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Solar Chimney Cycle Analysis
With System Loss and Solar
Collector Performance
An ideal air standard cycle analysis of the solar chimney power plant gives the lim
performance, ideal efficiencies and relationships between main variables. The pr
paper includes chimney friction, system, turbine and exit kinetic energy losses i
analysis. A simple model of the solar collector is used to include the coupling of the
flow and temperature rise in the solar collector. The method is used to predict the
formance and operating range of a large-scale plant. The solar chimney model is ve
by comparing the simulation of a small-scale plant with experimental data.
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Introduction
The solar chimney is a simple renewable energy source con

ing of three main components, a solar collector, chimney
turbine. Air is heated by the greenhouse effect under the g
collector. This hot air, less dense than the surroundings, rise
the chimney at the center of the collector. At the base of
chimney an electricity generating turbine is driven by the ris
air. Economic and feasibility studies have been performed@1,2#.

Ideal Air Standard Cycle Analysis
There have been various analyses of the solar chimney@2,3#,

and an ideal air standard cycle analysis@4#, included here for
clarity ~Fig. 1!. While simple it is rigorous and determines a c
cle’s limiting efficiency as all components are assumed to be id
and all processes loss free. Other assumptions are: the wo
fluid is dry air, considered an ideal gas with constant specific h
capacity. The only heat flow in the system is the net gain by
air in the collector. The mass flow in the system is constant
inlet and outlet atmospheric conditions are ideal.

Figure 2 shows the solar chimney cycle, while Table 1 clarifi
the processes and lists the similarities to the gas turbine cy
These similarities greatly simplify the analysis as existing g
turbine theory can be used@5#. The aim of the analysis is to find
relationship between the plant performance and variables suc
chimney height and collector temperature rise.

The plant thermal efficiency is defined as,

h5
Shaft Power Out

Solar Power In
(1)

where the denominator, the available solar power is,

Psolar5ṁcp~T32T2!5ṁcpDT23 (2)

Not all of the power from expansion 3–4 is available as some
it is required to lift the air up the chimney~3te-4! @6#,

P3 – 45ṁcp~T32T4! (3)

P3te-45ṁcp~T3te2T4!5ṁDh5ṁgDz (4)

and an adiabatic lapse rate@7#

2
dT

dz
5

g

cp
(5)
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the enthalpy reduction from 3te-4 is the same as from 18–2

Dh5gDz5cp~T22T18! (6)

Resulting in a shaft power output of,

Psha f t5ṁcp~T32T4!2ṁcp~T22T18! (7)

Substituting Eqs.~2! and~7!, the ratio, c5T2 /T185T3 /T4 for the
ideal isentropic gas process and the relation of Eq.~6! all into ~1!
the ideal plant efficiency is written as,

h512
1

c
5

gDz

cpT2
(8)

In a similar way the specific power normalized with respect to t
mass flow and inlet temperature T2 is defined as,

P2* 5
Psha f t

ṁcpT2
(9)

where substitution of c leads to the intermediate step of,

P2* 5H 12
1

cJ H T32T2

T2
J (10)

and using Eq.~6! leads to,

P2* 5H gDz

cpT2
J H DT23

T2
J (11)

Equations~8! and ~11! represent the upper limits of the sola
chimney performance as they are derived from the ideal cy
analysis. The efficiency~Eq. ~8!! is proportional to chimney

c.
Fig. 1 Solar chimney schematic
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height and inversely so to inlet temperature T2 . The inlet condi-
tions are dependent on climatic conditions and so plant efficie
is controlled solely by the chimney height. Assuming T2
5303.2 K, the following efficiencies and specific powers are t
upper limits for the given chimney heights.

Inclusion of Losses
In the real plant losses will occur in each of the componen

Two assumptions are made, the first that the total pressure
mains constant under the glass collector as air is likely to leak
Practically this would result in a lower temperature rise,DT23.
The second is that all kinetic energy is lost at the exit as it wo
be difficult to construct a diffuser at the top of the chimney. T
temperature entropy diagram is modified to include compon
losses.

Figure 3 shows the 3 main components of the expansion p
cess, namely the turbine, chimney and kinetic energy loss at
exit. The turbine efficiency is defined as,

h turb5
T032T03te

T032T03te8
(12)

Apart from the work required to lift the air up the chimney furth
work is required to overcome the internal friction of the chimn
mainly due to internal bracing and to a lesser extent wall frictio
Represented byk, this is expressed as a fraction of the exit kine
energy,

Fig. 2 Temperature-entropy diagram for air standard cycle
analysis

Table 1 Comparison between solar chimney and gas turbine
cycle

Process no. Gas turbine Solar chimney

1–2 Compressor Atmospheric lapse rate
2–3 Combustor Solar collector
3–4 Turbine Turbine and chimney

Table 2 Efficiencies and specific power output from ideal air
standard cycle analysis

Dz @m#
⇓

h @%#
⇓

P2* (3103) for variousDT23

5 10 15 20 30

1500 4.83 0.796 1.593 2.389 3.185 4.778
1000 3.22 0.531 1.062 1.593 2.124 3.185
500 1.61 0.265 0.531 0.796 1.062 1.593
134 Õ Vol. 122, AUGUST 2000
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k5
T042T049

T042T4
(13)

In general the exit velocity is not uniform and using the mean
simpler. Calculation of the exit kinetic energy using the mean
not correct so a factor,a, is introduced allowing the mean to b
used but giving the correct exit kinetic energy. In the followin
definition of a, over bars denote the mean values.

a5
KE

KE
5

E ~rCz4!
1

2
Cz4

2 dA

~rCz4!
1

2
Cz4

2 A

(14)

The entire expansion efficiency is defined as

hexp5
~T032T4!

~T032T48!
(15)

Efficiency and Specific Power Output. Using the definition
of efficiency from Eq.~1! and through inspection of Fig. 3 to tak
kinetic energy loss~04-4! into account plant efficiency is,

h5
hexp~T032T48!2~T03te2T04!2~T042T4!

~T032T02!
(16)

from which the following expressions for efficiency and speci
power can be written,

h5S gDz

cpT02
D Fhexp~T021DT23!2T02

DT23
G2a

Cz4
2

2cpDT23
(17)

P2* 5S gDz

cpT02
D S hexp~T021DT23!2T02

T02
D2a

Cz4
2

2cpT02
(18)

Whenhexp51 andCz450 then Eqs.~17! and~18! simplify to Eqs.
~8! and ~11! respectively.

Operating Range. The solar chimney can operate betwe
two extremes of zero power output. The first is simply when th
is a zero turbine temperature drop resulting in a large mass fl
The second is when there is a near zero mass flow caused
high turbine temperature drop. As before this is illustrated in
temperature entropy diagram showing the condition~Fig. 4!.

The limiting turbine temperature drop is defined as,

DTturb lim5~T032T03te8 !5
~T032T4!2~T03te2T4!

h turb
(19)

By making the following substitutions into Eq.~19!,

Fig. 3 Temperature-entropy diagram for air standard cycle
analysis with system losses
Transactions of the ASME
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T45T03te~T48/T03te8 !

T03te5T032h turb~T032T03te8 !5T032h turb~DTturb lim!
(20)

T03te8 5T032~T032T03te8 !5T032DTturb lim

gDz

cp
5T03te2T4

an implicit expression forDTturb lim results,

DTturb lim5
1

h turb
F S T032T48

T032h turbDTturb lim

T032DTturb lim
D2

gDz

cp
G
(21)

Equation~21! can be written in standard quadratic form with a,
and c being the standard coefficients. The physically realistic
lution is,

DTturb lim5
2b2Ab224ac

2a
(22)

Output Power. The total output power is a function of th
plant size, environmental conditions and a specified turbine te
perature drop and is calculated by multiplying Eq.~18! as follows,

P5ṁcpT02P2* (23)

Inspection of Eqs.~18! and~23! shows that the exit velocity,Cz4
and system mass flow are required. The mass flow is a functio
chimney area andCz4 andr4 ,

ṁ5r4Cz4A (24)

For bothCz4 andr4 , the exit temperatureT4 is required,

r45
p4

RT4
(25)

Cz45A2cp~T042T4!/a (26)

From Fig. 3 the following three temperature ratios can be writt

T4

T04
5

T48

T048
;

T048

T03te8
5

T049

T03te
; T049 5T042k~T042T4!; (27)

Once again this leads to an implicit equation forT4 ,

T45
T04T48T03te

T03te8 @T042k~T042T4!#
(28)

Fig. 4 Temperature-entropy diagram for air standard cycle
analysis with system losses for limiting turbine temperature
drop
Journal of Solar Energy Engineering
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which can be re-written in standard quadratic form leading to
solution,

T45
2b1Ab224ac

2a
(29)

The exit pressure, p4 is the last term needed and assuming
adiabatic atmospheric lapse rate it can be written as,

p4

p03
5

p01

p02
5S T01

T02
D g/g21

⇒p45p02S 12H gDz

cpT02
J D g/g21

(30)

Solar Collector Model
The last major component to be included in the analysis is

solar collector which supplies input heat to the system. In
collector there is a strong coupling between the mass flow
temperature rise of the air (Qair5mcpDT). Previous analyses of
the solar chimney have not taken this into account and use a
turbine approach of plotting performance along lines of const
collector temperature rise,DT23. A more useful result would be
plant power output along lines of constant inlet radiation. The
two approaches lead to very different predictions of design po
operation as shown in Table. The collector model gives the re
tionship between G and Qair .

Solar Collector Model. There are three basic assumption
used in the model and these are: 1! steady state conditions 2! No
evaporation takes place under the collector and 3! the vertical
temperature profile of the collector air is constant. Figure 5 sho
the annular control volume used to find the net heat gain of the
through each section of the collector@8–10#.

The following energy balance equation can be written to fi
the heat gain by the air in the control volume,

dHṁ5~dG2dGloss!1~dQloss1dQsto! (31)

This can be expanded by substituting the normal equations
radiation and convection loss to the atmosphere as well as c
duction loss into the soil. The temperature rise through each c
trol volume by the air is,

dTair

dr
5

2pr

ṁcp
Ft inesur fG2H toutesur fs~Tsur f

4 2Tatm
4 !

1hgli~Tair2Tgli !1
kgro

Lgro
~Tsur f2Tsto!J G (32)

Fig. 5 Detail of control colume of solar collector showing no-
menclature for temperatures, heat, mass and radiation flow
AUGUST 2000, Vol. 122 Õ 135
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Three further heat flow equations, the ground surface~33!, glass
inner surface~34! and glass outer surface~35! are needed to cal-
culate the temperatures for use in Eq.~32!.

t inesur fG5toutesur fs~Tsur f
4 2Tatm

4 !1hsur f~Tsur f2Tair !

1
kgro

Lgro
~Tsur f2Tsto! (33)

hgli~Tair2Tgli !5
kglass

Lglass
~Tgli2Tglo! (34)

kglass

Lglass
~Tgli2Tglo!5hglo~Tglo2Tatm! (35)

With the inlet conditions to the collector being known Eq.~32!
being a one dimensional differential equation can be solved
merically. For a given mass flow the temperature riseDT23 can be
found.

Manzanares Simulation
To verify the solar chimney model a small-scale plant is sim

lated @3# and the results compared with experimental readin
Assuming steady state conditions for the air is accurate but no
for the soil temperatures. A simple one dimensional finite diffe
ence time marching scheme was used to model the soil@8# and it
was found to improve the transient simulation of the Manzana
plant significantly. The plant in Manzanares had a chimney
194.6 m high, 10 m in diameter and a solar collector of rad
122 m. Figure 6 above compares simulated results and experim
tal results using the environmental data of@11# published for a
sample day~02-09-82! where the maximum inlet radiation wa
850 W/m2.

It can be seen that there are two set of simulated results, the
is using the quoted turbine efficiency, assuming it stays const
Inspection of the measured turbine pressure drop vs the po
output shows that this is not the case and calculating the turb
efficiency improves the results. The simulation tends to overe
mate the power output in the morning and afternoon, this is ho
to be improved by taking into account reflection due to the su
low angle. The dip in midday output is thought to be due
incorrect turbine modeling. The power outputs are in the corr
range and so the model can be used with reasonable certain
predicting the power output of a full-scale plant.

Fig. 6 Comparison of simulated and experimental results from
Manzares, Spain
136 Õ Vol. 122, AUGUST 2000
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Simulation of Full Scale Plant
The model developed is used to simulate a full scale so

chimney. Table 3 shows the size and inlet conditions used for
simulation. Values used for the various material constants can
found in @8# but these are similar to the nominal values found
most texts.

Power Output. Figure 7 shows that the plant power output
a certain inlet radiation level is not constant but can be varied
changing the turbine temperature drop. The two extreme con
tions that result in zero mass flow can be clearly seen. It is a
evident that there is a maximum power condition as shown. W
is also indicated is a limiting power line, this is due to the max
mum power output of the generator. It can also be seen that
design power can be reached at a reasonable inlet radiation le

The reason for indicating the region to the left of the m
power line as the ‘ideal operating region’ needs further discuss
At an inlet radiation of say 800 W/m2 with power limited to 200
MW there are two possible operating points.

The first at a higher mass flow to the right of the maximu
power line would be reducing power output by increasing t
kinetic energy losses at the exit. The temperature in the s
collector would also be reduced thus reducing the effectivenes
any thermal storage.

The second point, to the left, is at a lower mass flow rate
creasing the power output by increasing the temperature and
heat loss in the solar collector. As mentioned part of this ‘‘loss’’
into the ground but this heat would be used later in the day as
air temperature cools and inlet radiation decreases. In practice
plant would probably be operate along the maximum power l
until the limiting power was reached. The mass flow would th
be limited to control the power output.

Turbine Requirements. To be able to generate power an e
ficient turbine is required and to design this accurate predicti

Fig. 7 Power output vs. mass flow along line of constant inlet
radiation

Table 3 Dimensions and inlet conditions

Full-scale Manzanares

Chimney diameter 160 m 10 m
Chimney height 1500 m 195 m
Chimney constantk 1
Design power 200 MW 50 kW
Collector inlet press (p2) 90 000 Pa
Collector inlet temp. (T2) 303.2 K
Turbine efficiency 80%
Exit constanta 1.1058
Transactions of the ASME
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of mass flow and pressure drop are required. It is assumed tha
turbine will operate along the maximum power line at lower in
radiation levels and then to the left of this along the limitin
power line at higher levels. In previous analyses of the solar ch
ney a graph similar to Fig. 7 has been produced but plotting po
output along lines of constant temperature~the gas turbine ap-
proach as mentioned earlier!. The difference in turbine operatin
predictions at the indicated design point using these two meth
is shown in Table 4.

Conclusion
The ideal air standard cycle analysis while simple to perform

a powerful tool as it quickly allows the upper limits of a cycle
performance to be calculated. In the solar chimney project th
important so that initial feasibility of the plant can be quick
calculated. The inclusion of the main system losses of turb
efficiency, chimney friction and exit kinetic energy loss allow f
more realistic predictions of plant power output to be found. T
final step of the analysis is the inclusion of the solar collector a
is important due to the strong coupling of mass flow and temp
ture drop.

Care must be taken when predicting the operating range of
solar chimney. Using a traditional approach, plotting power out
along lines of constant power and not including the solar collec
in the analysis could result in an inaccurate prediction of the
erating region. Plotting the power output along lines of const
inlet radiation better represents the performance of the solar c
ney, as it simulates the actual conditions better. Accurate pre
tion of the operating region will result in a more efficient turbin
design. The analytical model developed showed good agreem
with the experimental results of the small-scale plant built in Ma
zanares allowing it to be used reliably in the prediction of t
output of a full-scale plant.

Nomenclature

Cycle Analysis

a 5 quadratic constant
A 5 area
b 5 quadratic constant
c 5 quadratic constant

cp 5 specific heat capacity
C 5 velocity
g 5 gravitational constant
h 5 enthalpy
K 5 chimney loss coeff.
ṁ 5 mass flow

KE 5 kinetic energy
p 5 pressure
P 5 power
R 5 gas constant
T 5 temperature
z 5 vertical height
a 5 kinetic energy coeff.
g 5 gas constant
h 5 efficiency

Table 4 Turbine design point prediction

Lines of constant
radiation@W/m2#

Lines of constant
temperature@K#

DT23 @K# 37.4 24.01
DPturb @Pa] 1597 749
Mass flow@t/s# 143.1 318.9
Journal of Solar Energy Engineering

rom: http://solarenergyengineering.asmedigitalcollection.asme.org/ on 03
t the
et
g
im-

er

ods

is
s
s is
y
ine
r
he
nd
ra-

the
ut
tor
p-
nt
im-

dic-
e
ent

n-
he

r 5 density
D 5 difference

Indices

8 5 isentropic process
* 5 normalized value

— 5 mean value
0 5 stagnation property
1 5 cycle start
2 5 collector inlet
3 5 turbine inlet
4 5 chimney exit

exp 5 expansion
lim 5 limiting

solar 5 solar power
shaft 5 shaft power

te 5 turbine exit
turb 5 turbine

z 5 vertical

Solar Collector

E 5 emissivity
G 5 radiation
h 5 heat transfer coeff.
H 5 heat flow into air
K 5 conductivity
L 5 thickness
Q 5 heat flow in collector
r 5 collector radius
s 5 Stefan-Boltzmann const.
t 5 transmissivity

Indices

air 5 collector air
atm 5 atmospheric air

glass 5 glass properties
gli 5 glass inner surface
glo 5 glass outer surface
Gro 5 ground properties

in 5 inlet
loss 5 heat loss
out 5 outlet
sto 5 ground storage

surf 5 ground surface
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