative performance evaluation. The
techniques used to conduct these studies and their results are
presented in the following sections of this report.

5.1 Techni Jsed

The computer simulation model used in these studies was the
CALPAS3 model, version 3.13. This is a computer program
specifically designed to analyze the energy performance of
passive solar and conventional residences. It was originally
developed by Prof. Philip Niles of California Polytechnic State
University. It was further developed and made commercially
available by the Berkeley Solar Group (3140 Martin Luther King
Jr. Way, Berkeley, California 94703, USA). It was selected
because it was the only currently available full-year, hourly
simulation program which would run on a microcomputer. Because
the climate of Botswana is such that buildings can huve both
heating and cooling requirements on the same day, models which
operated on a daily or monthly level would lead to inaccuracies.
A program which would ri'n on a microcomputer made a large number
of simulation runs possible at a low cost.

CALPAS3 is an hour-by-hour thermal network simulation
program, It is based on ASHRAE (American Society of Heating,
Refrigeration and Air-Conditioning Engineers) heat transfer and
ventilation algorithms., It uses backward (implicit) differencing
equations for modelling transient heat conduction in mass
elements and combined radiant-convection coefficients to achieve
fast execution.

The inputs to the model are a detailed thermal description
of the building (areas, orientations, material properties, etc.)
and its operating parameters (thermostat setpoints and other
occupancy variables), as well as one year of hourly weather data
(temperature, wind, solar radiation, etc.).

The output of the model is a series of tabular reports which
give energy flows, temperatures, heating and cooling loads, etc.
on an annual, monthly, daily or hourly basis. In preparing this
report, the outputs of the CALPAS3 program were graphed, for
easier understanding, using the LOTUS-123 program.



5.1.1 Weather Data

Annual measured hourly weather data for Botswana are not
available at this time, so it was necessary to synthesize a
weather file to run the CALPAS3 program. Not only are hourly
data on temperature, humidity, solar radiation, wind speed and
wind direction required, they must be in a computer-readable
format.

The most difficult element of a weather tape to synthesize
is solar radiation. Accordingly, a search was made of existing
availble weather tapes to f£ind the one with solar radiation most
similar to Botswana. Both the intensity of solar radiation over
time and the sun angles needed to be considered. The selected
location was Dhahran, Saudi Arabia, which has monthly total solar
radiation values almost identiSal to those for Botswana. It also
is located at a latitude of 26 North, giving sun angles
identical to southern Botswana but offset by six months. The
hourly solar radiation values on this tape were used intact, but
the temperatures needed to be changed. This was done by
offsetting the temperatures from Dhahran for each month until the
monthly mean temperature matched the measured long-term monthly
mean for Gabeorone. Then the amplitude of the diurnal temperature
swing was modified until the mean ionthly minimum and maximum
matched the measured values for Gaborone. The resultant weather
tape was formatted as a CALPAS3 input file and used for all the
simulations described in this report.

Wind velocity was not corrected inside the weather file, but
instead adjusted inside the simulation program. This enabled a
better match to the wind velocity actually measured at the
SHAKAWE-EC site. CALPAS3 allows for such an adjustment to input
wind velocity with the "Windfactor" command, where a value of .4
was used.

In order to verify that this synthesized weather file could
reasonably be used for this study, monthly weather file values
were compared against the actual measured values from the
monitoring period. Figure 25 shows a comparison of measured wind
velocity and the assumed wind velocity in the simulations.
Figure 26 shows a comparison of measured solar radiation and the
values assumed in the simulations. Figure 27 shows a comparison
of measured ambient temperature and the assumed ambient
temperature used in the simulations. 1In all of these cases the
agreement is reasonable, and certainly within the bounds of the
year-to-year variability that can normally be expected in the
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weather. The one case where there appears to be some uniform
bias is with the ambient air temperature, where the measured
value is uniformly higher than that used in the simulations. The
problem here is not so much a discrepancy between the simulation
and the measured values, but rather a discrepancy between the
measured values and the long-term data reported by GOB
Meteorological Services for Gaborone. Two explanations are
possible. First, it is possible that the period when data were
recorded was unusually hot compared to previous years. The
second is that the temperature sensed in the monitoring did not
truly represent the ambient temperature. An examination of the
mounting of the outdoor temperature sensor on the SHAKAWE-EC
shows that it could have given erronecusly high readings due to
locally higher temperatures close to the wall of the house where
it was mounted; however, this cannot be ascertained without
further investigation. 1In any case, the ambient air temperatures
assumed in the model are consistent with long-term measured
values for Gaborone and are, therefore, the correct values to use
in predicting the average perrormance of the buildings being
axamined.

5.1.2 Building Description and Operation Inputs

The complete listing of building description and operation
inputs to the simulation model for the SHAKAWE-EC can be examined
in Appendix B. Dimensions and geometry of building components
were taken from the construction drawings used to build the
house. Additional information was provided by the occupants and
the building designer.

The building was simulated assuming the occupancy of the
SHAKAWE-EC, as monitored. Key assumptions were:

1. Window shades or curtains were not closed during the winter
when there was a need to provide heat to the house.

2. Windows and vents were opened in to vent excess heat out of
the house when it rose above 24 deyrees in winter and above
22 degrees i1n summer.

3. All electrical energy consumption monitored for the
SHAKAWE-EC resulted in a heat gain to the inside of th
house (continous at 500 watts).

4. Heat given off by occupants, heat from gas cooking, and
heat loss from domestic hot water provided an additional



internal heat gain of 10.6 kWh/day.

5. Infiltration in the house can be expressed as (air changes
per hour) = .0125 (inside-outside temperature) + .375 (wind
speed in m/s), which results in an average air change rate
in winter of .75.

6. Removable shades reduce solar radiation incident on the
Trombe wall by 80% from October through March.

Obviously, these assumptions are not accurate for all the
ime during the monitoring period. Occupancy was not the same on
very day, and operating strategies were not always as assumed.
his should be kept in mind when comparing short-term differences
n modelled and actual performance.

When alternate building designs were simulated, all these
ssumptions remained the same; only the physical desc.iption of
he building was varied. This means that the results indicate
ow an alternative design would perform under the same conditions
f occupancy and operation.

There are two basic approaches which were used to compare
he performance of alternate designs. The first of these was to
Xamine temperatures in the SHAKAWE-EC and alternate designs
here no auxiliary heating or cooling is used. This parallels
he actual conditions which were monitored in the SHAKAWE-EC. 1In
his case, the monthly and typical hourly indoor air temperatures
an be examined to see what effects the building design has.

Extremes and averages don't tell the whole story, however.
i better quantitative feel for relative thermal comfort which can
>e achieved by alternate designs needs to examine the integrated
nagnitude and duration that indoor temperatures rise above or
fall below the comfort zone. A simple way of accomplishing this
is by simulating building performance with heating and cooling
thermostat set points at the top and bottom of the comfort -=one.
The resultant heating and cooling "loads" then represent twc key
performance parameters. First, they represent the actual heating
and cooling loads which would have to be met if the builéing were
mechanically heated and cooled to maintain comfort conditions
(this certainly is the case for some buildings in Botswana). In
this case, the difference in the loads represents the real energy
savings that would be achieved by using one design over another.
The heating and cooling loads also give a measure of relative
performance for the building if it were not heated or cooled with
electricity or oil. For this situation, a single value is
produced which represents the integrated magnitude and length of
time that one design would be too hot or cold compared to
another. For simulation runs made with thgrmostat set points,
the winter heating set point was set at 20°, and the cooling set
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point at 27°. These limits are somewhat arbitrary, but are felt
to represent the limits that would normally be maintained in a
house which where temperaturte was controlled with full heating
and air-conditioning. It should also be noted that the relative
performance of different designs is relatively insensitive to the
exact specification of these limits.

5.1.3 Checking the Model Against Monitored Data

Obviously, one of the primary concerns with using a model to
predict relative performance of different building designs is
that the model may not accurately reflect how buildings perform
in reality. 2 model is necessarily a simplification, and it is
important to investigate whether these simplifications result in
unreasonable results. While the CALPAS3 model has been used
widely and has been the subjest of numerous studies where
predicted and measured value were compared, there are enough
unusual aspects to this application that it was felt important to
check the model against monitored data from the SHAKAWE-EC.
Accordingly, the first simulations run were of the SHAKAWE-EC, as
built, and with no auxiliary heating and cooling.

Figure 28 shows the measured average monthly indoor
temperature for the SHAKAWE-EC compared to the results of the
simulation model. The agreement is generally good, with the
measured temperature running slightly higher than the predicted
during the summer months. This would be consistent with the
outlioor air temperature being warmer than normal this summer, as
discussed earlier in this section of the report. Figure 29 shows
the monthly average minimum and maximum indoor temperatures, both
as measured in the SHAKAWE-EC and predicted by the simulation
model. These show the model is doing a good job not only at
predicting the indoor temperature on the average, but taking
account of mass effects to predict the right magnitude of
day-night temperature swings. On the basis of these checks, it
was felt reasonable to proceed with using the model to
investigate comparative performance of the SHAKAWE-EC design.

5.2 SHAKAWE-EC Performance Compared to a Reference House

In order to compare the performance of the SHAKAWE-EC to a
similar, non-solar house, it is first necessary to define the
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reference house. In order to make sure that the results reflect
only on the passive solar and energy conservation features of the
design, the reference house is defined as a house of identical
occupancy, operation and internal gains. Only the following
changes are made:

1. The reference house has a ceiling, but no insulation (R
Value = .53 instead of 3.52 for the SHAKAWE-EC).

2. The walls of the house are hollow-core 230mm concrete block
with 15mm cement plaster on the inner and outer surfaces (R
Value = .51 instead of 2.36 in the SHAKAWE-EC walls).

3. The Trombe wall is replaced by an equal area of
conventional concrete block wall, as described above.

4. Average infiltration is assumed to be 50% greater than the
SHAKAWE-EC, estimated from the observation that typical
construction appears to have about 50% more cracks and gaps
around windows and doors, through the ceiling, air bricks,
etc.

5. The reference house has ventilation only through the
operable window areas (no outside or inside wall vents as
found in the SHAKAWE-EC).

Obviously, this does not give the SHAKAWE-EC credit for
building form, orientation and interior layout. While a
reference house might not be similar in these respects, it could
be, and to define any other reasonable alternatives for the
refernce house would be scmewhat arbitrary. Accordingly, the
performance results should be interpreted as being generous to
the reference house, and thus provide a conservative estimate of
energy savings. If it had a less favorable shape, layout and
orientation, its performance would probably be even worse.

5.2.1 Floating Temperature Comparison

Figure 30 compares the predicted monthly average indoor air
temperature for the two houses. 2s might be expected, the
reference house is colder in the winter and warmer in the
summer. What is going on is made more clear in Figqure 31, where
the mean daily minimum and maximum temperatures are compared by
month. While, as might be expected, the summer maximum
temperatures in the reference house are higher than the solar
house, the winter mean daily maximum temperatures are almost the
same for the two houses. Evidently, heat gains into the
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reference house from the roof, walls and windows heat it up to
the same daily maximum temperature during the four months of
winter. Of course, at night the lack of insulation and higher
infiltration result in the reference house experiencing much
lower minimum temperatures. Unexpected, however, is the fact
that the summer minimum temperatures in both houses are about the
same. This will be explored further below.

Hourly inside temperatures of the two houses under typical
August conditions are presented in Figure 32. While the
temperature of the SHAKAWE-EC never goes out of the comfogt
range, the tenperature in the reference house is below 20~ from
abtut midnight until 10:00 in the morning, with a minimum over
four degrees lower than the solar house.

Figure 33 shows a more extreme winter comparison. With
outside temperatures dipping below freezing, the minimum
temperature in the reference house is under lOO, while the
SHAKAWE-EC falls to 14°.

A typical summer temperature comparison is presented in
Figure 34. While both houses are quite warm, the reference house
is always warmer than the ambient temperature, while the
SHAKAWE-EC stays below ambient during the hottest hours ot the
day. The reference house rise to 36  in late afternoon, a very
uncomfortable temperature level. While the overheating of the
reference house is clearly a problem, of equal concern here is
that both houses appear to be having a problem cooling off at
night. The outdoor temp%rature starts falling rapidly about
17:00, ¢nd by 21:00 is 57 lower than the indoor temperature of
either house. Ventilatlion cooling in the SHAKAWE-EC is greater
than the reference house and for the SHAKAWE-EC is the primary
means of lowering temperature at night. While the reference
house does not lose as much heat by ventilation at night, its
lack of insulation enables it to lose more heat at night by
conduction than the solar house. While this deserves further
investigation, it should also be noted that both houses would
appear to benefit substantially by being able to lower their
nighttime temperatures closer to the ambient conditions by higher
ventilation rates. Not only could this make indoor temperatures
at night more comfortable, but it might also cool down the mass
of the buildings and help to keep them cooler the next day.

5.2.2 Comparison with Use of ruxiliary Heating and Cooling

The next set of simulations run were those where all
descriptive inputs were the same for the two houses, except that
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mechanical heating and cooling were assumed to maintain
temperatures within the comfort zone. In this case, the relative
performance of the two designs is indicated not by the indoor
temperatures (they will both be about the same), but rather by
the magnitude of the heating and cooling loads for the two
houses.

In Figure 35 the space-heating loads for both the solar and
the reference house are presented, side-by-side for each month.
The solar house has a significant load only for the months of
June and July, and in these months is is only about one-third of
the load in the reference house. The reference house has some
heating requirements for five months of the year and significant
loads in four of these months.

The monthly cooling loads for both designs are similarly
shown in Figure 36. Again, clearly, the loads in the solar house
are substantially less than the reference design, but the
reduction is not as great as was achieved for the heating loads.
In the winter months, in fact, the differences are not very large
at all, while in the summer the SHAKAWE-EC shows a one-third load
reduction. It should also be noted that there are cooling loads
in both designs every month of the year. Given the low average
ambient temperatures in the winter, this suggests that some
further passive design improvement could probably make a
substantial improvement by reducing winter overheating.

Figure 37 summarizes the annual heating and cooling loads of
the two designs. Overall the SHAKAWE-EC design exper iences
combined heating and cooling loads of 22.8 Gigajoules, compared
to 61.52 Gigajoules for the reference desigqn. This is a
reduction of 38.72 Gigajoules; a savings of 63 percent., If tne
buildings were heated and cooled with electricity (and
air-conditioners had the typical coefficient of performance of
2,0) the consumption of the reference house would be 9923 kWh,
the solar house would require 3495 kWh and the savings would be
6428 kWh. TIf the cost of electricity was 11 thebe per kWh, the
annual environmental control cost for the reference house would
be P 1092 while heating and ccnling the SHAKAWE-EC would only
cost P 384, a savings of P 708.

Even if the two building designs were not actually heated
and air-conditioned to maintain the comfort conditions assumed in
this simulation, the simulation results are still useful in
quantifying the relative performance of the two designs. Because
the heating and cooling loads reported represent the energy
necessary to maintain comfort conditions, they reflect the
combined effects of magnitude and duration of discomfort which
would occur without auxiliary heating and cooling. While the
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correspondence is not exact (it is neither 1:1 nor exactly
linear), it is probably reasonable to say that under floating
temperature conditions the level of "discomfort over time" irn the
reference house is reduced by at least half in the SHAKAWE-EC
design.

5.3 Component Evaluation

In order to determine which elements of the SHAKAWE~EC
design are the most valuable, as well as identify possibilities
for improving future designs, additional simulations were
cuonducted and examined. As for the reference house simulations
reported above, all inputs were identical *to tue SHAKAWE-EC
except for the component of interest. This makes it possible to
isolate the impact of that particular component of the design.
The following design variants were simulated:

REF The reference house described above

EC The SHAKAWE-EC

NRI The SHAKAWE-EC with no roof insulation

LRI The SHAKAWE-EC with less roof insulation (50mm

instead of 150mm)

NEV The SHAKAWE-EC without any of the extra
ventilation features that differentiated it from
the reference house

BW The SHAKAWE-EC with the insulated walls replaceqd
by the standard 230mm hollow-core concrete block
walls defined above for the reference house

SW The SHAKAWE-EC with the insulated walls replaced
by 230mm solid concrete block walls

NT The SHAKAWE-EC with the Trombe wall replaced by
an equivalent area of insulated wall

The annual space conditioning loads for each of these
alternatives are presented in Figure 38. Many interesting things
can be seen here. C(Clearly, the most important aspect of the
design is the roof insulation. As can be seen by looking at the
bar labelled "NRI" in the chart, the effect of removing the roof
insulation from the SHAKAWE-EC is to almost triple the heating
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and cooling loads. The "NRI" option has even a higher total load
than the reference house. This is probably because an
uninsulated roof provides an enormous heat gain to the house in
the summer, which the completely uninsulated reference house can
dissipate somewhat better that the "NRI" design with insulated
walls. Looking at the next bar to the right, labelled "LRI", it
can be seen that reducing the amount of insulation in the ronf
from 150mm to 50mm increases the load over the SHAKAWE-EC by 21
percent. The 4.77 Gigajoule increase which would occur if less
insulation were used would result in a 702 kWh annual increase in
energy consumption if the building used auxiliary heating and
cooling. At 11 thebe per kWh this would represent a cost for one
year of P 77. This would need to be compared against the
incremental cost of thicker insulaticn to determine whether it is
a good investment. The one thing that can be said about roof
insulation without further analysis is that it is clearly the
most important of the improvements to the reference house which
was investigated and that even a small amount has a major

impact.

Looking at the next bar to the right, labelled "NEV", we see
that if the SHAKAWE-EC was built without the extra vents, the
total loads would have been 11% higher. If met with electrical
air-conditioning, this would require an extra 346 kwh per year
(@.11/kWh = P38). While the improved ventilation design of the
SHAKAWE-EC appears to have had the second most significant effect
(after roof insulation), the effect is not as large as might be
expected. As suggested earlier in this report, it appears there
is significant room for improvement in this aspect of the
design.

The next two bars in the figure shows the space conditioning
load if the SHAKAWE-EC had been built without insulated walls.
The "BW" bar shows the performance with 230mm hollow-block walls
and the "SW" bar the performance with 230mm solid-block walls.

It appears that the use of insulated walls in the SHAKAWE-EC may
not have made much difference in the performance. With the
hollow block walls, loads are only 3.3% greater than the
SHAKAWE-EC as built, and with the solid block the loads would
only be 2.5% more. While a more detailed component analysis will
be necessary to explain this fully, a look at the breakdown of
the heating and cooling loads may suggest some of what is going
on. As might be expected, the uninsulated walls result in winter
heating loads which are higher than the SHAKAWE-EC, but not as
much higher as might be expected. Despite the fact that the
uninsulated walls have conductivities that are over four times
that of the insulated wall, the increases in heating load are
only 20% and 22% respectively. This suggests that solar and high
daytime temperature effects on the outside of the uninsulated
wall significantly affect the heat losses. While the nighttime
heat losses through the uninsulated wall will no doubt be great,



the daytime losses may not be significantly more than through the
insulated wall. 1In effect, the entire wall (particularly that on
the north side of the building) may be acting like a
low~performance solar collector, not unlike the Trombe wall in
principle. The coocling loads do not seem to be significantly
affected by the wall insulation. Presumably, this is because the
averadge summer temperatures maintained in the house are almost
identical to the mean daily outdoor temperatures, so there is
very little net heat transfer through the walls to be affected by
their thermal resistance. These explanations are consistent with
the month-by-month values for total conductive exchange generated
in these simulations:

SHAKAWE-EC SHAKAWE-EC
AS BUILT W/ BLOCK WALLS

MONTH CONDUCTION (MJ) CONDUCTION (MJ)

JUL ~-8094 -8723

AUG =-5627 -5951

SEP -3729 ~3553

OCT -332 -162

NOV 161 350

DEC 697 976

JAN 689 937

FEB 78 223

MAR =211 -87

APR -3558 -3730

MAY -6015 -6441

JUN =7137 -7697

Given that the double-block insulated wall construction is
much higher in cost than either of the uninsulated wall options,
this suggests that future designs might be more cost-effective
without insulated walls. One possibility not explored here is
whether a combination of insulated and uninsulated walls might be
a better alternative. A combination where the north wall was
uninsulated and the other three were insulated could be worth
investigating. It is also interesting to note that while the
differences are small, the solid-block wall appears to be
slightly better than the hollow-block wall. This is contrary to
the assumptions made by many and also merits closer
investigation.

The last bar in the figure shows the annual space
conditioning load for the SHAKAWE-EC with the Trombe wall
replaced by an equivalent area of insulated wall. As might be
expected, the Trombe wall has a significant impact on the heating
load of the building. Without the Trombe wall, the heating load
would go up from 2.37 GJ to 3.24 GJ, an increase of 36 percent.
However,; the heating load was not large to begin with. If



provided by electric heat, this increment would require only 241
kWh. With 80% of the solar radiation blocked by removable shades
in the summer, the Trombe wall appears to have little effect on
the cooling load. When the Trombe wall was removed, the annual
cooling load went down about 0.81 GJ, a 4% change. While the
Trombe wall certainly improves the performance of the building,
the effect appears to be the smallest of any of the options
investigated. This suggests that the Trombe wall is probably not
a design element which can be recommended for future buildings
unless further analysis of cost relative to benefit produces more
positive results.

Copies of the monthly summaries for each of the modelled
house configurations reported in this section are contained in
Appendix C to this report.

In the discussion above, various options which were included
in the SHAKAWE-EC design have been examined by looking at how the
building might perform without thenmn. Now, a few of the options
which were not built will be examined by looking at how they
might improve building performance.

There are endless options which could be considered for
incremental improvement of the SHAKAWE-EC design; however, in the
scope of this rerort only a few of them will be examined. These
are the options suggested by nonitored data analysis and computer
simulation studies reported earlier in this report. Figure 39
shows the space conditioning loads which came out of computer
simulations for four of these options compared to the the
SHAKAWE-EC design.

The labelled bars in the graph represent five different
house descriptions used in the simulation model, with all other
assumptions as reported earlier in this section:

EC The SHAKAWE-EC as built

BV The SHAKAWE-EC with bigger vent openings (twice
the effective ventilation area), half the vent
openings facing in the direction of the
prevailing wind, and an average inlet/outlet
height difference of about 1.3m)

MV The SHAKAWE-EC with maximum practical natural
ventilation (about four times the effective
ventilation area with an inlet/outlet height
difference of about 2m)

NT&BV The SHAKAWE-EC as built, but with the Trombe

wall replaced by an insulated wall of the same
area and bigger vents, as described in the
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second option above

NT&BV&BW The SHAKAWE-EC without the Trombe wall, with
bigger vents, and with hollow block walls

All the analysis presented earlier in this report suggests
that the cooling problem is far more significant than the heating
problem. It has also been noted that on most days when there is
a cooling load, it still gets cooler outside than inside for a
substantial portion of the nighttime hours. This suggests that
increased night ventilation might be a promising area for
improving performance of the SHAKAWE-EC design. Accordingly, the
first options considered in this series of simulations were to
increase the area of ventilation openings in the house and locate
some of the ventilation openings with respect to the prevailing
wind. It is worth noting that the prevailing wind direction in
Gaborone is east and that the SHAKAWE-EC, as built, does not have
a ventilation design which reflects this situation.

Looking at the bar labelled "BV" in the chart, it can be
seen that an improved ventilation design has a significnat effect
on the cooling load of the building, dropping it from 20.43 GJ to
11.22 GJ, while having a negligible effect on the heating load.
The further savings (above those already achieved by the
SHAKAWE-EC design) in annual total load which would result from
this improvement are 9.15 GJ, which is the equivalent of 1262 kWh
(P 139 worth of air-conditioning at .11/kWh). While the cost of
improving the ventilation design of the building to this level is
not explored in this report, some improvement could obviously be
achieved at little or no cost and it certainly merits
investigation.

The second ventilation option simulated was intended to
represent the extreme of improved natural ventilation design
(fan-forced ventilation could certainly go further). This was
intended to provide a target which could be used in assessing the
extent to which it might be valuable to pursue improved natural
ventilation design. As can be seen in the chart, the difference
between the two levels of improved ventilation is only one
Gigajoule. While a more detailed investigation will be necessary
to optimize the level of ventilation improvements, it can be
concluded from these results that going beyond the first level of
improvement simulated will probably not be worthwhile.

The next option explored combines the first level of
improved ventilation design with the elimination of the Trombe
wall. While the loss of the Trombe wall results in a 0.96 GJ
increase in the heating load, this is more than offset by the
9.58 GJ decrease in the cooling load attributable to the better
ventilation of this combination option. The net effect is a 38%
reduction in loads. Assuming that the cost of improved
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ventilation design would probably not be much more than the cost
of the Trombe wall, this combination probably represents a
worthwhile improvement over the as-built SHAKAWE-EC design.

The last option takes the additional step of replacing the
insulated walls with uninsulated concrete block walls. This
results in an increased load (mostly heating) of only one
Gigajoule. This does not appear to be much of a penalty compared
to the greatly reduced cost that would result from using
uninsulated walls. Of the various design options which were
simulated, this is not the one resulting in the lowest overall
load, but it may be the most attractive combination of options
when cost and difficulty are considered. If operated with
electrical heating and air-conditioning, this combination would
consume 2652 kWh, which at P .11/kWh would cost P 291. This is
24% less than the as-built SHAKAWE-EC and 73% less than the
reference design.
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6 _Recommendations for Design Modifications and Further
Investigation

Based on the examination of monitored performance data from
the SHAKAWE-EC and computer simulation of design modifications,
-the following recommendations for future building energy designs
are made:

1. Building Form and Orientation

- The building form and orientation may merit
modification to take better advantage of wind-driven
ventilation. The prevailing direction of wind when
night ventilation cooling is desired should be
considered.

- The pitched-roof, high-ceiling design of the
SHAKAWE-EC should be reconsidered. It is not clear
that stack-driven ventilation in the design, as built,
was significant; therefore a lower-cost roof design
may be prerferable.

- The performance of separate bedroom (#4) in the
SHAKAWE-EC design was much poorer than that of the
rest of the house. This could be corrected in future
designs by any number of techniques, possibly
including less exposed surface to ambient conditions,
better insulation, and/or better ventilation.

2. Ceiling/Roof Construction

- While the need for insulation in the ceiling/roof is
very clear, the amount which is worthwhile needs to be
more closely evaluated. The optimum amount is
probably less than the 150mm used in the SHAKAWE-EC.

- While it was not investigated in these studies, it has
been previously determined that roof absorptivity to
solar radiation is a key determinant of ceiling/roof
performance in the Botswana climate. The data and
simulations which were done in this study showed the
most critical heat transfers through the roof to be



3'

4.

Wall

those which contribute to the cooling load of the
building. Accordingly, a less absorptive roof surface
than that used in the SHAKAWE-EC would improve
performance. Such use of a less absoptive roof, such
a white-colored roof, would also lower the thickness
of the optimum amount of insulation in the
ceiling/roof.

Construction

The double-block, insulated wall construction used in
the SHAKAWE-EC is probably not cost-effective and
should be modified in future designs. Replacement by
either solid or hollow-core concrete block walls would
be more economical without significant detrimental
impact on performance.

A combination approach, which uses solid concrete for
the north wall and a wall construction with a higher
thermal resistance for the east, wezt and south walls
may be worth some investigation.

The relative performance of hollow-block and
solid-concrete block walls needs to k= examined more
closely, either through detailed experimental testing
or more detailed simulation studies. 1In such studies,
the properties of materials should be determined much
more accurately than was done in the studies reported
here, where textbook values were used. It would be
useful to determine the thermal and physical
properties of the actual materials used locally by
direct measurement, as well as those of other
potential masonry construction materials (local fired
brick, mud brick, rammed earth, etc.).

While exterior wall absorptivity to solar radiation
was not studied in this investigation, it could have a
significant impact, particularly if high-conductivity
walls are used. This should be further analyzed,
either through experimental measurement or simulation.

The Trombe Wall

Analysis of the Trombe wall suggests that while it
works well, it may not be an economical element of the
design and should not be used in future designs
without careful cost/benefit analysis.

The use in summer of removable shades and/or insulating
panels to cover winter-only heating devices like the
Trombe wall can be effective and is important to
prevent aggravation of the summer cooling problem.
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Windows and Vents

Total natural ventilation design of the SHAKAWE-EC design
should be improved so that rates are significantly higher
(about twice as great?) than they are at present. Improved
performance could be affected by any of the following
elements:

= Larger operable window areas, particularly where they
will improve wind-driven ventilation

~ Window shape and placement :o make best use of
wind-driven ventilation

- Window opening designs to improve wind-driven
ventilation by creating ventilation-enhancing
projections on the outside of the building when
windows are opened (similar to "wing walls")

- Use of much larger non-window vents in the ouside
walls, preferably high and low on the walls

- Ventilation design to maximize air flow at appropriate
areas and heights of habitation (daytime activities
and nighttime sleeping)

- Less obstruction of air flow between rooms
- It may be worthwhile investigating forced-air
ventilation, particularly if this could be

specifically directed at cooling the mass of the
building
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APPENDIX B

TYPICAL LISTING OF COMPUTER SIMULATION INPUTS



SHAKAWE-EC AS BUILT
Gabarone Weather: GABARCHE.BA (Gabarone B& MOD)
SUMMARY Run period: JAN-O1 -~ DEC-31 Conditioned floor area: 1078 a¥
SFACE CONDITIONING LOADS Run totals Faalks
EERtu LEBtu/sf EEtuh
House
Cooling Q ()
Heat1ng %) O, 000 CG.270
EMERGY CONSUMFTI(GM Run totals Feale
Frop line Hource
kWh: kBtu FRtu/sf ERtu/s¢f Ews kRtuh
Electricity
House conling O O ]
Total O 0 0
Fual
House heating (] 0,000 0L 000 0,450
Building total 0. 000 Gy OO0
Mote: CALFAST  i1s the property of and ie licensod b, Berbkzley Solar Group, 5140
Grove St.. EBerbkeley, CA 24707 (415 847--74600) . Correct application and operatiacr,
of CALFAST 14 Lhe responsibility of the uses. Actual building performence way
deviate Jraom CALFASTE predictions due to Jdifference: betwesn aclual and assiunsg

weather, construction, ar occupancy.

code compliance whon used i accordance
with the Califormia Fesidential
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certyrred
he BLG
Building Standards., ™
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tor
publicaticn

Calitorma energsy
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