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ABSTRACT 

Solar chimney power plant (SCPP) is a solar thermal energy conversion system. The SCPP 

converts solar energy into thermal energy and indirectly to mechanical/electrical energy using 

air as the working fluid to drive a staged wind turbine connected to generator. Thus, the SCPP 

employs greenhouse, chimney and wind turbine technologies. At the collector (greenhouse), 

the absorber converts the solar radiation to thermal energy where the heated absorber in turn 

warms the adjacent air, thus induces buoyancy-driven flow. The kinetic energy in the buoyant 

air is harnessed and converted to mechanical/electrical energy using a turbine-generator. The 

main challenge of SCPP technology is the serial energy conversion process leading to low 

efficiency of the plant. The total efficiency of the SCPP is the product of the efficiencies of the 

three technologies of the plant. The solar collector has efficiency of over 20% but incurs high 

thermal losses rated at over 30%. The turbine has been rated the most efficient component of 

the SCPP at over 60% due to the shrouded location of the turbine. The chimney has the least 

efficiency which is due to the dependence of the performance on the height of the chimney. 

For 1000 m tall chimney, the efficiency is about 3%. To enhance the total performance of 

SCPP, the collector and chimney efficiency need to be improved. This research focus on 

improving the efficiency of the collector of inclined SCPP through the use of underneath air-

vents. The study employed numerical method using a Computational Fluid Dynamics software, 

Star-CCM+. In the system modelling and simulation, radiation modelling principles were 

adopted under condition of steady state. The study showed that with the use of underneath air-

vents, there was 4.25% and 4.64% reduction in convection and radiation heat transfer 

respectively from the collector cover to the ambient at 1000 W/m2. It was also observed that 

the air mass flow rate was increased by 210% and consequently the power output of the plant 

improved by 60%. The study revealed that for a 100 m2 inclined collector used in the study, 15 

number of air-vents were required for optimum performance enhancement. Considering the 

effect of thermal loss through the absorber and the capacity of the absorber to act as heat storage 

medium, it was observed that an absorber thickness of 0.3 m was economical and effective for 

thermal storage in the inclined SCPP with 100 m2 collector. The study also showed that the 

system without chimney could operate but with reduced efficiency as compared with the 

system incorporated with chimney. 
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NOMENCLATURE 

Symbol Description Unit 

𝐴𝑎𝑝 Absorber area m2 

𝐴𝑐 Cover area m2 

𝐴𝑐𝑜𝑙𝑙 Collector area m2 

𝐴𝑎𝑖𝑟−𝑐ℎ𝑎𝑛𝑛𝑒𝑙 Area of the air flow channel m2 

𝛼 Thermal diffusivity  m2/s 

𝛽 Tilt angle of the collector ° 

𝛽𝜆 Extinction coefficient N/A 

𝛽𝑡,𝑎𝑝−𝑎𝑖𝑟
′  Coefficient of volumetric expansion of thin film of air 

near the absorber 

m3/m3°C 

𝛽𝑡,𝑎𝑖𝑟−𝑐
′  Coefficient of volumetric expansion of thin film of air 

near the cover 

m3/m3°C 

Cp Specific heat capacity of air kJ/kg·K 

𝑐𝑝𝑎𝑝−𝑎𝑖𝑟 Thin film air specific heat near the absorber kJ/kg·K 

𝑐𝑝𝑎𝑖𝑟−𝑐 Thin film air specific heat near the cover kJ/kg·K 

𝐸𝑐𝑜𝑙𝑙 Input energy at solar collector W 

𝜀 Turbulent dissipation rate  m2/s3 

𝜀𝑎𝑝 Emittance of the absorber N/A 

𝜀𝑐 Emittance of the transparent cover N/A 

�⃗� External body force N 

𝑔 Gravitational acceleration m/s2 

𝐺𝑘 Turbulent kinetic energy due to mean velocity gradient J/kg 

𝐺𝑏 Turbulent kinetic energy due to buoyancy J/kg 

h Convective Heat Transfer Coefficient W/m2·K 

ℎ𝑐𝑜𝑛𝑑−𝑏 Conduction heat transfer coefficient through the 

absorber’s back 

W/m2·C 

ℎ𝑐𝑜𝑛𝑣,𝑎𝑖𝑟−𝑐 Convective heat transfer coefficient from the collector’s 

air to the cover 

W/m2·C 

ℎ𝑐𝑜𝑛𝑣,𝑎𝑝−𝑎𝑖𝑟 Convection heat transfer coefficient from the absorber to 

the collector’s air 

W/m2·C 
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ℎ𝑐𝑜𝑛𝑣,𝑐−𝑎𝑖𝑟 Convective heat transfer coefficient from the cover to 

the collector’s air 

W/m2·C 

ℎ𝑐𝑜𝑛𝑣,𝑐−𝑎𝑚𝑏 Convective heat transfer coefficient from the cover to 

the ambient 

W/m2·C 

ℎ𝑟𝑎𝑑,𝑎𝑝−𝑐 Radiation heat transfer coefficient from the absorber to 

cover 

W/m2·C 

ℎ𝑟𝑎𝑑,𝑐−𝑠𝑘𝑦 Radiation heat transfer coefficient from the cover to the 

sky 

W/m2·C 

ℎ𝑤 Heat loss coefficient by convection from the cover to the 

ambient due to wind effect 

W/m2·C 

𝐻𝑎𝑝−𝑐 Height between the absorber and the cover m 

𝐻𝑡𝑜𝑡 Total height of chimney m 

𝐼 Solar radiation intensity W/m2 

𝐼𝜆 Radiation Intensity at Wavelength, λ W/m2 

𝐼𝑏𝜆 Black Body Intensity at Wavelength, λ W/m2 

𝐼𝑝𝑏𝜆 Particle Black Body Intensity W/m2 

𝑘 Turbulent Kinetic Energy J/kg 

𝑘𝑎𝜆 Absorption coefficient at wavelength λ m-1 

𝑘𝑠𝜆 Scattering coefficient at wavelength λ m-1 

𝑘𝑝𝑎𝜆 Particle absorption coefficient at wavelength λ m-1 

𝑘𝑝𝑠𝜆 Particle scattering coefficient at wavelength λ m-1 

𝑘𝑡,𝑎𝑖𝑟−𝑐 Thermal conductivity of a thin film air near the cover W/m·K 

𝑘𝑡,𝑎𝑝−𝑎𝑖𝑟 Thermal conductivity of a thin film air near the absorber W/m·K 

�̇�𝑎𝑖𝑟 Mass flow rate of air kg/s 

𝜇 Dynamic Viscosity kg/m·s 

𝜇𝑎𝑖𝑟−𝑐 Dynamic viscosity of the thin film air near the cover kg/m·s 

𝜇𝑎𝑝−𝑎𝑖𝑟 Dynamic viscosity of the thin film air near the absorber kg/m·s 

𝜇𝑡 Turbulent Viscosity m2/s 

𝑁𝑢𝑎𝑖𝑟−𝑐 Nusselt number for the air near the cover N/A 

𝑁𝑢𝑎𝑝−𝑎𝑖𝑟 Nusselt number for the air near the absorber N/A 

𝜂𝑐ℎ Chimney efficiency % 

𝜂𝑐𝑜𝑙𝑙 Collector efficiency % 
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𝜂𝑠𝑦𝑠 System efficiency % 

𝜂𝑡𝑢𝑟𝑏 Turbine efficiency % 

p Pressure Pa 

𝑝0 Total Pressure at the Inlet Pa 

𝑝𝑔𝑎𝑢𝑔𝑒 Gauge Pressure Pa 

𝑃𝑎𝑖𝑟−𝑡𝑜𝑡 Air power W 

𝑃𝑒𝑙𝑒𝑐−𝑜𝑢𝑡 Electrical power output W 

∆𝑝𝑡𝑜𝑡 Change in pressure between the ambient and the air in 

the SCPP 

Pa 

𝑞 Heat Flux at the Surface of the Wall W/m2 

𝑞𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 Convective heat transfer from the collector’s air to the 

cover 

J 

𝑞𝑎𝑝−𝑐𝑜𝑛𝑣 Energy transfer by convection from the absorber J 

𝑞𝑎𝑝−𝑟𝑎𝑑 Energy transfer by radiation from the absorber J 

𝑞𝑎𝑝−𝑐𝑜𝑛𝑑 Energy transfer through the absorber to the back by 

conduction 

J 

𝑞𝑐−𝑐𝑜𝑛𝑣−𝑎𝑚𝑏 Convective heat transfer from the cover to the ambient J 

𝑞𝑐−𝑟𝑎𝑑−𝑠𝑘𝑦 Radiation heat transfer from the cover to the sky J 

𝑞𝑟𝑎𝑑 Radiative Heat Flux W/m2 

𝑞𝑢 Useful energy gain J 

𝑅𝑎𝑎𝑖𝑟−𝑐 Rayleigh number for the air near the cover N/A 

𝑅𝑎𝑎𝑝−𝑎𝑖𝑟 Rayleigh number of the air near the absorber N/A 

𝑆𝑎𝑝 Energy absorbed by the absorber W/m2 

𝑆𝑐 Energy absorbed by the cover W/m2 

𝑆𝑘 User defined source term in turbulence equations N/A 

𝑆𝜀 User defined source term in turbulence equations N/A 

𝑆𝑚 Source term in momentum equation N/A 

T Temperature K 

𝑇∞ Reference Temperature K 

𝑇𝑎𝑖𝑟 Temperature of collector’s air K 

𝑇𝑎𝑝 Temperature of absorber K 

𝑇𝑏 Temperature of absorber’s back K 
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𝑇𝑐 Temperature of transparent cover K 

𝑇𝑎𝑚𝑏 Ambient temperature K 

𝑇𝑟𝑒𝑓 Operating temperature K 

𝑇𝑠𝑘𝑦 Sky temperature K 

𝑇𝑠 Local solid temperature K 

𝑇𝑊 Wall surface temperature K 

𝑇𝑡,𝑎𝑖𝑟−𝑐 Temperature of the air near the cover K 

𝑇𝑡,𝑎𝑝−𝑎𝑖𝑟 Temperature of the air near the absorber K 

𝜏̿ Stress tensor Pa 

𝜌 Density kg/m3 

𝜌𝑎𝑖𝑟−𝑐 The air densities for the air near the cover kg/m3 

𝜌𝑎𝑚𝑏 Density of ambient air kg/m3 

𝜌𝑎𝑝−𝑎𝑖𝑟 Air density for the air near the absorber kg/m3 

𝜌𝑎𝑖𝑟 Density of collector’s air kg/m3 

�⃗� Air Velocity m/s 

𝑌𝑚 Fluctuating dilation N/A 

Ω Solid angle in radiative heat transfer equation ° 

 

N/A refers to dimensionless units.
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Chapter 1 

Introduction 

1.1 Research Background 

1.1.1 Global Energy Demand 

Energy represents the capacity of a physical system or a body to perform work. Energy is 

essential for all types of activities in the world, considering both living organisms and non-

living matter (Siraj 2012). Global advancements are strongly based on energy availability 

which could lead to technological advancement, career opportunities, economic development, 

food production, security, poverty reductions and so on (Siraj 2012, Al-Kayiem et al. 2016). 

According to Al-Kayiem et al. (2016), energy demand is dependent on five different factors 

which include wealth status of a nation, the statistics of weather and climate conditions 

throughout the year, human populations, the efficient consumption of energy resources, and 

the energy conversion technologies. The global energy demand has been greatly influenced by 

the global human population growth which was rated at 1.23 % per year for the years between 

2000 and 2015 (World-Bank 2017). This growing energy demand can be attributed to the 

increased economic growth and advanced lifestyles of luxury among individuals as well as 

technological advancements. The growing energy demand of the globe has mainly be mitigated 

by the use of non-renewable energy resources such as fossil fuels (oil, gas and coal) and nuclear 

energy. The use of these non-renewable energy resources contribute to environmental 

degradations such as acid rain, greenhouse gas emission, global warming and the depletion of 

natural resources. 

The continuous growing demand of energy in the world can be seen from the primary energy 

consumption per year. Table 1.1  shows global energy consumption in Millions Tons of Oil 

Equivalent (MTOE) considering the primary energy resources for years 2010 to 2016 (BP 

2011, 2012, 2013, 2014, 2015, 2016, 2017). A representation of the individual energy resource 

usage of Table 1.1 in percentage to the total energy consumption is presented in Table 1.2. In 

2016, fossil fuel based energy consumed globally reached 11,354.30 MTOE out of the total of 

13276.30 MTOE consumed in same year. This represents about 86% of the global energy 

supply. The energy demand growth is projected by Council (2013) to be double of the 2010 

consumption by year 2050.  
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Table 1.1: World's Primary Energy Usage (Millions Tons of Oil Equivalent) (BP 2011, 2012, 

2013, 2014, 2015, 2016, 2017) 

Year 

Primary Energy Mix (Millions Tons of Oil Equivalent - MTOE) 

Oil Natural 

Gas 

Coal Fossil 

Fuel 

Nuclear 

Energy 

Hydro-

Power 

Renewable 

Energy 

Total 

2010 4031.90 2843.10 3532.00 10407.00 626.30 778.90 165.50 11977.70 

2011 4081.40 2914.20 3628.80 10624.40 600.40 794.70 205.60 12225.10 

2012 4138.90 2986.30 3723.70 10848.90 559.90 833.60 240.80 12483.20 

2013 4179.10 3052.80 3867.00 11098.90 563.70 861.60 283.00 12807.20 

2014 4251.60 3081.50 3911.20 11244.30 575.50 884.30 316.60 13020.70 

2015 4331.30 3135.20 3839.90 11306.40 583.10 892.90 364.90 13147.30 

2016 4418.20 3204.10 3732.00 11354.30 592.10 910.30 419.60 13276.30 

Table 1.2: Percentage Contribution by Various Energy Sources (BP 2011, 2012, 2013, 2014, 

2015, 2016, 2017) 

Year 

Percentage Contribution by Various Energy Sources (%) 

Oil Natural 

Gas 

Coal Fossil 

Fuel 

Nuclear 

Energy 

Hydro-

Power 

Renewable 

Energy 

Total 

2010 33.66 23.74 29.49 86.89 5.23 6.50 1.38 100.00 

2011 33.39 23.84 29.68 86.91 4.91 6.50 1.68 100.00 

2012 33.16 23.92 29.83 86.91 4.49 6.68 1.93 100.00 

2013 32.63 23.84 30.19 86.66 4.40 6.73 2.21 100.00 

2014 32.65 23.67 30.04 86.36 4.42 6.79 2.43 100.00 

2015 32.94 23.85 29.21 86.00 4.44 6.79 2.78 100.00 

2016 33.28 24.13 28.11 85.52 4.46 6.86 3.16 100.00 

 This increasing demand of energy if depends only on fossil will be a great burden on the 

environment, thus requires a shift to more environmental friendly energy resources. 

1.1.2 Development, Fossil Fuel Energy and the Environment 

In a report by UNEP (2012), Asia-Pacific region represented the world’s fastest growing 

economies. However, as the economy in this region continues to grow, the vast majority of the 

energy demand is mostly supplied from fossil energy resources. For example, Malaysia 
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consumes over 90% fossil fuel to sustain her economic development (BP 2016, 2017). 

According to ADB (2014), it is expected that the world’s energy requirement will increase by 

one third of 2010 consumption by 2035, of which Asian countries such as China, India, and 

other developing regions will consume about 60 % of the global total.  

Fossil fuels (oil, natural gas and coal) are usually combusted for energy and power generation 

in plants. The combustion of the fuels produce carbon dioxide which is considered the 

dominant/primary greenhouse gas emitted to the atmosphere. According to IPCC (2014), 65 % 

of the carbon dioxide released in the atmosphere is due to the burning of fossil fuels and other 

industrial processes. In addition to that, about 25 % (about 17% of globally emitted greenhouse 

gas) of the greenhouse gas emitted globally to the environment come from electrical power 

generation plants (IPCC 2014). The use of fossil fuels as the major primary source of energy 

to drive a nation’s economy have the consequences of environmental (air and water) pollutions. 

The global dependent on fossil fuels as source of energy has been attributed to the increasing 

effect of global warming due to the large emission of greenhouse gases to the atmosphere. The 

negative effects of fossil fuel usage on the environment have received considerable critical 

attention in the topics like climate changes, sea level rise, heat waves and droughts. Awareness 

regarding the need to limit the overwhelming dependence on fossil fuels has been raised 

because of the fact that the use of fossil fuels poses a large threat to the environment. The use 

of fossil fuel threatens water security due to the illegal disposal of waste oils to the water bodies 

thus causing water pollution (Rafindadi et al. 2014). It was reported by ADB (2013) that Asia-

Pacific region faces increased threat to water security and affects sustainable livelihoods. Water 

pollution also has negative consequences on the marine biodiversity.  

Moreover, there is an urgent need to address the problems with the depletion of the fossil fuels 

resources. In light of the recent growing energy crisis and the widespread consumption of fossil 

fuels, the limited supply of these non-renewable energy resources has become a serious concern 

(Khan et al. 2016). Höök et al. (2010) developed theories on the formation of conventional 

energy resources and they predicted that the supply of fossil fuels would run out by the year 

2100. Therefore, it is important to preserve the fossil fuel resources like oil for other sustainable 

industrial purposes and develop alternate energy generation processes that are more 

environmental friendly.  
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1.1.3 Solar Energy Based Power Generating Systems 

Renewable energy has long been the interest quest in the field of electricity power generation. 

Considering the various renewable sources of energy, solar energy is considered the Earth’s 

predominant source of energy but time and location dependent. The radiant heat and light 

coming from the Sun can be converted directly or indirectly into different forms of energy. 

However, it is known that the solar power is being disadvantaged by the low efficiencies of the 

energy conversion systems (Dennis 2006). One of the drawbacks of solar power systems is the 

initial investment cost which restrains the masses from investing into the energy system. The 

economic disadvantage is associated with the increased costs of the installation of solar energy 

technologies while producing only a relatively small amount of energy compared to other 

conventional energy system, thus characterized of low efficiency. As a result, the solar power 

still remains considerably a high cost energy option when compared to conventional energy 

sources such as the fossil fuels, nuclear and hydropower.  

In recent years, there has been an increasing interest in utilizing the solar energy for electricity 

generation and various reviews have stated that the advantages of the solar technologies 

outweigh their disadvantages (Al-Kayiem et al. 2016, Kannan et al. 2016, Khan et al. 2016). 

For examples, some of the benefits of solar energy include free and abundant supply, and its 

environmentally friendly nature (Al-Kayiem et al. 2016). Solar energy also is inexhaustible in 

supply which has recorded 1.8 × 1014 kW/hr interception on the earth surface out of the total 

3.8 × 1023 kW/hr emitted by the Sun (Panwar et al. 2011). The unlimited source of solar energy 

makes it a promising option to provide continuous supply of electricity to meet the global 

energy demand (Kannan et al. 2016). Asian countries receive a reasonably high amount of solar 

radiation throughout the year. Even though the Asian countries receive higher solar radiation 

from the Sun with longer sunshine duration as compared to other temperate countries, solar 

energy is yet to be effectively harnessed in this region.  

The existing body of research on solar energy also suggests that this renewable energy has 

become more socially acceptable. The reason behind the public acceptance of the solar power 

technologies is to combat environmental degradation caused by the massive burning of the 

fossil fuels (Khan et al. 2016). Solar energy is said to be the cleanest form of energy that can 

be used to generate electricity, without causing harm to the environment. According to Khan 

et al. (2016), the construction of solar energy based power generating plants could prove to be 

beneficial in the long term, as initial investments on the solar power plants would serve to 



5 | P a g e  
 

provide sustainable energy future for both urban and technologically less developed areas. 

Extensive researches have been carried out to improve the cost effectiveness of solar 

technologies for electricity production to allow the possibilities for the development of 

commercial solar power generation plants in the near future. On top of that, as the radiation 

intensity varies with locations, countries which receive a reasonable amount of solar radiation 

would not have issues with the reliability of energy supply (Khan et al. 2016). 

Solar energy can be converted directly and indirectly to electrical power using different energy 

conversion systems. Example of well-known technology for the direct conversion of solar 

energy into electrical energy is the use of the photovoltaic cells. The solar thermal energy 

conversion systems are used for indirect generation of electricity from the solar energy. The 

solar thermal systems can be classified as either low temperatures or high temperatures solar 

thermal systems. High temperatures solar thermal systems include parabolic trough solar 

collectors, solar power tower (heliostat), parabolic reflector, linear Fresnel concentrators, solar 

oven, dish concentrator etc. (Energy 2015). Low temperatures solar thermal systems are mainly 

flat-plate solar collectors which the Solar Chimney Power Plant finds its origin.  

Solar chimney power plant (SCPP) is a low temperature solar thermal system which combines 

three technologies (greenhouse technology, chimney technology and wind turbine technology) 

in a serial conversion of solar energy to electrical energy. The SCPP energy conversion 

processes include the conversion of solar energy into thermal energy at the collector absorber, 

conversion of the thermal energy at the absorber to kinetic energy in the buoyant air, conversion 

of the kinetic energy in the air into mechanical work using the turbine and conversion of the 

mechanical work into electrical power through the rotation of a connected shaft from the 

turbine to the generator. 

1.1.4 Solar Chimney Power Plant 

Solar chimney power plant (SCPP) as illustrated in Figure 1.1. has attracted several researches 

in the quest to find a commercial procedure of generating electricity. The interest in SCPP can 

be attributed to the maturity of the three technologies upon which the system operates. The 

technologies include greenhouse technology, chimney technology and turbine technology. The 

system operates at low temperature working fluid and can be maintained while in operation. 

The greenhouse is an open-solar-air collector design which has transparent cover raised some 

distance above the ground. The ground represents the absorber while the transparent cover 
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allows the penetration of the sun into the collector as well as prevents the thermal energy 

generated in the greenhouse from leaving. The collector absorbs both direct and diffused solar 

radiation and utilizes them to generate heat in the greenhouse. At the collector (greenhouse), 

the absorber converts the energy from the sun to thermal energy where the heated absorber in 

turns warms up the adjacent air, thus creates buoyancy driven flow. The kinetic energy in the 

buoyant air is harnessed and converted to mechanical/electrical energy using turbine-generator. 

The above described energy conversion process shows the serial conversion process which 

occurs in the SCPP, thus leading to low efficiency of the plant. The energy conversions of the 

SCPP can be categorized into four different types (Al-Kayiem et al. 2016). For instance, the 

plant’s absorber material as shown in Figure 1.2 is utilized to convert the solar radiant energy 

into thermal energy. The heated air in the solar collector gains kinetic energy and moves toward 

the chimney to exhaust to the atmosphere as shown in Figure 1.3. Through the use of a turbine 

as illustrated in Figure 1.4 which consists of a wind rotor, the kinetic energy in the working 

fluid is converted into mechanical energy, in the form of rotational energy. The turbine is 

connected to an electric generator, where the conversion of mechanical energy into electrical 

energy takes place. 

 

Figure 1.1: Schematic of Solar Chimney 

Power Plant (SCPP) by (Koonsrisuk et al. 

2013) 

 

Figure 1.2: The collector component of 

SCPP which consists of transparent cover 

roof and ground absorber 
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Figure 1.3: The chimney component of the 

SCPP 

 

Figure 1.4: Installation of Wind Turbine and 

Generator at the Chimney Base 

1.1.5 Solar Chimney Power Plant Challenges 

The main challenge of SCPP technology is the serial energy conversion process leading to low 

efficiency of the plant. The total efficiency of the SCPP is the product of the efficiencies of the 

three technologies of the plant. The solar collector has efficiency of about 20% and 

characterized of high thermal losses of over 30%. The turbine has been rated the most effective 

and efficient component of the SCPP due to the location of the turbine which lead to over 60% 

energy conversion efficiency. The chimney has the least efficiency which is due to the 

dependence of the performance on the height of the chimney where 1000 m tall chimney has 

efficiency of about 3%. Most literatures have suggested that increasing the SCPP size will 

increase the plant’s efficiency, however increasing the collector size also increases the thermal 

losses while increasing the chimney height increases the investment cost and engineering 

challenge of the chimney construction.   

Overall, the SCPP suffers a drawback as a result of low efficiency, which is less than 2%. The 

major contributors to the poor efficiency of the plant are the collector high thermal losses and 

the chimney low efficiency. The difference in the densities of the ambient air and the system 

air creates the pressure difference which promotes the stack effect in the chimney and enhances 

the exhausting rate of the buoyant air to the ambient. When the air temperature exceeds that of 
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the transparent cover, it losses heat to the transparent cover and consequently to the atmosphere 

thus affecting the pressure in the system (Haaf et al. 1983). Moreover, the solar collector’s 

efficiency is also affected by the climatic condition of the geographical location where the 

SCPP is being installed. Haaf et al. (1983) showed that higher ambient temperature leads to 

reduced output/performance of the SCPP considering the driving force is a function of 

difference in temperature between the system’s air and the ambient/surrounding air 

temperatures.  

In the design of the SCPP, the open-solar-air collector has fixed inlet height which allows the 

system to operate at low and high solar radiation intensities. During the hours of high solar 

radiation intensity, the system experiences excessive thermal losses. This applies to the inclined 

solar chimney power plant. In the inclined solar chimney, this situation can be mitigated to 

enhance power output by the plant. The SCPP also faces the challenge of little or no power 

generation in the night due to lack of energy supply from the sun or alternative sources. The 

energy generated by the SCPP fluctuates over the day and varies with time of the year due to 

the position of the sun at various time and season. Conventional SCPP requires a large expanse 

of flat land with no competing values. Furthermore, the mass flow rate of air in the SCPP is 

limited to the collector size and the stack effect of the chimney.  

1.2 Research Gaps and Project Novelty 

Most researchers in the field of SCPP have determined that the plant’s performance can be 

enhanced through increased air mass flow rate in the system. However, the idea for combined 

heat and mass transfer for improved buoyancy and reduced thermal loss has not been 

developed. Researchers have only attempted to show that an increase in the air mass flow rate 

at the collector’s outlet causes the plant’s performance to improve. Most studies have only 

focused on optimizing the geometrical parameters and the total size of the SCPP to achieve a 

higher air mass flow rate. Manipulating and optimizing the plant geometrical dimensions and 

sizes were common objectives published in most papers which had consequences of high 

investment cost and increased thermal losses. However, an attempt to naturally induce higher 

amount of air-stream into the system has not been investigated. Air-vents at the collector's 

absorber are proposed in this study to induce additional air-stream into the system, thus, 

increasing the mass flow rate of the working fluid in the greenhouse with respect to the increase 

in the temperature of the greenhouse. The influx of lower temperature air from the air vents 
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reduces the temperature of the system air, which consequently reduces the radiation heat 

transfer from the absorber to the cover and from the system’s air to the cover. Combining the 

heat transfer effect and the mass flow rate increase, the air power to the turbine increases which 

is expected to improve the power output from the turbine and the total performance of the plant.  

To date, there has been no investigation on the effects of air-vents on the solar collector’s 

performance. The new design of the inclined SCPP with underneath air-vents has not been 

developed thus this study. On top of that, much uncertainty still exists about the possibilities 

of increasing the thermal storage of SCPP by manipulating the concrete absorber’s thickness 

as the increase in thickness increases the cost of the collector while low absorber thickness 

leads to thermal losses through the collector back. To take advantage of the absorber and reduce 

thermal losses through the back, the optimum sizes for the collector absorber need to be 

determined. The use of inclined collector has the advantage of acting as chimney and collector 

but has not been investigated if it can eliminate the need for additional chimney thus this 

investigation to determine the plant operation without chimney. 

1.3 Research Questions  

The study is designed to answer the following research questions: 

No. Questions Rationale 

1.  How can the heat losses associated to the 

collector be reduced in order to improve the 

plant’s performance? 

The collector incurs over 30% thermal 

loss which degrades the collector 

efficiency 

2.  Can the system’s air mass flow rate be 

increased under fixed collector inlet 

without enlarging the size of the collector 

and the chimney? 

At fixed collector inlet height, the 

greenhouse gets saturated at about 600 

W/m2, thus increase thermal losses. 

3.  Considering a specific plant’s size, is there 

a way to improve the turbine’s power 

output? 

The power output of the turbine is 

dependent on the power available in the 

buoyant air. 

4.  What thickness of the collector absorber 

offers optimum thermal storage for 

improved power generation at night? 

The SCPP operation is limited to the 

availability of stored energy in the 

absorber for night operations. 
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5.  Can the SCPP operate effective with the 

removal of the chimney and what design 

meets this requirement? 

The chimney enhances buoyancy in the 

SCPP and has been considered to 

consume about 50% of the plant initial 

cost. 

1.4 Research Aim and Objectives 

The main aim of this research is to study the possible enhancement of the performance of 

inclined solar chimney power plant using underneath air-vents. The study also aims at 

developing a prototype model that could be employed to prove the concept of the system for 

electrical power generation. The air-vents are expected to improve the performance of the solar 

collector component by reducing the collector thermal losses and enhance air mass flow rate 

as well as the power output of the plant. The influx of lower temperature air into the system 

through the underneath air-vents can improve heat removal factor from the absorber, thus 

reduces the absorber temperature. This reduces the re-radiation from the absorber to the 

transparent cover, and it also reduces the heat transfer from the collector’s air to the transparent 

cover. The reduction in the re-radiation and convective heat transfer from the absorber and air 

respectively to the cover reduces the cover temperatures and thermal losses from the cover to 

the ambient. The inclusion of underneath air-vents at the collector’s absorber is then expected 

to increase the air mass flow rate and air power available to the turbine, thus increase the power 

output.  

Considering the lack of operation of the system in the night, this research also numerically 

investigates the concrete absorber thickness suitable for thermal storage and the effects of 

including water tubes at the absorber on the performance of the collector of the inclined solar 

chimney power plant. The use of concrete as the collector absorber will reduce the re-radiation 

heat transfer from the absorber to the transparent cover thereby storing the excess thermal 

energy. Besides, the thickness of the absorber will increase the thermal storage in the collector. 

The use of thermal storage provides continuous power generation even in the absence of solar 

energy. Addition of water tubes will also be tested on thermal storage and performance 

enhancement. Another objective of the research is to numerically investigate the operation of 

the inclined solar chimney power plant without chimney for 100 m2 collector, as the collector 

tilt angle creates height advantage for the buoyancy driven flow of the air.  
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To achieve the aims of this research, the following research objectives will be achieved as 

summarized below: 

1. Numerically model the new design of inclined SCPP using Star CCM+ to evaluate the 

fluid flow and thermal fields in the system for different designs (with or without air 

vents). 

2. To determine the number of air vents required for optimum performance enhancement 

of the collector and reduce thermal losses for a 100 m2 collector. 

3. Numerically investigate the absorber thickness suitable for thermal storage and the 

effects of including water tubes at the absorber on the performance of the collector of 

the inclined SCPP 

4. Numerically investigate the operation of the inclined solar chimney power plant without 

chimney for 100 m2 collector and a case with 20 m high chimney. 

1.5 Significance of the Solar Chimney Power Plant Project 

Although the overall efficiency of the Solar Chimney Power Plant (SCPP) is low, the issue 

with the total efficiency is still well tolerated with the plant’s low costs of construction, 

operation and maintenance (Schlaich 1995). When the SCPP is compared to other types of 

solar power concentrating systems, the SCPP can use both the diffused and the direct solar 

radiation (Schlaich 1995). In the scenario where the sky is frequently being overcast, the SCPP 

can still operate under the effect of the diffused solar radiation. Furthermore, the SCPP relies 

on the collector’s absorber for the absorption of the solar radiant energy and this absorber is 

capable to store the excess thermal energy without having to pay any extra costs. During the 

day, when the solar energy is available, some of the radiated energy would be stored in the 

absorber and the heat energy release would take place during the night. The SCPP is also a 

reliable system for the generation of electricity as it is not liable to fail or malfunction easily, 

considering that the only mechanical moving parts are the turbine and the generator 

components (Schlaich 1995). The building materials can also be sourced locally without having 

the need to purchase high technologies components. 

The SCPP research project has various commercial and industrial values, too. As an example, 

the SCPP is a competitive and attractive technology which utilizes the inexhaustible source of 

solar energy. The operating principle of the SCPP system is relatively simple and the cost of 

maintenance is low. This project helps to meet the energy requirements of people in the 
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mountainous regions of Malaysia. The results of this study can be employed in the design of 

inclined SCPP for parks and mountainous regions to meet the energy of the people. It also 

improves the power generation from renewable energy that can be connected to the grid. 

Furthermore, this research makes a significant contribution to knowledge and it has scientific 

theoretical context. This study introduces a new procedure of mass flow rate enhancement by 

the use of air vents at the collector, thus enhance the power output. The novel theories or 

knowledge include a new idea for combined heat and mass transfer for improved buoyancy 

and reduced thermal loss. The project presents a new design of solar chimney power plant. 

Moreover, it involves the design of a low cost inclined SCPP for enhanced power output. The 

use of the collector absorber and water tubes as thermal storage materials will also enhance the 

duration of night operation of the plant. 

1.6 Summary 

Solar Chimney Power Plant (SCPP) converts solar energy into thermal energy and indirectly 

to mechanical and electrical energy. The SCPP has low efficiency and many studies have been 

carried out both experimentally and numerically to enhance the performance of the SCPP. To 

date, there has been no investigation on the effects of air-vents on the SCPP performance. The 

current research aims to develop a new design of an inclined SCPP with underneath air-vents. 

This study also identifies the possibility of enhancing the collector’s thermal storage through 

the use of the concrete absorber material and water storage medium to improve the power 

generation at night. Novel designs of inclined SCPP without additional chimney component 

are introduced in this project as the inclination of the collector creates a height advantage for 

the buoyancy driven flow of the air.  
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Chapter 2 

Literature Review 

2.1 Introduction to the Literature Review 

The historic progress and the timeline of the Solar Chimney Power Plant (SCPP) are presented 

in this chapter. A review of the SCPP numerical model is provided. The review critically 

examines the methods with respect to the boundary conditions and the modelling procedures 

employed in the various papers selected from major researchers in this field.  In this chapter, 

various enhancement models of the SCPP are introduced. 

2.2 Solar Chimney Power Plant Timeline 

The principle of stack effect which refers to the upward trajectory of air along the chimney 

tower had already been used for the past centuries. The first system which used the concept of 

the chimney effect was idealized and developed by a well-known Italian polymath, known as 

Leonardo da Vinci (1452 – 1519). In the system, a fireplace was located at the base of a 

chimney which created the temperature differences between the outside air and the indoor air. 

The lower pressure of the hot air then caused the air to rise through the chimney, which 

subsequently resulted in the rotation of a windmill installed above the fireplace (Fluri 2008, 

Calder 1970, Pastohr et al. 2004). The windmill was also connected to a barbeque spit roaster. 

In 1903, a colonel in the Spanish army, who was named as Isidoro Cabanyes, made a proposal 

regarding the working concept of a solar chimney power plant in a magazine (Lorenzo 2002). 

The proposal of the project was termed as a solar engine project and it showed an assembly 

between an air heater and a house which consisted of a chimney. In the conceptual design, 

blades of propellers were found in the interior of the house which served to harness the energy 

in the hot rising air for the purpose of electricity production (Lorenzo 2002, dos Santos 

Bernardes 2010, Cabanyes 1903). In 1926, an engineer known as Prof. Bernard Dubos 

suggested an idea for the development of a solar chimney on a mountain slope. The design 

involved a solar chimney being supported on a slope of a high mountain.  

Prof. Bernard Dubos’ ideas of the power plant were then published by a German author, Hanns 

Gunther, in 1931 (dos Santos Bernardes 2010, Zhou et al. 2010, Günther 2012). Hanns Gunther 

evaluated the proposed solar chimney design by Prof. Bernard Dubos and a statement was 
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made in which the air velocity would reach a peak value of 50 m/s in the chimney. The kinetic 

energy of the upward movement of air particles through the chimney could be used to rotate 

wind turbines. Hanns Gunther also developed an experimental model based on Prof. Bernard 

Dubos’ proposed conceptual design. In the experimental set-up, a thin flat sheet was used to 

represent Sahara Desert whereas solar thermal energy was modelled by using a spirit lamp that 

produced an open flame.  

In 1956, Ridley invented a design which combined two solar chimneys into one single 

assembly (Ridley 1956). A patent was granted by the Great Britain Patent to Ridley. In the 

design, the heat source to the wall of the first solar chimney was obtained from the hot air 

generated in the greenhouse collector. A turbine was staged at the first chimney’s base in which 

cold air would be extracted from a tunnel which was attached to the second solar chimney. The 

cold air was then supplied to the turbine. The temperature difference caused a continuous 

updraft of air which allowed an uninterrupted generation of power from the solar heat. Another 

patent was also granted to the design of Nazare in 1964, in which the design involved a 

divergent solar updraft tower (Nazare 1964). The chimney employed a diffuser-shaped tower 

to induce the updraft wind and to focus the wind energy to the throat of the chimney.  

Despite having a complete information about the working principles of a solar chimney, it 

appeared that the concept did not receive much attention up to the 1970s. The reason behind 

this was due to the discovery of oil which provided a new source of fuel. Consequently, this 

was followed by a rapid economic growth in the oil production sector. However, the oil boom 

lasted for a short period before major industrial countries of the world started facing the oil 

crisis in 1973. The shortages of the oil resources prompted the need to shift the primary energy 

supply from fossil fuels to renewable energy resources (Al-Kayiem et al. 2016). The oil crisis 

had led to a renewed interest in utilizing the existing renewable energy technologies, whereby 

solar chimney power plant was one of the systems which attracted huge attention among 

researchers. One of the significant and notable advancements to the solar chimney system ever 

since the oil crisis in 1973 was the patents granted to Lucier’s design between the years 1975 

and 1981 (Lucier 1978, 1981). 

In 1978, Prof Schlaich presented the technologies of the solar chimney power plants (SCPP) at 

a conference (Pasumarthi et al. 1998). In 1981, the conceptual design of the SCPP was 

proposed by Schlaich Bergermann Partner structural engineering firm and in 1982, a pilot plant 

was constructed in Manzanares, Spain. The pilot plant in Manzanares operated for a total 
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duration of 7 years from 1982 until 1989 (Schlaich 1995). The principles of the SCPP 

technology was published by (Haaf et al. 1983). The preliminary test results from the 

Manzanares power plant were reported by Haaf (1984) and it was proven that the SCPP concept 

was technically viable for commercial electrical power generation using the energy from the 

sun. 

The experimental SCPP prototype in Manzanares produced a peak power output of 50 kW 

(Schlaich 1995). A vertical 195 m tall chimney tower was constructed at the center of the solar 

collector and the diameter of the chimney was 10 m (Schlaich 1995, Haaf 1984). The 

greenhouse collector consisted of a transparent roof with a diameter of 240 m and the ground 

which performed as the absorber. The height of the transparent cover above the ground was 2 

m, which allowed for an accessible entrance to the turbine located at the chimney’s base. This 

permitted the maintenance of the wind turbine. The purpose of the design and the development 

of the Manzanares SCPP prototype was to validate, through the use of experimental 

measurements, the performance determined from theoretical calculations (Schlaich 1995). In 

addition to that, the effect of the installation of different components on the SCPP’s 

performance under real operating conditions was determined (Schlaich 1995).  

The heated air which leaved through the chimney tower was sourced from the solar collector. 

According to Schlaich (1995), the height of the transparent cover was designed to increase 

adjacent to the base of the chimney, which reduced the friction losses during the flow of air 

into the central updraft tower. It was also stated by Schlaich (1995) that the transparent cover 

had different opacity properties towards the radiation spectrum. The transparent cover was able 

to transmit short wavelength of the radiation bands of the Sun while it retained the long 

wavelength components from the heated ground. Moreover, accumulation of dust and sand 

particles on the roof of the solar collector was a common occurrence which lowered the plant’s 

efficiency. The SCPP prototype in Manzanares relied on infrequent rainstorms to remove the 

dust from the collector’s transparent cover roof (Schlaich 1995).  

The chimney tower played an important role as the plant’s heat engine. Conventionally, the 

chimney was a pressure tube which was usually installed at the center of the solar collector to 

create stack effect and enhance buoyancy to the hot air. The chimney component in the 

Manzanares SCPP prototype had an ideal surface area to volume ratio which caused low 

friction losses on the air flow (Schlaich 1995). The chimney’s efficiency was only dependent 

on its height and the ambient air temperature at ground level, and the efficiency was not 
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determined by the increase in temperature of the air inside the solar collector (Schlaich 1995). 

Hence, it was reported by Schlaich (1995) that the chimney in Manzanares could utilize the 

small increase in air temperature which was generated by the heat stored in the ground at night.  

2.3 Computational Fluid Dynamics Modelling of the Solar Chimney Power Plant  

Computational Fluid Dynamics (CFD) is one of the most commonly used methods of 

performing numerical simulations of fluid flows and thermal fields in the SCPP. Pastohr et al. 

(2004) were among first researchers to model the SCPP numerically through the combination 

of the main components of the power plant. These components included the solar collector, 

chimney, and the ground absorber, shown three dimensionally in Figure 2.1. To reduce the 

computation time, two dimensional axisymmetric model of the SCPP was used, as shown in 

Figure 2.2.  

 

Figure 2.1: Three Dimensional Schematic of 

the Solar Chimney Power Plant 

 

Figure 2.2: Two Dimensional Axisymmetric 

Model of the SCPP 

The physical model of the SCPP was adapted to the structural dimensions of the prototype in 

Manzanares, Spain. The solar chimney had a radius of 5 m and the height of the chimney was 

195 m. The radius of the collector was 122 m, with inlet and outlet height of 2 m and 6 m, 
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respectively. The results obtained from the CFD model were compared to those of the 

experimental results of Manzanares SCPP by Haaf (1984). 

CFD simulation software package was used to solve the conservation of momentum equation, 

mass continuity equation, conservation of energy equation and turbulence equations. In the 

SCPP, dimensionless Rayleigh number was used to determine whether the air flow was laminar 

or turbulent. For instance, the transition from laminar to turbulent took place when the Rayleigh 

number was approximately 109. It was determined that the Rayleigh number of the flow inside 

the SCPP exceeded 1010, indicating that the flow was turbulent (Xu et al. 2011, Ming et al. 

2013, Pastohr et al. 2004).  

The following section focus on the validity of the various numerical modelling approaches 

employed in the modelling and simulation of the flow and thermal field of SCPP. It reviews 

the various assumptions used and the boundary conditions for different CFD models. 

Furthermore, the review points out on the reliability of each of the numerical modelling 

approaches and possible flaws. 

2.4 Various Numerical Modelling Approaches in SCPP 

Three numerical modelling procedures were often used in the simulation of the SCPP system. 

The first procedure was to define a constant heat flux across the surface of the ground. This 

method was initially adopted by (Pastohr et al. 2004) and was later widely used in the 

computational studies by (Kasaeian et al. 2017, Zou et al. 2017, Zhou et al. 2017, Shirvan et 

al. 2017, Mehrpooya et al. 2016, Ghorbani et al. 2015, Rabehi et al. 2017, Hanna et al. 2016). 

The second modelling procedure was to define the incident radiation flux by representing a 

thin layer below the ground’s boundary as a volume heat source. Koonsrisuk et al. (2007) 

originally suggested the use of this procedure to model the incoming solar radiation. It was 

later found that the use of this method among researchers was uncommon. This method was 

applied in the SCPP numerical studies by Xu et al. (2011) and Hu et al. (2017). There was a 

major reliability issue with the use of the second modelling procedure. For instance, Huang et 

al. (2017) claimed that the collector’s working fluid was determined to be higher than the 

absorber’s temperature, which was physically incorrect.  

The third modelling procedure involved the use of radiation modelling principle. In this 

approach, the radiation effect of the Sun which was introduced into the computational domain 
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was calculated by a solar load model. Within the solar load model, the ray tracing approach 

was used to apply the solar loads as the primary source of heat in the governing energy 

equations. The third radiation modelling principle was first introduced by Guo et al. (2014) in 

which they claimed that the approach produced reliable results as the radiation effects between 

the walls of the SCPP were considered. The use of the third modelling approach was widely 

accepted by researchers and was adopted in recent computational studies conducted by (Huang 

et al. 2017, Gholamalizadeh et al. 2017, Wang et al. 2017, Gholamalizadeh et al. 2016, Guo, 

Li, et al. 2016, Gholamalizadeh et al. 2014). 

Furthermore, when a numerical modelling approach of the SCPP had been decided, specific 

assumptions were accounted for. Assumption of ignoring the influence of surrounding winds 

was usually applied to simplify the physical model of the SCPP. Besides, it was common for 

researchers to estimate the convective heat transfer coefficients specified at the transparent 

cover or the absorber’s boundary through the use of established empirical equations. This 

section provides a detailed review on the validity and the reliability of the three numerical 

modelling procedures adopted in the SCPP simulation studies. This section also reviews the 

different assumptions and boundary conditions applied in the SCPP numerical models.  

2.4.1 Numerical Modelling Approach 1: Defining Solar Radiation as the Boundary 

Condition 

The first modelling approach of the SCPP was based on the specification of heat flux magnitude 

on the ground’s boundary or the transparent cover’s surface, as shown schematically in Figure 

2.3. The simplicity of this method justified its widespread application among researchers in 

this field. Kasaeian et al. (2017) employed the first modelling procedure to investigate the 

influence of several turbine blades designs on the SCPP performance. The geometrical 

dimensions of the pilot SCPP in Manzanares were remodeled for validation purpose. Heat flux 

magnitude of 1000 W/m2 was specified on the ground’s boundary. An assumption was made 

by Kasaeian et al. (2017) in which the collector’s glass cover was subjected to convection heat 

transfer. However, they did not report the value of the convective heat transfer coefficient used 

in their study. Kasaeian et al. (2017)’s model resulted in 13 m/s upwind velocity while the 

experimental results of Haaf (1984) reported 15 m/s upwind velocity whereby the error 

percentage was 13 %. Furthermore, Kasaeian et al. (2017)’s model resulted in 18.8 °C 

collector’s air temperature rise at 1000 W/m2 while Haaf (1984) reported a temperature 

increase of 20 °C, thereby leading to 6 % error percentage. It was also determined that the error 
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percentage was 48 % when the comparison was made between the experimental power output 

and the power output calculated from the numerical model. These results showed that there 

was an over prediction of the thermal loss occurring from the collector’s glass cover to the 

ambient, which explained the lower upwind velocity and collector’s air temperature rise in 

Kasaeian et al. (2017)’s study.  

 

Figure 2.3: Schematic Representation of the First Modelling Approach 

Zou et al. (2017) adopted the first modelling approach in which the solar irradiation was defined 

as a constant heat flux across the ground absorber’s surface. Moreover, the influence of 

atmospheric wind was taken into consideration when modelling the solar collector. Convective 

heat transfer boundary condition was also applied at the collector’s glass cover, where the 

convection heat transfer coefficient was calculated using an empirical equation developed by 

Zou et al. (2015). Based on the results obtained through validation, the error percentage 

between the numerical model by Zou et al. (2017) and the experimental pilot SCPP in 

Manzanares by Haaf (1984) was found to increase considerably with higher solar radiation 

intensities. This suggested that when empirical equation was used to predict the convective 

heat transfer coefficient at the glass cover, the thermal loss from the roof to the ambient was 

overestimated, considering higher solar irradiation.  

Zhou et al. (2017) applied similar methodology in the modelling of the SCPP, in which the 

source of heat energy from the Sun was defined as a heat flux boundary condition at the 

absorber. The heat flux was specified as 247.5 W/m2 in their study. In addition to that, their 

investigation considered the mechanism of forced convection as a result of external wind. In 

Zhou et al. (2017)’s computational model, the effect of radiation heat transfer between the walls 

of the SCPP was not included. Subsequent to the numerical analysis, the results were compared 
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with the experimental data of Manzanares pilot SCPP reported by Haaf (1984). It was found 

that Zhou et al. (2017) estimated a lower upwind velocity of 8.65 m/s whereas the experimental 

data reported 8.96 m/s. A possible explanation for the variation in both numerical and 

experimental results was that the consideration of forced convection might over-estimate the 

heat energy losses from the collector’s glass cover. 

Shirvan et al. (2017) performed simulations on the SCPP to identify the best design parameters 

for improving the plant’s power output. The first modelling approach was employed, whereby 

the heat fluxes applicable to the different hours of the day were specified at the surface of the 

ground. Furthermore, Shirvan et al. (2017) implemented a convective heat transfer coefficient 

of 5 W/m2·K at the glass boundary and the wall interface between the absorber and the 

collector’s working fluid. From the results of their simulation, the air temperature at the 

chimney’s base was underestimated in the early hours of the morning, when compared to the 

experimental results of Manzanares SCPP reported by Haaf (1984). However, when the SCPP 

system was simulated at a higher solar radiation intensity, the air temperature was 

overestimated. These results proved that the implementation of convective heat transfer 

boundary condition at the wall interface of the glass and the ground was not reliable to match 

the actual operating conditions of the SCPP.  

In a computational study of the SCPP by Mehrpooya et al. (2016), the first modelling approach 

was used to simulate the SCPP system. A constant heat flux of 800 W/m2 was set at the 

ground’s surface. The model did not include external wind effect, but instead, the glass cover 

was subjected to convection with a heat transfer coefficient value of 8 W/m2·K. Moreover, 

convection heat transfer boundary was implemented at the interface between the glass and the 

collector’s air, and at the interface between the absorber and the collector’s air. A high error 

percentage of 21.19 % was determined between the numerical results of Mehrpooya et al. 

(2016) and the experimental data of Haaf (1984) at 800 W/m2, which reported upwind air 

velocity of 11.1 m/s and 14.1 m/s, respectively. Therefore, it was evident that the application 

of convection heat transfer boundary led to significant heat losses associated to the solar 

collector.  

Ghorbani et al. (2015) established a numerical model of a SCPP hybrid system which consisted 

of a solar chimney and a dry cooling tower. Although the novel design combined the operation 

of a solar chimney and a heat rejection device, the geometrical dimensions of the hybrid power 

plant were adapted to the structural dimensions of Manzanares SCPP for validation and further 
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analysis. The modelling procedure by Ghorbani et al. (2015) was based on the first approach 

in which the solar radiation was defined as a boundary condition. However, instead of setting 

the heat flux magnitude on the ground’s surface, the heat flux was specified on the transparent 

cover. Assumption was made regarding the heat transfer by convection at the transparent cover, 

whereby the convective heat transfer coefficient was 10 W/m2·K. Validation of the numerical 

results was only carried out at 1000 W/m2 solar radiation intensity. For instance, the numerical 

results by Ghorbani et al. (2015) showed good agreement with the experimental data by Haaf 

(1984) with error percentages of 1.1 % and 0.4 % for the collector’s air temperature rise and 

the updraft velocity, respectively. However, a major drawback with the validation was that it 

was only carried out at 1000 W/m2 solar irradiation. It was not known whether there would be 

a large variation between the simulation and experimental results when the solar radiation 

intensity was lowered.  

Rabehi et al. (2017) developed a CFD model of the Manzanares pilot SCPP and validated the 

model results with the experimental data by Haaf (1984). Subsequent to the validation 

procedure, Rabehi et al. (2017) relied on the meteorological data measured at four different 

sites in Algeria to determine the electrical power output of the SCPP in these regions. In the 

CFD model, the first modelling approach was employed in which the absorber’s boundary was 

given a constant heat flux magnitude of 1000 W/m2. The absorber-fluid interface was subjected 

to convection heat transfer coefficient of 10 W/m2·K. The CFD model of Rabehi et al. (2017) 

overestimated the system’s performance whereby the updraft air velocity was reported as 16.37 

m/s, in comparison to the 15 m/s reported in Haaf (1984)’s paper. This review indicated that 

the use of convection heat transfer boundary at the solid fluid interface resulted in the over 

prediction of the system’s performance.  

Hanna et al. (2016) proposed a numerical model of the SCPP and the plant’s dimensions were 

later used to fabricate an experimental test rig. Similar to the approach used by previously 

mentioned authors, the solar irradiation was defined as a wall boundary condition. Although 

the method employed by Hanna et al. (2016) was based on the first approach, they defined 

slightly different boundary conditions at the collector’s transparent cover, ground and the solid 

fluid wall interface. The transparent cover and the ground were specified as temperature 

boundaries, while the solid fluid wall interface was defined with a constant heat flux of 525 

W/m2. The simulation results were compared to the experimental measured data obtained from 

the small scale SCPP built by Hanna et al. (2016). It was found that the simulation model 
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resulted in 8.4 % higher electrical power output. One significant disadvantage of Hanna et al. 

(2016)’s CFD model was the application of temperature thermal boundary condition at the 

transparent cover and the ground. The use of this boundary condition constrained the 

temperature at the respective boundaries throughout the simulation, which proved to be 

inconsistent with the actual SCPP’s physical model.  

The first numerical modelling approach of the SCPP is frequently used by researchers in this 

field because of its simplicity. The procedure of defining the solar radiation as a boundary 

condition is a reliable tool to simulate the physical model of the SCPP, but it does have its 

limitations. These limitations are referenced to the assumption that the energy received from 

the Sun is fully absorbed by the ground. As a result, there is an over estimation in the heat 

energy transferred from the ground to the collector’s working fluid. To support the above claim, 

Huang et al. (2017) indicated that the ground’s temperature was often found to be higher when 

the first numerical modelling procedure was used. The higher ground’s temperature increases 

the temperature differences between the ambient air and the collector’s working fluid, which 

provides a higher driving force in the system. This leads to over-estimation of the collector’s 

performance.  

On top of that, the first modelling procedure does not consider the greenhouse effect in the 

solar collector. It is widely known that the solar collector works on the principle of greenhouse 

effect in which the radiant energy is allowed to pass through glass or any transparent surfaces, 

but infrared energy (heat) cannot. This effect permits the collector to accumulate the heat from 

the solar energy. In the first modelling procedure of the SCPP, the collector’s transparent cover 

is allowed to transmit every components of the Sun’s electromagnetic spectrum. In the case 

where the greenhouse effect is included in the CFD model of the solar collector, the glass cover 

will only permit the radiation components to penetrate to the ground according to the 

components’ transmissivity constants. This ensures that part of the radiation is absorbed by the 

collector’s glass roof. When the greenhouse effect is not considered in the first modelling 

procedure, the collector’s efficiency is over predicted.  

2.4.2 Numerical Modelling Approach 2: Defining Solar Radiation as a Volume Heat 

Source 

The second modelling approach of the SCPP was based on the definition of the solar radiation 

as a volume heat source within a thin layer below the ground’s surface, shown schematically 
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in Figure 2.4. Hu et al. (2017) performed simulation on the SCPP equipped with divergent 

updraft tower by using the second modelling procedure. For instance, the thermal specification 

at the ground’s boundary was selected as a heat source condition. A thin layer of 0.0001 m at 

the ground’s boundary was assumed to generate 7200 kW/m3 of heat. The uniform heat 

generation rated at 7200 kW/m3 was chosen to produce the same amount of heat that would be 

acquired by the system when the solar radiation intensity was 1000 W/m2. Hu et al. (2017) 

modelled the collector’s transparent cover in such a way that the cover transferred the heat into 

the ambient by means of convection and radiation. The combined external radiation and 

convection heat transfer coefficient was 10 W/m2·K. The simulation results by Hu et al. (2017) 

were consistent with the experimental data reported by Haaf (1984), which proved the 

feasibility of the second numerical modelling approach of the SCPP.  

 

Figure 2.4: Schematic Representation of the Second Modelling Approach 

The same procedure of specifying a volume heat source condition at the ground’s boundary 

was adopted by Xu et al. (2011). In their study, the ambient wind velocity was assumed to be 

less than 2 m/s and therefore, the convective heat transfer boundary was applied at the 

collector’s glass roof with a heat transfer coefficient of 10 W/m2·K. Validation of the CFD 

model by Xu et al. (2011) was carried out by comparing the model results with the experimental 

data of Manzanares pilot SCPP reported by Haaf (1984). The percentage of error was 

determined to be less than 5 %. One limitation of Xu et al. (2011)’s numerical model was that 

the temperature of the collector’s working fluid was found to be higher than the experimental 

results.  
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One major drawback of the second numerical modelling approach is the imprecise evaluation 

of the collector’s air and the ground’s average temperatures. According to a review by Huang 

et al. (2017), it was claimed that the approach resulted in a higher collector’s air temperature 

as compared to the ground’s temperature. This shows that the method is theoretically wrong. 

Therefore, the second modelling approach is rarely used by researchers as it leads to 

temperature field results inconsistencies and it involves potential analysis error.  

2.4.3 Numerical Modelling Approach 3: Solar Load Model and Ray Tracing Method 

In the third numerical modelling approach, the solar load was integrated into the computational 

domain. Accurate prediction of the Sun’s radiation that entered the computational domain was 

achieved through the use of this method. Instead of defining the solar radiation as a boundary 

condition or a volume heat source, the solar radiation was incorporated as the primary heat 

sources in the conservation of energy equation. Huang et al. (2017) developed a two-

dimensional numerical model of the SCPP based on this method. Moreover, it was possible to 

take into consideration the greenhouse effect of the solar collector when this method was 

employed. For instance, the Sun’s radiation was classified into two categories, consisting of 

short wavelength component (less than 2.5 micrometer) and long wavelength component (more 

than 3.0 micrometer, less than 120.0 micrometer). The results obtained from Huang et al. 

(2017)’s model were in agreement with Haaf (1984)’s experimental data of Manzanares SCPP, 

which showed error percentages of 4 %, 10.2 % and 4 % for the ground’s temperature, upwind 

velocity and air temperature rise, respectively. The difference in the upwind velocity was likely 

due to the specification of convection heat transfer boundary condition at the collector’s glass 

roof, which led to over estimation of the thermal losses.  

Gholamalizadeh et al. (2017) made use of the third numerical modelling approach in their 

study. The solar load model was activated during the simulation of the SCPP. Under the solar 

load model, the ray tracing algorithm was employed to compute the source of heat energy 

obtained from the incident solar radiation. The illumination parameters and the position of the 

Sun were used to model the beam propagation within the computational domain. The beam 

was then applied to all the wall boundaries in the domain. The resulting heat flux on the wall 

boundaries due to the solar radiation was calculated. Moreover, a non-grey Discrete Ordinates 

model was activated by Gholamalizadeh et al. (2017) to include the effect of greenhouse in the 

solar collector. With the use of the Discrete Ordinates model in Fluent, the collector’s glass 

cover was specified to have high transmissivity for the visible light component. Meanwhile, 
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low transmissivity was set for the infrared component. From Gholamalizadeh et al. (2017)’s 

investigation, it was found that their model produced 36.1 kW power output while the pilot 

SCPP in Manzanares reported 35 to 36 kW (Haaf 1984). Both numerical and experimental 

results were highly consistent to one another, which proved the reliability of the third modelling 

approach.  

2.5 Performance Enhancement Designs of the Solar Chimney Power Plants 

Various enhancement models were proposed to improve the performance of the SCPP, as 

summarized in Table 2.1. The proposed designs were introduced and the major findings 

obtained from the reviews were provided. 

Table 2.1: Enhancement Models of the Solar Chimney Power Plant 

Authors Enhancement 

Models 

Main Findings 

Pasumarthi et al. 

(1998) 

Installation of an 

intermediate black 

canvas within the 

enclosure of the 

solar collector 

 The black canvas served as an intermediate 

absorber surface which divided the gap between 

the back plate and the transparent cover into two 

different air-flow channels. 

 With the separation of the air-flow on either 

side of the canvas, the effective area for heat 

transfer was increased. 

 It was found that the mass flow rate of air and 

the power output of the turbine increased with the 

inclusion of the black canvas. 

Bilgen et al. 

(2005) 

Idea of a sloped 

collector on an 

inclined surface at 

a high latitude area 

 The sloped collector had two different 

functions, in which it was used as a greenhouse 

for the absorption of solar radiation and it also 

performed as a chimney for the suction of air 

from the ambient. 

 It was found that the performance of the sloped 

collector at a high latitude position was better 
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than a conventional flat-plate collector at a low 

latitude region 

Papageorgiou 

(2010) 

Floating solar 

chimney 

technology 

 A new design was created which replaced rigid 

concrete chimneys with inflated fabric (polyester) 

chimneys. The chimneys were filled up with 

lighter than air gas. 

 Considering the use of fabric material in the 

construction of the solar chimneys, the initial 

investment cost was reduced. 

Serag-Eldin 

(2006) 

Solar chimney 

power plant in 

mountainous 

regions 

 The authors presented the idea of the 

utilization of steep cliffs as the base design of 

solar chimneys.  

 Cliffs with large valleys were desired as the 

valley was proposed to be used as the collector.  

 With this idea, the cost of construction would 

be reduced while increasing the cycle efficiency. 

Zhou, Yang, et 

al. (2009) 

Integration of solar 

collector with man-

made mountain 

hollow 

 The authors idealized a concept where the 

giant hollow space in the mountain was excavated 

as the solar chimney. 

 Materials usage was reduced and the design 

ensured a safe environment in comparison to 

conventional solar chimneys. 

Zhou and Yang 

(2009) 

Extension of the 

novel design of 

floating solar 

chimney  

 The solar chimney was suggested to be 

stiffened onto a mountainside. The mountain’s 

base was used as the collector.  

 From their analysis, it was determined that for 

a collector situated in the northern hemispheres, 

the collector should face south. 
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Al-Kayiem et al. 

(2009) 

Use of flue gas 

waste heat as 

supplementary 

thermal energy 

 These researchers fabricated the first 

laboratory model which was numerically 

simulated by Al-Kayiem et al. (2012). 

 The laboratory model consisted of an absorber 

plate made up of metal sheet. The absorber was 

sloped at an angle of 45°. A gas turbine 

component was utilized to supply the flue gas to 

the system. The model was then adapted for 

outdoor experiments, where the system with the 

absorber and the flue gas channels was comprised 

of two parts. The tilt angles of the first and the 

second parts were 15° and 45°, respectively. 

 The experimental results were reported by 

Chikere et al. (2011) 

Islamuddin et al. 

(2013), Al-

Kayiem et al. 

(2013) 

The use of waste 

heat energy in flue 

gases passing 

through conduits 

situated in the solar 

collector 

 The system was modelled and simulated using 

ANSYS. The results proved that the use of waste 

heat energy in flue gases integrated to the 

collector enhanced the system’s performance.  

 The research and the proposed enhancement 

idea also contributed towards minimizing global 

warming as the high temperature of the flue gases 

was reduced prior to the release of the gases into 

the atmosphere. 

Kashiwa et al. 

(2008) 

Solar cyclone 

concept 

 In the concept of the solar cyclone, the system 

was designed to yield fresh water from the 

atmosphere and at the same time, producing 

electrical power. 

 A cyclonic separation unit was positioned at 

the chimney’s base where the unit condensed and 

removed atmospheric water whereas the turbine 

generated energy from the air in motion. 
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A considerable amount of literature was published on the utilization of SCPP with an inclined 

collector. The following Table 2.2 focus on the enhancement studies of the SCPP considering 

inclined collectors and tilted transparent covers. Generally, most researchers have found that 

the efficiency of the collector is increased with the utilization of inclined collectors and sloped 

transparent covers.  

Table 2.2: Performance Enhancement Studies of the Solar Chimney Power Plant with respect 

to Inclined Collectors and Sloped Transparent Covers 

Authors Enhancement 

Studies 

Main Findings 

Gholamalizadeh 

et al. (2016) 

Inclination of 

collector’s roof 

 The roof was inclined by adjusting the height 

of the collector’s outlet while maintaining the 

collector’s inlet height at constant value. 

 It was found that the collector’s inclination 

caused an increased mass flow rate of air through 

the system. 

 The efficiency of the collector and the plant's 

power output increased with the collector’s 

inclination. 

Patel et al. 

(2014) 

Sloped transparent 

cover of the 

collector 

 The authors found that a smaller collector 

opening led to higher values of air velocities at 

higher values of collector’s air mass flow rate at 

the chimney base. 

 For the smaller inlet opening, the heated 

collector’s fluid was said to have a minor 

interaction with the surrounding air. The rate of 

heat transfer would be higher, which created a 

higher amount of air updraft in the chimney. As a 

result, more fresh air was drawn into the SCPP 

collector component and the mass flow rate of 

fluid significantly increased. 
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Hassan et al. 

(2018) 

Performance 

improvement of 

SCPP through the 

variation of 

collector slope 

 The study was conducted to identify the effect 

of the change in the collector’s slope on the 

performance of Manzanares SCPP model. 

 Air velocity and temperature at the exit of the 

collector were found to increase when the 

collector’s slope was increased. However, the 

investigation revealed that when the slope of the 

collector was too steep, the smooth flow of 

buoyant air was deteriorated which caused the 

system’s performance to degrade. 

Ayadi et al. 

(2017) 

Collector’s 

Transparent Cover 

Inclination 

 In the study, the angle of the collector’s 

transparent cover was varied between 1°, 0°, - 1°, 

and - 1.5°.  

 The study identified that the collector’s 

transparent cover being tilted at - 1° and - 1.5° 

showed highest performance considering the air 

velocity at the collector’s outlet.  

Cottam et al. 

(2016) 

Solar Collector’s 

Canopy Profile 

Variation 

 The researchers identified the impact of the 

different collector’s canopy profiles on the plant’s 

performance.  

 Five different canopy profiles were 

investigated, which included exponential profile, 

flat profile, constant-gradient sloped, segmented, 

and segmented/stepped profile. 

 The researchers justified that the use of flat 

canopy profile led to significant pressure losses at 

the junction between the roof and the chimney. 

The loss in pressure was a result of the sudden 

restriction of the cross-sectional area of air flow. 



30 | P a g e  
 

 Exponential canopy and constant-gradient 

sloped profiles enhanced the performance of the 

collector. 

 The authors claimed that it was necessary to 

design the collector’s transparent roof to be 

sufficiently high at the junction between the roof 

and the chimney. An increased height of the 

transparent cover at this junction caused 

maximum kinetic energy in the air flow. 

Zhou et al. 

(2016) 

Improving 

performance of 

sloped solar 

collector through 

the use of natural 

anabatic winds 

 The researchers presented a novel concept of 

improving the performance of a sloped collector 

by using natural anabatic winds. 

 The collector was proposed to be constructed 

on the upper mountain slope. The collector’s 

location on the upper mountain slope allowed the 

absorption of higher amount of solar radiation 

and additional heat sourced from the lower 

mountain slope.  

 The study found that the collector’s 

performance was improved through the use of the 

additional heat. 

Gitan et al. 

(2015) 

Tilted collector 

analysis of SCPP 

under Malaysia 

climate 

 The investigation was conducted to identify 

the optimum tilt angle of the SCPP’s sloped 

collector in Malaysia. 

 The results obtained from the investigation 

showed that tilt angle of 10° produced highest 

power output.  

 The authors also claimed that solar collectors 

inclined at 10° or 45° observed higher 

performance in comparison to horizontal solar 

collectors.  
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Ng (2014) Optimization of an 

inclined collector’s 

tilt angle in 

Malaysia 

 Determination of the optimum tilt angles of a 

sloped collector had proved particularly effective 

in improving the collector’s efficiency. 

 The authors found that when the solar 

collectors were inclined at tilt angles below 20°, 

higher amount of solar irradiation was received. 

The design concept of SCPP with thermal storage system was aimed to enhance power 

generation in the night. The thermal storage system involved the use of water as a heat energy 

storage medium. This idea ensured continuous power generation through all seasons. Due to 

the higher heat capacity of water as compared to the other types of fluid, the use of water 

storage medium could potentially absorb a higher amount of solar energy during the day. 

Consequently, water’s high heat capacity allowed the stored heat energy to be released at a 

slow rate during the night without solar insolation. Furthermore, various other thermal storage 

systems are introduced including heat storage in underground soil and solar ponds. Table 2.3 

presents the investigations of thermal storage system for the performance enhancement of 

SCPP. 

Table 2.3: Performance Enhancement Studies of the Solar Chimney Power Plant with respect 

to Thermal Storage Systems 

Authors Enhancement 

Studies 

Main Findings 

Kreetz (1997) Water-filled tight 

tubes in the open 

solar air collector 

 The idea of the water-filled tight tubes 

emerged from the fundamental theory that water 

had a higher specific heat capacity than soil. 

 The use of water as a heat energy storage 

medium enhanced power generation in the night. 

 During the day, incident solar energy would be 

absorbed and stored in the tubes, whereas the heat 

energy release would take place during the night. 

Choi et al. 

(2016) 

Integration of 

SCPP with water 

storage layers 

 The study was conducted to investigate the 

performance difference between SCPP integrated 
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with thermal storage system and those without 

any storage system. 

 The study found that an increase in the depth 

of the water storage system led to an increased 

power generation during the night, however, 

output power during the day was significantly 

reduced. 

Guo, Wang, et 

al. (2016) 

Consideration of 

underground soil 

heat storage in a 

conventional SCPP  

 The analysis found that without the 

consideration of the underground soil heat storage 

in the SCPP, no temperature rise at the exit of the 

collector was observed for the period between 

midnight and 6 am in the morning. 

 The model with an underground soil heat 

storage medium was able to predict temperature 

rises at the collector exit throughout the whole 

duration of 24 hours. 

Alrobaei (2007) Hybrid 

geothermal/solar 

energy technology 

 The hybrid design was aimed at solving the 

low energy generation during the night.  

 Coupling geothermal heat pumps with the 

solar chimney power plant, hot water was 

obtained from the underground. The hot water 

was distributed across the ground’s surface of the 

solar collector using embedded pipes. 

Pretorius (2007) Improved ground 

heat storage using a 

regulating 

mechanism 

 The author included an intermediate 

transparent cover between the roof and the 

ground of the solar collector, which separated the 

air-flow channel into top and bottom partitions. 

With respect to the bottom partition of the 

collector, an airflow regulating mechanism was 

proposed to be installed which enhanced the 
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storage and release of heat energy from the 

ground absorber.  

 During the day with high solar irradiance, the 

bottom partition was closed, thus, allowing the 

storage of heat energy in the ground. During the 

night, the bottom partition was opened which 

permitted higher release of heat energy to the air 

trapped under the transparent cover. 

Yiping, Zhenlei, 

et al. (2006), 

Yiping, 

Junhong, et al. 

(2006), Davey 

(2008) 

Hybrid solar 

chimney power 

plant and solar 

pond 

 These authors proposed the use of solar ponds 

as thermal storage medium in the open solar-air 

collector to enhance heat storage for night 

operation of the SCPP.  

 The solar collector was designed to be 

constructed near the saltwater ponds in which the 

water trapped heat in the day and released the heat 

for continuous operation of the plant at night. 

2.6 Summary of Literature Review 

The Solar Chimney Power Plant (SCPP) timeline was presented. The numerical model of the 

SCPP with respect to the structural dimensions of the experimental pilot SCPP in Manzanares, 

Spain was reviewed. The review also critically examined the various methods and approaches 

used with respect to the boundary conditions and the modelling procedures employed by 

researchers in this field. The enhancement models of the SCPP were introduced in this chapter. 
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Chapter 3 

Methodology 

3.1 Introduction to Methodology 

In this chapter, Section 3.2 presents the modelling assumptions used in the current work and 

the description of the CFD model employed in this study. Section 3.3 explains the 

computational domain of the Manzanares pilot SCPP for validation purpose while Section 3.4 

shows the computational domain of an inclined SCPP. Section 3.5 presents the operation 

equations of the SCPP which describe the governing physics behind the operation of the plant. 

Section 3.6 provides the governing equations used in the numerical modelling of the SCPP. 

Section 3.7 provides information of the boundary conditions adopted in the numerical model 

of the present work. Section 3.8 includes a detailed flow chart of the case studies in this work, 

with explanation on how the studies were conducted with respect to various manipulated and 

constant variables. 

3.2 Numerical Modelling Assumptions and Model Description 

For the numerical simulations, the system is simplified with some assumptions considering the 

experimental reports and numerical procedures published in this area. The necessary 

assumptions are as follows: 

 The fluid flow in the SCPP is considered to be at steady state condition. 

 Fluid flow is assumed to be incompressible. According to Hamdan (2011), the Mach 

number of the flow in the SCPP is below 0.3 and therefore, the incompressible flow assumption 

is justifiable. 

 A steady-state calculation is performed using Boussinesq model where the model treats 

density as a constant value in all solved equations, except for the buoyancy term in the 

momentum equation.  

 The effects of surrounding wind at the transparent cover roof are neglected in this study, 

thus the simulation not conducted with far-field condition. 

 The walls surface which the fluid flow through are under no-slip condition. 
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 The turbine component is not included in the simulation as the turbine efficiency has 

been found to operate at over 60% efficiency, as reported by Fluri (2008). 

The computational domain in this study refers to the simplified physical geometry of the SCPP. 

The SCPP employs basic physics of fluid flow, heat and mass transfer. The appropriate 

governing equations associated to the various physics of operation of SCPP are employed for 

the analysis of the fluid flow and thermal field in the computational domain of the plant. These 

governing equations compose the mathematical concepts of the physical processes in line with 

the working principles of the SCPP, which are used in the CFD simulation using Star-CCM+ 

software. The governing equations employ the boundary conditions associated with the 

operation of the plant to simulate the air velocities and temperatures at the base of the chimney 

and the collector’s components temperatures. 

3.3 Computational Domain of Manzanares Pilot Plant for Validation 

The conventional geometry of the SCPP takes the form of the pilot plant in Manzanares, Spain. 

The traditional design consists of a circular open-solar-air collector which consists of a 

transparent roof raised and held a certain height above the ground (absorber) to form a 

greenhouse; a solar chimney situated at the center of the collector to create stack effect and 

enhance buoyancy in the hot air. At the chimney base is a single vertical axis wind turbine for 

energy conversion. Considering the scope of this work, the turbine component is not included 

in the study as the turbine efficiency has been found by other researchers to operate at over 

60% efficiency. The turbine mainly converts the energy in the buoyant air into mechanical 

energy and with the aid of a generator, to electrical energy. For this study, a preliminary study 

on the Manzanares pilot plant was conducted numerically using Star-CCM+ software to 

validate the simulation procedures and the assumptions before conducting the full research 

simulations. The preliminary study used the boundary conditions and metrological data from 

experimental study on Manzanares pilot plant as presented in literatures for the simulation and 

validations. The schematic representation of the symmetrical three-dimensional model of the 

Manzanares pilot SCPP is shown in Figure 3.1. Since the flow is symmetrical around the y-

axis of the SCPP body, only 1/32 portion of the geometry was modeled.  
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Figure 3.1: 1/32 portion of the Manzanares pilot plant CFD geometry 
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3.4 Computational Domain of Inclined SCPP 

The model for this research study is presented in Figure 3.2 for clearer understanding of the 

system. The model is a south facing solar chimney power plant system inclined at 15o to the 

horizontal. The concept is for parks electrical power generation and at mountainous locations. 

The collector is made of transparent cover raised some height above an absorber made of 

concrete to form a greenhouse and induce buoyancy in the air within open-solar-air collector 

region. At the south facing region, is the inlet of the collector while the west and east sides are 

the side walls for buoyant air sustenance in the system. At the North, the collector streamlines 

to meet the chimney diameter size based on the designed collector area. Different models were 

developed and investigated under different operating conditions. The model described above 

was also investigated with the inclusion of underneath air-vents at the collector component. 

The underneath air-vents diagrammatic representation is shown in Figure 3.3. The geometrical 

modelling of the proposed system was done using the modeler embedded in Star-CCM+ while 

the fluid flow and thermal field simulated in the Star-CCM+ simulation domain. 

 

Figure 3.2: Model for this research study 

which is inclined at 15° to the horizontal 

 

Figure 3.3: Geometry of the SCPP with 

air-vents at the collector’s absorber 
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3.5 Solar Chimney Power Plant Operation Equations 

The SCPP combines the technologies of the collector, the chimney and the turbine in its 

operation. The basic equations which describe the complete operation of the solar chimney 

power plant are described below considering the collector and chimney components.  

3.5.1 Energy Balance at the Collector 

The collector is the thermal engine where the hot buoyant air is generated thus, the energy 

balance of the various components are presented accordingly. 

3.5.1.1 Input Energy to the Collector 

The input energy at the solar collector, Ecoll, is the product of the solar radiation intensity, I, 

and the area of the collector, Acoll, as shown in Equation 3.1.   

𝐸𝑐𝑜𝑙𝑙 = 𝐼 · 𝐴𝑐𝑜𝑙𝑙 3.1 

The collector area is the average surface area of the collector which is associated to the absorber 

and the transparent cover and defined by Equation 3.2.  

𝐴𝑐𝑜𝑙𝑙 =
𝐴𝑎𝑝 + 𝐴𝑐

2
 3.2 

The energy gained at the different components with respect to the input energy is described as 

shown in Equation 3.3. 

𝐸𝑐𝑜𝑙𝑙 = 𝑆𝑎𝑝𝐴𝑎𝑝 + 𝑆𝑐𝐴𝑐 3.3 

Equation 3.3 defines the distribution of the input energy into absorbed energy by the cover, 

represented as ScAc and energy absorbed by the absorber represented as SapAap. The total energy 

gained at the various components of the collector is a product of the absorbed energy and the 

component area.  
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3.5.1.2 Energy Balance at the Collector Absorber 

 

Figure 3.4: Heat Transfer Model of the Inclined Solar Collector 

 

Figure 3.5: Thermal Network of Inclined SCPP 

The heat transfer model of the inclined solar collector is shown in Figure 3.4. At the collector 

absorber, following the thermal network as shown in Figure 3.5, the thermal energy gained by 

the absorber is only from solar energy. Considering the first law of thermodynamics, the energy 

is transferred to the air by convection (qap-conv), through the absorber to the back by conduction 
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(qap-cond), to the transparent cover by radiation (qap-rad) and excess stored in the absorber. A 

consideration of the system without thermal energy storage, Equation 3.4 describes the heat 

transfer process which is detailed in Equation 3.5 with respect to the different heat transfer 

mechanism and the components temperatures. 

𝑆𝑎𝑝𝐴𝑎𝑝 = 𝑞𝑎𝑝−𝑟𝑎𝑑 + 𝑞𝑎𝑝−𝑐𝑜𝑛𝑣 + 𝑞𝑎𝑝−𝑐𝑜𝑛𝑑 3.4 

𝑆𝑎𝑝𝐴𝑎𝑝 + ℎ𝑟𝑎𝑑,𝑎𝑝−𝑐𝐴𝑎𝑝(𝑇𝑐 − 𝑇𝑎𝑝) + ℎ𝑐𝑜𝑛𝑣,𝑎𝑝−𝑎𝑖𝑟𝐴𝑎𝑝(𝑇𝑎𝑖𝑟 − 𝑇𝑎𝑝) +

ℎ𝑐𝑜𝑛𝑑−𝑏𝐴𝑏(𝑇𝑏 − 𝑇𝑎𝑝) = 0    
3.5 

With reference to Equation 3.5, the radiation heat transfer coefficient is described using 

Equation 3.6 (Duffie et al. 2013).  

ℎ𝑟𝑎𝑑,𝑎𝑝−𝑐 =
𝜎(𝑇𝑎𝑝

2 + 𝑇𝑐
2)(𝑇𝑎𝑝 + 𝑇𝑐)

(
1

𝜀𝑎𝑝
+

1
𝜀𝑐

− 1)
 

3.6 

The convection heat transfer is associated with the air and is described using Equation 3.7. The 

thermal conductivity of the thin film air near the absorber is given in Equation 3.8 (Duffie et 

al. 2013). 

ℎ𝑐𝑜𝑛𝑣,𝑎𝑝−𝑎𝑖𝑟 = 𝑁𝑢𝑎𝑝−𝑎𝑖𝑟 (
𝑘𝑡,𝑎𝑝−𝑎𝑖𝑟

𝐻𝑎𝑝−𝑐
)  3.7 

𝑘𝑡,𝑎𝑝−𝑎𝑖𝑟 = 0.0257 (
𝑇𝑡,𝑎𝑝−𝑎𝑖𝑟

293
)

0.86

  3.8 

𝑇𝑡,𝑎𝑝−𝑎𝑖𝑟 is determined as the average of the air temperature and the absorber temperature, as 

shown in Equation 3.9.  

𝑇𝑡,𝑎𝑝−𝑎𝑖𝑟 =
𝑇𝑎𝑖𝑟 + 𝑇𝑎𝑝

2
 3.9 

The Nusselt number for the air near the absorber is obtained from the correlations established 

by Raithby et al. (1998), as represented in Equation 3.10. The positive exponent indicates that 

only positive values of the terms in the square brackets are to be used. 
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𝑁𝑢𝑎𝑝−𝑎𝑖𝑟 = 1 + 1.44 [1 −
1708 sin(1.8𝛽)1.6

𝑅𝑎𝑎𝑝−𝑎𝑖𝑟 cos(𝛽)
] [1 −

1708

𝑅𝑎𝑎𝑝−𝑎𝑖𝑟 cos(𝛽)
]

+

+

[(
𝑅𝑎𝑎𝑝−𝑎𝑖𝑟 cos(𝛽)

5830
)

1

3
− 1]

+

  

3.10 

𝑅𝑎𝑎𝑝−𝑎𝑖𝑟 =
𝑔𝛽𝑡,𝑎𝑝−𝑎𝑖𝑟

′ (𝑇𝑎𝑝−𝑇𝑎𝑖𝑟)𝐻𝑎𝑝−𝑐
3

𝑣𝑡,𝑎𝑝−𝑎𝑖𝑟𝛼𝑡,𝑎𝑝−𝑎𝑖𝑟
  

𝑅𝑎𝑎𝑝−𝑎𝑖𝑟 =
𝑐𝑝𝑡,𝑎𝑝−𝑎𝑖𝑟𝜌𝑡,𝑎𝑝−𝑎𝑖𝑟

2 𝑔𝛽𝑡,𝑎𝑝−𝑎𝑖𝑟
′ (𝑇𝑎𝑝−𝑇𝑎𝑖𝑟)𝐻𝑎𝑝−𝑐

3

𝜇𝑡,𝑎𝑝−𝑎𝑖𝑟𝑘𝑡,𝑎𝑝−𝑎𝑖𝑟
  

3.11 

𝑣 =
𝜇

𝜌
  

𝛼 =
𝑘

𝑐𝑝𝜌
  

𝑣𝛼 =
𝜇𝑘

𝑐𝑝𝜌2  

3.12 

The coefficient of volumetric expansion of thin film of air near the absorber is given in 

Equation 3.13. 

𝛽𝑡,𝑎𝑝−𝑎𝑖𝑟
′ =

1

𝑇𝑡,𝑎𝑝−𝑎𝑖𝑟
 

3.13 

 

The dynamic viscosity of the thin film air near the absorber is provided by Equation 3.14 

(Duffie et al. 2013). 

𝜇𝑎𝑝−𝑎𝑖𝑟 = 1.81 × 10−5 (
𝑇𝑡,𝑎𝑝−𝑎𝑖𝑟

293
)

0.735

 
3.14 

 

The thin air film specific heat near the absorber is shown in Equation 3.15 (Duffie et al. 2013). 

𝑐𝑝𝑎𝑝−𝑎𝑖𝑟
= 1006 (

𝑇𝑡,𝑎𝑝−𝑎𝑖𝑟

293
)

0.0155

 3.15 
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The air density for the air near the absorber is calculated based on Equation 3.16 (Duffie et al. 

2013). 

𝜌𝑎𝑝−𝑎𝑖𝑟 =
97500

287.045𝑇𝑡,𝑎𝑝−𝑎𝑖𝑟
 

3.16 

3.5.1.3 Energy Balance at the Collector Cover 

The energy gained at the cover depends on the solar radiation intensity and the temperature of 

the cover which can be described into low solar radiation intensity/low cover temperature and 

high solar radiation/high cover temperature. In the case of low cover temperature where the 

cover temperature is lower than the temperature of the air, the energy balance at the cover 

considers energy gain as the sum of the absorbed solar energy, the re-radiated heat from the 

absorber to the cover and the convective heat transfer from the air to the cover while the energy 

losses are the radiation heat loss from the cover to the sky and the convection heat loss from 

the cover to the ambient (might be influenced by wind), thus can be represented using Equation 

3.17. The analysis of Equation 3.17 considering the heat transfer coefficients for the cover 

energy balance is shown in Equation 3.18 without the effect of wind. On the other hand, when 

the cover temperature is higher than the air temperature, there is a convective heat transfer from 

the cover to the working fluid (system air), thus the energy balance equation is represented 

with 3.19. Similarly, the heat transfer coefficients relationship of Equation 3.19 is presented in 

Equation 3.20 without considering the effect of wind. 

𝑆𝑐𝐴𝑐 + 𝑞𝑎𝑝−𝑟𝑎𝑑 + 𝑞𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 = 𝑞𝑐−𝑐𝑜𝑛𝑣−𝑎𝑚𝑏 + 𝑞𝑐−𝑟𝑎𝑑−𝑠𝑘𝑦 3.17 

𝑆𝑐𝐴𝑐 + ℎ𝑟𝑎𝑑,𝑎𝑝−𝑐𝐴𝑎𝑝(𝑇𝑎𝑝 − 𝑇𝑐) + ℎ𝑐𝑜𝑛𝑣,𝑎𝑖𝑟−𝑐𝐴𝑐(𝑇𝑎𝑖𝑟 − 𝑇𝑐) =

ℎ𝑐𝑜𝑛𝑣,𝑐−𝑎𝑚𝑏𝐴𝑐(𝑇𝑐 − 𝑇𝑎𝑚𝑏) + ℎ𝑟𝑎𝑑,𝑐−𝑠𝑘𝑦𝐴𝑐(𝑇𝑐 − 𝑇𝑠𝑘𝑦)  
3.18 

𝑆𝑐𝐴𝑐 + 𝑞𝑎𝑝−𝑟𝑎𝑑 = 𝑞𝑐−𝑐𝑜𝑛𝑣−𝑎𝑚𝑏 + 𝑞𝑐−𝑟𝑎𝑑−𝑠𝑘𝑦 + 𝑞𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 3.19 

𝑆𝑐𝐴𝑐 + ℎ𝑟𝑎𝑑,𝑎𝑝−𝑐𝐴𝑎𝑝(𝑇𝑎𝑝 − 𝑇𝑐) = ℎ𝑐𝑜𝑛𝑣,𝑐−𝑎𝑚𝑏𝐴𝑐(𝑇𝑐 − 𝑇𝑎𝑚𝑏) +

ℎ𝑟𝑎𝑑,𝑐−𝑠𝑘𝑦𝐴𝑐(𝑇𝑐 − 𝑇𝑠𝑘𝑦) + ℎ𝑐𝑜𝑛𝑣,𝑐−𝑎𝑖𝑟𝐴𝑐(𝑇𝑐 − 𝑇𝑎𝑖𝑟)  
3.20 
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In Equation 3.18, the radiation heat transfer coefficient from the absorber to the cover is 

represented by Equation 3.6. On the other hand, the radiation heat transfer coefficient from the 

cover to the sky is given by Equation 3.21. The temperature of the sky is determined by using 

Equation 3.22. The convection heat transfer coefficient is given by Equation 3.23. The thermal 

conductivity of a thin film air near the cover is shown in Equation 3.24 (Duffie et al. 2013). 

ℎ𝑟𝑎𝑑,𝑐−𝑠𝑘𝑦 =
𝜎𝜀𝑐(𝑇𝑐

2 + 𝑇𝑠
2)(𝑇𝑐 + 𝑇𝑠)(𝑇𝑐 − 𝑇𝑠)

(𝑇𝑐 − 𝑇𝑎)
 3.21 

𝑇𝑠 = 0.0552𝑇𝑎
1.5 3.22 

ℎ𝑐𝑜𝑛𝑣,𝑎𝑖𝑟−𝑐 = 𝑁𝑢𝑎𝑖𝑟−𝑐 (
𝑘𝑡,𝑎𝑖𝑟−𝑐

𝐻𝑎𝑝−𝑐
)  3.23 

𝑘𝑡,𝑎𝑖𝑟−𝑐 = 0.0257 (
𝑇𝑡,𝑎𝑖𝑟−𝑐

293
)

0.86

  3.24 

𝑇𝑡,𝑎𝑖𝑟−𝑐 is determined as the average of the air temperature and the cover temperature, as shown 

in Equation 3.25. The Nusselt number for the air near the cover is given in Equation 3.26 

(Raithby et al. 1998). Positive exponent shows that only positive values of the terms in the 

square brackets are to be used.  

𝑇𝑡,𝑎𝑖𝑟−𝑐 =
𝑇𝑎𝑖𝑟 + 𝑇𝑐

2
 3.25 

𝑁𝑢𝑎𝑖𝑟−𝑐 = 1 + 1.44 [1 −
1708 sin(1.8𝛽)1.6

𝑅𝑎𝑎𝑖𝑟−𝑐 cos(𝛽)
] [1 −

1708

𝑅𝑎𝑎𝑖𝑟−𝑐 cos(𝛽)
]

+

+

[(
𝑅𝑎𝑎𝑖𝑟−𝑐 cos(𝛽)

5830
)

1

3
− 1]

+

  

3.26 

The Rayleigh number for the air near the cover is shown in Equation 3.27. The kinematic 

viscosity and thermal diffusivity, together with their collective term are shown in Equation 

3.28. 

𝑅𝑎𝑎𝑖𝑟−𝑐 =
𝑔𝛽𝑡,𝑎𝑖𝑟−𝑐

′ (𝑇𝑎𝑖𝑟 − 𝑇𝑐)𝐻𝑎𝑝−𝑐
3

𝑣𝑡,𝑎𝑖𝑟−𝑐𝛼𝑡,𝑎𝑖𝑟−𝑐
 3.27 
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𝑅𝑎𝑎𝑖𝑟−𝑐 =
𝑐𝑝𝑡,𝑎𝑖𝑟−𝑐𝜌𝑡,𝑎𝑖𝑟−𝑐

2 𝑔𝛽𝑡,𝑎𝑖𝑟−𝑐
′ (𝑇𝑎𝑖𝑟 − 𝑇𝑐)𝐻𝑎𝑝−𝑐

3

𝜇𝑡,𝑎𝑖𝑟−𝑐𝑘𝑡,𝑎𝑖𝑟−𝑐
 

𝑣 =
𝜇

𝜌
 

𝛼 =
𝑘

𝑐𝑝𝜌
 

𝑣𝛼 =
𝜇𝑘

𝑐𝑝𝜌2
 

3.28 

The coefficient of volumetric expansion of thin film of air near the cover is given in Equation 

3.29. 

𝛽𝑡,𝑎𝑖𝑟−𝑐
′ =

1

𝑇𝑡,𝑎𝑖𝑟−𝑐
 3.29 

The dynamic viscosity of the thin film air near the cover is provided by Equation 3.30 (Duffie 

et al. 2013). 

𝜇𝑎𝑖𝑟−𝑐 = 1.81 × 10−5 (
𝑇𝑡,𝑎𝑖𝑟−𝑐

293
)

0.735

 3.30 

The thin film air specific heat near the cover is shown in Equation 3.31 (Duffie et al. 2013). 

𝑐𝑝𝑎𝑖𝑟−𝑐
= 1006 (

𝑇𝑡,𝑎𝑖𝑟−𝑐

293
)

0.0155

 3.31 

The air density for the air near the cover is calculated based on Equation 3.32 (Duffie et al. 

2013). 

𝜌𝑎𝑖𝑟−𝑐 =
97500

287.045𝑇𝑡,𝑎𝑖𝑟−𝑐
 3.32 
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In a situation where the heat loss by convection from the cover to the ambient is considered 

with respect to the effect of wind, the correlation developed by McAdams (1958), Equation 

3.33 can be used to evaluated the thermal loss.  

ℎ𝑤 = 5.7 + 3.8𝑉𝑤 3.33 

3.5.1.4 Energy Balance at the Collector Air 

From the energy balance, it can be seen that there are energy transfer between the air (working 

fluid) and the collector components (absorber and the cover). At a low solar radiation intensity, 

the energy gained by the air can be determined using the Equation 3.34 for a case where the air 

losses heat to the cover, in which Equation 3.35 describes the heat transfer modes and the 

temperatures of the system’s components. At a high solar radiation intensity, the air gains heat 

from the cover and the useful energy, qu, gained by the air is represented by Equation 3.36. The 

heat transfer mechanisms and different components’ temperatures with respect to Equation 

3.36 are represented by Equation 3.37. 

𝑞𝑎𝑝−𝑐𝑜𝑛𝑣 − 𝑞𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 = 𝑞𝑢 3.34 

ℎ𝑐𝑜𝑛𝑣,𝑎𝑝−𝑎𝑖𝑟𝐴𝑎𝑝(𝑇𝑎𝑝 − 𝑇𝑎𝑖𝑟) − ℎ𝑐𝑜𝑛𝑣,𝑎𝑖𝑟−𝑐𝐴𝑐(𝑇𝑐 − 𝑇𝑎𝑖𝑟) = 𝑞𝑢 3.35 

𝑞𝑎𝑝−𝑐𝑜𝑛𝑣 + 𝑞𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 = 𝑞𝑢 3.36 

ℎ𝑐𝑜𝑛𝑣,𝑎𝑝−𝑎𝑖𝑟𝐴𝑎𝑝(𝑇𝑎𝑝 − 𝑇𝑎𝑖𝑟) + ℎ𝑐𝑜𝑛𝑣,𝑎𝑖𝑟−𝑐𝐴𝑐(𝑇𝑐 − 𝑇𝑎𝑖𝑟) = 𝑞𝑢 3.37 

The useful energy gained by the air is the driving force for the buoyant air that rotates the 

turbine. This useful energy can be analyzed as a function of air mass flow rate as shown in 

Equation 3.38. 

𝑞𝑢 = �̇�𝑎𝑖𝑟𝐶𝑝, 𝑎𝑖𝑟(𝑇𝑎𝑖𝑟 − 𝑇𝑎) 3.38 

In Equation 3.38, all the parameters of the useful energy gained by the air are dependent on 

temperature apart from the mass flow rate which remains constant for every batch of flow. To 

determine air mass flow rate in the system, Equation 3.39 can be employed. 
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�̇�𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟𝐴𝑎𝑖𝑟−𝑐ℎ𝑎𝑛𝑛𝑒𝑙v𝑎𝑖𝑟 3.39 

3.5.1.5 Collector Performance Equation 

For any given collector area, Acoll, and solar radiation intensity, I, a certain amount of useful 

energy is gained, qu. Thus, the collector efficiency, ηcoll, is the ratio of the useful energy gain 

to the input energy, Ecoll, as shown in Equation 3.40. For the collector’s absorber thermal energy 

storage capacity, the stored thermal energy, q, is calculated using Equations 3.41 and 3.42. 

𝜂𝑐𝑜𝑙𝑙 =
𝑞𝑢

𝐸𝑐𝑜𝑙𝑙
=

𝑞𝑢

𝐴𝑐𝑜𝑙𝑙 · 𝐼
 3.40 

𝑞 = 𝐶𝑝𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
∆𝑇 3.41 

∆𝑇 = 𝑇𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 − 𝑇𝐴𝑖𝑟 3.42 

3.5.2 Chimney Operation Equations 

The chimney enhances buoyancy of the air through pressure difference (stack effect) such that 

the velocity of the air increases. Thus the change in pressure between the ambient and the air 

in the SCPP, Δptot, can be determined using Equation 3.43 as presented by Schlaich et al. 

(2005). 

∆𝑝𝑡𝑜𝑡 = 𝑔 ∫ (𝜌𝑎𝑚𝑏 − 𝜌𝑎𝑖𝑟)𝑑ℎ
𝐻𝑡𝑜𝑡

0

 3.43 

Equation 3.43 shows that Δptot increases as chimney height increases. Consequently, the 

pressure variation impacts the air power, Pair-tot, where air power can be determined using 

Equation 3.44 (Schlaich et al. 2005). 

𝑃𝑎𝑖𝑟−𝑡𝑜𝑡 = ∆𝑝𝑡𝑜𝑡 · 𝐯𝑎𝑖𝑟−𝑐ℎ · 𝐴𝑐ℎ 3.44 

The efficiency of the chimney is determined by the enhancement it contributes to the buoyancy 

in the air exiting the collector as presented in Equation 3.45 (Schlaich et al. 2005). 
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𝜂𝑐ℎ =
𝑃𝑎𝑖𝑟−𝑡𝑜𝑡

𝑞𝑢
 3.45 

Equation 3.45 can be represented by Equation 3.46 considering the effect of chimney height 

with respect to the pressure difference as highlighted in Equation 3.43 and useful energy of 

Equation 3.38 to determine the chimney efficiency. 

𝜂𝑐ℎ =
𝑔𝐻𝑡𝑜𝑡

𝐶𝑝𝑇𝑎
 3.46 

3.5.3 Turbine Operation Equations 

The air power generated in the system is the power available to the turbine which is converted 

to electrical energy. The electrical power generated in SCPP from the turbine-generator can be 

expressed as Equation 3.47 with the turbine efficiency equation represented in Equation 3.48. 

𝑃𝑒𝑙𝑒𝑐−𝑜𝑢𝑡 = 𝜂𝑡𝑢𝑟𝑏𝑃𝑎𝑖𝑟−𝑡𝑜𝑡 3.47 

𝜂𝑡𝑢𝑟𝑏 =
𝑃𝑒𝑙𝑒𝑐−𝑜𝑢𝑡

𝑃𝑎𝑖𝑟−𝑡𝑜𝑡
 3.48 

3.5.4 Total Performance Equations 

Considering Equation 3.44 and Equation 3.47 which represent the total air power and total 

electrical power generated in SCPP, respectively, the plant efficiency for the cases of the plant 

operation with and without turbines are determined using Equations 3.49 and 3.50, 

respectively. 

𝜂𝑠𝑦𝑠 =
𝑃𝑒𝑙𝑒𝑐−𝑜𝑢𝑡

𝐴𝑎𝑝𝐼𝑇
 3.49 

𝜂𝑠𝑦𝑠 =
𝑃𝑎𝑖𝑟−𝑡𝑜𝑡

𝐴𝑎𝑝𝐼𝑇
 3.50 
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3.6 Numerical Modelling Governing Equations 

The governing equations that are associated with the modelling of the SCPP discussed in this 

report are presented in detail at this section following the subsections below. The governing 

equations present the flow and thermal field equations, the turbulence model equations and the 

radiation model equations. 

3.6.1 Conservation of Mass Equation 

The conservation of mass or continuity equation is shown in Equation 3.51 (ANSYS 2011). 

∇ · �⃗� = 0 3.51 

In the present work, the flow is assumed to be incompressible without any mass generation or 

source term.  

3.6.2 Conservation of Momentum Equation 

The conservation of momentum equation is shown in Equation 3.52. 

𝜕

𝜕𝑡
(𝜌�⃗�) + ∇ · (𝜌�⃗��⃗�) = −∇𝑝 + ∇ · (𝜏̿) + 𝜌�⃗� + �⃗� 3.52 

In Equation 3.52, p is the static pressure, 𝜏̿ is the stress tensor, 𝜌�⃗� is the gravitational body 

force and �⃗� refers to the Boussinesq term.  

3.6.3 Turbulence Equations  

The airflow in a SCPP is driven by the variations in density caused by temperature differences. 

The strength of buoyancy driven flows is determined using Rayleigh number, Ra. In the case 

where Ra > 1010, the flow is fully turbulent. In the SCPP model of this study, considering air 

temperature of 325 K with a collector’s air temperature increase of 20 K, the Rayleigh number 

is 11.45 × 1012, indicating turbulent flow. The transport equations of turbulence k-ε model for 

incompressible flows are presented in Equations 3.53 and 3.54 (ANSYS 2011). 

𝜕𝑘

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝑘𝜇𝑖) =
𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝑏 − 𝜀 − 𝑌𝑚 + 𝑆𝑘 3.53 

𝜕𝜀

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝜀𝜇𝑖) =
𝜕

𝜕𝑥𝑗
(𝛼𝜀𝜇𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
) + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀

𝜀2

𝑘
− 𝑅𝜀 + 𝑆𝜀 3.54 
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In Equations 3.53 and 3.54, the terms Gk and Gb respectively refer to the generation of turbulent 

kinetic energy due to velocity gradient and buoyancy. The model constants are C1ε = 1.44 and 

C2ε = 1.9, which are obtained from the established turbulent flow data of (Versteeg et al. 2007).  

3.6.4 Energy Equation and Radiative Heat Transfer Equation 

The energy equation is shown in Equation 3.55 (ANSYS 2011). 

∇ · (�⃗�(𝜌𝐸)) = ∇ · 𝑘𝑒𝑓𝑓∇𝑇 + 𝜏𝑒𝑓𝑓̿̿ ̿̿ ̿ · �⃗� + 𝑆ℎ 3.55 

In Equation 3.55, Sh is the user defined volumetric heat source. In the modelling of the SCPP 

in the current work, the solar ray tracing algorithm integrated in the solar load model computes 

the heat flux resulting from incident solar radiations. The results are coupled through the user 

defined volumetric heat source term in the energy equation. The radiation heat transfer between 

the surfaces in SCPP is calculated by using Surface to Surface (S2S) radiation model. The first 

step employed in the S2S radiation model is the computation of the surface-to-surface 

interaction between each pair of surface in the computational domain. The proportion of 

radiation which leaves a particular surface that strikes on another surface is dependent on the 

emissivity properties, locations and alignments of the surfaces relative to one another. A 

representation of surface interaction by radiation between two elemental surfaces is shown in 

Figure 3.6 which is employed in the analysis of the S2S governing equations. 

 

Figure 3.6: Radiation exchange between two elemental surfaces facing one another (Guide 

2009) 
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The total amount of radiation power that elemental surface dS1 emits which is in turn can be 

received by an elemental surface dS2 is given by Equation 3.56. 

𝑃1−2 = 𝑖1
′ 𝑑𝑆1 cos(𝛽1) (

𝑑𝑆2 cos(𝛽2)

𝐿2
) 3.56 

The calculation of the view factor between the two elemental surfaces is done by dividing the 

power that dS2 receives by the radiation power produced by surface dS1, as presented by 

Equation 3.57. 

𝑑𝐹1−2 =
𝑃1−2

𝜋𝑖1
′ 𝑑𝑆1

 3.57 

Assuming that the two elemental surfaces dS1 and dS2 take the form of two black surfaces, 

referred to as surfaces i and j respectively, the following revised view factor in Equation 3.58 

is established to satisfy thermal equilibrium and reciprocity relation: 

𝑑𝐹𝑖−𝑗𝑑𝑆𝑖 = 𝑑𝐹𝑗−1𝑑𝑆𝑗 3.58 

3.7 Boundary Conditions and Solution Procedures 

At the inlet of the solar collector, the pressure inlet boundary condition is specified and equated 

as the atmospheric gauge pressure, as shown in Equation 3.59. 

𝑝0 = 0 𝑃𝑎 3.59 

The same boundary condition is used for the chimney’s outlet, as shown in Equation 3.59. No 

slip boundary condition is used for the chimney’s wall, the ground, and the transparent cover. 

The heat flux to these walls adjacent to the fluid elements is shown in Equation 3.60, which is 

detailed in Equation 3.61. The radiative heat flux, qrad, is computed by the radiation and the 

solar load models in Star-CCM+.  

𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑞ℎ𝑒𝑎𝑡−𝑔𝑒𝑛 + 𝑞𝑟𝑎𝑑 3.60 
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𝑞ℎ𝑒𝑎𝑡−𝑔𝑒𝑛 =
𝑘𝑠

∆𝑛
(𝑇𝑤 − 𝑇𝑠)  3.61 

For all the boundaries in the Solar Chimney Power Plant (SCPP) system, the optical radiation 

properties have to be specified. Visible light component has a lower wavelength of 1 x 10-7 m 

and an upper wavelength of 3 x 10-6 m. Thermal radiation component has a lower wavelength 

of 3 x 10-6 m and an upper wavelength of 1.0 m. Constant values for Surface Emissivity and 

Surface Transmissivity take the form of an array profile, with the first column referring to the 

visible light, and the second column referring to the thermal radiation. For the transparent 

cover, the surface emissivity is (0.08, 0.95), whereas the surface transmissivity is (0.92, 0.05). 

With these settings, the transparent cover is given a high transmissivity for the lower 

wavelengths of the Visible Light, and lower values of transmissivity for the higher wavelengths 

of the Thermal Radiation, as published by Gholamalizadeh et al. (2014) who used a two-band 

radiation model. 

3.7.1 Boundary Conditions for the Manzanares SCPP in Spain for Validation Purpose 

The complete boundary conditions that were used to model the Manzanares pilot SCPP for 

simulation is detailed in Table 3.1. The simulated results were validated against the 

experimental results as published in literatures. The boundaries conditions employed in the 

simulation were derived from the operating conditions and the weather data at Manzanares 

pilot plant. In this study, the heat flux was equated to zero at the wall surface of radiation model 

in relation to the boundary condition. Considering the solar radiation induced model, under 

ambient condition where there was no thermal interference from other external heat sources, 

the surface temperature and the surrounding air temperature were at equilibrium, and thus, the 

change in temperature equated to zero. Therefore, the local heat flux at the surface equals to 

zero which showed that there was no internal heat generation from the medium. With the 

introduction of radiation heat transfer model, the energy gained by the surface drive the system 

which caused influences on temperature of the various components of the system including the 

operating fluid. Moreover, the greenhouse effect was considered in the CFD model of the 

SCPP. For instance, constant values for surface emissivity, surface reflectivity and surface 

transmissivity take the form of an array profile, with the first column referring to the first 

spectral band which is the visible light, and the second column referring to the second spectral 

band which is the infrared radiation.  
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Table 3.1: Boundary Conditions for Manzanares SCPP Simulation Model 

Boundaries Boundary 

Types 
Values 

Inlet Pressure Inlet  Gauge Pressure = 0 Pa 

 Temperature = 305.25 K 

 Turbulence Intensity = 0.1 (Pastohr et al. 2004) 

 Turbulence Viscosity Ratio = 10.0 

Symmetry 

Planes 

Symmetry Plane 
 Not Applicable 

Transparent 

cover 

Wall  No slip 

 Heat Flux = 0 W/m2 

Outlet Pressure Outlet  Gauge Pressure = 0 Pa 

 Temperature = 305.25 K 

 Turbulence Viscosity = 0.1 (Pastohr et al. 

2004) 

 Turbulence Viscosity Ratio = 10.0 

Other Wall 

Surfaces 

Wall  No slip 

 Heat Flux = 0 W/m2 

From this baseline CFD model validation using the Manzanares SCPP, the 15° inclined SCPP 

of different configurations were developed for various investigations. 

3.7.2 Boundary Conditions for the Inclined SCPP with Underneath Air-Vents 

The inclined SCPP model has the boundary conditions specified in Table 3.2, which are 

applicable to both the models with and without the air-vents. With the inclusion of the air-vents 

at the absorber, in order to ease the modeling of the absorber, the solid shell region in Star-

CCM+ was employed. On the other hand, the investigation on the absorber capability for 

thermal storage, the concrete absorber was modelled at varying thickness to observe the 

temperature distribution in the absorber and considerable thermal losses at each thickness.  

 

 



53 | P a g e  
 

Table 3.2: Boundary Conditions for Inclined SCPP with and without Air-Vents 

Boundaries Types Values 

Absorber-Fluid 

Interface 

Wall  No slip 

 Heat Flux = 0 W/m2 

Inlet, Air Vents’ 

Inlets 

Pressure Inlet  Pressure = 0 Pa 

 Temperature = 305.25 K 

 Turbulence Intensity = 0.1 (Pastohr et al. 2004) 

 Turbulence Viscosity Ratio = 10.0 

Transparent 

cover 

Wall  No slip 

 Heat Flux = 0 W/m2 

Outlet Pressure 

Outlet 

 Pressure = 0 Pa 

 Temperature = 305.25 K 

 Turbulence Viscosity = 0.1 (Pastohr et al. 2004) 

 Turbulence Viscosity Ratio = 10.0 
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3.8 Case Studies Flow Chart 

 

The case studies flow chart shows the steps involved in achieving the project’s objectives. The 

Manzanares SCPP CFD model was developed and the grid independence test was conducted. 

The results were validated with experimental data published in the literatures. Then, similar 

physics were used for the inclined SCPP CFD model and grid independence test was 

performed. The simulation was carried out as detailed in the next section.  
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3.9 Investigation into the Research Objectives 

3.9.1 Simulation of Different Collector’s Length and Width Configuration in Relation to 

the Heat Transfer 

 

Figure 3.7: Classification of the solar collector into a rectangular plate and a streamlined 

trapezium section 

In this study, the length and width of the solar collector’s rectangular plate are varied to identify 

their effects on the thermal performance of the inclined solar chimney power plant (SCPP). 

This particular sub-objective plays an important role to achieve the main objective which is to 

develop a new model of the inclined SCPP. In Figure 3.7, the solar collector is divided into a 

rectangular plate and a streamlined trapezium section. The manipulated variables are the length 

and width of the rectangular plate. However, when the width of the rectangular plate is changed, 

the height of the trapezium plate will also be altered to maintain the trapezium’s area at 25 m2 

and to fix the chimney’s diameter at 0.5 m. The area of the rectangular plate is 75 m2, which 

results in 100 m2 solar collector area. The inclination angle of the solar collector is 15°. The 

collector inlet and outlet height is 0.5 m. The concrete absorber thickness is 0.3 m and the 

transparent cover thickness is 0.005 m. The simulation is done by using the solar radiation data 

computed by the solar calculator on the 1st of January 2017, at 12 noon, located in Miri, 

Sarawak. The solar radiation intensity is 1000 W/m2. Table 3.3 shows the schematics of 12 

different cases which will be investigated numerically.  



56 | P a g e  
 

Table 3.3: 12 cases showing different combinations of the collector's length and width 

dimensions 

Case 1A: 2.5 m Length and 

30 m Width 

Case 1B: 5.0 m Length and 

15.0 m Width 

Case 1C: 7.5 m Length and 

10 m Width 

   

Case 1D: 10.0 m Length and 

7.5 m Width 

Case 1E: 12.5 m Length and 

6 m Width 

Case 1F: 15.0 m Length and 

5.0 m Width 

   

Case 1G: 17.5 m Length and 

30/7 m Width 

Case 1H: 20.0 m Length and 

3.75 m Width 

Case 1I: 22.5 m Length and 

10/3 m Width 

   

Case 1J: 25.0 m Length and 

3.0 m Width 

Case 1K: 27.5 m Length and 

30/11 m Width 

Case 1L: 30.0 m Length and 

2.5 m Width 
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3.9.2 Simulation of Different Canopy Profiles and Collector’s Inlet and Outlet Heights 

In this investigation, the effects of the collector’s air volume and the transparent cover roof’s 

inclination on the inclined solar chimney power plant (SCPP)’s performance are analyzed. By 

setting the solar radiation intensity at a constant value of 1000 W/m2, and by using the reference 

Case 1E, different volumes of the collector’s air are manipulated. At this stage of the 

investigation, the collector’s inlet and outlet heights are uniform, which represent flat canopy 

profiles. Five different volumes of the collector’s air are simulated which consist of 30 m3, 40 

m3, 50 m3, 60 m3 and 70 m3 volumes. Then, the air volume which results in the highest electrical 

power output will be used to simulate the effect of the collector’s roof inclination. The 

collector’s transparent cover roof is sloped by manipulating the inlet and the outlet heights of 

the collector, and these combinations are shown in Table 3.4. From this table, it has to be noted 

that as the collector’s inlet height is increased from 0.1 m to 0.6 m, the collector’s outlet height 

is being decreased from 1.1 m to 0.6 m. With these combinations, the SCPP system will have 

a constant gradient slope, whereby the solar collector with an inlet height of 0.1 m and an outlet 

height of 1.1 m is regarded as the steepest canopy profile. The constant variables are such that 

the rectangular plate of the absorber has an area of 75 m2, the area of the trapezium plate of the 

absorber is 25 m2, the inclination angle of the collector is 15°, the chimney diameter is 0.5 m, 

the concrete absorber thickness is 0.3 m and the transparent cover thickness is 0.005 m.  

Table 3.4: Different solar collector's inlet and outlet heights 

0.1 m Collector Inlet and 1.1 

m Collector Outlet Heights 

0.2 m Collector Inlet and 1.0 

m Collector Outlet Heights 

0.3 m Collector Inlet and 0.9 

m Collector Outlet Heights 

   

0.4 m Collector Inlet and 0.8 

m Collector Outlet Heights 

0.5 m Collector Inlet and 0.7 

m Collector Outlet Heights 

0.6 m Collector Inlet and 0.6 

m Collector Outlet Heights 
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3.9.3 Simulation of Different Concrete’s Absorber Thicknesses 

In this particular study, the thermal storage capabilities of the concrete absorber are 

investigated. As the thicknesses of the concrete are manipulated, the most optimum thickness 

that offers a minimum cost will be selected for subsequent numerical investigation of this 

project. The areas of the rectangular and trapezium plates are constantly set to 75 m2 and 25 

m2, respectively. This will result in a total solar collector area of 100 m2. The inclination of the 

solar collector is 15°, in which the apex of the solar collector merges with a chimney of 0.5 m 

diameter. The height of the chimney is 26.85 m. The glass shell model has a thickness of 0.005 

m and the effects of winds are neglected. In the case of the concrete absorber, a far-field 

projection distance of 5 m is modelled underneath the absorber, where the model now takes 

into consideration the effects of thermal losses to the ambient by both convection and radiation. 

The rectangular plate has 12.5 m length and 6 m width. In the solar collector, the air volume is 

set to 60 m3 where the collector has an inlet height of 0.1 m and an outlet height of 1.1 m.  

3.9.4 Simulation of Underneath Air Vents Oriented at Various Angles With Respect to 

the Horizontal Surface of the Absorber 

A new model of an inclined SCPP with underneath air vents is developed in this investigation. 

The orientation angles of the air vents are manipulated in this study, as shown in Table 3.5. 

The figures shown in this table illustrate the side view of the solar collector’s absorber, where 

the vents are installed at different angles with respect to the horizontal surface of the absorber. 

The angle of the vent is gradually increased from 10° to 90°. The other constant variables 

remain similar to the previous investigations where the solar collector occupies an area of 100 

m2. The collector is divided into rectangular and trapezoidal plate of 75 m2 and 25 m2 area, 

respectively. The collector is inclined at 15° to the horizontal ground surface. The chimney 

diameter is 0.5 m, with a height of 26.85 m. The transparent cover and absorber have shell 

thicknesses of 0.005 m and 0.3 m, respectively. The rectangular partition of the absorber has 

12.5 m length and 6 m width. The collector inlet is specified to be 0.1 m while the collector 

outlet is set as 1.1 m. The position of the air vents is shown in Figure 3.8, where the vents are 

proposed to cover 6 m along the length of the collector, from the collector’s inlet. This 

simulation involves 10 number of air vents, with each vent having a radius of 0.25 m, which 

results in a total vent area of 2 m2.  
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Table 3.5: Different Orientation Angles of the Air Vents 

Angle Schematics 

10° 

 

20° 

 

30° 

 

40° 

 

50° 

 

60° 

 

70° 

 

80° 

 

90° 
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Figure 3.8: Position of the Vents 

3.9.5 Simulation of the Various Air Vents’ Positions in the Solar Collector 

In this study, the positions of the vents in the solar collector are varied. This investigation is 

carried out to identify the fluid flow behavior with respect to the different positions of the vents 

in the solar collector. The absorber is first separated into four different partitions, which are 

labelled as 0 m < x ≤ 4 m, 4 m < x ≤ 8 m, 8 m < x ≤ 12 m, and 12 m < x ≤ 16 m. 10 number of 

air vents with 0.25 m radius each are installed in each of the partition, as shown in Table 3.6. 

The figures shown in this table illustrate the top view of the solar collector’s absorber, in which 

the positions of the vents are shown. For the constant variables, the solar collector’s area is 

fixed at 100 m2, where the rectangular area is 75 m2 while the trapezoidal area is 25 m2. For 

the rectangular geometry of the solar collector, the length is 12.5 m while the width is 6 m. The 

inclination angle of the solar collector is 15°. The chimney diameter is fixed at 0.5 m 

throughout the investigation, where its height is 26.85 m. The glass shell has a thickness of 

0.005 m and the absorber has a shell thickness of 0.3 m. The inlet height of the collector is 0.1 

m while its outlet height is 1.1 m. The air vents are installed at 50° orientation angle with 

respect to the horizontal surface of the absorber.  
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Table 3.6: Different positions of the air vents 

Different Partitions 

on the Absorber 
Schematics 

0 m < x ≤ 4 m 

 

4 m < x ≤ 8 m 

 

8 m < x ≤ 12 m 

 

12 m < x ≤ 16 m 
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3.9.6 Simulation of Different Chimney Diameters 

The investigation of the inclined SCPP with various diameters of the chimney is conducted to 

identify the possibility of preventing the choked air flow behavior at the chimney’s throat. Six 

configurations of the inclined SCPP are simulated considering different chimney diameters of 

0.5 m, 0.6 m, 0.7 m, 0.8 m, 0.9 m, and 1.0 m. As for the constant variables, the solar collector 

area is fixed at 100 m2, where the rectangular and trapezium plates have areas of 75 m2 and 25 

m2, respectively. The rectangular plate has 12.5 m length and 6 m width. The collector is 

inclined at 15° to the horizontal ground surface. The shell model is employed to define the 

thicknesses of the transparent cover and the absorber, at 0.005 m and 0.3 m, respectively. The 

chimney has a total height of 26.85 m. The inlet of the collector is specified as 0.1 m, while its 

outlet is 1.1 m. 10 numbers of air vents are included into the system, in which each vent has a 

radius of 0.25 m that leads to a total vent area of 2 m2. The vents are oriented at 50° with respect 

to the flat absorber’s surface. In this investigation, the positions of the vents are kept constant 

for all the six different configurations of the inclined SCPP involving various chimney 

diameters. The vents are designed to spread across nearly the whole area of the concrete 

absorber. It is expected that when the diameter of the chimney is gradually enlarged from 0.5 

m to 1.0 m, the fluid’s critical flow behavior can be eliminated. 

3.9.7 Simulation of Air Vents’ Opening Areas  

The areas of the air vents are manipulated between 1 m2, 2 m2, 3 m2, and 4 m2. The analysis is 

conducted to identify the effect of the change in the air vents’ areas on the air buoyancy and 

thermal performance of the inclined SCPP. The system now includes a chimney of 1.0 m 

diameter which has a height of 26.85 m. The chimney is joint at the collector’s exit, in which 

the collector has a total area of 100 m2. The collector’s area of 100 m2 is divided into two 

regions containing a rectangular plate of area 75 m2 and a trapezium plate of area 25 m2. The 

rectangular plate has 12.5 m length and 6 m width. The inclination angle of the collector is 

fixed at 15°. The collector’s inlet has a height of 0.1 m while the collector’s outlet has a height 

of 1.1 m. For the collector, the transparent cover has a shell thickness of 0.005 m and the 

absorber has a shell thickness of 0.3 m. The air vents are installed at 50° orientation angle with 

respect to the flat surface of the absorber. 10 numbers of air vents are used for each 

investigation. The diameter and radius of each vent is provided in Table 3.7 to meet the 

requirement of the total vents area.  
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Table 3.7: Diameter and Radius of Air Vent for Different Vents Areas 

Total Vents Area Diameter of Each Vent Radius of Each Vent 

1.0 m2 0.36 m 0.18 m 

2.0 m2 0.50 m 0.25 m 

3.0 m2 0.62 m 0.31 m 

4.0 m2  0.71 m 0.36 m 

3.9.8 Simulation of Numbers of Air Vents 

In this investigation, the number of air vents is being manipulated to determine the possibility 

of enhancing the inclined SCPP’s performance. The total area of the vents is now fixed at 2 

m2. Therefore, the diameter and radius of each 15° vent is provided in Table 3.8 for the different 

numbers of air vents. The collector’s area is kept constant at 100 m2, which consists of 

rectangular and trapezium plates of area 75 m2 and 25 m2, respectively. The rectangular plate 

has a length and width of 12.5 m and 6 m, respectively. The inclination angle of the collector 

is set at 15°. The collector’s inlet is 0.1 m whereas the collector’s outlet is 1.1 m. The glass has 

a shell thickness of 0.005 m while the absorber has a shell thickness of 0.3 m. The diameter of 

the chimney is 1.0 m. The height of the chimney is 26.85 m.  

Table 3.8: Diameter and Radius of Air Vent for Different Number of Vents 

Numbers of Air Vents Diameter of Each Vent Radius of Each Vent 

5 0.71 m 0.36 m 

10 0.50 m 0.25 m 

15 0.41 m 0.21 m 

20 0.36 m 0.18 m 

3.9.9 Simulation of Water Thermal Storage 

For this case study, the best configuration of the inclined SCPP with underneath air vents is 

selected for subsequent investigation of the water thermal storage. The manipulated variable in 

this study is the different volume of water storage, in which the water volume is based on a 

proportion of the total collector’s air volume. The locations of the water energy storage layers 

and the underneath air vents are shown in Figure 3.9. The length and width of the water storage 

casing are fixed at 4.4 m and 0.8 m width, respectively. For the water volume which occupies 
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10 % of the collector’s air volume, the depth of the water storage is 0.17 m. For the water 

volume which occupies 20 % of the collector’s air volume, the depth of the water storage is 

0.34 m. When the volume of the water occupies more than 20 % of the collector’s air volume, 

the water filled tight casings will restrict the air flow under the transparent cover.  

 

Figure 3.9: Locations of the Water Energy Storage Layer and Air Vents 

In this study, the air vent area is 2 m2. The number of vents is fixed at 15 vents. The radius of 

each vent is 0.21 m. The vents’ angle is 50°. The diameter of the chimney is 1.0 m. For the 

solar collector, the area of the rectangular region is 75 m2 while the area of the trapezium region 

is 25 m2, which sums up to 100 m2 collector area. The inclination angle of the collector is 15°. 

The thickness of the glass is 0.005 m, whereas the thickness of the concrete absorber is 0.3 m. 

The length and width of the collector’s rectangular plate are 12.5 m and 6 m, respectively. The 

height of the chimney is 26.85 m. The collector’s inlet is 0.1 m and the collector’s outlet is 1.1 

m.  

3.9.10 Simulation of Inclined SCPP without Additional Chimney Component 

(Introduction of 4 Novel Designs) 

In this study, four novel designs of the inclined SCPP are introduced. The physical geometries 

of the four respective designs are simulated to investigate the operation of the inclined SCPP 

without chimney for 100 m2 collector. This study is based on the hypothesis that the collector 

tilt angle creates a height advantage for the buoyancy driven flow of the air. Therefore, the use 

of the inclined collector has the advantage of acting as chimney and collector in a single unit. 
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Table 3.9 shows the geometrical representations of the inclined SCPP without additional 

updraft tower, categorized under Design A, B, C and D.  

Table 3.9: Schematics of the 4 Novel Designs and the Top Views of the Designs 

Novel 

Design

s 

Schematics of the Design and the 

Location of Turbine Installation 

Top View of the Designs and the 

Vents Locations 

Design 

A 

  

Design 

B 

  

Design 

C 

  

Design 

D 
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3.10 Summary of Methodology 

The Solar Chimney Power Plant (SCPP) basic operation equations and its detailed physics were 

included in this chapter. In the simulation of the SCPP, the numerical model involved 

simplifying the geometry and physics of the Manzanares experimental pilot SCPP. The 

governing equations for the numerical model were solved by using Star-CCM+. The obtained 

solution would then be compared to the experimental results published in the literature for 

validation. The model development of the inclined SCPP with and without underneath air vents 

was also explained in this chapter, which employed similar physics and equations to those of 

the Manzanares SCPP. Furthermore, the boundary conditions of the simulation model were 

included in this chapter which described how the heat and energy transfer processes were 

related to their surroundings. This chapter also explained the case studies and the steps involved 

in achieving the project’s objectives. 
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Chapter 4 

Results and Discussions 

4.1 Grid Independence Tests and Validation Results of the CFD Model of Solar Chimney 

Power Plant in Manzanares  

The SCPP simulation model was adapted to the structural dimensions of the Manzanares 

experimental pilot plant for validation study. The system consisted of a chimney with a height 

of 195 m and a diameter of 10 m. A circular open-solar-air collector of 122 m radius comprised 

of the ground and transparent cover. The collector was raised to an average height of 1.85 m 

above the ground. In the simulation, a 2 m ground thickness was considered. The weather data 

that was used for the simulation were from the results presented by Haaf (1984) where the solar 

radiation intensity was 1000 W/m2 and the ambient temperature 32oC (305K). 

4.1.1 Grid Independence Tests of the Manzanares SCPP Computational Domain 

The computational domain of the Manzanares experimental SCPP was meshed using four 

different element sizes. These sizes were defined as coarse mesh with 97,779 elements, 

medium mesh with 534,473 elements, fine mesh with 1,018,318 elements and finer mesh with 

2,489,637 elements, as shown in Figure 4.1, Figure 4.2, Figure 4.3, and Figure 4.4, 

respectively. According to Nia et al. (2015), the required wall distance Y plus value for the 

consideration of the boundary layer in a SCPP was 6, due to the low value of freestream 

velocity inside the system. In this study, considering a low freestream velocity of 1.0 m/s at 

325 K, air density of 1.086 kg/m3, air dynamic viscosity of 0.00001962 kg/m s, collector’s 

reference length of 20 m, and desired y+ value of 6, the wall spacing is about 0.002 m.  

 

Figure 4.1: Coarse mesh representation showing the collector to chimney transition section 
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Figure 4.2: Medium mesh representation showing the collector to chimney transition section 

 

Figure 4.3: Fine mesh representation showing the collector to chimney transition section 

 

Figure 4.4: Finer mesh representation showing the collector to chimney transition section 

Results of the grid independence tests are shown in Table 4.1. The tests considered the grid 

dependent parameters (temperature and velocity of operating air) using 1000 W/m2 solar 

radiation intensity. The error percentage in temperature was found to be above 10% for coarse 

and medium meshes. Similar observation was found on the velocity output. The use of fine 
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mesh showed less than 1% difference when compared with the output results for the finer mesh. 

Considering the time used in the simulation, the fine mesh converged in 6 hours while the finer 

mesh took over 24 hours to converge and generate results. The fine mesh was employed for 

the simulation of the Manzanares SCPP at different solar radiation intensities of 1000 W/m2, 

800 W/m2, 600 W/m2, 400 W/m2 and 200 W/m2 for validation purposes.  

Table 4.1: Grid Independence Tests of the Manzanares SCPP (At Solar Radiation Intensity of 

1000 W/m2) 

Sizes of 

Elements 

Number 

of 

Elements 

Temp. at 

Collector’s 

Exit (K) 

Temp. at 

Collector’s 

Exit (oC) 

Temp. 

Diff. 

Error 

(%) 

Velocity of 

Air at the 

Collector’s 

Exit (m/s) 

Vel. Diff. 

Error (%) 

Coarse 97,779 318.42 45.42 11.12 5.39 30.54 

Medium 534,473 318.75 45.75 10.47 6.56 15.46 

Fine 1,018,318 323.94 50.94 0.31 7.71 0.64 

Finer 2,489,637 324.1 51.1 - 7.76 - 

4.1.2 Validation Results of the CFD Model of Solar Chimney Power Plant 

The simulated Manzanares SCPP model results were compared with the published results of 

experiment on the Manzanares pilot operation reported by Haaf (1984). The experimental 

results as reported by Haaf (1984) was recorded on the 2nd of September 1982. The 

experimental results had been the most sought results for validation of numerical studies by 

most researchers. Furthermore, the simulation results of this study were compared to the 

simulation results of Guo et al. (2014) who were the first researchers to include the effects of 

solar radiation by using a radiation model and an additional solar load model in their SCPP 

simulation. The comparison of the updraft velocity between simulation results and the 

experimental published data is shown in Figure 4.5. The updraft velocity referred to the air 

velocity as the air flowed from the collector’s outlet into the entrance of the updraft tower. In 

Figure 4.5, both simulation results were observed to be consistent with the experimental data 

on velocity of air in the system. The simulation model of this project was slightly higher than 

the experimental results on the updraft velocity for low solar radiation intensity cases. This was 

attributed to the assumption of uniform heat transfer at the absorber which in reality varied 

along the collector radius. In the morning, when the solar radiation intensity was low, the 

collector’s air temperature was higher than that of the transparent cover. There was a transfer 

of heat from the air to the transparent cover. This resulted in a relatively lower collector’s air 
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temperature in the experimental model of the SCPP. Consequently, the updraft velocity of the 

experimental data would be lower when the solar radiation intensity was low. During afternoon 

or evening, when the solar radiation intensity was high, the transparent cover temperature was 

higher than the collector’s air temperature. Transfer of heat from the collector’s air to the 

transparent cover did not occur. Therefore, at a higher solar radiation intensity, the simulation 

model of this project predicted well with the experimental published data. 

 

Figure 4.5: Comparison of Updraft Velocity between Simulation Results and Experimental 

Data 

Moreover, the actual experimental model considered the effects of dust. In the morning, the 

dust was at a lower temperature and the dust was heavier due to the absorption of moisture. 

The dust accumulated on the transparent cover and partially blocked the solar radiation. In the 

afternoon and evening, the dust was at a higher temperature and the dust became lighter due to 

the evaporation of the moisture content. The dust was then removed by wind. This increased 

the transparent cover’s transmissivity and allowed more solar radiation to transmit through the 

transparent cover. There was no data on collector component temperatures from published 

experimental results of the Manzanares pilot plant. The present work simulation results were 

compared to the results of Guo et al. (2014) for the operating fluid (air) temperature as shown 

in Figure 4.6. Both data were in agreement to one another with slight difference in temperature 

at the various solar radiation intensities.   
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Figure 4.6: Comparison of Collector’s Fluid Temperature Rise between Simulation Results 

Furthermore, the results on the velocity of air at the fully-developed flow region in the chimney 

was 15 m/s from a cross-section average velocity analysis at 1000 W/m2. The velocity vector 

for the buoyant air is shown in Figure 4.7. The temperature contour for the air at the connection 

between the collector and the chimney is shown in Figure 4.8. Figure 4.9 shows the temperature 

contour for the air flowing from inlet through the chimney with a temperature difference of 

about 20 K at 1000 W/m2. These results were consistent with the data obtained from the 

experimental results of Haaf (1984) and also the simulation published results by Sangi et al. 

(2011). Therefore, the numerical simulation model of the SCPP in this study, which was 

developed by using Star-CCM+, proved to be reliable for adoption into the development of 

other models of SCPP. The physics and governing equations employed in the validation model 

were used to model the inclined SCPP in this research. 
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Figure 4.7: Velocity of air at the region of a fully developed flow inside chimney was 15 m/s 

 

Figure 4.8: Temperature of air at the collector to chimney transition section 
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Figure 4.9: Temperature distribution along the complete radius of the solar collector 

4.2 Grid Independence Tests Results of the Inclined SCPP 

For the inclined SCPP model which was the focus of this research, the reference geometry used 

for the grid evaluation test involved a solar collector tilted at 15° to the horizontal ground 

surface. For the grid independence study, the solar collector consisted of a rectangular plate 

and trapezoidal surface integrated in one length. The rectangular plate had 5 m length and 15 

m width making a surface area of 75 m2. The trapezoidal plate had base width of 15 m 

connected to the rectangular plate and exit base width of 0.5 m. The length between the bases 

was 3.2 m making an area of 25 m2 for the trapezoidal plate. Therefore, the total area of the 

solar collector was 100 m2. The collector had the same inlet and outlet height of 0.5 m. The 

chimney height was fixed at 20 m. The transparent cover had a thickness of 0.005 m and the 

absorber’s thickness was 0.3 m. Solar radiation data in Miri, Sarawak, was used as inputs data 

for the boundary conditions of the inclined SCPP model. Figure 4.10, Figure 4.11, Figure 4.12, 

and Figure 4.13 show the schematics of the coarse, medium, fine and finer grids, respectively.  
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Figure 4.10: Coarse mesh of the inclined SCPP model 

 

Figure 4.11: Medium mesh of the inclined SCPP model 

 

Figure 4.12: Fine mesh of the inclined SCPP model 
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Figure 4.13: Finer mesh of the inclined SCPP model 

The simulation was conducted using 1000 W/m2 solar radiation intensity. The effect of grid 

sizes on the results of the dependent variables (temperature and velocity) were analyzed for air 

at the collector’s exit. The results of the grid independence study are shown in Table 4.2. From 

these results, it was determined that the inclined SCPP model meshed by the coarse grids had 

higher percentage of error when compared to the model with finer grids. On the other hand, the 

use of medium and fine grids for the model led to approximate results to those of the finer 

grids. Hence, the medium mesh with 454,149 number of elements could give satisfactory and 

reliable results. This medium grid size was also selected to reduce the computation time during 

the simulation process.  

Table 4.2: Results of the grid independence test for the inclined SCPP model 

Sizes of 

Elements 

Number 

of 

Elements 

Collector 

Exit Temp. 

(K) 

Collector 

Exit Temp. 

at (oC) 

Temp. 

Error (%) 

Collector 

Exit Air 

Velocity 

(m/s) 

Velocity 

Error 

(%) 

Coarse 58,860 329.997 56.997 2.70 3.967 2.11 

Medium 454,149 328.929 55.929 0.77 3.916 0.80 

Fine 735,288 328.898 55.898 0.72 3.911 0.67 

Finer 1,449,050 328.501 55.501 - 3.885 - 
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4.3 The Effect of Collector Absorber Geometry on Collector Energy Transfer 

In this section, the geometries employed in the development of the inclined solar chimney 

power plant and the energy transfer at the various geometry are discussed.  

4.3.1 Geometrical Models Dimension Analyses for Heat Transfer Investigation 

The main objective of this research was to develop a new design of an inclined solar chimney 

power plant for performance enhancement. The collector area was made constant at 100 m2 for 

this study. The shape of the collector might have significant effect on the system operation with 

regards to rate of heat transfer. Thus, the current research investigated different configurations 

of length and width dimensions of the collector absorber with focus on the heat transfer and air 

velocity in the system. With reference to geometrical analyses presented in Section 3.9.1, the 

width and length of the collector were varied creating different geometries for the study. The 

collector had two major shapes integrated together which were rectangular and trapezoidal 

shapes. The rectangular plate had 75 m2 area. The trapezoidal plate had 25 m2 area. The volume 

of air in the solar collector was fixed at 50 m3. The solar collector had constant inlet and outlet 

heights of 0.5 m. The inclination angle of the collector with respect to the horizontal ground 

was 15°. The concrete absorber and the transparent cover thicknesses were 0.3 m and 0.005 m, 

respectively. Solar radiation intensity of 1000 W/m2 was used for the simulation. The length 

and width of the rectangular plate were varied which resulted in 12 different types of cases. 

The collector for the different cases were partitioned into four parts to determine the 

temperature at every 15 m3 volume along the collector air channel. 

4.3.2 Results Analysis of Energy Transfer in the Various Geometrical Models 

4.3.2.1 Collector Absorber Temperature Analysis for the Various Geometrical Models 

The results of the study for the temperature at the collector absorber considering the various 

cases are presented in Figure 4.14. The results showed the temperatures at every 15 m3 partition 

from the collector inlet. The results showed that Case 1D, Case 1E, and Case 1F had highest 

average absorber temperatures. Moreover, these three cases observed the highest temperatures 

at the fourth partition of the absorber, which represented the collector exit/chimney base. The 

high values of the absorber temperatures revealed that Case 1D, Case 1E, and Case 1F were 

within the optimal ratios of the length and width configurations for the absorber. Absorber 
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temperature is an important factor in the process of generating air in motion in the solar 

collector. It causes the temperature difference between the working fluid and the ambient air.  

 

Figure 4.14: Comparison of temperature versus different locations of the absorber 

4.3.2.2 Collector Cover Temperature Analysis for the Various Geometrical Models 

The collector absorber temperature had effect on the collector cover as a result of re-radiation. 

The re-radiation heat transfer from the absorber to the transparent cover often reflected on the 

high temperature observed at the transparent cover. Considering the partitioning used in the 

study, Figure 4.15 shows the temperatures of the transparent cover for different cases of the 

collector configuration. The transparent cover temperatures for Case 1D, Case 1E, and Case 

1F also had shown moderately high value compared to other cases. At the fourth partition of 

the transparent cover, which referred to the canopy area near the chimney, Case 1E was found 

to have a higher transparent cover temperature than Case 1F. This indicated the possibilities of 

higher thermal losses to the ambient from the transparent cover. Furthermore, it was apparent 

from Figure 4.14 and Figure 4.15 that Case 1J, Case 1K, and Case 1L had the lowest average 

temperatures at the absorber and the transparent cover components. It should be noted that 

these three cases represented the configurations where the absorbers had longer lengths in 

comparison to their widths.  
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Figure 4.15: Temperature versus different locations of the transparent cover parts 

As can be seen from Figure 4.14 and Figure 4.15, the trends in the temperature changes along 

the different partitions of the absorber and the transparent cover followed a similar pattern for 

Case 1J, 1K and 1L. From the first to the third partitions, the temperatures increased 

significantly before the values started to reduce up to the fourth partition. When there was an 

increased length of the collector, while the collector was being inclined at a fixed angle of 15°, 

the collector exit gained a height advantage for chimney installation. In a situation where the 

inclined length became excessively long with small width, there was reduced temperature at 

the absorber and the cover as can be seen in Cases 1J, 1K and 1L. At optimum length and width 

of the absorber (without having the absorber’s length and width being excessively long), the 

temperatures of the absorber and transparent cover were found to be high and also maintained 

consistent temperature increase along the collector flow direction as can be seen in the Cases 

1E and 1F.  

4.3.2.3 Collector Air Temperature Analysis for the Various Geometrical Models 

A closer inspection of the collector’s air temperature is presented in Figure 4.16. The results 

showed that the air temperature for the various model were close to each other except for Case 

1A. In Case 1A, it was observed that the air temperature was considerably higher than the air 
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temperatures in the other models. This was attributed to the heated air being trapped in the 

collector/greenhouse for a longer duration of time leading to higher convective heat transfer 

from the absorber to the air. The cause of the residence time linked to the long width against 

the short length which had low streamline flow channel and the buoyant air experienced 

circulation compared to other cases. For instance, in Case 1A, multiple airflow vectors 

experienced difficulties to converge from a long 30 m width to a short chimney inlet width of 

0.5 m. This caused pressure losses at the collector-to-chimney transition region due to the 

restriction at the chimney air-flow cross section. Therefore, the air particles stayed longer in 

the solar collector and received a higher amount of heat from the absorber.  

 

Figure 4.16: Temperature versus different locations of the collector's air 

4.3.3 Results of Air Flow in the Various Geometrical Models 

4.3.3.1 Collector Air Velocities Analysis for the Various Geometrical Models 

The analysis of the air flow in the various models further buttresses the effect of the geometrical 

dimensions on the energy transfer of the models. The air velocities for the different geometrical 

models are presented as shown in Figure 4.17. The system air velocity was found to increase 

as the length of the collector increased ranging from Case 1A to Case 1F and dropped from 
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Case 1G to Case 1L. In Figure 4.17 it was also observed that Case 1E and Case 1F predicted 

the highest air velocity at 4.401 m/s and 4.416 m/s, respectively. These results demonstrated 

that both Cases 1E and 1F were within the optimum dimension ratios which ensured higher air 

velocities in the collector. Geometrical configurations in these cases induced higher rates of 

heat energy removal from the transparent cover and the collector absorber. 

 

Figure 4.17: Velocity of air at the chimney base for all 12 cases 

For Case 1A, there was a constriction on the airflow at the collector-to-chimney junction. The 

constricted channel flow led to the heated air being trapped inside the solar collector. This 

caused high thermal loss to the ambient through the cover. At the same time, the occurrence of 

air circulation/reversed flow was observed in Case 1A, as depicted by Figure 4.18. The reversed 

flow of air happened due to the low driving force generated in the system.  
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Figure 4.18: Velocity streamlines showing reversed air flow in Case 1A 

On the other hand, the flow reversal phenomenon did not occur in the other models/cases. In 

Case 1L, which involved a long solar collector with a short width, the velocity streamlines in 

Figure 4.19 showed continuous air flow stream from the collector’s inlet to the chimney’s inlet. 

This further proved that the collector tilt angle and the increased length of the collector created 

a height advantage for the buoyancy driven flow of the air. From Figure 4.19, it was also 

important to note that the peak velocity occurred at the base of the chimney. This indicated that 

the air property at the base of the chimney was an important factor to determine the system’s 

performance. Although the area of the trapezoidal streamlined plate was kept constant at 25 

m2, there existed a threshold limit for the effective length between the parallel sides of the 

trapezoidal area. If the length threshold was reached, the air flow started losing heat to the 

surroundings.  
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Figure 4.19: Velocity streamline for Case 1L 

The flow stream was also observed to show no reverse flow for other cases such as can be seen 

at the near optimum length represented in Case 1E. Figure 4.20 reports the velocity magnitudes 

of the air flow in the system for Case 1E with no flow circulation or reversal at the collector. 

 

Figure 4.20: Velocity streamlines for Case 1E 

4.3.3.2 Collector Air Mass Flow Rate Analysis for the Various Geometrical Models 

With respect to the various geometrical models, the average air temperature at the base of the 

chimney (cross-sectional area average) was employed in determining the air density. The mass 

flow rate was determined considering the collector exit air velocity. The results of the air mass 
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flow rates for the various geometrical models is presented in Figure 4.21. The results showed 

Case 1E and Case 1F with highest mass flow rate in comparison to other cases. For Case 1E 

and Case 1F, the mass flow rate generated was 0.92 kg/s. 

 

Figure 4.21: Mass flow rate of air for different types of cases 

4.3.3.3 System Power Output Analysis for the Various Geometrical Models 

For the various geometrical models, the possible electrical power output was evaluated using 

Equation 3.47 with consideration of the turbine efficiency at 70%. The results as shown in 

Figure 4.22 depicts that Case 1E and Case 1F produced the highest electrical power output 

rated at 6.22 W and 6.28 W, respectively.  

 

Figure 4.22: Electrical power output for different types of cases 
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4.3.3.4 Collector Efficiency Analysis for the Various Geometrical Models 

The analysis of the collector efficiency was important to factor in thermal losses into the 

performance of the collector. The analysis of the collector efficiency is presented in Figure 

4.23. The results showed that Cases 1E and 1F had about 21.2% and 21.6% efficiency 

respectively. Therefore, considering that the absorber temperature in Case 1E was higher and 

there existed opportunities for further enhancement, this was the deciding factor to select Case 

1E as the reference geometry in this research study. 

 

Figure 4.23: Collector efficiency for different types of cases 

4.4 Effect of Canopy Profile on the Performance of the Inclined Solar Chimney Power 
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16

17

18

19

20

21

22

Case 1A Case 1B Case 1C Case 1D Cade 1E Case 1F Case 1G Case 1H Case 1I Case 1J Case 1K Case 1L

C
o

lle
ct

o
r 

Ef
fi

ci
en

cy

Different Types of Cases



85 | P a g e  
 

determine the best configuration for buoyancy enhancement. The different geometrical 

configurations for the varied inlet and outlet heights of the system were described in Section 

3.9.2 with explanation of the manipulated and constant variables used in this investigation. The 

schematics of the geometries which were used in the numerical study of the canopy profiles 

were also provided. 

4.4.1 Effect of Air Volume on Buoyancy in the Incline Solar Collector of the System 

4.4.1.1 Velocity of Air at Chimney Base for Case 1E at Different Air Volume 

The study on the air flow velocity measured at the collector exit/chimney base was conducted 

to determine the relationship between the air volume and buoyancy. The velocities of the air at 

different air volume deduced from the investigation are presented in Figure 4.24. The results 

are presented with respect to different solar radiation intensities of 200 W/m2, 400 W/m2, 600 

W/m2, 800 W/m2 and 1000 W/m2. The results showed that when the volume of air was 

increased from 30 m3 to 60 m3, the air velocity at the chimney base increased significantly. 

When the air volume was further increased from 60 m3 to 70 m3 for the flat canopy profile, the 

velocity of air at the chimney base observed a significant drop. The results showed that the air 

volume had a direct impact on the air velocity. It was found that higher heat removal occurred 

at the absorber as the air volume increased but when the air volume was in excess, the available 

energy from the collector was not enough to excite the internal energy in the air to higher 

velocity. The higher volume reduced the temperature of the absorber, and it will reduce the re-

radiation from the absorber to the transparent cover. As a result, most of the thermal energy 

from the absorber was transferred by the air creating buoyancy to drive the air into the chimney. 

The results showed that for the 100 m2 absorber investigated with varying air volume, the 60 

m3 volume was optimum which had inlet to outlet height of 0.6 m between absorber and 

transparent cover. The 60 m3 air volume generated 4.43 m/s at the chimney base when the solar 

radiation intensity was 1000W/m2. Furthermore, this result showed a satisfactory agreement 

with the numerical investigation by Ghorbani et al. (2015). It was reported by Ghorbani et al. 

(2015) that when the collector’s air volume was increased to a great extent, the velocity of air 

at the collector’s exit started to reduce. This was because at low internal energy of air, the 

buoyancy force was low leading to recirculating flow instead of flowing to the chimney. 
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Figure 4.24: Velocity of air at the chimney base against the solar radiation intensity for 

different air volumes 

4.4.1.2 Velocity of Air at Chimney Base for Case 1E at Optimum Air Volume (60 m3) 

The results of the varied air volume showed that the optimum air volume for 100 m2 concrete 

absorber used in this study was 60 m3. This configuration generated the highest air velocity of 

4.43 m/s at 1000 W/m2 solar radiation. Further investigations were conducted for the 

geometrical dimension of Case 1E with air volume of 60 m3. The inlet and the outlet 

gaps/heights of the solar collector were varied to determine the best configuration for enhanced 

velocity and power output. The investigation was conducted for six configurations and the 

results of the air velocity at the base of the chimney with respect to different solar radiation 

intensities are presented in Figure 4.25. The results showed that the best configuration was 

when the transparent cover was raised 0.1 m at the collector inlet (inlet height) and the gap at 

the collector exit was 1.1 m, thus obtaining maximum air velocity. A combination of 0.1 m 

collector inlet height and 1.1 m collector outlet height at 1000 W/m2 generated 4.61 m/s which 

was higher than the 4.43 m/s air velocity generated from the flat canopy profile of same air 

volume under same boundary conditions. The electrical power output at this combination was 

7.13 W, which was a 12.1 % improvement over the flat collector’s roof. Moreover, when the 

collector’s inlet height was reduced from 0.6 m to 0.1 m, the air velocity increased. This 

suggested that flow inlet area had a significant influence on the heat transfer rate. The flow 
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inlet area determined the amount of air which flowed into the collector at a given time. This 

affected the rate of heat transfer considering that larger inlet height induced large inflow of 

ambient air per unit time. This air would require sometime to gain heat from the absorber, thus 

leading to air circulation and high residence time in the collector. 

 

Figure 4.25: Velocity of air at chimney base against the solar radiation intensity for different 

collector inlet and outlet heights combinations (60 m3 Volume) 

The low inlet height was found to be important as it only allowed the admittance of air based 

on the thermal energy in the collector region which induced suction of air from ambient into 

the greenhouse. The induced suction which led to the inflow of ambient air into the greenhouse 

made it easier for the air in the system to be evenly heated up, thereby reduced the air density 

and enhanced buoyancy driven flow based on the Boussinesq approximation. The results 

obtained from the graph in Figure 4.25 were consistent with research report of Patel et al. 

(2014) which inferred that a small collector opening led to higher values of air velocities at 

higher values of collector’s fluid mass flow rate at the chimney base. The rate of heat transfer 

was higher for the smaller collector’s inlet height, which created a higher amount of air updraft 

in the chimney. Hence, more fresh air entered the SCPP collector component and the mass flow 

rate of fluid significantly increased.   
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4.4.1.3 Air Mass Flow Rate at Chimney Base for Case 1E at Optimum Air Volume (60 m3) 

The effect of temperature and air velocity at the chimney base was very significant when the 

mass flow rate was computed. The results of the air mass flow rate is shown in Figure 4.26. 

The result indicated the configuration with inlet height of 0.1 m and outlet height of 1.1 m had 

highest mass flow rate of air at the collector’s exit at the various solar radiation intensities. This 

was because the air had less restriction when it flowed by buoyancy to the chimney at divergent 

mode.  

 

Figure 4.26: Mass flow rate of air versus solar radiation intensity for different collector's inlet 

and outlet heights  

The results of the air mass flow rates were in line with the study conducted by Gholamalizadeh 
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4.4.1.4 Electrical Power Output for Case 1E at Optimum Air Volume (60 m3) 

The comparison of the electrical power outputs for the different sloped canopy profiles at 

different solar radiation intensity is presented in Figure 4.27. As previously stated, the sloped 

profile at 0.1 m collector inlet height and 1.1 m collector outlet height resulted in the highest 

electrical power output, which was rated at 7.13 W at 1000 W/m2. This sloped canopy profile 

achieved a 12.1 % improvement in comparison to the conventional flat canopy which only 

resulted in a total electrical power output of 6.36 W. As the mass flow rate and the velocity of 

air at the collector’s exit were increased with the inclination of the transparent cover, the air 

power to the turbine was increased too. Therefore, a higher electrical power output was 

produced by the turbine-generator. These results further supported the idea of Cottam et al. 

(2016) in which they suggested that the outlet height of the solar collector should be sufficiently 

high to achieve a higher electrical power output. The large outlet height of the collector was 

proven to provide a maximum kinetic energy to the air particles flowing through the collector-

to-chimney junction. On top of that, the results of the electricity power generation in Figure 

4.27 were in agreement with Ghorbani et al. (2015)’s findings which showed that the electricity 

production increased as the roof slope steepened. These findings were likely to be related to 

the fact that when the height of the solar collector was increased towards the updraft tower, it 

served to guide the heated collector air up the chimney. As a consequence, the heated air flowed 

more easily across the collector-to-chimney transition region. These observations were similar 

to those of the fluid flow in piping elbows and bends, whereby there is less pipe friction loss 

when the pipes and bends are designed to redirect the flow in a smooth manner.  

 

Figure 4.27: Electrical power output for different sloped canopy profiles 
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4.4.2 Effect of Air Volume on Heat Transfer in the Incline Solar Collector of the System 

The inclined solar collector of 100 m2 absorber and transparent cover areas represented as Case 

1E was investigated with five different air volumes in the greenhouse and compared. The air 

volumes investigated were consisted of 30 m3, 40 m3, 50 m3, 60 m3 and 70 m3. The analysis of 

the collector component temperatures and the air temperatures with the energy transfer to the 

ambient are presented in subsections below. 

4.4.2.1 Collector Component Temperatures for Case 1E at Different Air Volume 

The effect of air volume on collector components average temperatures were investigated. 

Figure 4.28 shows the temperatures of the absorber components operating at different air 

volumes. It was observed that absorber temperature was highest when the air volume in the 

greenhouse was 30 m3. This indicated the possibility for the occurrence of higher re-radiation 

heat transfer from the absorber to the transparent cover. With the increase in the air volume 

from 30 m3 to 70 m3, the temperatures of the absorber were found to reduce. These results 

showed that as the air volume increased, more heat was removed from the absorber thereby 

reducing the absorber temperature and consequently the re-radiation heat transfer to the cover. 

 

Figure 4.28: Absorber Temperature against Solar Radiation Intensity at Different Air 

Volumes (Flat Collector Profile) 
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The air volume was also observed to affect the temperature of the transparent cover as can be 

seen on the temperature plot at different solar radiation intensities as presented in Figure 4.29. 

The results showed that when the air volume increased, the temperature of the transparent cover 

dropped. This was attributed to the reduced re-radiation heat transfer from the absorber to the 

cover.  It was found that at 30 m3 air volume, the transparent cover temperature was highest 

considering different solar radiation intensities. This result further proved that there was a 

higher re-radiation heat transfer from the absorber to the transparent cover in the case involving 

the 30 m3 air volume, which caused the transparent cover temperature to be higher in 

comparison to other cases. Section 4.4.2.3 discusses the thermal loss to the ambient from the 

transparent cover for Case 1E involving different air volumes. 

 

Figure 4.29: Transparent Cover Temperature against the Solar Radiation Intensity at 

Different Air Volumes (Flat Collector Profile) 
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increased from 60 m3 to 70 m3, the performance of the system deteriorated as can be seen from 

Figure 4.24.  

 

Figure 4.30: Collector Air Temperature against Solar Radiation Intensity at Different Air 

Volumes 

4.4.2.2 Collector Component Temperatures for Case 1E at Optimum Air Volume (60 m3) 
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Figure 4.31: Absorber Temperatures against the Solar Radiation Intensity at Different 

Collector’s Inclination 

The absorber temperatures above had a significant effect on the corresponding transparent 

cover temperatures. For instance, a high temperature of the absorber would lead to increase in 

the transparent cover’s temperature. Cover temperature analysis is presented in Figure 4.32. It 

was observed that the collector configuration having constant inlet and outlet height of 0.6 m 

showed highest transparent cover average temperatures at different solar radiation intensities. 

On the other hand, when the collector was inclined at 0.1 m inlet height and 1.1 m outlet height, 

the transparent cover average temperature was observed to be the lowest. These results proved 

that the transparent cover’s inclination could improve the system’s performance by reducing 

the temperatures of the transparent cover which would consequently reduce the thermal losses 

to the ambient. The effect of the collector’s inclination profile on the thermal loss reduction at 

the transparent cover component is discussed in Section 4.4.2.4. 
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Figure 4.32: Transparent cover Temperature against the Solar Radiation Intensity at Different 

Collector's Inclination 

4.4.2.3 Thermal Loss to the Ambient for Case 1E at Different Air Volume 

The thermal losses from the cover of the collector were investigated without considering the 

effect of wind. The results of the investigation are reported in Figure 4.33. In this figure, when 

the air volume of the solar collector was 30 m3, there was a higher thermal loss from the 

transparent cover to the ambient. This was indicated by the high values of radiation heat transfer 

loss coefficients from the transparent cover. These results further support the justification 

provided in the previous Section 4.4.2.1 that a low volume of collector’s air led to significant 

heat transfer by radiation from the absorber to the transparent cover, which consequently 

resulted in a thermal loss to the ambient. Figure 4.33 also shows that as the air volume was 

increased from 30 m3 to 70 m3, the thermal loss coefficient from the transparent cover 

component to the ambient was reduced. Considering the effect of temperature difference 

between the cover and the ambient for the various air volume, 30 m3 air volume configuration 

will lose more heat from the cover to the ambient by radiation. 
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Figure 4.33: Radiation Heat Transfer Loss Coefficients from the Transparent cover to 

Ambient at Different Solar Radiation Intensities 

4.4.2.4 Thermal Loss to the Ambient for Case 1E at Optimum Air Volume (60m3) 

The thermal losses from the transparent cover to the ambient were also investigated considering 

different transparent cover’s inclination at the optimum air volume of 60 m3. When the solar 

collector had uniform inlet and outlet heights 0.6 m (flat canopy roof), higher thermal losses 

from the cover to the ambient occurred, as shown in Figure 4.34. In the flat canopy roof system, 

as the air approached the streamlined region of the collector, the air temperature became too 

high which led to a higher re-radiation. However, when the transparent cover roof was inclined, 

the re-radiation dropped. It was evident in Figure 4.34 that when the roof was inclined by 

reducing the inlet gap to 0.1 m and increasing the exit gap to 1.1 m, the radiation heat transfer 

loss coefficients from the transparent cover to the ambient were significantly reduced. This was 

due to the larger gap between the absorber and the transparent cover in the sloped canopy roof 

system. The gap here referred to the effective cross-sectional area of the air flow channel. When 

the gap gradually increased as the roof was being inclined, the radiation heat transfer reduced 

and the air removed higher amount of heat from the streamlined region of the absorber.  
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Figure 4.34: Radiation Heat Transfer Loss Coefficients from the Transparent cover to the 

Ambient at Different Collector's Inclination 

4.4.3 Collector Efficiency Analysis at Various Canopy Profile 

The analysis of the collector efficiency was conducted for the various air volume discussed in 

previous sections. With respect to the optimum air volume determined in the study for the 

collector area of 100 m2, the efficiency of the collector was also analyzed for the different 

configuration of Case 1E. 

4.4.3.1 Collector Efficiency Analysis at Different Air Volume 

The efficiency of the collector was evaluated considering the collector component temperatures 

and the useful energy generated from the various air volume investigated. The results of the 

collector efficiencies at different air volume is reported in Figure 4.35. The results showed that 

the collector with 60 m3 air volume had the best collector efficiency while the collector with a 

low air volume of 30 m3 showed lowest efficiency. It can be inferred that lower air volume led 

to higher thermal loss which resulted to low collector efficiency. Similarly, extreme high air 

volume reduced the collector efficiency as well. The simulation helped in determining the 

optimum air volume that gives highest collector efficiency.  
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Figure 4.35: Collector Efficiency at Different Solar Radiation Intensities for Different 

Collector Air Volumes 

4.4.3.2 Collector Efficiency Analysis for Optimum Air Volume with Varied Configurations 

The steepest collector with 0.1 m collector’s inlet height and 1.1 m collector’s outlet height has 

the highest efficiencies at different solar radiation intensities, as compared to the collector of 

0.6 m constant gap between absorber and transparent cover which shows lowest efficiencies as 

can be observed from Figure 4.36. Therefore, the collector with its transparent cover roof being 

inclined at 0.1 m inlet height and 1.1 m outlet height was selected as the reference geometry 

for other numerical investigations. 
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Figure 4.36: Collector's efficiency for different sloped canopy profiles 

4.5 Influence of the Concrete Thicknesses on Inclined SCPP Collector Performance 

The effect of concrete absorber thickness on collector performance of the inclined SCPP was 

investigated. The investigation was conducted with focus on thermal storage of the absorber 

for extended operation of the plant. This investigation was carried out to achieve the research 
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thermal energy storage. In the simulation of the absorber’s thermal storage effect, the major 

parameters included the absorber thickness and available solar radiation while considering 

other constant variables, as presented in Section 3.9.3. Sub-sections 4.5.1 and 4.5.2 present the 

results of the influences of the concrete thicknesses on the air buoyancy in the inclined SCPP 

and the temperature field of the absorbers with different absorber thicknesses respectively. The 

potential capacities of the concrete absorber for thermal storage will also be described. 

 

19.5

20

20.5

21

21.5

22

22.5

23

23.5

24

24.5

25

1000 W/m2 800 W/m2 600 W/m2 400 W/m2 200 W/m2

C
o

lle
ct

o
r 

Ef
fi

ci
en

cy
 (

%
)

Different Collector's Profiles
0.6 m Collector Inlet and 0.6 m Collector Outlet 0.5 m Collector Inlet and 0.7 m Collector Outlet

0.4 m Collector Inlet and 0.8 m Collector Outlet 0.3 m Collector Inlet and 0.9 m Collector Outlet

0.2 m Collector Inlet and 1.0 m Collector Outlet 0.1 m Collector Inlet and 1.1 m Collector Outlet



99 | P a g e  
 

4.5.1 Effect of Concrete Thicknesses on Buoyancy in the Inclined SCPP 

The effect of concrete thickness was investigated to determine the optimum thickness suitable 

for a 100 m2 inclined collector area for the inclined SCPP. The results are analyzed as shown 

below considering the buoyant air velocity, mass flow rate and collector efficiency.  

4.5.1.1 Velocity of Air at the Chimney Base at Different Concrete Absorber Thicknesses 

The buoyant air velocity at the chimney base for the same collector area and chimney height 

was analyzed considering the different absorber thicknesses. The simulation results of buoyant 

air velocity at the base of the chimney is shown in Figure 4.37 for different concrete thicknesses 

under different solar radiation intensities considered from 200 W/m2 to 1000 W/m2. In 

consideration of the different solar radiation intensities, the results showed that the air velocity 

at the base of the chimney slightly increased when the absorber’s thickness was increased from 

0.1 m to 0.3 m. No significant changes in the air velocity were noticed when the thickness of 

the absorber was 0.4 m and above. These findings, while preliminary, suggested that there was 

a higher heat loss occurring through the back of the concrete absorber when its thickness was 

lower than 0.3 m. The occurrence of heat losses through the back of the concrete resulted in a 

reduced useful energy in the buoyant air within the greenhouse. At low absorber thickness 

considering the size of collector in this investigation, there was decrease in thermal resistance 

of the absorber. This led to significant thermal energy transfer by conduction from the absorber 

surface through the absorber thickness to the back which in-turns led to convective thermal 

loss to the ambient and radiation to the surrounding ground. Consequently, with the reduced 

useful energy in the greenhouse at low absorber thickness, the buoyancy of the air heated in 

the collector was affected which caused a reduction in the air velocity at the chimney’s base.  
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Figure 4.37: Velocity of Air at the Chimney Base against Solar Radiation Intensity at 

Different Concrete Thicknesses 

Another important finding from Figure 4.37 was that the computational models (considering 

the absorber thicknesses in the range between 0.4 m and 0.8 m) predicted almost similar air 

velocity at the chimney’s inlet. This result indicated that the concrete thicknesses of 0.4 m and 

above were sufficiently deep to restrict the thermal energy losses from the back to the ambient. 

This led to a higher heat energy gained at the absorber and consequently higher velocity at the 

chimney base. The higher thickness of the concrete allowed the bottom surface of the absorber 

to continually adjust to the condition and temperature of the ambient in line with the solar 

radiation intensity. This led to reduced thermal losses from the back of the absorber to the 

surrounding. A detail discussion on the thermal storage and thermal performance is presented 

in Section 4.5.2.  

4.5.1.2 Mass Flow Rate of Air at Chimney Base at Different Concrete Absorber Thicknesses 

The results of the evaluated mass flow rate of air at the base of the chimney with respect to 

different solar radiation intensities and varying concrete thicknesses are presented in Figure 

4.38. The mass flow rate of air was calculated based on the air velocity magnitudes reported in 

Figure 4.37, using Equation 3.39. The result as presented in Figure 4.38 showed significant 
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increase in mass flow rate of air at the base of the chimney considering the concrete absorber 

thickness of 0.1 m to 0.3 m. On the other hand, the air mass flow rate was virtually constant 

when the thickness of the concrete was higher than 0.3 m considering the various solar radiation 

intensities.  

 

Figure 4.38: Mass Flow Rate of Air at the Chimney Base against the Solar Radiation 

Intensity at Different Concrete Thicknesses 

4.5.1.3 Electrical Power Output of the Inclined SCPP with the Consideration of Different 
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0.1 m to 0.4 m. This was also associated to the explanation that the low thickness of the concrete 

caused a higher heat exchange with the surrounding ambient which reduced the useful heat 

energy gain by the working fluid inside the solar collector.  

 

Figure 4.39: Electrical Power Output against the Solar Radiation Intensity at Different 

Concrete Thicknesses 

4.5.2 Effect of Concrete Thicknesses on the Absorber’s Temperature Field and Thermal 

Storage 
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considering different concrete thicknesses, as shown in Figure 4.40 and Figure 4.41, 

respectively.  

 

Figure 4.40: Absorber Average Top Surface Temperature for Different Concrete Thicknesses 

Figure 4.40 reveals that the thickness of the absorber influences the temperature of the surface. 

This is because as the concrete absorber thickness increases, there is reduced thermal loss 

which consequently increases the energy stored in the absorber. This is evident in the results 

of the temperature of the back of the concrete absorber as shown in Figure 4.41. In Figure 4.41, 

the temperature difference for the different absorber thicknesses showed higher variation as 

compared to the temperature difference observed at the absorber’s surface in Figure 4.40. A 

consideration of the absorber thickness from 0.3 m and above indicated less significant 

temperature differences at various solar radiation intensity were observed at both the top and 

back surface of the concrete absorber.  
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Figure 4.41: Absorber Bottom Surface Temperature for Different Concrete Thicknesses 

A clear visualization of the impact of the concrete absorber thickness can be seen from the 

temperature difference between the absorber surface and the temperature of the absorber’s back 

as presented in Figure 4.42. The results as presented in Figure 4.42 revealed that there was 

increase temperature differences between the bottom and top surfaces of the absorber with 

respect to absorber thickness from 0.1 m to 0.3 m but showed less significant variation above 

0.3 m concrete thickness, the temperature differences between the absorber’s bottom and top 

surfaces did not increase but remained nearly constant. These findings raised important 

implications for describing the thermal storage capabilities of the concrete material, in relation 

to the concrete’s thicknesses.  
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Figure 4.42: Average Temperature Differences between Absorber Top and Bottom Surfaces 

for Different Concrete Thicknesses 

At 0.1 m concrete thickness, there was small temperature difference between the absorber’s 

top surfaces and the back surface temperature while with increase in absorber thickness, there 

were significant increase in temperature difference between the top surface and the back of the 

concrete absorber. The low temperature difference in the 0.1 m thickness indicated possibilities 

for higher thermal losses through the back of the absorber to the surroundings. The findings 

from this investigation showed that higher thickness of the concrete provided resistance to 

conduction heat transfer from the absorber’s top surface through the concrete absorber 

thickness to the back surface, thus allows for heat storage for possible extended operation of 

the plant at low solar radiation and night time in the inclined SCPP.  
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observed that the bottom layers of the absorber with thickness of 0.3 m and above had lower 

temperatures difference between the back and the ambient and shows reduced trend of heat 

transfer to the ambient as compared to 0.1 m and 0.2 m absorber. As the thermal loss to the 

ambient through the back of the absorber was minimized, the concrete was capable to store the 

excess heat at various solar radiation intensities which could be used for continuous operation 

of the plant during less sunny time and night.  

The analysis of the energy storage in the different absorber thickness is presented in Figure 

4.43 considering Equation 3.41. The results show that the inclined SCPP with 0.1 m concrete 

thickness resulted in the lowest heat energy stored while the thermal storage capacity increased 

with increase in absorber thickness.  

 

Figure 4.43: Heat Energy Stored for the Different Concrete Thicknesses 
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use of 0.1 m absorber thickness led to the highest radiation heat transfer loss coefficients 

through the absorber’s back surface to the surrounding ground, as shown in Figure 4.45. The 

results also indicate that both convective and radiation heat transfer losses through the back of 

the concrete absorber were reduced with higher absorber thicknesses.  

 

Figure 4.44: Convective Heat Loss Coefficients for Different Absorber Thicknesses 

 

Figure 4.45: Radiation Heat Loss Coefficients for Different Absorber Thicknesses 
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4.5.2.4 Collector Efficiency of the Inclined SCPP with the Consideration of Different 

Concrete Thicknesses 

The results of the collector efficiency as presented in Figure 4.46 showed that lower absorber 

thickness degrades the solar collector efficiency. The collector efficiency was evaluated using 

Equation 3.40. In Figure 4.46, it was apparent that the collector efficiencies were approximately 

equal between the 0.3 m and 0.4 m concrete thicknesses, ranging from 15.5 % efficiency at 200 

W/m2 to 16.3 % efficiency at 1000 W/m2 solar radiation intensity. It was also found that at 

higher concrete absorber thicknesses, the collector efficiencies remained constant at 15.8 % 

and 16.6 % for the solar radiation intensities between 200 W/m2 and 1000 W/m2, respectively. 

However, it should be noted that a high absorber thickness is at the expense of higher 

investment cost for the plant construction. 

 

Figure 4.46: Collector Efficiency versus Solar Radiation Intensities for Different Concrete 

Thicknesses 
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and 90° orientation angles and evenly distributed across the collector absorber. The results of 

the air velocity is presented in Figure 4.47. The result showed degradation in the air velocity 

as compared to the case without air vents. In furtherance to this investigation, preliminary 

studies on the location of the vents were conducted which inferred that the best location for the 

vents in the configuration described above as detailed in Section 3.9.3 is at the locations near 

the inlet within 25% of the air-flow channel length (Vents located between 0 m to 4 m along 

the collector’s length). As shown in Figure 4.47, the air velocity for the system with the air-

vents located between 0 m to 4 m from the inlet of the collector showed higher output.  

 

Figure 4.47: Air Velocity at the Chimney Base for the Inclined SCPP Air-Vents Orientations 
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3.9.4. The investigation on the use of underneath air-vents considers the effect of vent angle on 

the performance of the system and the effect of air vents on the absorber’s thermal storage 

capacity.  

4.7.1 Effect of the Air Vents with Varying Orientation Angles on Air Buoyancy 

The effect of air vent on air buoyancy, mass flow rate and possible power output of the system 

was investigated. The analysis and the results discussions are presented in subsections below. 

4.7.1.1 Velocity of Air at the Chimney Base at Different Orientation Angles of the Vents 

With reference to the model described in Section 3.9.4 which this results are based on, it was 

observed that the inclusion of underneath air-vents to the solar collector absorber, there was 

significant increase in the air velocity at the chimney base as shown in Figure 4.48. With the 

inclusion of the underneath air-vents, air velocity was enhanced at different solar radiation 

intensity of 200 W/m2 to 1000 W/m2. For example, at a high solar radiation intensity of 1000 

W/m2, the air velocity at the chimney base of the inclined SCPP without air vents was 4.61 m/s 

whereas the inclined SCPP with 80° and 90° vents predicted the highest air velocity of 4.85 

m/s at the chimney base. On the other hand, at a low solar radiation intensity of 200 W/m2, the 

inclined SCPP without vents estimated 2.63 m/s while the inclined SCPP with 50° vents 

predicted the highest air velocity of 2.73 m/s. These results verified the hypothesis that the air 

vents could enhance the collector performance and consequently improve the air buoyancy in 

the inclined SCPP. 
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Figure 4.48: Velocity of Air at the Chimney Base for the Inclined SCPP with Different 

Orientation Angles of Vents 

The driving force for the influx of air through the underneath air-vents is the increase in 

temperature of the absorber. With the influx of lower temperature air into the solar collector 

through the air vents, higher amount of heat is removed from the absorber and converted to 

useful energy in the buoyant air and consequently increases the mass flow rate of air at the 

chimney base. The increase in temperature of the buoyant air contributed to the drop in air 

density as well as increase the air velocity. Considering Bernoulli principle, higher velocity of 

air corresponded to lower air pressure inside the chimney. Meanwhile, the low ambient 

temperature and low ambient air velocity caused a higher air pressure on the outside of the 

system. This created larger pressure and density differences between the buoyant air exiting 

the chimney and the surrounding atmospheric air at the top of the chimney. With increase in 

air mass flow rate and air velocity induced by the inclusion of the underneath air-vents, the 

driving force in the inclined SCPP tends to overcome the pressure buildup over the chimney 

outlet and enhance power output of the plant.  
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recorded at 50° vent-angle. The velocity vectors of the air flow near the vents at different angles 

are presented in Appendix B. The results showed that the higher vent-angles (60o to 90o) shows 

higher influx at higher solar radiation intensity but with less air near the absorber surface 

leading to air circulation near the air vent location. This air circulation could explain the 

performance degradation of the inclined SCPP with higher vent-angle when the system was 

subjected to lower solar radiation intensities. On the other hand, at lower vent-angles (10o to 

50o), the velocity vectors showed the air path closer to the absorber surface which explains why 

higher air velocity was observed at the chimney base at lower solar radiation intensity at these 

lower vent-angles.  

4.7.1.2 Mass Flow Rate of Air at Chimney Base at Different Vents Orientation Angles 

The air mass flow rate at the chimney base considering the air velocities presented in Figure 

4.48 was computed as and presented in Figure 4.49. The result as can be seen shows that the 

system without air vents has the lowest air mass flow rates at the base of the chimney. In line 

with one of the research objectives which aimed to improve the performance of the inclined 

SCPP through the use of vents, these results proved that the inclusion of underneath air vents 

at the collector absorber increased the air mass flow available to the turbine. The introduction 

of air vents induced additional air stream into the collector which increase the air mass flow 

rate and improve the plant’s performance. As can be seen from the Figure 4.49, at solar 

radiation intensities of 200 W/m2, 400 W/m2 and 600 W/m2, the inclined SCPP with 50° vents 

showed the highest air mass flow rates at 0.61 kg/s, 0.77 kg/s and 0.87 kg/s, respectively. 

Meanwhile, at a high solar radiation intensity of 1000 W/m2, the highest air mass flow rate was 

obtained through the use of vents with the orientation angles between 60° and 90°. The system 

installed with 50° vents could still result in an almost equivalent air mass flow rate to those of 

the previously mentioned systems. Therefore, the underneath air vents oriented at 50° with 

respect to the horizontal surface of the absorber was determined to be the best orientation angle 

for optimum air mass flow rates output considering all solar radiation intensities.  
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Figure 4.49: Mass Flow Rate of Air at the Chimney Base for Different Vents Angles 

4.7.1.3 Electrical Power Outputs of the Inclined SCPP with Vents of Varying Orientation 

Angles 

The results of the evaluation of the electrical power output for the inclined SCPP considering 

various vent-angles (10o to 90o) is presented in Figure 4.50. The results showed significant 

higher outputs than the system without vents. At 1000 W/m2 solar radiation intensity, the 

inclined SCPP without vents produced only 7.13 W, whereas the system installed with 80° and 

90° vents resulted in the highest electrical power output of 8.22 W (15.3% improvement). 

Similarly, at 1000 W/m2, the inclined SCPP with 50° vents could produce a reasonably high 

electrical power output rated at 8.05 W (13% improvement). At lower solar radiation intensities 

from 200 W/m2 to 600 W/m2, the inclined SCPP with 50° vents produced the highest electrical 

power outputs which led to approximately 13.6 % improvement in comparison to the system 

without air vents while for the entire range of solar radiation from 200W/m2 to 1000 W/m2, an 

improvement of about 13% was achieved. These results showed that when the vents were 

oriented at 50° with respect to the absorber surface, the system could produce satisfactory 

electrical power outputs at different solar radiation intensities. These results also proved that 

the use of underneath air vents in a low cost inclined SCPP will help improve the power 

generation from renewable solar energy that can be possibly connected to the grid.  
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Figure 4.50: Electrical Power Output of the Inclined SCPP with Vents of Different Angles 
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the findings of the current study suggested that, with the inclusion of air vents, the collector 

efficiencies of the inclined SCPP was enhanced through improved air mass flow in the system.  

 

Figure 4.51: Collector Efficiency of the Inclined SCPP with Air Vents at Various Angles 

4.7.2 Results Analysis of Collector Components’ Temperatures and Thermal Energy 
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4.7.2.1 Collector Absorber Temperature Analysis for the Inclined SCPP  
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temperature. This is because there is higher heat removal from the absorber by the air 

considering that the air flow near the absorber as presented in Appendix B, Figure B.5. This 

reduced the average temperature of the absorber.  

 

Figure 4.52: Absorber Temperatures for the Inclined SCPP with and without Vents 

Moreover, Figure 4.52 showed that the inclined SCPP with 10° and 90° vents had higher 

absorber temperatures in comparison to the inclined SCPP with 50° vents. For the air vents 

orientation angle of 90°, less air flow was observed near the collector absorber while the air 

flow at that point was characterized of circulation flow thus less heat removal from the absorber 

as can be observed in the velocity vectors presented in Appendix B, Figure B.9. For the case 

of the system with 10° vents, as the vents were sloped at 10° with respect to the flat absorber 

surface, the slant position of the vents caused low influx of air from ambient into the 

greenhouse, thus less air volume to remove heat from the absorber.  
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temperature air from the ambient through the vents into the greenhouse, thus increased 

convective heat removal from the absorber by the air and reduced radiation heat transfer from 

the absorber to the cover. This caused a reduction in the average temperatures of the transparent 

cover and also less thermal loss to the ambient from the cover.  

The effect of the vents’ orientation angles on the temperatures of the transparent cover showed 

that the 50° vent angle displayed lowest cover temperature at different solar radiation 

intensities. These results can be explained by using the velocity vector diagram in Figure B.5. 

The velocity vectors showed that the air particles flowing into the greenhouse from the 50° 

vent homogenously mixed with the buoyant hot air in the greenhouse and assume same flow 

pattern and direction with the buoyant air from the point of entrance. As the hot air particles in 

the greenhouse were evenly mixed with the induced cold air particles from the ambient, a lower 

temperature of the transparent cover was observed in the inclined SCPP with 50° vents. In the 

configurations where the vents were oriented at 10° and 90° angles, the transparent cover 

resulted in higher temperatures in comparison with the 50o oriented air-vent model. As can be 

seen in Section 4.7.2.1, the absorber temperatures for the system with 10° and 90° vents were 

higher in comparison to the system with 50° vents, which prompted the increase in the 

transparent cover temperatures.  

 

Figure 4.53: Transparent Cover Average Temperature for the Inclined SCPP with and 

without Vents of Varying Angles 
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4.7.2.3 Thermal Losses to the Ambient for the Transparent Cover of Inclined SCPP 

The effect of the varying average temperatures of the cover at different air-vent angles were 

evaluated along with the case of the model without air-vents. The results as shown in  Figure 

4.54 showed the radiation heat transfer coefficient variation considering the radiation effect 

between the cover and the sky. Similarly, the convective heat transfer coefficient from the 

cover to the ambient is presented in Figure 4.55 under no wind condition following natural 

convective heat transfer effect due to temperature difference between the cover and the 

ambient. In  Figure 4.54, it was observed that without the inclusion of the underneath air-vents, 

the system was characterized of higher radiation thermal loss from the transparent cover to the 

ambient. On the other hand, the inclined SCPP with underneath air-vents showed lower value 

of radiation heat transfer coefficients from the transparent cover to the ambient.  

 

 Figure 4.54: Radiation Heat Transfer Loss Coefficients from Cover to Ambient for the 

Inclined SCPP with and without Air-Vents  

Similarly, considering Figure 4.55, it was also observed that the convective heat transfer 

coefficient of the model without inclusion of air-vents was higher than the models with air-

vents. The model with 50o oriented air-vents showed the least convective heat transfer 

coefficient due to the low cover temperature.  
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Figure 4.55: Convective Heat Transfer Loss Coefficients from Cover to Ambient for the 

Inclined SCPP with and without Air-Vents  

The analysis above reflects the reason why the power output in the system with 50o oriented 

air-vents was highest. This is because the thermal energy gained by the absorber was recovered 

by the buoyant air and the guided influx of cold air from the vents as useful energy for power 

generation. These results proved the hypothesis of this research that the underneath air-vents 

integrated to an inclined SCPP can be utilized to reduce thermal losses in the solar collector 

and enhance the driving force of the buoyant air.  

4.8 Effects of the Different Positions of the Air Vents in the Solar Collector  

The flow behavior of the hot buoyant air in the solar collector was investigated by changing 

the positions of the vents in the solar collector absorber. The effects of the variation in the air 

vents’ positions on the inclined SCPP’s performance was studied. As indicated in the previous 

section, the vents angle of 50° showed best configuration to minimize the thermal losses from 

the transparent cover to the ambient, thus, the 50° oriented air-vents was used to model the 

system for further investigation. Section 3.9.5 presented the description of the manipulated and 

constant variables employed in the investigation of the air-vents positions.  
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4.8.1 Influence of the Air Vents’ Locations on Air Buoyancy 

In line with the standard model described in Section 3.9.3 which has 0.5 m chimney diameter, 

the investigation was carried out to see the best location for the air-vents. This section presents 

the finding on the varying position of the air-vents in the inclined SCPP. The effect on velocity, 

pressure, power output and thermal loss is presented in the subsections. 

4.8.1.1 Velocity of Air at the Chimney Base for Different Air-Vents’ Positions 

The air velocity magnitudes recorded at the base of the chimney with respect to the different 

air vents’ positions are presented in Figure 4.56. Considering the base model, the results 

showed that when the air vents were located at 0 to 4 m position along the air-flow length of 

the solar collector, the output velocities were highest considering solar radiation intensities 

from 200 W/m2 to 1000 W/m2. When the vents were evenly distributed across the entire 

absorber area or located further from the collector’s inlet (after 4 m from the inlet) and nearer 

to the chimney inlet, the air velocities at the base of the chimney significant drops. For example, 

when the vents were situated at 12 m to 16 m partition of the solar collector, the output 

velocities were lowest as shown in Figure 4.56. The visual presentation of the air velocity 

vectors at the various locations are presented in Appendix C. 

 

Figure 4.56: Velocity of Air at the Chimney Base for Different Vents’ Positions 
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4.8.1.2 Gauge Pressure of Air with respect to Various Air Vents Positions 

Figure 4.57 showed the system’s air gauge pressure evaluated from plains drawn at the air flow 

channel along the length of the collector from its inlet to chimney base. The pressure difference 

between the ambient air and the system air is a major driving force for the buoyant air in the 

chimney. Thus at low gauge pressure, the air velocity dropped.  

 

Figure 4.57: System’s Air Gauge Pressure Measured along the Length of the Collector 

To explain the situation that occurred at chimney base as shown in the graph of Figure 4.57, 

when the vents are installed at higher locations nearer to the chimney, higher influx of air will 

occur which leads to choke at the chimney base and consequently creates pressure buildup 

which restricts air flow.  

4.8.1.3 Mass Flow Rate of Air at the Chimney Base for Different Air Vents Positions 

The air mass flow rates in Figure 4.58 were determined based on the average air velocities 
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highest air velocities and consequently, produced the highest air mass flow rates at the chimney 
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Figure 4.58: Mass Flow Rate of Air at the Chimney Base for Different Positions of the Vents 

4.8.1.4 Electrical Power Outputs of the Inclined SCPP Considering Different Air Vents’ 

Positions 

The electrical power output of an inclined SCPP depends on the power in the buoyant air and 

the efficiency of the turbine. Considering the mass velocities presented in Figure 4.56, the air 

power was determined using Equation 3.44. The electrical power output obtained from the 

various configurations are presented in Figure 4.59 showing the system with the air-vents near 

to the collector inlet with higher power output.  

 

Figure 4.59: Electrical Power Outputs of the Inclined SCPP Considering Different Positions 

of the Air Vents 
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4.8.2 Thermal Field Analysis of the Collector Components of Inclined SCPP at Different 

Vents’ Positions  

Considering the collector, this section presents the effect of the vent locations on the 

components temperatures and the thermal losses through the cover.  

4.8.2.1 Collector Absorber Temperatures for the Inclined SCPP with Vents at Various 

Positions 

The collector absorber average temperatures for the inclined collector with vents located at 

various locations are presented in Figure 4.60. The results showed that the absorber average 

temperature was lowest for the model with the air-vents between 0 to 4 m along the collector’s 

length. On the other hand, the systems with vents situated at 4 m to 8 m, 8 m to 12 m, and 12 

m to 16 m along the collector’s length indicated higher absorber temperature which might be 

associated to the loss of air flow through the vents. Similarly, the nearer the vents to the 

chimney, the absorber will experience higher temperature because the absorber surface area 

before the vents already gained higher temperature in excess which the less volume of air at 

that location could not utilize optimally, thus increased the absorber temperature. This increase 

in temperature also reflect on the cover temperature showing the effect of re-radiation from the 

absorber to the cover. 

 

Figure 4.60: Absorber Temperatures for Different Positions of the Air Vents 
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4.8.2.2 Temperatures Analysis for Collector Transparent Cover of Inclined SCPP with 

Vents at Various Positions 

Based on the discussion in Section 4.8.2.1, it was determined that the absorber temperatures 

were the lowest when the air vents were installed between 0 to 4 m away from the collector’s 

inlet. The variation in the absorber temperatures for the various models are evident on the 

variations of the cover temperatures as can be seen in Figure 4.61. The system with air-vents 

between 0 to 4 m showed the least cover temperature while the cover average temperature 

continues to gradually increase as the location of the vents are adjusted towards the chimney 

location. The gradual increase in average transparent cover temperatures leads to higher 

thermal losses to the ambient.  

 

Figure 4.61: Transparent Cover Temperatures for the Different Vents’ Positions 
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the collector’s length, the useful energy gained was highest. This result was determined due 

lower thermal losses by radiation to the ambient, therefore, the collector’s air was able to obtain 

higher useful energy. 

 

Figure 4.62: Average Temperatures of Buoyant Air in the Greenhouse for the Different 

Vents’ Positions 

 

Figure 4.63: Useful Energy Gain of Buoyant Air in the Greenhouse for the Different Vents’ 

Positions 
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4.8.2.4 Thermal Losses to the Ambient Through the Transparent Cover of the Collector for 

the Inclined SCPP with Vents at Various Positions 

The thermal losses from the cover to the ambient are evaluated considering the radiation 

thermal loses and convective thermal losses under no wind conditions. The radiation heat 

transfer loss coefficients for the various models are presented in Figure 4.64 while the 

convective thermal loss coefficients are presented in Figure 4.65. The inclined SCPP with vents 

located between 0 to 4 m along the collector’s length present the lowest radiation heat transfer 

loss coefficients from the transparent cover to the ambient. Due to the lower thermal losses by 

radiation to the ambient, this system was able to result in a higher useful energy gain by the 

collector’s air. The reversed flow of air at the collector region led to reduced mass flow rate of 

air in the system for models with air vents at 4 m to 8 m, 8 m to 12 m, and 12 m to 16 m thereby 

created insufficient air volume in the greenhouse, thus, leading the increase thermal loss. This 

is because the absorber temperature was significantly increase contributing the increase heat 

transfer from the absorber to the cover and consequently to the ambient. 

 

Figure 4.64: Radiation Heat Transfer Loss Coefficients from the Transparent Cover to the 

Ambient Considering the Inclined SCPP with Various Vents’ Positions 

The increase in temperature of the cover also contributed to the increase convective heat 

transfer loss coefficient as shown in Figure 4.65.  

5.6

5.8

6

6.2

6.4

6.6

6.8

7

1000 W/m2 800 W/m2 600 W/m2 400 W/m2 200 W/m2

R
ad

ia
ti

o
n

 H
ea

t 
Tr

an
sf

er
 C

o
ef

fi
ci

en
ts

 (
W

/m
2

.C
)

Solar Radiation Intensities (W/m2)

0 to 4 m Air Vents Position 4 m to 8 m Air Vents Position
8 m to 12 m Air Vents Position 12 m to 16 m Air Vents Position



127 | P a g e  
 

 

Figure 4.65: Convection Heat Transfer Loss Coefficients from the Transparent Cover to the 

Ambient Considering the Inclined SCPP with Various Vents’ Positions under no Wind 

Condition 

4.8.3 Collector Efficiencies of the Inclined SCPP with Vents at Various Positions 

The results of the collector efficiency for the system with different air vents showed that the 

model with the air-vents between 0 to 4 m has best efficiency among the investigated model as 

shown in Figure 4.66.  

 

Figure 4.66: Collector Efficiencies of the Inclined SCPP with Vents at Various Positions 
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4.9 Influence of Chimney Diameters on the Performance of the Inclined SCPP with 

Underneath Air Vents 

In this study, the performance of the inclined SCPP with underneath air vents was evaluated 

by manipulating the diameter of the chimney while the air-vents were evenly distributed across 

the surface of the absorber. It was determined in the previous Section 4.8 that the system’s air 

experienced choke effect at the base of the chimney (throat) when the chimney had a small 

diameter of 0.5 m. By enlarging the diameter of the chimney, the critical flow behavior (reverse 

flow through the vents) of the fluid at the chimney’s throat was resolved. The complete 

description of the manipulated and constant variables used in this investigation were provided 

in Section 3.9.6. 

4.9.1 Effect of the Chimney Diameters Variation on the Air Buoyancy 

The buoyant air was investigated under various chimney diameters to determine the diameter 

where the reverse flow will be eliminated and suitable for the system with air vents. The 

analysis presented in the subsections below include the velocity, mass flow rate and power 

output. The diameters considered in this investigation are 0.5 m, 0.6 m, 0.7 m, 0.8 m, 0.9 m 

and 1.0 m while the chimney height remained constant. 

4.9.1.1 Velocity of Air at the Chimney Base for Different Chimney Diameters 

With respect to the varied diameters, the velocity at the chimney base were evaluated from the 

simulation data. The results of the average air velocity at the base of the chimney are presented 

in Figure 4.67 with respect the different chimney diameter.  Considering velocity, the inclined 

SCPP with 0.5 m chimney diameter produced the highest air velocity at the base of the 

chimney. As the diameter of the chimney was gradually enlarged from 0.5 m to 1.0 m, the air 

velocity at the chimney base was observed to reduce at the various solar radiation intensities. 

These results were consistent with the principle of fluid continuity where the effect of the 

chimney cross sectional which indicated that the cross-sectional area of the flow channel was 

inversely proportional to the air flow velocity.  
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Figure 4.67: Velocity of Air at the Chimney Base for the Inclined SCPP with Different 

Chimney Diameters 

With the chimney of 0.5 m diameter, the air in the collector experienced choked at the throat 

of the chimney which led to reverse flow in the air such that some of the air exited the collector 

through the underneath air-vents. The increase in the chimney diameter was observed to reduce 

the volume of air that exits through the vents. In Appendix D is the detailed velocity vector 

diagrams of air velocity profile at the vent location for 0.5 m, 0.6 m, 0.7 m, 0.8 m, 0.9 m and 

1.0 m chimney diameters are respectively represented by Figure D.1, Figure D.2, Figure D.3, 

Figure D.4, Figure D.5 and Figure D.6. Considering the results as presented in Appendix D, 

the reverse flow was eliminated at 1.0 m chimney diameter as can be seen from the velocity 

vector diagram presented in Figure D.6.  
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was sufficiently large to allow the heated air to flow through without any restriction, thus no 

reverse flow was experienced at the underneath air-vents.  

 

Figure 4.68: Gauge Pressure of System Air along the Collector’s Length 

4.9.1.3 Mass Flow Rate of Air at the Chimney Base for Different Chimney Diameters 

In consideration of the various chimney diameters investigated, the air mass flow rates 
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SCPP with a larger chimney diameter of 1.0 m for the 100 m2 inclined collector showed highest 

air mass flow rate at various solar radiation intensities, despite having lower air velocity in 
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Figure 4.69: Mass Flow Rate of Air at the Chimney Base for the Inclined SCPP of Different 

Chimney Diameters 

4.9.1.4 Electrical Power Outputs of the Inclined SCPP with Chimneys of Different 

Diameters 

The electrical power outputs represented by Equation 3.47, for the various chimney diameters 

were evaluated considering the effect of pressure using Equation 3.43, air power as represented 

in Equation 3.44 and turbine efficiency of 70% following the report of (Fluri 2008). In 

consideration of different chimney diameters, Figure 4.70 shows the results of the electrical 

power output of the inclined SCPP where the system with 1.0 m chimney diameter was 

observed to show the highest power output considering the solar radiation intensities of 200 

W/m2 to 1000 W/m2. In the previous section 4.9.1.3, it was determined that the system with 

1.0 m chimney diameter resulted in the highest air mass flow rates at the collector’s exit which 

also influenced the air power available to the turbine and consequently, the produced the 

highest electrical power output. When the inclined SCPP consisted of a 0.5 m diameter 

chimney, the electrical power output was only 8.05 W at 1000 W/m2. As the chimney’s 

diameter was enlarged to 1.0 m, the electrical power output was increased to 11.91 W which 

showed a 48 % performance improvement.  
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Figure 4.70: Electrical Power Outputs of the Inclined SCPP with Different Chimney 

Diameters 

4.9.1.5 Collector Efficiencies of the Inclined SCPP with Chimneys of Different Diameters 

The collector efficiencies were observed to increase when the diameter of the chimney was 

enlarged from 0.5 m to 1.0 m, as shown in Figure 4.71. At a large chimney diameter of 1.0 m, 

the air-vents performed effectively, thus the reverse air flow was eliminated at the vents 

locations. The increase in the chimney diameter eliminated the choke as well, thus there was 

no restriction to the buoyant air at the chimney base and influx air from the air-vents. As a 

result, there was a continuous flow of air from the collector’s inlet and the air vents’ inlets into 

the updraft tower.  

 

Figure 4.71: Collector Efficiencies of the Inclined SCPP with Different Chimney Diameters 
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4.9.2 Effect of the Chimney Diameter Variations on the System’s Thermal Losses 

This section presents the collector components average temperatures, buoyant air average 

temperature and the thermal loss from the cover to the ambient through radiation and 

convection under no wind conditions. The subsections present the different conditions. 

4.9.2.1 Collector Components Temperature Analysis of the Inclined SCPP with Chimney 

of Different Diameters 

In Figure 4.72, as the diameter of the chimney was increased from 0.5 m to 1.0 m, it was 

observed that there was a reduction in the average temperature of the absorber. This result 

showed that increase in the chimney diameter reduced the resident time of the air in the 

collector as a result of choke. With the elimination of the choke at the chimney base, the 

buoyant hot air leaves the system easily and make room for influx of colder air from the 

surrounding through the underneath air-vents into the greenhouse. The influx of colder air into 

the greenhouse increases heat removal from the collector’s absorber leading to reduced thermal 

loss from the absorber to the cover and consequently to the ambient through the cover. The 

effect of the heat removal from the collector absorber can be seen on the reduction of the 

absorber’s average temperature as shown in Figure 4.72 were the model with 1.0 m chimney 

diameter experienced the lowest absorber temperature across the various solar radiation 

intensities and more evident with increase in solar radiation intensity. The lower temperature 

of the absorber was remarkable for the sole purpose of minimizing the re-radiation heat transfer 

from the absorber to the transparent cover.  

 

Figure 4.72: Absorber Temperature for the Inclined SCPP with Different Chimney Diameters 
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The reduction in the average temperature of the absorber had a significant effect on the 

transparent cover’s temperature. When the chimney’s diameter was increased from 0.5 m to 

1.0 m, the lower absorber’s temperature caused a lower re-radiation heat transfer to the 

transparent cover. As a consequence, the transparent cover’s temperature was observed to 

decrease, which can be seen in Figure 4.73.  

 

Figure 4.73: Cover Temperatures for the Inclined SCPP with Different Chimney Diameters 

The lower temperature of the transparent cover was a positive outcome which denoted 

minimized thermal radiation losses from the transparent cover to the ambient. The solar energy 

received by the absorber which was converted to heat were used to generate higher amount of 

useful energy in the buoyant as the thermal losses associated to the transparent cover was 

reduced. A representation of the temperature contours for the transparent cover when the 

system was investigated without air-vents and cases when it was investigated with air-vents 

under different chimney diameters are presented in Appendix E. It was observed that the 

increase in chimney diameter to 1.0 m and the inclusion of the air-vents reduced the average 

temperature of the cover showing multiple patches of lower temperature region on the 

transparent cover, as can be seen in Figure E.2. This observation proved that the transparent 

cover’s average temperature could be lowered through the optimization of the chimney’s cross-

sectional area and the use of additional air vents.  

The collector’s air temperature was plotted in Figure 4.74. The results showed that when the 

vents were found to be working effectively in the inclined SCPP with 1.0 m diameter chimney, 

the average collector’s air temperature decreased. The inflow of lower temperature air into the 
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system through the underneath air vents and the elimination of resident time for the buoyant 

air caused a reduction of the temperature of the collector’s air. This reduced the re-radiation 

from the absorber to the transparent cover as much air now competes for the heat at the absorber 

thereby recovering the thermal energy into useful energy. Overall, the thermal losses to the 

surrounding was minimized.  

 

Figure 4.74: Collector’s Air Average Temperatures for the Inclined SCPP with Different 

Chimney Diameters 

4.9.2.2 Heat Transfer Loss Analysis at the Collector with Respect to Different Chimney 

Diameters of Inclined SCPP 

The thermal energy transfers at the collector are reported in this part of the report. The thermal 

energy transfer coefficient by re-radiation from the collector absorber to the collector cover is 

presented in Figure 4.75. The results as can be seen showed that with increase in the chimney 

diameter which eliminated the reverse flow at the air-vents, the re-radiation heat transfer 

coefficient dropped as compare to the cases where the system with smaller chimney diameter. 
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Figure 4.75: Re-radiation Heat Transfer Coefficients from the Absorber to the Transparent 

Cover of the Inclined SCPP at Different Chimney Diameters 

The effect of the reduced re-radiation as in the case of 1.0 m diameter chimney, which was 

presented in Figure 4.73 showing reduction on temperature of the transparent cover, the 

analysis of the thermal loss by convection and radiation to the ambient were evaluated. The 

radiation heat transfer loss coefficient from the transparent cover of the solar collector was 

analyzed and presented in Figure 4.76 with respect to different inclined SCPP configurations 

involving various chimney diameters. The results showed that the inclined SCPP with 0.5 m 

diameter chimney estimated the highest radiation heat transfer loss coefficients from the 

transparent cover to the ambient. In other words, the system with 0.5 m diameter chimney was 

determined to have the highest thermal losses from the collector’s roof to the ambient while 

the system having 1.0 m chimney diameter displayed lowest radiation heat transfer coefficient 

from the cover to the sky. 

5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

6.8

1000 W/m2 800 W/m2 600 W/m2 400 W/m2 200 W/m2

R
e-

ra
d

ia
ti

o
n

 H
ea

t 
Tr

an
sf

er
 C

o
ef

fi
ci

en
t 

(W
/m

2
.C

)

Solar Radiation Intensity (W/m2)

0.5 m Chimney Diameter 0.6 m Chimney Diameter 0.7 m Chimney Diameter

0.8 m Chimney Diameter 0.9 m Chimney Diameter 1.0 m Chimney Diameter



137 | P a g e  
 

 

Figure 4.76: Radiation Heat Transfer Loss Coefficients from the Transparent Cover to the 

Ambient Considering Inclined SCPP of Different Chimney Diameters 

The study also evaluated the convective heat transfer loss coefficient from the transparent cover 

to the ambient under no wind condition. The results of the convective heat transfer loss 

coefficients from the cover to the ambient at the different chimney diameter are presented in 

Figure 4.77.  The results as presented in Figure 4.77 showed that the inclined SCPP with 1.0 

m diameter chimney presented the lowest convection heat transfer loss coefficients from the 

transparent cover to the ambient. A reduction in the system’s thermal losses through the use of 

1.0 m diameter chimney increased the performance of the system.  

 

Figure 4.77: Convection Heat Transfer Loss Coefficients from the Transparent Cover of the 

Collector of Inclined SCPP to the Ambient at Different Chimney Diameters 
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4.10 Influence of the Change in the Vents’ Area on the Performance of the Inclined SCPP 

In this study, the area of the vents was manipulated to determine its effect on the plant’s 

performance. The manipulated and fixed variables involved in the investigation of the vents’ 

areas were detailed in Section 3.9.7.  

4.10.1 Effect of Changing the Vents’ Total Area on the Air Buoyancy 

The effect of the total area and number of the air-vents were investigated considering the air 

velocity, air mass flow rate, and electrical power output. Detail results on the investigations are 

presented in the subsections below.  

4.10.1.1 Velocity of Air at the Chimney Base for the Inclined SCPP with Different Vents’ 

Area  

The air-vents area was varied between 1 m2 area and 4 m2 area for the 100 m2 collector absorber 

area. The results of the air velocity as evaluated from the simulation are presented in Figure 

4.78. The results showed that when the air-vents area was varied from 1.0 m2 to 2.0 m2, there 

was a significant increase in the air velocity measured at the base of the chimney. A further 

increase in the vents’ area from 2.0 m2 to 3.0 m2 did not cause much changes to the air velocity 

at the chimney base, particularly when the solar radiation intensity was between 200 W/m2 to 

800 W/m2. Furthermore, Figure 4.78 revealed that the air velocity reduced when the vents’ area 

was increased to 4.0 m2. Increasing the air vents’ area over a certain limit resulted in the 

reduction of air velocity because excess air was introduced from the vents with less heat energy 

to increase the fluid’s energy to buoyancy. With excess air influx to the greenhouse through 

the vents, the absorbed thermal energy by the absorber was insufficient to ignite the internal 

energy of the whole air volume in the greenhouse thus leading to circulation and increase in 

resident time of the system air and lead to stagnation of the air flow at lower solar radiation 

intensity. Following the investigations on the total area of the vents, 2 m2 was considered most 

effective for both low and high solar radiation intensities. Analysis of the number of vents was 

based on the 2 m2 air-vents total inlet area.  



139 | P a g e  
 

 

Figure 4.78: Air Velocity at the Chimney Base for the SCPP with Various Vents’ Area 

4.10.1.2 Mass Flow Rate of Air at the Chimney Base for the Inclined SCPP with Different 

Total Areas of Air-Vents  

Considering the air velocity evaluated at the chimney base and reported in Figure 4.78, the air 

mass flow rates for the different total area of the air-vents were evaluated considering the 

various air temperature recorded at the chimney base. The mass flow rate are presented in 

Figure 4.79, which indicates clearly the increasing trend air mass flow rate with increase in the 

total vents area of 1.0 m2 to 3.0 m2 but drops at 4.0 m2 total surface area of the air-vents. It can 

be seen that for lower solar radiation intensity, the 2.0 m2 area showed better performance but 

slight decreased below the result of the 3.0 m2 surface area from about 600 W/m2. However, it 

was found that at solar radiation intensity of 400 W/m2, both 2.0 m2 and 3.0 m2 vents areas 

predicted similar air mass flow rate at the base of the chimney. Considering all solar radiation 

intensities from 200 W/m2 to 1000 W/m2, Figure 4.79 showed that the inclined SCPP with 4.0 

m2 vents’ area resulted in the system’s performance degradation. The area of the air-vent to the 

collector was decided for 2.0 m2 as the percentage increase in mass flow rate of 3.0 m2 was 

only 0.165% above the mass flow rate of the 2.0m2 area output. It is important to note that 1.0 

m2 area is 1% of the total collector area but in the 3.0 m2 vent area which is 1.0 m2 higher than 

the 2.0 m2 vent area could only improve the mass flow rate by 0.165%. Utilizing this 1.0 m2 

area for thermal storage will generate higher energy during low solar radiation time and night 

period and enhance operation thus 2.0m2 was employed for other investigations.   
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Figure 4.79: Mass Flow Rate of Air at the Chimney Base for the Inclined SCPP with Various 

Air Ventilations Areas 

4.10.1.3 Electrical Power Output of the Inclined SCPP with Different Vents’ Area 

The analysis of the effect of varied air-vents area in the inclined SCPP on electrical power 

output are presented in Figure 4.80 at different solar radiation intensity. At 1000 W/m2, 800 

W/m2, and 600 W/m2 solar radiation intensity, the inclined SCPP equipped with air vents of 

3.0 m2 area estimated the highest electrical power output rated at 12.01 W, 9.52 W and 7.11 

W, respectively. Moreover, the system’s electrical power output was determined to increase 

with the expansion of the vents’ area from 1.0 m2 to 3.0 m2. However, at 400 W/m2 and 200 

W/m2 solar radiation intensity, the inclined SCPP equipped with vents of 3.0 m2 area predicted 

a slightly lower electrical power output in comparison to the system with vents of 2.0 m2 area. 

In Figure 4.80, it was noticeable that the inclined SCPP with vents of 4.0 m2 area produced the 

lowest electrical power output.  
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Figure 4.80: Electrical Power Output of the Inclined SCPP with Various Air Vents Area 

4.10.2 Effect of Varying Number of Vents on the Air Buoyancy 

Analysis on the effect of changing the total number of air vents in the inclined SCPP system 

was investigated in which the explanation on the manipulated and constant variables was 

provided in Section 3.9.8. The air-vents total surface area used for this investigation was 2.0 

m2 as justified in previous sections. 

4.10.2.1 Air velocities at the Chimney Base for the Inclined SCPP with Different Number 

of Vents 

With the consideration of the 2 m2 air-vents total inlet area following the results presented in 

Figure 4.78, different numbers of vents were investigated to determine the optimum numbers 

of vents for the 100 m2 collector area. The results of the varied numbers of air-vents are 

presented in Figure 4.81. It was observed that air velocity increase with increase in number of 

vents from 5 air-vents to 15 air-vents. This is because the higher number of vents provides 

opportunity for ambient air from different location behind the absorber to gain access into the 

greenhouse. On the other hand, lower number of air-vents led to increase in influx from each 

individual inlet but with low energy distribution to increase the buoyancy at the point of 

entrances. A higher number of vents led to a reduced inlet flow area at each vent, however, this 

configuration had the advantage to distribute the vents evenly across the absorber and also 
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offers the influx air the opportunity to gain energy faster from the surrounding absorber heat. 

Moreover, with successive increases from 15 to 20 vents, no significant difference in the air 

velocity between the two configurations was evident. For this research, there is requirement to 

install water storage tanks on the absorber surface which the surface area is an important factor. 

Thus further investigations were based on the 15 air-vents.  

 

Figure 4.81: Air Velocity at the Chimney Base for the Inclined SCPP with Different Number 

of Air Vents 

4.10.2.2 Air Mass Flow Rate at the Chimney Base for the Inclined SCPP with Different 

Number of Vents  

From the data in Figure 4.82, there was a significant increase in the air mass flow rate when 

the total number of vents was increased from 5 to 15. These results proved that the installation 

of a higher number of air vents yielded better performance as the vents could be spread evenly 

across the surface area of the concrete absorber. With a lower number of air vents, the vents 

could only be concentrated in a specific region. On the other hand, with a higher number of air 

vents, the system acquired the flexibility to distribute the vents at various points and regions 

on the collector’s absorber. As the mass flow rate of air increased at every point of installation 

of the vents, higher number of vents led to increased air mass flow rate.  
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Figure 4.82: Mass Flow Rate of Air at the Chimney Base for the Inclined SCPP with 

Different Number of Air Vents 

4.10.2.3 Electrical Power Output of the Inclined SCPP with Different Number of Vents  

In Figure 4.83, the effect of changing the total number of air vents on the electrical power 

output of the inclined SCPP was determined. At all solar radiation intensities of 1000 W/m2 to 

200 W/m2, the electrical power output of the system increased with higher number of air vents. 

At 1000 W/m2, the inclined SCPP with 5 number of air vents produced the lowest electrical 

power output rated at 11.72 W, whereas the system with 20 number of air vents produced the 

highest electrical power output of 12.44 W. There was about 6.14 % improvement on the power 

output considering 5 air-vents in comparison with 20 air-vents of equal total surface area at 

1000 W/m2. Furthermore, it was also observed that there was only a minor cumulative 

improvement of 0.88% to the electrical power output when the total number of vents was 

increased from 15 to 20 vents across all the solar radiation intensity. 
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Figure 4.83: Electrical Power Output of the Inclined SCPP with Different Number of Vents 

4.10.3 Effect of Varied Vents’ Total Area on the Temperatures of the Collector 

Components and the Associated Thermal Losses 

The temperatures of the collector components and the thermal losses were evaluated in relation 

to the total surface area of the air-vents. Similarly, the collector efficiencies were evaluated for 

the different air-vents area. Detail of the findings are presented in the subsections below. 

4.10.3.1 Collector Components’ Temperatures for the Inclined SCPP with Different Vents’ 

Areas 

Figure 4.84 presented the absorber’s average temperatures obtained from the simulation of the 

inclined SCPP equipped with air vents of different areas. The results showed that as the area 

of the vents was expanded from 1.0 m2 to 4.0 m2, the absorber’s average temperatures were 

found to decrease. With respect to a smaller vent’s area of 1.0 m2, the high absorber’s 

temperature indicated higher re-radiation heat transfer occurring from the absorber to the 

transparent cover. Considering the vents’ areas of 2.0 m2 and 3.0 m2, the absorber’s average 

temperatures were gradually reduced as a result of the higher volume of air entering the 

collector through the larger air vents. The influx of the higher volume of lower temperature air 
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into the collector was able to remove a substantial amount of heat from the absorber. It was 

also evident from Figure 4.84 that there was a significant drop in the absorber’s average 

temperatures when the area of the vents was increased to 4.0 m2. Based on the previous Section 

4.10.1 which reported that the use of 4.0 m2 vents’ area resulted in an excess volume of air 

entering the collector, the result of the absorber temperature presented below showed that the 

absorber temperature was least and possess less heat energy to increase the fluid’s energy to 

buoyancy, thereby leading to circulation.  

 

Figure 4.84: Absorber’s Temperatures for the Inclined SCPP with Different Vents Areas 

In Figure 4.85, the transparent cover’s average temperatures were also found to decrease when 

the area of the vents was expanded from 1.0 m2 to 4.0 m2. For the case involving a small vents’ 

area of 1.0 m2, the higher re-radiation heat transfer occurring from the absorber to the 

transparent cover caused the transparent cover’s temperature to increase. On the other hand, 

the inclined SCPP equipped with underneath air vents of 2.0 m2, 3.0 m2 and 4.0 m2 area 

observed a reduction of the transparent cover’s average temperatures. The variation in the cover 

temperature indicates different ranges of thermal loss to the ambient from the cover. Detail on 

the thermal loss is presented in Section 4.10.3.2. 
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Figure 4.85: Transparent Cover Average Temperatures for the Inclined SCPP with Different 

Vents’ Areas 

4.10.3.2 Thermal Losses Analysis for the Inclined SCPP with Different Vents’ Areas  

The heat transfer coefficients by convection and radiation from the cover to the ambient were 

evaluated and reported in Figure 4.86 and Figure 4.87 respectively. The reduced temperature 

of the cover with increase total surface area of the air-vents was observed to reduce the heat 

transfer coefficient of the cover to the ambient as shown in Figure 4.86.  

 

Figure 4.86: Convection Heat Transfer Loss Coefficients from the Transparent Cover to the 

Ambient for the Inclined SCPP with Different Vents’ Areas 

305.00

310.00

315.00

320.00

325.00

330.00

335.00

1000 W/m2 800 W/m2 600 W/m2 400 W/m2 200 W/m2

Tr
an

sp
ar

en
t 

C
o

ve
r 

A
ve

ra
ge

 
Te

m
p

er
at

u
re

s 
(K

)

Solar Radiation Intensities (W/m2)

1.0 m2 Vents Area 2.0 m2 Vents Area 3.0 m2 Vents Area 4.0 m2 Vents Area

4.6

5.1

5.6

6.1

6.6

1000 W/m2 800 W/m2 600 W/m2 400 W/m2 200 W/m2

C
o

n
ve

ct
io

n
 H

ea
t 

Tr
an

sf
er

 L
o

ss
 C

o
ef

fi
ci

en
ts

 
(W

/m
2

.C
)

Solar Radiation Intensities (W/m2)

1.0 m2 Vents Area 2.0 m2 Vents Area 3.0 m2 Vents Area 4.0 m2 Vents Area



147 | P a g e  
 

The radiation heat transfer coefficients for the different air-vents areas are analyzed and 

reported in Figure 4.87 and it showed that the radiation heat transfer loss coefficients from the 

transparent cover to the ambient reduced when the area of the air vents was increased from 1.0 

m2 to 4.0 m2. With the expansion of the vents’ area, the system generated a higher volume of 

air into the collector which removed the heat from the absorber and the transparent cover. 

Consequently, the effective removal of heat from the transparent cover resulted in a lower 

transparent cover’s average temperature and lower thermal losses to the ambient.  

 

Figure 4.87: Radiation Heat Transfer Loss Coefficients from the Transparent Cover to the 

Ambient for the Inclined SCPP with Different Vents’ Areas 

4.10.3.3 Collector Efficiencies of the Inclined SCPP with Different Vents’ Areas 

As can be seen from the plot in Figure 4.88, the efficiency of the collector was increased when 
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area. For instance, the system equipped with air vents of 2.0 m2 area was able to produce 

relatively high collector efficiencies at all solar radiation intensities. The results also indicated 

that the use of the air vents with 2.0 m2 total area led to remarkable improvement to the collector 

efficiencies when the solar irradiance was low. Moreover, Figure 4.88 revealed that the 

collector efficiency observed a drastic drop when the area of the air vents was further expanded 
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to 4.0 m2. This finding suggested that the additional flow of air into the collector through the 

vents of 4.0 m2 area was in excess. As a result, the heat energy generated by the absorber 

became insufficient to excite the air particles which caused the system to experience air 

circulation and reduced buoyancy.  

 

Figure 4.88: Collector Efficiencies of the Inclined SCPP with Different Vents’ Areas 
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The temperatures of the collector components and the thermal losses were evaluated in relation 
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of the absorber as well as reduced the re-radiation heat transfer occurring from the absorber to 

the transparent cover.  

 

Figure 4.89: Absorber Temperatures for the Inclined SCPP with Different Number of Vents 

In line with the reduced temperature of the absorber, it was also observed from the analysis of 

the transparent cover temperature that the number of air-vents has influence on the temperature 

of the transparent cover as shown in Figure 4.90. The transparent cover’s average temperatures 

were found to decrease with the installation of higher number of air vents ranging from 5 to 20 

vents. This result suggested that there was a lower thermal loss associated to the collector when 

the system is designed with higher number of air vents. In the case where the inclined collector 

was installed with few number of vents, the area of each vent was larger (considering that the 

total area of the vents was fixed at 2.0 m2 in this study). Therefore, the vents transferred the 

ambient fluid into the collector in a bulk which took a longer time for the incoming fluid from 

the vent to diffuse evenly across the greenhouse/air flow channel, thus longer period is required 

to lower the temperature of the transparent cover.  
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Figure 4.90: Cover Temperatures for the Inclined SCPP with Different Number of Vents 

4.10.4.2 Thermal Losses Analysis for the Inclined SCPP with Varied Number of Air Vents 

With respect to the inclined SCPP with different number of air vents, the convective heat 

transfer loss coefficients are presented in Figure 4.91 at various solar radiation intensities. The 

results indicated that the convective thermal losses from the cover to the ambient reduced with 

higher numbers of air-vents at the collector’s absorber. Under no wind condition, the 

convection heat transfer from a surface is mainly induced naturally and as such the lower the 

temperature of the cover the lover the heat transfer loss coefficient as seen in Figure 4.91. 

 

Figure 4.91: Convection Heat Transfer Loss Coefficient from the Cover to the Ambient for 
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The analysis of the thermal loss from the cover to the sky by radiation focusing on the radiation 

heat transfer loss coefficient revealed reduction in radiation heat transfer loss coefficients for 

the model with installed higher number of air-vents as compared to the model with less number 

of air-vents as can be seen from Figure 4.92. This is due to the reduced temperature of the 

transparent cover as discussed in previous sections which resulted the lower thermal loss from 

the cover to the ambient by convection and radiation. Thus, the useful energy gained by the 

collector’s air was increased proving that inclined SCPP equipped with a higher number of air 

vents could improve energy output as well as minimized the collector’s thermal losses. 

 

Figure 4.92: Radiation Heat Transfer Loss Coefficients from the Transparent Cover to the 

Ambient for the Inclined SCPP with Different Number of Air Vents 

4.10.4.3 Collector Efficiencies of the Inclined SCPP with Varying Number of Air Vents  

The analysis of the efficiencies of the models with different numbers of air-vents are presented 

in Figure 4.93 and can be observed that the efficiencies of the collector increased with the 
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solar radiation intensities from 200 W/m2 to 1000 W/m2. The limitation of using a lower 
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of the vents had to be constrained in a certain location. On the other hand, the use of a higher 

number of vents allowed for more design flexibility in which the vents were evenly distributed 

across the absorber. Based on the results of Figure 4.93, it was also determined that there was 

only a slight increase to the collector efficiencies when the number of vents was increased from 

15 to 20 vents.  
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Figure 4.93: Collector Efficiencies for the Inclined SCPP with Different Number of Vents 

4.11 Inclined SCPP Model Comparison Based on Performance Enhancement 

Following the analysis in previous sections, Figure 4.94 showed the analysis for the electrical 

power output of three inclined SCPP models for comparison based on performances output. 

The three models selected are as follows:  
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about 60% increase in electrical power as compared to the model without vents (ii. above) 

which has similar geometrical dimensions.  

 

Figure 4.94: Electrical Power Output Comparison for the Inclined SCPP Models 

Furthermore, the total plant efficiencies for the different inclined SCPP models were evaluated 

using Equation 3.49 and the results presented in Figure 4.95. The results showed that the 

inclined SCPP equipped with underneath air-vents led to highest system efficiencies. The 

average plant efficiency for the system equipped with underneath air-vents was 0.0121% for 

the hours of sunshine while model ii. and iii. described above were at an average of 0.0076% 

and 0.0071% total performance efficiency respectively. The percentage improvement with 

respect to these total plant efficiencies are presented in Figure 4.96, in which the inclined SCPP 

(0.5 m diameter chimney) without underneath air-vents was selected as the reference base case. 

 

Figure 4.95: Total Plant Efficiency for the Inclined SCPP Models 
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The comparison of the results show that there was approximately 9.86 % performance 

improvement when the chimney diameter was enlarged from 0.5 m to 1.0 m, considering 1000 

W/m2 solar radiation intensity. With the inclusion of underneath air-vents in the inclined SCPP 

of 1.0 m diameter chimney, the system showed 73.2 % performance enhancement in 

comparison to the inclined SCPP of 0.5 m diameter chimney without air-vents. 

 

Figure 4.96: Percentage Improvement with respect to the Total Plant Efficiency for the 

Inclined SCPP Models 

4.12 Water Thermal Storage Analysis of the Inclined SCPP 

In previous sections, this study has focused on determining the performance of the inclined 
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above system integration with water storage facility are provided in Section 3.9.9. This study 
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was carried out to determine the effects of the installation of water storage on the inclined 

SCPP’s operation during full day operation (hours of sunshine and night operations). 

Subsections to this section report the performance of the system with water filled tight storage 

facility on buoyancy, power output, thermal loses and extended operations. 

4.12.1 Effect of Water Thermal Storage on the Air Buoyancy 

The investigation looks at air velocity, air mass flow rate, power output when the system is 

integrated with water storage facilities. The analysis considers the plant operation from sunrise 

through the night operations. 

4.12.1.1 Velocity of Air at the Chimney Base for the Inclined SCPP with and without 

Water Thermal Storage 

In this section, the study used the solar calculator in the Star CCM+ considering a specific day 

(10/06/2017) to generate the solar radiation which is the input energy to the system. The Solar 

radiation data used for this study is presented in the secondary axis of the plot in Figure 4.97. 

The average air velocity at the chimney base of the inclined SCPP was generated from the 

simulation for the cases when the system was integrated with and without water thermal storage 

facility. For the system with thermal storage facility, the volume of the water storage was based 

on proportion of the total air volume space of the greenhouse. The results of the analysis are 

presented in Figure 4.97 considering the different solar radiation intensity from sunrise to 

sunset and the stored energy for extended operation in the night (hours of the day from 7 a.m. 

in the morning until 12 a.m. midnight). In Figure 4.97, it was determined that the inclined SCPP 

without water storage estimated a higher air velocity at the chimney base between 7 a.m. to 1 

p.m. On the other hand, at the same duration of time from 7 a.m. to 1 p.m., the system with 

water storage predicted lower air velocity output. These results were consistent with the 

experimental investigation of the SCPP with water energy storage layer by Ahmed et al. (2017), 

whereby the air velocity in the day time was found to be lower water bags were installed in the 

collector in comparison to operation of same system in the absence of water bags. This was 

because the energy gained by the collector has some components stored as thermal energy was 

in the water storage medium, which reduced the heat transfer from the absorber to the working 

fluid particularly from morning to noon. As a result, the energy gained by the collector’s air 

was lowered and the system with water storage observed lower air velocity. 
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Figure 4.97: Velocity of air at the chimney base for the inclined SCPP with and without water 

thermal storage 

Figure 4.97 showed that the inclined SCPP without water storage estimated lower air velocity 

in comparison to the system with water storage from 3 p.m. till midnight. In the afternoon, 

when the solar radiation intensity gradually reduces, the water storage medium starts releasing 

its heat energy to heat up the air in the greenhouse. As a consequence, the energy gained by the 

collector’s air increased and the system with water storage observed higher air velocity. 

Between 6 p.m. and 8 p.m., when the solar radiation intensity was approaching 0 W/m2, the 

inclined SCPP without water storage could still operate through the stored energy release but 

got exhausted by 9.00 pm. As for the inclined SCPP with water thermal storage, the system 

operated until midnight before the energy stored in the water became completely exhausted.  

4.12.1.2 Mass Flow Rate of Air at the Chimney Base for the Inclined SCPP with and 

without Water Thermal Storage 

In Figure 4.98, the air mass flow rates were plotted against the different hours of the day, with 

respect to the inclined SCPP with and without water storage. The investigation found that the 

use of the water storage led to a reduced air mass flow rate during the day, between 7 a.m. and 

1 p.m. which is commensurate with the velocity generated. With the installation of the thermal 

energy storage, the heat was being stored in the water storage medium. As a consequence, less 

heat was supplied by the absorber which resulted in a small driving force of the system air and 

lower air mass flow rate at the base of the chimney.  
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Figure 4.98: Mass flow rate of air at the chimney base for the inclined SCPP with and without 

water storage medium 

However, the results obtained from the simulation of the inclined SCPP between 1 p.m. and 6 

p.m. showed an opposite trend. The system equipped with water thermal storage was able to 

produce higher air mass flow rate at the exit of the collector. This result was attributed to the 

high water temperature under the influence of higher solar irradiation during the solar noon. At 

these hours, the hot water storage released its heat to the collector’s air, which resulted in a 

higher air buoyancy and mass flow rate.  

4.12.1.3 Electrical Power Output of the Inclined SCPP with and without Water Storage 

Figure 4.99 showed that the electrical power output during the day correlated closely with the 

solar radiation intensity for the inclined SCPP without additional water storage. The results 

identified that the inclined SCPP without water storage was able to generate electricity after 6 

p.m., whereby the solar radiation intensity was approaching 0 W/m2. By 9 p.m. in the night, 

the energy stored in the concrete absorber was fully exhausted. These results proved that with 

an optimum concrete absorber thickness, the thermal loss to the ambient through the back of 

the absorber was minimized. The concrete was capable to store the excess heat during the day 

and released the heat into the collector at night. There was still an updraft during the night, in 

which the inclined SCPP without water storage could operate during some hours of the night 

at reduced electrical power output.  
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Figure 4.99: Electrical power output of the inclined SCPP with and without water storage 

The system installed with water storage produced a higher electrical power output at night time 

without solar insolation. Furthermore, there was a longer duration of electrical power 

generation until 12 a.m. midnight with the presence of water storage medium. At night, when 

the air in the collector started to cool down, the water inside the storage casing released the 

heat that it stored during the day. The current investigation found that an increase in the volume 

of the water storage system led to an increased power generation during the night, however, 

electrical power output during the day was reduced. This result was observed because the 

additional water storage placed under the collector’s transparent cover absorbed part of the 

radiated energy during the day and released it into the collector at night. 
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used for the simulation is presented for clarity.  The results showed that the concrete without 

thermal storage has the highest absorber temperature from sun rise in the specific day till about 

3.00 pm in the afternoon. On the other hand, the average absorber temperature was reduced 

when water storage medium was integrated into the model as the water gained and stored most 

of the energy due to its higher specific heat capacity than concrete. The higher heat capacity of 

water caused the water to absorb and store more heat before it increased in temperature.  

 

Figure 4.100: Absorber average temperature for the inclined SCPP with and without 

additional water storage system 

By afternoon both the concrete absorber and the water storage medium was observed to have 

higher average surface temperatures than the hours before noon showing that the surfaces 

gained and stored some energy. These stored energy was gradually released towards sunset up 

to night period but the water storage medium released the heat energy at a slower rate in 

comparison to concrete considering the temperature gradient observed in the two scenarios. In 

this investigation, the energy stored in the concrete was exhausted by 9 p.m. whereas the energy 

stored in the water was fully consumed by 12 a.m. midnight. 

4.12.2.2 Transparent Cover Temperature for the Inclined SCPP with and without Water 

Storage 
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temperature was found to reduce with the installation of the water storage system. At these 

hours, heat was stored in the water energy storage because of its relatively higher specific heat 

capacity.  

 

Figure 4.101: Transparent cover average temperature for the inclined SCPP with and without 

water energy storage layer 

The thermal energy stored in the water reduced the re-radiation heat transfer from the absorber 

to the transparent cover, which led to a reduction in the temperature of the transparent cover. 

Between 1 p.m. and 4 p.m., the transparent cover temperatures for all three systems (no water 

storage, 10 % water volume, 20 % water volume) were approximately equal. At 5 p.m. 

onwards, the transparent cover temperatures for the inclined SCPP with water storage were 

higher than that of the system without water storage, due to the release of heat energy from the 

water during the night. 

4.12.2.3 Collector’s Air Temperature for the Inclined SCPP with and without Water 

Storage 

With respect to the different hours of the day, the collector’s air temperatures are presented in 

Figure 4.102 for the inclined SCPP with and without water storage tanks. The results indicate 

that the collector’s air temperature for the system without water storage produced highest air 

temperature in the period between 7 a.m. and 1 p.m. With the presence of water storage tanks 
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between 7 a.m. and 1 p.m. At these hours, the lower temperatures of the collector’s air were 

attributed to the heat energy being stored inside the water medium. At 2 p.m. onwards, the 

inclined SCPP with 20 % water volume showed highest collector’s air temperature due to the 

release of heat from the water storage tanks. 

 

Figure 4.102: Collector’s Air Temperature for the Inclined SCPP with and without Water 

Thermal Storage 

4.12.2.4 Collector Efficiencies for the Inclined SCPP with and without Water Storage 

Figure 4.103 presented the collector efficiencies for the inclined SCPP recorded at different 

hours of the day, with respect to the systems with and without water storage. From 7 a.m. until 
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SCPP with water storage resulted in higher collector efficiencies, as compared to the system 

304

306

308

310

312

314

316

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

C
o

lle
ct

o
r'

s 
A

ir
 T

em
p

er
at

u
re

 (
K

)

Hour of the Day

No Water Storage 10 % Water Volume 20 % Water Volume



162 | P a g e  
 

without storage. When the system-air starts to cool down, the water released its heat energy to 

continuously produce an updraft in the system. It is worth to note that the collector efficiencies 

for all three systems with and without water thermal storage produced considerably high 

collector efficiencies at lower solar radiation intensities. This result is attributed to the fact that 

the collector efficiency is improved as irradiation or the rise in temperature decreases (Schlaich 

1995). The greenhouse collector experiences a minimized thermal loss at lower solar 

irradiation.  

 

Figure 4.103: Collector efficiencies for the inclined SCPP with and without water storage 

4.13 Analysis of Inclined SCPP without Chimney Component  

The detail of the numerical investigation procedure of four novel designs of the inclined SCPP 

without chimney was presented in Section 3.9.10. The schematic representations of the four 

novel designs were provided for a clearer understanding of the models’ geometries. Design A 

consisted of an inclined collector integrated with a horizontal tube. Design B combined an 

inclined collector with a horizontal divergent section. Design C consisted of an inclined 

collector merged with three horizontal tubes. Design D involved an inclined collector 

integrated with converging guide walls and three horizontal tubes. 
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4.13.1 Velocity of Air at the Collector’s Outlet for the Novel Designs of the Inclined SCPP 

without Updraft Tower  

As shown in Figure 4.104, the collector outlet velocities recorded for the different design 

showed that Design B has the highest air velocity. This result was attributed to the narrow air 

flow channel at the junction connecting the inclined collector and the horizontal divergent 

section. Based on the theory of the mass conservation, the significant reduction in the cross-

sectional area of the air flow channel caused increase velocity.  

 

Figure 4.104: Velocity of Air at the Collector’s Outlet for the Inclined SCPP without 

Additional Chimney 

In Figure 4.104, it was apparent that both Design C and Design D predicted low air velocity at 

the collector’s outlet/exit. This was due to the fact that the collector used in Design C and 

Design D had the exit width dimension same as the inlet width dimension of 1:1 ratio as against 

Design A and Design B which has their exit width to inlet in the ratio of 1:6. The area ratio of 

exit to air flow inlets (inlet and air-vents) area of Design C and Design D were 33:13 as 

compared to the Design A and Design B which had exit to air flow inlets (inlet and air-vents) 

area ratio of 11:26. Design C and Design D involved the integration of an inclined collector 

with three separate horizontal tubes instead of a single tube. The three separate horizontal tubes 

permit the installation of three individual turbines. Furthermore, Design D observed slightly 

higher air velocities at the collector’s outlet than Design C due to the use of the converging 

guide walls in Design D which allowed the air flow to travel smoothly in regular paths into the 

separate horizontal tubes. Visual flow streamlines of the different models are presented in 

Appendix F. 
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4.13.2 Mass Flow Rate of Air at the Collector’s Outlet for the Novel Designs of the 

Inclined SCPP without Updraft Tower 

Figure 4.105 shows the air mass flow rate evaluated from simulation at the collector’s outlet 

for the inclined SCPP designs without additional chimney component. Design C and Design D 

were found to produce higher air mass flow rate in comparison to Design A and Design B. 

These results obtained for Design C and Design D show the impact of the exit area on the mass 

air flow rate. The air mass flow rate yielded in both designs were higher when compared to 

Design A and Design B which only permitted the installation of a single turbine.  

 

Figure 4.105: Mass Flow Rate of Air at the Collector’s Outlet for the Inclined SCPP without 

Additional Chimney Component 

4.13.3 Electrical Power Output of the Inclined SCPP without Updraft Tower 

The inclined SCPP with no chimney installed was still able to generate electricity. Figure 4.106 

shows the electrical power output of all four novel designs of the inclined SCPP without 

additional chimney component. It was determined that Design D produced the highest electrical 

power output. Owing to highest air mass flow rate yielded by Design D, the electrical power 

output was the highest with remarkable performance improvement in comparison to other 

designs. Design D involved an inclined collector integrated with converging guide walls which 

assisted the air flow from the greenhouse to the separate flow channels for electrical energy 

conversion using the turbine. 

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

100 200 300 400 500 600 700 800 900 1000 1100

A
ir

 M
as

s 
Fl

o
w

 R
at

e 
(k

g/
s)

Solar Radiation Intensity (W/m2)

Design A Design B Design C Design D



165 | P a g e  
 

 

Figure 4.106: Electrical Power Output for the Inclined SCPP without Additional Chimney 

4.13.4 Collector Efficiency for the Inclined SCPP without Updraft Tower 

Figure 4.107 shows the collector efficiency of the four novel designs involving the inclined 

SCPP without additional chimney component. Design D was observed to produce the highest 

collector efficiency. The results shown in Figure 4.107 also proved that the inclined collectors 

in Design C and Design D were able to function effectively as a chimney and a collector, 

removing the need for an additional updraft tower. The use of inclined collector integrated with 

horizontal tubes and converging guide walls had the advantage of acting as chimney and 

collector, as the tilt angle of the inclined collector created a height advantage for the buoyancy 

driven flow of the air. By increasing the length of the collector, this model, Design D, can be 

commercialized for mountainous areas where the mountain can be used for the installation of 

the turbine and support for the collector exit. 
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Figure 4.107: Collector Efficiency for the Inclined SCPP without Additional Chimney 

4.13.5 Comparison of the Performance of Inclined SCPP with and without Additional 

Chimney and Underneath Air-Vents 

Comparison of the electrical power output of the various models of the inclined SCPP with and 

without air-vents is presented in Figure 4.108. Considering the different solar radiation 

intensities from 200 W/m2 to 1000 W/m2, all designs equipped with underneath air-vents 

showed higher electrical power output in comparison to the systems without air-vents. The 

comparison between the total plant efficiency for Design A, Design B, Design C and Design 

D with and without air-vents is presented in Figure 4.109. The results show that the total system 

efficiency was significantly increased with the use of underneath air-vents. The results are 

further supported by the comparison of the performance improvement with respect to the total 

plant efficiency, as shown in Figure 4.110, where the systems without air-vents were selected 

as the reference cases. At 1000 W/m2 solar radiation intensity, Design A, Design B, Design C 

and Design D with air-vents observed 102.33 %, 226.79 %, 97.93 % and 104.75 % performance 

improvement respectively in comparison to the systems without air-vents. 
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Figure 4.108: Electrical Power Output of the Novel Designs of Inclined SCPP with and 

without Air-Vents 

 

 

Figure 4.109: Total Plant Efficiency for the Novel Designs of the Inclined SCPP with and 

without Air-vents 
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Figure 4.110: Performance Improvement with respect to the Total Plant Efficiency 

In this research, it was determined that the inclined SCPP with 15 number of underneath air-

vents produced the best system performance. The best model of the inclined SCPP was also 

characterized by a 100 m2 solar collector, 26.85 m high chimney, and 1.0 m diameter chimney. 

The performance of this model was compared with the inclined SCPP without additional 

chimney component, with respect to the electrical power output as presented in Figure 4.111. 

The comparison showed that the inclined SCPP with underneath air-vents and chimney 

produced higher electrical power output than the system without additional chimney 

component. Moreover, it was found that the system without additional chimney tower could 

produce approximately one third of the output obtained from the system with a chimney. The 

inclined SCPP without additional chimney component was a reliable system to generate 

electricity at various solar radiation intensities despite its lower electrical power generation. As 

the system operated without a chimney, the investment cost of the inclined SCPP would be 

significantly reduced considering the high cost of tall chimney tower. Furthermore, the system 

employed sloped collector with the turbine staged at the collector’s exit, thus, allowing easy 

maintenance of the turbine when required. In addition to that, the construction of tall chimney 

prompted engineering structural challenges. 
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Figure 4.111: Comparison of the Electrical Power Output of the Inclined SCPP with and 

without Additional Chimney Component  
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Chapter 5 

Conclusion 

This chapter presents the conclusion of the findings from the completed research objectives. 

The conclusions are presented with respect to the objectives. 

The findings from the effect of collector absorber geometry on collector air flow and thermal 

performance can be concluded as follows: 

 When the collector absorber’s rectangular plate had 12.5 m length and 6 m width, the 

collector was within the optimum dimension ratios which produced higher air 

velocities, mass flow rate and air power at the chimney base. 

 When the collector’s width was longer than the collector length, there was a loss in air 

power. This was due to air recirculation in the collector region which caused kinetic 

energy and thermal energy losses. 

 It was revealed that when the absorber had extreme longer length in comparison to its 

width, the average temperatures of the absorber and the transparent cover were 

excessively reduced. As a consequence, less amount of heat was transferred to the 

system air which led to a reduction in the useful energy gained by the air. 

The study on the air volume at the collector and the variants of the inlet and outlet gap/height 

between the absorber and the transparent cover revealed the following: 

 A higher collector’s air volume led to higher heat removal at the absorber but when the 

air volume was in excess, the available energy in the air was not sufficient to excite the 

internal energy in the air to higher velocity. This led to recirculation of air at the 

collector, thus both kinetic and thermal energy losses occurred.  

 The investigation on the effect of canopy profile on the performance of the inclined 

solar chimney power plant had shown that the best configuration was for the transparent 

cover raised 0.1 m at the collector inlet and 1.1 m at collector outlet, which resulted in 

maximum air velocity at the chimney base. 

The investigation on the influence of the concrete thicknesses on the inclined SCPP collector 

performance revealed that: 
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 At low concrete absorber thickness, there was decrease in thermal resistance of the 

absorber leading to significant thermal energy transfer by conduction from the absorber 

surface through the absorber thickness to the back. Consequently, convective thermal 

loss occurred to the ambient and radiation thermal loss to the surrounding ground was 

increased.  

 Higher thickness of the concrete provided resistance to conduction heat transfer from 

the absorber’s top surface through the concrete absorber thickness to the back surface, 

thus allows for heat storage for possible extended operation of the plant at low solar 

radiation and night time in the inclined SCPP.  

The investigation on the introduction of underneath air-vents with varied orientation angles to 

the inclined SCPP revealed the following: 

 With the inclusion of the underneath air-vents, air velocity and mass flow rate at the 

chimney base was enhanced. The electrical power output of the inclined SCPP was 

significantly increased with the use of the underneath air-vents. 

 Considering the angle of the vents, the highest air velocity was recorded at 50° vent-

angle on average.  

 The collector efficiencies were lowest for the inclined SCPP system without air vents 

at different solar radiation intensities. The collector efficiency was found to be highest 

with 50° oriented air-vents at low to moderate solar radiation intensities which is 

majorly the solar radiation intensity range in Malaysia.  

 The study determined that without the inclusion of the underneath air-vents, the system 

was characterized of higher radiation thermal loss from the transparent cover to the 

ambient. The inclined SCPP with underneath air-vents showed lower value of radiation 

heat transfer loss coefficients from the transparent cover to the ambient.  

The study on the effects of the different positions of the air vents in the solar collector concludes 

the following: 

 For the cases in which the vents were evenly distributed across the entire absorber area 

or located further from the collector’s inlet (after 4 m from the inlet) and nearer to the 

chimney inlet, the air velocities at the base of the chimney significant dropped.  
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 When the vents were installed at higher locations nearer to the chimney, higher influx 

of air occurred which led to choke at the chimney base. This created pressure buildup 

which restricted air flow.  

The analysis on the influence of chimney diameters on the performance of the inclined SCPP 

with underneath air vents is concluded as shown below: 

 The use of 0.5 m diameter chimney caused the air in the collector to experience choked 

at the throat of the chimney. This led to reverse flow in the air such that some of the air 

exited the collector through the underneath air-vents. 

 The increase in the chimney diameter gradually eliminated the choke air flow at the 

throat of the chimney. At 1.0 m chimney diameter, the chimney’s cross-sectional area 

was sufficiently large to allow the heated air to flow through without any restriction, 

thus no reverse flow was experienced at the underneath air-vents.  

The investigation on the effect of the change in the vents area and numbers on the performance 

of the inclined SCPP has the following conclusions: 

 Increasing the air vents’ area over a certain limit resulted in collector’s performance 

degradation. This was because excess air was introduced from the vents with less heat 

energy to increase the fluid’s energy to buoyancy. 

 The use of higher number of air-vents was found to increase the collector’s 

performance. Higher number of air-vents offered the influx air the opportunity to gain 

energy faster from the surrounding absorber heat.  

The investigation on the effect of water thermal storage on the inclined SCPP performance is 

concluded below: 

 An increase in the volume of the water storage tanks led to an increased power 

generation during the night, however, output power during the day was reduced. 

The analysis of inclined SCPP without chimney component concludes the following: 

 The inclined collectors were found to function effectively as a chimney and a collector. 

 It was found that the system without additional chimney tower could produce 

approximately one third of the output obtained from the system with a chimney. 
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Recommendation for Future Work 

Considering the scope of this work, the research methods and techniques used in this study can 

be extended as recommendations for further work. These include numerical studies and 

experimental investigations of the inclined Solar Chimney Power Plant as presented below. 

 The development of an inclined Solar Chimney Power Plant numerical model which 

incorporates a far-field computational domain of the system. The simulation should be 

conducted at far-field condition which takes into consideration the effects of wind at 

different directions around the collector component and around the chimney 

component. The velocity of the wind should be obtained from actual meteorological 

and weather data with respect to various solar radiation intensities prevalent in the 

design location. The wind direction should be varied to study different conditions and 

derive a performance trend under the local environmental conditions. The energy loses 

associated to the wind effect will be useful for design of a real-time Inclined SCPP to 

operate at different environmental conditions. 

 The establishment of an experimental prototype of the inclined Solar Chimney Power 

Plant with underneath air-vents is recommended to validate the claims of this numerical 

works. A supporting mathematical/analytical model should support the experimental 

work such that projection for commercial size plant can easily be available for 

investors. 

 To develop a cost model of the inclined Solar Chimney Power Plant with underneath 

air-vents for commercial purpose considering the size of the plant. 

 To investigate the performance of other types of thermal storage medium which were 

not considered in this study. Some examples might include wax in containers, water 

mixed with nano-material, and other composite materials for thermal storage. 

 Future study should consider different design of turbines and guide-vanes to enhance 

the air attack on the turbine blade as well as the resulting power output which should 

be compared with the normal operating scenario. 
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Appendix A 

 

Figure A.1: Temperature Contour for 0.1 m Concrete Thickness 

 

Figure A.2: Temperature Contour for 0.2 m Concrete Thickness 
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Figure A.3: Temperature Contour for 0.3 m Concrete Thickness 

 

Figure A.4: Temperature Contour for 0.4 m Concrete Thickness 
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Figure A.5: Temperature Contour for 0.5 m Concrete Thickness 

 

Figure A.6: Temperature Contour for 0.6 m Concrete Thickness 
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Figure A.7: Temperature Contour for 0.7 m Concrete Thickness 

 

Figure A.8: Temperature Contour for 0.8 m Concrete Thickness 
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Appendix B 

 

Figure B.1: Velocity vectors through the 10° vent at 1000 W/m2 

 

Figure B.2: Velocity vectors through the 20° vent at 1000 W/m2 
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Figure B.3: Velocity vectors through the 30° vent at 1000 W/m2 

 

Figure B.4: Velocity vectors through the 40° vent at 1000 W/m2 
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Figure B.5: Velocity vectors through the 50° vent at 1000 W/m2 

 

Figure B.6: Velocity vectors through the 60° vent at 1000 W/m2 
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Figure B.7: Velocity vectors through the 70° vent at 1000 W/m2 

 

Figure B.8: Velocity vectors through the 80° vent at 1000 W/m2 
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Figure B.9: Velocity vectors through the 90° vent at 1000 W/m2 
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Appendix C 

 

Figure C.1: Velocity Vectors for the Vents at 0 to 4 m Position 

 

 

Figure C.2: Velocity Vectors for the Vents at 4 m to 8 m Position 
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Figure C.3: Velocity Vectors for the Vents at 8 m to 12 m Position 

 

 

Figure C.4: Velocity Vectors for the Vents at 12 m to 16 m Position 
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Appendix D 

 

 

Figure D.1: Velocity vectors for the Inclined SCPP with 0.5 m chimney diameter 

 

 

Figure D.2: Velocity vectors for the Inclined SCPP with 0.6 m chimney diameter 
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Figure D.3: Velocity vectors for the Inclined SCPP with 0.7 m chimney diameter 

 

 

Figure D.4: Velocity vectors for the Inclined SCPP with 0.8 m chimney diameter 
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Figure D.5: Velocity vectors for the Inclined SCPP with 0.9 m chimney diameter 

 

 

Figure D.6: Velocity vectors for the Inclined SCPP with 1.0 m chimney diameter 
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Appendix E 

 

Figure E.1: Temperature Contour of the Transparent Cover of the System without Vents 

 

 

Figure E.2: Temperature Contour of the Transparent Cover of the System with Vents 
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Appendix F 

 

Figure F.1: Velocity Streamlines for Design A 

 

 

Figure F.2: Velocity Streamlines for Design B 
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Figure F.3: Velocity Streamlines for Design C 

 

 

Figure F.4: Velocity Streamlines for Design D 


