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Abstract: In this research, Solar Chimney (SC) as a passive system in the building
and reduction of energy consumption. The operation of SC will have different
this issue can make it possible to use this system in places where its o
comfort and economic issues. EnergyPlus was applied to model a ho al of cooling and heating
generated by SC was investigated in Humid (Babol) and Semi-arid result shows that in Babol,
SC saves approximately 21% in cooling load and 16% in heating i e other hand, in Tehran, using
SC can save 35% in cooling load and 20% in heating load co ption. Fof,both humid and semi-humid climates,
Summer-SC (ventilation mode) performs better than Winter-SC i
saving electricity consumption by SC was spent on the

ates. Investigating
in terms of thermal
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¢ to gravity (9.8 m/s’)

g

hy tive heat transfer coefficients between the glass and the fluid (W/m’ °C)

h; ¢ heat transfer coefficients between each surface and the room air (W/m” °C)
hys convective heat transfer coefficients between absorber wall and the fluid (W/m’ °C)
K thermal conductivity of air (W/m °C)

L total length of the thermal chimney (m)

m mass flow rate of the air (kg/s)
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m; mass flow rate of each interzone air mixing (kg/s)
m,, infiltration mass flow rate (kg/s)

qLWX long wave radiation from other surfaces (W/m®)
qSW  short wave radiation from lights (W/m®)

qLWS long wave radiation from equipment (W/m?)

Quna  conduction through the wall (W/m®)

Jsol transmitted solar radiation (W/m’)

Quny  cOnvective exchange with the air (W/m®)

Q; convective internal heat gain (W)

Ty inlet air temperature of the thermal chimney (K)

Ty outlet air temperature of the thermal chimney (K)

T, glass cover temperature (K)

T,s»  outdoor dry bulb temperature (K)
T, room air temperature (K)

T, surface temperature (K)

T, temperature of each surface (K)
T, absorber wall temperature (K)

T, zone temperature (K)

T, zone temperature (K)

T, fluid temperature (K)

w width of the absorber wall (m)

X elemental length of the absorber wall (m)

1. Introduction

Energy consumption in the building is an impo he total energy consumption of every country [1].
With increasing energy demand and greenhous dings and the environment have become major
issues all around the world [2]. The main str, ¢ emissions include increasing the use of renewable
energy sources [3]. Among renewable ener e largest potential renewable energy [4]. Researchers
figured out how to use Solar Chim e ventilation inside buildings or to heat and even cool the buildings
[5]. SC is an important system in
airflow and desired level of therm:
and Summer SC. In winter, w
prevent over-cooling of thg

building [6]. SC can be divided into two models: Winter SC,
rature is below a specified amount, SC automatically shuts off to
e caused by improved air-conditioning. In a different circumstance,
in summer, while the out > rises above a certain value, SC is spontaneously deactivated to prevent the
air zone fro SC opens into the house in winter and into the open air in summer to provide
ventilation eration of SC are shown in Figure 1. As described in Figure 1, when a winter SC is

work in natural ventila or passive cooling meanwhile the cooling load is needed, and the outdoor temperature is
door temperature. The study on SC started in 1993 and has continued to still now.

tudies in the field of SC were conducted in 1993 by Bansal et al. [7]. They proved the increase in
ventilation by using and the correct design of a permanent system through a mathematical model. Hirunlabh et al.
[8] also studied different types of SC and concluded that SC is effective in ventilation and airflow. Sudaporn and Bundit
[9] experimentally investigated the effect of an SC on increasing indoor air conditioning in the presence or absence of a
wet roof and concluded that the external SC, depending on the ambient temperature and the amount of solar radiation,
can reduce the indoor temperature 1 to 9/5 degrees. Oliveira has confirmed the effect of solar energy on increasing
ventilation by comparing SC with a conventional chimney. Burek and Habed [10] perform an experimental system to
relate the air mass flow rate and heating efficiency by varying the heat inlet and channel depth in a test model similar to
a vertical solar chimney. Imran et al. [11] studied experimentally and numerically the performance of SC under various

The first
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geometrical dimensions in Iraq. In these studies, the solar chimney of 2 m height, 2 m width, and three gap thicknesses
(50, 100, and 150 mm) was accommodated to the roof of a room with a bulk of 12 m’. The numerical experiments
picked that the optimized chimney slope angle was 60° to get the maximum rate of ventilation. Bassiouny and Korah [12]
studied numerically the effect of the vertical chimney width on space ventilation. They derived that enhancing the width
of the chimney from 0.1 m to 0.3 m increases the volume airflow rate by approximately 25%, maintaining the chimney
inlet size fixed.
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the 24-hour performance fto in 12, Poland (a hot, sunny day). The researchers performed the simulations
for three differe icknesses and 30 cm. The results showed that the solar chimney with the narrowest
absorber (10 a i he adsorbent is heated to the highest temperature up to 82 °C. It also emits the
most heat duri e highest airflow through the chimney at 3,820 cubic meters in 12 hours, meaning
the building,i ilated. The thicker adsorbents (20 cm and 30 cm) heat up slowly and accumulate less heat. All
research hasbee ient modeling of solar chimneys from commercial CFD software.

SC reduces the heating and cooling load on the building. The thermal efficiency of a passive ventilation system
with SC on reside thermal comfort in Hot-Arid climate (Egypt) was investigated by Abdallah [15]. Finally, when
outdoor temperature above 42 °C residents continued satisfied in the range of -0.5 < PMV < +0.5. A quasi-stationary
three-dimensional CFD model was measured using a new optimization method to improve indoor resident comfort
by enhancing air velocity due to the effects of buoyancy in the area by Abdeen et al. [16]. The result was that SC with
a width of 2.65 meters, a height of 1.85 meters, an air gap of 0.28 meters, and a slope angle of 75 degrees, increases
thermal comfort under the intensity of the sun by more than 500 watts per square meter. The cost of saving electricity
from using SC, in the long run, can be spent on buying photovoltaic cells. Photovoltaic cells have a long life and low
maintenance costs and can provide part of the electricity needed by the building. Therefore, employing solar chimneys
and photovoltaic cells in buildings can be both environmentally and economically beneficial. But the performance of
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these two systems will be different in different climates. In this study, these solar systems were used for a house in two
different climates and the results were compared.

2. Problem formulation and numerical method
2.1 Governing equations

“EnergyPlus” is used to simulate the SC model. SC model was created separately and added to the model in
EneryPlus. This module is performed in the heat balancing section to compute the effect of boosting the air penetration
rate created by SC in indoor heat balancing. Because in EnergyPlus, the penetration part is located ifithe air heat balance
part. Indoor heat balancing in the software of EnergyPlus spontaneously includes all indoor loa t transfer as a
result of penetration, heat transfer by cause of combining of air in nearby areas, and energy supplie
system in the following order. Becomes [17]:

N i N, surface N, zones
Zi:lQi+Zi:1f hiAi(T;i_Tz)Jrzi:l mC, (T, —T,)+
M
My €y (T, =T.) 4 m, C, (T,

sys — p \Lsup

7)=0

face and the room air
ture of each surface (K), 7. is zone

Where Q, is the heat gain (W), 4, is convective heat transfer coe
(W/m’® °C), 4, is the cross-sectional area of air channel inlet (m?), 7}, is the te
temperature (K), C, is the specific heat of the air (J/kg °C), m; is t
and m,,, is infiltration mass flow rate (kg/s).

Due to the complexity of the phenomena inside the SC, som ifyi umptions were adopted as follows:

* There is no temperature change in the surface of ;
heat transfer is supposed to be one-dimensional.

* The temperature of the air at the entrance to air i oythe air zone.

* Because of surface friction, the resistanc

» The discharged air through the S placed by an equal amount of air to the outside
circumstances.

The main output parameter in i of improvement of passive air conditioning due to the presence

of a chimney. To ascertain the imp. i itioning, the air temperature leaving the SC must be calculated,

ber, glass, and coefficients of the heat transfer calculated in the software, the
e SC is shown as follows:

mC, dT/
— 2)
w dx

(T, =T) =hy (T, = T,) +

Information about the symbols and the necessary instructions for the above equation is given in the nomenclature.
Given the initial conditions in Equation (2), the following equation is obtained for use in the finite difference method:

mC Tnl_Tn
T 3)

1 +7,
2

T,..-T, T,
hwf(TW_ n+12 n):hgf( n+t

In this method, the area inside the SC is divided into several sub-areas. In the above relation, 7, and 7, , , represent
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respectively the air temperature in the sub-areas » and » + 1 inside the air duct. The size of the absorber wall in every
sub-area showed with Ax. According to the temperature of the outlet air calculated by the finite difference method (77,),
the volumetric flow rate of the airflow inside SC, Q (m’/s) is calculated from the following equation:

“4)

4-2 (5)
4

In the above equations, T}, refers to the temperature of the air in the outlet (K), C,, disch L, the
total size of the SC, 4, and 4,, the cross-section of the air duct at the outlet and inlet (m®) and, e of
the indoor (K). As mentioned, the amount of air evacuated from the inside is replaced by outsid: ting SC
The thermal air balance management section in the software is configured to implem e in a way
that corrects the infiltration rate of air improved by the SC. Since the air infiltratio deled in the same part of
the software, this SC spontaneously raises the penetration rate to the extent that it is resy for both the amount of
infiltration set by the user and that of ventilation by the SC. Finally, the a orbed from each area

is determined by the heating chimney with the following equations:
anin = me (Tzone db (6)

(7

ide and the desired area, respectively. The amount
ection of the EnergyPlus software to calculate the
rgyPlus software also considers the latent effects of

of heat lost and absorbed is also available in t
changes in indoor air temperature due to th
the SC in the moisture balance section [1

2.2 Model specifications

As mentioned in this res ted in EnergyPlus automatically takes into account all equations
related to surface, heat, eng uilding. In addition to the proposed algorithm, air and heat exchange
adiation from transparent building surfaces, electrical equipment and lighting,
transient conduction of heat from the building shell concurrently to simulate
¢ conduction heat exchanged between the space and the absorber wall, and the

atu he amount of conductive heat transfer from the walls.

giied building area is approximately 250 m” with a height of 3 meters. For the maximum solar radiation
absorption, SC pnnected to the south side of the building. The plan designed in AutoCAD software for the assumed
house is also sho 1 Figure 2. Figure 3 shows the two north and south views of the building designed in SketchUp
software. The internal heat of the equipment and lights is set at 4.5 W/m”. For metabolic rate, two people are considered
in the house through simulation (All hours of the day). One in the living room and the other in one of the bedrooms.
Information on indoor air velocity, indoor air temperature, and clothing insulation level is shown in Table 1. Also, by
referring to Table 2, the complete specifications of the materials used in the building can be seen. For dimensions of SC,
since SC completely covers the south wall of the house, the dimensions of SC will be the same as those of the south
wall.
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Figure 3. North view of the house designed in EnergyPlus, including walls and windows (a),
South view of the house designed in EnergyPlus, which shows the solar chimney-The outside of
the chimney is completely covered with glass to absorb most of the sunlight (b)
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Table 1. Parameters set in EnergyPlus

Parameters Winter Summer
Indoor air velocity (m/s) 0.2 0.5
Indoor air temperature (°C) 25 21
Clothing insulation level 1 0.5

Table 2. Thermal specifications of the construction materials

Metal surface 0.7 418

Room’s wall 0.7 900

Chimney’s wall 0.92 900

Insulation board 0.1 1210
Brick wall (100 mm) 0.1 790 1920
Gypsum board (20 mm) 0.1 1090 . 800
Metal door 0.5 418 7680
Mosaic 0.5 79 1.8 2560
Cement board 0.1 1000 0.58 1900
Stone tiles 0.1 3.17 2560

3. Results and discussio

Building designed by SC simu
with SC and the other without SC, we
same for both. The amount of gtion o

e heating and cooling potential. Two similar constructions, one
Itaneously and, the rest of the conditions were considered the
nd heating load by using SC depends on weather conditions. This
o another. To evaluate the efficiency of SC, annual simulations were
done for two humid and semi i s in the presence or absence of SC.

3.1 Nun ti ( on of Energyplus model

: solar chimney model was designed in EnergyPlus according to a previous experimental
sults were compared with the experimental data obtained by Arc et al. [20, 21]. SC model was
implemented using a concrete wall to provoke night airflow as a result of thermal immobility in the absorber wall.
Experimental data e been collected from the Tabernas desert in the Almeria (Spain), identified by Hot-Humid
climates. The position of the experimental model is completely independent and has two equal openings, one at the
top and the other at the bottom. Its absorbent wall also has dimensions of 0.15, 0.3, and 1 for its thickness, depth, and
width, respectively. Details were defined in EnergyPlus. Three main factors containing airflow velocity, exhaust air
temperature, and absorber temperature were selected for days sequentially 15th September, 9th October, and 28th
December. Results compared with experimental data obtained from [19] to validate the simulated results. According
to Figure 4, there is a sensible correlation between the measured and simulated adsorbent temperature on October 9
between 5 AM and 9 PM, according to the reference.

study and
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Figure 5. Average annual Temperature (a) and Radiation (b) in Babol
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3.2 Investigation of cooling and heating load in Humid climate (Babol)

Babol was selected for investigating cooling and heating load in Humid climates. The height of this city is about
2 meters lower than the sea level. Babol is located between 36 degrees and 34 minutes and 15 seconds north latitude
and 52 degrees and 44 minutes and 20 seconds East longitude of the Greenwich meridian. Babol has hot and humid
summers and cold and relatively humid winters. The average temperature and amount of solar radiation each month of
the year based on measurements for 20 consecutive years (1990-2010) are shown in Figure 5 [22]. Graph of average
relative humidity every month in Babol can be seen in Figure 6. It is natural that with increasing solar radiation, SC
affects heating and cooling load. But the amount of this effect will be different in different climates. Solar radiation and
open-air temperatures follow a similar pattern. This amount peaks in August and reaches its lowest level in February.
When the open-air temperature is higher than the standard room temperature, Summer-SC is neededrand on the other
hand, when the temperature is lower than the standard room temperature, Winter-SC is needed. be seen in
Figure 7, cooling or heating load consumption is calculated in terms of kilowatt-hours in “Witho ‘With SC”
modes. In summer, when the humidity is very high, SC has less effect on reducing load cons
like November or May when the weather is mild, SC has had a great impact. The hours of ligh
been effective in the impact of SC in winter. Table 3 shows how much energy is saved ea by using

er-SC to reduce the
required cooling load. This amount was approximately 16% for the heatin an the cooling load.

Therefore, Summer-SC will be relatively more efficient than the Winter-

Month ercentage of energy saved
January 7
February 5
March 17
April Winter SC 41
May Summer SC 61
Summer SC 47
Summer SC 11
Summer SC 2.8
Summer SC 3.5
Summer SC 14
Summer SC 59
December Winter SC 24
Table 4. Annual consumption load-Hot-Humid (Babol)
# Annual cooling load requirement (kWh) Annual heating load requirement (kWh)
With SC 8,674 5,507
Without SC 10,954 6,608
Percentage of energy saved 21% 16%
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3.3 Investigation of cooling and heating load in semi-arid climate (Tehran)

Tehran is a big eity and has a semi-arid climate. The north of the city is often cooler than other parts due to its
higher altitude. The average temperature and radiation of each month of the year in Tehran are shown in Figure 8. Also,
the graph of average relative humidity every month in Tehran can be seen in Figure 9. Tehran has hot summers and cold
and semi-arid winters. Sunshine peaks in July and January, have the least amount of solar radiation due to the short
day. Energy consumption in terms of kilowatts for a house designed with the same conditions was calculated in Tehran.
The calculation was performed for each month in with and without SC modes. Figure 10 shows SC has had positive
results for almost all the months. Of course, due to more sunlight in summer, energy savings are greater in this season.
The number of months that Summer-SC can be used is 6 (from May to October). Table 5 summarizes the results of
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energy saving by using SC for Tehran. The highest percentage of energy saving is in November (Winter-SC) and May
(Summer-SC). Summer-SC and Winter-SC each, can work six months of the year. In the annual calculation, as shown in
Table 6, approximately 35% of the required cooling load is reduced. On the other hand, the reduction in the heating load
was about 20%. Therefore, it can be concluded that the potential of SC for cooling is greater than for heating in a semi-

arid climate.

Table 5. Energy saved by month-Semi-Arid (Tehran)

Month SC Type Percentage of energy save
January Winter SC 5
February Winter SC
March Winter SC
April Winter SC
May Summer SC
June Summer SC
July Summer SC
August Summer SC
September Summer SC
October Summer SC
November Winter, 74
December 25
# Annual heating load requirement
(kWh)
With SC 5,955
Without SC 7,469
35% 20%

ble 7. Economic calculations over 25 years based on consumption load

Building mode Total load Electricity consumption Cost savings Number of
2 (MWh) cost (Dollar) (Dollar) photovoltaic cells

) With SC 354 2,062

H‘(’gggf)“d 491 3
Without SC 439 2,553
With SC 287 1,670

Semi-Arid (Tehran) 682 4
Without SC 404 2,353
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3.4 Employing photovoltaic cells beside SC in the buildi

According to the cost of electricity consumption per kilo
using SC can be calculated. Table 7 shows saving electrici

country, the amount of cost saved by
s a decrease of approximately 682 and

491 dollars for a house considered in Tehran and Babo alculations were performed for 25 years
because the lifetime of each photovoltaic cell (PV) is nsidering the base price of PV, it was calculated that
3 PV could be provided for this house in Babol lected PV has a capacity of 330 watts with an

Table 8, combining SC and PV systems in a house with an
ill produce 4717 kWh of clean energy annually and will save
come (taking into account the cost of providing PV). Also, for the
will be produced annually and $ 14 will be saved. If this operation is
performed for all the hous amount saved and the clean energy produced can be significant (Especially in

approximate area of 250 m” in Hot"
$ 8 in electricity costs. This is.@
same house in Tehran, 6963

nnual environmental and economic impact of combining SC and PV in the house

. Clean energy produced Saved capital
Climate KWh (Dollar)
ot-Humid (Babol) 4717 8
Semi-Arid (Tehran) 6965 14
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Converter

Figure 11. Design of building power supply system

4. Conclusion

In this study, the potential of heating and cooling consumption was i od ith SC and without
SC) for both Hot-Humid (Babol) and Semi-Arid (Tehran) climates. The si ed for a house (200 m®)
with SC on the southern, in EnergyPlus. The results show that Summe e cooling load by 21% and Winter-

load consumption and 20% in heating load consumption. So, for both Hot-Humid and Semi-Arid climates, Summer-SC
performed better than Sinter-SC. Also, due to the higher tempera

consumption over 25 years, which equals the lifeti
on the purchase and installation of PV panels. Then

s. The saved cost for both cities was spent
ity generated from the PV and grid electricity

and 6965 kWh in Tehran. Also, combining e n‘each house with this area annually reduces the cost of
electricity consumption by $ 8 and $»14, , in the cities of Babol and Tehran.
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