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Abstract

This study experimentally investigates the natural ventilation performance of a solar
chimney (SC) integrated with an earth-air heat exchanger (EAHE) during the transition
seasons. The experiment was conducted in a comparative manner under three operating
modes: Mode A: SC operating with EAHE with the window closed; Mode B: SC
operating with an open window with the same opening area as the cross-sectional area
of the EAHE pipe, with the EAHE closed; Mode C: the operating mechanism was the
same as that of Mode B with the window opening area doubled. The results showed
that 24 h of natural ventilation was achieved for the three operating modes. However,
the nocturnal ventilation driving force for Mode A was the heating effect of the subsoil,
while that for Modes B and C was the heat released from the thermal mass. The average
daytime and nocturnal airflow rates for Modes A, B, and C were 209 m*/h and 139 m*/h,
286 m*/h and 87 m*/h, and 340 m>/h and 80 m>/h, respectively. The 24 h overall heating
and cooling capacities of the EAHE for Mode A were 19474 kJ and 2179 klJ,
respectively. The SCEAHE system had an advantage in preserving acceptable indoor

thermal comfort with a diurnal indoor temperature variation in the range 19.7-22.7 °C.

Keywords: earth—air heat exchanger; solar chimney; buoyancy force; natural

ventilation; indoor thermal environment.
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1. Introduction

The world’s energy consumption has grown tremendously over the past few decades,
in which the building sector accounts for more than 20 % of the world’s total energy
usage [1, 2]. However, occupants in buildings with high air-tightness suffer from sick
building syndrome (SBS) [3]. The ambient air temperature significantly deviates from
the thermal comfort limits during the hot and cold weathers. Hence, an energy-
consuming handling process for fresh air is necessary [4]. However, when the outdoor
air conditions are temperate in the transition seasons, it is desirable to induce the fresh
air directly into the indoor space using natural ventilation (NV). NV is a zero-carbon
solution to alleviate the energy shortages, improve the indoor air quality, and reduce the
greenhouse gas (GHG) emission [5-7].

Compared with mechanical ventilation systems, passive ventilation systems relying on
buoyant pressure and/or wind pressure further reduce the energy consumption by fans.
Solar chimneys (SCs) have been adopted as an effective method to enhance the buoyant
pressure and promote the airflow [8, 9]. The concept of SCs is similar to that of the
conventional chimneys, except for the transparent cover on its southward wall. This
design enables more solar radiation to pass through this transparent cover to heat the
air inside the chimney. Owing to the stack effect, the warmed air gets a stronger force
to move upward and escape from the top of the chimney. This phenomenon induces
sucking of cooler air from the outdoor environment from the bottom of the chimney
[10, 11]. SC can be used directly for ventilation and cooling purposes when the external
environmental conditions are within the comfort limits [12, 13]. Daytime ventilation,
based on SC, during the summer is not desirable owing to the high external
temperatures [14, 15]. In addition, it is not suitable for winter, as the outdoor
temperatures are lower than the comfort zone temperature levels [16, 17]. Although SC
can enhance the efficiency of natural ventilation and provide adequate ventilation rates
[18], it does not cool the incoming outdoor air, which can lead to discomfort when the

outdoor temperature is high. Research indicates that an extremely high ventilation rate
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is required for ventilating the indoor environment of a building because of the low
cooling potential of the SC during hot weather [19]. Therefore, SCs are generally
considered suitable for temperate climate zones or transition seasons. To improve the
indoor thermal comfort further, coupling SC with other systems is advised to enhance
its performance. An option is to couple the SC with earth-to-air heat exchangers
(EAHE), which combine two renewable energy sources (solar and geothermal energies),
and operate without carbon emissions [20, 21].

EAHE is a shallow geothermal utilisation system that uses air from the external
environment as the working fluid to provide fresh air and cooling/heating capacity
directly to the building [22]. The EAHEs consist of buried pipes, through which the
outdoor air is transported using a fan. The buried pipes acting as heat exchangers are
buried at a certain depth, where the climatic changes rarely influence the soil
temperature. The induced air is pre-cooled/pre-heated by the surrounding soil in
summer/winter. The current research interests focus primarily on the
evaluation/improvement of cooling and heating potentials of EAHEs in summer and
winter [23-26]. Khabbaz et al. [27] reported that the EAHE is a suitable semi-passive
system for air refreshment, as the recorded outlet air temperature was quasi-constant at
25 °C, even though the outside temperature reached more than 40 °C, through summer
monitoring. Li et al. [28, 29] experimentally verified the feasibility of EAHE combined
with a heat recovery unit (HRU) as an independent heat source to heat the cold air in
severely cold regions in China. The results showed an average temperature rise of 12.4—
14.0 °C provided by EAHE in winter. Studies have shown that EAHEs have the
potential to lower the energy consumption in winter and reduce the peak electrical
demand in summer.

By coupling SC with EAHE, the cooling and heating performances of SCs can be
improved by taking advantage of geothermal energy. The system ventilation operates
with solar energy as the driving force and the soil as a heat sink/source. The air is heated
in the SC, and buoyancy is generated to extract the indoor air from the building.
Consequently, the outdoor air is induced into the interior of the building through EAHE

and is pre-cooled/pre-heated by the surrounding soil. Accordingly, the energy
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consumption can be further reduced, as the fan is not a necessary component for the
EAHE in this coupled SCEAHE system. Among the few studies on coupled SCEAHE
systems, Maerefat and Haghighi [30] first proposed the SCEAHE system and attempted
to ascertain the system’s ability numerically to provide comfortable indoor conditions.
It was concluded that achieving indoor thermal comfort is possible by means of proper
modifications to the system, even when the environmental conditions are harsh.
However, when the outdoor air temperature was too high (approximately 45 °C or
more), the SC was no longer suitable. Li et al. [31] investigated the cooling performance
of an SCEAHE system during summer. Experimental results showed that the indoor air
temperature remained primarily in the range of 21-24 °C, while the outdoor air
temperature during the daytime could be as high as 34 °C. The performance of the
coupled system largely depended on its cooling capacity. Li et al. [32] experimentally
found that under the combined effects of the building thermal mass and SC, 24 h natural
ventilation could be achieved for the SCEAHE system in summer. The airflow rate
recorded during the day could reach as high as 252 m?/h. A relatively steady airflow
rate of 50—70 m*/h was achieved because of the building thermal mass when the solar
radiation intensity was low or zero.

Although the performance of the SCEAHE system in summer has been studied both
numerically and experimentally, the ventilation performance of the coupled system in
the transition seasons has not been investigated. Traditionally, SC solo has been used to
enhance the natural ventilation along with the opening window (called window-in and
SC-out natural ventilation). However, it is unclear whether the conventional ventilation
method can create a more comfortable indoor environment during transition seasons,
compared to the SCEAHE system. This is important for the SCEAHE system, as the
system cost effectiveness can be improved significantly if it is ascertained that the
SCEAHE system could operate with an annual cycle. Therefore, an in-depth
understanding of the positive contribution by the coupled system in transition seasons
is required to complement the natural ventilation performance of the coupled system in
different seasons.

This study aims to investigate the natural ventilation performance of the SCEAHE
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system experimentally during the transition seasons. The natural ventilation rate,
temperature profile, moisture content variation in the air within the EAHE pipe,
temperature of the absorber plate in the solar collector, temperature variation of the
surrounding soil, and indoor air temperature, were analysed in detail. Meanwhile, the
natural ventilation performances of SC solo operation with different window-opening
patterns were examined. The results were quantitatively evaluated and have been
comparatively analysed, offering quantitative evidence of the SCEAHE compared to
the traditional natural ventilation methods. Furthermore, they reinforce the existing

literature through experimental results.

2. Experimental setup and procedures

2.1 Experimental test rig

The experimental test rig was located in a region, which is cold in winters, hot in
summers, and has relatively mild transition seasons (Tongling City, Anhui Province,
China). As shown in Fig. 1(a), the full-scale test rig consists of an EAHE pipe, two
chambers, a solar collector, and a vertical chimney. The EAHE pipe outlet and solar
collector inlet were only connected to the test chamber, which was used for the
investigation of the indoor thermal environment. When solar irradiation was sufficient,
the temperature of the air within the solar collector increased owing to the heat transfer
from the absorber plate. Then, the reduced air density, in addition to the stack effect of
the vertical chimney, generated buoyant pressure that drove the airflow upward.
Therefore, ambient air was introduced into the EAHE pipe and was cooled/heated by
the surrounding soil, providing cooling/heating capacity and fresh air for the test
chamber. During night, in the absence of solar intensity, the heating effect of the subsoil
replaces the role of the solar collector, as the nocturnal ambient air temperature is low
during the transition seasons. The heating effect of the subsoil, in addition to the height
difference between the EAHE inlet and vertical chimney outlet, maintains the buoyancy

and airflow rate to some degree. However, it is unclear whether the flowing air heated



by the subsoil can be further heated by the thermal mass, and it needs to be revealed by
the experimental results.

The dimensions of the buried pipe, solar collector, and vertical chimney were
determined based on the authors’ previous numerical simulation work (see Ref. [33]).
The PVC EAHE pipe had a diameter of 0.3 m and consisted of an inclined inlet pipe, a
horizontal pipe, and a vertical outlet pipe. The 45° inclined inlet pipe was designed to
reduce the minor loss at the bend, while the outlet pipe was constructed to be vertical
for a more accurate measurement of the radial air velocity profile at the outlet cross
section. The 30 m long horizontal pipe was buried 3 m below the ground. The inclined
inlet pipe and vertical outlet pipe were both insulated using polystyrene, and the flowing
air within the EAHE was primarily cooled/heated by the inner surface of the horizontal
pipe. A solar collector with dimensions 7 m (length) X 1.5 m (width) % 0.3 m (height)
was installed on the roof to heat the exhaust air. The surface of the absorber plate in the
solar collector was coated with a highly absorptive black paint. The tilt angle of the
solar collector was chosen as 30° to increase the daily absorbed solar irradiation. The
four sides of the solar collector and the back of the absorber plate were insulated to
reduce the heat loss using polystyrene boards. The 6 m long vertical chimney with
diameter of 0.3 m was connected to the solar collector outlet to enhance the stack effect,
and its outer surface was insulated.

A southwest oriented test chamber with dimensions 3 m (length) x 3 m (width) x 3 m
(height) was built using perforated brick. The chamber height was chosen to be close
to the storey height of a real building, while the floor area was considered as a practical
minimum for a real single room. The overall thermal conductivities of the four exterior
walls and roof were within the range specified by the “National design standard for
building energy efficiency” (GB 50189-2015) [34]. This allows the reproduction of the
heat transfer through the building envelop and heat storage in envelop under real
conditions. Unwanted wind pressure and rainwater were blocked using two rain hats at
the EAHE inlet and vertical chimney outlet, respectively. Fig. 1(b) shows the actual

experimental setup.
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2.2 Measurement procedure and instrumentation

To evaluate the performance and confirm the advantage of the SCEAHE system in the
transition seasons, three operating modes, indicated as A, B, and C, are proposed.
Mode A: The SC operates with the EAHE with the window closed and generates a
buoyant driving force for the EAHE when the solar irradiation is strong. Outdoor air is
induced into the test chamber only though the EAHE pipe, in which the fresh air is pre-
cooled/pre-heated by the surrounding soil. The heating effect of the subsoil replaces the
role of the solar collector in inducing the buoyant force and driving the natural airflow
when the solar irradiation is weak.

Mode B: The EAHE pipe is closed, and the window is opened. Fresh air is directly
induced into the test chamber through a window by the buoyant force generated by the
SC or thermal mass. This is a traditional natural ventilation method. It has been called
‘window-in and SC-out natural ventilation’ in this study. For comparison purposes, the
opening area of the window is the same as the cross-sectional area of the EAHE pipe
in Mode A.

Mode C: This mode is designed to investigate the effect of window opening area on
the ventilation performance. In this mode, the operating mechanism is the same as that
in Mode B, while the opening area of the window is twice that in Mode A.

Schematics of the three operating modes are shown in Fig. 2. For comparative purposes,
the experimental test lasted for 6 d under similar weather conditions, and each mode
operated for 2 d to ensure the reliability of the experimental results. The test dates and

corresponding operating conditions are listed in Table 1.
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Fig. 2. Three experimental operating modes

Table 1. Test dates and corresponding operating conditions

Date Oct. 29—0Oct. 30 Oct. 31—Nov. 01 Nov. 02—Nov. 03
Duration 48 h 48 h 48 h
Mode A B C

EAHE Open Closed Closed
Window Closed Open Open
Ventilation area (m?) 0.071 0.071 0.142

To measure the air temperature variation along the flow path, as shown in Fig. 1(a), six
thermocouples (T1-T6) were equidistantly spread along the centre line of the EAHE
horizontal pipe, with 5 m distance between the adjacent measuring points. In addition,
at each temperature measuring point in the horizontal pipe, to measure the temperature
fluctuations in the surrounding soil, three thermocouple probes were placed in the soil
at distances of 0.15 m, 0.3 m, and 0.45 m from the pipe surface along both the vertical
and horizontal radial directions (Fig. 3(a)). As shown in Fig. 3(b), three thermocouples
were evenly spread in the centre line of all the outer and inner surfaces of the four
exterior walls and roof of the test chamber to obtain the temperatures of the envelope
enclosure. The radiant heat transfer, which may cause error, was blocked using
aluminium films. The indoor air temperatures were measured using three
thermocouples at distances of 1.1 m, 1.7 m, and 3 m from the floor of the test chamber.
To measure the temperature profile of the flowing air for the solar collector channel,
eight thermocouples (SC-A1-SC-A8) were evenly spread in the centre plane (Fig. 3(c)),
which is equidistant from both the glass cover and absorber plate (0.15 m away from
the absorber plate), along the length and width directions. Four thermocouples were
equidistantly spread along the centre line of both the glass cover and absorber plate
surface to obtain their temperatures (SC-G1-SC-G4 and SC-S1-SC-S4). The air

temperatures at the solar collector inlet and outlet were measured using three



thermocouples placed along the inlet and outlet centrelines. All the probes used for the
solar collector were shielded using aluminium films. For the exterior walls and roof of
the test chamber, inlet and outlet cross section of the solar collector, and the absorber
plate and glass cover, the values of the multiple temperature measuring points on them
were averaged to represent their temperatures. All the thermocouple probes were
calibrated before use. The air velocities at the EAHE outlet were obtained using three
air velocity sensors (Omega FMA902A-MA), and their positions were chosen
according to the ring method of the equivalent area [35, 36], as shown in Fig. 3(d). The
measured temperature and air velocity data were transmitted to a data acquisition
instrument (Agilent 34980A) and a transmission module, respectively, every 60 s, and
were finally collected and saved on a computer. The temperature and relative humidity
of the air at the EAHE inlet and outlet were recorded using two temperature and
humidity meters (HIOKI 3641-20). A solar power meter (TBQ-2) was used to measure

the solar intensity.

(a) Locations of thermocouples in the subsoil along the vertical and horizontal

directions (10 m from the horizontal pipe inlet)
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2.3 Uncertainty analysis

The random uncertainty and system uncertainty were calculated using Egs. (1) and (2),

respectively, based on statistical analysis and uniform distribution [37].

Y (x—%)?
0; = /ZT’ (D

where o; is random uncertainty, x; is a single measurement value, x is the averaged

measurement value, n is the number of measurements.

W= 2)
where p; is system uncertainty; e; is instrumental error.
The random and system uncertainties were merged using Eq. (3) [37].
3)

o= \/2?;11 02 + X2 ui?,

where o is the merged uncertainty, m; is the number of random uncertainties, m,

is the number of system uncertainties.

The details of the instruments and calculated maximum error margin with a confidence
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interval of 99 % using Eqgs. (1)—(3), are presented in Table 2.

Table 2. Specifications and error margins of different measurement devices.

Device Type Measuring range Accuracy Maximum
error
K-type Omega SA3-K- —17 °C to 260 °C +0.5 °C 2.29%
Thermocouples 120
K-type threaded WRNT-01 0 °C to 800 °C +0.5 °C 2.65%
probe thermocouples
Humidity and HIOKI 3641-20 Temperature: Temperature: 2.77%
temperature meter —20.0 °C to 70.0 °C +0.5 °C
Relative humidity: Relative 6.86%
0.0% to 100.0% humidity:
+5%
Airflow sensors Omega 0 m/s to 5.08 m/s +2% 2.67%
FMA902A-MA
Solar radiation meter TBQ-2 0-2000 W/m? <2% 2.36%
280-3000 nm

2.4 Experimental calculations

The air flow rate V (m?>/h) at the EAHE outlet was obtained using Eq. (4).
V = 3600mR?v, 4)
where R is the pipe radius (m), v is the average air velocity at the EAHE outlet (m/s).

The cooling or heating power Q (W) was calculated using Eq. (5).
V(Tin—Tou
Q = LCutnt) 5)

where T,,; and Tj, arethe air temperatures at the EAHE outlet and inlet, respectively
(°C); c is the specific heat of air, J/(kg- °C); p is the air density (kg/m?); V is the air
flow rate (m>/h).

The moisture content w (kg/kg) at the EAHE inlet and outlet was obtained using Eq.
(6) [35].

Ps
(Po—@Ps)’

w = 0.622¢ (6)

where ¢ is the relative humidity of air (%), P is the saturated vapour pressure (Pa),

P, is the local atmospheric pressure (Pa).
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A computationally effective formulation was suggested by Patek and Klomfar [38] to

calculate F:

Te T\FJ
Ps = F. X exp [72?:1 a; (1 - T_c) ], (7)
where T is water temperature (K). The calculation coefficients a;-ag, B1-Be,F:,

and T, are listed in Table 3 [38].

Table 3. Calculation coefficients for Eq. (7).

J B; a;

1 1.0 -7.85951783
2 1.5 1.84408259
3 3.0 -11.7866497
4 3.5 22.6807411
5 4.0 -15.9618719
6 7.5 1.80122502

T.=647.096 K; P,=22.064x10° Pa

3. Experimental results and discussions
3.1 Solar irradiation and outdoor air temperature

The measured outdoor air temperatures and solar irradiation during the testing period
are depicted in Fig. 4. As shown, the weather from October 29 to November 3 was fair,
and the daily outdoor air temperature and solar irradiation were patterned similarly and
periodically. The daily solar intensities varied in the range 0-820 W/m?, and the
outdoor air temperature was in the approximate range of 12.5-25.0 °C with a diurnal
temperature fluctuation of 12.5 ° C. It was observed that daytime natural ventilation is
appropriate for buildings, as the air temperature of the external environment falls within
the comfort limits [39]. In contrast, the nocturnal outdoor air temperature may not be
preferable for natural ventilation because the air temperature is low and would cause

discomfort.
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Fig. 4. Outdoor air temperature and solar irradiation during testing period

3.2 Comparison of different operating modes

3.2.1 Airflow rates for the three modes

The measured airflow rates for Modes A, B, and C are plotted in Fig. 5. It can be
observed that the continuously and periodically fluctuating airflow rate was induced by
the SCEAHE system over the testing period. The variation in airflow rate is closely
related to the solar intensity variation during the daytime. This is because the solar
radiation heats the solar collector surface and draws the SC draft power, consequently
increasing the airflow rate. Although the solar irradiation was insufficient from 17:00
to 06:30, the airflow rate was still recorded. It has been further discussed in Section
3.2.3. Therefore, the feasibility of 24 h continuous natural ventilation was verified for
each operating mode.

Specifically, the patterns of the airflow rate were approximately the same in each mode.
For Mode A, the airflow rate gently varied in the range 130-150 m*/h between 00:00
and 08:00, despite the recorded solar radiation between 05:00 and 08:00. After 08:00,
the airflow rate swiftly increased until 12:30 and reached a maximum value of 255 m*/h.
After 16:00, the airflow rate swiftly declined to approximately 110 m?/h at 17:30, and
then slowly increased afterwards. In Mode A, the average daytime and nocturnal

airflow rates for two continuous testing days were 209 m*/h was 139 m*/h, respectively.
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A distinct sharp drop exists in the airflow rate at 0:00 October 31 when the operating
mode changed from Mode A to Mode B. This is because the outdoor air is directly
drawn into the indoor space through the open window rather than through the EAHE
pipe in Mode B. The induced low-temperature ambient air narrowed the temperature
difference between the indoor and outdoor air and reduced the buoyant pressure. The
airflow rate fluctuated around 110 m*h until 08:00, and then sharply increased to a
maximum value of approximately 388 m’/h. The airflow rate dropped rapidly to
approximately 90 m3/h after 17:30 h. In Mode B, the average daytime and nocturnal
airflow rates for two continuous testing days were 286 m>/h and 87 m?/h, respectively.
In Mode C, the maximum and average daytime airflow rates were 410 m*/h and 340
m?/h, respectively, while the average nocturnal airflow rate was 80 m*/h.

Furthermore, the average daytime airflow rate for Mode C was 18.9 % higher than that
for Mode B and 62.7 % higher than that for Mode A. The average nocturnal airflow rate
for Mode C was 8.0 % lower than that for Mode B and 42.4 % lower than that for Mode
A. This is because the buoyant driving force is sensitive to the pressure drop caused by
various system components. Although the outlet area of the EAHE pipe in Mode A was
the same as that of the open window in Mode B, the pressure drop induced in the EAHE
pipe was much larger than that induced by the window. The pressure drop further
decreased when the opening area of the window doubled in Mode C. The high daytime
ventilation, in addition to the nocturnal ventilation with low temperature eliminated
more heat stored in the thermal mass, and in turn reduced the temperature difference
between the inside and outside of the building.

It should be noted that although the opening area was increased by 100 % in Mode C,
the airflow rate was increased by only 18.9 % compared to that in Mode B. This can be
attributed to the relatively low resistance ratio of the window opening compared with
that of the solar chimney. Hence, the airflow rate was less sensitive to the window
opening area when it doubled, and the effect of the ventilation area on this system was

not as significant as expected.
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3.2.2 Comparison of the temperature profiles of the heated absorber

For an SC, the generated buoyancy depends primarily on the surface temperature of the
absorber. Fig. 6 shows the variations in the average surface temperature of the absorber
for the three operating modes. It can be seen that the surface temperature values of the
absorber were approximately the same and varied slightly around 15 °C before 07:00.
From 08:00 onwards, the temperature of the absorber plate rose dramatically, and the
surface temperature for Mode A started to exceed that for Mode B, which exceeded that
for Mode C. This phenomenon can be attributed to the higher airflow rates drawn in
Modes B and C. The higher airflow rate enhanced the heat transfer between the flowing
air and collector surface, leading to a higher reduction in the surface temperature
compared to that in Mode A. The peak surface temperature for Mode A was
approximately 75 °C, while that for Modes B and C was approximately 71 °C and 69 °C,
respectively. The high surface temperature created sufficient draft power during the
daytime. The surface temperatures dropped sharply after 14:30, and the difference
between them vanished as soon as they were approximately 15 °C at 18:00. Then, the
temperature varied slowly. The obtained results indicated that a higher airflow rate
resulted in a lower absorber plate temperature and corresponded to a lower buoyant
force. This is another reason for the ventilation rate being not as high as that expected

in Mode C.
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3.2.3 Nocturnal ventilation driving force

For stack-driven natural ventilation, one of the most important factors affecting the
ventilation rate is the difference between the indoor and outdoor air temperatures, as it
is proportional to the generated buoyant force.

Fig. 7 shows the indoor and outdoor air temperatures during the testing period. In Mode
A, between 9:30 and 16:30, the indoor air temperature was lower than the outdoor air
temperature, and the maximum temperature difference reached 2.5 °C. At this stage,
the draft power generated by the SC played a major role in chamber ventilation. The
temperature difference between the indoor and outdoor air decreased as the outdoor air
temperature gradually decreased. During the periods of 00:00 to 09:30 and 16:30 to
23:59, the average temperature of the indoor air was 5.2 °C higher than that of the
outdoor air, and the airflow rate was in the range 110—150 m’/h. At these two stages,
the heating effect of the subsoil played a major role in generating buoyancy, as solar
irradiation was absent.

For Modes B and C, although the temperature difference between indoor and outdoor
air could be ignored during daytime, as the ambient was directly induced inside the
chamber, there were air temperature differences with average values of 3.6 °C and
3.0 °C, respectively, during the night. Therefore, the nocturnal airflow rates in Modes
B and C were lower than those in Mode A. Ref. [32] reported that a relatively steady

airflow rate of 50—70 m*/h was maintained by the thermal mass during the night as
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there was no considerable difference in the indoor and outdoor air temperatures in the
summer season. However, the temperature difference increased further in the transition
seasons, which resulted in a higher night ventilation rate. Furthermore, although
nocturnal ventilation was created in all the three modes, the source of the driving force

in Mode A was not the same as that in Modes B and C.
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Fig. 7. Indoor and ambient air temperatures during the testing period

3.2.4 Variations in EAHE inlet and outlet air temperature and relative humidity

Fig. 8 depicts the average temperatures of the EAHE inlet and outlet air on October 29
and 30. It is evident that the temperature variation at the EAHE outlet was weakened
significantly by the EAHE. The outlet air temperature from the EAHE rarely changes
over 24 h. When the inlet temperature changed from 12.5 °C to 25.0 °C, the outlet
temperature varied from 21.4 °C to 23.0 °C, and the fluctuation range was only 1.6 °C.
In addition, the air temperature difference exhibited a trend similar to that of the
ambient air temperature; however, it was not always positive. This indicated that the
outdoor air was heated and cooled in Mode A. The EAHE operated under the heating
conditions when the soil was warmer than the ambient air. Airflow through the EAHE
pipe allowed for the extraction of heat from the surrounding soil. EAHE effectively
elevated the fresh air temperature with a maximum increase of 8.0 °C. However, as

soon as the ambient air temperature rose above that of the soil during daytime, excess
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heat was stored in the soil again. Thus, the EAHE operates under cooling conditions.
The fresh air temperature was reduced by as much as 2.5 °C. The heating and cooling

capacities of the SCEAHE system were beneficial to indoor thermal comfort.
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Fig. 8. Average temperatures of EAHE inlet and outlet air on October 29 and 30

As shown in Fig. 9, it is evident that there is a significant difference between the relative
humidity at the inlet and outlet of the EAHE, while the moisture content at the inlet and
outlet showed slight differences, indicating that neither humidification nor
condensation occurred during the heat transfer process inside the EAHE in Mode A. It
is known that moisture content is closely related to the air temperature and relative
humidity. Referring to the inlet and outlet air temperature data in Fig. 8, although the
relative humidity at the inlet was comparatively high, the moisture content was
maintained at a low level because of the low ambient temperature during the night.
Thus, the outlet relative humidity decreased as the outlet air temperature increased after
the heating process. In contrast, the relative humidity at the inlet was relatively low
during the daytime because of the comparatively high ambient air temperature, and the
outlet relative humidity increased as the outlet air temperature decreased after the
cooling process.

Similar to the outlet air temperature, the variation in the outlet relative humidity was
attenuated by EAHE significantly. The inlet relative humidity changed from 43.8 % to

98.1 %, while the outlet relative humidity varied only between 61.9 % and 79.2 %.
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Furthermore, the nearly constant air moisture content indicated that only sensible heat

transfer occurred during the transition seasons.
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Fig. 9. Relative humidity and moisture content of the EAHE inlet and outlet air in

Mode A

3.2.5 Heating and cooling power

Heating or cooling capacity is one of the critical factors for evaluating the performance
of the SCEAHE system, although the prior consideration is to provide fresh air for
buildings in the transition seasons. According to the temperature and moisture analysis,
sensible heat transfer occurred primarily inside the EAHE during the transition seasons.
Thus, the heating or cooling power was calculated using Eqgs. (4) and (5), and are
presented in Fig. 10.

As shown in Fig. 10, a relatively steady heating power (varied around 350 W) was
recorded from 21:00 to 7:30. Between 7:30 and 11:00, owing to the rise in the ambient
air temperature and decrease in the temperature difference for EAHE heat transfer, the
heating power gradually decreased to zero. Then, from 11:00 on, as the ambient air
temperature rose above that of the soil during daytime, excess heat was stored in the
soil; thus, the EAHE provided cooling power for the test room. The maximum cooling
power reached 200 W at 15:00, matched with the highest outdoor air temperature of
approximately 25 °C. As the outdoor air temperature gradually decreased from 15:00,

the EAHE pipe shifted from providing cooling capacity to providing heating capacity
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at 16:30, and the heating power reached approximately 350 W at 21:00. It is evident
that the heating or cooling power is highly associated with the inlet air temperature of
the EAHE, as the temperature of the soil surrounding the pipe is relatively steady. The
overall heating and cooling capacities for 24 h were calculated to be 19474 kJ and 2179
kJ, respectively. Their ratio was approximately 9:1. Therefore, extracting heat from the
soil dominated the heat transfer process between the fresh air and surrounding soil,

which caused a decrease in the soil temperature.
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Fig. 10. Average heating or cooling power in Mode A

3.2.6 Temperature variations of soil

Fig. 11 illustrates the variations in the subsoil temperature of the vertical and horizontal
measuring points at a distance of 0.15 m from the EAHE pipe. At the beginning of the
test period, the soil temperatures along the pipe length were not identical regardless of
whether it was in the vertical direction or in the horizontal direction but varied within
in the range of 23.5-24.0 °C. Furthermore, the soil temperature variations at different
locations had a similar trend and showed a strong correlation with the ambient air
temperature over the test period. Although the EAHE was operated to pre-heat/pre-cool
the ambient air, the overall variation in the soil temperature decreased in Mode A. It is
evident that the soil temperature had a distinct drop near the inlet part of the EAHE, as
the temperature difference for heat transfer was largest at this part of the EAHE.

However, the soil temperature variation became gentler along the pipe length, as the
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temperature difference between the flowing air and soil was reduced along the flow
path. Between 00:00 and 07:00, all soil temperatures decreased as the outdoor air
temperature was low during this period. Thus, the subsoil surrounding the buried EAHE
pipe was continuously cooled by ambient air. After 07:00, the thermocouples along the
vertical and horizontal directions recorded a decrease in temperature, although the
outdoor air temperature increased. This is because the large thermal inertia of the soil
delayed the thermal response of the soil. The subsoil temperature approached the
minimum at approximately 12:00. Then, the ambient air temperature dropped sharply
from 15:00, while the soil temperatures increased until 19:00, and then decreased again
until 24:00. The subsoil temperature variation trend followed a similar pattern in the
next day (October 30). After the two-day continuous operation (from October 29 to
October 30), the soil temperatures at a distance of 5 m from the inlet of the horizontal
pipe along the vertical (1-V-1) and horizontal directions (1-H-1) dropped by 0.78 °C
and 0.74 °C, respectively. The decreased temperatures 30 m away from the entrance of
the EAHE were only 0.46 °C and 0.44 °C, respectively.

In Modes B and C (from October 31 to November 3), the EAHE pipe was closed, and
fresh air was directly induced into the test chamber through a window by the buoyant
force, while the subsoil was in the recovery period. The soil temperatures in the vertical
and horizontal directions still showed a periodic variation, although there was no air
flowing through the EAHE pipe during the recovery period, which indicated a
substantial influence of climate on the soil temperature at a depth of 3 m. After the four-
day recovery period, the soil temperature gradually increased and eventually reached a
steady state. Temperature stratification was observed along the pipe length at the end
of the recovery period. In other words, the soil temperatures at locations farther from
the EAHE inlet were closer to the temperature of the undisturbed soil than that closer
to the EAHE inlet. For example, the soil temperatures at locations 6-H-1 and 6-V-1 (30
m away from the EAHE entrance) were 23.73 °C and 23.6 °C, respectively. However,
the soil temperatures at locations of 1-V-1 and 1-H-1 (5§ m away from the EAHE
entrance) were 23.08 °C and 23.03 °C, respectively, which were still lower than that in

the initial state because of the influence of EAHE and outdoor climate.
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Fig. 11. Variations in the subsoil temperature of the vertical and horizontal measuring
points 0.15 m away from the EAHE pipe

Fig. 12 illustrated the variations in soil temperature at distances of 0.15 m, 0.3 m, and
0.45 m from the pipe surface along both the vertical (1-V-1 to 1-V-3) and horizontal (1-
H-1 to 1-H-3) radial directions, 5 m away from the horizontal pipe inlet. Additionally,
the temperature profiles exhibited a similar variation trend and had a strong relationship
with the outdoor air temperature over the test period. The soil temperatures varied with
the distance from the EAHE pipe surface, and the temperature change in the soil closer
to the pipe surface was more severe than that farther from the pipe in Mode A. When
the soil temperatures at distance of 0.15 m along the vertical direction (1-V-1) and
horizontal direction (1-H-1) changed by 0.78 °C and 0.74 °C, from October 29 to

October 30, respectively, the soil temperatures at a distance of 0.3 m from EAHE pipe
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(1-V-2 and 1-H-2) decreased by only 0.35 °C. At the distance 0.45 m away (1-V-3 and
1-H-3) the temperature had an even smaller change of 0.2 °C. As the distance increased,
the temperature change decreased, which means that the effect of air on the soil
temperature was diminished. Thus, farther the distance, lesser is the influence of air on
the soil. Nevertheless, when the operating mode was changed from Mode A to Modes
B and C, the soil temperatures at farther distances (0.3 and 0.45 m) first decreased
slowly, and then reached a steady state at the end of the test period. The temperature of
the soil at a distance of 0.15 m started to increase gradually, and then reached a steady
state. This is because the heat absorbed by the soil closer to the EAHE pipe was
continuously transferred to the soil farther away from the pipe. The final state of soil
temperatures was distinctly lower than that of the initial state because of the strong
influence of the EAHE.

According to the analysis, it was concluded that although the soil temperatures 0.15 m
away from the pipe surface decreased by approximately 0.74 °C and 0.78 °C in the
horizontal and vertical directions, respectively, after the tow-day test, the heating ability
of the soil surrounding the EAHE pipe was still strong, as the soil temperatures farther
away from the pipe entrance were less affected by the fresh air. In addition, EAHE has
the ability to cool and heat the fresh air in transition seasons because of the large diurnal
temperature fluctuation, which can help the soil temperature to recover and be

beneficial for the application of the SCEAHE system in transition seasons.
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Fig. 12. Variations in the soil temperature 5 m away from the entrance of the
horizontal pipe

3.3 Indoor thermal environment

3.3.1 External and internal wall temperatures

The external and internal wall surface temperatures reflect the heat transfer rate
between the outdoor and indoor environments. Figs. 13(a)~(b) show the average
temperatures of the external and internal wall surfaces of the test chamber for different
operating modes. The corresponding external wall surface temperature curves varied in
a similar pattern for all the operating modes. The temperature of the external wall of
the test chamber for Mode A was used as a sample. As shown in Fig. 13(a), the

temperatures at the external surfaces in the east, south, west, and north directions, and
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the roof varied in the ranges 11.3-38.6 °C, 11.0-54.6 °C, 11.2-32.8 °C, 11.0-27.5 °C,
and 7.7-36.3 °C, respectively. The external wall temperatures varied and differed from
each other. The external surface temperature is proportional to the solar radiation
intensity absorbed by the corresponding external wall [39]. Furthermore, all the external
surface temperatures remained stable during the night, and the temperature of the roof
was slightly lower than that of the other walls. This was owing to the nocturnal radiation
exchange between the external wall and night sky, and the roof had the strongest
nocturnal radiation effect.

As shown in Fig. 13(b), the general variation trends of the internal wall surface
temperatures for different operating modes were similar, while the fluctuation
amplitudes were different. For Mode A, as shown in Fig. 13(b), the temperatures at the
internal surfaces in the east, south, west, north directions, and the roof varied in the
ranges 19.4-20.5 °C, 18.8-22.3 °C, 18.8-20.5 °C, 18.3-20.1 °C, and 18.7-21.6 °C,
respectively. For Mode B, the internal surface temperatures in the east, south, west, and
north directions, and the roof varied within the ranges 18.6-20.3 °C, 17.9-20.9 °C,
18.1-19.6 °C, 17.8-19.4 °C, and 18.0-20.7 °C, respectively. All the internal surface
temperatures in Mode B were lower than those in Mode A, as the cool fresh air through
the window extracted more heat from the internal walls. For Mode C, the internal
surface temperatures in the east, south, west, and north directions, and the roof changed
within the ranges 16.9-19.1 °C, 16.0-20.3 °C, 15.8-18.3 °C, 15.7-17.9 °C, and 15.9—
19.7 °C, respectively. The internal surface temperatures were reduced further compared
to those in Mode B. Furthermore, by comparing the internal and external wall
temperatures, it was found that the temperature fluctuation amplitudes of the internal
walls were significantly dampened, and the time shift between the internal and external
wall temperatures existed because of the thermal storage capacity of the building
thermal mass. The external wall temperatures were significantly higher than the
corresponding internal wall temperatures during the daytime; however, they were lower
than the internal wall temperatures during the night. The existence of a thermal mass

can help regulate the indoor environment in transition seasons.
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Fig. 13. Average temperatures of the external wall surfaces and internal wall surfaces
for different operating modes

3.3.2 Indoor air temperature

The primary task of the SCEAHE system is to provide fresh air and create a comfortable
indoor environment; thus, the degree to which the ventilation affects the indoor thermal
environment is evaluated. Fig. 14 shows the variations in the average internal wall
temperature, indoor air temperature, and outdoor air temperature for the three operating
modes. Compared to the outdoor air temperature, the temperature variations in the
indoor air and internal wall were considerably attenuated in Mode A. When the outdoor

temperature changed from 12.5 °C to 25.0 °C (temperature difference of 12.5 °C),
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indoor temperature only varied within a narrow range of 19.7— 22.7 °C (temperature
difference of 3.0 °C), and the internal wall temperature fluctuated from 18.9 °C to
20.9 °C (temperature difference of 2.0 °C) during the two-day period. Although the
average temperature of the indoor air was 1.8 °C lower than that of the outdoor air from
10:20 to 16:20, it was significantly elevated by 5.1 °C in the remaining time. It was
even slightly higher than the internal wall temperature owing to the heating capacity of
EAHE. It is worth noting that after the heat exchanger with the subsoil, the flowing air
can no longer be heated by the building thermal mass. Hence, the source of the driving
force in Mode A is the heating effect of the subsoil during the night.

Nevertheless, in Mode B, the indoor temperature varied within a larger range of 17.5-
24.9 °C (temperature difference of 7.2 °C), and the internal wall temperature fluctuated
in the range 18.2-19.8 °C (temperature difference of 1.6 °C) during the two-day period.
The indoor temperature was close to the outdoor temperature, as a large volume of fresh
air was drawn into the indoor space (see Fig. 5). The ambient air had a direct impact on
the indoor environment. In addition, the average indoor temperature was 4.0 °C higher
than the outdoor temperature; however, it was slightly lower than the internal wall
temperature during the early morning and night. This indicates that the heat stored in
the thermal mass during high solar gains is released into the indoor air, which can partly
satisfy the heating needs during the cold period.

Furthermore, in Mode C, the indoor temperature variation range was increased further
from 15.4 °C to 25.0 °C (temperature difference of 9.6 °C). The low night indoor
temperature and large diurnal temperature fluctuation may cause thermal discomfort.
The internal wall temperature fluctuated from 16.8 °C to 18.6 °C (temperature
difference of 1.8 °C) during the two-day period. Similar to that for Mode B, the indoor
temperature was fairly close to the outdoor temperature owing to the direct impact of
the ambient air, while the average indoor temperature was only 3.0 °C higher than the
outdoor temperature and was 1.1 °C lower than the internal wall temperature during the
early morning and night.

According to the previous analysis, Mode A, which uses EAHE, is superior to Modes

B and C. The SCEAHE system is a passive ventilation system that preserves acceptable
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indoor air quality and indoor thermal comfort.
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Fig. 14. Variations of average internal wall temperature, indoor air temperature and
outdoor air temperature during testing period.

4. Conclusions

To confirm the positive contribution of SCEAHE system in the transition seasons, three
operating modes (Modes A, B, and C) were proposed and experimentally investigated
in this study. Based on the experimental results, it is showed that the SCEAHE system
(operated in Mode A) has sufficient potential to preserve acceptable indoor air quality
and indoor thermal comfort.

(1) Continuous and periodic natural ventilation was achieved for 24 h in the three
operating modes. However, for Mode A, the driving source for nocturnal ventilation
was the heating effect of the subsoil, while that for Modes B and C was the heat released
from thermal mass.

(2) The average daytime and nocturnal airflow rates for Modes A, B, and C were 209
m3/h and 139 m’/h, 286 m*/h and 87 m?/h, and 340 m*/h and 80 m>/h, respectively.
Furthermore, the average daytime airflow rate for Mode C was 18.9 % higher than that
for Mode B, and 62.7 % higher than that for Mode A, while the average nocturnal

airflow rate for Mode C was 8.0 % lower than that for Mode B and 42.4 % lower than

that for Mode A.
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(3) The outdoor air was heated and cooled in Mode A. When the inlet temperature
changed from 12.5 °C to 25.0 °C, the outlet temperature varied in the range 21.4-
23.0 °C. EAHE effectively elevated the fresh air temperature with a maximum increase
of 8.0 °C. When the EAHE was operated under cooling conditions, the outdoor air
temperature was reduced by as much as 2.5 °C. The heating and cooling capacities of
the SCEAHE system were beneficial to the indoor thermal comfort. The inlet relative
humidity changed from 43.8 % to 98.1 %, while the outlet relative humidity varied only
between 61.9 % and 79.2 %. The nearly constant air moisture content indicated that
only sensible heat transfer occurred.

(4) Relatively steady heating power (varying at approximately 350 W) was recorded
during the night. Owing to the rise in the ambient air temperature, the EAHE pipe
shifted from providing heating capacity to providing cooling capacity at noon and in
the afternoon. The maximum cooling power was 200 W. The overall heating and
cooling capacities for 24 h were 19474 kJ and 2179 kJ (approximately 9:1), respectively.
The heating and cooling power is associated with the inlet air temperature of the EAHE,
as the temperature of the soil surrounding the EAHE pipe is relatively steady.

(5) The soil temperature, 5 m away from the horizontal pipe inlet, at a distance of 0.15
m from the pipe surface, decreased by approximately 0.74 °C and 0.78 °C in the
horizontal and vertical directions, respectively, after the two-day test. When operating
the SCEAHE system, the subsoil was used as the heat sink and heat source, which partly
offset the negative effect of the system on soil temperature.

(6) The indoor temperature varied within a narrow range of 19.7-22.7 °C with a
temperature difference of 3.0 °C in Mode A. Nevertheless, the indoor temperature
varied within a larger range of 17.5-24.9 °C with a temperature difference of 7.2 °C in
Mode B. In Mode C, the indoor temperature variation range was further increased and
varied from 15.4-25.0 °C (temperature difference of 9.6 °C). Low night indoor
temperatures and large diurnal temperature fluctuations may cause thermal discomfort.
Mode A, which uses EAHE, is superior to Modes B and C. Therefore, the SCEAHE
system has the capacity to preserve acceptable indoor air quality and indoor thermal

comfort.
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