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Abstract—The present work is dedicated to the techno-economi
analysis of the solar chimney power plant (SCPP) of [. INTRODUCTION

Manzananares site. This site is located in the southegion of In order to ensure sustainable development andvevsify
Spain. Manzanares. This prototype reached a produan of its energy needs, the world is engaged in an irapbgirogram

44MWh/year with a power peak of 50kW [7]. A mathemé&cal fd I f bl . T .
model [1] was presented to describe the solar chirey power of development of renewable energies. To meet msrgy

plant mechanism in detail, establish a technical stly, evaluate Needs, it aims to significantly incregse the Cmmibn of
the annual performances, and study the effect of vius renewable energies. One of the options that wilp hreeet
parameters on power output.The economic study is lsad on the these demands is the solar chimney power plant P$CFhe

calculation of the LCOE "Levelized Cost of Energy” which SCPP is a device of renewable energy power plaat th
corresponds to the complete price of energy over ¢hlifetime of transforms solar energy into electricity.

the equipment. A profitability study of the prototype of . .
Manzanares is developed for Maghreb countries suchs Algeria, The first SCPP prototype was proposed by Schlarh a

Tunisia and Morocco as well as for some European catries: Puilt in 1982 in Manzanares, Spain [3, 4]. Reseantks

Spain, Germany and Denmark. were conducted on the power plant and it provetitteaSCPP
concept is technically viable for power generatjbh There
Keywords—Renewable energies, Solar chimney power plant, ~ aré normally three methods in studying the perforrsa
Technico-economic study, Mathematical modeling. characteristics .of a solar chimney power plant: |33W_ﬂ|.
method, numerical method and methods based onasityil
Technical theory [6].
Symbol ~ Signification _ Units The Manzanares solar updraft tower (Spain, 150 &uihs
:C“ iross fszft'on";" arei Oftthe solar chimney E‘“!% of Madrid) is considered in this study. It is a fotgpe, built
cor Airea orihe solar collector ™. _ between 1982 and 1989 years. The prototype hasver tof
Co Specific heat of air l&j/EgE] . 5
G Solar heat flux [0 /o] 200m high and a collector of 45 000m2. It reached a
H Solar chimney height [rm] production of 44MWh/year, for a peak power of SOKK)
h Outflow heat transfer coefficient [W fm® K]
#h Air mass flow rate [Eg/s] _ TABLE |
Prrax Max. output mechanical power Wl Technical data of Manzanares prototype [7].
Pe Electric power produced [l Hr : Tower height [m] 194.6
Q Heat absorbed by air in the collector [ Rr: Tower radius [m] 508
T ol Temperature of air in the collector [&] T : :
To Ambient temperature [&] Rc: Mean collector radius [m] 122
u Air velocity of the solar chimney [m/=] Hc: Mean roof height [m] 1.85
o Ab§9rbance of the solar collector Uvent : Upwind velocity [m/s] 5
Mest Efflmepcy of solar coIIe-ct.or Ne: Turbine efficiency 0.83
L Electrical generator efficiency - Friction loss f 09
Pl Air density in the collector [ g/m?] a : Friction Joss factor :
Pa Ambient air density [kg/m®]
Pressure difference between the chimney base .”' MATHEMATI.CAL MODEL )
AF and the surroundings The analysis presented in this paper is based en th
Economical following simplifying assumptions [1]:
: B?Stim:/ters;gem cost ['\f'o'/f]' €l 1- Uniform heating of the solar collector surface.
n Expected lifetime of power station year] 2- No temperature gradient of the air inside théector.
My Annual operation & maintenance cost [Mio. €/a] 3- No heat loss from the chimney walls.
Ey Electrical energy generated in the year [kWh]
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4- Friction losses of the flowing air in the chimnare

neglected. (14)

2 g
Prax = 3 ﬂmitm HApn G

If the generator efficiency defined gs, the electric power
from the solar chimney becomes:
P, = NePmax (15)

A. Technical Model

A.1. The Solar Collector
The heat balance equation of the collector carrbplified

ajﬂﬂ AT — T = ETe— T 0 B. Economical Model [2]
Wr“]'::e_ collh eoll = 207 = TR el T 00 e The levelized cost of electricity (LCOE) is givey: b
: ) . 1+r)". r
o = peapdep _ 2) ['{1 - + h{'l- (16)
The efficiency of the solar collector can be defifaes: LCOE = 'Eb ’
h (T eon —To) . Y
Moot = & — % (3) According to the formulation above, if the mdlew rate is

known or assumed then the power output can be rdisted.

A.2. The Chimney ; .
. . The different steps of the power output computasicn
Pressure developed due to the air density betweanee 1. Choose a density,

at temperature b and exit at §in the chimney is calculated2: Calculate u using Eq. (10)

as. . 3. Calculate Toi using Eq. (9),
AP =g |, (po — Peon) d2 {4) 4. Calculatepcon using Eq. (8) and perform the iteration,
For a vertical adiabatic chimney, the integratimgation 5. Calculatec. using Eqg. (3),
(4) gives: 6. Calculate Rax using Eq. (14),
AP = g (pp— Peon) H gs) 7. Calculate Pusing Eq. (15),
The air velocity in the chimney can be evaluatethgis

. ) A flowchart for these procedures is illustratedrig. 1[1].
Bernoulli equation as follows:

|
= 1.!'2 A ool (&) Input Acon, Ach, H, h, G, To, Co, 0., e.
Substitution of equation (5) into equation (6) give y
N Gueseolio (10)
|2 g H -
u= | gH(py — peon) ) -
Peoll
. . L . Calculate u (1(
Using the following approximation for ideal gas: v
Po— Pesit ToaTy (8)
) Been Tq ) : Calculate “coi(9)
The air velocity in the chimney can be written as: . 4 Pcollo = Peoll
"= lIE g H {T; oll — Tnjl |:I;I:| Calculatepcor (8)
A o N
Combine equations (1) and (9) yields: If Ipcoli-peoliol <10 L
'L!ZTD o Gﬂmu 0
2gH hAgn+ propdentt Cp B (10] Tes
PeonAcaCplo U + h A Tou' — 2 gHe GAyyy =0 Calculatencoi(3)
The last equation can be solved numerically touatal the y
air velocity through the chimney. taking the valok heat Calculate Ima> (14)
transfer coefficient : 4
h = 5.7 + 3.8 & Uyina Calculate k (15)
A.3. The Turbine Y
Turbines are located at the bottom of the chimrigye Enc

maximum mechanical power taken up by the turbinges
recommended by Schlaich [9] is:
Prgx = 2-"'.3 u AppAP (11
Where:
ell — T

T
AP= p.omg H T
]

The heat absorbed by the solar collector can bgenras:

iz

a
Fig. 1 Flow chart of computational procedure [1].

I1l. RESULTSAND DISCUSSION

A. Technical Model
The maximum horizontal solar irradiation and thebamt

temperature of the city of Ciudad Real (Manzana®gsin) are
used to analyze the performance of the solar chimne
Meteorological data are taken by METEONORM 7 sofeva

Q= HeonAeon G (13)
Substitution of equations (12) and (13) into equatf11)
gives:
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with period data (1991-2010). These are illustratedthe values. The total annual energy measured is around

following table: 44,623MWh and the total annual calculated energy is
TABLE Il 46,028MWh.
MAXIMUM HORIZONTAL SOLAR IRRADIATION AND MONTHLY AVER AGE Annual energy produced
TEMPERATURE FOR THE CITY OMMANZANARES.
mm Calculated
2501 Measured
Month  Solar Heat Gain [W/m?] Max. Monthly average
Temp [K]

1 566 279.25 200 4
2 699 281.55 =
3 928 284.85 § 150 4
4 950 287.15 =
5 975 291.85 g

100 +
6 993 298.45
7 989 300.85
8 986 300.25 ]
9 870 295.45
10 767 289.55 o Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
11 652 283.15 Months
12 531 279.85 Fig. 3. Comparison between measured and calculated maerikehgy

) ) ) outputs for Manzanares solar power plant.
To validate the analytical model, the theoretieslults were

compared with experimental data obtained on Manesna

prototype. The power plant results are given inld@ &b 3.2. Economical results

Electricity produced by the solar updraft tower is
TABLE il roportional to the intensity of global solar raiia, the
RESULTS COMPARISON BETWEEN EXPERIMENTAL DATA AND CALCULAION p p y g .. )
(MANZANARES, SAPIN). collector area and tower height. There is in faztoptimum
physical size for such plants. Optimal dimensiorss de
calculated only by including specific component tsos

. Experiments Present
Technical sheet P

7 del . TR .
— [71 mode (collector, tower, turbines) for individual site® |
I [W/m?2]: Irradiation 1000 975 . . . . .
- To give an overview, typical dimensions for seldcselar
To [K]: Ambient temperature 302 291.85 updraft tower capacities are given in Table 4 [10]
ne: Collector efficiency 0.32 0.29648 P P 9 '
Pe [kWe]: Power ot:tp})t 50 48.67137 TABLE IV
u [m/s]: Upwind velocity 15 17.65388 TYPICAL DIMENSIONS AND ELECTRICITY OUTPUT
in the collector
AT [K]: Temperature difference 50 Ht Dt Dc Pe at 2300 Pe at 1800
(collector / ambient) 20 238231 kWe kWh/m?yr kWh/m?yr

] ] ] ] Value  750m  90m 3750m 153GWh/yr  120GWh/yr
The results displayed in figure 2 illustrate the CFC

performances such as the power and efficiencyeherl, the
output power increase during the summer monthelas beat
flux increases which generates the increase oéffi@ency.

Based on specific costs (To produce 50 kW of dlgttr
the total investment cost is 302Mio € and annu&rafion &
maintenance cost are 1.6Mio €/a) and the dimensimra
Table 1, investment costs were calculated for Maazs solar
il S - Anial power produced updraft tower and the results are plotted in thiéofang

T figure.

Efficiency
e
=
8
8

0 2 4 6 8 10 1z
Moths

2 4 8 10 12

Norths
Fig. 2 Average monthly power production and eéficiy of the Manzanares
solar chimney power plant.

Figure 3 presents a comparison between measured and
calculated average monthly energy outputs, showiagthere
is good agreement between the theoretical and meghsu
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M. Wegmuller, J. P. von der Weid, P. Oberson, andsisin, “High
- resolution fiber distributed measurements with ceht OFDR,” in
0804 caivinbioral pawer plint Proc. ECOC’00 2000, paper 11.3.4, p. 109.

B Solar Updraft Towers A
Solar Updraft Towers B

] [4 Zhou X, Yang J, Xiao B, Hou G, Xing F. Analysis of
chimney height for solar chimney power plant.
ApplThermEng 2009;29:178-85.
[5] Koonsrisuk A, ChitsomboonT.Partial geometric
similarity for solar chimney power plant modellin§ol

Comparison of electricity costs (3]
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Energy 2009;83:1611-8.
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[6] Petela R. Thermodynamic study of a simplified maafel
: = : the solar chimney power plant. Sol Energy 2009983:
Algeria Tunisia Marocco Spain Germany Denmark
Country 107
Fig. 4. Comparison of electricity cost. . ) . )
A assuming weighted average cost of capital of &®ba depreciation ime ~ [7]  Haaf, W., Fredrich, K., and Schlaich, J., "Solaingteys,
of 25 years Part | : Principle and Construction of Pilot Plant

B assuming weighted average cost of capital of &bha depreciation time Manzanares." J. Solar Energy Vol.2. 1983 pp.3-20
of 25 years o ' o BRI )

0.0

o

[8] Haaf, W., "Solar Chimneys Part Il : Pilot Test Resurom the

Manzanares Pilot Plant." J. Solar Energy, Vol. B4%p. 141-161.
IV. CONCLUSIONS gy Pp

Generation of electricity using solar energy isafiernative [9]  Schlaich, J.,"Solar Updraft Tower",Stuttgart, OoB011.
for power generation over conventional power plaiMsny
research works based on numerical and experimetidies [10] Schlaich Bergermann, "The Solar Chimney: Elecyicit
are carried out by keeping Manzanares power plantaa from the Sun" Deutsche Verlags- Anstalt, Stuttga@f4
reference. It is concluded that such system shoodd
constructed in a very large way to generate lameuant of
electricity.
The work presented in this study is related totdodnical-
economic study of the solar chimney of Manzanaidse
obtained results show:
1. The generated power depends on the solar imeeliand
the ambient temperature.
2. The efficiency both of the collector and thebine has a
significant role in the improvement of the system
performances.
3. The mathematical model presented here is relstiv
simple while provides a very accurate result asvehim Table
3.
4. Maghreb countries have really small conventional
electricity cost because of natural sources (ail gas) which
makes the solar chimney unprofitable (negativerm@tuOn the
other hand, the cost of the kwWh produced by sdianceys in
Europe is profitable (positive return).
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