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Abstract: This work presents an analysis of the all-year operation of the solar chimney. The analyzed
system consists of a rectangular solar collector located on the southern side of the solar chimney.
The surface of the solar collector is 30 m2, while the chimney is 50 m in height. Hourly changes in
solar radiation were taken into account in the calculations. The simulation was made for the climatic
conditions in Katowice, Poland. This study takes into account the most important parameters of the
power plant, such as air temperature, air velocity and power of the installation throughout the year
of the power plant’s operation. The cumulative amount of electricity that is generated in each month
of the year is shown. The analyzed solar power plant produces the largest amount of electricity in the
second quarter of the year and the lowest in the fourth quarter, with the maximum amount of energy
produced in May and the minimum in December.

Keywords: solar energy; solar chimney power plant; solar collector

1. Introduction

With the continued development of civilization, today there is an even greater de-
mand for electricity. As fossil energy sources reach depletion, and due to their negative
impact on the natural environment, alternative solutions are constantly being sought as
renewable energy. Currently, technologies using solar energy are very popular, including
solar collectors and photovoltaic cells.

A solar chimney is a combination of two technologies: an air solar collector and a
chimney in which a wind turbine is situated. The ambient air flowing into the installation
is heated in the solar collector, which changes its density and, consequently, induces its
movement through chimney draft. After passing through the collector, the air is directed to
the wind turbine system. The first time a solar chimney was installed was in 1982 in Spain.
The system consisted of a chimney, 10 m in diameter and 195 m in height, and a 46,000 m?
collector with an electric power of 50 kW [1].

Solar chimney installation tests are conducted all over the world in countries with
high insolation, for example in India, China, Algeria and Tunisia [2-5]. Scientists from
Tunisia analyzed the influence of the shape of the chimney on the behavior of air velocity.
The following shapes of chimneys were investigated: a standard chimney, a convergent
chimney, a divergent chimney, and an opposing chimney. The maximum air speed was
reached in a divergent chimney. Various types of chimneys such as a divergent chimney as
well as cylindrical chimneys with a divergent inlet and a divergent outlet were also studied
by Hu et al. [6].

Attig-Bahar et al. analyzed the influence of heat accumulation in the ground on
which the chimney collector was placed on system efficiency specifically for the climate in
Tunisia [7]. Substrates such as soil, gravel, and sand were tested. The relationship between
the released and stored thermal energy in the substrate is closely related to the season of
the year. The substrate absorbs more heat during the day than is released during the night
in spring and summer, while more heat is released during the night in the winter months
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than is absorbed during the day. Energy production with a heat storage system produces
approximately 35% more energy compared to a chimney installation without heat storage.

Iranian researchers analyzed the solar chimney for 12 selected regions. A solar chimney
can meet the electricity demand of towns that do not have access to the electricity network,
while its collector is used as an agricultural greenhouse [8]. Bernardes et al. analyzed the
influence of various environmental conditions and installation dimensions on the obtained
output power [9]. Pretorius et al. investigated the influence of various parameters on the
efficiency of the solar chimney, e.g., different types of substrates on which the collector was
placed, and the features of the glass used for the collector’s roof [10]. The influence of the
working fluid on chimney efficiency was also analyzed. The study showed that air is a
better working fluid than water [11].

Studies are being carried out on the system of the solar chimney, which is also used to
desalinate water. Such a system can generate electricity and desalinate sea water [12-15].
In such a solution, water tanks are placed under the solar collector. Solar chimney systems,
which can also be used for food drying, were also analyzed [16]. Currently, systems
integrated with a solar chimney are also being researched, e.g., a combination of a solar
chimney with photovoltaic panels [17-21].

In the literature, there are cases of small-scale solar chimney research. Parameters such
as air temperature, absorber temperature, air velocity and electric power generated were
tested in a small solar chimney 6 m in height. The average power of the installation was
0.82 W [22]. Another example may be the analysis of a small installation with a chimney
3 m in height and a 16.4 m? collector, where parameters such as electric power, air speed
and efficiency were tested. The electric power of the tested installation was from 3 to
20 W, while the efficiency was 0.11% [23]. A small solar chimney located on the roof of
the building was also analyzed in the study by Sreejaya et al. [24]. In the Silva and Maia
study optimization of the dimensions of the collector diameter, the height of the collector,
the height of the chimney and the diameter of the chimney of a small solar chimney were
chosen to obtain maximum exergy efficiency [25].

The aim of this article is to analyze the potential of electricity production with the
use of a solar chimney in Polish climatic conditions. Calculations were made for a city in
Silesia, a region in the south of Poland. For the analysis, a small installation was selected
with a chimney 50 m in height and a 30 m? rectangular collector located on one side of
the chimney. The work for each hour of the year presents the average temperature that
is achieved in the collector, the temperature increase in the collector, air velocity in the
solar chimney, and the amount of electricity that can potentially be generated by the solar
chimney system.

2. Materials and Methods
2.1. Climatic Conditions in the Silesia

Silesia is a region located in the south of Poland. It is the most industrialized region
in Poland. It is also the region with the highest population density, which amounts to
364 people/km?, with the average population density for the whole country amounting to
122 people/km? [26], and therefore there is a great demand for electricity in this area. In
the south of Poland, during the winter season, there is more solar radiation energy than
in other parts of the country, which is influenced by the length of the day and the angle
of the sun’s rays. In Silesia there is approximately 1400 h of direct solar radiation during
the year [27]. The intensity of solar radiation falling on a given surface depends on factors
such as cloud cover, transparency of the atmosphere, humidity, and type of air. In the south
of Poland, cloud cover is greatest from November to January, and lowest at the turn of
summer and autumn.

2.2. Solar Chimney

In this article, calculations were made for the installation of the solar chimney, which
consists of a rectangular solar collector 30 m in length and 1 m in width situated on the
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southern side of the chimney and a chimney 50 m in height and 1 m in diameter. A wind
turbine is placed in the chimney. The air is heated in the solar collector and then directed to
the wind turbine system. Figure 1 shows a schema of a solar chimney.

solar radiation

chimney

turbine
solar collector

air inlet e —»

Figure 1. Solar chimney.
2.3. Mathematical Model
2.3.1. Transmission of Solar Radiation through the Collector Glass

The mean transmission-absorption coefficient (Ta) was determined from the formula [28]:

- GpRy(t)g, + (GaRa + (Gp + Ga)poRo) (Ta) g9 )
) =
GyRy + GaRy + (G + Ga)poRo

where

Gp—direct radiation flux density on the horizontal plane;

Gy—diffusion radiation flux density on the horizontal plane;

po—ground reflectance coefficient;

(Ta)gpo—transmission-absorption coefficient for the diffusion component, which, assuming
isotropy of solar radiation, is equal to the coefficient (t«) for direct radiation reaching the
collector surface at an angle of 60°.

Correction factor for direct radiation R}, [29]:

B cosGﬁ )
b cose, @)

Correction factor for diffused radiation R; [29]:

1+ cosp
=72 )

Correction factor for reflected radiation R, [29]:

Ry

1 —cosp
Ro = —5— )

The angle of incidence of solar radiation for any surface 64 [29]:

cosg = sind sin® cosp — sind cos® sinf cosry + cosé cos® cosp cosw 5)
+cosd sin® sinf cosy cosw + cosd sinf sin7y sinw

where
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d—latitude;

y—receiver azimuth, deviation from the local meridian measured in relation to the
south direction;

B—the inclination of the receiver relative to the horizon.

Solar zenith angle 6, [29]:
c0s0, = c0sd cosP cosw + cosd sind (6)

The solar declination 4 is given by the formula [29]:

5 = 23.45 sin <360 28;1 6; ”) @)
where
n—next day of the year.
Hour angle w [30]:
w=15 (T - 1200) ®)

where
T—hour of the day.

Transmission-absorption coefficient for a given angle of incidence of solar radiation
(Ta)gp [29]:

N Tk A
(Ttx)eﬁ T 1-— (1 — IXA)pd (9)

where

« ,—absorber absorption coefficient, and
ps—radiation reflection coefficient from the phase boundary with different optical proper-
ties for diffusion radiation.

Total transmissivity of transparent coatings 7. [29]:
T, = TrTy (10)

Absorption of radiation 7, by passing through a translucent material, according to the
Bouguer law [29]:
—Kd

cosBs

Ty = exp (11)

where

K—extinction coefficient, and
d—cover thickness.

The total transmissivity 7, according to the Fresnel theory is given by the formula [29]:

1(1—-r, 1-71
o 2<1+1’l+1+1’| ( )

Reflectance coefficient for the parallel element al [29]:

sin(6; — 61)

I = sin?(6, + 61) (13)
Reflectance coefficient for the perpendicular element r; [29]:
200, —
ro= 8 02—0) (14)

- tg2(02 + 61)
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where
61—angle of incidence.
Refraction angle 6, was determined according to Snell’s law [29]:
n15in0q = npsind; (15)

where

ny, np—refractive coefficients.

2.3.2. Calculations of Solar Chimney Parameters

Air temperature in the collector and air velocity were calculated by the method of
successive approximations. The calculations were carried out in accordance with the
Equations (16)—-(23) and (26)—(35) used by Pluta in [28]. The calculations were made in the
next steps:

(1)  Inthe first approximation, the average air temperature in the collector ¢ and air veloc-
ity in the collector cross-section v were assumed, while the collector glass temperature
t. was calculated from the formula:

b = 0.5(tf n ta) (16)

where

tp—average air temperature in the collector, and
t;—ambient temperature.

(2) The absorber temperature t4 is determined from the equation:
ta=t;+5C (17)

(3) For the assumed temperature t;, the following parameters were read in the tables for
dry air at 1013 kPa from [31]: thermal conductivity coefficient A, Prandtl number Pr,
kinematic viscosity coefficient v and specific heat c.

(4) The formula for the Reynolds number Re is as follows:

UDh
Re = — 1
e=— (18)

where

v—air speed, and
Dj—characteristic dimension.

(5) For turbulent flow, the Nusselt number Nu is determined from the formula:

0.055
Nu = 0.036Re*8 933 (2’1) (19)

where
L—collector length.
(6) In the next step, the convective heat transfer coefficient /. is determined:

NuA

hcl = Di;l (20)
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(7)  Then, the equivalent heat transfer coefficient from the radiation between the absorber
and the glass h; is calculated as follows:

 o(TA+TH(TA+To)

h = (21)
1,1
(&+a-1)
where
gg—absorber emissivity,
ec—glass emissivity, and
o—Stefan—-Boltzmann constant.
(8) The efficiency of the absorber F’ is determined by the following formula:
|2 Zhrlhcl + ughcl + hzﬁ (22)
(ug +ha+ hcl) (ud +h + hcl) - h$1
where
Ug—equivalent coefficient of heat loss through the front surface of the collector:
1
Uy = ———— (23)

hcl +hr1 + hc2+hr2

The coefficient of convective heat transfer from the glass surface to the environment
caused by the wind ., was calculated from the formulas proposed by Jiirges [32]:
for wind speed vy, <5m/s:

hey = 5.58 + 3.950y, (24)

for wind speed vy > 5m/s:
hey = 7.120%78 (25)

hry—equivalent coefficient of heat transfer by radiation between the glass and the sky:

4 T4
= (% -Th) (26)
" T, — T,

Tsry—temperature of the sky.
Ug—heat loss coefficient of the collector bottom:
U = — (27)

Ai—thermal conductivity coefficient of the collector’s thermal insulation and
d;i—insulation thickness of the collector bottom.

(9) The formula for alternative loss factor Uy is as follows:

(Ug + Ug) [2hy1he + B2 ] + 2 UgUghe

up = (28)
2hheo + h%l + Ughd
(10) The mass flow of air 11 is determined by the following formula:
m=vAcpij (29)

where

A.—collector cross-section and
p; 1—air density at the inlet to the collector.
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(11) The next step is to calculate the heat transfer coefficient Fr:
mc —A A ULF !
Fr = P (1 —exp—2—— 30
R= 24 Al ( P mcp > (30)
where
A p—absorber surface.
(12) The effective capacity of the collector Q is determined from the formula:
Q = AaFr[Gp(ra) — U (tin — ta)] (31)
(13) Temperature of the air that leaves the collector channel ¢; »:
tio=ti1+ & (32)
(14) The second approximation of the absorber temperature is obtained from the formula:
Gg(ta) — 2
ta = 1o+ 2 (3)
Ur
(15) The second approximation of the average air temperature is obtained from the equation:
Gp(e) — 7%
tr=t,+ —F—4 34
f at Uy (34)
(16) The second approximation of the collector glass temperature is calculated from the
formula: ' h . ‘U
+ +
L= fel Altrl allg ( 35)
hcl + hrl + Ug
(17) The second approximation of the air flow velocity is obtained from the equation
from [33]:
2¢H(T; — T,
o=, [BHEL=To) (36)
T;
where

H—height of the chimney,
g—egravitational acceleration, and
T;/—temperature at the inlet of the chimney.

For the glass temperature, collector absorber, average air temperature in the collector,

and air velocity in the collector, the calculations are repeated from the beginning to obtain
further approximations.

The electric power of the power plant was determined from the formula from [34]:
Py = AP0 Ay, (37)

Pressure difference generated in the solar chimney [34]:

H
AP = 8/0 (0o — pi) dH (38)
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After simplification it was assumed [34]:

APt = g(po — pi)H (39)

where

n—efficiency of the turbine,

Ag—the cross section of the chimney,

v—air speed,

p;—air density at the inlet to the chimney, and
po—air density at the inlet to the collector.

3. Results

The solar chimney analysis was performed for a typical weather year. Climate data
for Katowice provided by the Ministry of Investment and Development were used for
the calculations [35]. The calculations were made for the changes in radiation intensity in
each hour of the day. The analysis covered 8760 h throughout the year from 1 January to
31 December. In the calculations, the following quantities were used: total intensity of solar
radiation on the horizontal surface, diffusive intensity of solar radiation on the horizontal
surface, temperature of the dry bulb thermometer, wind speed, and temperature of the
sky’s radiation.

Figure 2 presents dimensions of the analyzed solar chimney.

1m
«—>

Y

50 m

ImI

Figure 2. Dimensions of the analyzed solar chimney.

<>
1m

Table 1 presents the main assumptions for the calculations.

Table 1. The main assumptions for the calculations.

Parameter Value
Gravitational acceleration 9.81 m/s?
Stefan—-Boltzmann constant 567 x 1078
Ground reflectivity 0.2
Absorber absorption coefficient 0.95
Coefficient of reflection of radiation from the interface 0.142
Extinction coefficient —20m!
Collector glass thickness 0.004 m
Absorber emissivity 0.95
Glass emissivity 0.95
Absorber area 30 m?2
Chimney height 50 m
Diameter of the chimney Im

Turbine efficiency 0.8
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Figure 3a—d presents the average air temperature Ty in the collector in each quarter of
the year. In the first and fourth quarters, the air temperature is the lowest, while the air
temperature in the collector in the second and third quarters is the highest.
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Time in the year (h)
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Figure 3. (a—d). Average air temperature in the collector in each quarter of the year.
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Figure 4a—d shows the air temperature increase in the collector. The temperature
increases for 4392 h per year. In the first quarter, the temperature increases for 898 h—the
lowest is 0.01 K and the highest is 1.29 K, while the average increase is 0.45 K. In the second
quarter, the temperature increases for 1389 h—the highest is 2.12 K, and the average is
0.79 K. In the third quarter, the temperature increases observed for 1298 h—the highest
is 1.86 K and the average is 0.76 K. In the fourth quarter, the temperature increases for
807 h—the highest 1.35 K and the average is 0.42 K.

The lowest temperature increases are observed in the first and fourth quarters, and the
smallest temperature increase, which amounts to 0.01 K, was on 29 March at 5.00 p.m. Low
temperature increases result from low solar radiation heating the collector. The highest
increases in air temperature occurred in the second quarter, which is related to higher solar
radiation intensity. The maximum temperature increase occurred on 30 June at 10:00 a.m.
and amounted to 2.12 K.

Figure 5a—d presents the air velocity in the solar chimney for each quarter of the
year. The air speed depends on the air temperature increase in the collector, and therefore
the highest air velocities are observed in the second and third quarters, when the air
temperature increase in the collector is the highest. In the second quarter, the maximum
achieved air speed was 3.70 m/s; in the third quarter, the maximum air speed was 3.47 m/s.
In the first quarter, the maximum air speed of 3.00 m/s was achieved, while it was 2.97 m/s
in the fourth quarter. The lowest air velocities, when the sun’s rays fall on the installation,
are similar to each other—in the second and third quarters, the air velocity is 0.3 m/s,
0.27 m/s in the first quarter, and 0.32 m/s in the fourth quarter.

The average air velocity in the first quarter is 1.68 m/s; when the air velocity is in
the range of 2.00-3.00 m/s, it has a frequency of 29.65%; when the air velocity is in the
range of 1.00-1.99 m/s, it has a frequency of 57.97%; when the air velocity is in the range of
0.28-0.99 m/s, it has a frequency of 12.38%. The average air velocity in the second quarter is
2.17 m/s; when the air velocity is in the range of 3.00-3.70 m/s, it has a frequency of 9.86%;
when the air velocity is in the range of 2.00-2.99 m/s, it has a frequency of 48.31%; when
the air velocity is in the range of 1.00-1.99 m/s, it has a frequency 36.21%; when the air
velocity is in the range of 0.30-0.99 m/s, it has a frequency 5.62%. The average air velocity
in the third quarter is 2.14 m/s; when the air velocity is in the range of 3.00-3.47 m/s, it
has a frequency of 7.25%; when the air velocity is in the range of 2.00-2.99 m/s, it has
a frequency of 51.46%; when the air velocity is in the range of 1.00-1.99 m/s, it has a
frequency of 36.13%; when the air velocity is in the range 0.30-0.99 m/s, it has a frequency
of 5.16%. The average air speed in the fourth quarter is 1.61 m/s; when the air velocity is
in the range of 2.00-2.97 m/s, it has a frequency of 25.15% when the air velocity is in the
range of 1.00-1.99 m/s, it has a frequency of 61.46%; when the air velocity is in the range of
0.32-0.99 m/s, it has a frequency of 13.38%.

Figure 6a—d shows the electric power generated by the solar chimney for each quarter
of the year. The solar chimney system reached a maximum power of 5.51 W in the first
quarter, 9.98 W in the second quarter, 7.97 W in the third quarter, and 4.95 W in the
fourth quarter.

Figure 7 shows the amount of electricity generated during each month of the year.
The installation can generate electricity at the greatest amount of 1366.84 Wh in May,
and at the lowest amount of 204.86 Wh in December. In the winter months—November,
December and January—the solar chimney produces the smallest amounts of electricity:
204.86-250.41 Wh. In May, June and July, the installation produces the greatest amounts of
electricity, at 1202.05-1366.84 Wh.
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Figure 4. (a-d). Temperature increase AT = Ty — T, in the collector in each quarter of the year.
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Figure 5. (a—d). Air speed in the solar chimney in each quarter of the year.
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Figure 7. The amount of electricity produced in each month of the year.

Table 2 presents the amount of electricity which the solar chimney can produce in
each quarter of the year. The solar chimney can generate the greatest amount of electricity
in the second quarter, 3477.07 Wh, while the lowest amount of electricity is generated in
the fourth quarter, 912.35 Wh. In the fourth quarter, the solar chimney generates 74% less
electricity than in the second quarter. In the fourth quarter, the solar chimney generates
20% less electricity than in the first quarter and 71% less electricity than in the third quarter.

Table 2. The amount of electricity generated in each quarter of the year.

Quarter in the Year Amount of Generated Electricity
I 1144.82 Wh
I 3477.07 Wh
III 3170.03 Wh
v 912.35 Wh

4. Discussion

This article presents an analysis of the year-round operation of a solar chimney. In the
literature, there are few works devoted to the year-round operation of the solar chimney, as
the authors often present their results for one day of operation instead. The year-round
analysis of the solar chimney system for the specific climate in Poland was desirable due to
the variable intensity of radiation and cloud cover throughout the year in this country. In
this work, a solar chimney with a rectangular collector situated on one side of the chimney
was analyzed. In many publications, e.g., [3,4,6,7,12,19,20,22,23,25], the solar chimney was
mainly analyzed with a circular collector located around the chimney, so there are not many
studies using collectors of other shapes [24]. For a circular collector with an angle of 30°,
the authors of [22] present the temperature of the absorber in this collector situated on the
northern, southern, eastern and western side of the world. The absorber had a different
temperature depending on location and the air did not warm up evenly in the collector. The
use of a rectangular collector on one side of the chimney gives the possibility of increasing
the temperature and thus higher air velocity by positioning the collector at an optimal
angle and direction, thus obtaining the highest solar radiation for a given latitude.

A linear focusing collector can also be used in the proposed installation. The analyzed
solar chimney can be used in the ventilation system of buildings where the air removed
from the room can be heated using the entire surface of the collector. The presented solar
chimney can also be used to recover waste heat—in this case, the heating medium could
flow onto the lower side of the absorber, transferring heat along the whole length of the
collector. In a solar chimney with a circular collector, the waste heat can be supplied to
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the collector via a pipeline and can only heat some of the air flowing through the collector.
Such a solution is presented in [36].

5. Conclusions

This article presents the main operating parameters of a solar chimney: average
temperature of the air heated by the collector, air temperature increase, air speed and
electric power achieved by the installation throughout the year. The most important
conclusions of this study are:

(1) The highest air temperature increase, air velocity and generated electric power were
achieved by the installation in the second and third quarters of the year, and the
lowest in the fourth and first quarter.

(2) The greatest amount of electricity is generated in May, a little less in July, and the
lowest in December. In May, the amount of energy generated is almost 7-fold greater
than that in December.

(38) Due to the specific climatic conditions in Poland, in terms of the intensity of solar
radiation and cloud cover, the maximum amount of electricity was generated in spring
and summer.
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