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Abstract

In recent years, because of the high heat loads during the summer period and increased
comfort needs of occupants, the energy used for the air conditioning of buildings has
increased in most European countries. Choosing circumspectly the building materials and the
transparent areas on the facades, proper indoor thermal conditions can be assured without
cooling the fresh air. However, in this case the ventilated air flow has to be controlled
properly. The aim of our research was to investigate the effects of thermal mass and air
change rate on the allowable transparent area for different orientations of facades.
Measurements were performed in a special rotating laboratory to determine the relation
between thermal mass, incident radiation and indoor temperature. The incident solar radiation
was determined for vertical surfaces using the measured global radiation data from 2009—
2013. Measurements were carried out to determine the effect of stored heat on the internal air
temperature excluding the effect of air change rate and solar radiation. Using the methodology
given by standard EN ISO 13790, the allowable transparent area was determined assuming
different building materials and air change rates. Based on calculations effectuated on 688
building models, it was proved that there is a linear relation between allowable transparent
area and air change rate.
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air change rate, building materials, solar gains, thermal comfort, thermal mass

1. Introduction



Energy savings is one of the key priorities in the building sector. According to Directive
2010/31/EU of the European Parliament, the Council Member States shall ensure that by 31
December 2020, all new buildings are nearly zero-energy buildings [1]. Because of the strict
national requirements regarding the maximum admissible value of overall heat transfer
coefficients, the envelopes of buildings are increasingly insulated and airtight. Nevertheless,
people need fresh air and daylight. Both are crucial to obtain maximal work efficiency and
preconditioning of an appropriate comfort feeling in closed spaces. Newly constructed
buildings usually have large, transparent areas that provide great views and psychologically
positive impulses for occupants, allowing natural light to enter the closed spaces.
Unfortunately, during the summer periods, these large, transparent areas can lead to huge heat
loads, and proper thermal comfort can be ensured in many cases only by using air
conditioning systems. This is accentuated by the fact that the number and amplitude of heat
waves during summer have increased in recent decades [2]. According to Schar et al. the
drought conditions amplify local temperature anomalies, [3]. During droughts the net balance
of solar and infrared radiation is almost entirely balanced by local heating, while
evapotranspiration is suppressed owing to the lack of soil moisture, [3]. The impact of soil
moisture anomalies on the precipitation was analyzed by Koster et al. [4]. There is a strong
relationship between the soil moisture, cloudiness, radiation and temperature, [5]. Beniston et
al. forecasted that the regions such as France and Hungary, for example, may experience as
many days/year above 30°C in the future as are currently experienced in Spain and Sicily, [6].
The energy used for air conditioning in the summer period can be reduced by the proper
selection of glazing elements and accurate design of shading. Furthermore, the amplitude of
indoor air temperature variation can be reduced if the thermal mass of the closed spaces is
suitably calculated, adequately located and distributed such that the ventilation system is used
in an intelligent way.

Pearlmutter and Meir demonstrated that in summer, tenants of lightweight buildings in the
desert will either be faced with overheated conditions, or consume considerable amounts of
energy to cool the buildings down to comfort limits, [7]. Large transparent areas can lead to
extreme indoor temperatures even in temperate continental climate conditions, [8]. Jenkins et
al proposed an algorithm to predict overheating in buildings using probabilistic climate
projections, [9]. Overheating Al Sanea et al. analyzed in detail the energy saving potential of
thermal mass [10]. They calculated the optimal thickness of thermal mass taking into account
the total and peak transmission loads, time lag, decrement factor, and dynamic under steady
periodic conditions using the climatic data of Riyadh. Cheng et al demonstrated that choosing
properly the color and the thermal mass of a building envelope the indoor temperatures can be
drastically reduced even in hot humid climates, [11]. Choosing properly the thermal mass the
required indoor thermal comfort parameters can be achieved without mechanical ventilation
of buildings. There is a significant impact of multiple factors of climate, building properties,
occupancy and operation profiles on the performance of natural ventilation. Yao et al.
investigated the natural ventilation cooling potential of office buildings in the five climate
zones in China using the Thermal Resistance Ventilation (TRV) model, which is a simplified,
coupled, thermal and airflow model, [12]. Zhou et al. developed a simple tool to estimate the
indoor air temperature for certain external and internal thermal mass and to determine the
internal thermal mass needed to maintain required indoor air temperature for certain external
wall for naturally ventilated building, [13]. La Roche and Milne developed an intelligent
ventilation controller that can manage airflow according to cooling the needs in a building and
the resources in the environment, [14]. They presented controller strategy that optimizes



cooling with outdoor air. Schulze and Eicker analyzed the energy saving by controlled natural
ventilation in three locations (Stuttgart, Turin and Istanbul).

According to Balaras, a 5-10 cm wall thickness is suitable for heat absorption, storage
and release on a daily basis. Thicker walls, up to 25 cm, may provide longer periods of
thermal storage [15]. Yang and Li demonstrated that an increased time constant of more than
400 h can effectively reduce the cooling load by more than 60% [16]. The efficiency of the
thermal mass can be increased by coupling it with natural night ventilation [17]. Shaviv et al.
demonstrated that the exact reduction in the maximum indoor temperature depends on the
amount of thermal mass, the rate of night ventilation, and the temperature swing of the site
between day and night [18]. Lee and Braun suggested a demand-limiting control methodology
of the thermal mass. Their model-based, demand-limiting strategy was implemented at a site,
resulting in a 30% reduction in peak cooling load compared with conventional control for a 5-
h afternoon demand-limiting period [19]. Braun et al. developed a tool that allows the
evaluation of the performance of building thermal mass control strategies [20]. The energy
savings depend upon utility incentives, building construction, climate, and the type of air
conditioning system. Zheng et al. attempted to find the optimal specific heat of building
materials and the optimal natural ventilation rate to minimize the energy use of buildings [21].

Based on measurements carried out in the PASSOL laboratory and Building Physics
laboratory of University of Debrecen and the aforementioned findings, we developed a
methodology that allows the maximum admissible glazed area of a closed space to be
determined depending on the orientation of the facade and the thermal mass. Usually, in
practice, the building materials are chosen first and the thermal mass of a building or room is
a given parameter depending on the geometry of a closed spaces. The thermal mass rarely is
adjusted in function of the transparent area. In present study, we tried to determine the
allowable transparent area for a room depending on the thermal mass and air change rate
assuming widely used building materials.

2. Objectives and hypothesis

There are numerous simulations or measurements carried out in order to find the optimal
thermal mass in order to minimize the cooling energy need. We consider the thermal mass a
given physical parameter of the room and the main goal was to determine the allowable
transparent area (depending on the orientation, thermal mass and air change rate) in order to
keep the operative indoor temperature under the maximum admitted value for a “B” comfort
category (26 °C). Our hypothesis was that the operative temperature can be kept under 26 °C
without cooling systems even in case of buildings built from traditional building materials.

3. Measurements in PASSOL laboratory

At the Department of Building Services and Building Engineering at the University of
Debrecen, a special rotating room called PASSOL was built, [22]. The panels are laid on a
special mechanism that permits the rotation of the whole room around its own axis (Figure 1).



Figure 1. Test room.

Considering the shading of the surrounding objects for May, June, July and August,
the indoor temperature variation was analyzed, using the methodology presented by European
Standard EN ISO 13790 [23] and the global solar radiation and hourly dry bulb temperature
records from 2009 to 2013, provided by Agro-Meteorological Observatory Debrecen. The
differences between the calculated and measured temperature values were negligible [24].
The next step of our research was to investigate the effect of thermal mass on the indoor
temperature variation. On the floor of the test box, a sand layer was laid down. The density of
the sand was p= 1600 [kg/m?], the thermal conductivity was A= 0.58 [W/mK], and the specific
heat was c= 840 [J/kgK]. The thickness of the sand layer was increased weekly—5.0, 10.0,
15.0 and finally 20.0 cm—and the effect of different thicknesses on the indoor temperature
was analyzed.

In Figure 2, the incident radiation on the south-orientated vertical surfaces is presented
for two consecutive days, when the thickness of the sand layer was 5.0 cm and 15.0 cm,
respectively. It can be observed that the solar radiation was similar in these two situations.
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Figure 2. Solar radiation on south-oriented vertical surface.

The variation of outdoor temperature for the analyzed days is presented in Figure 3.
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Figure 4. Measured indoor air temperature at different heights.

Using the methodology given by European Standard EN ISO 13790 [23] and
assuming similar incident radiation on the horizontal and vertical surfaces, the variation in the
indoor air temperature was determined in the middle of the room for different thicknesses of
the thermal mass. The results are presented in Figure 5. It can be observed that by increasing
the thickness of the thermal mass, the indoor temperature can be reduced considerably.
However, the first 5.0 cm has the highest effect on the amplitude of the indoor air temperature
(a reduction of approximately 8.0 K). For thicknesses of thermal mass of 5.0 cm and 10.0 cm,
there is a difference between the amplitudes of indoor air temperature of approximately 1.8 K.
By increasing the thermal mass thickness from 10.0 cm to 15.0 cm, the amplitude of the
indoor air temperature decreases by approximately 0.2 K. Further increasing the thermal mass

thickness to 20.0 cm results in no difference between the amplitudes of indoor air
temperatures.
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Figure 5. Variation of indoor air temperature for different thicknesses of the thermal mass.



4. Measurements in Building Physics laboratory

A climatic chamber is available in the Building Physics laboratory at the Department of
Building Services and Building Engineering at the University of Debrecen. This chamber is
suitable for testing the heat storage of different building materials while avoiding the effects
of solar radiation and air change rate. The chamber is surrounded with 0.3 m thick EPS 200
and divided into two rooms (2.2x3.4x2.4 m?® each) by a 0.5 m thick EPS 200 insulating
system (Figure 6).

\

Figure 6. Scheme of the Building Physics laboratory

One of the test rooms is practically a climatic chamber because its temperature can be
set between 250 K and 298 K. The other room can only be warmed to 298 K. In the climatic
chamber, a series of air temperature measurements were carried out, changing the heat
capacity of the room. Measurements were also performed without any supplementary material
in the test room (light structure). The thermal mass of the room was changed by placing
different building materials in the room, which covered 1 m? of the wall of the test room
(Figure 6): solid brick (SB), autoclaved aerated concrete (AAC), and brick with vertical holes
(BVH). The physical properties of these building materials are presented in table 1.

Table 1. Physical properties of building materials.

Building -~ Density,  Thermal conductivity, Specific heat, Total mass,

material ~ [kg/m] [W/mK] [J/kgK] [ka]
SB 1730 0.72 880 415
BVH 750 0.17 880 224
AAC 600 0.138 1000 180

The aim of the measurements was to investigate the effect of thermal mass and
different building materials on the internal temperature variation after switching on/off the
heating or cooling system. In the first series of measurements, the air temperature in the room



was kept constant (20 °C) for 24 h, then the air was heated to 24 °C. When the air temperature
reached 24 °C, the heating device was switched off. The indoor air temperature was registered
minutely using a KIMO KH100 data logger for 4 h. Taking as a reference t,=20 °C, the
variations of the difference between the registered indoor air temperature and the reference
temperature At=t, —t, are presented in Figure 7.

3,0
2,5 \\
‘N
2,0 ~=_ —
— ~ TS~ o
s ~ S ==
= 1,5 S .‘.§~ -
- ~N. 0 Tse<l 2T -
< ~ — -
1,0 \\N\\
05 — — Light SB
= ==BVH =--= AAC
0,0
1 2 3 4
Time, [h]

Figure 7. Variation of At after heating to 24 °C.

It can be observed that in the case of a light structure (practically no thermal mass),
the air temperature decreased rapidly to 20 °C. In the case of SB, BVH and AAC, because of
the accumulated heat, the air temperature decreased slowly. With low thermal conductivity
values in the case of AAC and BVH, the stored heat is lower; consequently, the air
temperature is closer to the reference value.

In the case of the second series of measurements, the air temperature in the room was
kept constant (20 °C) for 24 h, then the air was heated to 28 °C. When the air temperature
reached 28 °C, the heating device was switched off. The variation At is presented in Figure 8
(reference temperature t,=20 °C).
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Figure 8. Variation of At after heating to 28 °C.



It can be seen that the trend of air temperature variation is similar to the previous case,
but the air temperature is higher by approximately 2-3 K if a thermal mass is placed in the
room.

In the third case, we maintained the room at 24 °C for 24 h, and then the air in the
room was cooled to 20 °C. When the air temperature reached 20 °C, the cooling device was
switched off. The variation of At is presented in Figure 9 (reference temperature t,=20 °C).
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Figure 9. Variation of At after cooling from 24 °C.

It can be observed that the air temperature increased after switching off the cooling
device. Depending on the stored heat in the thermal mass, after 4 h, the air temperature was
between 22 °C and 24 °C. It is interesting that in this case, the effect of the thermal mass is
lower compared with previous cases. Furthermore, the highest increase of the air temperature
is registered in the first 2 h. Thereafter, the growth of the indoor air temperature is small.

In the fourth case, the room was maintained at 28 °C for 24 h, and then the air in the
room was cooled to 20 °C. When the air temperature reached 20 °C, the cooling device was
switched off. The variation of At is presented in Figure 10 (reference temperature t,=20 °C).

The trend of the indoor air temperature variation is similar to the previous case, but
because of the higher quantity of stored heat, higher temperature values were registered.
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Figure 10. Variation of At after cooling from 28 °C.

These experiments have proven that the sudden variation of heat load in a closed space
results in different oscillation profiles of indoor air temperatures. The amplitude and



periodicity of oscillation depend mainly on the heat load variation and heat capacity of the
closed space. In summer periods, the solar gains are the main source of indoor air temperature
variation in buildings. Depending on the orientation of the facades, proper selection of the
glazed area and building materials can ensure appropriate thermal comfort in buildings even
in summer periods without the use of air conditioning systems.

5. Air change rate, thermal mass and allowable glazed area

Measurements of global solar radiation in Debrecen from 2009-2013 have proved that the
highest incident solar radiation is obtained with east and west orientations of the facades. To
analyze the relationships among solar gains, air change rate, thermal mass and operative
temperature, one of the hottest days of the hottest month (July 2011) in the analyzed period
(2009-2013) was chosen as an input for incident solar radiation and outdoor temperatures.
The daily mean outdoor temperature on this day was 28.3 °C. The incident solar radiation on
vertical surfaces on this day is presented in Figure 11. It can be observed that there is a strong
asymmetry between the incident radiation on the E and W facades, [24]. This can be caused
by the fact that the cloudiness was different in the morning and in the afternoon. Furthermore,

the aerosol content in the air could be higher in the afternoon.
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Figure 11. Incident solar radiation on vertical surfaces (input data).
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According to the recommendations of Standard EN 15251, in the case of mechanically
conditioned buildings for comfort (category Il), the operative temperature should be kept
between 23 °C and 26 °C [25]. In countries with temperate climates, during summer
heatwaves, the operative temperature in buildings without air conditioning systems can hardly
be reduced below 24 °C, even if night ventilation is used efficiently. The aim of our further
research was to determine the allowable glazed area to maintain the operative temperature
between 24 °C and 26 °C, depending on the orientation of the transparent area, building
materials, and air change rate.

The calculation method uses the RC network of the heat flows, given by EN ISO
13790:2008..

In the following, the results of a case study are presented. The geometrical
characteristics of the analyzed room are: 4.0x4.0x2.8 m. The overall heat transfer coefficients
of the external building elements are: Uyan= 0.226 W/m?K; Usioor = 0.209 W/m?K,, Uyingow=1.0
W/Mm?K; Usiaroo=0.166 W/m?K. All investigated wall materials—concrete (C), solid brick
(SN), brick with vertical holes (BVH), autoclaved aerated concrete (AAC) and the roof—are



provided with an external insulation layer. The calculations were performed based on
diffzerent room positions in the building. The accepted error of the iterative calculations was
10™.

A steel framed lightweight structure was analyzed with similar overall heat transfer
coefficients to the external building elements, but in this case, the upper operative temperature
limit of 26 °C could not be maintained, even for rooms without any transparent area on the
facades.

For a corner room situated in the attic of the building (3 external building elements)
built from solid brick and insulated outside, the allowable transparent area depending on the
glazed facade orientation and air change rate is shown in Figure 12.
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Figure 12. Allowable transparent area for a corner room, depending on the air change rate.

The variation can be considered linear because the coefficient of determination R? is
higher than 0.995 in each case. The linearity of interrelation between the allowable
transparent area and the air change rate was checked for all positions of the room and all
orientations (688 cases). Consequently, if the allowable transparent area is known for two air
change rate values, then for any other air change rate value, it is valid that

A, = ACH xtga (8)
where
tger = (A — A, )/(ACH, = ACH,) (©)

Assuming an air change rate of 0.5 h™, the allowable transparent area for a corner
room situated in the attic of the building is illustrated for different wall materials, depending
on the orientation of the glazed area in Figure 13.



I L LE 1 S50

OO0 L 11
Ll L 11

| S A N | N Y ANA

11 111
IATN /A mE]

| A A |

LU P OYl L

1 [WDU]

11 1 1 1 1 1 1 1 1 1 1 1 ||
 —— —  — —  ——
| N N N N | N N

I'I'I'I 1

L L 1T 11

1110, P10 7/ | I Kl S PA

JIAL B JUN 1L

11 1 1 1 1 1 1 1 1 1 |1

0 <t !
S L 4=
S 5 5
o 2 o
s o= o]
S5 >
. 5 _
o [Tt =
3 sETg
S S g
n _— = T O
= m O T yu
L 5]
= =585
S T Sgdt.
o » ° 2o
3 = THHH THHHAHHEAF
z 3 09 & & TR
b— 5> ., 0 HHHAHHHHHHHHBHHH
> [+ HHH TR HHHEPHHH
e D HHHHHHHMHHHEHSHH
Do DT i 1
@ c S © HHHHHHHHHHHHHHH
Y = e c HiHHHHHEAH HHEH H]
5= Sg5& eI
H — .erh HH HH | ||An.|||nu.|||
= O 35 35 =3 L HHE HHY HHHEWHHH
w & Qo n o= HHHHHHHHHHHETHH
¢ D c o= H H
= <5 5
md nenw Igligugs O HEHHH”RHHH
H c —_—0 = = H(H FoMH H-HEBMHHHHRMN HH
= [<5) T ~= H M A H glgsaligigighyigligly
+— 7. o HH K3 HITHHHHHHHHHK
s o S © HHHR HHEHHHHBHHH
z S @ S8 c5 HHEHHHHEHHHHS HH]
2 s © OmS.I Npmpupagdglpapsgnpligagugagagll
O w B © = v o
2o S o5
Q g s SE 50 AR AR AR R
Z 52 o088C e e T H A,
o s  £g 82 TR R
© © AgliglanglyHglghotigh gl lgdsy ]
o = 9 O a1
[75) O =S o W HHHH HHHHHHH H
N n S-ﬂlaze I.I.I.I.I gininSnSpininls -
© cE 20 SR
+— =) AHHH HHEHHHHSH
® 5 2 c < HHHEHHH R HHHFREHHH
—_— paW R HHHH LT HHHE a
) c = 1
9 n 9o 1w 9o wn 9 < 2 F L HHHHHHHHRHHHHHA
(92} o~ (o] i - o o W .m = c m i=g=i IIII ..I.IIIIIIIII 1
[ow] v k=) T >cTOo e HIHH HSH H R
< 295 .35%  [HGHHEHHET
. £E8G3g [HEE e
@ o= ° >
— [«B] o]
n Q o =
[¢B) > (58] N O +—
— c O ..AM [
>3 Os c 1 QL
(@)] [«B] c < D <
iT N o
LL T = S o
2555
c c © .m
25 <=
Y= C = .=

Figure 14. Shading percentages as a function of orientation of the transparent area.



6. Conclusions

Based on the measurements performed in the PASSOL laboratory, the effects of the thermal
mass were analyzed for different orientations of the glazed area with no air change rate
between the indoor and outdoor environment. It was proven that the amplitude of the indoor
air temperature can be reduced by 1.8-8 K, increasing the thermal mass of the room.
Furthermore, in the Building Physics laboratory, tests were conducted with no air change and
excluding solar radiation measurements to analyze the effects of heat storage on the indoor air
temperature with different building materials. It was found that even a 1.0 m? area of a
conventional building element can change the air temperature in a light structure room by 2 K
in the case of a sudden change in the heat load.

Most design methodologies yield similar values for the incident solar radiation on
vertical surfaces for east and west orientations. Measurements carried out from 2009 to 2013
proved that in the last five years, the energy yield for east and west orientations shows
important asymmetry. In the case of asymmetric days, the incident solar radiation exceeds the
solar energy yield of symmetric days. By analyzing one of the hottest days of the last years, it
was found that the energy yield on east-oriented vertical surfaces was almost triple that of the
energy yield for a west orientation. The asymmetry is caused mainly by the cloudiness and
aerosol content of the air. The allowable transparent area (shading percent) was determined
for a room situated at different levels and positions of a three-story building. The shading
percent is not similar on a facade for rooms with the same geometry. This is caused by the
differences between heat gains and losses of rooms situated at different floors of the building
(ground floor, intermediate, top) and the room position (corner or middle). The rooms situated
in the corner of the buildings have at least two external building elements. Through the facade
the heat gains are similar, but the gains are different through adjacent opaque elements
because the incident solar radiation depends on the orientation. Analyzing 688 different cases
it was found that in addition to the thermal mass, the allowable transparent area is strongly
influenced by the air change rate, and this interdependence is linear. This relation was
determined assuming that air change rate is constant (mechanical ventilation) and can be used
in practice for programming the shading control elements of transparent surfaces.
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the effects of thermal mass on the operative temperature was investigated
the relation between allowable transparent area and thermal mass was analysed
the relation between thermal mass and air change rate was analysed
688 building models were investigated





