What are the Required Conditions

for Heavy Structure Buildings to

be Thermally Effective in a Hot
i | Humid Climate?

Edna Shaviv We calculate the influence of thermal mass and night ventilation on the reduction of the
maximum indoor temperature in summer in residential buildings without using air-
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Haifa 32000-Israel depends linearly on the temperature difference between day and night at the site. The

results obtained show that one can predict the indoor temperature decrease, due to the
thermal mass and night ventilation, from the simple and available data of the long term
average temperature swing of the site, which is a common available data. The conclusion
is that in the hot-humid climate of the Mediterranean coast, high thermal mass with night
ventilation is effective for residential buildings with no air-conditioning provided the
temperature swing is abov&°C, which is in general the case in this climate.
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Introduction strategy(see Fig. 1 Yet, in the coastal plane of Israel, although
{Qe relative humidity can exceed 80% for a long time, traditional

blocks, like the tradition in the Mediterranean countries, may ha chitecture is to build with heavy ‘he”T‘.a' mass af‘d Experience
ows that better thermal comfort conditions exist in such struc-

a twofold importance; in winter they allow to store passive sol han in light buildi

radiation penetrating the room through the windows during daf}r€s: than in light buildings. . . o
time, to be used during night hours when external temperaturedi€nce, for hot-humid climate the following questions arise:
decline [1,2]. Such buildings can also store energy from one . gy heavy should the building be?

sunny winter day to the next cloudy one. On top of it, a properly . |5 night ventilation required and at what rate?

cooled heavy building in summer during the night, maintains a., poes the effectiveness of heavy structure buildings depend on
low temperature during the day, provided the building is well  he RH?

thermally insulatec[l,S—ﬂ. This property is a result of the heavy. « Can energy conservation be achieved in heavy structure
external walls, which delay heat exchange between the outside buildings when air-conditioning is used?

and the inside spaces. If the building possesses a lot of interna] What are the required conditions for heavy structure build-
mass there will be a slow increase in the air temperature, as the ings to be thermally effective?
penetrating heat increases not only the air temperature, but also '
the temperature of the heavy thermal mass. The consequence T® @nswer the above questions a thorough analysis for the deter-
slow heating of the building in summer and the maximal temperesination of the maximum indoor temperature obtained in summer
ture in the building is reached only during the late hours when theas carried on by using an hourly simulation model ENERGY,
outside air temperature is low. With good ventilation in thvhich was first developed by Shaviv and Shaviv in the 7at-
evening and night, the flowing heat from the heavy walls insidgg] and extended by Shaviv in the 80th,19,27. This time de-
can be removed. In addition, energy can be saved if air conditigfendent model solves simultaneously the heat transfer equation
ing unit is used[8-11] and the peak load can be reduced byhrough all exterior walls, taking into account the thermal mass in
preconditioning the building by night ventilatiga2—14. each external wall and in the internal partitions as @]l The
Cooling of heavy building by night ventilation is feasible intime-dependent equation for the heat flow through the walls is
hot-dry places, where significant temperatures swing between ¢@hverted into an implicit finite differences scheme and solved
and night exists. In a hot-dry climate, like the Negev in Israel, thgymerically. The model allows the calculation of the temperatures
temperature swing is generally large and therefore it is very sujrside the building without operating an air conditioning unit, as
able to use thermal mass and night ventilations as a passive c@d| as the required energy for keeping a pre-determined tempera-
ing strategy. However, in a hot-humid tropical climate, lik§,re and humidity in the building, once an air conditioning unit
Florida, the humidity is very high and_lt is W|d_ely believed t_habperates.
the use of thermal mass, as a passive cooling strategy, iS NOype climatic data includes the normal direct radiation, horizon-
recommended4]. Moreover, in the Psychrometric-Bioclimatic o giffse radiation, total and net radiation. The long wave radia-
Chart, Milne and Givon[15] present the line of 80% humidity as;, coming from the atmosphere and from the ground is elabo-
the upper humidity limit for thermal mass, with or without night o104 from these data. The climatic data also includes the ambient
ventilation, to be thermally efficient as passive cooling desig\herature, relative humidity and wind velocity. The solar posi-
_ o tion at any moment is determined by the computer code. The
Contributed by the Solar Energy Division OHE AMERICAN SOCIETY OFME- o jation that falls on each particular wall according to its orien-
CHANICAL ENGINEERSfor publication in the ASME QURNAL OF SOLAR ENERGY . . e
ENGINEERING. Manuscript received by the ASME Solar Division August 2003; finat@tion Is calculated. The amount of shortwave radiation that pen-
revision March 2004. Associate Editor: M. Krarti. etrates through each window is calculated for every hour accord-

Heavy buildings built from concrete structure and concre
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Table 1 Maximum reduction in indoor temperature (ATmax,in ) in August in hot-humid zone

for different thermal mass and night ventilation.

Tave — Daily Average Temperature in August

Tmax — Average Daily Maximum Temperature in August

Tmin — Average Daily Minimum Temperature in August
RHave — Daily Average Relative Humidity in August

RHmax — Average Daily Maximum Relative Humidity in August
RHmin — Average Daily Minimum Relative Humidity in August

The climatic data is averaged over a period of 10 years

Nahariya Geva Carmel Tel Aviv Gaza
Tave 25.4 25.4 258 254
Tmax 30.1 29.8 293 29.4
Tmin 20.6 21.0 22.4 21.5
ATout 9.5 8.8 6.9 7.9
RHave 76 71 71 73
RHmax 93 not available 82 85
RHmin 60 not available 60 63
ARH 33 22 22
2 ac/h 4.1 3.8 2.9 33
£ [ Sach 47 43 33 3.8
2 [ 20ach 59 5.4 4.1 4.8
30 ac/h 6.2 5.7 43 5.0
2 ac/h 35 3.2 2.3 2.7
2 B[ Sach 43 3.9 238 33
3 2| 20ach 55 5.0 3.7 4.4
30 ac/h 57 5.2 39 4.6
: 2 ac/h 2.0 1.7 0.9 1.3
52 Sach 2.7 24 15 2.0
B 3| 20ac/h 3.5 3.1 2.0 2.6
= [ 30ach 3.6 3.2 2.1 2.7
2 ac/h 14 -1.5 -1.8 17
E [ Sach -0.7 0.8 .11 -1.0
5 [ 20ach 0.1 0.0 0.2 0.1
30 ac/h 0.1 0.1 -0.1 0.0

ing to the type of window glazing and shading coefficient. Thgiving a U value of 0.755 and 0.717 W/sgqm°C respectively. The
simulation model predicts the radiation temperature of the sky aagartment has a total window area of 9.0 sqm, in the four main
the surroundings. facades distributed as follows: South 3 sqm, North, East and West
2 sgm. The windows are assumed to have clear single-glazing
The Simulation Study systems with external blinds which provide extra thermal insula-
) . tion during night. Moreover, the blinds perform as a dynamic
To check the above questions we examined a test case apaading device providing good shading in the summer
ment building with four external walls facing South, North, EastSCdirect rad=10%, SCdiffuse rad=50%) while allowing the
and West, which has a square plan of 100 sqm and 2.5 m high, apd ot solar heating through the southern windows in winter
is located in the upper floor of the building under the roof. ThﬁSCdireCt rad=90%, SCdiffuse rad=90%).
building walls and roof are insulated according to the Israeli sta “We d f_ four levels of ni h_t tilati hich .
dards and to the guidelines proposed by Shaviv and Cageltio € detine four levels of night ventilation, which are:
I. No night ventilation(2 ach
II. Natural night ventilation(5 ach
Ill. Forced night ventilation, achieved by using forced ventila-
tion (20 ach
IV. Forced night ventilation, achieved by using forced ventila-
tion (30 ach.
We define four levels of thermal mass per sqm of apartment
floor according to:
I. Light building: almost no thermal mass at all, like a mobile
home (0.02 Wh/°C sgm).
II. Medium-light building: Light walls, ceiling and floor, but

100%

20%

\
1
1
p I
ol IHigh Thermal Mass

jwith Night vdlntilation
! 1

0%
50

30

°c 0 40

Fig. 1 Psychrometric-Bioclimatic Chart including the condi-
tions for thermal mass cooling strategy (based on Givoni and
Milne)

Journal of Solar Energy Engineering

with cement tiles on the floor (22.27 Wh/°C sgm).

IIl. Semi-heavy building: Concrete floor with cement tiles on it,
light ceiling, external walls and internal partitiofgypsum
boardsg (79.89 Wh/°C sgm).

IV. Heavy building: Concrete floor and ceiling, heavy external
(20 cm concrete blocksand internal wall$10 cm concrete
blocks (142.82 Wh/°C sgm).

We carried the simulation according to the climatic conditions

AUGUST 2004, Vol. 126 / 887



Nahariya Gawva Carmal
2 = z FyT— ] | —
:':I-i ., — i BT £ - L .
] — o Wbt H = o Machumight
E Tevsm 5w —— L = —— e Light
7 T = T
v
Fi R =
M -5 B |-
i b,
7 S— r m———
'\ Te———4 L A
ey B ;\_I_____
m e - g
5 | = ——e
—— —
= | = . ] "
Fal i
Frd 2
L] & m 1w W A W [ [ # B m B N
Bt g o Ar changesshour
Tal Aviv Gaza
G 32 G 3z
e & Hoaw 2 = Hury
5 3| = —— Srve-Poey 5 n .\ - STty
] " —o— Wb dghi E - o Merkam-bght
£ o e~ e e —a— Ligh
T i T g,
9 | o0 |
i\
8 e 2 | & 5
B ——
i = 7w m——
e .'\\ b
o = e o6 | M e
. —— s
1 - 25 | e
i —a
"
F 3
E=N ]
Fr) . . . - - 9 1
] H i 15 0 25 ] ] § ] = x -] @
it g i ChangisFow

Fig. 2 Predicting the maximum indoor temperature in August
in a residential building as a function of the thermal mass and
night ventilation in different locations along the Mediterranean
coastal plane
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Fig. 4 The reduction in the maximum indoor temperature

888 / Vol. 126, AUGUST 2004

- 3 @ch
—&— G ach
=— 30 ach
=Fwren

——t
E—1
e
— e |
Fal
2z -

a Fol £ -] 0 124 1
Trearmal miss (Whed sm)

Tl Aviv
oo
] —a— 2ach
K —a— Gach
E - 20mh
—a— ¥ nch
e g e
s ——
——
—. 4
24
23
a2
a 5 wm 70 N R 1]

Trawrraal mass [Whisl: sgmi

Gava Carmal

-

3. a2 ach
1R -i— G ach
i t'.l — X ach
[ Tivam ool —a—omn

B OB ® H EBE 4 8

a 5 &0 T %0 13m 1s0
Thesmal mass [(Whiols sgm])

Gars
)
k- —a— Tih
g —i— 5
5 = ach
L - 3 ach
i
T
—1
Fo R
=
2l : . y :
a = L] -] 08 128 153

Thermal mass (WhvaC sgm}

Fig. 3 Predicting the maximum indoor temperature in August
in a residential building as a function of night ventilation and
the thermal mass in different locations along the Mediterranean

coastal plane of Israel
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— of four places along the Mediterranean coastal plane of Israel
, , according to the data given in the Climatic Atlas of Isrf22].
- iy, 2ach - " The places are presented from North to South:

Ay IR Coaenel Mahaiya
"

4 T, i )

I. Nahariya: Average Daily Temp. swing in August: 9.5°C.
il = Daily Average RH in August: 76%.
Il. Geva Carmel: Average Daily Temp. swing in August: 8.8°C.
i . Daily Average RH in August: 71%.
Ill. Tel Aviv: Average Daily Temp. swing in August: 6.9°C.
3| Daily Average RH in August: 71%.
IV. Gaza: Average Daily Temp. swing in August: 7.9°C. Daily
Average RH in August: 73%.
We use the simulation model to calculate the maximum indoor
i i 5 P i : i r a o .« temperature obtained in August, which is the hottest month in this
ATout sc) region, and the valuATmax,in, which is the difference between
) . ) ) the maximum indoor temperature obtained and the maximum out-
Fig. 5 The reduction in the maximum indoor temperature side temperature. The results are presented in Table 1 for the
(ATmax,in), as a function of the temperature swing of the site . . - .
(ATout) dlffergnt case stud|e§ and for all types of b_undlngs along with the
climatic data of the different places, includidgout (the average
daily temperature swing in August at the gitnd the daily aver-
age relative humidity in August.
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Fig. 6 The reduction in the maximum indoor temperature (ATmax,in), as a function of the temperature
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Fig. 7 Reduction in energy consumption during summer and winter as a function of thermal
mass, in a well insulated 100 sgm apartment
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Fig. 8 Reduction in total energy consumption of buildings as
a function of the thermal mass

How Heavy Should the Building be?

Is Night Ventilation Required and at What Rate?

According to Fig. 3 we see that the maximum indoor tempera-
ture in all types of buildings, light or heavy, is reduced signifi-
cantly with the introduction of night ventilation. However, to-
wards the value of 30 ach the influence diminishes. Hence, no
powerful vent for the forced night ventilation is required. Yet,
achieving 20 ach is important. When it is not easy to achieve such
a value of air exchanges by natural ventilation, forced night ven-
tilation is recommended.

Does the Effectiveness of Heavy Structure Buildings
Depends on the RH?

To answer the above question we plotted the values of
ATmax,in, the maximum reduction in indoor temperature in Au-
gust, obtained for heavy structure building and night ventilation of
20 ach, as a function of the daily average relative humidity in
August (RHave, RHmax, RHmin, andRH) (Fig. 4 and as a
function of the average daily temperature swing in Augadiout)

(Fig. 5), for the examined places along the Mediterranean coastal
plane. It is generally assumed that the lower the humidity, the

Comparing the performance of the different heavy and ligtitigher the outdoor temperature swings. However, one can clearly
structures we can observsee Fig. 2 that the light structures see that a linear relation exists between Tmax,in Aidut, but
behave like a heat trap. The temperature obtained in such buitebt between Tmax,in and RHave, RHmin, ®RH. Likewise, it
ings is even higher than the maximum temperature occurred oséems that linear relation exists between Tmax,in and RHmax. To
side. The medium light structure improved significantly the thebe sure about this conclusion, we decided to plot additional points
mal behavior of the building, by reducing the maximum obtaineid the graph, represented by the cities of Har Kennan, Nazerat
indoor temperature. The semi-heavy structure further improvdit, Jerusalem and Sede Boker, which are in the temperate-cool
significantly the performance of the building and the improvemenggion of Israel and have hot-dry climate in summer. Adding these
continues to the heavy structure, although this improvement is léast points to the graph shows, undoubtedly, that linear relation

significant.

exists only between Tmax,in ardTout and not between Tmax,in

There is no doubt that in summer, without air-conditioningand RHmaxFig. 6). Therefore we can conclude that although we
heavy structure buildings are thermally superior to light stru@ssociate, in general, the thermal behavior of buildings with the
tures. However, semi-heavy structurge. the internal partitions level of the humidity, it is more accurate, in the case of examining
can be made of gypsum boards instead of concrete blocks, if ttiie effectiveness of thermal mass and night ventilation, to associ-
is a better solution from architectural and functional reasans ate it with the temperature swing of the place. This is in spite of
sufficiently good as long as at least the floors or the ceilings attee fact that the temperature swing, in general, depends inversely

Fig. 9 The reduction in the maximum indoor temperature
function of the temperature swing of the site (ATout)
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Table 2

Required Conditions for Achieving Thermal Comfort without Air-conditioning Unit

ATout Possible Solutions to achieve ATin of at least 3 °C
°C) Heavy Semi-heavy Medium-light Light
Night ventilation (air changes/hour)
natural artificial natural artificial natural artificial
5 - 20, 30 - - - - -
6 - 20, 30 - 20, 30 - - -
7 255 20, 30 5 20, 30 - - -
8 2,5 20, 30 5 20, 30 -- - -
9 2,5 20, 30 2,5 20, 30 -- 20, 30 -

Can Energy Conservation be Achieved in Heavy Struc- What are the Required Conditions for Heavy Structure
ture Buildings With Air-Conditioning?

As air-conditioning is used quite often in hot-humid climate, we The above results show that thermal comfort with no air-
checked also if energy conservation can be obtained in heasgnditioning can be obtained, in heavy, or semi heavy structures,
thermal mass building, in comparison with a light one. Accordingn the hot-humid places along the Mediterranean climate, by
to Fig. 7 we see that the heavier the building is, the less energypi®per implementation of night ventilation. On top of it, if air-
required for heating in winter and for cooling in summer. Howeonditioning is applied energy conservation is achieved in the
ever, towards the value of 140 Wh/°C sgm an effective platedeavy structure buildings. Therefore, we should ask why in many
is reachedFig. 8). This means that there is no need for addingot-humid climates heavy structure buildings are still not recom-
more thermal mass to traditional heavy structure Mediterranearended, or better to askrhat are the required conditions for

buildings.

Due Point Temperature (oC)

" 0

Temperature (oC)

Water vapour (grikg air)

Fig. 10 Psychrometric-Bioclimatic Chart proposed by Sha-
piro, for an air movement of 0.5-0.8 m /sec
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Buildings to be Thermally Effective?

heavy structure buildings to be thermally effective?

Figure 9 presents, for all types of buildings and night ventila-
tion, the reduction in the maximum indoor temperature
(ATmax,in in the hot-humid climate of Israel, as a function of the
temperature swing of the sit&Tout). According to Shapir¢23|
is it possible to feel reasonable thermal comfort at a temperature
of 27°C and relative humidity of 70%, provided air movement of
0.5-0.8 m/sedsee Fig. 1D In the studied cities the average daily
maximum temperature in August is about 29.5-30.0°C, while at
that time the RH is between 60% to 70&%ee table L Therefore
to achieve reasonable thermal comfére. temperature of 27°C
and relative humidity below 70% with no air-conditioning,
ATmax,in should be greater than 3°C. As a result, we looked at
all graphs presented in Fig. 9, to find the cases when such a
condition is achieved. Table 2 summarizes the required conditions
for achieving thermal comfort without an air-conditioning unit.
From the results presented in Table 2, we can summarize that: in
Tel-Aviv, heavy and semi-heavy buildings, with fan operating dur-
ing the night, can be acceptable solutions. In Gaza and Geva Car-
mel, the conditions are the same as in Tel Aviv, but natural night
ventilation is sufficient. In Nahariya, besides of what is adequate
for the other places, also medium light buildings can be a solution,
but with a fan operating during the night.

Summary and Conclusions

The reduction in the maximum indoor temperat(d max,in
in the hot-humid climate of Israel, was carried on by using an
hourly simulation model ENERGY to predict the thermal perfor-
mance of the building. We have tried to present the reduction in
the maximum indoor temperatu(ATmax,in as a function of the
relative humidity of the site. However, no simple relation was
found, whether it is the maximum, minimum or average relative
humidity. On the other hand a linear relation was found between
ATmax,in and the temperature swing of the dit€Tout). This

AUGUST 2004, Vol. 126 / 891



means, that if the temperature swing of the location is known,[8] Braun, J. E., Montgomery, K. W., and Chaturvedi, N., 2001, “Evaluating the
which is usually a common available data, one can predict the ?&Tog’;azgg_ojzgu"d'”g Thermal Mass Control Strategies,” HVACER Res.,
_maX'mum |ndoor_ temperature that W”_I be obtained in the build- [9] Shaviv, E., 1989, “The Influence of the Thermal Mass on the Thermal Perfor-
ing, without running an hourly simulation model. mance of Buildings in Summer and Winter,” Bcience & Technology at the

The results obtained show also that in the hot-humid climate Service of ArchitectureSteemers T. C. and Palz W. eds., Kluwer Academic
along the Mediterranean coastal plane of Israel, it is possible éo Publishers, pp. 470-472.

. . . . - 0] Shaviv, E., Yezioro, A., and Capeluto, I. G., 1996, “ Climatic and Energy
achieve a reduction in Tmax,in of about 3 to 6 degrees Centigra é Aspects of Urban Design in Hot-Humid Region of Israel,” Part I: Principles

in a heavy structure building with night ventilation, without oper-  tor climatic and Energy Design in a Hot-humid Climate and Determination of
ating an air-conditioning unit. The exact reduction achieved de- Design Strategies. Technion Research & Development Foundation Ltd., No.
pends on the amount of the thermal mass, the rate of night venti- 022-631-1, Sponsored by the Israel Ministry of Energy and Infrastruct02
lation, and the temperature swing between day and night at trrTrgl] pages, in Hebrew

. Th ized th ired diti f hievi Shaviv, E., Yezioro, A., Capeluto, I. G., Becker, R., and Warshavsky A., 2002,
site. e paper summarized the required conditions for achievi “Thermal Performance of Buildings and the Development of Guidelines for

thermal comfort without air-conditioning unit in the examined  Energy Conscious Design,” The Technion Institute for Research and Develop-
places. ment Foundation Ltd(022-733. Sponsored by the Ministry of National Infra-
structures237 pages, in Hebrew
[12] Braun, J. E., 1990, “Reducing Energy Costs and Peak Electrical Demand
Acknowledgment Through Optimal Control of Building Thermal Mass,” ASHRAE Trar@6(2),

. . pp. 876—-888.
This work was supported by the Technion Research & Devel[l?,] Rabl, A., and Norford, L. K., 1991, “Peak Load Reduction by Preconditioning

opment Foundation Ltd. and by the Ministry of National Infra- Buildings at Night,” Int. J. Energy Res15, pp. 781-798.
structures, Grant No. 022-631. Was published as part of the report4] Conniff, J. P., 1991, “Strategies for Reducing Peak Air-conditioning Loads by
Shaviv E., Yezioro A. and Capeluto I. @003 “ Climatic and ;Jg:lng7g|§at Storage in the Building Structure,” ASHRAE Trar&Z(1), pp.
Energy ASpePtS of Urban Desllgn in Hot-Humid Reglon of Isl‘ae! [15] Milne, M., and Givoni, B., 1979, “Architectural Design Based on Climate,” in
(283 pages, in Hebre)WTeChmon Research and DeveIOpment n Energy Conservation Through Building Desjgh Watson, ed., McGraw-Hill,
Architecture and the Israel Ministry of Energy and Infrastructures,  New York.
Contract N0.98-8-29/98-11-014, RD-17-03. [16] Shaviv, E., and Shaviv, G., 1977, “A Model for Predicting Thermal Perfor-
mance of Buildings,” WP ASDM-8 report, Faculty of Architecture & Town
Planning, Technion, Haifa.
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