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ANALYSIS METHODOLOGY, EXPERIMENTAL
INVESTIGATION, AND COMPUTER OPTIMIZATION
OF A PASSIVE SOLAR COMMERCIAL BUILDING
IN THE BELGIAN CLIMATE

PH. ANDRE, J. NICOLAS,* J. F. RIVEZ, and V. DEBBAUT
Fondation Universitaire Luxembourgeoise, Arlon-Belgium

Abstract—The Fondation Universitaire Luxembourgeoise (FUL) building (completed in 1986) has been
selected as a Belgian candidate for participation in the IEA {International Energy Agency)} Task X1 project
devoted to passive solar commercial buildings. Therefore, an evaluation methodology has been set up and
a monitoring plan has been defined and performed. Together with this experimental investigation, intensive
computer simulation work has defined an optimized design of the building. The main results show that the
recorded performance can be improved to an extent of 15% energy savings, which yields a correct performance
for a passive solar building in the temperate maritime Belgian climate.

1. INTRODUCTION

Since 1983, the Fondation Universitaire Luxembour-
geoise (FUL) Research Institute, situated in Arlon, in
the southern part of Belgium, has used active solar
buildings integrating solar collectors, heat pump sys-
tems, and in-ground energy storage devices. The per-
formance of these buildings has been described in an
earlier paper[1]. In 1983, the institute decided to plan
a new building in order to provide rooms for educa-
tional use: amphitheaters, offices, and meeting rooms.
As solar energy was one of the main research areas of
the institute, a passive solar design was naturally se-
lected in order to reduce the auxiliary heating load of
the building. A high thermal inertia was chosen by
combining mass walls with a high thermal insulation
level. This building (Fig. 1) has been extensively an-
alyzed in the context of an international collaboration
project, namely the IEA (International Energy Agency)
task X1 (Implementing Agreement on Solar Heating
and Cooling), devoted to “passive and hybrid solar
systems for commercial buildings.” This article reports
on the main results of this work. After a short building
description, the specifically developed analysis meth-
odology is presented. Then the monitoring plan,
methods, and results are described. Simulation tools
are used in order to optimize the building design. As
a conclusion, some recommendations or design guide-
lines are given for the architects and designers.

2. BUILDING DESCRIPTION

2.1 Location

The building is situated in a peripheral area of Ar-
lon, a small town in South Belgium. It was built on a
horizontal surface, close to a highway. There is no ma-
terial obstruction io solar radiations until the end of
the afternoon when the sun disappears behind sur-

* ISES member.

rounding buildings (for further description, see IEA’s
Task X1, Basic Case Studies[2]).

2.2 Form

The building has a rectangular (30 X 14 m) shape.
This two-storted building is elongated from east to west
and the southern facade has a trapezoidal shape with
a maximum height of 10.75 m. The first storey (Fig.
2) consists of two amphitheaters enclosing a central
hall. The second storey (Fig. 3} includes two meeting
rooms and several offices enclosing the same hall, The
amphitheaters, offices and meeting rooms are separated
from the glazed south facade by concrete mass walls
and narrow sunspace areas. The building cross section
{Fig. 4) 1s trapezoidal with a height continuously de-
creasing from 10.75 m (south facade) to 4 m (north
facade).

2.3 Construction

The structure of the building is composed of load-
bearing masonry walls with an insulating material
(thickness = 12 ¢m) and a covering material for rain
protection, The south-faced side is highly glazed: the
glazed fraction is 66% of the total southern facade.
Concrete mass walls are situated behind the glazing
and have both a thermal storage and a load-bearing
function. The north-faced side is insulated and consists
of load-bearing concrete walls, The windows are made
of double high emissivity glazing with aluminium
frame. The insulating material of walls, roofs, and floors
is glass wool, The typical U-values in W/m? K are
0.41 {floor), 0.28 {walls), 3.02 (windows), and (.18
(roofs). This yields an envelope heat loss factor of 1.6
kW /K for transmission through the fabric.

2.4 Services

The direct gain rooms are partly heated by solar
radiation. The concrete walls provide short-term heat
storage for amphitheaters, meeting rooms, and offices
and dampens the temperature fluctuations. Addition-
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Fig. . View of the FUL building,

ally, heating is produced by an auxiliary gas-fired boiler
and distributed by thermostatically controtled radia-
tors. In case of overheating or air pollution, ventilation
is automatically activated in amphitheaters and meet-
ing rooms. The glazed facade is provided with external
roller-blinds, which are activated during the night, in
order to reduce the heat losses, and during overheating
periods, No centralized computer control of the build-
ing is provided even though the heating, ventilating,
and shading systems are partly automatically con-
trolled.

2.5 Solar features

The main passive solar feature consists of two mass
walls situated in the southern facade and separated by
a direct gain central zone. Each mass wall is composed
by a glazing with an external shading device, a buffer
space, and a thermaj accumulation wall. The total
glazing area is 135 m?, representing 66% of the south
facade. The solar radiation is collected through the
glazing and accumulated in the wall. Long-wave ra-
diations are exchanged between the wall and the glazing
and increase wall surface and, by convection, air tem-
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Fig. 2. Floor plan of the FUL building ground floor.
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Fig. 3. Floor plar of the FUL building 1st floor.

peratures. The heat is slowly conducted through the
wall and released, with a timeshift, to the rooms to be
heated. The overall heat transfer process is depicted
by Fig. 3. The glazing is double without low-emissivity
coating. The walls are painted white even though this
color is not optimal for the purpose of solar collection.
The walls are composed by a combination of L-shaped
concrete elements, separated between each other by
interior windows. Additional interior windows are in-
tegrated in the concrete elements themselves at the
secondary storey in order to provide some more day-
lighting in the offices and meeting rooms. The external
shading device is automatically activated during the
night, during the weekend in winter, and can be partly
lowered manually by the occupants in case of over-
heating.

) Thermal mass is present in the direct gain central
zone as well: the floor and the ceiling are made of rein-
forced concrete and an additional concrete beam has
been placed horizontally at the first storey, behind the
glazing. The combination of thermal mass and high
insulation level leads to a high thermal inertia char-
acteristic for this building,

L Vamtis

Fig. 4. Cross section of the FUL building.

3. ANALYSIS METHODOLOGY

A specific methodology has been proposed to an-
alyze the building. It combines both an experimental
procedure and computer simulations in order to learn
as much as possible from this project and to make this
knowledge useful and usable for future projects.

The methodology can be seen as a three-point strat-
egy which is directly connected to the organization of
the IEA task XI project. The first step of the strategy
concerns the experimental investigation of the building.
Therefore, a monitoring plan has been defined, instru-
mentation of the building has been set up, and mea-
surements have been performed according to this
monitoring plan. The measurements were handled by
several analysis software programs: statistical, graphi-
cal, and process-identification oriented.

The second step of the strategy is more concerned
with a theoretical investigation of the system based
upon a computer description of the building. This ap-
proach includes several orientations. First, a validation
of the different simulation tcols used to model this
building had to be performed. Therefore, the building
was simulated with real (measured on site) climatic
and occupation data. Based upon different two-week-
long periods, the comparison between measured and
calculated indoor temperatures yields an impression
of how the model is able to simulate the building. The
second step concemns the calibration of the model. This
involves the selection of accurate values for some typ-
ical parameters, among others the heat exchange coef-
ficients of the model. Therefore, simplified mathe-
matical models of some local thermal processes are
defined (surface heat balances, thermal conduction,
etc. . . .} and system identification algorithms are used
to perform the parameters calculation. The combi-
nation of both approaches establishes a two-way com-
munication between model and measurements: the
monitoring improves the model {calibration) and the
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Fig. 5. Heat transfer in the mass wall system.

model helps define a better monitoring strategy. This
makes the strategy a dynamic evolutive one.

These two strategies are directed toward the third
step which can be seen as the output part, namely the
definition of design guidelines based upon the “lessons”

Monitoring plas
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Fig. 6. Overall strategy for the analysis methodology of the
FUL building.

of the monitoring and the insights of the simulation -
results. This makes the overall knowledge obtained
during the project useful for the design of future build-
ings. '

The overall strategy is schematically represented in
Fig. 6. As shown by this figure, the output provides
results expressed as design guidelines or recommen-
dations for architects or building designers: what to do
or/and what not to do in several situations. An alter-
native method for the presentation of the results con-
sists of an expert system in which rules are imple-
mented to summarize the different design guidelines.
This implementation work has been performed in the
context of the Task XI project, and the expert system
software “ISOLDE”[3]is associated with a videotape
presentation of built projects aiming at iflustrating the
different passive solar strategies.

4. PRELIMINARY ANALYSIS OF THE BUILDING

A preliminary analysis of the building has been per-
formed in order to define the monitoring plan and
strategies and to determine the overall time schedule
of the study. This analysis is based upon the division
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of the building in components whose definition is
closety related to the interaction between the different
passive solar devices, the environmental influences, the
auvxiiary HVAC system, and, finally, the overall control
system. This division yields the following components:
¢ environmental variables:
external environment: climate
internal environment: occupants,
¢ glazing and associated shading device,
e buffer space,
s storage wall,
¢ passively heated rooms {the whole buifding without
the mass walls),
building envelope,
auxiliary heating system,
mechanical ventilation system, and
control systems.
For each component, the evaluation plan has de-
fined four items to be considered:
1. aims of the analysis,
2. methods to be used:
measurements
simulations
combination of both,
3. tools:
SENSOrS
simulation and analysis softwares
inquiries about occupants behaviour and opin-
ion, and
4. evaluation: what are the expected results of the
analysis, how is it possible to give an interpretation
of the results?

The design of the monitoring has been selected in
order to meet the requirements of the proposed anal-
ysis. The instrumentation of the building has been re-
alized in conformity with the subsystems division. The
glazing, buffer sunspace, and accumulation wall re-
ceived special attention as they are the main passive
sotar features of the building. The monitoring period
was first scheduled for one year, but several problems
with the auxiliary heating system made a second year
necessary in order to get reliable information from the
measurements. Furthermore, some “one-time” mea-
suremenis were planned: infrared thermographic
analysis, pressurization test, heat fluxes measurements.
These tests aimed at a better knowledge of how the
building was responding to the action of environmental
variables.

5. MEASUREMENTS

The measurements[4Iwere planned with the fol-
lowing objectives:

1. Evaluation of the thermal performance of the
building. Determination of the passive solar heating
contribution of the mass wall to the heating load.

2. Validation of the Belgian computer model
“MBDSA” against the data recorded in situ. This
was useful in order to determine whether the soft-
ware “MBDSA™ was suitable for the simulation of

passive solar commercial buildings including indi-

rect gain and direct gain features.

3. Determination of heat exchange coeflicients in the
mass wall system through application of process’
identification methods. The exchange coeflicients
of the heat transfer occuring in a mass wall were to
be investigated as the values of these coefficients
could be substantially different from those of a more
classtcal design.

4. Evaluation, by means of a Fanger-like methodology,
of the thermal comfort in the building.

In order to meet these different ohjectives and fol-
lowing the diviston of the building into several sub-
systems, the a priori selection of measurement points
considered:
¢ the division of the building in 10 zones in order to

allow the comparison of measurements with simu-
lated results (a 10-zone modeling was selected as
well);

o the organization of the instrumentation according

fo the subsystems listed above.

Most of the air temperatures were measured by
thermistors {Fenwall UUA41F1). Kipp and Zonen
pyranometers were used for the measurement of global
and diffuse horizontal radiation. Special hot-wire an-
emometers were installed in the sunspaces for the
measurement of air velocities. The thermistors were
factory calibrated and have a 0.2°C error band while
the pyramometers ervor is about 2% for values higher
than 100 W/m?. The hot wire anemometers were cal-
ibrated in an air<tunnel. The gas (auxiliary energy)
consumption was measured by recording the counter
number twice a day. The same strategy was used for
the global electricity consumption of the building.

3.1 Collection of measurement data

Approximately 60 sensors were measured during
the monitoring period. During the first year of moni-
toring, the temperature measurements were performed
and stored every 15 minutes while solar radiation
measurements were scanned every 3 minutes { because
of the limitations of the data-acquisition system) and
recorded after integration every 13 minutes. Compar-
isons were made with a one-minute time step in order
to check the accuracy of the solar radiation measure-
ments. Considering the time response of the building,
they did not point out any significant difference. During
the second year of monitoring, the siorage period was
raised up to one hour. Every one or two weeks, the
data were transferred to a PC computer system on
which the data processing was performed. Depending
upon the objectives, this operation was realized by:

& g process identification (mathematical estimation of
parameters in dynamical systems) software (“ID-
SOFT”) developed at FUL[5]in order to estimate
heat exchange coefficients in a dynamical process,

e a simple statistical software developed at FUL in
order to aggregate the information contained in the
data, and

¢ a graphical software in order to visualize typical
monitoring periods and aggregated results.
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Fig. 7. Monthly distribution of the auxiliary heating load.

5.2 Energy results

Table 1 lists the auxiliary heating load for the first
four vears of occupation of the building (October 1986
to September 1990). The monthly distribution of the
auxiliary heating load is given in Fig. 7. January is
usually low because, during the last four years this
month has been generally mild.

When reduced to gross floor area, these figures yield
the values of Table 2. These figures can be seen as
quite high for a passive solar building. The first year
figure is probably the result of the building drying and
the consequence of a winter colder than the other years.
The generally high level of the heating load is partly
due to a bad controt of the auxiliary heating system.
Some measurements of the heating system itself have
shown that the night and weekend setback strategy of
the heating system was not effective, at least for one
of the two distribution circuits. This comes from a lack
of tightness of a three-way valve which made the heat-
ing system work, even during setback periods. The
monitoring pointed out the higher temperature of the

Table 1. Heating load for four years

Heating load
Heating scason G kW h
1986/1987 391 108387
1987/1988 357 99181
1988/1989 346 96198
1989/1990 349 97036

southern circuit, compared to the northern one during
setback periods.

Despite the high insulation level of the building and
the passive solar design, the heating load doesn’t depict
a good overall performance. Another explanation
comes from the high value of infiliration losses. A
pressurization test performed by the Belgian Building
Research Institute has shown the air renewal (by in-
filtration ) in different zones of the building to be:

e guditoriums: 0.3 vol/h

* meeting rooms: 1.25 vol/h

s whole building: 0.65 vol/h.

These figures don’t take the mechanical ventilation into
account. All zones situated at the upper floor and con-
sequently connected to the roof have a high infiltration
rate due to the lack of an air tight layer in the roof.

Figures 8 and 9 show the correlation between the
auxiliary heating load and respectively, the ambient
temperature and the global horizontal solar radiation,

Table 2. Heating load per gross floor area for

four years
Heating load/grass floor
area

Heating season Ml/m? kW h/m?
1986/1987 587 163
1987/1988 536 149
1988/1989 520 144
1989/1990 526 146
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Fig. 8. Correlation between auxiliary heating load and global horizontal solar radiation.

calculated on the basis of monthly average values. Both  this relative weakness suggests that other factors (in-
correlations are not very strong (R>: 0.70 for the am-  filtration losses, HVAC control) are influencing the
bient temperature; R?: 0.68 for solar radiation)} and energy consumption of the building.
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Table 3. Average temperatusre and standard deviations
for some zones

Table 4. Minimum/maximum temperatures
for different zones

Average Standard Minimum Maximum
Zone temperature (K) deviation (K) Zone temperature (K) temperature (K)
Auditoriums 19.5 0.8 Auditoriums 13.5 27.5
Central hall 21.5 23 Central hall 14.6 35.7
Offices 21.7 1.5 Ofhces 14.3 31.3
Vistors offices 227 2.0 Visitors offices 16.9 35.8
Meeting rooms 20.7 1.4 Meeting rooms 13.5 30.1

5.3 Comfort (amenity)

The air temperature was recorded in every zone
of the building. Averaging the recorded values for
two years of monitoring yielded the following figures
(Table 3).

This table shows that the average temperatures in
the building are quite high, considering the setpoint of
the auxiliary heating system fo be 21°C during the
day. The auditoriums are the coldest zone of the build-
ing (because of the reduction of the direct gains) with
the lowest deviation around the mean, indicating the
damping effect of the mass wall. All solar insolated
zones exhibit an average temperature above 20°C with
large deviations around the mean, due to both direct
solar gains and heating setback. The peak (minimum
and maximum) values of the temperatures in the same
zone are indicated in the following Table (table 4).

The minimum values are usually associated with
the night and weekend setback (although not entirely
effective) of the auxiliary heating system while maxi-
mum values are the result of a high solar radiation
level. These values are usually high, especially if we

consider that the rooms are occupied. This shows that
overheating is a major problem in this building.

The overheating trend can be further investigated
by the computation of temperature frequency distri-
bution diagrams. Figure 10 shows these diagrams for
several rooms. Indirect gain zones {auditoriums) ex-
hibit distributions centered around the heating set point
and included more underheating than overheating.
Direct gain zones show diagrams displaced to the right
with a large amount of overheating hours. The cal-
culation of the overali overheating frequency for several
typical zones of the building yields the results of
Table 5.

This table shows that overheating occurs during a
large proportion of occupation hours in the directly
insolated zones. Even though the building occupants
have the possibility to lower roller blinds in case of
overheating fecling, they don’t use them very often,
probably because they want to keep in touch with the
surroundings and benefit from the daylighting asso-
ciated with solar radiation. Openable windows are fo-
cated in the roof of the offices area and occupants may
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use them in order 10 increase the infiltration rate of
the rooms. But they haven’t used them very often,
probably because the windows are not very easy to
handle. To reduce these overheating problems, an ad-
ditional mechanical ventilation system has been in-
stalled in the offices area. Again, the occupants haven’t
used this system because of the noise created by the

ventilators. This means that the thermal comfort has
not to be considered separately but together with other
comfort criteria: noise, light, and conviviality.

6. SPECIAL FOCUS ON THE MASS WALL

The mass wall has been specially investigated and
the detailed results of the research have been included
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Table 5. Overheating frequency for different

Zones
Zone Overheating frequency (%)
Auditoriums 0.8
Central hall 24.1
Offices 27.5
Visitors offices 35.1
Meeting rooms 148

in the TEA Task XI Source Book| 6]. Therefore, special
attention has been paid to this component in order to
measure, analyze, and understand ithe physical pro-
cesses occuring in the system.

A theoretical investigation of the mass wall consid-
ered as a heating device has been performed.. The
physical processes occuring in the device have been
identified and a simple but reasonably accurate model
of the component has been built. This model is de-

scribed by the thermal network of Fig. 11 and by the .

following equations set. In this formulation, each
equation corresponds to one node of the network. The
assumptions of the model are:
» 1o capacity for glazing and wall surface,
e geparated convection and radiation processes,
e linearized long wave radiation, and
® one-dimensional conduction in the wall.

Node I: energy balance of the external surface of
the glazing (no capacity)

0= Aploge F(2)Su + bue (Towe — Te)

- )\v/eu(Tve - Tui)

T Esky tfyet F'sky,ue M U'(Tue - jWsky)]-

(1)

Node 2: energy balance of the internal surface of
the glazing (no capacity )

0= Avi[aui “Pwe " Tue® Fg('t)' SH

- >\u./é'u'(Tm' - Tve) - hui'(Tvi - Ta)

— Eu,“Cwo'O"F’ui,wﬂ '(Tvi - Two)]-

(2)

Tground

Node 3: energy balance of the buffer space air

Va(ﬂcp)adTa/dt = Avi : hui * (Tvi - Tn)
- Awu‘ kwo(Ta - Twn) - (UA)ground

X (Ta - Tground) - (UA)me' '(Tn - Tex.!)v (3)
Node 4: energy balance of the internal surface
(sunspace side) of the mass wall

0= Awo[awB‘TrJe' Fg(t)' SH

+ hwn' (Ta - Two) - Awg/‘fewo'(T'wc. - Tw,-)

_swa’evi'FivD,vi'o"(Twu—Tui)]' (4)

Node 4 + i: conduction through the mass wall

Vi + (0w, T, -
= Aw,--; ¢ [Rw,-q n'rew;,l '(Tw,— - Tw,;l)}

- AW;' '[)\W:'/ewf ‘(ij-»z - Twi )] (5)
Node 4 + n + 1: energy balance of the external

{room side) surface of the mass wall

0 = AW;:H ) [?\Wn+l/ewn+] '(T

Wn+1

- Tw,,)
- hw,,ﬂ '(Tw,H_] — Troom)sw,.ﬂ * Ewalls

X F;v,,ﬂ,wa}]s '(Tw,,ﬂ - Twalls)] - (6)

The purpose of this modeling work was 1o serve as
a mathematical support to perform an estimation of
the physical parameters (heat exchange coefficients)
of the device. For instance, the estimation of the heat
exchange (convection ) coeflicient at the surface of the
mass wall in the sunspace has been performed from
the eqn (4). The estimation yields values between 3
W/m? and 9 W/m? K as shown by Table 6.

The values are generally higher than standard values
for convection coefficients in buildings. The increase
int the values is probably 1o be associated with the in-
tensity of solar radiation reaching the wall, which in-

rgom

Fig. | 1. Thermal network of the mass wall.
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Table 6. Convection coefficients in the mass wall
system

Convection coefficient

works then as an overhang device when the sun is
high,
¢ The opague part (34% of the total area) of the facade

Period (W/m? K) works as a shading device with respect to the wall
when the sun is far from southern azimuth.

{13/06/88-21/06/88) 6.7 e Ventilation ducts are situated in the sunspace. They
%?gg;’;gg:ié;g;”:gg ig are painted red and, consequently, absorb more solar
(28/07/88-05/08/88) 75 energy than tl}e wall itself. Furthermore, they act as
(27/06/89-03/07/89) 7.8 a shading device for the wall.
(Uglg'f/gg—égjg;l{ggg g% e A general impression, when looking at the wall at
{1 / 7/ - . < : h H :
(31/07/89-0/08/89) o1 several periods of the year, is that the wall is very

duces thermocirculation effects in the sunspace, thus
increasing the heat exchange. The results of the period
nr 3 confirm this hypothesis: this period was very
poorly insolated (cloudy weather) and overcast con-
ditions result in a substantial decrease in the intensity
of the heat exchange process[7].

The same procedure has been applied to other pa-
rameters, among others 1o the thermal conductivity of
the concrete wall. The overall contribution of the mass
wall to the heating of the rooms situated behind it
doesn’t seem to be very significant. An estimation of
the discharge flux of the wall to the auditoriums (Fig.
12) shows that this exchange is negative (Le., directed
from the room 1o the wall) in winter and during cloudy
days. Several reasons may explain the lack of perfor-
mance of the wall:
¢ The wall is white. Consequently, most of the sclar

heat is reflected outside or on the floor.
e The wall is located too far from the glazing: the roof

Discharge flux
Average values

poorly insolated, because of the several reasons enu-
merated above. This should have been taken into
account in the design.

7. SIMULATIONS

The objectives of the simulation work performed
in the context of the project were twofold:

L. to validate and/or calibrate 2 computer model that
could be used as a reliable tool for the simulation
exercise, and

2. to use a reliable tool in order to perform a systematic
parametric analysis of the building in order to es-
tablish whether the design is accurate and to derive
optimal design guidelines considering both energy
and comfort related evaluation criteria.

Two different simulation models of the thermal be-

havior of multizone buildings have been used in the

context of this project: (a) suncode, criginally devel-
oped at the SERI[8], and (b) MBDSA, a program
developed at the University of Liége[9].

As Suncode is unanimously recognized as a suitable
tool to simulate passive solar buildings, the challenge

of the
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Fig. 12. Discharge flux from the mass wall to the room.
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Winter week

22

21

20 A e\ L
519 AN P
S AN
2 7T ; b N +J i
& 45— J N N
3 | '

13 —

12 e

" T T : T T T T T

0 20 40 60 80 100 120 140 160 180

Time {h)
— Measured —— Modeled

Fig. 13. Auditorium temperature {winter). Nonaccurate heating system modeling.

was to validate MBDSA against both in sifir measure-
ments and Suncode predictions. Therefore, two typical
periods were selected, one in winter (from 04/02/89
to 10/02/89) and one in summer (29/07/88 to 03/
08/88). These periods exhibit very different charac-
teristics: the winter period was ¢old and foggy; the
summer one was hot and sunny. The results of this
validation exercise were generally good although the
winter simulations have shown the big influence of the
accuracy of the modeling of the heating system (gas-
fired botler + radiators distribution circuit). Figure 13

shows the auditorium temperature obtained with an
approximate modeling of the heating system. Figure
14 shows the same temperature obtained with a more
realistic {taking into account losses due to the three-
way valve) modeling, The summer simulations showed
the generally good accuracy of the MBDSA results
compared to the measurements, especially in the sun-
spaces and mass wall systems (Fig. 15).

Afterward, an additional period was tested, focusing
on the mass wall behavior, The wall surface temper-
atures were checked and, once again, measurements

Auditorium more realistic modeling
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Fig. 15. Sunspace temperature (summer).

and models agreed very well with each other (Fig. 16). ¢ orientation of the building,
This confirms the ability of MBDSA to model passive  ® glazing type,
solar huildings. ¢ buffer space geometry,

The validation step allowed the program to be used e mass wall absorption properties,
for several purposes * mags wall thickness,
e parametric analysis of the building, * roller blinds actw_atzon strategy.,

. L . ¢ south facade glazing area,
o definition of an optimized design, and o
. . . ¢ ventilation rate across the wall,
e calculation of the solar fraction for several designs. . .
¢ insulation of the wall,

The parametric analysis of the building concerned e storage material, and

the following parameters: + climate,

Mass wall surface temperature
Summer period
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Fig. 16. Mass wall surface temperatures, Model vs. measurements.
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The evaluation criteria that allowed the objective
comparison between several designs were choosen as
® the total heating load for the evaluation of the energy
savings and

¢ the number of overheating hours in the offices (the
most frequenily occupied zone of the building) for
the evaluation of thermal comfort.

For each parameter investigated, different values
(generally five) were tested and the simulations results
provided the “sensitivity curves” of the building. Ex-
amples of such sensitivity curves are given in Fig, 17
for both the energy and comfort evaluation criteria.

As a result of the optimization process, the design
yielding the best energy performance of the building
is characterized by:
® a south orientation,

s a double low-e glazing,

* anarrow buffer space (wall and glazing close to each
other),

¢ a black wall,

* a 25% plazed ratio in the south facade, and

® an optimized control strategy of the heating system.

Furthermore, the building performance appears to be

poorly sensitive with respect to the other parameters

of the building.

Figure 18 shows the monthly heating load for three
designs: (a) the “base™ design (the building as it is),
(b) the “reference™ design (an equivalent building re-
alized according to the Belgian construction standards),
and (c) the optimized design. The results show that a
15% energy savings can be achieved when optimizing

the design of this building. Furthermore, the calculation
of the solar fraction has been performed by means of
a simulation method. Therefore, the building is sim-
ulated twice. First, itis simulated with actual and com-
plete weather data. Then, it is simulated again with an
artificial data set in which the insulation values {global,
direct, and diffuse) are set 1o zero. This second simu-
lation yields the performance of the building if there
was no sun. The comparison of the heating load in
both cases yields the solar contribution to the heating
load. The same procedure was applied for both the
base case and the optimized case and the following
solar fractions were obtained:

Case Solar fraction
Base 0.29
Optimized 0.33

The same method can be applied to the internal
gains, and the overall computation yields the yearly or
monthly distribution of heat flows {solar, auxiliary,
internal ) for the different designs (Fig. 19).

8. CONCLUSIONS

8.t Measurements

Measurements on the FUL building show that the
building doesn’t work as it should. The passive solar
contribution to the heating load is reduced by several
design mistakes. The mass wall doesn’t collect enough
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Fig. 18, Monthly heating load for three designs.
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Fig. 19. (a) Monthly distribution of the heating load for the optimized design.

energy and the glazing quality is too poor to keep the
solar gains inside the sunspace. Consequently, much
of the solar gains entering the sunspaces are lost either
by the wall itself (reflection toward outside), by the
glazing, or by the ventilation ducts (heated by the sun
and cocled by the air pushed ouiside). The behavior
of the wall is nevertheless satisfactory in summer when
it works as a damping device for the temperatures inside
the auditorinms.

The auxiliary heating systerm doesn’t work satisfac-
torily during the setback period. The probiem has been
located { bad functioning of a three-way valve) but has

Dizcggregation of energy flows

él:hsb%gdk% (Optimized) — Ardon

Salor (32.3%)

Heating (84.3%)

Fig. 19. (Contd.). (b) Yearly distribution of the heating load
for the optimized design.

not been solved yet. More generally, an optimization
of the different control systems (heating, venting,
shading) should be performed in order to improve the
passive solar behavior of the building.

Qverheating is a major problem in this building as
well, especially at the upper floor where the direct gain
contribution is much more important than at the
ground floor. Temperatures rising up to 35° Celsius
have been recorded and most of the cooling devices
(shutters, windows, ventilation) are shown not to be
appreciated by the occupants. The comfort conditions
are substantially better at the ground floor, especially
in the auditorium during summertime. In these rooms,
the temperature is kept close to a constant value despite
the external temperature variations.

8.2 Simulations _

Simulations of the FUL. building have shown the
theoretical solar fraction to be 29%. This is an appre-
ciable result. A survey of the different parameters in-
fluencing the performance of the building and a sys-
tematic parametric analysis yield an optimization of
the design. This optimized design results ina 15% en-
ergy savings compared to the base case. Once opti-
mized, the building performs well, with a theoretical
annual heating load close to 240 MJ/m? gross. Con-
sidering 70% heating system efficiency, this results in
an estimated load of 340 MJ/m? gross, a good perfor-
mance for a passive solar building in the Belgian cli-
mate. However, building energy optimization yields
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worse comfort conditions, especially in the offices
where the overheating frequency is substantially in-
creased. Comfort in the auditoriums is not affected by
building optimization.

8.3 Synthesis

‘This analysis has shown that a good combination
of experimental results and computer simulation could
work as a method for defining the optimum design of
a mass wall building in the Belgian climate. Simulations
allow extrapolations to be made of what has been mea-
sured while measurements establish a link with the
reat world. As a conclusion, it seems possible to design
a mass wall building in the Belgian climate that would
exhibit an annual heating load of less than 350 MJ/
m? gross floor area.
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NOMENCLATURE

A, area of the external gtazing node
» area of the internal glazing node
area of the mass wall surface node

w, area of the mass wall internat nodes

&, thickness of the glazing

e., thickness of the mass wall nodes
F.(r) conversion factor between global horizontal solar
radiation and global vertical solar radiation
view factor between the glazing and the sky
view factor between the glazing and the mass wail
view factor between the mass wall and the glazing
view factor between the mass wall and the other
walls of the room .
h,. convection coefficient at the external glazing sur-

face
h,; convection coefficient af the indernal glazing sur-
face

Ay, convection coefficient at the mass wall external
surface
convection coefficient at the mass wall internal
surface
Sy global horizontal solar radiation
T.. ambient temperature
T,. external glazing temperature

1
F vesky
r
F vi,wo
'

F WLl

]
Fw,” powalls

T,; internal glazing temperature
T, buffer space temperature
T, mass wall surface temperature, buffer space side

T, mass wall internal temperature

T, mass wall surface temperature, room side

Wael
¥, volume associated with the buffer space node
V., volume associated with the mass wall nodes

{UA)pouna heat exchange coefficient with the ground
(Ud)eoor heat exchange coefficient through the roof
o, external glazing solar absorptance
o internal glazing solar absorptance
o, Mass wall solar absorptance
ey Sky emissivity
2. external glazing emissivity
&, internal glazing emissivity
e, mass wall emissivity, buffer space side
mass wall emissivity, room side
room walls emissivity
A, glazing thermal conductivity
A, mass wall thermal conductivity
(pC,), air node thermat capacitance
{pCp)w, wall nodes thermal capacitance

g Stephan-Boltzmann constant
Tye glazing solar fransmittance
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