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Part I

Numerical-Analytical Analysis on

SCCP

In this study an appropriate expression to estimate the output power of solar 

chim-ney power plant systems (SCPPS) was considered. Recently several 

mathematical models of SCPPS were derived, studied f or a variety of boundary 

conditions, and compared against CFD calculations. An i mportant concern f or 

modeling SCPPS i s the accuracy of the derived pressure drop and output power 

equation. To elucidate the matter, axisymmetric CFD analysis was performed to 

model the solar chimney power plant and calculate the output power f or different 

available solar radiation.
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Both analytical and numerical results were compared against the available exper-

imental data from the historical Manzanares power plant. We also evaluated the

fidelity of the assumptions underlying the derivation and present the output power

characteristics of Manzanares prototype under a range of solar irradiation, mass

flow rate and collector efficiency. This research provides an approach to estimate

the output power with respect to available radiation to the collector .

Collector Chimney Pressure drop Modeling and simulation Analytical solution

Computational fluid dynamics

Nomenclature

V ariables

A cross-sectional area, m2

Ar cross-sectional area of the collector ground, m2

g acceleration due to gravity, m/s2

h height, m

ṁ air mass flow rate, kg/s

p pressure, N/m2

Ẇ flow power, W

q heat transfer per unit mass, J/kg

q′′ heat flux, W/m2

R air specific gas constant, J/kg.K

T temperature,K



Numerical-Analytical Analysis on Manzanares Solar Power Plant Prototype 4

ρ density, kg/m3

u velocity, m/s

cp specific heat capacity, J/kg.K

Subscripts

i inlet

o outlet

c collector

t tower

m mean

∞ ambient air

turb turbine

atm atmospheric

Abbreviations

CFD computional Fluid Dynamics

EOS equation of state

SCPPS solar chimney power plant system

RHS right hand side

M&S modeling and simulation
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1.1 Introduction

Although the idea of the SCPPS can be traced to the early 20th century, practical

investigations of solar power plant systems started in the late 1970s, around the

time of conception and construction of the first prototype in Manzanares, Spain.

This solar power plant operated between 1982 and 1989 and the generated electric

power was used in the local electric network [1–3].

The basic SCPPS concept (Fig. 1.1) demonstrated in that facility is fairly striaght-

forward. Sunshine heats the air beneath a transparent roofed collector structure

surrounding the central base of a tall chimney. The hot air produces an updraft

flow in the chimney. The energy of this updraft flow is harvested with a turbine

in the chimney, producing electricity. Experiments with the prototype proved the

concept to be viable, and provided data used by a variety of later researchers.

A major motivation for subsequent studies lays in the need for reliable modeling

of the operation of a large-scale power plant. The Manzanares prototype had a

200 m tall chimney and a 40,000 m2 collector area. With respect to the distin-

guished rise of R&D budget on renewable energy [5], study and evaluation the

different aspects of SCPPS seem beneficial and vital. Proposals for economically

competitive SCPPS facilities usually feature chimneys on the scale of 1 km and

collectors with multiple square kilometer areas.

Padki and Sherif [6] used the results from the Manzanares prototype to extrapo-

late the data to large scale models for SCPPS. In 1991, Yan et al. [7] developed
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Figure 1.1: Schematic of SCPPS with the applied variables and subscripts in
the present analysis

an SCPPS model using a practical correlation. They introduced equations in-

cluding air velocity, air flow rate, output power, and thermofluid efficiency. Von

Backström and Fluri conducted a numerical study to determine the optimum ratio

of pressure drop of the turbine as a fraction of the available pressure difference

required to achieve the maximum power [8]. They noted that this ratio might

lead to overestimating the flow passage in the plant and also designing a turbine

without a sufficient stall margin. In other recent works, the SCPPS concept involv-

ing an inflatable tower was examined, with all parts of the power plant modeled

numerically [9–11].

To find the maximum power, different atmospheric pressure and temperature

boundary conditions were applied for various tower heights and atmospheric lapse

rates [12, 13]. Theoretical analysis to study the effect of pressure drop in the
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SCPPS turbine was performed by Koonsrisuk et al. [14]. The optimal pressure

drop ratio was found numerically and analytically by Xu et al., around 0.9 for the

Manzanares prototype. This inverstigation can be applied as an initial estimation

for various SCPPS turbines [15].

Earlier modeling efforts [9] showed a keen sensitivity of the predictions of SCPPS

output to boundary conditions, in particular, pressure. Numerical simulations re-

quire careful validation and verification, and for that, analytical models are indis-

pensable. A theoretical model was recently developed [16] to model the combined

performance of the solar collector, chimney, and turbine. Here we will examine

some of the assumptions and derivations in this model and present an alternative

formulation for the energy equation. We will perform M&S of the Manzanares

prototype and compare the computional results against the available experimen-

tal values and our analytical analysis data. This comparative study is carried out

for different solar radiation based on available experimental data.

1.2 Analytical Study

1.2.1 Collector

Solar Chimney Power Plants provide a reliable and conceptually straightforward

way of energy generation from the solar irradiation[14, 17]. A solar collector is the

main and only component of this power plant to accumulate the available solar

energy to heat up air in a greenhouse. The air escapes the collector through a
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tall chimney which connects the warm air flow of the collector with the cooler air

above the ground. The temperature difference induces the natural convection, and

turbine at the outlet of collector harvests the energy of the air flow. To model the

collector, the simplified one dimensional mathematical analysis was performed to

clarify the details. The analytical correlation will be applied later to compare the

CFD results against it. To derive the equations, we start from the collector. It is

assumed that the flow through the collector is one-dimensional, steady-state, and

compressible. Let us disregard the friction and assume the total heat from the solar

irradiation is absorbed within the air filling the collector. For this thermal-fluid

analysis, the mass conservation satisfies:

dA

A
+
dρ

ρ
+
du

u
= 0 (Continuity) (1.1)

Here A is the cross-sectional area of the collector that air goes through – A = 2πrhc

and dA = 2πrdhc.

Momentum equation is as follows:

dp+ ρudu = 0 (Momentum) (1.2)

Consider the energy balance equation and the equation of state as follows:

cpdT − dq + udu = 0 (Energy) (1.3)
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dp = d(ρRT ) (State) (1.4)

To find dp we can apply Eq. (1.2) and substitute du/u from the continuity equation,

Eq. (1.1).

dp = ρu2
(
dρ

ρ
+
dA

A

)
(1.5)

From the equation of state we can find dρ/ρ and substitute in Eq. (1.5),

dρ

ρ
=
dp

p
− dT

T
(1.6)

dp = ρu2
(
dp

p
− dT

T
+
dA

A

)
(1.7)

We can rewrite Eq. (1.7) as a function of T,A, u, p, ρ and ṁ, where ṁ = ρAu.

Also by substitution dT from the energy equation on the base of dq, cp and u, we

obtain

dp =
ṁ2

ρ

(
dA

A3
− dq − udu

A2Tcp
+

dp

A2p

)
(1.8)

For consistency with previous analyses, let us rewrite dq on the basis of heat flux,

available solar insolation to the air, per mass flow rate—dq = q′′dAr/ṁ where q

has the units of J/kg. Here Ar = πr2, therefore dAr = 2πrdr [14, 18]. Note that



Numerical-Analytical Analysis on Manzanares Solar Power Plant Prototype 10

A = 2πrhc, where hc is the collector height (roof height) that was assumed to be

constant. By substituting Ar, dq and A in the second term on the RHS, we obtain

dp =
ṁ2

ρ

(
dA

A3
− q′′(2πr)dr

ṁ(2πrhc)2Tcp
+

udu

A2cpT
+

dp

A2p

)
(1.9)

We can rewrite equation (1.9) and substitute udu of the third term on the RHS

by applying momentum equation (1.2), udu = −dp/ρ and p = ρRT .

dp =
ṁ2

ρ

[
dA

A3
− q′′dr

2πṁrh2ccpT

] [
1− u2

T

(
1

R
− 1

cp

)]−1
(1.10)

Equation (1.10) is the exact solutions for dp for the one-dimensional frictionless

analysis of the collector. Since our fluid is air we can estimate cp and rewrite

Eq. (1.10).

dp ' ṁ2

ρ

(
dA

A3
− q′′dr

2πṁrh2ccpT

)(
1− 2.494u2

T

)−1
(1.11)

cp, q
′′ and T are considered approximately constant as well. The last term on the

RHS of (1.11) is close to unity within the range of velocities and temperatures

under consideration. Therefore by integrating between the inlet and outlet of the

collector without the last term of the RHS, pressure difference can be derived.

∫ c,o

c,i

dp '
∫ c,o

c,i

(
ṁ2dA

ρA3
− ṁq′′dr

2πrh2cρcpT

)
(1.12)
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pc,o − pc,i '
[
ṁ2

2ρm,c

(
1

A2
c,i

− 1

A2
c,o

)
+

q
′′
ṁ

2πh2ccpρm,cTm,c
ln
rc,i
rc,o

]
(1.13)

Equation (1.13) represents the pressure difference along the collector due to change

in the flow area (first term) and as a result of the solar radiation (second term).

Tm,c and ρm,c are considered as the average values of the inlet and outlet of the col-

lector. To consider the change of density due to temperature change, we consider

the Boussinesq approximation as follows,

ρc,i − ρc,o =
ρc,i(Tc,o − Tc,i)

Tc,i
(1.14)

In the collector, air temperarture rises due to the available radiation and ther-

fore density decreases proportionally with respect to the temperature that can be

calculated by (1.14). The nominal value of the temperature rise in Manzanares

SCPPS was 20K. Note that q
′′

is the avialable solar insolation to the air, means

due to the ground radiative facotrs and also heat losses from the collector q
′′

is less

than the ideal iradiance. We present our performance study due to the collector

efficiency to cover all these factors in the result and disscussion section.

1.2.2 Tower

The air flow in the chimney is considered as an adiabatic frictionless flow. The

conservation equations for the one-dimensional steady state flow in variable-area
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tower are similar to collector except having the gravity term in momentum and

energy equtions.

By following the same trend to find dp we get

dp =

[
−ρgdz +

ṁ2dA

ρA3
+ ρu2

(
dp

p
− dT

T

)]
(1.15)

By applying the energy equation, substitution dT = (−gdz − udu)/cp and dp =

−ρ(udu+ gdz), we can rewrite the above equation as

dp =

[
−ρgdz +

ṁ2dA

ρA3
+ ρu2

(
dp

p
− dp

ρcpT

)]
(1.16)

Also by considering the material properties of air the same way we did for the

collector part,

dp '
[
−ρgdz +

ṁ2dA

ρA3

] [
1− 2.494u2

T

]−1
(1.17)

The above equation is the exact closed form solution for dp at any point as the

function of variables ρ, T . The last term on the RHS can be assumed to equal

unity as we mentioned in the collector part. Let integrate between the inlet and

outlet tower area to find the pressure difference of the chimney as,

∫ t,o

t,i

dp '
∫ t,o

t,i

(
−ρgdz +

ṁ2dA

ρA3

)
(1.18)
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pt,o − pt,i ' −ρm,tght −
ṁ2

2ρm,t

(
1

A2
t,o

− 1

A2
t,i

)
(1.19)

Where ρm,t = (ρt,i + ρt,o)/2 and we can correlate the outlet tower pressure to the

atmospheric density and the inlet collector pressure for an adiabatic tower, pc,i =

pt,o + ρ∞ght.The air density change can be calculated by lapse rate temperature

change due to the height change–Tt,o = T∞ − ght/cp. Therefore by applying

equation (1.14) in the polytropic EOS we obtain,

pt,o = p∞(1− ght
cpT∞

)(
cp
R
) (1.20)

We calculate the denisty at the tower outlet by having the tower outlet pressure

from EOS. For an adibatic tower-collector connection, if we do not consider a

turbine (pressure change) in our model, we can assume ρt,i = ρc,o.

Also T∞ = Tc,i and we can rewrite equaiton (1.14) as follwos,

ρt,i = ρc,o = ρ∞(1 +
T∞ − Tc,o

T∞
) (1.21)

In Manzanares protoype the circular cross sectional area of the tower does not

change, therefore for the pressure difference at the tower we obtain,

pt,o − pt,i ' −ρm,tght (1.22)
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1.2.3 Turbine

The Manzanares SCPPS turbine was mounted freely from the collector on a steel

framework 9 m above ground level (see Fig 1.2). Four turbine blades are adjustable

according to the face velocity of the air in order to achieve an optimal pressure

drop across the turbine blades [1]. To calculate the output power, we can define the

power on the basis of the pressure difference at the turbine – where it is normally

utilized at the outlet of the collector and inlet of the tower. Change of the static

pressure converts into rotational mechanical work. The ideal available power from

the pressure difference is propotional to the mass flow rate and the pressure drop

at the turbine location.

Figure 1.2: Manzanares prototype turbine [4].

Ẇ ' ṁ(pc,o − pt,i)
ρturb

(1.23)
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For area the following equations is used, where b is an arbitrary positive real

constant.

A2
c,i = bA2

c,o, (1.24)

Let ρturb = (ρc,o + ρt,i)/2 and substitute equations pc,o and pt,i from (1.13) and

(1.22). Hence for the flow power by assuming pc,i = pt,o + ρ∞ght, we have

Ẇ ' ṁ

(ρc,o + ρt,i)/2

[
−ṁ2

2ρm,c

(
b− 1

bA2
c,o

)
+

q
′′
ṁ

2πh2ccpρm,cTm,c
ln
rc,i
rc,o

+

(ρ∞ − ρm,t)ght

] (1.25)

The first term on RHS of equation (1.25) presents the effect of the flow area change

and it reduces the available pressure difference with respect to the typical shape of

SCCPS. The second term represents the effect of the available solar radiation to the

collector and the third term calculates the stack effect with respect to the available

mean density difference along the tower and before the turbine. To calculate the

output power from the available pressure difference in a realistic form, we consider,

Pt = ηcẆ (1.26)



Numerical-Analytical Analysis on Manzanares Solar Power Plant Prototype 16

Where ηc is the collector efficiency factor. Based on the 1982 experiments [1], the

reported value, 0.32, for the Manzanares prototype collector efficiency would be

considered in this analysis.

1.3 Numerical Analysis

To perform CFD analysis, the finite volume method was employed via ANSYS/FLU-

ENT M&S package. The air flow as an ideal gas under Boussinesq effect by solar

irradiation was simulated. In the present CFD analysis the mass flow rate, ob-

tained from the CFD results, along with other parameters were used to evaluate the

maximum mechanical power for each case. The flow of air in SCPPS was assumed

steady (in the average flow sense) and axisymmetric with respect to the chimney

centerline. The meshed SCPPS axisymmetric model is shown in Fig. 1.3 with

the details of applied boundary condition. ANSYS ICEM (Integrated Computer

Engineering and Manufacturing) CFD was employed to generate a quadrilateral

cell mesh. To perform the CFD simulation, the standard k− ε, which is classified

as a two-equation turbulence model, was applied. In this model, with respect

to the sensitivity of the pressure solver to the density change, the density of air

is calculated from the ideal gas equation. Stated differently, EOS was applied

to calculate the air density with respect to the updated values of the pressure

and temperature from the Navier Stokes equation results. The pressure boundary

conditions at the entrance of the collector and the outlet of the chimney were

assumed as atmospheric pressure and identical. The discretization accuracy of the
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CFD solver is second order upwind for the density and momentum equation. Semi-

implicit method for pressure-linked equations (SIMPLE) algorithm was applied as

the pressure-velocity coupling to solve the pressure field. The chimney wall and

the collector roof were considered adiabatic and the solar radiation was introduced

to the ground as a constant heat flux. The residual criteria for all equations were

set to be calculated and iterated not to exceed 10−6. The calculations were done

by using a 16-core, 32 GB RAM computer.

Figure 1.3: Computational domain and applied boundary conditions.

1.4 Results and Disscusion

To evaluate the derived analytical solution for the output power of SCPPS, the

available experimental data from Manzanares prototype was applied and extracted.

The measured updraft velocity of Manzanares power plant for 24 hours operation
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is substituted into the analytical solution (equation (1.26)) and compared against

the experimental output power from the turbine (Fig. 1.4). Figure 1.4 presents the

sixth order polynomial trend of data. Considering a constant collector efficiency

(ηc) as 0.32 for the whole 24-hour analysis, the total output power would be closer

against the experimental data for higher solar radiation. The initial difference

between the analytical and experimental values–light orange area (Fig. 1.4)– is

due to the minimum stack effect (chimney effect) by considering the minimum

reported measured velocity– 2 m/s during 12-1 am –flowing up to the chimney by

the height of 194.6 m. However, it was obtained from the experimental analyses

that the turbine has a minimum start up updraft velocity as 2.5 m/s and would

not rotate for low velocities. Based on reported values from the Manzanares pro-

totype [1] the maximum measured output power for 9m/s updraft velocity was

50kW–without any decimal precision. By imposing the same updraft velocity (9

m/s) at the turbine location, and applying the same collector efficiency (32%) and

loss factor (0.9) the analytical output power would be 51.26 kW .

To have the characteristics of the Manzanares prototype we study the sensitivity

of the analytical output power correlation to the mass flow rates. Therefore, the

effect of mass flow rate on each terms of the total pressure change, including,

inter alia, air flow geometry, solar radiation and stack effect would be observed.

We performed this sensitivity analysis for a range of solar irradiation versus mass

flow rate. It is observed that by increasing the mass flow rate the output power

increases as long as the stack effect dominated the negative pressure difference due

to the change of flow area. The dominant terms in the total pressure difference
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Figure 1.4: Analytical power results against measurement from Manzanares:
updraft velocity and power output for a typical day.

are the flow area change and the stack effect terms. Since the flow is well within

subsonic range, the inlet and outlet flow areas of the collector play the same role

as nozzles and the pressure change of the nozzle flow is negative. By increasing

the flow rate we reach to the theoretical maximum output power for each amount

of solar irradiation. However, after the maximum power the dominant term is the

negative pressure change due to the air flow area. Stated differently, after reaching

to the the maximum theoretical output power, the positive-pressure change which

rotates the turbine blade decreases by growing the pressure drop term due to the

nozzle effect (Fig. 1.5). As it was mentioned before and shown in figure 1.5, the

maximum power for the experimental velocity (9 m/s) is 51.2 kW . However, the

maximum theoretical power from the characteristics of Manzanares SCPPS for
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1000 (W/m2) solar irradiation is 51.8 kW . The output power characteristics with

respect to mass flow rate can be useful for design or rating step of SCCPS.

Figure 1.5: Analytical power results against mass flow rate for a range of
sollar irradiation.

To study the role of collector efficiency factor, we calculate the analytical output

power for the maximum reported solar irradiation as the operating reported case

for the output power of 50kW . Figure 1.6 depicts the logarithmic scale variation

of output power with respect to a rang of mass flow rate for different collector

efficiency factors. Collector efficiency factor varies from 0.1 to 1 and can be con-

sidered as the overall adjusted efficiency factor. The ideal (ηc = 1) maximum

output power for 1000 (W/m2) solar irradiation is 161.7 kW from the analytical

solution (Fig 1.6).
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Figure 1.6: Analytical power results against mass flow rate for different values
of collector efficiency.

To obtain the available power to rotate the turbine, the kinetic energy of the air

flow at the outlet of the collector was calculated. For each CFD analysis (Fig. 1.7),

the mass flow rate and the average density at the turbine location are gained

from the numerical simulation result and used to calculate the available kinetic

energy per time. The calculated available power for different solar irradiation are

compared against the experimental data and the analytical solution in two cases.

Analytic-EXP shows the power where the average velocity were obtained from

the available experimental data at the same amount of reported radiation. It is

needless to say that details of available experimental data are not clear enough

to report the data with all sources of uncertainty(Fig. 1.8). The reliability of

experimental data is suggested to measure for future works. CFD results were
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performed under the ideal assumption of having no heat loss from the tower or

collector. Also we imposed the available heat flux as a boundary condition. Stated

differently, in the CFD analysis we introduced the flow domain e.g. 1000 W/m2

where in the experiment the amount of reported velocity at 1000 W/m2 solar

radiation is lower because of the absoptivity factor of the collector ground. The

available power at the turbine location, CFD in Fig. 1.7, by using the CFD values

for density and velocity were calculated based on the rate of kinetic energy, 0.5ṁu2.

Two different ratios of the available kinetic energy at the turbine location are used

for SCCPS analysis. One is referred as Betz criterion or Betz limit which is 16/23

and was formulated in 1919. Betz criterion is the theoretical power fraction that

can be extracted from an ideal wind stream. The other one is 2/3 and were used

in several investigations. The CFD results that have been calculated by Betz

criterion and 2/3 are shown as CFD-Betz and CFD-2/3 respectively (Fig. 1.8). It

is shown as CFD-Betz The difference between the available power from simulation

results (CFD) and the experimental turbine power is due foremost to the turbine

efficiency and then having no heat loss in the CFD model.

1.5 Conclusion

We presented a combined numerical-analytical analysis for solar chimney power

plant, based on the Manzanares prototype. The harvestable power of Manzanares

power plant was investigated as the function of available solar irradiation and mass

flow rate. The CFD M&S was carried out. Also the one-dimensional analytical

analysis was done with attention to underlying assumptions and simplifications.
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Figure 1.7: Velocity contour plot (m/s) for different available solar heat flux
at the ground of collector, (a):200, (b):400, (c):600, (d):800, (e)1000 W/m2.

We compared the numerical results against the available limited raw experimental

data from the prototype and also showed the range of reliability of the analytical

solution. Where the inlet velocity values for analytical correlation were obtained
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Figure 1.8: Power vs solar irradiaiton.

from the experimental velocities we got higher available power than the output

turbine power. This difference increases for lower solar irradiation and mass flow

rate values due to the stack effect term in the analytical solution. That has

several reasons as, (a) The one dimensional analytical solution has several sim-

plifications, including treatment of average density and the heat flux term., (b)

It is very important to pick the right source to impose the values to the analyt-

ical correlation., (c) Available experimental data are not just limited, but also

not extensively characterized in terms of uncertainty and repeatablity, making

it difficult to produce error bars on experimental values for a prescribed level of

confidence. To present the volatility of the analytical correlation, we selected two
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different approaches to input values in this one-dimensional equation; I- Impos-

ing the experimental velocities and calculation densities with respect to average

temperature., II- Applying a range of mass flow rates to obtain the characteristics

of Manzanares prototype analytically. During the verification and validation pro-

cess, the modeler must ask two questions: Am I modeling the physics correctly?

and Am I modeling the correct physics? Comparison with analytical models is

important for answering both of these questions, and the only way to have them

well-posed is to have correct physics in the analytics.
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