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Abstract: This study investigates the possibility of applying a large-scale solar updraft tower power
plant in India with local ground conditions as an environmentally friendly and economically viable
energy source. A reference model Solar Updraft Tower Power Plant (SUTPP) is constructed to
examine the influence of the most prominent plant dimensional parameters, including collector
radius (Reopjector), tower height (Hpyyer), and tower radius (Ryyyer) With dimensional limits and
intervals on the power output of the SUTPP. Udat, Rajasthan, India, is used as a reference location for
meteorological conditions to evaluate SUTPP power output equations for a ranging power output,
with position coordinates of 27°35" and 72°43’. Multiple simulations for the objective function are
carried out, and the outcomes are compared to the optimized dimensions of each set of plants. The
model examines the effect of variation in ambient, plant geometry, and material conditions on power
output and analyzes efficiency and power output for optimizing configuration. There exists no
definitive approach to determining the proper correlation between the geometrical parameters of
a SUTPP with optimized power output. For a fixed power output, the tower radius (Rryy,r) serves
as the most influencing dimensional parameter in SUTPP performance. A change in tower height
(HTywer) has a detrimental impact on SUTPP output and performance. An initial increase in collector
radius (Rcgpector) has a positive influence on SUTPP performance; however, this effect reduces as
collector radius (Rcojjector) inCreases.

Keywords: solar energy; solar updraft tower; thermal analysis; dimensional analysis; power plant

1. Introduction

The utilization of solar energy for thermal applications, including lower, medium, and
higher temperature ranges, covers a large segment of solar-energy-based technologies [1].
Solar air heaters, solar water heaters, a solar pond, and a solar chimney or solar updraft
tower are examples of low-temperature difference solar technologies [2]. A solar updraft
tower power plant (SUTPP) is made up of three major components: a collecting unit, a
power converting unit, and a tower that directs the hot air column and, through it, the
ambient air at the desired height [3]. Trapped solar radiant energy raises the temperature of
collected air in an air-preheating unit due to the greenhouse effect created by the collector
canopy. Collected air heating gradually increases from the outer periphery to the centre
of the collector. Due to the rise in the mean temperature of the collected air, a change in
density takes place between the hot air under the collector and the cold surrounding air.
Because of the density difference, a pressure difference exists between these two different
temperature air reservoirs, and, due to the sloped shape of the canopy, a flow tends to
occur at the collector centre [4].

The Power Conversion Unit (PCU) has a set of Turbine Generators (TG) with their
supporting accessories, which are followed by a horizontal-to-vertical transition section
(HTVTS) and cone assembly at the tower bottom. In a PCU, the hot air’s kinetic energy
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drop takes place in terms of losses in pressure drop, which are responsible for turbine blade
rotation and, finally, for electric power generation. Hot air loses a large portion of its kinetic
energy as it passes through the tower at the desired height [5]. The primary advantages
of SUTPP include its capability to work in cloudy conditions, having low operation and
maintenance costs, and not requiring any fuel or producing any emissive product, other
than CO; at the time of construction [6]. The ground beneath the collector of SUTPP can
be used as a natural energy reservior, and the SUTPP can continue to generate electricity
for long hours without sunlight with less output, and can be used for various agricultural
uses, including growing crops [7-13], utilizing solar energy to collect potable water from
the air [14,15], or as an air cleaner [16,17].

The SUTPP timeline began in the 1500s, with a drawing by Leonardo da Vinci of the
first idea to use rising hot air in a chimney to power a system. In 1903, a Spanish artillery
colonel named Isidoro Cabanyes submitted a proposal called “Proyecto de motor solar”
(solar engine project), in which the author described a system with an air heating system
attached to a building having a chimney for air [18], as shown in Figure 1.

Turbine/ Power Conversion Unit

Tower/ Chimney Tower/ Chimney
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Figure 1. (a): Schematic of an experimental setup of a solar chimney, (b) schematic of a sloped
chimney power plant proposed by Giinter, 1931.

Schlaich et al. [3,19] conducted detailed theoretical preliminary investigations and
research work using a broad range of wind tunnel tests that resulted in the development of
a pilot plant, with a maximum energy output of 50 kilowatts on a facility established by
a strategic alliance involving German structural engineering companies and the State of
Spain in Manzanares, Spain, in the years from 1981 to 1982. The results from Manzanares,
which served the Spanish grids in a completely atomized mode for a period of 8612.0 h
between July 1986 and February 1989, demonstrated that this technology was a suitable
substitute for traditional power plants and encouraged further study.

An initial operational theoretical model of SUTPP development for overall efficiency
and relevant performance data was suggested by Ming [20], Petela [21], and Muhammed [22].
The authors suggested that the overall efficiency of SUTPP is proportional to the tower
height and concluded that the solar tower is an essential part of a large-scale SUTPP.

Research within the context of using an SUTPP has considered tower modification,
the collecting unit having thermal storage [23], the effect of wind [24], variations in glaz-
ing [25,26] and its slop [27] for extended operational hours, the modification of the PCU
to increase power output [28,29], and cost modeling; other fields of research have focused
on interaction with the atmosphere, ecology, agriculture, socio-economics, alterations to
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the basic concept, and technological development. Many studies in these areas have been
conducted by various researchers and scholars [30-33].

Many different SUTPP dimensions and configurations have been suggested by several
researchers [34,35]. Schlaich et al. [36] advised employing a reinforced steel and cement
(RCC) structure for large plants after discussing various chimney construction methods.
In Manzanares, a galvanized steel pipe was employed for the pilot-scale plant. Multiple
wind loading situations were examined by Goldack [37], as well as the effects of various
reinforcements and wall thickness variations on the structural response of a large solar
chimney measuring 1000 m tall.

Bernardes [38] and Hedderwick et al. [39] developed relevant equations for a SUTPP,
which were further studied by Pretorius et al. [40] in their study, detailed solutions for
a basic control region inside the system were provided. Because the variations in air
dynamics seem to be relatively slower across the collector radius, transitory provisions
in the conservation equation are statistically insignificant. Further modifications in the
equations were developed by Pretorius et al. [41], Bernardes et al. [42], and Das et al. [43].

The objective of this work is to define a range of different variables and influencing
parameters for optimum power generation, and then to develop the trends to determine the
values of selected plant configurations for different sets of SUTPPs, which indicate the effect
of variation in dimensional variables on the output power of SUTPPs. An objective function
is derived for a reference plant configuration with detailed parametric assumptions.

A set of the most prominent plant-dimensional parameters that require maximization
is identified. Multiple simulations for the objective function are carried out, and the
outcomes are compared to the optimized dimensions of each set of plants. With the help
of simulation programs, the trends of different dimensional sets of plant installations are
proposed with respect to the power output of plants, and graphs are developed to show the
optimal values of dimensions for various power outputs. These graphs are very helpful for
plant designers and operators because they provide a basic idea for selecting dimensions,
configurations, and power outputs for a SUTPP.

2. Analysis of SUTPP

As previously mentioned, a SUTPP is made up of three major components: the
collection unit, a power transfer unit, and a tower that directs the hot air column, and,
through it, the ambient air at the desired height. In an air-preheating unit, trapped solar
energy increases the temperature of air under the collector, which is generated by the
greenhouse effect created by the collector canopy. Collected air heating gradually increases
from the outer periphery to the center of the collector. As the mean temperature of the
air starts to rise, a difference in density takes place between the heated air under the
collector and the cold surrounding air. Because of the density difference, there is a pressure
difference between these two different temperature air reservoirs, and flow tends to occur
at the collector center due to the sloped shape of the collector canopy [44].

The PCU has a set of TGs with their supporting accessories, which are followed by
a HTVTS and cone assembly at the tower bottom. In a PCU, the hot air’s kinetic energy
drop takes place in terms of losses in pressure drop, which are responsible for turbine blade
rotation and, finally, for electric power generation. After losing a major portion of kinetic
energy, hot air passes away to the ambient through the tower at the desired height [41].

2.1. Governing Conservation Equation

The heat transfers under the collector, air flow, and momentum transfer can be simu-
lated by solving the relevant conservation equations for a SUTPP suggested by Gannon
and Backstrom [45]. Kroger [46] and Hedderwick [39] developed relevant equations for
a SUTPP, which were further studied by Pretorius [41] to present exhaustive equations
for a basic control region in the systems. Transient effects in the conservation equation
are minimal because variations in air movements are generally slow across a collector’s
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diameter. Further modifications of the equations were suggested by Pretorius et al. [40]
and Bernardes et al. [42,47]. The equations presented here are in their final form.

2.1.1. Collecting Unit Equations

Continuity equation

10
; § (percollector) =0 (1)
Momentum equation
d F. t v
<Hcollectora}: + T+ Tg + S:ZPGW> = PUHcollectorg (2)
Roof energy equation
Qb Inp + eqIng + Ggr = Gra + Grs + G 3)

Ground energy equation
At z = 0.0 (Ground/earth surface)

dT,
(Te“g)blhb + (Te‘xg)blhd =qgr — kg@ + gn 4
z=0
Atz>0
9*T, T,
Atz = o0
Ty 0 6
Fr 6)
Collector Air energy equation
0.4c, T 0 ]
qrn =+ qgh = %pHcollector g(w’) + Z)g (CPT) (7)
2.1.2. Tower-Equations
Continuity equation
]
3, (ptor) =0 ®)

Momentum equation

apt T 7tds + Fyy . v
() me(eey) ©

Tower Air energy equation

d ] d
RT. E(ptvt) +ptvt§(cptTt) + E(ptvtgz) =0 (10)

2.2. Power Output

Tower height has a linear influence on SUTPP power output and a square influence on
collector radius [45,48]. The air starts flowing due to a change in density that becomes the
essential cause of the turbine motions at the base of SUT, which create energy by driving
the generator, which transforms rotational (mechanical) energy into electrical energy.

The total power generated by the turbine can be determined by [36]:

P= ntgApturbine Vavg (11)
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where 17tg, Apiyrpine, and Vipg are the turbogenerator efficiency, pressure-gradent throughout
the turbine, and mean volumetric flow rate of air through the propeller, respectively.
The average volume of air flow through the turbine:

m

Vavg = Davg (12)
where
Pavg = Average density of air through the turbine
m = Average mass flow rate through turbine
Air is presumed as an ideal gas and the mean density is calculated by:
Pog _ 3(Patps) 13

Pres = RTuog — JR(Ty+ Ts)

where

Pavg = Average pressure through the turbine
Tavg = Average temperature through the turbine
R = Universal gas constant

The pressure drop across the turbine

Apturbine = ApTPD — (Apcoll, in + DPeorr + Apturbine, in T APtower + APtower, out + Adeﬂ) (14)

where

Aprpp = Total driving potential or total pressure difference in the plant
Apcon, in = Collector inlet pressure-drop

Apcon = Total pressure-drop throughout the collector

APturbine, in = Pressure drop at the turbine inlet

Aptower = Total pressure drop through the tower

Aptower, out = Tower outlet pressure difference with ambient at tower outlet
Apgyn = Tower dynamic outlet loss at height H

Total pressure difference across the SUTPP

ApTPD = (P4 - Pl)gHtower (15)

AT AT
Aprpp = gHtowerpli = gHtowerP47 (16)
T Ty

In the case of maximum fluid power, the optimum value of Apy,piye is the order of
2/3 of the total pressure-difference (Aprpp) in the plant [49,50]; i.e., the sum of magnitudes
of all the losses will reach 1/3 value of the total pressure-difference (Aprpp).

Then, the maximum drop in pressure across the turbine

2
APturbine, max = gAPTPD (17)

By putting the value of Equations (16) and (17) in Equation (11) and considering a
drop in power output due to losses in friction through the collector and turbine inlet, the
friction factor (177 o) is considered.

The net power outcome through the SUTPP will be:

2
P = 77fg77f,loss§ApTPDVavg (18)
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By putting the value of Aprpp and AT in Equation (18), net power:

2 AT
P = gmgﬂf,losngtowerpl Tlvavg (19)

The total difference in temperature between the inside and outside air of the SUTPP
can be calculated by the energy balance at the turbine inlet. For which, in ideal conditions:
Total heat gain by collector = heat available at turbine inlet

So:
Wcollectorchollectorzl = TﬁCpAT (20)
AT = UCOllector?TRcollectorZI a2
me

where [ is the solar irradiation falling upon the collector canopy in the reference location.
So, the net power outcome through the SUTPP will become

p— % 11f loss"tg collector $Htowerp1 NRcollectorzlvavg (22)
3 TﬁCp T1
As .
m
Vavg = Pil (23)
So )
P = g £ lossMtgMcollector §Htower TR coltector™ L (24)

3 CpTl

For a specific value of £ loss » Mtgs Hcollectors Htower, Reoltectors Cps Ty, and I, the SUTPP
power output can be determined through the tower height and collector radius. So

P=C Htowechollect0r2 (25)

where
_ E 1 f,1oss MtgMcollector gnl

C
3 CpTl

(26)

The effects of various factors on SUTPP power output can be summarized using the
above relationship, as follows:

e Increases in tower height directly regulate power output in a linear proportion, but,

due to the effect of the friction factor, this relation is not truly linear. This relationship
cannot determine the maximum tower height that can be achieved.
Increases in SUTPP collector radius directly regulate power output in square proportions.
The effect of collector efficiency also regulates power output, which can be increased
by using good quality glass with glazing, a smooth ground surface, and low drag
forces developed by the roof support structure.

e When the surrounding air temperature drops while the inside air temperature remains
constant, the power output increases.

e  Factors such as chimney shade, cloudy days, 24-h operation, and glazing affect the
power output of the SUTPP, which is not considered in this study.

Calculation for Plant Output and Dimensions

The output power of the SUTPP can be determine through Equation (24) as follows:

2
_ g £ Joss™tgMcollector 8Htower TR coltector”1

P
3 C,Ti

By assuming
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Nfloss = 0.90, ftg = 0.85, Neottector = 0.50, I = 1000W/m?, C,, = 1005.98721J/kgK,
Ty = 303.15K
P = 0.02579 Hiomer Reottector’ (27)

Tower height can be calculated using the above relationship between desired power
output and the fixed value of collector radius. In this study, reference site coordinates,
reference site data and the range of the power output and tower height of the SUTPP are
given in Tables 1-3, respectively. The tower height can be calculated by:

3 PCyTh
Htower =5 2 (28)
2 T1£ lossTtg M collector gﬂRcollector I
Or
H = P (29)
U 0.02579 Reottector?
The average volume flow rate of air through the tower:
Vavg = 7TRiEowrzrzvuir (30)
So
Vi
Rtower = “8 (31)
TT0qir

Since the 2/3 part of the total pressure difference (Aprpp) is used for turbine work
output, the pressure head used for the flow of air through the tower is 1/3 part of the total
pressure difference.

1 Aprep

= 32
vazr 3 pl ( )
By putting the value of Aprpp into the equation
1 AT
Ogir = ggHtowerTl (33)
The volume of air flow through the SUTPP is given by
Vavg _ ﬂ _ Ucollectorchollectorzl (34)

01 ATCppl

Substituting the value of v,;, and Ve in Equation (30) to develop the relation for
radius of the tower (Rjoyer), which can be obtained as:

R 2]
Riower = \J Neollector Neollector (35)

ATcppl \/ %gHtower ATT

Riower = \J UcollectochollectorZI i

T4Cp A/ %gHtowerATT

The tower efficiency is defined by the expression [29,48]:

_ g Hiower
Ntower Cp T

(37)

Here, g is the “gravity (m/ s2)”, Hiower is the “tower height (m)”, C, is the “heat-
capacity of air (J/kgK)”, and T; is the “ambient-temperature (K)”.
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As for the 100 MW SUTPP, the efficiency of the tower is considered to be 3.2199%. For
illustration, the tower effectiveness reaches its maximum value of 3.00% at a tower height of
1000 m under typical pressure and temperature circumstances. According to the equation,
with a collector performance (#co1zector) Of 60.0% and a turbine generator productivity (77:¢)
of 85%, the system’s overall efficiency (#;441) is 1.53%.

Mtotal = Yeollector HtgHtower (38)
Niotal = 0.6 X 0.85 x 0.03 = 0.0153
Ntotal = 1.53%
The height of the collector can be determined by:

V”Ug = (27tR cottector Heollector ) Vair (39)

Or
Vavg

e (40)
27tR coltectorVair

Heottector =

The collector roof height at a fixed radius may be discovered by employing the
following relation [36,41]:

Iy b
Hcollector =H, |:7} (41)

where H is the “height of the roof collector” at end of the collector roof inside (see Figure 2)
the collector perimeter radius r,, while b is a coefficient of the exponent.

By Equation (25);

pP— g Wf,lossqtgﬂcollector gHtowerTchollectoer (42)
3 Cp Ty
Or
P=C Htowechollector2 (43)
/ P
R =4/ =— 44
collector C Hiower ( )
where

_ g 11§ 1oss MtgMcollector g7TI

C
3 CpTl

For reference plant configuration, the value of C = 0.02579.

In this study, it is assumed that the SUTPP has a output power of 100 MW and that
collector radius regulate within a range of 1000 m to 3500 m with a 500-m interval.

The velocity of air entering the tower can be calculated as:

2A 2¢H AT
Ogir tower = \/ 3 prplD = \/ g3 towe]tl (45)

The rate of the mass flow of air through the turbine

2
. Tlcollectorchollector I
m = (46)
cpAT

By the above calculation, main dimensions of the plant can be calculated.
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Figure 2. Schematic illustration of a SUTPP.

3. Reference Purposed SUTP Plant Specification

India is gifted with a high amount of solar radiation since it is located near the Equator.
The mean daily solar energy incident throughout India ranges between 4.0 and 7.0 kWh/m?,
with around 2250 to 3250 sunshine hours per year, depending on the location [51]. In India,
annual global radiation ranges from 1600 to 2200 kWh/ m? [52]. On an annual basis, the
regions of Rajasthan, Northern Gujarat, parts of Ladakh, and Tamilnadu receive the most
solar irradiance. Other regions of the world, primarily Japan, the United States, and Europe,
where solar technological advancement and actual implications are at their highest, also
obtain a respectable amount of solar radiation [53-56].

States like Rajasthan, Gujarat, and Madhya Pradesh are most suitable for the construc-
tion of SUTPPs because of their high values of solar radiation and very large flat areas with
very low land costs [57]. In India, the most desirable building projects for sizable SUPPs
are situated in Rajasthan desert areas, where solar radiation is very high and land may be
free or at very low cost [52] (Figure 3).

For this work, Udat, Rajasthan, India, is considered the reference location for a SUTPP,
with position coordinates of 27°35" and 72°43’ for the meteorological condition, and other
specifications for performance evaluation have been selected with real ground conditions
described by the use of power output equations. The selection of a real ground site
with more specific data yields better results for power output calculations and other
considerations, such as this site having almost flat ground with a slope inclination of 0.8°
for the entire area and a very low population density of 26 in. h./km?, indicating that
low site preparation costs are required and fewer people are required to relocate from the
power plant site [58]. The reference site for this work is also the one with the highest solar
radiation count in the country (India) and the highest average monthly averaged daylight
hours (12.15 h) [59]. The reference site coordinates and detailed specifications of the power
plant site are given in Tables 1 and 2, respectively.
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Figure 3. Solar global horizontal irradiation graph of India © 2023 The World Bank, Source: “Global
Solar Atlas 2.0, Solar resource data: Solargis”.

3.1. Meteorological Data of Reference Location

As per earlier studies [29,39,41,50,60,61], environmental conditions have a large effect
on SUTPP output power. As a result, the reference plant’s solar irradiance, air temperature,
atmospheric wind velocity, and atmospheric humidity are given.

The reference location selected is near Bikaner, Rajasthan, India. The selected reference
site is hot and dry, and the sky is clear day and night. The reference site has a large flat area
trajectory, a low population density, and low land cost [57]. This region of India (generally
deserts) has a high quantity of solar irradiation on an annual basis, designed primarily for
solar and renewable energy system design requirements [62,63]. These and other elements
make Udat, Rajasthan, India, a perfect site for the development of a sizable SUTPP. Table 1
displays the precise coordinates.

Table 1. Reference site coordinates and Standard-Time-Zone.

Latitude 27°35' North
Longitude 72°43' East
Standard-time-zone (GMT) +5:30 h

Interpretation of Input Data

The input data for solar irradiance, atmospheric air velocity, atmospheric tempera-
ture, and atmospheric humidity are evaluated in the following manner in order to obtain
smoother features of the input data for simulation analysis (Table 2). At the midpoint of the
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particular season, it is considered that the values being observed are the precise values that
occur at the specified solar time hours. The dataset is then extrapolated across months to
determine values for specific days and hours to provide precise, minutely input numbers.
Therefore, for the simulation analysis, approximate values that occur at a certain minute on
a certain day of the year are used as input data.

Table 2. Reference Site Data for SUTPP.

Reference Site Data
SITE: Udat, Bikaner, Rajasthan, India
Site position (latitude/longitude): 27°35’, 72°43'

Solar radiation (yearly average)

Monthly average Insolation interact on a horizontal-surface (kWh/m? /day): 05.081

Monthly average Diffuse-Radiation incident on a horizontal surface (kWh/m?/day): 1.71
Monthly average Direct-Normal Radiation (kWh/ m?2/ day): 5.60

Monthly average Daylight Hours (hours): 12.15 h

Length of day: 10 h (December) to 13 h (July)

Wind:

Monthly average wind-speed at 10 m above the earth surface for terrain cover with shrub (m/s): 03

Wind Direction: In winter: North-Eastern

In summer: South-Western

Monthly averaged relative humidity (%): 42.1

Monthly averaged atmospheric pressure (kPa): 98.3

Atmospheric-pressure that has been adjusted for a site elevation of 209 m (kPa): 98.3

Air temperature:

Monthly averaged earth skin temperature (°C): 27.8

Monthly average air temperature at 10 m above the earth’s surface (°C): 24.9

Air-temperature at 10 m above the surface, adjusted for a site-elevation of 209 m (°C): 24.6

Average daily temperature range (°C): 10.15
Terrain (SRTM3)

Elevation: 209 m

Slope inclination: 0.8°
Slope azimuth: 228° (SW)
Landscape (GLC/CLC)

Type: Deciduous shrub cover

GLC: Shrub cover, closed-open, deciduous

Elevation: 209 m
Population (GPW)
Density: 26 in h. /km?

3.2. Analysis for SUTPP Model

According to Schlaich et al. [31,64], Kroger and Buys [65], Bernard et al. [38], Preto-
rius et al. [40], and Krumar et al. [66], plant output power has a direct relationship with
collector area (radius) and tower height; if the power output is fixed, then the optimized
collector area and tower height for a plant can be calculated in terms of the minimum plant
installation costs for per annual power output [67].
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3.2.1. Selecting Dimensions, Limits, and Intervals for Optimization

The most prominent SUTPP dimensions are collector radius (Reyector), tower height
(Hrywer), and tower radius (Rryyer), which are presented in Table 3, with dimensional limits
and intervals. The primary objective in choosing selected parameters was to decrease
the number of parameters to be used in computational methods by keeping them as low
as feasible. Additionally, in order to reduce the number of computer simulations while
maintaining a decent level of accuracy, limits and intervals were chosen to be as large as
feasible. It was decided to optimize the tower for a height of the order of 500 m in a range
between 500 m to 2000 m, when the other dimensions are not fixed.

Table 3. Selected dimensions, limits, and intervals for model simulation.

Dimension Dimensional Limits (m) Interval (m)
Tower-Height (Hryyer) 500-2500 500
Tower-Radius (Ryyger) 05-25 05
Collector -Radius (Repjjector) 1000-3000 500
Power-Output 100 MW-200 MW 25 MW

Collector

In this model, the following are the design, material, and building assumptions for
the collector:

The collector is made out of a support framework and a clear glass canopy (Figure 4).
From the collector’s outside boundary to the tower’s exterior wall, the glass roof extends.
The support structure for glass consists of a truss matrix supported by steel columns.
For simulation purposes, the collector radius has an interval of 500 m, with a limiting
range of 1000-3500 m.

e  According to the connection, the real roof height rises toward the collector’s center.

Hjy = Houg [ "] b [41], where b is the roofing shape factor, H; is the elevation of the

r
collector roof, and rqy; is the outer radius of the collector. The collector elevation is

considered in this model computation as being constant and equivalent to b = 1.

-
Ry
Iy ¥ 4
_.—r—mrd

]
BEEE
BEE

¢ of o o
B

Ff!’ E

Figure 4. Top view of canopy of 50 kW SUTPP prototype at Manzanares, Germany, reproduced with
permission from [68], Elsvier, 2022.

Solar Updraft Tower (Chimney)

Following Schlaich et al. [31], Goldack [37] and Fluri [69], the main design, construc-
tion, and material assumptions for the tower include the wall thickness distributions for
a tower. It is assumed that the mean tower thickness will grow by one millimetre for
every additional metre of elevation. The tower is composed of a thin shell reinforced
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with high-performance concrete [65]. A constant “Z” is considered to calculate the effect
of changes in the thickness of the tower with respect to tower height on cost calculation.
The recommended wall thickness variations for a tower presume that the average tower
thickness will increase by one millimetre for every additional metre of elevation. High-
performance concrete with a thin shell of reinforcing steel forms the tower’s structure [48].
For a tower of large size, the stiffening ring configuration can also be used [31], while for
towers of different heights, variable concrete composition (high-performance concrete at
the bottom, reinforced concrete at the top) can be used. The tower shadow effect, wall
thickness effect, drag due to stiffener rings, and effect of tower geometry are not considered,
while a guiding cone at the bottom of the tower is considered, which has a conical geometry
with a hemispherical head shape and negligible roughness (Figure 5).

Power Conversion Unit (PCU)

The PCU consists of sets of multiple horizontal axis turbines configured with gen-
erators situated at ground level, used for power generation [70]. Schlaich et al. [31,64],
Bernardes [38], Von Backstrom [48,69], Pretorius [40,41], Zhou et al. [71,72], and Kalash [73]
conducted detailed work. Studies on turbines was conducted by Gannon [45] and
Fluri et al. [69] and Guo et al. [61] (Figure 6).

Turbine Casing

Tower base with guided cone, turbine
casing and collector configuration

(@)

Figure 5. Cont.
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Tower different views
with stiffening rings

Yl T =Ty

(b)

Figure 5. CAD view of SUTPP tower. (a) Tower base with guided cone and turbine casing configura-
tion. (b) Section view of tower with stiffening rings.

The main assumptions for the design and materials of the reference power plant
included that the rated power output of the SUTPP is 100 MW, while the turbine and
generator assemblies are placed at ground level where the flow of wind through the turbine
is axial and the effect of turbine inlet guided vanes, diffusers, turbine casing, diffusers, and
ducts is not considered, and the HTVTS is connected by a curved junction with the addition
of a conical guiding cone.

The power output for the SUTPP for a given value of tower height and collector radius
can be calculated by the following Equations (24) and (27):

2
Uf,lossﬂfgﬂcollector gHtower NRcollector I
C,Th

2
P=-
3

For reference plant
P = 0.02579 Hiower Reoltector”

This relationship shows that the power output is proportionate to the height of the
tower, while output power is square proportional to the collector radius and has a rela-
tion with efficiency of the collector, efficiency of the tower, and efficiency of the PCU in
linear proportion.

The detailed study on average power output of a SUTPP was conducted by Schlaich [19],
Gannon et al. [45], and Pretorius [41]. Pretorius [41] used two or more glazings, Schlaich [19]
used a solar pond, and Gannon et al. [45] used black coated tubes, which were filled with
brine solution. Plants can be operated during the night by using the heat stored in the
ground, pond water, or brine solution. The average power output of the SUTPP is the value
of power generated by the plant throughout the year without interruptions.

If the plant operates under average load conditions for a full day and night period, the
power output comes to around 36% of the peak power output of the SUTPP, as noted by



Energies 2023, 16, 494 15 of 28

Pretorius [40]. For the 100 MW capacity of the SUTPP, the annual average power output
will be in the range of 36 MW.

Figure 6. Assemble and section view of different components of the SUTPP, including PCU.

4. Thermo-Dimensional Optimization of a SUTPP

Several researchers have conducted experimental and simulation studies in this
area [74], but more detailed research on the dimensions that must be optimized in or-
der to find the optimized results for a SUTPP is required. According to Schlaich [31],
Kroger and Buys [38], Bernard and Pretorius [41], and Zuo [72], plant power output has
a direct relationship with collector area (radius) and tower height. If the plant’s power
output is fixed, the optimized collector radius and tower height can be calculated (Equation
(25)). The most prominent SUTPP dimensions selected are collector radius (Rcojector), tower
height (Hryyer), and tower radius (Ryyer), Which are presented in Table 3, with dimensional
limits and intervals.

For a net power output, Equation (22) can be used to draw a direct relation between
tower height (Hryyer) and collector radius (Regpector) for a SUTPP:

p— z ”f,lossﬂtgﬂcollector gHtowerT[Rcollector21
a 3 CpTl

A plant with detailed specifications is considered a reference plant, with specifications
given in Tables 2 and 3 for the given range of the above parameters. For a fixed power
output, by fixing the range of parameters and varying the above-mentioned parameters,
different sets can be calculated for tower height (Hryy,r), tower radius (Ryyyer), and collector
radius (Reppector) for a reference plant to develop various sets for a fixed power output.

5. Experimental Methodology

As a real experiment of this size is quite time consuming and expensive, during this
preliminary phase, it ought to be capable of completing the numerical simulations to find
out the optimum values of tower height (Hryyer), tower radius (Ryy,r), and collector radius
(Reottector) parameters by simulation and the mathematical software MATLAB. In this work,
a program for an objective function is developed in MATLAB to solve the power output
equations for different sets of tower height (Hryyer), tower radius (Ryyyer), and collector
radius (Regjpector) to individually find out the optimal values of tower height (Hryer), tower
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radius (Ryyyer), and collector radius (Reyjpector) fOr varying power outputs, ranging from
100 MW to 200 MW by fixing other parameters. The following step is used to create a series
of graphs and tables that show the relationship and trends between power output vs. tower
height (Hppyer), power output vs. tower radius (Ryyyer), and power output vs. collector
radius (Reppector)- The flow charts for the programs are shown in Figures 7 and 8.

START

eta_f,loss=0.90, efa_tg=0.85,
eta_collector=0.50, I=1000W/m*2,
Cp=1005.08721 J/kgK, TI=303.15K

}

Jx)=P;
-2/3%(eta_f,loss™ eta_1g™ eta_ collector= g=H t*R_c*27I)
p 11

If H tower=500:500:2500 m c1)=P= C*H_tower R_collector” IfR_coilector=1000:500:3000m

ere C=2/3( eta_f;loss™eta_tg~eta
1!

If R tower =05:05:25m

Print R_collector (5 sets) Print H tower (3 sets)

For these R_collector, H fower, R _tower
Jind out the values
of other parameters by

Jix2)= eta_tower*(g*=H fower ){Cp*TI)

.

x3)=H_collector =V_avg/A2 R_collector™ V_air
. _avg L _

Jx4)=V_air,fower=sqri(1/3 (Ptpd*/pl))
=sqrt (13*(g*H tower* T)/TI))

!

fix5) = V_air_tower=P tower/(R*T4)
fIx6)=m = air_tower* V _air tower* A_tower
J(7)=V_avg = m/air_tower

Print refrence plant configurafions
H tower, R_collector, R_tower with
eta_tower, H collector, V_air_tower, m,
V_avg

END

Figure 7. Flow chart of program developed for calculating the specification of SUTPP.
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START

floss=0.90, tg=0.85, collector=0.50,
I=1000W/m»2, Cp=1005.08721 J/kgk,
T1=303.15K, T=25C, g=9.81, Tsc=,

|

J(x)=P=2/3( f,loss tg collector gHtower Rcollector*2I)
Cp T1

IfH tower= 500:500:2500m

H fower variation Yes——P

R_collector variation Yos—— i B_collector=1000:500:3000m »

No

IR _tower =05:05:25m

for

H fower=500:500:2500 &
R collector=1000:500:3000

Rtower variation Yes—=

No
=

Forthese 5>+5+50= 60 sets of SUTPP,
find out the values of other parameters

When P=100:25:200 MW

:

Print 300 sets of SUTPPlant
configuration

END

Figure 8. Flow chart of program for generating 100 sets of SUTPP configuration.
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H tower (m)

6. Results and Discussion

The thermo-dimensional optimization of the SUTPP was conducted, utilizing the
findings of mathematical simulation studies and estimations for the 100200 MW power
plant model. For various sets of plant characteristics, multiple computer simulations were
executed, and the outcomes were compared with the output of each individual simulated
plant. The optimization technique only considered the most important plant features, while
the optimization technique just considered the most essential plant parameters; mainly, the
collector radius (Rcyjiector), tower height (Hryyer), and tower radius (Ryyyper). Such optimum
combinations were obtained for numerous optimal plant configurations, which represent
those configurations that give optimized power output for different sets of power plants.
For each layout and configuration of the SUTPP, the best solutions are shown in the form of
graphs and tables.

6.1. Effect of Variation in Dimensional Parameters on Power Output of SUTPP

The effect of variation in SUTPP geometrical parameters, namely the collector radius
(Reottector), tower height (Hryyer), and tower radius (Ryyy.r) on power output, are discussed
in this section.

Figures 9-13 show the trends for variation in SUTPP dimensional parameters, includ-
ing collector radius (Rcojiector), tower height (Hpyyer), and tower radius (Ryyyer) On various
power outputs. These trends are developed for the optimized dimension configurations
at different power outputs; by examining these graphs, it is easy to find the best suitable
configuration of the SUTPP for any desired power output.

For a fixed power output, the tower height (Hry) initially significantly decreases as
the collector radius (Rcojrector) increases, and, after a certain point, does not have as much of
an effect as the collector radius (Rcopector) (Figure 9).

3000 ~
~—®— R _collector vs H_tower
2500 - ¢ o000
2000 ® 5 8 8 s
1500 o 8 o 8
1000 - o e e e e
e~ P=200MW
500 - N <3 e N
P=100MW \ \
=125MW  P=150MW P=175MW
0 I 1 I 1 1 1
1000 1500 2000 2500 3000 3500 4000 4500

R_collector (m)

R_collector (m) vs. H_tower (m) for different capacity power plants

Figure 9. Effect of variation in collector radius (Rcypector) and tower height (Hryy,r) on power output
of the SUTPP.
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While Figure 10 shows the variation in collector radius (Rcyjector) and tower radius
(Rower) at 100 MW SUTPP power output for different tower heights (Hpyer) at any fixed
value of tower radius and power output, as the tower height increases, the collector radius

also tends to increase in a more rapid way.

30

20 - » o oo
£
-
ot
“3‘ 15 - o o vew
8|
-4
10 o e
5 oo

H_tower=1500m
H_tower=1000m
H_tower=500 \. \
25 - "~

H_tower=2000m

H_tower\—ZSOOm

Power=100MW

0 T T T T T

®— R_collector (m) vs R_tower (m)

0 500 1000 1500 2000 250

R_collector (m)

0 3000 3500

Figure 10. Effect of variation in collector radius (R¢yjjector) and tower radius (Ryyyer) at different tower

heights (Hrpyer) at 100 MW SUTPP power output.

The effect of variation in collector radius (Rcjector) 0N tower height (Hryye,) and tower
radius (Ryyyer) for fixed power output of the SUTPP is shown in Figure 11. Trends suggest
that as the collector radius (Rcyector) Starts increasing, the values of tower height (Hryper)
and tower radius (Rryyer) significantly decrease, giving influence to the initial increase in
the collector radius (Reyjector) at a fixed value of power output. Figure 12 also suggests a
similar trend for the variation in tower height (Hry.r) on the collector radius (Reyjjector) and
tower radius (Ryyyer) for the fixed power output of the SUTPP, but with less of a slope.

10000
®— R_collector (m) vs H_tower (m)
e<Oee R_collector (m) vs R_tower (m)
8000 -

P=200MW/.
= L]
) p=175MW~"
5 6000
= _ W/.
s P=150M
ml P—125MW/.
2 4000
£ _ L]
= P=100M .
2 [ ]
z
S i L
< 2000 .
=

R_tower (m) [Power=100:25:200 MW] ' '

04 = Deceessecess e(ssesccccscssDesscocscscaoe cossssesnd
T T T T T
500 1000 1500 2000 2500 3000 3500

R_collector (m)

Figure 11. Effect of variation in collector radius (R¢yjjector) ON tower height (Hryy,r) and tower radius

(Rpewer) for fixed power output of SUTPP.
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5000
P=200M —®— H_tower vs R_collector
eeOe
P=175MW H_tower vs R_tower
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3
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I
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=
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B
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Figure 12. Effect of variation in tower height (Hryer) on collector radius (Reyjjector) and tower radius
(R7ywer) for fixed power output of SUTPP.

While Figure 13 shows the effect of tower height (Hryyer) and collector radius (Reppector)
on tower radius (Ryyyer) for the fixed power output of the SUTPP, trends suggest that as the
tower height (Hryy,r) increases, the dimensional values of the collector radius (Rcyjjector) ON
the tower radius (Rryy,r) significantly decrease for a fixed power output.

30
e —@— H_tower (m) vs R_tower (m)
PoweFlOO.ZS.ZGONY Power=100:25:200MW =O= R_collector (m) vs R_tower (m)
551 -
/
/

20
E
=
2 15+
3

|

-4

10 1

N\,
5 - d power—
PoweFlOOMW‘%/ \ \ ower=200MW
Power=125M Power—175M Power=125MW Power=175MW
Power=150MW Power=200 Power=100MW Power=150MW
0 T T T T
0 2000 4000 6000 8000 10000

H_tower (m) and R_collector (m)

Figure 13. Effect of variation in tower height (Hp,ye,) and collector radius (Reyjjector) ON tower radius
(R7ywer) for fixed power output of SUTPP.

6.2. Effect of Variation in Power Output on SUTPP Dimensional Parameters

The graphs were redrawn to analyze the effect of variation in power output on the
dimensional parameters of the SUTPP in order to better understand and improve the
readability of the article. Figures 14-19 show trends between variations in the SUTPP
power output and dimensional parameters, such as tower height (Hryy,r), collector radius
(Reoltector), and tower radius (Ryyyer), both separately and combined. These graphs show
the optimized values of dimensions for different plant configurations and provide help to
the designer in selecting optimized values.
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Figure 14. Effect of variation in power output on collector radius (R¢yjector) for different tower heights
(Hpwer) in SUTPP,
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Figure 15. Effect of variation in power output on tower radius (Ryyy,) for different collector radii
(Reottector) in SUTPP.
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Figure 16. Effect of variation in power output on tower radius (Rpyy,r) for different tower heights

(Hower) in SUTPP.
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Figure 17. Effect of variation in power output on tower height (Hyy) for different collector radii
(Reoltector) in SUTPP.
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Figure 18. Effect of variation in power output on tower height (Hpy.,) and tower radius (Ryyyer) for
different collector radii (R¢yjjector) in SUTPP.
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Figure 19. Effect of variation in power output on tower radius (R7y.,) and collector radius (Rcopector)
for different tower height (Hpye,) in SUTPP.

7. Conclusions

The major findings of this study include detailed modeling of a reference Solar Updraft

Tower Power Plant to examine the influence of the most prominent plant dimensional
parameters, including: collector radius (Reopector), tower height (Hryyer), and tower radius

(Rpwer) with dimensional limits and intervals on the power output of the SUTPP. The
modeling includes thermodynamic relations for estimating the power output of the SUTPP
and the effect of variation in dimensional parameters. The major findings include:
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e In a SUTPP for a fixed power output of 100 MW and with a variation in collector
radius (Reojiector) range from 1000 m to 3000 m, the tower height (Hryy.r) varies from
3876.7 m to 430.7 m with a variation of 88.89%, while the change in the tower radius
(R7yewer) takes place between 7.1 m and 37.0 m with a variation of 80.81%, respectively.

e  Similarly, for a fixed power output of 100 MW and with a variation in tower height
(HTower) ranging from 500 m to 2500 m, the collector radius (Reyjector) Varies from
2784.5 m to 1245.3 m with a variation of 55.27%, and the change in the tower radius
(R7ywer) takes place between 33.1 m to 9.9 m with a variation of 70.09%, respectively.

o  The results of the assessment show that the suggested geometrical parameters have a
significant impact on the overall performance of the SUTPP. The amount of solar radi-
ation and the suggested geometric parameters can also affect the SUTPP’s efficiency
and power output.

e  Large flat lands like Udat, Rajasthan, India, with position coordinates of 27°35" and
72°43', can be used for the installation of the SUTPP with a power output of 100 MW
or an equal amount in a physically possible dimensional configuration and can be
constructed through current available technologies.

This work will provide designers with guidelines and assistance in selecting optimized
plant configurations for desired power output, as well as assist them in investigating the
feasibility of implementing a large-scale solar updraft tower power plant in India with local
ground conditions.

8. Limitation and Future Scope

In the SUPTPP modeling, the influences of cold inflow in the tower, the effects of wind
velocity, ambient temperature lapse rates, the effect of ground thermal conductivity, and
night-time temperature inversions on plant performance were not considered in this study.
During the selection of parameter combinations, this may result in the SUTPP ceasing to
operate. Findings suggest that the dominating ambient winds and occurrence of night
temperature changes at the reference location have a significant impact, which can reduce
annual power output by around 10% in comparison to a similar plant operating year-round
in a windless environment. For improvement in plant performance, a study of partially or
fully double-glazed collector roofing could be included in the modeling for full-day power
output. To solve this problem, the goal function of the ideal plant layout had to be changed
to account for these differences.

In future work, the calculation for SUTPP power output could be fixed by using
different performance parameters. Larger plants always produce more electricity, according
to thermo-dimensional modeling. Any power optimization method that does not consider
economic aspects will produce optimal plant sizes near the top of the range. Therefore, for
that, no optimal size of SUTPP exists. Adding economic aspects allows for optimal plant
layouts. In this study, the three major plant performance parameters were collector radius
(Reottector), tower height (Hygper), and tower radius (Ryqer) for various power outputs, while
other factors also have a major impact on power output and performance of a SUTPP. A
new study on these parameters can be conducted in a similar area to identify their impact
on the power output and performance of a SUTPP. Factors affecting the cost of a SUTPP
can be examined for the Optimized Cost of Electricity Generation (OCEG) calculation as
per a specific location, while considering the effect of the minimum attractive rate of return
(MARR) on SUTPP electricity selling prices.
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Nomenclature

Symbols: Subscripts:

A: Area, (m?) a: Ambient

Cp: Specific heat capacity, ]/ (kg K) avg: Mean/average

g: gravitational acceleration, (m/s?) collector: Collector

h: Convective coefficient of heat transfer, (W/m?2K) g: Ground

H: Tower height, (m) f: Friction factor

I: Average Insolation, (W/ m?) h: Hydraulic

L: Duct length, (m) s: Smooth

m: Mass flow rate, (kg/s) Support: Fram support

P: Pressure, (Pa); Power, (W) turbine: Turbine

q: Heat transfer, (m) tg: Turbine-Generator

r: radious, (m) th: Thermal

R: Universal gas constant, (J/mol-K); Radious, (m)  max.: Maximum

T: Temperature, (K) t: Tower

V: Volume flow rate, (m3 /sec) v: Volume

W: Duct width, (m) z: Elivation

Greek symbols: Abbreviations:

A: Drop, gradient SUTPP: Solar updraft tower power plant

n: Efficiency HTVTS: Horizontal to vertical
transition section

v: air velocity (m/s) DALR: Dry Adiabatic Lapse Rate

7: Dynamic viscosity (Pa-s) PCU: Power Conversion Unit

0: collector slop (°) TG: Turbine Generators

p: density of air (kg/ m3)
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