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In 0, solar chimney power plant energy is generated due

to a stream of air that is heated in a solar collector and

driuen by buoyancy effects through a turbine located at

the base of the chimneg. The driuing potential of this air
stream is essentially the difference in pressure between

the ambient atmosphere at ground leuel and the pressure
of the heated air at the base of the tower. Since this
pressure differential is small compared to the absolute

ualues from which it is determined and since it can be

significantly infl,uenced by ambient conditions, detailed
theoretical modelling incorporating adequate and reliable
meteorological data is required. The merits of different
theoretical models as well as the influence of preuailing
ambient conditions on the driuing potential are eualu-

aled. It is shown that moist air generally i*proaes the

draft and that condensation rnay occur in the chimneu
under certain conditions.

Nomenclature

a Constant
b Constant
g Gravitational acceleration , ^l12H Height, m
irs*o t.ff 

tl t:T;:vap 
o,zation

p Pressure, N/-'
R Gas constant, J lk1 K
T Temperature, K
w Humidity ratio, kg water

vapour lkg dty air
z Altitude, m

Greek letters
I Ratio of specific heats, ,p lr,
p Density, kg/-3
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Subscript
a Air or atmosphere
c Condensation
s Saturation
u Vapour
w Water

Introduction

A solar chimney power plant consists of a central chim-
ney that is surrounded by a transparent canopy located
a few metres above ground level as shown schematically
in Figure 1 . As a result of the greenhouse effect, the
temperature of the ground under the canopy nses slg-
nificantly, heating the air which due to buoyancy flows
radially inwards towards the chimney. Energy may be
extracted from this stream of air by means of a turbine
located near the base of the chimney.l

The performance of such a solar chimney power plant
is dependent or, among other things, the pressure dif-
ferential created by the relatively buoyant or less dense

warm air in the chimney and the corresponding column
of denser ambient air. When evaluating this differen-
tial theoretically, it is i-portant to model relevant at-
mospheric characteristics accurately. Small errors in the
estimation of absolute relevant pressures can lead to sig-
nificant errors in the determination of the relatively small
differential that drives the system. The accuracy of any
such analysis obviously depends to a large extent on the
available meteorological data.

Analysis

Consider the solar power plant shown in Figure 1. The
chimney has an effective height H . Specified ambient
conditions near ground level outside the collector at 1

include the atmospheric pressure pt, the corresponding
temperature 7r , *hilst the temperature of the heated air
is T2 at the base of the chimney.

With this very limited amount of information the driv-
ittg potential or pressure differential between (1) and (2)
(itt the absence of any flow) rs grven approximately by
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pt - pz N ptgH - pzgH : (h - pz) gH (1)

For dry air the perfect gas relation gives the density Substitute equation (8) into equation (g) and integrate
to find the ambient pressure at an elevati on z

p - pr(1 - 0.00975 zlTl)t'u

dpf dz - -psl @T) (e)

( 10)

(11)

(r2)

p-plRT
Substitute equation (2) into equation (1) and find

PzNPt

pt - pz N prsH Qlft - 1 lTz) lR

The ambient pressure at an elevation corresponding to
the outlet of the chimney is therefore

Ps - p, (1 - 0.0097 5 H lTr)t 
u

(2)

with

(3)

In equation (1) it is implied that the density of the air
inside and outside the chimney is constant or changes
linearly with height. In practice this is not the case due
to variations in pressure and temperature with altitude.
An example of measured hourly temperature distribu-
tions near ground level in a relatively arid area is shown
in Pigure2.2 During most of the duy the temperature dis-
tribution is close to the dty adiabatic lapse rate (DALR)
of 0.00975 Kl^. During the early morning hours tem-
perature inversions are observed.

Inside the chimney the temperature change will also
be according to the DALR. The latter is applicable when
d.y air experiences an isentropic change in state i.e.

The pressure at the outlet of the chimney is essentially
equal to the ambient pressure at that elevation i.e. pq =
Ps.

For a DALR inside the chimney

p+ = pz(1 - 0.00975 H lT2)t 
t

or

with
(13) and

PlPl = constant

Substitute equation (2) into equation (a) and differen-
tiate with respect to altitude i.e.

(I-t)dpdp _LdT
7p-dr-TE-0 (5)

The pressure gradient in a gravity field is given by

dPldz = -ps (6)

Substitute equations (2) and (6) into equation (5) and
find

dT s(I-7)
dz 1Rt/ 

(7)

For dty air with 'y = I.4, R = 287.08 Jl kg K and
s - 9.8 mls2 find the DALR

dr e 8 (t *l 1l = _o ooezb Kl^dz I.4 x 287.03

The ambient temperature distribution may therefore
be obtained by integrating equation (7) with Tt the tem-
peratureat z- 0i.e.

T =Tt * g (1 - t) zl(zR) - Tr - 0.00975 z (S)

According to equations (2) and (6) the corresponding
pressure gradient is

pz = pq(l - 0.0097b HlT2)-t t (13)

P+

find the pressure difference

p - pt (1 - 0.0065 ,lTr)5 255

(4)

If the ISA is assumed to prevail outside the chimney
and the DALR prevails inside the chimney the driving
pressure differential is given by

( 15)

( 16)Pt-Pz

The presence
cantly influence

_ m. l, (1 - o.oo6b H lTt)s 
255 I I- Y ' L^ (1 - o.oogzbr lTz)t 

u 
J

of water vapour in the air can signifi-
the draft in the solar power plant due
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to its effect on the density, which in such a case is given
by

to equation (20) the pressure

0.00975H\t u 
,

T)l

tower is given according
differential is

pa, =(1 +r) [1 -wl(r*0.622)]plRr ( 17)

( 18)

Substitute this density into equation (4) and with 7
replac ed lor, differentiate with respect to altitude to find
the temperature gradient

0.00975 (1 * ,) H
(1 + l.9ut)72

(24)
If the humidity ratio of the air entering the chimney

exceeds a certain value, condensation may occur with
the result that a mist of droplets appears after some
elevation in the chimney. The density of this air-vapour-
water mixture is given by

Pauw - (1 + ur,) [1 - w, I (r, + 0 .622)]

x pl RT * (r, c - ut)s) p"lRT x

[(t + ur,){1- w,l(r, + 0.622)} + (r,c- u)s)]plRT
(25)

Lf po, K p. The humidity ratio u) s c is that value of the
ratio where condensation first occurs in the chimney.

With this density, the pressure gradient above the el-
evation where condensation first occurs is, according to
equation (6)

dpf dz -

-s [(1 + r,){1 - w,I (r, + 0 .622)} + (r, c -'us))pl RT
(26)

Accordirrg to Krtiger2 the temperature gradient in sat-
urated air in a gravity field is given by

dT
dz

-(1 *w,)g

) 

, t 77(L* 1 eu )/(- *o urr,]

dT (t-7o,\ Tdp
E \1-, )eE

Substitute equations (6) and (I7) into equation (18)
and with 7o, = cpou/roo, and cpo, - cuau = Roo find

dT
dz

Roo s (r * r) [1 - wl@ + 0.622)]

Cpo, R
( 1e)

ft(l+
cpo +

Substitute Roo - R*wRo = R(I+w R, lft) =
46I.52w12S7.08) = n(l + w10.622) and cpau =
rrcpu N cpa(1 + l.9w) into equation (18) and find

dT -s (1 * u) -9.S (1 * ,)
dz cpo(1 + 1.9u,') 1006 (1 + 1.9u)

-0.00975 (1 + ur)

( 1 + 1.eu)

T - Tr - 0.00975 (1 * r) ,l (1 + 1.9tr,')

From equations (6), (17), and (21) find

Integrate equation (20) and find with T = Tr at z - 0

(20)

(2r)

rdp -s(1 +r) [1 -wl(r*0.622)] (22)
pdz R[7, - 0.00975 (1 + .) rl(1 + 1.9ur)]

Integrate equation (22) to give the change in pressure

inside the chimney.

P=PZ

(,oo * w,coo) + l,Ti; 9;.,;''#' ] dw, I d,r

The humidity ratio can be expressed as

(27)

( 28)

(23)

In the case where the temperature distribution outside

the tower is according to the DALR and that inside the

In the range 273.15 K < T < 313.15 K the saturation
pressure of water vapour can be approximated by the
relation

pus - 2.36874 x 1011exp(-5406.1915|n (29)

Differentiate equation (28) with respect to tempera-
ture and find

'tts - 0.622prrl (p - prr)

dw, 0.6221p @p,, I d,f) - pu, (dp I df))

0.00975 (1 * w) z
(1 + r.9u)72

z0 w)

Tz

+
6

g
.9

5

I
97

+
0

i
.0

T
f, ,77(L* 1 eu )l@ +o 622)

I

I

dT
(30)
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Upon differentiating equation (29) with
temperature find

dp,, I d,T - 5406. 191 5 po, lT'

Furthermore, with equations (6) and (25)

Results and conclusions

Various models for determining the driving potential for
the flow through a solar chimney power plant have been
presented. To illustrate the dependence of these models
on the parameters that influence the potential, a practi-
cal numerical example is presented.

Consider a solar power plant that has a chimney of
height I 500 m. The ambient air pressure h
N/-' and the corresponding temperature is ?r
(303.15 K). If the rise in air temperature in the solar
collector is 20o C such that T2

driving potential as given by equation (3) is (p, - p2) -
940.9 N l^'. If it is assumed that the DALRis applicable
both outside and inside the chimney, equation ( 14) gives

s [(1 * w,) {1 - u)sl @,+ 0 .622)} + (r,, - u,)]
R@rldr)

(p, -pr) - 981.3 N/m2 whilst for an ISA outside, and a
DALR inside the chimney, equation (16) gives (p,, - pr)
= 868.1 N/-'. In view of the measurable difference in
the potentials given by these models it is obvious that
great care must be taken in the evaluation of driving
potentials.

If a DALR is assumed outside and inside the chim-
ney for a given ambient temperature of T1

a temperature rise of 20oC in the collector, the poten-
tial (p, - pz) will increase with increasing ambient pres-
sure as shown in Figure 3. The change in potential for
this chimney at a pressure of pr = 90 000 N/-' and
Tz - Tr - 20o C as a function of ambient temperature is
shown in Figure 4. If the ambient pressure remains at
90 000 N/-' and T1

the outlet temperature of the collect or, T|2, increases as

shown in Figure 5.

If the air in the chimney contains water vapour, the
draft is generally improved. The potential for moist air
is shown in Figure 6 for an ambient pressure of 90 000
N/-' , Tt = 30oC and Tz - Tt = 20oC. For a DALR
external to the tower and unsaturated conditions inside
the chimney, the potential is given by equation (24). A
similar equation may be deduced for an ISA external to
the chimney. The potential according to equation (3) is
shown by u horizontal line. When the relative humidity

#= (#)(#)

respect to

(31)

find

Pauu I
(dr ldz)

[( 1+ .,) {1 - w,l(r, + 0.622)} + (r, c- 1t)s)]pg

RT @rldz)
(32)

Substitute equations (31) and (32) into equation (30)
and find with equations (28) and (29) that

dw,
dT

0.67 872 x 10- " *?pexp (5406. 19 1 5 lT)
T

Substitute equation (33) into equation (27)
for the case where
(.,c - ?t)s) < (1 + .r) {1 - u,l(-, + 0.622)},

-s (1 + u") [1 + 0.42216 x t}-rrwlpexp (5406.19151ni"1{(r, + O.AZ4 nr1]
(coo * wscpu) + 3.6693 x t}-swlpexp (5406.191517)i"/r2

(34)
where f, - irs*o - (ro- - cpu) (T - 273.15)

Analytical integration of this equation is not possible.
Numerically it is however readily shown that the temper-
ature gradient determined at a particular pressure and
temperature hardly changes at higher elevations where
both the pressure and temperature will be lower, i.e. the
temperature gradient is approximately constant, or

T-Trr*€rz,

Substitute equation (35) into equation (26) and find
for (r,c- us) < (1 + u,){1 - w,l(r, + 0.622)} that

dp -0.622s (1 + w) p

(35)

(36)dz R(*, + 0.622) (f, "* €rz,)

Upon integration of equation (36) find the approxi-
mate pressure above the elevation where the air initially
becomes saturated and condensation commences.

p, N pr, [1 + €r rr lTr.]-o '622s(L*ur" )/ln€r('"+0'622)l

=Prr[1+€rrrlTrr]-o'02r2s39(L*ur")lltr('"+0'622)l
(37)
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at the inlet to the chimney approaches 60%, the vapour
near the top of the tower will become saturated. For
higher values of inlet relative humidity, saturation will
occur at lower elevations in the chimney, as shown in
Figure 6. Above the elevation of saturation, equation
(37) is applicable. Due to further cooling in this region,
vapour will condense forming a cloud of water droplets.

Figure 7 shows the influence that different ambient
pressures have on the potential. Typical temperature
and pressure distributions in the chimney for a relative
humidity of 90To at the chimney inlet are shown in Fig-
ure 8, whilst the humidity ratio at different elevations is
shown in Figure 9. The influence of different chimney in-
let temperatures on the potential and saturation height
under these conditions is shown in Figure 10. Similarly
the influence of different ambient temperatures is shown

in Figure 11.
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The influence of surface and upper layer lnversrons a^s

well as the distribution and changes in the ambient rela-
tive humidity should also be considered in more refined
models for determining potentials. Under certain oper-
ating conditions the formation of large droplets in the
chimney may result in a significant reduction in effective
potential.
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