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An alternative method of heat and moisture extraction from seawater under the collector of a solar chimney
system for power generation and seawater desalination is investigated with the aim of estimating the output
of power and fresh water when used in seawater desalination using one-dimensional compressible flow
model. It is found that the temperature and velocity of the airflow inside the chimney in the combined plant is
less than that inside the chimney in the classic plant due to the release of vapor latent heat as the air rises up
the chimney. Additionally, the power output from air turbine generators and water generators in the
combined plant is less than that of the classic plant. Furthermore, a revenue analysis based on the price of fresh
water and electric power in Dalian, China shows that the chimney less than 445 m high for the proposed

combined solar chimney power plant having a collector 3000 m in radius is more economical than for the
classic plant. The critical chimney height is found to depend on the local price of fresh water and electricity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Water and energy are two inseparable items in our lives [1]. In recent
years, both energy crisis and fresh water shortage problem posing great
threat to the humans are attracting great importance around the world
owing to rapid development of global economy, fresh water pollution,
increase in population, and improvement of living standards. Seawater
desalination is one of the prevalent methods of obtaining large amounts
of fresh water. Renewable energy driven desalination systems have been
extensively discussed as an innovative approach to desalinate econom-
ically in an environmentally friendly manner [1,2]. Delyannis reviewed
desalination using renewable energy with special reference to the use of
solar energy for desalination [1]. The use of solar energy in distillation
can go back to medieval times. Recently, some investigations were
carried out [3-13] and some plants (e.g. the Las Salinas distillation plant
[14], the Patmos distillation plant [15], the Coober-Pedy distillation plant
[16], the Abu-Dhabi MED plant [17]) were built up. Pereira et al. [ 18-20]
designed and tested an advanced solar dryer for salt recovery from brine
effluent of an MED desalination plant which consists of solar collectors
and a chimney. This chimney producing airflow accelerates evaporation
of water and helps desalination in the collector. This chimney is also used
in solar chimney power plant which was first described in a publication
written by a German author, Gunther in 1931 [21]. Classical solar
chimney power system (CSCS) (see Fig. 1), designed to produce electric
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power on a large scale [22,23], utilizes solar energy to produce ventilation
that drives air turbine generators to produce electric power. The
technology combines three components: a collector, a chimney and air
turbines [22]. In the collector, solar radiation is used to heat an absorber
(ordinarily soil or water bags [24]) on the ground, and then a large body
of air, heated by the absorber, rises up the chimney, due to the density
difference from the air inside the chimney and the ambient air. The rising
air drives air turbine generators installed at the chimney base to generate
electricity. Since again proposed by Schlaich in 1978, some investigations
were done [25-45] and some pilot setups (e.g. the Manzanares prototype
plant [22,46,47], the Connecticut setup [48], the Izmit setup [49], the
Florida setup [50], the Wuhan setup [40], the Botswana setup [51], and
the Brazil setup [52]) were built up and tested.

In a view of the above, a novel concept using solar chimney system to
drive both power generation and seawater desalination suitably at a site
adjacent to the sea was proposed by Wang et al. [53]. In the new system,
seawater pumped from the sea opens to air in the collector where warm
and saturated operating air is produced by solar energy. The vapor
contained in the warm air inside the chimney is condensed to water
using a high-efficiency condenser installed at the chimney top, and fresh
water holding big gravitational potential energy is used for power
generation through water turbine generators installed at ground level.
The products from the power plant include electric power from air
turbine generators and water turbine generators and fresh water,
though the electric power from air turbine generators is far less than the
same-scale CSCS due to buoyancy being smaller because much heat is
used as latent heat of water evaporation [29]. Additionally, the
performances of the two systems change at different sites where there
are different climatic conditions and prices of electricity and fresh water
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Fig. 1. Schematic diagram of CSCS. 1: Black absorber; 2: Water layer; 3: Transparent plastic
film; 4: Thermal resistance bed and ground; 5: Cool ambient air; 6: Hot operating air;
7: Transparent cover; 8: Guiding cone; 9: Air turbines; 10: Chimney; 11: Chimney outlet
airflow.

in the market. So, there is a better choice between the combined system
and CSCS to maximize the revenue of products at a given site.

In this paper, by using a mathematical model on energy balance,
theoretical analyses are carried out to investigate the performance of
combined solar chimney system for power generation and seawater
desalination (CSCSPD), and revenue analysis is made to compare the
results with those of CSCS.

2. Description of CSCSPD

The CSCSPD is shown in Fig. 2. The power generation-seawater
desalination coupling scheme is very suitable for regions adjacent to
the sea or natural alkaline lakes. The combined system consists of four
components, i.e. the solar collector, the solar chimney, the turbine
generators, and the high-efficiency condenser. The influence of the
high efficiency condenser on the outflow of the up drafting air in the
solar chimney is not considered. Unlike classical solar collector, the
absorber bed under solar collector is seawater open to operating air. It
works as a producer of warm air and vapor. The condenser is installed
at the chimney top.

In the system, the dry ambient air becomes warm and saturated when
it flows through a layer of seawater drawn from the adjacent sea.
Resulting from a sum of heat wasted in vapor latent heat, the saturated air
is colder than that produced in CSCS under the same conditions. This
results in the reduction in driving force and the power generated. The
temperature of the warm and saturated air decreases a little when the air
rises from the bottom to the top of the chimney where a little vapor is
condensed to the fresh water. The low trough around the guiding cone is
used to receive the fresh water falling from a high height in the chimney.
The fresh water in the low trough is then drawn out continuously. The
warm and saturated air enters directly into the high-efficiency condenser

Fig. 2. Schematic diagram of CSCSPD. 1: Black absorber; 2: Seawater layer; 3: Seawater
surface; 4: Thermal resistance bed and ground; 5: Cool and dry ambient air; 6: Warm and
saturated operating air; 7: Transparent cover; 8: Guiding cone; 9: Air turbines; 10: Chimney;
11: Water falls trough; 12: High-efficiency condenser; 13: Cool and dry ambient air around
the chimney outlet; 14: Warmed ambient air; 15: Condensation water; 16: Water generator.

after flowing out from the chimney. Cold ambient air around the chimney
outlet naturally enters the condenser due to pressure difference. In the
condenser, vapor contained in the saturated air is condensed due to the
effect of cold ambient air, to produce fresh water. This condensation
occurs, naturally, and needs no extra energy. The fresh water falls and
drives the water generators installed above the collector to generate
electricity, converting gravitational potential energy of water to electric
power. The little fresh water drawn out from the low trough and large
amounts falling from the water generator will supply the local needs of
fresh water after a simple treatment.

3. Mathematical model

A mathematical model formulated by coupling the energy balance
equations of components of the systems is now discussed. The model
is used to evaluate the performance of CSCSPD. The model is based on
the following assumptions,

1. The air follows the ideal gas law.

2. Only the buoyancy force is considered in solar chimney system.

3. The chimney wall is considered to be adiabatic and slippery.

4, The performance of airflow doesn't change when it goes through
the turbine by neglecting the influence of turbine.

3.1. One-dimensional flow in the collector

3.1.1. For classical solar chimney system

The absorber of CSCSs may be natural ground heat storage system
or additional water heat storage system. In the study, additional water
heat storage system with a water layer covered by a transparent
plastic film [28] is selected.

Solar collectors include single channel collector and double channel
collector. The energy balance for the components of CSCS with double
channel collector was developed by Bernardes et al. [28]. One-
dimensional equations of energy balance to the control volume from a
radius r to r+ Ar for the components of CSCS can be expressed as,

For a black absorber,

(71720‘3),5 = hab.wa(Tab - Twa) + hr.ab.p(Tab - Tp) + Ub(Tab - Tg)- (1)
For water,

hap wa(Tap = Twa) = hwa‘p(Twa - Tp)' (2)
For transparent plastic film,

(Tl OLZ),S + hnab.p(Tab - Tp) + hwap(Twa - Tp)

3)
=h, (T, = Tp) + hyp o (T, = Tp).
For dry operating air,
ﬂ _ hy (T, — Tf) —hy (T = T,) >r )
dr g,
with Ty (Reon) = Tg,and for transparent cover film,
OLIS + hf‘c(Tf - Tc) + hr.p.c(Tp - Tc) = Ut(Tc - Ta) (5)

where, S is solar radiation; 7, and T, are respectively transparent
cover film and transparent plastic film transmissivity; o, o, and o3
are respectively transparent cover film absorptivity, transparent
plastic film absorptivity and black absorber absorptivity.

3.1.2. For combined system used for power generation and seawater
desalination

The energy conversion and heat transfer of the power generation-
seawater desalination coupling system are complex, and can be divided
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into six phases: In the first phase, solar radiation heats seawater. In the
second phase, hot seawater heats the entering ambient air and produces
the evaporation of water by providing vapor latent heat, with warm and
saturated air produced. In the third phase, the chimney which acts as a
thermal engine drives warm operating air. In the fourth phase, the
turbine generators in turn convert airflow in form of kinetic energy to
electric power when air flows through the turbines. In the fifth phase,
vapor contained in the warm saturated air is condensed to fresh water in
the high-efficiency condenser. In the sixth phase, fresh water falls off
and drives the water generators installed above the collector to generate
electricity, converting gravitational potential to electric power.

The equations of energy balance to the control volume from a
radius r to r + Ar for the components in the collector can be expressed
as,

For a black absorber,

(710‘2)5 = hab,se(Tab - Tse) + hr,ab,c(Tab - Tc) + Ub(Tab - Tg)~ (6)

For seawater,

L drhm

hab,se(Tub - Tse) = hse.f(Tse - Tf) + ﬁ dr -

For warm saturated operating air,

ﬂ — hse.f( se Tf) - hﬂc(Tf - Tc) 2 (8)
dr g c,

with T¢(Reon) = T, and for transparent cover film,

04 S + o (Tp = Te) + hy g o (Top — Tc) = Up(T, = Ty). 9)
The sky temperature, Ty, is given by Swinbank [54] as,

Tyy = 0.0552T,°. (10)

The mass flow rate of operating air passing through the collector outlet
is equal to that through the chimney inlet, i, which can be calculated
with the help of the following equation,

mf = pch,in.Ac'uch,in' (]1)
Whereas the latent heat of water evaporation, L, is given by,

L = 2502535.259 — 212.56384T. (12)

The mass flow rate of vapor evaporated from the surface of seawater,
Myq , iS given by,

Thvu = mfdl

The moisture content of wet air is,

d=" —o622_Pr (14)
Pa D —Dq

The saturated vapor pressure can be expressed by Zhou et al. [55]
as,

P, = Py 1085(T-273.15)/T (15)

where the saturated vapor pressure at 0 °C, Py, is equal to 608.2 Pa.
The specific heat capacity of wet air, cp, is expressed as,

¢, = 1010 + 1880d (16)

where hy.gp,¢ hrapp hrpc denote radiation heat transfer coefficient from
absorber to cover, heat transfer coefficient from absorber to plastic film,

and heat coefficient transfer from plastic film to cover, respectively.
These quantities can be expressed in the following compact form

ol + B)(T, + T,)
1/ +1/g -1

s = (17)

with hapwa, happr and hy,qp denoting convection heat transfer coefficient
from absorber to water layer, from absorber to seawater layer, and from
water layer to plastic film, respectively. These are calculated according
to the equations used by Bernardes et al. [28].

The chimney acts as a thermal engine, which forces air to flow
between the cover and the black plastic film. The air flow inside the
collector is considered to be natural convection and forced convection
effects. hs. s, hprand hy denote the convection heat transfer coefficient
from seawater surface to operating air due to wind, from the plastic
film to internal airflow, and from the internal airflow to the cover,
respectively. The equations governing them are given by Pretorius
and Kroger [36] as,

02106 + 0.0026v; (T, /g (T,: — Tf))” ’

se.f — 1/3 (18)
(MTw /8(Tee ~ T R%0?)
L 02106+ 0.0026v, (T, /g(T, - Tf))”3 19
p.f — 1/3
(WTw /8(T, ~ TG k202
02106 + 0.0026v; (T, /ng(T; - Tc))l/ ’
o = (20)

1/3
(T /8(T; — T k202

According to ref [56], the top loss coefficient, U, is expressed as,

. Tp T
Up= Uy £ 1)
where,
1

Ut.,p 1 ( T, T, )70.25 o+

12529 \1.76-0.118v,, + 0.0066% 283, (22)

N o(T; + T))(T, + T,)

gl + 10
P €,
The bottom heat loss coefficient, Uy, is given by,

Uy=1/(d,/k +1/U,) (23)

where, d, and k. are the thickness and thermal conductivity of
thermal resistance bed. The ground loss coefficient, Uy, is given by
Bernardes et al. [28] as,

k,p,C
U, = 2,/—gnéf t”'g. (24)

In this model, a mean value for a period of 86,400s is used in the
energy calculation in a day, and T, is assumed to be equal to T,.

3.2. One-dimensional compressible flow in the chimney

When warm and saturated air rises up a solar chimney in CSCS, the
result is a reduction in temperature, and condensation of vapor of
mass flow 6m to water takes place otherwise, 6m would be 0 when dry
air rises up the solar chimney in CSCSPD.
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One-dimensional equations to the control volume from a height h
to h+ Ah may be expressed as,
For the state,

For the mass,
doy du_ (26)
p u
For the momentum,
dp + pudu + pgdh =0 (27)
which may further be expressed as,
%p + yMd® (%” + %) =0. (28)
The energy equation takes the form
~dI(m ;(h) — &m) + Lém = (my(h) — 6rn)gdh (29)
where, I is the specific enthalpy given by
I=cT+u"/2=c,T, (30)

with, Ty is the stagnation temperature. 61 is negligible compared with

1y, and g (h) can be considered as a constant. Eq. (29) can therefore

be simplified as,

dl = L%m_ gdh = 8Q(h) — gdh. (31)
f

Substituting Eq. (30) into Eq. (31) one obtains,

oQ(h —gdh _ 1 dT , | du 5
cﬁ vy-1T u

Substituting Eqs. (25), (26), (28) into Eq. (32), Eq. (32) reduces to

5Q(h) —gdh _ 1 (1,Ma2)d£,@
% v-1 UG

d dh &)
— U (1 _pe2)9Ma_gdh

_'y1<(1 Ma)Ma cﬁ)

where, % can be expressed from Eq. (33) as,

dMa _ (v-1)5Q(h) + gdh (34

Ma ~— c*(1 — Ma?)

Mach number of the chimney outlet airflow, Ma,, can be calculated
with the help of the following equation,

1 2 r—1 g 1 2
In Ma, —iMaz = ?AQ(H) + gl-l + InMa, —zMa]. (35)
Eq. (31) then becomes,
¢,dTy = 5Q(z) — gdh. (36)

Integrating Eq. (36) from h=0 to a height h leads to,
&l = AQ(h) —gh + cpTor- (37)

The stagnation temperature of the chimney outlet airflow, Ty, is
therefore expressed as,

Too = AQ(H) /¢, —gH / ¢, + Toy. (38)

The static temperature of the chimney outlet airflow is then
calculated from,

T, =T/ (1+ Maz(y-1)/2). (39)

A relation between p, and p, as expressed by von Backstrom and
Gannon [27] following from the mass flow equation is

Py _ May (T5)\%° (40)
pr Ma, \T,

where, p, is equal to the ambient static pressure at the same height,
Pa2- When the height is below 11,000 m, p,, is given by Zhao et al. [57]
as,

H 5.256

Pa2 = Pao (1 - m) (41)

When the mass flow rate of vapor contained in the saturated air,

Anyaeert, 1S condensed, vapor latent heat released, AQ, is calculated
from,

AQ = LAmwater] (42)

where, Amyyqeer1 Can be approximately calculated from,

d; dy

AM ey = mj-l

by assuming all of extra vapor contents in supersaturated air is
condensed, theoretically.

The solar chimney, the actual thermal engine of the thermal power
system, converts heat contained in the operating air into kinetic
energy. The energy conversion is essentially determined by temper-
ature rise of the ambient air entering the collector and chimney height.

The pressure difference, Ap, which is produced between the
chimney air and the ambient, is calculated from [22]

Ap = gy (Pa(h) — p(h))dh (44)

where, g is the gravitational acceleration; H is chimney height; p,(h)
and p(h) are ambient air density and internal airflow density inside
the chimney at any height h respectively.

By assuming a linear variation of air density with height, AP can
further be written as,

8p=gf}} (0w~ 01) — (B B (@5)
=& (P~ 0H ~ 5 (B - B )

where, the mean gradient of ambient air density, 34, is calculated
according to the vertical temperature distribution [57]. The mean
gradient of chimney inward air density, 3, is calculated from,

_P=P
p=r2f (46)

The velocity of the airflow at the chimney inlet is given by [22],

2(1—n)Ap

o (47)

Lll:



X. Zhou et al. / Desalination 250 (2010) 249-256 253

where n is factor of pressure drop at the turbine, which is assumed as
a constant at 0.9 [28], and 6 is the coefficient of total pressure loss
including the entrance loss, exit kinetic energy loss, friction loss in the
system [58].

3.3. Condensation in the condenser

Vapor contained in the warm and saturated air is condensed in the
high-efficiency condenser installed at the chimney outlet.

The energy balance of warm and saturated air in the condenser,
can be expressed by Wang et al. [53] as,

Cpma(T3a_T2a) = Cpmf(TZ_T3) + LconAmwaterZ (48)

where, T3, is the temperature of ambient air flowing out from
condenser; m, is the mass flow of ambient air entering the condenser.
The condensation of vapor to water in the high-efficiency condenser,
AM yaera, Can be expressed as,

. . d d
AM ey = Mg (ﬁ_ﬁ) (49)

3.4. Power output and conversion efficiency

The total electric power of CSCSPD, P, which includes one part P, g;
generated from the air turbine generators installed at the bottom of
the chimney and another part P.,, generated from the water
generator installed outward from the bottom of the solar chimney,
can be expressed as,

P, = Pe,ui + Pe,wa (50)

where, P, 4 and P, q, are also given by,

P, i = MaiAcyl AP (51)

Pe,wa = nwaAmwaterZ gH (52)

where, 1) is the efficiency of air turbine generators recommended by
Schlaich [22] as 80% and 7,4 is the efficiency of water generator, which
can reach 90%.
Total energy conversion efficiency of solar chimney system, 1), can be
expressed as the ratio of P, to solar radiation radiated on solar collector,
_ P

= . 53
L Acalls ( )

Based on the above elaborate model, a computation is done to
predict and analyze the performances of the two systems.

4. Results and discussions

To obtain more heat used as the latent vapor heat and the heat energy
contained in the upcurrent, a bigger collector is needed. Though super
high chimneys more than 1000 m high can be constructed without any
technical problem, moderately high chimneys around 500 m high are
more practical. In this study, the combination of a chimney 500 m high
and a collector 3000 min radius is selected to be simulated and to evaluate
the performance of CSCSPD. The surface air always contains some amount
of dust. The dust contents of the air rising from the ground can be used as
potential condensation nuclei. However, in reality, extra vapor contents in
supersaturated upcurrent with certain velocity are not all condensed. In
addition, the maximum theoretical quantity of condensed water is
negligible. Therefore, all of the extra vapor contents in supersaturated air
are assumed to be collected in the condenser in this work.

250

200

150+

100

Power output/MW

2000 2500 3000 3500 4000
Collector radius/m

—— - -Wind_combined - - - — - Water_combined ------- Total_combined Total_classic

Fig. 3. Variations of power obtained from CSCSPD and CSCS with collector radius.

4.1. Validation

The chimney is the engine of airflow in the plant. Simulation of
buoyancy — driven flow in high chimney being actually compressible
flow [27] seems very important in the simulation using a model. In
usual, the buoyancy — driven flow is treated as incompressible flow in
simple simulations, whose results deviate from those calculated as
incompressible flow to some extent [59,60].

Validation of the model for buoyancy — driven flow which rises by
many meters is done in this work by comparing the data calculated using
our model with those calculated by von Backstrém and Gannon [27] for
CSCS. Table 1 presents the differences of the ratios of parametric
performances including static pressure ratio, density, velocity and
stagnation temperature at the outlet to those at the inlet using our
model and von Backstrém et al.'s calculation for the classic solar chimney
300 m, 400 m, 500 m, 600 m, 700 m, 800 m, 900 m and 1000 m high by
keeping other conditions constant at solar radiation of 1000 W m™2,

As shown in Table 1, agreements within a difference of 3.4% for the
ratios for classic solar chimneys with different heights are obtained. This
strongly supports the idea that the model is exact for buoyancy — driven
flow.

4.2. Performance

Table 2 shows the results calculated with the mathematical model
for CSCSPD and CSCS with solar radiation of 1000 Wm ™2,

We note in Table 2 that the collector outlet airflow temperature for
the CSCS is 26.8 °C higher than the corresponding temperature for the
CSCSPD. This is because some of the heat is wasted in the vapor latent
heat when the dry ambient air enters the collector inlet and becomes
warm and saturated. In the collector, more heat is transferred into vapor
latent heat, resulting in lower-velocity ventilation and a smaller power

Table 1
Comparison of performance simulated using our model and von Backstrom et al.'s calcula-
tion for classic solar chimneys with different heights.

Chimney height/m 300 400 500 600 700 800 900 1000

Difference of P,/P; to von 086 120 1.54 189 226 263 3.01 340
Backstrom et al.'s /%

Difference of Ma,/Ma; to von 0.01
Backstrom et al.'s /%

Difference of p,/p; to von 0.01
Backstrom et al.'s /%

Difference of To,/To; to von 0 0 0 0 0 0 0 0
Backstrom et al.'s /%

0.04 0.08 0.13 0.18 024 0.31 038

0.04 0.08 0.13 0.19 024 031 038
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Table 2
Performance of the proposed CSCSPD and CSCS.
Parameters Value Parameters Value
Collector diameter/m 6000 Mass flow rate of saturated 166225
air (CSCSPD)/kg s~ !
Chimney height/m 500 Collector outlet airflow 389
temperature (CSCSPD)/°C
Chimney radius/m 80 Collector outlet airflow 7.58
velocity (CSCSPD)/m s~ !
Collector outlet airflow 65.7  Total mass flow rate of vapor 7398.8
temperature (CSCS)/°C contained in the chimney inlet
airflow (CSCSPD) /kg s~
Collector outlet airflow 11.5  Mass flow rate of condensed 3807.1
velocity (CSCS)/m s~ ! water in the condenser
(CSCSPD)/kg s~ !
Total power output 128.8  Power output from air turbine 39.2
(CSCS)/ MW generators (CSCSPD)/MW
Efficiency (CSCS)/% 0.46 Power output from water 16.1
generators (CSCSPD)/MW
Total power output 55.3
(CSCSPD)/MW
Efficiency (CSCSPD)/% 0.2

obtained from air turbine generators in the CSCSPD. The total power
obtained from air turbine generators and water generators is also less
than the power obtained from air turbine generators in the CSCS.

A calculation of power output is given here for the proposed plants
running for 24 h every day, 365 days every year at a site with an annual
global solar radiation of 1800 kWh m™2. That is, average global solar
radiation of 4.93 kWh m~2 will be received by the collector every day.
Fig. 3 shows the comparisons of power outputs between the two plants as
the output varies with collector radius. In this work, this chimney
diameter is varied at the same rate as the collector's one. It can be seen
from the figure that an increase in collector radius results in the increase in
the power outputs of the two plants. This because the increase in collector
radius induces the increase in temperature and vapor content of the
airflow, thus producing an associated increase in power obtained from air
turbine generators and water generators and an increase in fresh water
output. This leads to the increase in fresh water revenue, as shown in
Fig. 4. Moreover, the power output for the CSCSPD is throughout higher
than the CSCS. The power obtained from water generators is far less than
that obtained from air turbine generators.

Fig. 5 shows the comparisons of power outputs between the two
plants with chimney height. In the figure, an increase in chimney
height also results in an increase in the power outputs of the two
plants. Airflow with larger velocity and lower temperature will be
produced in the plant with higher chimney. This leads to the increase
in power output from air turbine generators and that from water
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Fig. 4. Variations of revenue with collector radius for CSCSPD and CSCS.

400

N oW W
Q O
o o

Power output/MW
(%2
=)

0 L 1 1 L 1
300 400 500 600 700 800 900 1000
Chimney height/m
———-Wind_combined - - - — - Water_combined ------- Total_combined Total_classic

Fig. 5. Variations of power obtained from CSCSPD and CSCS with chimney height.

generators, and slight reduction in fresh water output, which results
in slight reduction in fresh water revenue, as shown in Fig. 6.

4.3. Revenue analysis

We conclude from the above analysis of performance that power
output of CSCSPD is less than that of a CSCS with the same dimension
under the same conditions. However, the CSCSPD produces the
byproduct of fresh water, which can be supplied to consumers and
local industries for use. The sale analysis of electricity per kWh and
fresh water per ton are based on the price level in Dalian, China (Fresh
water: 0.4 US $ ton~!; electricity: 0.09 US $ kWh~!. The following
conversion rate for Yuan is used in this paper: Yuan 8 =US$ 1). The
two products are assumed to be used only for industrial purposes and
not for domestic use.

The targets that a certain percentage of electricity is generated by
renewable energy in future were established in many countries e.g.
the European Union, the USA and Australia [61]. In fact, costs of
electricity generated by renewable energy when incorporating
additional revenue generated by carbon credits [62] are usually
higher than levelised electricity cost of coal-fired power plants. The
government targets may be implemented with several financial
incentives, such as granting a subsidy per kW, capacity installed,
implementing soft loans programmes, implementing soft taxes
programmes, and being paid per kWh fed into the grid with a price
above the market level at its site [61,63,64].

The levelised electricity cost of 100 MW solar chimney power
plant proposed by Schlaich et al. (it reaches at 0.09 Euro per kWh
electric power without incorporating additional revenue generated by
carbon credits) [24] when incorporating additional revenue generat-
ed by carbon credits [62] is a little above that of coal-fired power
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Fig. 6. Variations of revenue with chimney height for CSCSPD and CSCS.
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Fig. 7. Critical chimney height for the proposed solar chimney power plant at a site in
several cities adjacent to the sea, in China.

plants. In this paper, the financial incentives to solar chimney power
plants are assumed to include all the above incentives except the last
one. In other words, the price of products i.e. electricity and fresh
water will be paid at market level.

Figs. 5 and 6 show the variation of revenue from the two plants
with collector radius and chimney height, respectively. The variations
are consistent with those of the power output and the fresh water
mass. The results show that the chimney less than 445 m high for the
proposed combined solar chimney power plant having a collector
3000 m in radius is more economical than for the classic plant.
Otherwise, CSCS is more economical.

Fig. 7 shows the critical chimney heights for the proposed solar
chimney power plant having a collector 3000 m in radius at a site in
several cities adjacent to the sea, in China. The recent prices of fresh
water and electricity in the cities are presented in Table 3 [65]. We
conclude that the critical chimney height depend on the price of fresh
water and electricity. As shown in Fig. 7, with an increase in the ratio
of the price of fresh water to the price of electricity, the critical
chimney height increases.

5. Conclusions

A mathematical model has been developed for a one-dimensional
compressible flow in CSCSPD and CSCS in this work. The performances
of two different plants were investigated with the mathematical
model, and the results were then compared. The following conclusions
can be drawn from the analyses.

(1) The temperature and velocity of the airflow inside the
combined chimney is far less than that inside the classic
chimney since the vapor latent heat is released when air rises up
the chimney.

(2) The power output of CSCSPD is less than that of the classic plant
with the same dimension. It was also found that the power
obtained from the water generator is far less than that obtained
from the air turbine generators.

Table 3
Prices of fresh water and electricity in several cities adjacent to the sea, in China [65].

Price/$ per kWh electricity Price/$ per ton water

Guangzhou 0.10125 0.31625
Shenzhen 0.0975 0.4125
Shanghai 0.09125 0.3125
Tianjin 0.09 0.7
Dalian 0.09 0.4
Haikou 0.0675 0.2

(3) Arevenue analysis carried out comparing the electricity cost of
the two plants based on the price level of fresh water and
electric power in Dalian shows that the chimney less than
445 m high for the proposed combined solar chimney power
plant having a collector 3000 m in radius is more economical
than for the classic plant, otherwise, CSCS is more economical.
From the analysis and results obtained, it is found that the
critical chimney height depends on the price of fresh water and
electricity.
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Glossary
Symbols

A: Area, m?%;

¢,: Specific heat capacity of wet air, ] kg~ ' K™ ;

d: Moisture content of wet air, or thickness of thermal resistance bed, m;
g: Gravitational acceleration, m s~ 2;

h: Any height, m, or convection heat transfer coefficient, W m~2 K~ !;
H: Chimney height, m;

h,: Radiation heat transfer coefficient, W m~2 K™ ;

I: Specific enthalpy, ] kg~ 1;

k: Thermal conductivity, W m~!' K~ 1;

L: Latent heat of water evaporation, ] kg™ ';

m: Mass flow rate;

Ma: Mach number;

n: Factor of pressure drop at the turbine;

p: Static pressure, Pa;

P,: Total electric power, or electric power from generators, W;

r: Any radius, m;

S: Solar radiation, Wm™?;
T: Static temperature, °C or K;

Ty: Mean static temperature of operating air in the collector, K;
To: Stagnation temperature, K;

u: Velocity in vertical direction, m s~ ;
U: Heat loss coefficient, W m~2 K~ ;

v: Velocity in radial direction, m s~ 1;

v,: Ambient wind velocity, m s~ ;

Greek symbols

o Absorptivity;

B: Mean gradient of air density;

7: Specific heat ratio, 1.4;

Alilyaeer1 : Mass flow rate of vapor condensed to water in the chimney, kg s~ ;

Alflygeer : Mass t]]ow rate of vapor condensed to water in the high-efficiency condenser,
kgs™;

Ap: Total pressure difference in the chimney , Pa;

AQ: Total vapor latent heat released, W;

e: Emissivity;

1: Total efficiency, or energy conversion efficiency of components, %;

0: Coefficient of total pressure loss;

p: Density, kg m™3;

o: Stefan-Boltzmann constant, 5.67x 1075, W m~2 K~ 4

7: Transmissivity;

Subscripts

a: Ambient air;

ab: Absorber;

ai: Air turbine generators;

a0: Ambient air at Om above sea level;

b: Bottom loss;

c: Cover;

ch: Chimney;

coll: Collector;

coll,out: Collector outlet;

d: Dry air;

f: Operating air;

g: Ground loss;

p: Plastic film;

r: Thermal resistance bed;

se: Seawater surface;

sky: Sky;

sv: Saturated vapor;

sv0: Saturated vapor pressure at 0 °C;

t: Top loss;

v, va: Vapor;

wa: Water generators or water layer in the collector;
water: Water;

wi: Air turbine generators;

1: Chimney inlet or plates e.g. transparent cover film;
2: Chimney outlet, or transparent plastic film;
3: Condenser outlet, or black absorber.
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