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Abstract

The effects of nocturnal ventilation and radiant cooling/heating floors on indoor air temperatures in an office building in hot arid
region are evaluated. Climatic and indoor temperatures are measured and compared against predicted ones using TRNSYS®,
obtaining a 7% difference. A parametric study was conducted that varied floor temperatures to simulate radiant floor heating on
the coolest day and nocturnal ventilation or/and radiant floor cooling on the hottest day in 2009. Results indicated that, during
the winter, radiant floor heating increased the indoor air temperatures from 13.5°C to 19.6°C. During the summer, the indoor air
temperature decreased from 32.1°C to 27.4°C at midnight, with a nocturnal ventilation of 5 ACH. Combining ventilation and
radiant floor cooling decreased the indoor air temperatures to 26.9°C (0.5°C lower). As a result, the effect of nighttime ventilation

was significant on indoor temperatures in the building; however, the effect of radiant floor cooling was almost negligible.
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1. INTRODUCTION

Energy use in buildings accounts for 40% of total energy
consumption. Developing countries are concerned over the
augmented use of air conditioning systems [1]. Along with
the increase in energy consumption, there are debates over
whether air conditioned buildings should be recommended
or prohibited due to discomfort (drafts, noise and impure
air) [2].

In desert regions, energy consumption for thermal comfort
conditions is very high. Some authors recommend using or
managing passive or active techniques such as ventilation,
radiant floor cooling or heating in order to decrease energy
consumption and improve the indoor thermal environment
in buildings during both summer and winter months [3].
Infiltration of air in buildings has been studied by McDowell
et al. [4] to determine its impact on the thermal loads; they
found that infiltration has a much higher negative impact on
heating loads than on cooling loads. Also, management of
passive cooling have a significant impact on the thermal
summer comfort in a building [5]. Predictive control
strategies improved the energy efficiency of intermittently
heated radiant floor heating systems finding energy savings
between 10% and 12% during cold winter months [6].

In 2006. Tian and Love [7] studied multi-floor radiant slab
cooling through simulation and field measurements,
reporting that even though radiant floor cooling has the
potential to improve energy efficiency; it must be
coordinated with air handling systems to avoid conflicts.
However, radiant floor cooling systems are not
recommended in humid climates because of condensation

[8].

Very few authors have considered the combination of
passive/active techniques such as nocturnal ventilation and
radiant floor cooling. In 2000, Hayter and Torcellini [9]
described a technique for designing and constructing low-
energy buildings in which the HVAC design included
radiant slab heating and natural ventilation cooling through
an automatic window control, with a transpired solar
collector (TSC) to preheat ventilation air for warehouses.
However, Olesen et al. [10] found that the primary problem
with combining radiant floor heating and displacement
ventilation was inadvertently producing the opposite effects
of the two systems; that is, if the floor temperature was too
high, the supply air rose, reducing the ventilation
effectiveness of the system and producing a mixing flow
pattern in the room. If, however, the overheated floor is
combined with displacement ventilation, the air could be
supplied at a lower temperature for the ventilation system
(depending on the external climate), with a resulting
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reduction in the energy consumption [11]. Thus, the
combination of active/passive techniques is not sufficiently
studied.

The aim of this study is to study the effects of nocturnal
ventilation and/or radiant floor cooling in summer and
radiant floor heating in winter on the indoor air temperatures
of a high thermal mass office building (heavyweight
construction) located in an arid region.

2. CASE OF STUDY

The office building is a rectangular-shaped building of
1,114.96 m2, shown in Fig. 1, with its facade facing south. It
is located in the city of Tabernas in Spain, at 37° 05* 27.8”N
latitude and 2° 21° 19” W longitude. It lies at 555 m above
sea level in a subtropical desert with scarce and irregular
rain (200 mm per year), a high rate of irradiance (almost
3000 hours of sunlight per year) and large ambient
temperature swings (12°C). During 2009, the minimum
monitored temperature was during January (-1.4°C), and the
maximum temperature was during July (41.7°C).

Fig. 1. View of the office building and location of the
monitored office.

2.1 Climate Conditions

A meteorological station installed on the roof of the building
monitored the environmental climate conditions. Figures
2(a) and 2(b) show the average monthly solar radiation on
the roof and south facade, the average monthly ambient
temperature, the average monthly relative humidity and the
average monthly wind velocity of 2009. Figure 2(a) shows
that the monthly solar radiation was highest in June (7.66
kW-h/m?) and July (7.63 kW-h/m?); the average monthly
solar radiation falling on the south facade was lower in
summer and higher in winter as expected at this latitude.
Average amount of sunshine was 14 hours during summer
and 9 hours in winter. Figure 2(b) shows the average
monthly ambient temperatures, humidity and wind
velocities. Maximum average monthly temperature was in
July (27.6°C) and the minimum was in December (8.5°C);
lowest average monthly relative humidity was in June
(40.1%) and highest was in October (71.2%). Average
monthly wind velocity oscillated in the range of 2.3-3.1 m/s.
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Fig. 2. (a) Monthly global horizontal and southern solar
radiation and (b) Monthly average wind velocity, ambient
temperature and relative humidity for 2009.

2.2 Building Characteristics

The envelope of the building is constructed of thick
multilayer composite walls to guarantee insulation, and the
double-glazed aluminum framed windows are shaded to
reduce the amplitude of the indoor temperature changes and
prevent direct solar gains in summer. The south facade is
protected by a 2 m projection (porch roof) to avoid direct
beam radiation during the summer. More detailed features of
the building were previously reported in [12].

Table 1 shows the construction materials of the walls and
roof and their thermophysical properties. The composite
wall is 44 cm thick, with an air gap at the center and
polyurethane insulation material between the air gap and the
hollow bricks. A Planitherm 4S® window (from Climalit
Products), 4.63 m2 in size with a U-value of 3.21 W/m2K
and a g-value of 0.722 is installed at the south wall. A 1 m
wide overhang lies 1.5 m above the window to avoid direct
sunshine on the window during summer.

Table 1. Building envelope components, dimensions and
thermophysical properties

Material L k p Cp,
(m) (W/mK) | (kg/m)® | (ki/kg K)
Walls
Gypsum 0.02 1.08 900 1.00
Hollow brick 0.11 1.764 1200 0.90
Air 0.14
Polyurethane 0.04 0.144 12 1.80
Hollow brick 0.11 1.764 1200 0.90
Mortar 0.02 5.04 2000 1.10
Roof
Concrete 0.24 3.744 1500 1.00
Mortar 0.14 5.04 2000 1.10
Bitumen 0.005 0.828 1100 1.00
Polystyrene 0.04 0.144 25 1.50
Polypropylene | 0.003 0.792 910 1.80
Gravel 0.06 2.916 1700 0.90
Floor
Ceramic plate 0.25 3.78 1200 2.00
Mortar 0.04 5.04 2000 1.10
Sand 0.035 7.20 2000 1.00
Concrete 0.15 8.28 2300 1.00
Gravel 0.20 2.916 1700 0.90
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The monitored office was chosen due to its location; it is
located in the corner of the west end of the building as
shown in Fig. 3(a). It is irradiated on the west and south
walls, as well as the roof. The vertical and horizontal
sketches of the cross section are shown in Figures 3(a) and
3(b). The north wall of the office is next to a long hall, and
the east wall is adjacent to the subsequent office.
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Fig. 3(a). West facade of the office
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Fig. 3(c). West fagade of the office.

3. THERMAL SIMULATION OF THE OFFICE

TRNSYS® program was used to simulate the thermal
performance of the office. The following methodology was
applied: 1) Two weekend days; one of extreme cold and
another one of extreme hot temperatures of 2009 were
chosen as the input data for TRNSYS®. 2) The building
location, weather conditions, orientation, envelope
components and dimensions were input into the TRNSYS®

program, the indoor air temperatures of the office under a
free-floating condition (no HVAC systems) were calculated
and compared against those measured in order to calibrate
the simulation. 3) A parametric study changing the
ventilation rates and floor temperatures were carried out to
predict the indoor air temperatures of the office. 4) Effects
of every heating and cooling technique on the indoor air
temperature were determined.

3.1 Days for the Simulation

Following the previous methodology, January 17th (the
coolest day in winter) and Saturday, July 25th (the hottest
day in summer) were the days for the simulation. Figures
5(a)-(d) show the horizontal and vertical solar radiation,
ambient temperature, relative humidity and wind velocity,
corresponding to January 17th and July 25th. It can be seen
from Figures 5(b) and 5(d) that the ambient temperatures
dropped during the night and increased during the day;
temperature; swings, day and night, were close to 10°C on
both days. In winter day, Figure 5(a) shows that the solar
radiation on the horizontal surface is lower than the
radiation on the south surfaces—as expected. Sunrise was at
8:00 hr; the solar radiation increased until 12:00 noon, then
slowly decayed until 15:00 hr, when it abruptly dropped due
to an obstruction on the roof relative to the position of the
sun.
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Fig. 5. (a) Incident solar radiation, (b) ambient temperature
and relative humidity (January 17th); (c) solar radiation (d)
ambient temperature and relative humidity (July 25th).

The ambient temperature was 2.5 °C after 7:00 hr during the
night and early morning; increasing to 13.2°C after 13:00 hr
and then decreasing. The relative humidity was always
higher at night (80-90%), decreasing during the day to 49%
after 13:00 hr. Prior to 10:00 hr, as can be seen in Figure
5(b), the wind velocity was in the low range (<2.5 m/s) but
then fluctuated, reaching a maximum of 6.9 m/s after 11:00
hr and decreasing (<3 m/s) after 17:00 hr.

In the summer day, Figure 5(c) shows the solar radiation on
the horizontal and south surfaces. The solar radiation on the
horizontal surface was higher than the radiation on the south
surface; sunrise was at 5:00 hr, and the solar radiation
steadily increased after 12:00 hr. It then abruptly fell during
the afternoon, and the humidity increased, indicating
cloudiness see Figure 5(d). The ambient temperature was
low at night, ranging between 26-28 °C and then rising to 33
°C after 9:00hr; it then decreased after midnight to 21.8 °C,
as expected due to cloudiness. The relative humidity was in
the low range of 20-30 % at early morning and increased to
90 % at midnight; the wind velocity fluctuation was in the
low range at night (<3.5 m/s) and early morning, increasing
after 7:00 hr to a maximum of 10.8 m/s after 12:00 hr and

remaining high until the oscillations decreased after 23:00
hr.

For the TRNSYS® simulation, the office was divided into
two zones: Zone A (hallway) and Zone B (office), as shown
in Figure 3(b). The east wall of Zone B was considered to be
adiabatic (adjacent office), as well as the eastside of the
Zone A, the measured solar radiation was input to Type 16
(Solar Radiation Processor). Envelope components of the
office were input to Type 56 (Multi-Zone Building).
TRNBUIilt module was used to calculate the U-values for the
wall. The U-values of the walls were 0.532 W/m2 K for heat
transfer coefficients of 7.7 W/m? K indoors and 25 W/m? K
outdoors. The roof U-value was 0.621 W/m? K for 5.7 +
3.8V outdoors and 9.26 W/m2 K indoors [15]. Absorptances
of ceiling and walls were 0.3. Thermal capacitance of the
office was 1000kJ/K (furniture + air), with lighting of 5
W/m2. An ACH ventilation of 0.25 was considered, as
suggested by ANSI/ASHRAE-62 [16]. Simulations were
performed every minute for 24 hrs and results were plotted
every hour.

3.2 Measurement instruments of the office

Six temperature sensors were installed in the office; the
sensor measuring the air temperature was located 1.5 m
above the floor and 0.10 m away from the north wall; the
other five were attached at the middle of the floor, on the
glazing, on the east and west walls and in the middle of the
roof, as shown in Figure 3(b) [13]. The measurement
instruments and their descriptions are presented in Table 2.

Table 2. Instrumentation used for monitoring the office.

Sensor Measured Description
Variable

2 Pyranometer, Horizontal | Spectral range from 285

model CM11. and vertical | to 2800 nm; Sensitivity
Kipp and Zonen | global of 7 to 14 uV/W/mz,
Solar
Irradiance

1 Pygeometer, Long wave | Spectral range of 4500 to
model CGR-4. radiation 42000 nm, 5 to 15

Kipp and Zonen | from the HV/W/mz; Response time
surface of | ofl18s; Temperature

the test dependence of sensitivity
component | (-20 °C to +50 °C) < 1%.

1 Sensor model Wind Ultrasonic Output Rate of

WindSonic. velocity 0.25,0.5,1, 2, and 4 Hz;
Gill Instruments, Wind Speed of 0-60 m/s;
LTD.
1 Sensor model Outdoor Range from 0.8 to
HMP45A/D. relative 100%RH; Accuracy at
Vaisala. humidity +20 °C. Response time
(90% at +20 °C) 10 s.
Platinum Air Accuracy: 1/10 DIN of
thermo- temperature | Class B with a tolerance
resistance, of +0.3°C at 0°C.
PT100
Platinum Surface Accuracy: 1/10 DIN of
thermo- temperature | Class B with a tolerance
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resistance, of £0.3°C at 0°C.

PT100

A data acquisition system of 16-bit A/D resolution was
used. The uncertainty, u(Ti), corresponding to the
measurement of indoor air temperature, Ti, was calculated
according to 1SO 5725 [14]. The calculated air temperature
uncertainty was 0.4°C with a 95% level of confidence, using
a coverage factor of k*=2.

3.3 Comparison between measured and predicted
indoor temperatures

Figures 6(a) and 6(b) show the mean ambient air
temperature and the measured and predicted indoor air
temperatures in both the winter and summer days,
respectively.
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Fig 6. Ambient temperatures and monitored and predicted
temperatures for (a) winter (Jan 17th) and (b) summer (July
25th).

Both Figures show that the predicted indoor air temperature
of the office follows the same pattern of the measured one;
the amplitude of the fluctuation compared to the ambient
temperature was small due to the high thermal inertia of the
envelope. As seen in Figure 6(a), the mean minimum
outdoor ambient temperature was 3.1°C at 7:00 hrs, and the
maximum was 12.8°C at 15:00 hrs a difference of 9.7°C; the
minimum and maximum mean measured temperatures were
12.2°C at 8:00 hrs and 13.5°C a difference of 1.3°C; the

minimum and maximum mean predicted temperatures were
11.6°C at 8:00 hrs and 13.1°C at 15:00 hrs a difference of
1.5°C. A comparison between the measured and predicted
indoor air temperatures indicates that their maximum
difference was 0.9°C (7.2%) at night and the minimum was
0.3°C  (2.5%), with a correlation coefficient of r’=0.92.
During the night, the indoor air temperatures were not as
low as the outside ambient temperatures, demonstrating that
the thermal inertia of the building plays an important role.

On the summer day, Figure 6(b) show that the maximum
mean ambient temperature was 32.4°C at 10:00 hrs, and the
minimum was 22.0 °C at 24:00hrs a difference of 10.4°C.
The maximum and minimum mean measured temperatures
were 32.2°C at 18:00 and 31.5°C at 7:00 hrs—a difference
of 0.7°C; the maximum and minimum mean predicted
temperatures were 31.5°C at 15:00 hrs and 31.1°C at
24:00—a difference of 0.4°C. As previously noted, the
indoor air temperature fluctuation is nearly negligible, so it
is clear that heat accumulated inside the building. A
comparison between the measured and predicted indoor air
temperatures shows that their maximum difference was
1.0°C (7.2%) at night, and their minimum difference was
0.2°C (2.5%), with a correlation coefficient of r’=0.92. The
predicted and measured indoor air temperatures show very
close agreement, thus calibrating the TRNSYS® program.
These results show that it is necessary to remove the
accumulated heat in the office during the summer.
Therefore, nocturnal cooling is desirable for preventing
overheating by taking advantage of the minimum outdoor
air temperature.

4. PARAMETRIC STUDY

The parametric study considers three techniques: radiant
floor heating and cooling and nocturnal ventilation. Radiant
heating/cooling systems refer controlled surface floor
temperature. To simulate the radiant floor heating or
cooling, the measured floor temperature were taken as floor
base temperature and increased for heating or decreased for
cooling in the simulation. Nocturnal ventilation refers to
cooler air driven into the building during the night, reducing
temperatures in the building. Normally, ventilation rates are
measured by AHC (Air Changes per Hour) [16].

4.1. Effect radiant floor heating

For the winter day, two cases were considered: 1) the
measured floor temperature, Tsoorm, Were increased by 5°C,
10°C and 15°C during 9:00 to 18:00 hrs, and 2) the same but
for 24 hrs. Figures 7(a) and 7(b) show the ambient
temperatures (Tamy), floor base temperature (Toorm), iNdoor
measured air temperatures (T nes-m) and the predicted one
(Tzone) for cases 1) and 2), respectively. As can be seen in
Figure 7(a), increasing Tsoor -m» by 5°C, 10°C and 15°C
during 9 hours resulted in increments of indoor air
temperatures (T,ones) Of 0.3°C, 1.2°C and 2.2°C on average,
respectively.
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Figure 7(a) shows that an increment of 15°C of the floor
base temperature increased the indoor air temperature to a
maximum of 15.8°C at 15:00 hr, against the outdoor ambient
temperature of 12.8°C. Similar results are presented by
Figure 7(b), but for 24 hours of floor heating. The
augmentation of the floor base temperatures of the office by
increments of 5°C, 10°C and 15°C caused the increase in the
indoor air temperatures in increments of 1.5°C, 3.7°C and
5.8°C on average, respectively. For increments of 15°C for
24 hours, the minimum indoor air temperature reached was
18.1°C and the maximum was 19.6°C at 15:00 hrs. The
indoor air temperatures were in the low range (18°C-20°C)
of acceptable temperatures [17].

than outdoor air temperatures, indicating that heat was
accumulating inside the office and therefore throughout the
building.
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Fig. 7. Ambient temperature, measured floor and indoor
temperatures and predicted indoor temperatures for different
radiant heating floor temperatures from (a) 9-18 hrs and (b)

0-24 hrs.

4.2. Effect of radiant floor cooling

For the summer day, three cases were considered for the
simulation: 1) floor base temperature of the office decreased
by 1°C, 2°C, 3°C, 4°C and 5°C, during 9:00 to 18:00 hrs, 2)
nocturnal ventilation rates of 1, 2, 3, 4 and 5 ACH from
20:00 to 6:00 hrs and 3) a combination of these two
techniques. Figures 8(a) and 8(b) show the ambient
temperature, the floor base temperature and indoor
temperature against the predicted one for cases 1) and 2).
Both figures show that the oscillation of the indoor
measured air temperature of the office (31.5°C-32.2°C) was
lower than the oscillation of the ambient temperatures (22.0
°C-32.4 °C). The indoor air temperatures were always higher

Fig. 8. (a) Ambient temperature, floor base temperature and
indoor measured air temperatures and predicted ones for
different radiant cooling floor temperatures from 20-6 hrs
and (b) for different infiltration rates from 20-6 hrs.

For case 1), Figure 8(a), shows that floor base temperature
decrements of 1°C, 2°C, 3°C, 4°C and 5°C from 9:00-18:00
hrs causes decrements of the indoor air temperatures of
0.7°C, 0.9°C, 1.1°C, 1.3°C and 1.5°C respectively. In this
case, the predicted minimum indoor air temperature was
30.2°C at midnight, which represented a very small decrease
in 1.9°C. For case 2, Figure 8(b), shows the effect of
nocturnal ventilation rates on indoor air temperatures. As
seen in this figure, the predicted indoor air temperatures at
the office rapidly decreased at night. For nocturnal ACH
ventilation rates of 1, 2, 3, 4 and 5 (from 20:00 to 6:00 hrs),
the decrement of the indoor air temperatures was 1.1°C,
1.6°C, 2.0°C, 2.3°C, 2.5°C respectively. During the night, for
an ACH rate of 5, the lowest predicted indoor air
temperature was 27.4°C, which represented a decrease of
4.7°C; during daylight. Thus, nocturnal ventilation
techniques are very important in hot arid climates during the
summer.
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4.3. Effects of night ventilation and radiant floor
cooling

Figure 9 presents the ambient temperatures, the base floor
and indoor air temperatures against the predicted ones for
case 3). The notation is as follows: T,ones (1, -1y indicates
temperatures at an ACH value of 1, the -1 indicates the floor
base temperature minus 1°C; the same notation is used for
the other four cases. The simulation results in Figure 9
showed that for cases (1,-1), (2,-2), (3,-3), (4,-4) and (5,-5),
the decrements of the floor base temperatures were 1.2°C,
1.9°C, 2.4°C, 2.8°C and 3.1°C respectively. It is noted that
for case (5,-5), the office air temperature decreased from
32.1°C to 26.9°C, indicating a maximum temperature drop
of 5.2°C.
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Fig. 9. Ambient temperature, monitored floor and room air

temperatures and simulated room air temperatures for the

combination of infiltration and radiant cooling floor from
20:00-6:00 hrs.

Comparing this result against the ones of Figure 8(b)
(considering only ventilation), it shows a slight decrease of
indoor air temperature of only 0.5°C. Therefore, the effect of
radiant floor cooling on the indoor air temperature was
negligible compared to nocturnal ventilation.

4. CONCLUSIONS

The effects of the combination of night ventilation and
radiant floor cooling/heating on indoor air temperatures of a
high thermal mass office building located in a hot arid
region were evaluated. Simulated results indicated that the
predicted indoor temperatures against measured ones
showed closed agreement, between 7.2% for winter and
3.1% for summer.

In the winter day, considering radiant floor heating showed
a maximum increment of 5.8°C in the indoor air temperature
(maximum indoor air temperature reached was 19.6°C).

In the summer day, considering radiant floor cooling
showed a maximum increment of 1.5°C on average,
indicating that radiant floor cooling had no significant effect
on diminishing the indoor air temperatures. Considering
nocturnal ventilation for an ACH rate of 5, the air
temperature of the office decreased at midnight to 27.4°C, a

maximum temperature drop of 4.7°C. Combining both
techniques, the lowest indoor air temperature was 26.9°C
during the night, a temperature drop of 5.2°C.

Thus, nocturnal ventilation is imperative in hot arid regions
to reduce (or even avoid) the use of HVAC systems. On the
other hand, radiant floor heating is highly recommended in
the winter.
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