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A modified solar chimney power plant is presented which is not only a solar thermal system able to
achieve output power but also is able to extract freshwater from the air. This solar chimney power plant
has no greenhouse canopy which is replaced by a collector made of black tubes around the chimney to
warm the water and air. The effectiveness of this engineering structure is analyzed in comparison to nat-
ural precipitation at nine cities in China; one-dimensional compressible flow and heat transfer mathe-

;(ei'w"rgs" matical model has been developed to describe the moist air which cools down along the chimney and
F(r)e‘:;\i/alt?rney condenses above the lifting condensation level. The recovery of water is a partial duplication of natural

atmospheric convection processes because of the unstable environment lapse rate. The results showed
that there is often a high-strength positive correlation between the natural precipitation and the water
production by this modified solar chimney power plant in those cities, Water production by the device
in the conditions of the study can produce up to 37.9 x 106 tons of water per year in Guangzhou, and
29.7 x 106 tons of water per year in Chengdu, the correlation coefficient is even up to 0.875. Moreover,
this device is more efficient in arid regions, might increase the rainfalls and enhance the regional water
cycle. The amount of potable water produced by this modified solar chimney power plant is remarkable
and might be able to benefit to several millions of people.
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© 2016 Elsevier Ltd. All rights reserved.

1. Introduction kilometers higher, a solar updraft chimney variant was mentioned.
A solar chimney power plant (SCPP) usually comprises of three
main components: the chimney (for stack effect), the solar collec-

tor (the greenhouse, for greenhouse effect) and turbines (power

1.1. Background

Water is an essential item in our lives and promotes civilization.
Freshwater shortage is emerging as one of the most critical global
resource issues. In China, large areas especially in the North are
experiencing a spate of dryness, and even a total national shortage
in 2030 is predicted to be nearly 200 billion m® with more than 25%
for domestic needs [1]. On the other hand, due to global warming
and other extreme climatic phenomena, like the El Nino Phenom-
enon, the droughts are getting more and more serious. The demand
for the sustainability of current freshwater is increasing,.

To fight global warming, Ming et al. [2] suggested that several
types of engineering structures are able to transfer heat from the
Earth surface to the upper layers of the troposphere, thus could
cool down the Earth by controlling atmospheric convection,
enhancing outgoing longwave radiation to the outer space. One
of the devices proposed to transfer surface hot air several
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conversion unit, driven by airflow to produce carbon-free electric-
ity). A comprehensive review of scientific literature on SCPP was
provided by Zhou et al. [3]. Whereas in the early days Haaf [4] gave
some experimental results and a scientific description of the SCPP
prototype built in Manzanares, Spain. This experimental plant,
with a 194.6 m high chimney and a radius of 5.08 m was built in
1981/82, with a peak output of 50 kW. This prototype was fully
tested and validated till 1989.

1.2. Literature review

Koonsrisuk [5] compared the performance of the conventional
solar chimney power plant and the sloped solar chimney power
plant based on second law analysis. Meanwhile, a single dimen-
sionless similarity variable for the solar chimney power plant
was proposed by Koonsrisuk and Chitsomboon [6]. Kraetzig [7]
described and formulated the thermo-fluid dynamics including
all physical processes in the SCPPs to evaluate the energy harvest
by them. Bernardes and Backstrom [8] studied the performance
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Nomenclature

A chimney cross-section area (m?)

Cp specific heat capacity (J/(K kg))

d chimney diameter (m)

d moisture content in per kilogram air (kg/kg (dry air))
f friction factor

g gravitational acceleration, 9.8 (ms2)

H chimney height (m)

L latent heat (J/kg)

m condensed water in per kilogram air (kg/kg)

Mt Mass flow rate (m?/s)

p pressure (Pa)

Dv water vapor partial pressure (Pa)

Ds saturated water vapor partial pressure (Pa)
Dz pressure at some height (Pa)

S water content in per cubic meter (kg/m?>)

t Celsius temperature (°C)

To heated air temperature at the chimney entrance (K)
T, temperature at some height (K)

\ specific volume (m3/kg)

V, vertical velocity (m/s)

Vo velocity at the inlet (m/s)
Vi condensed water velocity (m/s)
V4 vertical height (m)
C atmospheric scale height (m)
R ideal gas constant (J/(kg K))
Greek symbols
difference
K specific heat ratio
p density (kg/m?)
PH air density at the exit of the chimney (kg/m?)
€ the entrance and exit losses factor
Subscripts
0 chimney inlet
H chimney outlet
l water liquid
S saturated state
v water vapor

for the heat transfer coefficients of Pretorius and Kroger [9] by the-
oretical simulations, each subjected to two power control schemes.
Fasel et al. [10] simulated the performance of SCPP by using ANSYS
Fluent and an in-house developed Computational Fluid Dynamics
(CFD) code. To decrease the negative influence of ambient cross-
wind on the SCPPs performance, Ming et al. [11] simulated a block-
age wall built a few meters in front of the collector inlet by
numerical simulation. Ferreira et al. [12] studied the feasibility of
a solar chimney for food drying. Maia et al. [13] performed an ana-
lytical and numerical study of the influence of geometric dimen-
sions and materials on the flow behavior in a solar chimney, the
energy and exergy analyses were also carried out [14]. Patel et al.
[15] studied the effects of various geometric parameters on a SCPP
to evaluate its performance. Cao et al. [16] studied a sloped solar
SCPP in Lanzhou, which presented technical and practical support
for SCPP. Ninic and Nizetic [17] studied the possibility of develop-
ing and making use of the availability of warm, humid air in the
atmosphere. Nizetic et al. [18] analyzed the feasibility of SCPPs
as an environmentally acceptable energy source for small settle-
ments and islands in the Mediterranean region. Nizetic and Klarin
[19] evaluated the factor of turbine pressure drop in SCPP by a sim-
plified analytical approach. Pasumarthi and Sherif [20] studied the
performance characteristics of solar chimneys both theoretically
and experimentally by a demonstration model, the overall results
were encouraging [20].

Since Schlaich et al. [21] introduced the SCPPs, with a good over-
view of the technology, many researchers have been trying to find
conceptual devices which operate in a more effective fashion. Zou
et al. [22] proposed the hybrid cooling-tower-solar-chimney sys-
tem, which could generate electricity and dissipate waste heat
simultaneously. A device called Solar Cyclone was introduced for
accomplishing the separation of water from surface air by Kashiwa
and Kashiwa [23]. There is an expansion cyclone separator for con-
densing and removing atmospheric water in the chimney, with the
central temperature below the dew point. If it works, the fresh
water can be collected and this cycle is sustainable, but the effi-
ciency is unclear, and should be determined in further studies.

The construction cost of an SCPP could be approximately broken
down as follows: 25% for the chimney, 5% for the turbines and 70%
for the collector [24]. Thus for cutting down expenses, Bonnelle
[25] proposed a variant SCPP with no collector, similar to the
“energy tower” also described by Bonnelle.

In addition, Papageorgiou [26] studied solar chimney technology
without solar collector with floating chimney. As the solar collector
received thermal energy by the sunlight irradiation to create warm
air, it is evident that the heat is necessary for solar chimney opera-
tion, but these researchers found that the air humidity and conden-
sation in the chimney can increase the updraft velocity, thanks to
the latent heat released inside the chimney, thus the solar collectors
could be omitted. In addition, they suggested that the solar chim-
ney power plant placed in humid areas, near the sea, could generate
more power output than that placed in arid areas.

Zhou et al. [27] investigated a combined solar chimney system
for power generation and seawater desalination. One-dimensional
compressible flow model was developed to compare the perfor-
mance of the classical SCPP system and the combined solar chim-
ney system for power generation and seawater desalination. They
found that due to the fact that an important amount of heat is used
as latent heat for water evaporation, decreasing the working air
temperature, the power output of the combined system is less than
that of the classical system. Moreover, a revenue analysis carried
out found that the critical chimney height depends on the price
level of fresh water and of electric power.

1.3. Research in this article

In this paper, a modified solar chimney power plant with no
greenhouse canopy was proposed; the collector being replaced
by twisted black tubes filled with hot water to warm the air enter-
ing the chimney and to keep the relative humidity percent identi-
cal to ambient. Then, a one-dimensional compressible flow and
heat transfer mathematical model was developed to investigate
the effectiveness of freshwater generation by this unique engineer-
ing structure. Later, the natural precipitations at nine cities in
China were compared to effectiveness of freshwater generation
by this unique engineering structure.

2. System mechanism and prototype
2.1. System mechanism

Starr and Anati [28] proposed an artificial construction within a
vertical tube of 3 km height with a radius of 50 m, which they
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named aerological accelerator (AeAc). It works on the principle
that there is potential energy in the atmosphere. As an air parcel
rises, the temperature decreases, which causes the relative humid-
ity to increase. When the air reaches the lifting condensation level
where the air temperature drops under the dew point inside the
tube, water vapor will begin to condense onto any available solid
surfaces: this is the same process by which clouds form. Fresh
water would be produced. The recovery of water is a partial dupli-
cation of natural atmospheric convection processes because of the
unstable environment lapse rate, which will produce turbulence in
the atmosphere [29]. Fig. 1 shows the similar device, hot and
humid air flow is induced through a warm seawater shower.

2.2. Prototype

There were actual prototypes for the AeAc in existence and
described by Carte [30] and Lambrechts [31]. These models used
a ventilation shaft through which air leaves a deep hole mine. At
the Joint Ventilation Shaft situated inside the property of Springs
Mines in Johannesburg for the year of 1948, field measurements
showed that the air flow was higher than 28 316 cubic meters
per minute on some days, while normally the quantity was
between 21 237 and 22 653 cubic meters per minute. It was veri-
fied that the shaft bottom was almost dry when the air quantity
was over 28 316 cubic meters per minute, but a downpour of water
occurred at the bottom of the shaft when the air flow was 22 653
cubic meters per minute or less. Furthermore, when the ventilation
fan was stopped, no water was found and it was concluded that the
water was all condensed from the air. Lambrechts indicated that
this mine shaft was one of the world’s successful artificial rain-
makers [31].

There is a proposal to extract more humidity from the air in
mine shaft using a moisture-absorbing solution, such as CaCl, or
LiBr. When moist air passes over the surface of the absorbent,
water vapor is absorbed. The latent heat of vaporization released
during absorption process heats the air. Consequently, the air in
the right passage (3-4) in Fig. 2 is less dense than that in the left
passage (1-2). So the air rises in the right passage while it sinks
in the left passage. In addition, the diluted absorbing solution could
be re-concentrated with solar evaporators, thus the system can
operate continuously. The air compression is accomplished by
the hydrostatic pressure change as the air flows down in the left
passage, while the air expansion occurred in the right passage.
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Fig. 1. The process of a SCPP with water vapor condensation.
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Fig. 2. Ventilation shaft for very deep mines.

Work is extracted via the turbine installed at the top opening of
the hole. Basically, the cycle explained is similar to the cycle of
SCPP to some extent.

Unlike the AeAc, the mine shaft has a small radius to depth
ratio, due to the proportionally large area of the shaft wall, the fric-
tion losses are more important, but can be minimized by keeping
air velocity low. Meanwhile, there is a turbine (fan) used to create
the updraft and overcome this friction.

Starr and Anati [32] studied the effectiveness of AcAe at five dif-
ferent locations. They examined whether a period of low precipita-
tion is favorable or unfavorable for water production by the AeAc.
They computed the ratio of the AeAc production to natural precip-
itation and deduced that the ratio in arid regions is higher than
that in rainy regions.

3. Model description
3.1. Physical model

As a matter of fact, the device proposed in this article is similar
to chimney or smokestack: a hot and humid air flow is induced
through a warm water shower at the bottom of the tower. Because
of the air density difference between the inside and outside, the air
flow is guided upward by convection. As the chimney is high
enough, adiabatically ascending air within the chimney should
reach the lifting condensation level, where precipitation will occur
releasing latent heat inside the conduit tower, warming the air,
which is able to rise more.

As shown in Fig. 3, the SCPP variant of this article has black
tubes instead of a collector, so the installation cost is less expen-
sive. In fact, these black tubes not only act as a solar collector,
but also store thermal energy. The water filled inside the black
tubes is exposed to the sun and heated by absorbing sunlight radi-
ation. At night, when the air starts to cool down, the water inside
the tubes releases the heat stored during the day. In addition, the
thermal storage with water works more efficiently due to the fact
that the heat capacity of water per kg is higher than the heat capac-
ity of air, sand or gravel.

In this paper, the SCPP variant device configuration considered
is as in Fig. 3. The best choice of selecting a site might be the
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Fig. 3. SCPP variant system with a coil of black tube working as the solar collector.

seaside, because of such factors as the prevailing wind region,
humidity, insolation and environmental lapse rate. But the coastal
condition seems a little harsh, so we use water-filled black tubes to
warm the air at a higher temperature than ambient air in other
inland cities to study the effectiveness of this device. The radius
of the chimney studied is 50 m, and for the purpose of studying
the effectiveness of this device, we assumed that the circular cylin-
der chimney is 3000 m height as done by Starr and Anati [28].

Compared with the traditional SCPP, two technical issues
should be pointed. (a) Less tubing maintenance than glass on usual
SCPP collector can be achieved. The effect of sand blown by the
wind on the glass canopy is deleterious; it becomes easier to clean
up tubing pipes than glass, or than a flat polycarbonate collector
(Fig. 3). (b) No turbines are installed in this model as the present
system which is dedicated to produce water; much less moving
mechanical systems are used but we need some electrical input
to drive pumps inside the tubing. If we install turbines in the sys-
tem to meet the required electrical input of running the water tub-
ing pipes, the maintenance fee will be less than that of the
traditional SCPP.

3.2. Mathematical model

The performance of the SCPP greatly depends on the chimney
dimensions, initialization conditions and ambient conditions.

There are some assumptions made in this model to simplify the
calculations as follows:

(a) The pressure within the chimney at the chimney top Py is
the same as in the adjacent environment at the same
altitude;

(b) The radius of the chimney is large enough, so that the
parameters change only along the altitude;

(c) The environmental conditions are steady;

(d) The chimney is a circular cylinder;

(e) The wall of the chimney is thermally insulated;

(f) No super saturation occurs; water droplets once formed,
precipitate on the chimney walls and do not induce airflow
perturbation.

(g) The temperature of the black tubes is assumed to be higher
enough to warm the air entering the tower to 5K higher
than that of the ambient, and hot water showers keep the
same relative humidity of the intake air at the entrance of
the chimney with that of the ambient air.

The conditions of the environment are changing all over the
time. The variations, such as the atmospheric temperature, pres-
sure, relative humidity (RH), are changing with location and time.
Here we employed the standard atmosphere as the working condi-
tion. By using water-filled black tubes to absorb diffuse radiation
and work as a heat storage system, the chimney is able to operate
24 h on pure solar energy, it is crucial for those regions with abun-
dant solar radiation. Accordingly, we assumed that the chimney
operates 365 x 24 h, it means the operating time is 100%, and
the water collecting mechanism inside the chimney is supposed
to be 100% efficient (see Fig. 4).

The pressure, temperature, and density variation of the air out-
side the chimney can be calculated by [33]:

Too(z):Tx(O)<1 7";1 g) (1)
_ K/(k-1)

p@-p.0(1-51 ) @)
_ 1/(k-1)

pu@=p 0 (151 ) 3)

For planetary atmosphere, atmospheric scale height is the
increase in altitude for which the atmospheric pressure decreases.
The atmospheric scale height remains constant for a particular
temperature. It can be calculated by:

R,T(0)
g

C= (4)

and k = 1.235 (standard atmosphere), where T, is the ambient
temperature; p> is the ambient air pressure; p> is the ambient

z=H : the outlet of
the chimney

T

Z=X; vapor
condensation height

z=0 m: Po=101300
Pa; the entrance of
the chimney

I |
Vo

Fig. 4. The geometry of the chimney.
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air density; z represents the height above ground level; R, is the
ideal gas constant, which is 287.05 J/(kg K); g is the gravitational
acceleration, which is 9.8 m/s?; k is the specific heat ratio.

The driving potential, the buoyancy force, inside the chimney
can be expressed by the integral:

H
Ap=g /0 (p-(2) - p(2))dz (5)

where H is chimney height; p_ (z) and p(z) are ambient air density
and internal airflow density inside the chimney at any height z,
respectively.
The energy conservation equation can be written as:

Cp(To — T,) +1hl :gz+%(l —m)V2 +%mv,2 —%vg (6)
where Cp is the air specific heat capacity, here we take as 1005 ]/
(kg K); T, and V, are air temperature and velocity at height z; V,
is the liquid velocity relative to air flow. The difference among V,
and V) is quite small because the shape of the chimney is cylindrical
(the equation reminds us that a nozzle shape design at the top of
the chimney will be effective to reduce the air flow temperature,
helping to form clouds or precipitation), and ri1 is relative small,
so we can rewrite Eq. (6) as:

(gz EPmL) 0

In general, the total pressure of moist air is atmospheric pres-
sure which is comparatively low, so the partial pressure of dry
air and water vapor are lower, and the moist air can be regarded
as an ideal gas mixture. The ideal gas state equation is:

pv=RT (®)

T, =To—

The temperature difference in the system is small (less than
50K in most cases), so the latent heat for vapor condensation
can be seen as a constant value (L = 2257000 J/kg). Since the vapor
partial pressure is rather small when compared to the total moist
air pressure, R, can be assumed to be constant in the calculations.

The partial pressure of water vapor is a function of the temper-
ature t expressed in °C and it can be calculated by the Arden Buck
approximate equation:

(18.678 — /234.5) - t
257141 ¢

ps=611.21-exp< ) for —80°C<t<50°C

9)
The RH for the air is defined as

RH = Pv (10)
P

where p, represents the partial pressure for the saturated moist air.
The water content per kilogram of dry air is

p
d; =0622 . —2— 11
s PP, (11)
The water content per kilogram of moist air is
_ ) Dy
s =0.622 5.~ 0378p, (12)

Assuming a linear variation of air density with height, the den-
sity in the chimney can be described as

p(h) = po — (Po — i) (13)

The updraft potential can be partly undermined by the wall fric-
tion, and other points losses along the chimney, the momentum
conservation equation for the flow in the direction of chimney axis
is given by Kashiwa and Kashiwa [23]

Amlfm:{&+wm+%;]%%Vé (14)

where n is factor of pressure drop at the turbine (when not consid-
ering the power output, the factor can be set equal to 0; Vj is the
flow velocity in the chimney axial direction at the inlet of the chim-
ney. Coefficients in the brackets represent the exit loss (with unit
coefficient), other point losses, and wall friction. The factor &
accounts for the following energy losses: (1) the energy losses in
the turbine; (2) energy losses at the location where the flow area
changes; (3) the turbulent flow losses; (4) the vapor condensation
at any location of the chimney. The wall is not too rough, so
f=0.01 for high Reynolds number flow in a pipe is adopted in the
calculation.
The total moist air mass flow in the chimney is

ms = poVoA = pyVuA +my - s (15)

where po and A are the moist air density and cross-sectional area of
the chimney, my is the total mass flow through the chimney.

The iteration is listed in the following chart as shown in Fig. 5.

To test the validity of the mathematical model, the calculated
results are compared to the experimental data collected from the
SCPP operated in Manzanares, Spain [4]. When there is no turbine
load (¢ =0.1, f=0.01, n =0), the calculated updraft velocity at the
entrance of the chimney is 12.22 m/s, the difference is 0.75%. When
the turbine load factor is set n = 0.67, the calculated updraft veloc-
ity at the entrance of the chimney is 7.02 m/s, the difference is
6.4%. As Table 1 shows, both cases seem to meet well with the
experimental data. The disparity between them could be attributed
to reasons such as different selection of heat transfer coefficients,
flow resistance model and ignoring the influence of ambient rela-
tive humidity which was not taken into consideration in the exper-
imental Spanish plant. Besides, the mathematical model in this
paper includes the compressible nature of the atmosphere, and
these experimental results were obtained only with a very short
chimney. When the chimney is high enough to a height above
the lifting condensation level where condensation occurs, the cal-
culated results could be affected. To solve this, we compared with
parameters from [34] in different ambient relative humidity as fol-
lows: h=1500m; d=160m; (AT/Ty) =(20/303.2); f=0.008428;
&= 0.5. The calculated results give the difference of updraft velocity
within 10%. To conclude, the mathematical model proposed in this
paper is effective and feasible as it is comparable to the reference.

4. Results and discussion
4.1. Comparisons

The results obtained by a hypothetical SCPP of 50 m radius
extending vertically to 3000 m at the nine stations in China are
shown in Fig. 6 by monthly average value in comparison with
the natural precipitation at the respective locations. The initial
conditions used in the calculation for different cases include the
monthly average ambient temperature and the monthly average
ambient humidity of the nine stations, as shown in Tables 2 and
3. The source of the meteorological data used in this paper for
the calendar year 2013 is the National Bureau of Statistics of the
People’s Republic of China [http://www.stats.gov.cn/] (see Table 4).

Fig. 6(a) represents the situation in Chengdu. It is clear that the
main portion of precipitation occurs in summer months, from June
to September. On the one hand, there is a strong peak in July,
which reaches up to 525.5 mm, what’s more, the precipitation
which just less than the maximum is only 228.3 mm, thus the vari-
ation during summer months is important. Conversely, the precip-
itation of other months changes comparatively slightly, in fact,
there is little rainfall during the other months. On the other hand,
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Fig. 5. The iteration flow chart for the mathematical model.

Table 1
Comparisons between computed results of updraft velocity at the entrance of the
chimney and experimental results of Manzanares, Spain.

Case Case 1 Experimental  Case 2 Experimental
(e=0.1, data 1 (e=0.1, data 2 (¢=0.1,
f=001, (¢=0.1, f=001,  f=001,
n=0) f=001,n=0) n=067) n=0.67)

Updraft velocity — 12.2 12 7.0 7.5

at the
entrance of
the chimney
(m/s)
Difference 1.8% 6.4%

the sharp maximum in SCPP output coincides exactly with the
maximum in natural precipitation observed in July. In addition,
the two curves variation tendencies are similar; the only difference
between them is that the SCPP variant output curve is smoother.
There seems to be some positive correlation between the SCPP
results and natural precipitation.

Here we defined that a positive correlation is when the two
curves follow the same tendency: increasing or decreasing at the
same time, maximums and minimums at the same time during
the same months. Fig. 6(b) represents the situation in Shanghai.
The variation tendencies of the two curves are almost similar dur-
ing the first eight months. From August to December, the seasonal
variation is maximal between two curves; it shows that the precip-
itation curve changes greatly. There is a strong peak up to
291.7 mm during the month of October in natural precipitation,
and a sharp minimum of precipitation of only 20.4 mm in Novem-
ber. It can be concluded that there still exists some positive corre-
lation between the water production of this SCPP variant device
and natural precipitation.

Fig. 6(c) and (d) shows the natural precipitation and water pro-
duction by the SCPP variant device of Shijiazhuang and Zhengzhou,
respectively. The total precipitation in Shijiazhuang for the calen-
dar year 2013 is 508.3 mm, and in Zhengzhou is only 353.2 mm,
obviously these two are comparatively arid regions.

In the case of Shijiazhuang there seems to be a positive correla-
tion between the two curves, it shows that the SCPP variant output
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Table 2

Monthly average ambient temperature in °C of the nine stations used in the calculation.
Cities Jan. (°) Feb. (°) Mar. (°) Apr. (°) May (°) Jun. (°) Jul. (°) Aug. (°) Sep. (°) Oct. (°) Nowv. (°) Dec. (°)
Chengdu 53 9.3 15.7 17.7 21.2 24.5 25.8 26.5 20.8 17.6 12.0 6.0
Shanghai 4.6 6.8 11.0 153 213 24.1 32.0 31.0 25.0 20.0 134 6.1
Shijiazhuang —4.2 -0.4 8.7 13.8 22.2 24.9 273 27.9 214 14.7 8.1 1.7
Zhengzhou -0.5 3.1 11.0 16.0 22.8 27.0 29.1 30.1 23.5 17.2 9.7 3.6
Wuhan 29 5.9 12.9 171 22.1 26.1 30.6 30.6 229 18.2 114 4.5
Chongging 8.3 119 179 20.3 225 27.9 315 30.5 23.4 19.7 14.7 9.3
Beijing -4.7 -14 6.2 12.6 219 23.8 274 27.3 20.7 13.6 6.3 0.1
Urumgqi -10.3 -10.1 55 12.4 16.6 215 23.6 22.8 17.5 114 0.2 -6.8
Guangzhou 133 17.3 19.2 20.6 253 27.6 274 27.5 26.5 229 19.0 11.9

Table 3

Monthly average ambient humidity in RH% of the nine stations used in the calculation.
Cities Jan. (%) Feb. (%) Mar. (%) Apr. (%) May (%) Jun. (%) Jul. (%) Aug. (%) Sep. (%) Oct. (%) Nov. (%) Dec. (%)
Chengdu 75 73 64 70 74 76 84 78 83 82 80 79
Shanghai 70 75 65 57 71 77 58 63 74 72 67 69
Shijiazhuang 71 69 44 45 53 68 74 68 73 66 45 47
Zhengzhou 60 64 43 42 52 52 66 54 55 49 50 45
Wuhan 78 87 75 70 80 81 72 69 83 76 81 73
Chongging 72 73 59 61 73 66 59 59 80 81 87 84
Beijing 61 51 45 39 47 71 71 69 68 60 42 40
Urumgqi 79 80 62 50 40 45 42 44 40 49 75 89
Guangzhou 73 80 85 90 89 84 86 87 83 72 75 65

Table 4

Monthly average natural precipitation in mm of the nine stations used in the calculation.
Cities Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Chengdu 1.2 4.7 7.6 4222 99.0 182.1 525.5 228.3 196.2 271 21.8 7.6
Shanghai 22.8 81.5 58.1 72.5 117.7 183.5 102.1 111.5 61.1 291.7 20.4 50.5
Shijiazhuang 8.4 4.7 24 27.7 18.3 97.9 168.7 59.9 108.9 79 3.5 0
Zhengzhou 5.2 8.0 6.5 28.2 1125 15.2 45.1 63.9 9.8 26.3 325 0
Wuhan 224 43.9 90.1 145.7 153.9 256.6 316.2 136.0 207.8 5.6 54.6 14
Chongging 9.3 29.0 34 114.8 126.6 241.6 81.1 62.6 194.5 91.0 56.8 16.2
Beijing 3.0 34 10.7 5.5 23.6 91.0 235.6 118.6 71.1 16.4 0.2 0
Urumgqi 7.1 11.7 13.2 69.2 271 313 233 29.2 12.7 16.6 445 15.0
Guangzhou 3.8 8.0 174.2 282.8 300.6 228.2 318.9 395.5 231.0 5.0 42.2 105.2

curve is smoother than the precipitation curve over this year, and
there is little natural rainfall during the months of January, Febru-
ary, March, October, November, December with almost zero, but
the production of the device is still significant. It means that even
in those months when natural rainfall is low, the device can work
effectively and there is still some water production.

In the case of Zhengzhou, the two curves look completely differ-
ent, there is a strong peak of natural rainfall during the month of
May, but the output curve of the device reaches the peak during
the July, moreover, there still is some water production during
the months of January, February, March, December, whereas the
natural precipitation is low.

In addition, these results for the two cities are an objection to
the view that this device is unfavorable in arid regions.

Fig. 6(e) and (f) shows the situations of Wuhan and Chongqing.
In the first case, the main natural rainfall happens in the summer
months, the period when the main water production by the device
also occurs. During this period, there are two peaks shown in both
curves. In the case of Chongqing, there is little rainfall during the
months of January and March, even less than 10 mm per month.
However, in the summer months, there are two maximum values
shown in the precipitation curve. For the device output curve, it
is smoother and the amount of water production doesn’t change
much over this year. Actually the peaks of the output curve and
the precipitation curve are different in both cases. Except for June,
there are still some similarities between the two curves.

Fig. 6(g) and (h) shows the natural precipitation and water pro-
duction by this device in Beijing and Urumgqi, respectively. In the
first view, the two curves in both graphs are fairly similar.

In the case of Beijing, even the peak where the output curve
reaches to the maximum value is the same with the precipitation
curve. The output curve follows the precipitation curve in excellent
correlation and is smoother.

When observing the case of Urumgi, we can see that there is a
peak of natural rainfall during March and May, whereas there is lit-
tle natural rainfall during the rest of the year. For the output curve,
we can see that it's also smoother, the total values of water produc-
tion distribute evenly over the year.

Fig. 6(i) represents the situation in Guangzhou, Guangdong. As
we know, Guangzhou is located in the south of China, it’s a coastal
city where the summer is hot and winter is dry, thus the main por-
tion of natural rainfall and water production by the device occurs
during summer months. It can be seen that the two curves also
are similar. However, from October to December, there seems to
be a negative correlation between the two curves, what is worth
mentioning, the average relative humidity during these months
is comparatively low, because of this, the winter in Guangzhou is
dry. Besides, there is still some positive correlation during the rest
of the year.

In observing the graphs above, it is evident that they seem to
support clearly the previously given argument with regard to
the positive correlation between water production and natural
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precipitation. However, there still exist some negative correlations
that can’t be neglected. We also notice that this negative correla-
tion often appears in the dry season, in which the relative humidity
is considerably lower. In Zhengzhou, the average relative humidity
for 2013 is just 53%, we can see how the negative correlation is, as
the output curve of the device is smoother, it shows that the water
production does not rapidly increase or decrease, but slowly
changes with time. There is still capacity for water production from
the negative correlation even during periods of low natural
precipitation.

We may conclude from this analysis that the arid season when
little natural precipitation occurs is not necessarily unfavorable for
this SCPP variant device, even in arid zones. When there is positive
correlation, the principle of this device seems to be the same
thannature, which also confirmed the feasibility of this engineering
structure. And more importantly, this device is acting as an artifi-
cial stimulator of precipitation that is capable of increasing the
water production during rainfalls.

4.2. Effectiveness

As a matter of fact, these few cases with the ideal data are not
enough for thoroughly meaningful statistical results. From the pos-
itive correlation mentioned above, we aim at accurately character-
ize it thanks to the Pearson’s correlation coefficient r, above nine
stations calculated by:

S 06— R - 9) 6

\/Zx 1 X,*X \/21 1 yl
122}/ (17)

where x; represents the monthly average value of water output; y;
represents the monthly average value of natural precipitation; x
and y are the mean of dataset.

Table 5 shows for the nine stations the annual natural precipi-
tation totals and the correlation coefficient, respectively. As we
can see, the maximum value of correlation coefficient is even up
to 0.875, in Shijiazhuang, of which the natural precipitation is
508.3 mm for 2013. And for three other stations the correlation
coefficients exceed 0.8. When the correlation coefficient is closer
to 1 indicates a closed linear relationship between the two curves.
It’s strong correlation when the correlation coefficient is 0.6-1, and
it is moderately related when the correlation coefficient is 0.4-0.6.
That is to say, a highly correlated often appears between the two
curves even in different stations. That also proved a close relation
between the artificial precipitation inside a tube and the natural
precipitation.

However, a careful reader may find that the units of water out-
put are different from the units of natural precipitation, as the for-
mer are tons per month, while the latter are mm per month. Thus
we need to choose an area over which the water output of the SCPP
variant will be spread. In order to make the scatters much closer
enable to compare, we take the density of water as 1 x 10° kg/
m>, and choose the total water are spread over an area of
5 x 10 m? or 5 km?. Based on this, we can compare the annual
means. Table 6 shows for the nine stations the annual natural pre-
cipitation, and water production by the device, both in tons. Take

the area for spreading mentioned above, we can get the water pro-
duction in millimeters, and the ratio of the water production to
natural precipitation.

Fig. 7 is the ratio-precipitation graph; by which we can get the
efficiency of water production plotted versus the natural precipita-
tion. It is obvious that the efficiency of water production is greater
in those arid regions, such as Zhengzhou, Shijiazhuang and
Urumgi. And it’s less efficient in rainy regions such as Guangzhou.
That is true, referring to Table 6, the natural precipitation of these
situations as the denominator is different from each other, in con-
trast, the water production as the numerator is nearly the same
order of magnitude. The distribution of those stations is distin-
guishable by natural precipitation, so that the arid cities and the
rainy cities are located at both ends of the line, respectively. In
addition, we can find an approximately linear distribution, which
means that the efficiency is inversely proportional to the natural
rainfall.

Moreover, when looking at the sunshine duration over the year,
the arid regions such as Urumqi and Zhengzhou of which the
annual natural precipitation are relatively low have abundant solar
radiation. On the contrary, the cities located in wet regions have
less sunshine time. There is no doubt that the temperature differ-
ence is a driving force of the convective motion, the greater this
difference in temperature is, the stronger the natural air convec-
tion movement, thus more difficult for precipitation to occur as
dilution of humid parcels occur. Meanwhile inside a tube, no dryer
air comes to dilute the ascending air which is cooling inside the
chimney and reaching the dew point. That means the device
located in the dry region would be more effective to condense
water than the natural phenomenon. As the natural precipitation
includes many time-varying factors, to figure it out, maybe we
need a lot of statistical data. But for now, we may at least come
to a conclusion that this device is quite efficient and could increase
the water production in arid regions.

The water production is given in millimeters if the water were
spread over an area of 5 x 106 m?

Starr [29] studied a system that has a collection of tubes
arranged in square shape with sides of 100 m and a mean air speed
of 20 m per second. Assuming one gram of liquid water can be
removed from each kilogram of air, the precipitation for the col-
lecting area of several square kilometers would be nearly 30 cm.

Fig. 8 shows the humidity ratios of Urumgqi in 2013. As we can
calculate, the average humidity ratio of ambient air for this year
was about 5.84 g/kg, and the average humidity ratio of condensed
water by this device was about 2.3 g/kg. It means that we can
extract nearly 2.3 g of liquid water from each kilogram of air even
in those arid regions such as in Urumgqi, or we can get water of
approximately 70 cm high if the water is formed in this 100 m
square tube and spread over the same area. Actually, we calculated
that the water output by this device which is a circular cylinder
with a diameter of 100 m in Urumgqi would be nearly 163.6 cm if
the total water is spread over an area of 5 x 10® m2. Obviously, this
amount is considerable.

What’s more, from Fig. 8 we also find that there are some
months whose average humidity ratio of water production is close
to the environmental humidity ratio. Due to the small collector
(black tubes) that help to assume that the temperature of hot air
at the entrance is 5 K higher than that of the environment keeping
the same humidity than ambient thanks to hot water showers, it is

Table 5
Annual Natural precipitation for 2013 and correlation coefficient at nine stations.
Chengdu Shanghai Shijiazhuang Zhengzhou Wuhan Chongging Beijing Urumgqi Guangzhou
NP, mm 13433 1173.4 508.3 353.2 1434.2 1026.9 579.1 300.9 2095.4
Correlation coefficient 0.816 0.598 0.875 0.455 0.778 0.578 0.862 0.542 0.827
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Table 6
Annual natural precipitation (NP), water production (WP) by SCPP and sunshine
duration for 2013 at nine stations.

NP WP WP Ratio Sunshine
(mm) (10%¢) (mm) (WP/NP) duration (h)
Chengdu 13433 29.71 5942 442 1128.8
Shanghai 1173.4 23.62 4724 4.03 1864.7
Shijiazhuang 508.3 17.08 3416 6.72 1716.8
Zhengzhou 353.2 12.87 2574 7.29 1925.6
Wuhan 1434.2 29.37 5874 4.10 2092.5
Chongqing 1026.9 27.40 5480 5.34 1213.7
Beijing 579.1 14.59 2918 5.04 23711
Urumgqi 300.9 8.18 1636 5.44 3068.6
Guangzhou 2095.4 37.92 7584 3.62 1582.9
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Fig. 7. Efficiency of the SCPP variant device (ratio of water production distributed
over an area 5 x 10° m? to natural precipitation) is shown versus the precipitation.
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Fig. 8. Average humidity ratios of ambient air and water production for 2013 in
Urumgi.

no doubt that a higher temperature increase of the water at the
collector would lead to higher RH¥% level at the entrance and more
water production by the SCPP variant, as does the humidity ratio. If
the inlet temperature of hot air is higher, the humidity ratio of
water production would rise to reach even exceed the humidity
ratio of environment. In other words, there are still large rise space
during the months of this year in Urumgqi, thus we believe that
there is still capacity for this device under favorable conditions

to produce considerable amounts of water. As shown in Fig. 9,
the water production increases with the increasing inlet tempera-
ture and relative humidity. The initial conditions include air tem-
perature at the entrance of the chimney and relative humidity
are average values of Urumgqi for the calendar year 2013. Referring
to Table 5, the sunshine duration of Urumgi is the most important
of the 9 cities considered so the temperature difference in there is
relatively high, and accordingly, able to produce more water.
Under certain economic conditions, we can also raise the temper-
ature and relative humidity of hot air as much as possible at the
entrance of chimney to obtain more water production (see
Table 7).

Compared with the natural rainfall, the water production by
SCPP variant seems to be important in spite of several assumptions
made for our calculations.

In China, with the rapid growth of industrialization and urban-
ization, most cities, especially mega-cities, are having a huge
demand for water. Though the domestic water is becoming scarce,
we are encouraged by the SCPP variant presented in this article
because of the huge potential for water supply. As shown in Table 6,
water production by the SCPP variant is almost equal to domestic
water needed for 2013 in Beijing and Shanghai. In Chongqing,
the amount of water production by SCPP exceeds the domestic
water use for this year. In the ideal situation, the application of
SCPP variant for water production is very effective. Moreover, we
found that the water supply by the SCPP variant can benefit several
millions of people.

4.3. Environmental effects

Although there is a great potential for extracting water from air
by the SCPP variant, the water resource in the atmospheric strata
seems to be easily exhausted by this process. Thus maybe this pro-
cess causes some problems?

What are the effect on the atmospheric circulation or the local
climate? Could it have the damaging effect of reducing natural
rainfall? To answer these questions, we may notice another artifi-
cial process that could cause a similar effect: irrigation, which
started some thousands of years ago. DeAngelis [35] found that
in the USA there was some increase in precipitation of 15-30% dur-
ing July from the eastern most part of the aquifer to as far down-
wind as Indiana. Lo and Famiglietti [36] identified that irrigation
in California’s Central Valley initiates an anthropogenic loop in
the regional hydrological cycle, in which summer precipitation is
increased by 15%. Irrigation would increase evapotranspiration
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Fig. 9. Condensed water versus RH for different temperature differences at the
entrance.
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Table 7
Water-use efficiency of SCPP for 2013 in several cities.

Domestic ~ Water use Water Water supply by
water, per capita production by  SCPP variant by
billion (m3/person)  SCPP variant population,
cubic (10°m®/year)  inhabitants
meters
Beijing 1.63 173.9 1.459 8389880
Shanghai 2.57 513.9 2.362 4596225
Chongqging  1.81 283.7 2.740 9658090

thus affecting convection; the resulting increase in water vapor
export impacts the atmospheric circulation. Significant increases
in precipitation occurs in irrigated areas [37]. Meanwhile, it seems
evident that the contribution of downwind precipitation is greater
when the evapotranspiration is higher. Since the height of this
SCPP device is great enough, the adiabatically ascending air parcel
within the chimney should presently reach the lifting condensa-
tion level similar to cloud formation, and then the further lifting
within the chimney will be pseudo adiabatic, removing liquid
water from the rising air and liberating the latent heat. In the
effects of the initial ejecting momentum, the buoyancy effect, con-
siderable amounts of cloud material would be rejected at the
exhaust end in the form of a plume. Atmospheric circulation and
rainfall are formed. Under favorable conditions, thunderstorms
might be spawned and drift away. Zhou et al. [38] found that the
SCPP increases the chance of rainfalls especially for low-humidity
air in the desert region that is sunny but the humidity of air is
low. The use of SCPP variants over the warm ocean waters along
the coast can also be used for seawater desalination, with increas-
ing the rainfalls and enhancing the regional water cycle. There are
also some possible uses of the device, such as air removal for pol-
lution control and heat removal from the lower atmosphere to
higher elevations [29].

However, the actual construction of this device is a matter that
poses problems of expense and engineering feasibility. To reduce
its geometry sizes such as height and diameter, we could take a
series of optimization measures. For example, we could furnish
moist to the intake air with high relative humidity that is near sat-
uration, thus reduced the condensation level and the chimney
height. Meanwhile, a small feasible experimental structure further
can be constructed to be favorable for feasible operating conditions
from the scientific point of view. It is possible that further research
will find solutions to these problems, exploiting useful applications
in other areas.

For example, we could furnish much moister to the intake air
with high relative humidity that is near saturation: the results will
thus be to reduce the condensation level and the chimney height
needed. Meanwhile, a small feasible experimental structure fur-
ther can be constructed to be favorable for feasible operating con-
ditions from the scientific point of view.

4.4. Collector cost reduction

In the traditional solar chimney, the expense of the collector
canopy (glass or plastics) occupies a large amount of the total
investment [20]. If the canopy is replaced by black tubes, the total
price will go down. We assume that the cost of plastic polyethylene
tubing 100 mm (5.3 mm in thickness, 0.8 MPa pressure) is about
17 ¥ per meter (about 2.4€/m or US$2.6/m) in China. Adding
500 km of this tubing will cost 8.5 million ¥. If done in 10 sections
of 50 km each, tube connections and pumps plus water showers at
the entrance of the chimney (used to keep the humidity identical
to ambient, but with the air temperature 5 °C higher) will cost
about 2125 000 ¥. The tubing is spaced as in Fig. 3 over an area
of 5 km? and under the tubing and space in between, the ground

is painted dark (or asphalted) in order to store thermal energy
underground. The solar insolation in China is about 4200-
6700 MJ/(m? a), and a 5 km? collector area receive enough energy
to warm the amount of moist air needed. Earthworks and engi-
neering cost about 10.6 million ¥. Total 21 million ¥ to be com-
pared to the collector cost estimated by Kraetzig [7] to be nearly
3.5-4.6 billion ¥.

5. Discussion

In this work, we set the temperature of the black tubes to be
sufficiently higher than the ambient air to warm the air entering
the chimney by about 5 K higher than ambient. Actually, it is not
necessary to increase the air temperature difference with ambient
to be too high. The temperature of the black tubes is hot enough to
warm the air that enters the chimney to about 5 K higher than the
ambient air on a 24 h basis (thermal storage for night operation).
This means the tubes and the ground below are warmer than
5 K. Also the temperature of the water inside the black tubes is
enough to provide sufficiently hot water (which can be sea water
or brackish water) to keep the humidity at the same level than
ambient as it was naturally outside. This means that if the
RH = 60% and ambient is 25 °C, thus at chimney entrance air tem-
perature is 30 °C and RH% = 60% but the hotter air contains about 8
more grams of water per m> of air.

Also if the temperature of the air that enters the chimney is 20 K
higher than ambient, the condensation level will be much higher
and that less water or even no water at all will be produced, and
it will cost more in black tubing. This can be good if we want to
produce electricity for a traditional SCPP equipped with turbines.
On the other side, if we want to produce more water, we can only
warm the air entering under the tower of only 1 or 2 K in order to
have a lower condensation level, but the initial speed of the airflow
will be smaller (until the condensation inside starts and the latent
heat released inside the chimney warms the inner air, which then
sucks all the air column during its ascension). In this latter case, the
risk is that at the warmer hours of the day, if there is little conden-
sation inside the tower, the air speed will stay small.

6. Conclusions

A mathematic model has been developed for a one-dimensional
compressible flow and heat transfer in a SCPP variant. The effec-
tiveness of this engineering structure is analyzed in comparison
to natural precipitation at nine cities in China. The following con-
clusions can be drawn from the analyses.

(a) The arid seasons or arid regions in which little natural pre-
cipitation occurs is not necessarily unfavorable for this SCPP
variant, especially as it is able to increase the water produc-
tion. The efficiency of this engineering structure is inversely
proportional to the natural rainfall.

(b) Under favorable conditions, the amount of water production
by this SCPP variant is considerable. The water supply by the
SCPP variant of the population can possibly benefit several
millions of people.

(c) Since the height of this device is great enough, atmospheric
circulation and rainfall are formed. Under favorable condi-
tions, thunderstorms might be spawned and drift away.
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