
Solar Energy 139 (2016) 228–237
Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier .com/locate /solener
Power generation quality analysis and geometric optimization for solar
chimney power plants
http://dx.doi.org/10.1016/j.solener.2016.09.033
0038-092X/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: hust_ljl@hust.edu.cn (J. Li).
Jianlan Li a,⇑, Hongjing Guo a,b, Shuhong Huang a

aHuazhong University of Science and Technology, Wuhan 430074, China
bWuhan Second Ship Design and Research Institute, Wuhan 430200, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 17 September 2015
Received in revised form 9 July 2016
Accepted 26 September 2016

Keywords:
Solar chimney power plant
Streamlined unsteady mechanism model
Power quality factor
Geometric optimization
Solar chimney power plant (SCPP) is one of the promising power generation approaches for future appli-
cations of solar energy. An unsteady comprehensive mechanism model and a streamlined unsteady
mechanism model of SCPPs are derived to analyze the energy conversion and transmission of the system
in this paper. The streamlined unsteady mechanism model with concise expressions clearly indicates the
correlations among the power output and geometric parameters. Both of the two models are verified by
the experimental data from the Spain Manzanares demonstration plant. Moreover, a power quality factor
is defined to evaluate the power generation quality of SCPPs both from the points of generation efficiency
and power stability. The suitability of the geometric optimization of SCPPs based on the streamlined
unsteady mechanism model is finally verified by an example. The coupling optimization results show
that there are a strong positive correlation between the chimney height and the power quality factor,
as well as a negative correlation between the solar collector radius and the power quality factor.
Furthermore, the optimal solar collector height is a quadratic function relation with the chimney diam-
eter, while the optimal thickness of the heat storage layer is little associated with other geometric
parameters.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The solar chimney power plant (SCPP) is a renewable energy
device which has advantages of simple technology, low operation
cost and continuous generation over other solar power plants
(Zhou and Xu, 2016). A typical SCPP is generally composed of a cir-
cular solar collector, a chimney at the center of the collector, tur-
bine generators at the bottom of the chimney, and the heat
storage layer, as shown in Fig. 1.

During the day, solar radiation penetrates the transparent col-
lector to warm the heat storage layer. Some heat energy is stored
in the heat storage layer, while the other heat energy is transferred
to the airflow on the heat storage layer surface by convection. The
warm airflow accelerates along the solar collector to the bottom of
the chimney, drives the turbine generators to generate electricity,
and finally leaves the system from the top of the chimney. At the
same time, the ambient air continuously enters the system from
the edge of the solar collector, thereby forms the continuous air
current. At night or on cloudy days, the heat energy is released
from the heat storage layer, which makes the system continuously
produce electricity.

The power generation principle and manufacturing technology
of SCPPs were proposed by Schlaich (Pasumarthi and Sherif,
1998a, 1998b). The first SCPP prototype plant was built in Man-
zanares, Spain, and operated between 1982 and 1989 with approx-
imately 50 kW of electrical power output, which demonstrated the
technology feasibility of SCPPs (Haaf et al., 1983; Haaf, 1984;
Schlaich, 1995). However, due to the huge investement, large occu-
pied area, and poor efficiency, SCPPs has not yet been commercial-
ized until now (Zhou and Xu, 2016).

In recent years, numerous researches have been conducted to
study the performance of SCPPs. It was found that the turbine pres-
sure drop ratio, the air velocity at chimney inlet, the chimney fric-
tion, as well as meteorological conditions, including solar
irradiation, the sunlight zenith angle, the ambient temperature,
the temperature lapse rate, the nocturnal temperature inversion,
the ambient crosswind and so on, affect the power output of the
plant (Gannon and von Backström, 2000; Bernardes et al., 2003;
Pretorius and Kröger, 2006a, 2006b, 2009; Nizetic and Klarin,
2010; Ming et al., 2012; Guo et al., 2013, 2015; Hamdan, 2013;
Dehghani and Mohammadi, 2014).
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Nomenclature

Abbreviation
A area (m2)
c specific heat capacity (J kg�1 K�1)
D diameter (m)
f friction factor
F power generation fluctuation
Fo Fourier coefficients
G solar radiation intensity (Wm�2)
h heat transfer coefficient (Wm�1 K�1)
H height (m)
k turbine pressure ratio
m mass flow rate (kg s�1)
P power output (kW)
Pr Prandtl number
p Pressure (Pa)
q heat transfer intensity (Wm�2)
QF power quality factor
R radius (m)
T temperature (K)
v velocity (m s�1)

Acronym
SCPP solar chimney power plant
SUMM streamlined unsteady mechanism model
UCMM unsteady comprehensive mechanism model

Greek symbols
a absorption rate
d thickness (m)
e emissivity
g efficiency
k thermal conductivity (Wm�1 K�1)
q density (kg m�3)
c reflectivity
r Boltzmann constant
s transmissivity
m kinematic viscosity (N s m�2)
D difference

Subscript
a air
am ambient air
ch chimney
col solar collector
dew dew point
f friction
in inlet
out outlet
s heat storage layer
sf suction force
t time
te turbine electricity generation performance
tm turbine machinery performance

Fig. 1. Schematic overview of a typical solar chimney power plant.
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Moreover, it has been verified that geometric parameters signif-
icantly impact the performance of SCPPs. Generally, the power out-
put and efficiency increase with its dimension and the energy
production cost reduces (Mullett, 1987; Schlaich et al., 2005).
And the height and diameter of the chimney, the collector radius
are the essential variables for solar chimney design (Zhou et al.,
2007, 2009; Maia et al., 2009; Hamdan, 2013). Koonsrisuk et al.
(2010) evaluated the ratio of height to radius for the maximum
mass flow rate of the plant. In the meanwhile, collector roof shape
also impacts the power output of SCPPs and the proper collector
roof shape can maximize the power output (Pretorius and
Kröger, 2007; Bernardes, 2010; Cottam et al., 2016). Patel et al.
(2014) found that the collector inlet opening, the collector outlet
height, the collector outlet diameter, the chimney inlet diameter,
and the divergence angle of the chimney, significantly influence
the overall performance of SCPPs. It was shown that plant power
production is a function of the collector roof shape and inlet height
(Pretorius and Kröger, 2006b). The SCPP with proper sloping
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collector and divergent-top chimney can even boost power output
by up to 400% (Koonsrisuk and Chitsomboon, 2013). Besides,
Kasaeian et al. (2014) stated that the geometrical parameters have
an optimal range including minimum and maximum amounts.

Schlaich (1995) indicated that optimal geometrical dimensions
for SCPPs do not exist. But if construction costs are taken into
account, optimal plant configurations may be established.
Dehghani and Mohammadi (2014) simultaneously took the power
output and capital cost as the objective functions to optimize the
configuration (collector diameter, chimney height and chimney
diameter) of SCPPs. Gholamalizadeh and Kim (2014) developed a
triple-objective method for SCPPs to simultaneously optimize the
expenditure, the total efficiency and the power generation. More-
over, several other cost models were also presented to evaluate
and optimize the configurations of SCPPs (Schlaich et al., 2005;
Pretorius and Kröger, 2008; Asnaghi and Ladjevardi, 2012;
Alawin et al., 2013; Li et al., 2014; Zou et al., 2013).

Due to the volatility and discontinuity of solar energy, the
power stability is one of the critical influences on the grid-
connection of solar energy. The heat storage capacity is found to
be key for the stability of power output. A larger thermal conduc-
tivity of heat storage material results in a better heat storage
capacity, therefore decrease the fluctuation of power output
(Pretorius and Kröger, 2007). A hybrid energy storage system with
water and soil was used to smooth the power output by Ming et al.
(2013). Besides, closed water-filled bags/water-filled black tubes,
and solid oxide fuel cell, were employed as energy storage materi-
als to make the profile of power output be more uniform (Schlaich
et al., 2005; Bernardes and Zhou, 2013; Shariatzadeh et al., 2015).
Xu et al. (2015) indicated that the vapor condensation of the moist-
ened air occurring in high chimney can also smooth the daily out-
put profile. Moreover, Papageorgiou (2013) proposed an enclosed
solar collector encircled by a peripheral wall, where the power out-
put can be adjusted by controlling the number of opening and thus
smooth the power output.

Geometric optimization is important for promoting SCPPs. How-
ever, aforementioned publications on geomatric optimization of
SCPPs are mostly based on the thermodynamic performance, ignor-
ing the influence of power stability. In fact, the grid does not wel-
come the power output with low stability, thus the low stability
become one of obstacles for the commercial application of SCPPs.
Therefore, it is necessary to simultaneously take thermodynamic
performance and stability performance into account during the
design of SCPPs. In this study, a power quality factor is defined to
comprehensively evaluate the power generation quality from two
aspects: generation efficiency and power stability of the power out-
put, which tries to assess the power generation acceptability of the
grid simultaneously from the view of quantity and quality. More-
over, the geometric optimization of SCPPs in this paper reveals the
correlations among the geometric parameters and the power gener-
ation quality based on the criterion of the power quality factor.
2. Unsteady mechanism model of solar chimney power plants

2.1. Energy balance of the solar collector

The air flow and energy transfer in the solar collector are
numerically simulated by solving equations of a one-dimensional
compressible flow. It is assumed that the solar collector and the
heat storage layer have same radii. An infinitesimal annulus with
radius r is taken for study, as shown in Fig. 2.

The heat absorbed by the solar collector includes the direct
solar radiation with the intensity of acolG

t and the reflected radia-
tion from the heat storage layer with the intensity of acolcsscolG

t ,
where superscript t means the real-time parameter for the time
t. The radiation intensity between the solar collector and the sky,
and between the heat storage layer and the solar collector, are
qt
col;sky and qt

s;col, respectively. Meanwhile, the convective heat trans-
fer intensity between the solar collector and the indoor air of the
solar collector, and between the solar collector and the ambient
air, are qt

col;a and qt
col;am, respectively.

Then the energy balance of solar collector is as below,

acolG
t þ acolcsscolG

t þ qt
s;col ¼ qt

col;sky þ qt
col;a þ qt

col;am

þ ccolqcoldcol
Tt
col � Tt�1

col

Dt
ð1Þ

Since the heat storage layer and the solar collector usually have
large areas, both of them can be regarded as large parallel boards.
Therefore, the radiation heat transfer intensity between them is,

qt
s;col ¼

1
1
es þ 1

ecol
� 1

r Tt
s

� �4 � Tt
col

� �4h i
ð2Þ

The radiation heat transfer intensity between the solar collector
and the sky is,

qt
col;sky ¼ ecolr Tt

col

� �4 � Tt
sky

� �4� �
ð3Þ

where the sky temperature can be calculated according to Liu
(2010),

Tt
sky ¼ Tt

amð0:734þ 0:0061TdewÞ1=2 ð4Þ
The convection heat transfer intensities between the solar col-

lector and the ambient air, and between the solar collector and
the indoor air, are calculated as,

qt
col;am ¼ ht

col;am Tt
col � Tt

am

� �
qt
col;a ¼ ht

col;a Tt
col � Tt

a

� �
(

ð5Þ

The heat transfer coefficients were defined in detail by Kreetz
(1997),

ht
col;am ¼ 3:87þ 0:22v t

amqt
amca=Pr

2=3
a

ht
col;a ¼ 3:87þ 0:22v t

aqt
aca=Pr

2=3
a

(
ð6Þ
2.2. Energy balance of the heat storage layer

The heat storage layer absorbs solar radiation transmitted from
the solar collector with the intensity of asscolGt and conducts
downwards heat with the intensity of qt

s. Moreover, there are also
the radiation heat transfer intensity between the heat storage layer
and the solar collector qt

s;col, as well as the convective heat transfer
intensity between the heat storage layer and the indoor air qt

s;a.
The energy balance at the surface of the heat storage layer is,

asscolGt ¼ qt
s;col þ qt

s;a þ qt
s ð7Þ

where the heat storage intensity qt
s is associated with the solar radi-

ation intensity, the radiation heat transfer intensity between the
heat storage layer and the solar collector, and the convective heat
transfer intensity between the heat storage layer and the indoor
air. The convective heat transfer intensity between the heat storage
layer and the indoor air of the solar collector is,

qt
s;a ¼ ht

a Tt
s � Tt

a

� � ð8Þ
In order to improve the storage performance, insulation

materials are often laid at the bottom and around the surface of
the heat storage layer to reduce energy loss. Since the heat conduc-
tion in the radial direction is much weaker than that in the vertical
direction, the heat storage layer of SCPPs can be approximately
regarded as a one-dimensional unsteady heat transfer model with
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Fig. 2. Heat transfer analysis of solar chimney power plants.
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a limited thickness ds and an adiabatic surface. The heat transfer of
the heat storage layer can be described as the one-dimensional
Fourier-Biot diffusion equation (Pretorius and Kröger, 2006b),

ks
@2Ts;z

@z2
¼ csqs

@Ts;z

@s ð9Þ

The initial conditions and boundary conditions are as below,
s ¼ 0 0 < z < ds Ts;z ¼ Tam

s > 0 z ¼ 0 Ts;z ¼ Ts

s > 0 z ¼ ds
@Ts;z
@z ¼ � qs

ks

8><
>: ð10Þ

The solution of Eq. (9) is derived as (Tu et al., 1992),

Tt
s ¼ T0

s þ
Pt

n¼1q
n
s

Dt
qscsds

þ dsqts
3ks

þ ds
ks

P1
n¼1B

t
n � cosðnpÞ

np

h i
exp½�ðnpÞ2Fo�

Bt
n ¼ 2ð�1Þn

np qt
s þ
Xt�1

i¼1

Bi
nfexp½�ðnpÞ2Fo� � 1g

B1
n ¼ 2ð�1Þn

np q1
s

8>>>>><
>>>>>:

ð11Þ
It can be seen from Eq. (11) that the surface temperature

of the heat storage layer Tt
s depends on the initial temperature of

the heat storage layer T0
s , the accumulative thermal energy

storage
Pt

n¼1q
n
s

Dt
qscsds

, the temperature distribution of the heat

storage layer dsqts
3ks

, and the instantaneous thermal conduction
ds
ks

P1
n¼1B

t
n � cosðnpÞ

np

h i
exp½�ðnpÞ2Fo�.

In order to easily observe the factors which affect the surface
temperature of the heat storage layer, Eq. (11) is translated into,

Tt
s ¼ T0

s þ Kt
1 þ K2qt

s

Kt
1 ¼ Dt

qscsds

Pt�1
i¼1q

n
s þ ds

ks

X1
n¼1

Pt�1
i¼1B

i
n � cosðnpÞ

np

h i
fexp½�2ðnpÞ2Fo�

� exp½�ðnpÞ2Fo�g
K2 ¼ Dt

qscsds
þ ds

3ks
þ ds

ks

P1
n¼1

2ð�1Þn
np � cosðnpÞ

np

h i
exp½�ðnpÞ2Fo�

8>>>>>>><
>>>>>>>:

ð12Þ
where Tt
s is expressed as the sum of T0

s , K1 and Kt
2q

t
s. T

0
s indicates the

constant influence of the initial condition on the temperature for
any time. Kt

1 is related to physical parameters of the heat storage
layer (including the heat capacity, the thermal conductivity, the
density, the thickness of the heat storage layer and so on) and the
accumulative thermal energy storage before time t. K2 is the func-
tion of physical parameters and K2qt

s denotes the thermal energy
storage capacity at time t.

2.3. Energy balance of the air

The convective heat transfers between the indoor air and the
heat storage layer, as well as between the indoor air and the solar
collector, increase the air temperature and reduce its density. Due
to the pressure createdby the density difference between the indoor
air and the ambient air, the air is driven to flow in the solar collector
toward the chimney. The energy balance of the indoor air is,Z Rcol

Dch=2
2pr ht

a Tt
col � Tt

a

� �þ ht
a Tt

s � Tt
a

� �h i
dr ¼

Z Tta;ch

Ttam

mt
acadT

t
a;r ð13Þ

It can be seen from Eq. (13) that the air temperature is affected
by the surface temperatures of the heat storage layer the solar col-
lector, the heat transfer coefficient, and the air mass flow rate. It is
obviously that the air temperature has positive correlations with
the temperature difference between the air and the solar collector
as well as between the air and the heat storage layer, along with
the heat transfer coefficient.

2.4. Pressure loss

The density difference between the air at the bottom of the
chimney and the ambient air creates a suction force which acts
as the driving force of the air flow. Besides, the pressure difference
between the inlet air of the chimney qt

a;ch and the ambient air qt
am

is less than 4 Pa (Ming et al., 2006), thus the ratio of density
qt

a;ch=q
t
am can be substituted of the ratio of temperature Tt

am=T
t
a;ch.
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Therefore, the suction force is expressed in Eq. (14) according to
Bernoulli’s principle,

pt
sf ¼

Z Hchþds

ds

qt
a;ch � qt

am

� �
gdz ¼ qt

am 1� Tt
am

Tt
a;ch

 !
gHch ð14Þ

Since there are frictions between the air and the collector, and
between the air and the chimney wall, the pressure loss in the sys-
tem can be calculated as below (Haaf et al., 1983).

pt
f ¼

f colRcol

2qt
amHcol

mt
a

2pRcolHcol

� 	2

þ 2f chHch

qt
a;chDch

mt
a

pD2
ch=4

 !2

ð15Þ

In order to ensure the continuous air flow, the suction force
must overcome the all frictions in the collector and in the chimney,

pt
sf ¼ pt

f ð16Þ
Thus, according to Eqs. (14)–(16),

qt
am 1� Tt

am

Tt
a;ch

 !
gHdt ¼ f col

8p2qt
amRcolH

3
col

þ 32f chHch

p2qt
a;chD

5
ch

 !
mt

a

� �2 ð17Þ
2.5. Turbine generator unit

Turbine generator unit is placed at the bottom of the chimney to
transfer the kinetic energy of the air flow into the electricity power.
The power output of the unit is,

Pt ¼ gtegtm
mt

a

qt
a;ch

pt
tur ð18Þ

where the pressure drop of the turbine is,

Dpt
tur ¼ kpt

sf ð19Þ
Therefore, Eqs. (1)–(19) constitute the unsteady comprehensive

mechanism model (UCMM) of SCPPs with thermal storage layer. It
can be seen from Eq. (18) that, the power output of SCPPs is pro-
portional to the mass flow rate and the temperature rise of the
indoor air.

2.6. The streamlined mechanism model of solar chimney power plants

The UCMM embodies the energy conversion and transmission
in SCPPs. However, the expression of the UCMM is too complex
and it is difficult to distinguish the influence of the system struc-
ture on the power output of SCPPs. Thus, a streamlined model of
SCPPs is derived based on following assumptions.

A. The radiation heat transfers between the solar collector and
the sky, as well as between the solar collector and the heat
storage layer, can be ignored in Eqs. (1) and (7). It is because
the temperatures of the solar collector, the heat storage
layer and the sky are relatively not high as well as tempera-
ture differences among them are relatively low.

B. The convective heat transfer coefficients between the ambi-
ent air and the solar collector, and between the indoor air
and the solar collector, as well as between the indoor air
and the heat storage layer, change little in the system, which
has a very small impact on the power output of SCPPs, thus
these coefficients can be regarded as constants.

C. Due to the small temperature differences among the air in
the chimney, the indoor air, and the ambient air, the air tem-

perature difference ratio 1� Ttam
Tta;ch

� 	
in Eq. (17) can be

replaced by Tta�Ttam
Ttam

.

Based on above assumptions, Eqs. (1), (7), (12) and (13) are sim-
plified into Eq.(20), and Eq. (17) is simplified into Eq. (21).

acol þ scolcs
ha þ hcol;am

þ K1asscol
K1ha þ 1

� 	
Gt þ Kt

2

K1ha þ 1

¼ 8pRcolHcolPr
2=3caðha � 3:87Þ

0:11qt
amca 4R2

col � D2
ch

� �
ha

þ hcol;am

ha þ hcol;am

2
4

3
5 Tt

a � Tt
am

� � ð20Þ

Tt
a � Tt

am

Tt
am

gHch ¼ f col
16p2qt

amRcolH
3
col

þ 16f chHch

p2qt
a;chD

5
ch

 !
mt

a

� �2 ð21Þ

It can be derived from Eq. (20) and Eq. (21) that,

Tt
a � Tt

am ¼ Ct
1

Ct
2
RcolHcol

4R2
col

�D2
ch

þCt
3

Ct
1 ¼ acolþscolcs

haþhcol;am
þ K1asscol

K1haþ1

� �
Gt þ Kt

2
K1haþ1

Ct
2 ¼ 8pPr

2
3ðha�3:87Þ

0:11qt
amha

Ct
3 ¼ hcol;am

haþhcol;am
þ 1

K1haþ1

8>>>>>>>>>><
>>>>>>>>>>:

ð22Þ

mt
a

� �2 ¼ Ct
4Hch Tta�Ttamð Þ

Ct
5

RcolH
3
col

þ
Ct
6
Hch

D5
ch

Ct
4 ¼ g

Ttam

Ct
5 ¼ f col

16p2qt
am

Ct
6 ¼ 16f chHch

p2qt
a;ch

8>>>>>>>>><
>>>>>>>>>:

ð23Þ

It can be seen from Eq. (22) that the air temperature difference
between the ambient air and the indoor air is related with system
geometric parameters, including the solar collector height Hcol, the
solar collector radius Rcol and the chimney diameter Dch. The air
temperature difference increases with the increase of the solar col-
lector radius and the decrease of the solar collector height and the
chimney radius. The coefficient Ct

1 reflects the impact of the solar
radiation and the thermal energy storage on the air temperature
rise. Ct

2 and Ct
3 reflect the influence of convective heat transfer coef-

ficient on the air temperature rise. The thermal energy stored in
the heat storage layer increases with the increase of solar radiation,
which results in the increases of the coefficient Ct

1 and the air tem-
perature rise. If the convection heat transfers between the air and
the solar collector and between the air and the heat storage,
increase, then the coefficient Ct

2 increases while Ct
3 decreases. With

the increase of the convection heat transfer coefficient hcol;am

between the solar collector and the ambient air, Ct
3 increases and

the air temperature rise decreases.
In Eq. (23), the air mass flowmt

a depends on the air temperature
rise, the chimney height Hch, the chimney diameter Dch, the solar
collector radius Rcol, and the solar collector height Hcol. When the
solar collector height Hcol is small, mt

a is dramatically influenced
by Hcol and increases with the increase of Hcol. However, when

Hcol increases to a certain value, Ct
5

RcolH
3
col

becomes very small and

Ct
5

Rcol
� Ct

5

H3
col
� Ct

6Hch. Then the air mass flow will mainly positively

correlate with the chimney diameter.
Put Eqs. (21) and (22) into Eq. (18), the streamlined unsteady

mechanism model (SUMM) of SCPP can be obtained as,

Pt ¼
kgtegtm Ct

1C
t
4Hch

Ct
2RcolHcol

4R2col�D2
ch
þ Ct

3

� 	
� �1:5
Ct
5

RcolH
3
col
þ Ct

6Hch

D5
ch

� 	0:5 ð24Þ



Fig. 3. Flow chart of the simulation process in the EES.
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Obviously, Eq. (24) provides a concise expression of the power
output of SCPPs which is much simpler than that of the UCMM.
It can be seen from Eq. (24) that the power output is closely related
to system geometric parameters. The power output has obvious
positive correlations with the solar collector radius Rcol and the
chimney height Hch. Since the increase of the chimney diameter
decreases the air temperature rise and increases the air mass flow,
while the power output is proportion to the air temperature rise
and the air mass flow, therefore, the chimney diameter has double
influence on the output power. Thus, there exists an optimum
chimney diameter to make the maximum power output of SCPPs.
Due to the concise expression of the SUMM, it provides a reliable
and fast way to optimize the geometric parameters of SCPPs.

3. Power generation quality evaluation of solar chimney power
plants

The generation efficiency is an important indicator to reflect the
availability of energy in thermal power plants. However, due to the
instability and discontinuity of solar energy, the power output of
solar plants is obviously unstable. Thus, when solar plants connect
to the grid, it inevitably results in the increase of the power regu-
lation load and threats the safe operation of the grid seriously.
Especially, the grid will face a high risk of scheduling when solar
plants connect to the grid in large-scale. So, not only the generation
efficiency but also the power stability shall be considered in the
design of SCPPs. With the improvement of the power stability,
the disturbance of SCPPs on the grid reduces and then SCPPs can
be more easily accepted by the grid.

The generation efficiency of SCPPs is defined as the ratio of the
system electricity output and the solar radiation within 24 h,

gSCPP ¼
P

Pt

Acol
P

Gt ¼
P

Pt

pR2
col

� �P
Gt

ð25Þ

The power fluctuation of SCPPs is defined as the ratio of the
power output variation and the power output for the time t, which
reflects the transient impact of the power change on the grid. Then,
the power fluctuation per day is defined as the average power fluc-
tuation rate within 24 h,

FSCPP ¼
P jPtþ1 � Ptj

nPt ð26Þ

Thus, (1 � F) is the power stability of SCPPs. The smaller the
fluctuation is, the better the system stability will be. In order to
take into account the influence of the generation efficiency and
the power stability of SCPPs on the grid, a new generation perfor-
mance evaluation index, power quality factor, is defined as,

QFSCPP ¼ ð1� FSCPPÞgSCPP ¼ 1�
P jPtþ1 � Pt j

nPt

 ! P
Pt

pR2
col

� �P
Gt

ð27Þ

Obviously, the higher power quality factormeans the better gen-
eration efficiency and the better power stability,which indicates the
higher acceptability of SCPPs by the grid. It can be seen from Eqs.
(24) and (27) that the generation performance of SCPPs is closely
related to the system geometric parameters, including the height
and the diameter of the chimney, the radius and the height of the
solar collector, and the thickness of the heat storage layer.

4. Results and discussion

4.1. Model validation

According to the UCMM and the SUMM of SCPPs presented in
this paper, the power output of the Spain Manzanares demonstra-
tion power plant is simulated by engineering equation solver (EES).
The flow chart of the simulation process in EES is shown in Fig. 3. In
this case, the daily solar radiation comes from Schlaich et al.
(2005). The solar collector is made of glass and the heat storage
layer is made of soil. The plant-related parameters are shown in
Table 1 and optical properties are as below,

acol ¼ ecol ccol ¼ 0 scol ¼ 1� ecol
as ¼ es cs ¼ 1� es ss ¼ 0

�

The simulation results are compared with the measured data
(1987/06/08) (Schlaich et al., 2005) in Table 2 and Fig. 4. It is indi-
cated that both of the UCMM and the SUMM have satisfactory con-
sistency with the experiment data. It can be seen that three curves
of the power output have similar trends in Fig. 4. As shown in
Table 2, the errors of the power output between the UCMM and
the experimental data, as well as between the SUMM and experi-
mental data, are 3.57% and 3.24%, respectively. Besides, the com-
parisons of VRMSE and NMBE between two models and
experimental data are less than 15%. Especially, the error differ-
ences between the UCMM and the SUMM are relatively small.
The results show that the assumptions in Section 2.6 are reason-
able and the SUMM is reliable.

4.2. Performance analysis of SCPPs

Based on the SUMM, the control variable method is employed
to discuss the correlations among the generation efficiency, the
power stability, the power quality, and the geometric parameters.
The analysis results are shown in Figs. 5–7. The original values of
geometric parameters are shown in Table 3 and other parameters
are the same as those in Table 1.

4.2.1. The influences of geometric parameters on the generation
efficiency

The influences of geometric parameters on the generation
efficiency are shown in Fig. 5. It is obvious that the generation
efficiency is mainly affected by the chimney heightHch. Fig. 5 shows
a strong positive correlation between Hch and the generation effi-
ciency. Eqs. (14) and (19) indicate that the power output is



Table 1
Parameters of the Spain Manzanares demonstration power plant (Haaf et al., 1983).

Item Value

Collector radius (m) 122
Collector height (m) 1.85
Chimney diameter (m) 10.16
Chimney height (m) 194.6
Glass emissivity 0.21
Soil emissivity 0.9
Turbine pressure drop coefficient 2/3
Turbine-machinery efficiency 0.75
Turbine generation efficiency 0.85
Soil density (kg m�3) 1793.6
Soil heat capacity (J kg�1 K�1) 911
Soil thermal conductivity (Wm�1 K�1) 1.1
Heat storage layer thickness (m) 5.7
Ambient temperature (K) 297.57 ± 3.83
Dew point temperature (K) 275.01
External wind speed (m s�1) 5

Table 2
Error analysis of the UCMM and the SUMM.

Experimental
data

UCMM SUMM

Power output (kW h) 363.9 376.9 375.8
Relative error of power output (%) – 3.6 3.2
Coefficient of variation of the root mean

square error (VRMSE) (%)
– 12.4 13.3

Normalized mean bias error (NMBE) (%) – 9.8 10.5
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Fig. 4. Power output comparisons of the UCMM and the SUMM with experiment
data.
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Fig. 5. Influences of geometric parameters on generation efficiency.
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Fig. 6. Influences of geometric parameters on power stability.
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Fig. 7. Influences of geometric parameters on power quality factor.

Table 3
Original values of geometric parameters.

Geometric parameter Original value

Collector radius (m) 270
Collector height (m) 1.5
Chimney diameter (m) 30
Chimney height (m) 200
Heat storage layer thickness (m) 2.0
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proportional to the suction force and the suction force increases
with the increase of the chimney height. So, the generation effi-
ciency increases linearly from 0.08% to 0.37% when Hch increases
from 100 m to 400 m (the variation of Hch changes from �50% to
100% of its original value in Fig. 5). This result was also demon-
strated by Gannon and von Backström (2000) and Ming et al.
(2006).

With the increase of the chimney diameter Dch from 15 m to
60 m (the variation of Dch changes from�50% to 100% of its original
value in Fig. 5), its effect on the generation efficiency is a parabolic
trend, which increases from 0.12% to the maximum 0.18% and later
reduces to 0.17%. On the one hand, the increase of Dch improves the
air mass flow rate, on the other hand it reduces the area of the solar
collector and decreases the air heating. Due to the combined
effects of the two factors, the power output firstly increases and
then decreases. Thus, there exists the optimal chimney diameter
for the maximum generation efficiency.
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When the solar collector radius Rcol increases from 100 m to
400 m (the variation of Rcol changes from �50% to 100% of its orig-
inal value in Fig. 5), the generation efficiency decreases slowly. It is
because that the total solar energy collected by the collector
enhances with the increase of Rcol and the density of the indoor
air reduces when it absorbs more irradiation, which results in
the improvement of the power output. However, when the air tem-
perature is high, the heat loss from the collector to the environ-
ment also increases. In this case, the percentage increase of the
power output is less than that of the input solar energy because
of the increase of energy loss. Thus, the generation efficiency which
is the ratio of the power output to the total input solar energy will
decrease slightly. The same result is also indicated in the study of
Haaf et al. (1983).

The solar collector height Hcol has slight effect on the generation
efficiency of SCPPs, which slowly increases at first and then slowly

decreases with the increase of Hcol. When Hcol is small, Ct
5

RcolH
3
col
� Ct

6Hch

D5
ch
,

the air mass flow is primarily influenced by Hcol. The increase of Hcol

leads the increase of the air mass flow rate, thus the power output

increases. But when Hcol increases to a certain value, Ct
5

RcolH
3
col
� Ct

6Hch

D5
ch
,

the air mass flow is then mainly controlled by the chimney diam-
eter. However, the velocity of the air mass flow decreases with the
increase of Hcol, which results in the reduction of the heat exchange
between the air and the heat storage layer. Thus, the air tempera-
ture rise decreases and the air density increases, thereby the power
output and the generation efficiency reduce.

Since the heat storage layer is used to store solar energy, it only
affects the distribution of the power generation in the day and the
night. The thickness of the heat storage layer has little influence on
the generation efficiency of SCPPs.
4.2.2. The influence of geometric parameters on the power stability
Fig. 6 shows the influences of geometric parameters on the

power stability of SCPPs. It can be seen that the chimney height,
the chimney diameter, the solar collector radius, the solar collector
height, and the heat storage layer thickness, all have obviously
influences on the power stability.

The chimney diameter Dch is one of the most important factors
which impacts on the power stability. There is a negative correla-
tion between Dch and the generation efficiency. The system power
stability reduces from 0.897 to 0.855 with the increase of Dch from
10 m to 60 m (the variation of Dch changes from�50% to 100% of its
original value in Fig. 6). It can be seen from Eq. (23) that the
increase of Dch causes the increase of air mass flow, which results
in the velocity increase of the air flow and the improvement of
the convective heat transfer between the air and the heat storage
layer. Therefore, the solar energy absorbed by the air increases
and the thermal energy stored in the heat storage layer decreases
during the daytime. While at the nighttime, the surface tempera-
ture of the heat storage layer is low because the thermal energy
released from the heat storage layer decreases. In this case, the
air temperature difference between the daytime and the nighttime
is large, which leads poor system power stability.

The power stability decreases slightly when the chimney height
Hch increases. According to Eq. (23), the air mass flow rate increases
slightly with the increase of Hch, which improve the convective
heat transfer between the air and the heat storage layer. Similar
to the above analysis of the change of Dch, the system power stabil-
ity decreases.

The solar collector radius Rcol has a positive correlation with the
system power stability. When Rcol increases from 100 m to 400 m
(the variation of Rcol changes from �50% to 100% of its original
value in Fig. 6), the power stability increases from 0.861 to 0.883.
The air temperature increases and its density decreases as the area
of the solar collector increases, which leads to the reduction of the
convective heat transfer coefficient between the air and the heat
storage layer surface. Therefore, during day, there is more thermal
energy stored in the heat storage layer which can be released at
night. Then, the air temperature difference between the daytime
and nighttime reduces, which improves the system power
stability.

The system power stability rises significantly when the solar
collector height Hcol increases from 0.75 m to 3 m (the variation
of solar collector height changes from �50% to 100% of its original
value in Fig. 6). The air flow velocity decreases with the increase of
Hcol, which results in the reduction of the convective heat transfer
coefficient between the air and the heat storage layer surface.
Therefore, the air temperature difference between the day and
the night reduces and the system power stability is enhanced.

With the increase of the thickness of the heat storage layer ds,
the trend of its influence on the power stability is parabolic. The
power stability reaches the maximum 0.867 when ds is about
2.00 m. The thermal energy storage capacity firstly increases with
the increase of ds and more solar energy can be accumulated in the
heat storage layer during day and be released at night, which
improves the power stability. However, when ds increases to a cer-
tain value, the thicker ds prevents the release of the thermal energy
at night due to the relatively small conductivity of soil, which
reduces the power stability.

4.3. Geometric parameters optimization

The power quality factor proposed in Section 3 is employed to
optimize geometric parameters of SCPPs to obtain the better power
generation performance. Fig. 7 shows the influences of different
geometric parameters on the power quality factor.

The optimization results indicate that there is a strong positive
correlation between Hch and the power quality factor. According to
the analysis in Sections 4.2.1 and 4.2.2, the system generation effi-
ciency increases with the increase of Hch, while Hch has little nega-
tive influence on the power stability. But overall, the power
generation quality of SCPPs improves with the increase of Hch.

The power quality factor has a negative correlation with Rcol. It
is because that, with the increase of Rcol, the generation efficiency
decreases while the power stability improves. However, Rcol has a
greater influence on the efficiency than that on the power stability.
Therefore, the system power quality factor decreases with the
increase of Rcol. Moreover, power quality factors are parabolic
trends with the increases of the chimney diameter Dch, the solar
collector height Hcol and the heat storage layer thickness ds, as
shown in Fig. 7. Thus, there exists optimal values of Dch, Hcol, and
ds. A SCPP system with 200 m-high chimney, 180 m-radius solar
collector, and other parameters as same as those in Spain Man-
zanares demonstration power plant is taken as the case study.
The coupling influences of Dch, Hcol and ds on the power quality
factor are shown in Fig. 8. It can be seen that Dch is one of the
important factors that impacts the power generation quality. The
increase of Dch significantly enhances the power quality factor.
Moreover, it is obviously that there is a strong coupling relation
between Dch and Hcol. The relationship between the power quality
factor and Hcol with the same Dch is parabola curve. Besides, the
optimal Hcol increases with the increase of Dch. For instance, the
optimal Hcol increases from 0.3 m to 2.0 m when Dch increases from
10 m to 30 m. This is because the air mass flow rate is both affected
by the chimney diameter and the solar collector height.

The approximate expression of the relationship between the
optimal solar collector height and the chimney diameter is shown
in Eq. (28) based on the simulation results of the SUMM.

Hcol;opt ¼ 0:0024D2
ch � 0:0128Dch þ 0:22 ð28Þ
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Fig. 8. Coupling influences of geometric parameters on power quality factor.
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Eq. (28) indicates that optimal solar collector height and the
chimney diameter presents a quadratic function relation. There-
fore, the optimal solar collector height is 1.40 m when the chimney
diameter is 25 m, or, the optimal solar collector height is 2.00 m
when the chimney diameter is 30 m.

For a SCPP system, the heat storage layer is related with the sys-
tem power stability, and the optimal thickness of the heat storage
layer mainly depends on thermal physical parameters (such as the
heat capacity and the thermal conductivity) of the heat storage
material. Due to the cheap cost, soil is usually used as the material
for heat storage layer. As showed in Fig. 8, the chimney diameter
and the solar collector height impact little on the optimal thickness
of the soil heat storage layer. The optimal thickness of the heat
storage layer of soil in this case is about 2.00 m.
5. Conclusions

In this paper, the UCMM is proposed to analysis the energy con-
version and transmission of SCPPs. In order to overcome the com-
plexity of the UCMM, the SUMM is derived to simplify the analysis
of the influence of the system geometric parameters on the power
output of SCPPs. The simulation results show that both of the
UCMM and the SUMM have sufficiently accuracy with experimen-
tal results. In addition, given the generation efficiency of SCPPs and
the safety of the power grid, the power quality factor is put for-
ward to comprehensively evaluate the power generation quality
of SCPPs from the view of quantity and quality.

The research results indicate that the generation efficiency of
SCPPs is mainly affected by the chimney height. And the chimney
diameter, the solar collector radius, the collector height, and the
heat storage layer thickness, impact on the generation efficiency
in a limited way. There is a positive correlation between the chim-
ney height and the generation efficiency, as well as the solar collec-
tor radius has a negative correlation with the generation efficiency.
Moreover, there exist the optimal chimney diameter and the opti-
mal collector height to maximize the generation efficiency. The
power stability of SCPPs is also influenced by geometric parame-
ters. The increases of the radius and the height of the solar collec-
tor, and the decreases of the height and the diameter of the
chimney, as well as the appropriate storage layer thickness, can
improve the power stability of SCPPs.
The geometric optimization results show that there are a strong
positive correlation between the chimney height and the power
quality factor, as well as a negative correlation between the solar
collector radius and the power quality factor. Moreover, the solar
collector height has a coupling relationship with the chimney
diameter. There are optical values of the chimney diameter and
the solar collector height to achieve the best power generation
quality of SCPPs. The optimal thickness of the soil heat storage
layer is little affected by other geometric parameters. For a SCPP
with 200 m-high chimney, 180 m-radius solar collector and soil
heat storage layer, the optimal solar collector height is a quadratic
function relation with the chimney diameter, and the optimal
thickness of the heat storage layer is 2.00 m. Further works should
take the investment into account the indicator to comprehensively
optimize the structure design of SCPPs.
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