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ABSTRACT

A Tow cost methodology is used to evaluate the thermal performance
of a retrofitted school with a solar air heater. The main aim of the
analysis is to determine with a reasonable accuracy the performance of the
various subsystems and to make suggestions for improvements.

Hourly data for weather variables, indoor temperatures, fuel
consumption and heat delivered to the building (both from auxiliary and solar
heater) are collected using an automatic Data Acquisition System (DAS).

The infiltration rate was determined using tracer gas techniques and
overall conduction heat loss was determined using night time data during a
long cloudy period (5 days). A constant temperature difference (between
indoor and outdoor) was maintained throughout this period. The ambient
temperature was nearly constant during this period. Using these measured
quantities and hourly data, the passive solar gains are calculated. A
subtractive approach is used to obtain these quantities. The results of 12
day periods (7 to 18 March and 14 to 25 November 1985) are reported. For
these periods, the passive and active solar contributions make up 39% and
30% respectively of the total heat load. Suggestions for improvements to
enhance these contributions are presented.

The analysis of the data presented here, indicate that the

methodology is simple and reliable for Tlarge scale monitoring using short
time periods (10-15 days).
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I - INTROBUCTION

The passive solar gains in buildings are difficult to calculate.
Available models predict very different numbers for slightly different
climatic conditions.

For policy making purposes and to encourage investment in solar
(passive and nybrid) design, it is necessary to have a reliable method and a
transparent procedure to determine solar contributions to the total heating
Toad.

In order to achieve this goal, a methodology 1,2,3 has been developed.
Using this methodology one can calculate the passive gains and evaluate the
thermal performance of the various subsystems.

This methodology 4 has been tested on the Elementary School of
Montorfano (Como, Italy). The results show that the methodology is simple,
reliable and that it is possible to arrive at a dsfinite conclusion about
long term performance using short term data.

If performed in real time, a closed loop network model can be used
to drive various systems for controlling the energy performance.

IT ~ SITE AND BUILDING DESCRIPTION

The Lanzada Elementary School is Tlocated 20 km. north of the city of
Sondrio in Regione Lombardia (see Fig. 1). It is at the end of Val
Malenco (a side valley of Valtellina), below the Bernina Range - in the
Alps. Winter and spring seasons are sunny and cool. Summers are moderately
warm.

The school is a masonry building made with massive stones, internally
*covered with bricks (average thickness 70 c¢cm.). The school has a compact
shape with all the classrooms facing south. It is a three story building
with a small gymnasium at the lower level.
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Figure 2 shows the floor plan and a section of the building. In order
to decrease energy consumption, the following major retrofit measures were
installed in 1983:

0 Increased envelope insulation on North side
o Double glazed all windows on North side
o Insulated the ceiling

o Installed solar air heaters on South facade connected with
a ventilation system

Table I Tists the physical parameters of the school.

IT1I - METHODOLOGY AND DATA COLLECTION

A methodology is developed to determine the passive gains and to
evaluate the solar air heater thermal performance. A11 the energy sources,
1ike auxiliary heater, solar air heaters and internal gains are monitored.
Using this monitored data, energy balance for the whole building is
performed. The following equation is used to determine passive solar gains:

Qpassive = Qypss - Qauxi]iary = Qinternal - Qco]]ector (1)

Qio¢g IS made up of three parts:

Q1oss = Qconduction + Qinfi1tration + Qventi1ation (2)

The infiltration rates were measured with tracer gas technique. The
detail of this technique is presented at the end of this section. The
ventilation rate is calculated by subtracting injected air from aspirated
air. The data on aspirated gir are obtained from the ventilation unit
placed at Jower level; 3025 m“/h of air is aspirated through the stairwell
and 1200 m3/h is reinjected through the ventilation openings.

Due to the heating system design it is difficult to determine the
conduction heat loss coefficient (UA) with the coheating method. Therefore
an indirect method has been used. During a long cloudy period the indoor-
outdoor temperature difference was held constant. The auxiliary delivered
at night (10 hours) and temperature differences during this period were

%monitoreda

The measured infiltration heat losses are subtracted to obtain the
conduction losses. The conduction Tosses are then divided by inside-outside
temperature differences to obtain the overall conduction loss coefficient
(UA). The average value for 5 nights is assumed as the true UA value. [t
was found that the UA value is 34% Tower than the calculated value (Italian
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Standard UNI-CTI). Table II shows calculated and measured UA values.
Auxiliary is calculated from the measured outlet and inlet water
temperatures and water flow rates. Solar collector contributions are
similarly obtained from air temperatures and air flow rate.

For internal gain calculations, 75 W per student during the lesson
hours is assumed. The heat gains from lighting are also added to internal
gains. Steady state conditions are assumed throughout the calculations.
The tEerma1 time constant of the walls is of the order of a few days (130
hours”), and initial and final conditions should be considered in order to
deal with short periods of time. For periods greater than 10 days the
thermal mass effects are small. For seasonal performance evaluations the
errors due to thermal mass effects should be negligible.

The data collection was limited to a level adequate for assessing
performance evaluations of subsystems. A complete 1list of measured
quantities is given in Table III. A11 probes were calibrated in the
laboratory before field installation. The Solartron Schlumberger ORION is
used for data logging. It allows some conversion on probes, counters unit
and measures of events. It is a high accuracy system and has many
possibilities for programming and interfacing with other systems. The data
were recorded on a cassette tape and later transferred on to the VAX 11/750
system via modems and telephone line.

During back-up operations, logger operations were interrupted. There
were a lot of disadvantages by working in this mode. However, there were no
other options available.

Tracer Gas Measurements

The tracer gas measurements were done at 4 places: <classroom and
corridor at first floor, classroom at second floor and gymnasium at Tower
level. The tracer gas (SF6) was injected in the rooms, corridor and
gymnasium. After waiting for half an hour, four to five air samples from
each of the spaces were taken at 15 minute intervals.

The concentration of SFg was measured using gas chromatography. From
the SFg concentration decay rates, the air exchange rates were obtained.
These measurements were done with fan off. In Table IV the air exchange
rate values for three different parts of the school are Tlisted.
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IV DATA ANALYSIS

The main objective of the data analysis is to calculate the total heat
losses, auxiliary energy used, internal gains and solar energy
contributions. The solar energy contributions consist of two parts: the
energy provided by the solar air heater and passive solar gains. A short
description of the procedure used to calculate these quantities is described

below.

Total Heat Loss

The heat loss from the building occurs through conduction, infiltration
and ventilation. AT1 these loss calculations assume steady conditions. As
mentioned earlier, this assumption is valid for periods longer than the time
constant of the building.

The conduction heat losses were calculated using the value of conduction
loss coefficient (UA) as determined above and the measured indoor-outdoor
temperature differences.

Qconduction = 2i(UA); * AT * ¢ (3)

The infiltration heat Tosses were calculated using the infiltration rate
determined from tracer gas measurements and indoor-outdoor temperature

difference.

Qinfittration = 20 Vy * Ry x £ % O #AT wy (4)
where vj = Volume of the j th space
Rj = Afr Infiltration Rate for the j th space
ﬁﬁj = Temperature difference between the j th
space and outdoor
§; = Density of air
C; = Specific Heat Capacity of air
t = Duration

The ventiiation losses are calculated using the ventilation rate as

" determined above (difference between aspirated rate and injected rate) and

indoor-outdoor temperature differences. An equation very similar to Eq. (3)
is used to calculate ventilation rate for the fan on periods.
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Auxiliary Energy

Auxiliary energy is provided by hot water radiators. The energy
supplied by the hot water was calculated from the information on inlet-
outlet water temperature differences and water flow rates, and the time for
which the pump was on.

Qauxitiary P Fw Oy T Mt (5)
where
F = Water Flow Rate
fw = Density of Water
Cy = Specific Heat Capacity of Water
= Inlet-Outlet Water Temperature Difference
t = Time for which Pump is On

Internal Gains

The information on the number of occupants, time of occupancy and the
Tighting Tevel was used to calculate internal gains.

Boiler Efficiency

The burner flow rate and the burner on-off time give the total oil
burned and finally the oil burned along with the auxiliary energy delivered
gives the heating system efficiency.

Solar Contributions

The measured values of the air fiow rate through the collector, the
inlet-outlet air temperature difference and the time for which the fan is
on, are used to calculate solar contributions provided by the sofar air
collectors. An equation similar to Eq. (4) is used for this calculation.
Finally the passive solar contributions are calculated subtractively using
Equation (1). However, any errors made in the calculation of Q1oss and Qaux
are lumped into the passive contributions.

LY - RESULTS AND DISCUSSIOH

Two 12 day periods were analyzed. These two periods are representative
of typical spring and fall climate.
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During the twelve day period in Fall (November) six days were sunny
and six days were overcast. In March, eight days were sunny and four days
were overcast. The average ambient temperature is nearly the same during
these periods. The insolation values on collector plane, indoor
temperatures and outdoor temperatures are plotted in Figures 3 and 4 for a
three day period (November 7-8-9 1985). This is a relatively clear period
with insolation peaking at 850 W/m*“.

The bar chart in Figure 5 shows the hourly auxiliary delivered to the
building and the solar energy incident on the collector plane for the same
three day period.

There were considerable temperature variations in different parts of the
building primarily due to the stack effect: classrooms at Tower floors have
lTower temperatures. The increased ceiling insulation decreased the heat
Toss at the second floor. This means the radiator system needs to be
recalibrated. The corridors have generally lower temperatures than adjacent
classrooms due to the fact that corridors do not have direct gain (corridors
face north) and have higher infiltration rates.

In Figure 6 the average temperatures in different parts of the building
are graphed for a twelve day period in November 1985. The heat balance
calculations are performed for the whole building. The results for the 12
day periods in March and November 1985 are presented in Table V and Table
VI respectively.

and Qg1 (both passive and

Only values and totals of Q%O os Qips Q
e The i %ed percentages are with respect

active) are listed in this tab
to the total load.

The daily energy balance has 1ittie meaning, because of different
shifts in the various contributions due to the transient effects through the
thick walls, but the twelve day periods presented are nearly free of thermal
mass effects. The bui1d1ng collects a considerable amount of solar ene§gy
the south facade has 84 m“ of direct ga1§ aperture (windows) and 130 m
collector area out of a total of 380 m~ of the south facade area. The
collector efficiency in the two periods doesn't exceed 30% and 20%
res&@rtive1/ This Tow efficiency is mainly due to the Tow flowrate of hot
air removed from the collectors. The measured air flowrate is 1200 m”/h
leaving the collectors versus 3200 m3/h (3025 from inside plus 175 from
outside) of air forced into, collectors by the fan and pushed through. The
designed value is 5000 m3/h with 60% efficiency. The discrepancy is

attributed to the following factors:

0 Leakages through collector trimmings
0 Cracked ducts. Ducts are made of polistyrene and the

cracks are due either to vibrations from fan-engine and
accidental breaking of ducts.
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There is a definite need to improve the collector performance.

0 The ventilation unit should be moved to the attic and
the externalair intake should be closed. Theairwould
be aspiratedfromthe collectors and the fresh air would
then be taken from collector leaks.

0 Thedistribution ducts should be redesigned and protected
from accidental damages.

0 A better calibration of the air distribution system is
also needed.

The total solar contribution (30% in November and 39% in March) is
quite good and with the modifications suggested, should easily reach 35-45%
of the total load. The collector contribution will increase gf the existent
ventilation unit is moved to the attic. It has been shown that for low
pressure solar air heaters, the leaks do increase the efficiency although
outlet air temperature decreases slightly.

Average boiler efficiency for the 12 day period in November is 68%. It
looks good, considering that no retrofit measures been performed on
auxiliary heating system. In Table VII the daily efficiency for November
1985 1is presented.

The operational logic seems quite adequate. The huge mass of the
building is used as thermal storage for the heat coming from the collectors
and on sunny days this considerably reduces the auxiliary energy needs.

A comparison between March 83 energy use and March 85 energy6
presented in TableVIII. For the two month period, there is over 45%
reduction in 011 consumption. Besides there is an increase in passive solar
contribution, due to improved insulation of the building.

In conclusion the retrofit measures are adequately designed and with
s1ight modifications the performance of the solar air heater can improve
considerably. This will lead to a further reduction in o0il consumption.
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Figure 3. Solar radiation and ambient air temperature profiles for a three day period {Nov 14-16, 85).
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Figure 4, Indoor and ambient air temperature profiles for a three day period {Nov 14-16, 85).
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Figure 5. Auxiliary energy used and solar radiation incident on collector,
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Table I. Building parameters.
YCLUME FLCOR AREA GLAZING
M3 M2 M2
CLASSROCMS 223 271 48 (Scuth)
CORRIDCRS Egnly] 213 1S (MNorth), & “Eastr, & {West!
GYMMASILM 274 20 15 (South?
TOILETS 225 53 24 iEast), o iMcrth!
OTHERS 364 110 3 tSouth), 21 (NMaorth)
INSULATICM ( After Retrofit )
NORTH FACADE I cm. Folystirsne + Yaocur EBarrier
GLAZING Double Fame Glass on Morth 3ide
ATTIC I cm. Folystirsne
Table II. UA Values (W/C) of various part of building,
CRLCULATED VALUES (ITALIANM UNI-CTI 7IE7)
SURFACE BEFORE AFTER
M2 W, C W/C
Wl LS 758 74z S17
WIMDOWS 194 880 7ol
DOORS (&) 18 16
FOGF 270 S 182
SROUMND 38 S0 S0
FL.OOR il 08 I0s
TOTALS 1552 pein i 39§ 1744
MEASURED VALUES NOY 13 1174 W/ C
AFTEZR FETROFILT NEY LR 1179 "
MOV 20 1130 Y
MOy 1240 "
MOV 1021 "
AVERAGGE VALUE SQ3SUMED 1143 w/C

3
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Table III. List of measured quantities. Table V. Energy use for the month of March 1985,

———————————————————————————————————————— B e L s p—— MARCH 1282
M. 5TaTS 3.520
FROEBE CEZCH O TAFE
1 p. out of Collector =] .10 min. 3-0C0 —
2 ae. Hele Second Filoor sec. 1) min.
= Arr Temp. Hole First Floor 0 sec. 1O min.
3 Air Temp. Inlet of Collector 40 sec. 'O omin. 2.500
S aOM-CFF Furrnace w0
S ON=3FF  Water Fump ¢
T CN-GFF  Fan Low-Speed o 2000
3 SMH--OFF Fan Hiah 221 5 =
£ Awitliary Water F Fate S0 osec, n N
13 r Tems. GUT ) sac 4 1500 o
1t Temp. I I zea. 3 §R§
12 in=sl. on Callechtor Slane L3 min - NN
1z : ral. on Horizontal Flane 1 min. 1.000 \Q\\F
14 Wall Temoeratura =73 min. N
1S Caorrido znp. at Lowsr Lewvel 57 min. f\\
13 DS b Tenp. 20 min, 0.5¢2 B
17 £ Zecond Floaor 2 min. b
13 R First Flaor S0 min. iy
132 . ETUNE PRI Q.000 Ly
2 cond Flaor ETREN DR 8
Z1 Corrudor Temp. Fuirst Flaor 57 @in,
22 Aktirc Teap. 50 oninm. 771 apos
Groundg Tzmo. S min.
3 ~rizient Teoo. ERUNEL PR R IN
Lanzada Elementary School ~ MARCH 189S [ JOQULES % 10746 1
as int sol
Table IV. Infiltration rate measurement results. DATE Qlass Oint Caus CLJ?TC,)].&';'ESS. p'/. A %
Thu 7 1205.8 226.9 JuA
. AIR IHAMGES FER HOUR Fri 8 2 1229.8 50,0 117%
Sat 9 200, 0 1029.7 10%
Sun 1O G, 0 59,4 2 Q%
o 11 200.0 895.u 851.4 A
QCCUPLED UNCCIUPIED Tue 12 200.0 £120.95 &92. 3 10%
Wed 13 00, Q 40, 4 I94.8 109
Thu 14 200, G P0G, 4 483.5 %
ZLASSROCMS 0.60 0.4 Fri 15 00,0 973, 1 5465.5 117
Sat & 200,0 1057, 1 828. G [ ERYA
ZCRRIDCRS 2.00 1.36 Sun 17 0,0 1068.4 Bu7.= ay
Mon 18 200.0 1180.4 537.43 1O% o
’ 24117.4 2000, 0 126811.7 &£&58.9 27% 8% 12%
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Table YI. Energy use for the month of March 1985,
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1560.5
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S01.1
1461.2
1629.2
1649.7

186520 155104

7615.8

Table VII, Boiler efficiency.

Oause
CATE TOT=L EFFICIENCY
[hWh
572 4. 7
&2 3 7
S544 3 7
&L 7 417 57000
556 4o £1.58%
432 457 &5, 7%
567 458 &38.5%
73 134 5T .0%
LI BRI SE.ET
Spaie 413 53,
S5 307 2.
£1 4240 -

TOTALS a7 5131

Table Yill. Performance comparison (before and after retrofit).

Oscl
Ti~Te Qloss Oint Qau Coll Facss
FMARCH 8% 41T 746572 S167 54387 - 15508
emCH 85 a463  SETIT 51467 TIEED 72435 1720z
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