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Abstract 

A solar chimney power plant (SCPP) sometimes also called "solar chimney" or just "solar tower" 

is a renewable energy power plant that transforms solar energy into electricity. The SCPP 

consists of three essential elements; solar collector roof, chimney tower, and wind turbine(s). 

Several technologies exist that can convert solar energy into electrical energy. The solar chimney 

is part of the solar thermal groups of solar conversion technologies. However, due to its greater 

scale and simplicity, the solar chimney may have an economic efficiency approaching or 

exceeding that of the other methods, but it has low efficiency of less than 2%. In addition solar 

chimney power plant (SCPP) dominated by the solar radiation, its discontinuous operation is an 

unavoidable problem. Solar chimney efficiency and power output have mainly determined by the 

efficiency of solar collector roof.  

 In this thesis, the transient thermal and hydrodynamic behavior of working fluid of solar 

chimney power plant using waste water were investigated to characterize the performance of 

solar chimney by numerical and theoretical method. Numerical solution technique used to solve 

a differential equation form of governing equations using finite difference discretization scheme. 

The result shows, the collector temperature increases by 7 °C, the pressure potential is found 

182.82 Pa, the pressure drop on the turbine was 121.88 Pa, and the pressure loss was 60.94 Pa 

and the power output 123.59 kW. As a result, the collector efficiency increases from 32% to 

43.58% and the overall efficiency of plant increases from 0.176% to 0.242% 

From the result, it can conclude that the efficiency of solar chimney power plant is improved and 

the power fluctuation can be controlled by using geothermal wastewater heat. 

 

Key words: solar chimney, pressure potential, solar updraft tower   
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CHAPTER 1 

Introduction 

1.1. Renewable Energy Technology 

Renewable  energy is generally  defined  as energy that comes  from  resources   that are not 

significantly  depleted  by their  use, such as sunlight , wind, rain , tides , waves  and geothermal 

heat. Renewable energy is gradually replacing conventional fuels in four distinct areas: 

electricity generation, hot water/space heating, motor fuels, and rural (off-grid) energy services.  

Based on  REN21 's  2017 report,  renewables  contributed 19.3%  to  our  energy consumption  

and  24.5%  to  our  electricity  generation  in  2015 and  2016 [1] . This  energy  consumption  is  

divided  as  9.1%  coming  from  traditional biomass,  10.2% from modern renewables. Among 

the modern renewable energies, 3.6% hydroelectricity, 1.6% Electricity from (wind, solar, 

geothermal, and biomass), 4.2% from (biomass, geothermal and solar heat) and 0.8% biofuels for 

transport. Renewable energy resources exist over wide geographical  areas, in contrast to other 

energy  sources,  which  are  concentrated  in  a  limited  number  of  countries.  Rapid 

deployment of renewable energy and energy efficiency   is  resulting  in  significant  energy 

security ,  climate  change mitigation ,  and  economic  benefits. In  international public opinion 

surveys there  is  strong  support for  promoting renewable sources such  as  solar  power and  

wind power. By 2022, global renewables electricity generation expected to grow by more than 

one-third to over 8 000 terawatts per hour, equal to the total consumption of China, India and 

Germany combined. The share of renewables in power generation will reach 30% in 2022, up 

from 24% in 2016. Wind and solar together will represent more than 80% of global renewable 

capacity growth in the next five years [1]. 

At  the  national  level,  at  least  30  nations  around  the  world  already  have  renewable  

energy  contributing  more  than  20  percent  of  energy  supply . National renewable energy 

markets projected to continue to grow strongly in the coming decade and beyond [1]. 

 

1.1.1 Hydropower Plant  

Hydroelectricity is the term referring to electricity generated by  hydropower ; the production of 

electrical power through the use of the kinetic  energy  of  falling  or  flowing  water .  In  2015  

hydropower generated  16.6%  of  the  world's  total  electricity  and  70%  of  all renewable 
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electricity, which continues the rapid rate of increase experienced between 2003 and 2009. 

Hydropower is produced in  150  countries,  with  the  Asia-Pacific  region  generating  32  

percent  of  global  hydropower  in  2010.  China  is  the  largest hydroelectricity producer ,  with  

721  TWh of  production in  2010,  representing around  17%  of  domestic electricity use.  

Ethiopia’s  plentiful  hydropower  resources  are  distributed  in  nine  major river  basins  and  

their  innumerable  tributaries  is  estimated  to  generate an economically affordable  energy of 

about 260 TWH. Ethiopia’s Hydro potential (45,000 MW) constitutes 20% of the total 

technically feasible potential in Africa. With this potential Ethiopia usually referred as the 

powerhouse of Africa. However, Ethiopia has utilized less than 5% of its potential so far 

.Currently, Access to electricity in Ethiopia is 55% [4]. 

1.1.2 Wind Energy 

Wind energy is the kinetic energy associated with the movement of atmospheric air. Wind 

turbines convert this kinetic energy to useful form power i.e. electricity. The kinetic energy 

converted to mechanical energy by using turbines and then to electrical energy by using 

generators. 

Wind power   is  growing at the rate of 17% annually, with a  worldwide installed capacity   of  

432,883 MW at  the  end of 2015, and  is  widely used in  Europe ,  Asia,  and  the  United States. 

Several countries have  achieved relatively high levels  of  wind  power  penetration, such  as  

21%  of  stationary  electricity  production in  Denmark, 18%  in  Portugal ,16%  in Spain, 14% 

in Ireland and 9% in Germany in 2010. As of 2011, 83 countries around the world are using wind 

power on a commercial basis. Continuing strong growth, by 2016 wind generated 3% of global 

power annually [2].  

There are two classification of wind power plant based on axis of rotation namely horizontal axis 

and vertical axis. It can be used singly or in clusters called wind farms as shown in Figure 1.2 

below. 
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Figure 1. 1 Adama II Wind Farm Project 

1.1.3 Tidal 

Tidal energy generated by utilizing the natural rise and fall of the coastal tides, onshore or 

offshore. Onshore, seawater allowed filling an estuary through sluices, which shut at peak high 

tide. The estuary then drained through turbines, which generate electricity.  Offshore, electricity 

generations by means of tidal flow over horizontal-axis turbines (similar to wind turbines) as 

well as over aero foil-type generators researched. 

1.1.4 Biomass 

Biomass is the renewable source derived from the carbonaceous waste of various human and 

natural activities. It derived from numerous sources, including the byproducts from the timber 

industry, agricultural crops, raw materials from the forest, major parts of household waste and 

wood. It does not have carbon dioxide emission to the environment. Biofuels used in solid, gas 

and liquid form and when burning these fuels, chemical energy converted to thermal energy or 

heat. Solid biofuels include materials such as wood, straw and different types of organic waste. 

The possibilities of planting high-energy crops for use as an energy source also explored. Liquid 

biofuels include fuels like methanol, ethanol and vegetable oils, which derived from biomass to 

produce a combustible liquid. Biogas produced by the digestion of human and animal waste or 

by capturing methane gas from municipal landfill sites. 
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1.1.5 Wave 

Wave energy is a renewable source of energy, which based on the conversion of kinetic energy 

from ocean waves to electric energy. Various shoreline and offshore devices designed and 

installed worldwide. The shoreline devices include the oscillating water column (OWC), tapered 

channel (TAPCHAN) and Pendulator.  

1.1.6 Solar Energy 

Solar energy comes to Earth in the form of radiation, or sunlight, with spectral components 

mostly in the visible, near infrared, and near ultraviolet. According to well-established 

measurements, the average power density of solar radiation just outside the atmosphere of the 

Earth is 1366 W/m
2
, widely known as the solar constant. A mere 0.01% of the annual solar 

energy reaching Earth can satisfy the energy need of the entire world [2]. The incoming radiation 

can use mainly in two ways.  Directly sun radiation is converted to electricity by using PV cells 

and solar radiation is converted to thermal energy and then to electricity or other applications. 

Many different concepts explored in an attempt to harness the sun's energy, with the most 

noteworthy being Central Receiver, Photovoltaic, Parabolic trough collectors and Linear Fresnel 

reflector. 

1.1.7 Geothermal Energy 

Geothermal energy derived from the natural heat of the earth .The various types of renewable 

energies presented in the previous sections are derivatives of solar energy. Deep geothermal 

energy, on the other hand, is the only major energy source not derived from solar energy. At the 

time Earth formed from hot gas, the heat and gravitational energy made the core of Earth red-hot. 

After Earth formed, the radioactive elements continuously supplied energy to keep the core of 

Earth hot. We can use the steam and hot water produced inside the earth to heat buildings or 

generates electricity, which extracted by drilling wells to these sources. Since the water 

replenished by rainfall and the heat continuously produced inside the earth so that geothermal is 

renewable energy.  

Aluto Langano is the first geothermal field in Ethiopia exploited. In this area, eight deep 

exploration wells (LA-1 to LA-8) drilled from 1981 to 1986 with a maximum depth of 2500 m, 
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reaching temperatures of up to 335 °C [2]. The  feasibility  studies  for  this  power  station  were  

conducted  in  1986.The report concluded that the area could support a commercially viable 

geothermal power station. In May 1998, the first 7.2 MW electric power plants installed in the 

Aluto Langano field by the Ethiopian Electric Power Corporation and connected to the national 

power grid. It started by connecting four production wells, LA-3, LA-4, LA-6 and LA-8, and one 

reinjection well, LA-7 as shown in table 1.1 below. Now a days it  is  one  of  the  three grid-

ready thermal power stations in  the  country ,  the  other two  are  the  500 MW Corbetti Caldera 

Geothermal Power  Station   and  the  Tulu  Moye  Geothermal  Power  Station ,  also  with  

capacity  of  500 MW. The  Aluto Langano geothermal field  covers  an  area  of  about  8 km
2
,  

capable of  generating up  to  100  MW electric power[5]. 

Table 1. 1 Data Summery of Aluto Langano Plant [5] 

Wells Mass flow 

rate(kg/s) 

Pressure(bar) Reservoirs 

temperature(°C) 

Turbine Inlet 

temperature and 

pressure 

LA-3 10 12.5 315 187.5 °C ,12 bar 

LA-6 12.5 13.5 335 

LA-4 26.5 6 235 151.8 °C, 5.4 bar 

LA-8 15 8.4 265 
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Figure 1. 2 Aluto Langano Geothermal Power Plant 

1.2. The Solar Chimney Power Plant 

The solar chimney power plants (SCPP) are latest technology that combines solar energy and 

wind turbines. The  main function  of  the  SCPP  setup is  to  convert  the  solar  energy  into  

electrical  energy.  The SCPP have three main parts; chimney, solar collector and turbine (or 

turbines). The air heated up inside the solar collector due to solar radiation. Consequently, the air 

pressure differential generated between inside and outside of system. It causes continuous 

airflow traveling from the ambience into the chimney through the solar collector. The turbine (or 

turbines) set at the path of airflow converts the kinetic energy of air into electricity. As proved 

technique, the solar chimney power plant (SCPP) is representing a simple configuration of the 

SUPP, but it is not efficient, where it comprises four conversions of energy. Solar radiation 

converted to thermal energy in the absorbing medium, the thermal energy converted to kinetic 

energy in the collector passage, the kinetic energy converted to mechanical energy in the wind 

rotor, and finally, the mechanical energy converted to electrical power through the generator. 

This series of conversions caused the system efficiency to be as low as less than 2%. The 
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following advantages make the power plant attractive technology for future green energy 

production with slight drawbacks. 

1.2.1. Advantages of Solar Chimney Power Plant 

 Solar chimney power plants utilize beam and diffuse solar radiation. Therefore, although 

reduced, the plant still generates power under cloudy conditions. 

 The ground (soil) underneath the collector of a solar chimney power plant acts as a 

natural energy storage mechanism. This means that, although reduced, the plant continues 

to generate power at night. 

 Construction materials (mainly glass and concrete) for such a plant are relatively 

inexpensive and readily available. 

 The plant operates using simple technology. Except for possibly the turbo-generator, the 

technology of a solar chimney power plant will not become outdated easily. 

  The plant does not require any non-renewable fuels in order to operate and does not 

produce any emissions. This also means that the plant would never have to deal with 

escalating fuel costs. 

 At suitable plant sites such as desert areas, solar radiation is a very reliable input energy 

source. Consequently, energy produced by solar chimney power plants will not produce 

power spikes that may occur with schemes such as wind energy generation. 

  The plant has a long operating life (at least 80 to 100 years). 

 Solar chimney power plants do not require any cooling water. 

 Low maintenance cost. 

1.2.2. Disadvantages of Solar Chimney Power Plant 

  In order to be economically viable, solar chimney power plants have to build on a very 

large scale. Due to its size, the initial capital cost of such a plant is high. 

  The power output is not constant throughout the day or year. Output during peak energy 

demand times (early in the morning and early evening) are low while power production is 

at its peak in times of low electricity demand. Power generation is also much lower in the 

colder months of the year, when electricity demand is high. Further development may 

however reduce or even eliminate these disadvantages. 
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 The construction of the plant requires huge quantities of materials. Such quantities may 

cause logistical problems regarding the availability and transportation of the materials. 

 No structures of similar scale built before. 

1.2.3. Comparison with Hydroelectric Power Plants 

Solar chimneys are technically very similar to hydroelectric power stations – so far the only 

successful large-scale renewable energy source: the collector roof is the equivalent of the 

reservoir, and the chimney of the penstock. Both power generation systems work with pressure-

staged turbines, and both achieve low power production costs because of their extremely long 

life span and low running costs.  

The collector roof and reservoir areas required are also comparable in size for the same electrical 

output. However, the collector roof constructed in arid deserts and removed without any 

difficulty even if useful (often even populated) land submerged under reservoirs. Solar chimneys 

work on dry air and can be operated without the corrosion and cavitation typically caused by 

water. They will soon be just as successful as hydroelectric power stations.  

Solar chimneys can convert only a small proportion of the solar heat collected into electricity, 

and thus have a "poor efficiency level". However, they make up for this disadvantage by their 

cheap, robust construction and low maintenance costs. Solar chimneys need large collector areas. 

As economically viable operation of solar electricity production plants confined to regions with 

high solar radiation, this is not a fundamental disadvantage; as such, regions usually have 

enormous deserts and unutilized areas. Therefore, "land use" is not a particularly significant 

factor, although of course deserts are also complex biotopes that have protected.  

1.3. Statement of the Problem 

Solar energy is one of the renewable energy that covers the world’s energy consumption in the 

future. Solar chimney is the fast growing renewable energy technology that can provides the 

world’s energy consumption. However, the efficiency of the plant is small less than 2%. The 

circulation of months and variation of ambient conditions limits the continuous supply of energy. 

Thus this work investigates the improvement of the solar chimney power plant efficiency by 

using wastewater from geothermal power plant as a heat source. 
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1.4.  Objective of the Study 

The general objective of this study is to investigate performance of enhancement of solar 

chimney power plant using waste heat from geothermal power plant. 

The specific objectives of this study are: 

 To analyze the transient thermal behavior of collector roof, ground, fluid and 

geothermal water pipe by using numerical methods. 

 To analyze pressure distribution of working fluid in the collector by using numerical 

methods and estimate the efficiency of solar collector and chimney. 

 To estimate optimum dimensional arrangement and power output of plant components. 

1.5.  Significance of the Study 

The significances of the study are: 

 Support international agreements and national energy action plans to increase the use of 

renewable energy due to the growing concerns of pollution.  . 

 Utilize the rejected heat from geothermal power plant. 

1.6.  Scope and Limitation  

1.6.1. Scope 

This study focuses on the theoretical and numerical investigation of transient thermal and 

hydrodynamic behavior of solar chimney power plant to produce power by utilizing wastewater 

heat from geothermal power plant that operates at Aluto Langano weather condition.  

1.6.2. Limitation 

This work is delimited to investigate the transient thermal and hydrodynamic behavior of solar 

chimney power plant using wastewater heat both numerically and theoretically. The cost analysis 

of the power plant is not included here. It is expected that the thermo-physical properties of 

collector roof, solar chimney, ground and geothermal water pipe is a function of temperature, but 

this study delimited to assume all thermo physical properties are constant. 
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CHAPTER 2 

Literature Review 

Solar chimney power plant is the renewable energy in growing technology which can substitute 

the limited energy resource. The plant have three main parts; working fluid which is air, solar 

collector and long cylindrical shape called chimney. As the radiation from the sun penetrates 

solar collector the air beneath it heats and hence the density variation produce updraft through 

the chimney, which drives the turbo generator. The solar chimney power plant system first 

proposed in the late 1970s by Schlaich, (1995) and tested with a prototype model in Manzanares, 

Spain in the early 1980s.  They constructed the first prototype in Manzanares, spian and the data 

collected from this pilot plant were published by Haaf et al, (1983, 1984) in which a brief 

discussion of the energy balance, design criteria, and cost analysis was presented. This prototype 

works without fail for seven years that producing 50 kW. However, the performance of the plant 

is less than 2%. To improve the efficiency of this plant many researchers investigated. Using a 

detailed thermal analytical model, Bernardes et al, (2003) showed that the height of chimney, the 

factor of pressure drop at the turbine, the diameter and the optical properties of the collector are 

the most important parameters for the solar chimney design. 

Ayadi et al, (2018) evaluated the performance of SCPP by using different chimney 

configurations and the numerical simulations showed that the divergent and opposing chimney 

have greater power generation capacity.  Zhou et al, (2017) evaluate the effect of diurnal ambient 

temperature on the power output of SCPP. The authors found that the increase of diurnal ambient 

temperature increase the power output of the nighttime and decrease daytime. However, the daily 

power output is increasing and smooth power output in a small extent.                                    

Ming et al, (2017) evaluates the numerical simulation of the effect of ACW on the performance 

of SCPP which results the performance of plant is increased by novel design of radial partition 

walls (RPW) for ambient cross wind between 5 and 15 m/s. 

 Lal et al, (2016)
 
done on the enhancement of plant performance, detail position of components 

and individual efficiency with optimal range conditions. The turbine installation location decided 

by the maximum velocity point, which estimated with the help of CFD simulation as to be    

0.25–1 m inside the chimney pipe. The effect of chimney height, inlet temperature and the solar 
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radiation was also evaluated and developed the model equation for performance measurements, 

where producing higher mass flow rate is due to solar radiation is the measure constraint of 

higher performance. The efficiency of solar collector found to be in the range of 10–19.7%. 

Hu et al, (2017) studied the effect of chimney geometry on the performance of SC and reported 

that divergent chimney greatly increases the performance of the plant but degrades when the AR 

and DA increases resulted in parabolic shape for power curve. the author's also  reported that 

after normalizing the power output of divergent solar chimney, imposing geometric similarity on 

the structure of different size will have nearly the same power output. Latter on the authors 

reported on another work that AR controls the strength of the enhancement effect and DA 

controls rate of parabolic trend. In another work, Hu et al, (2017) reported that diffuser-type SCs 

generally have a better power generation performance than the cylindrical SC. The optimal 

output of the examined DSCs is 13.5 times higher than that of cylindrical SC. The increase in the 

output from the DISCs ranges from 2 to 10 times while the optimal situation from the DOSCs is 

only 5 times. 

 Kumar and Sarkar, (2017) simulate the solar updraft tower and found that the static inlet 

temperature of chimney is greater than exit static temperature. The simulation shows the 

difference in static pressure along the tower height and minimum at bottom of tower. 

Shirvan et al, (2017) investigated the enhancement of SCPP using sensitivity analysis of critical 

parameters; collector entrance height, chimney height, chimney diameter and collector 

inclination angle. They found that the sensitivity of optimal power output to entrance gap and 

chimney diameter increases with increase in collector entrance height, chimney height and 

diameter but reduces with increase of collector inclination angle. 

Cao et al, (2017) proposed new methods to simplify the complexity of high chimney called solar 

double chimney power plant. The simulation shows SDCPP have 1.59 times greater than CSCPP 

and 2.77 times greater than SSCPP.  Kassien et al, (2017) investigated the effect of turbine blade 

quantity, chimney height and collector diameter on the performance of plant. The simulated 

results show increasing the angular velocity of the turbine decreases the mass flow rate and 

increases torque and power of turbine. According to this investigation, the maximum mass flow 

rate occurs in three blades, while the maximum power observed in five bade turbines.          
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Ayadi et al, (2017) conduct an experiment and computational study the effect of chimney height 

on the performance of plant. The report shows that chimney height is the main component of 

plant to determine the power output of solar chimney power plant and an increase of chimney 

height by 3 m increases 176% the magnitude of velocity. In another work, Ayadi et al, (2018) 

and AlTaaie et al, (2016) investigated the contribution of collector inclination angle and 

concluded that negative inclination angle favors greater power output for the plant. 

Hassan et al, (2018) conduct a numerical simulation on the effect of chimney diverging angle 

and collector slope and reported that increasing collector slope below 6° increases the air 

velocity gradually, but increasing above 6° vortices detected due to uneven distribution of 

temperature along the collector. likewise ,the effect of chimney  diverging angle simulation 

results shows increasing the power output by 108% by employing 1° diverging angle.                     

Choi et al, (2016) develops an analytical model for solar chimney power plants with and without 

water storage systems. The result shows that solar chimney with water storage has continuous 

power output and the difference of maximum and minimum power out decreased with regard to 

depth of water storage.  

Mostafa et al, (2018) incorporated a 3-D numerical simulation to investigate the performance of 

the solar chimney power plant at different weather conditions. Khalil and Sabah, (2018) 

conducted an experiment on a new design of hybrid solar chimney with PV cells and found that 

the solar chimney with  PV cell collectors without glass cover have greater electrical power 

output than PV cells with glass covers. However, the kinetic power of the solar chimney 

increased in a PV cells with glass cover. Fathi et al, (2018) have done on efficiency enhancement 

of SCPP by use of waste heat from nuclear power plant increases the Manzanares prototype by 

150% annually. 

Cao et al, (2018)
 
investigated the full year simulation of SCPP and found that the annual 

accumulated energy generation mainly based on the air temperature rise in the collector and the 

height of the system. In this work the author's also compares the power generation of CSCPP and 

SSCPP based on maximum solar radiation (MSR) and maximum power generation(MPG) ,which 

results the CSCPP generates higher power than SSCPP at MSR angle.  
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Tayebi and Djezzar, (2016) construct a mathematical model to investigate the effect of ambient 

temperature and solar radiation on the flow in the collector. The author reports that the 

temperature and velocity of fluid shows increasing as the radius of collector increases but 

velocity increases more sharply at chimney inlet. However, the static pressure profile decreases 

through the collector and drops considerably near the chimney base.  

 Guo et al, (2016) evaluate the optimal turbine pressure drop ratio and found that with an 

increase in solar radiation and a decrease in ambient temperature the pressure drop ratio on the 

turbine increases. In addition, the author reported the superiority of circular collectors over 

square collectors in the performance of SCPP. Piyush et al, (2016)
 
conduct an experiment to 

analyze the parameters of SCPP and result show that the increase of mass flow rate favors 

maximum temperature in larger chimney height and the minimum value of density occurred at 

the out let of chimney.  

 Li et al, (2016) analyze the power generation quality and geometric optimization of solar 

chimney power plant and reported that there is strong relation between power quality factor and 

chimney height, as well as negative relationship between collector radius and power quality 

factor. Moreover, there exist the optimal chimney diameter and the optimal collector height to 

maximize the generation efficiency. The increases of the radius and the height of the solar 

collector, the decreases of the height and the diameter of the chimney and the appropriate storage 

layer thickness can improve the power stability of SCPPs.  

Ghalamchi et al, (2016) investigate the experimental setup to enhance the performance in 

different geometric parameters showed that chimney height and diameter are the most influential 

parameter and have optimum dimensions. Reducing or increasing from this has negative effect 

on the efficiency of power plant. The author also compared iron plat and aluminum and results 

aluminum has high heat transfer rate because of higher thermal conductivity and is best for 

absorber. 

Cottam et al, (2018) studied the effect of canopy profile on a solar thermal chimney performance 

and the study shows the canopy outlet height shown to be an important parameter as it defines 

the pressure drop in the flow through the collector-to-chimney transition section.  Flat canopy 

can improve power output but pressure losses occur close to the chimney due to restriction of 
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flow. Exponential improve the efficiency but construction and maintenance could be difficult 

and costly due to access issue. In this study, segmented canopy profile proposed on the best 

improvement of power output and simpler design constructions. 

Stojkovski et al, (2016) demonstrates the capability of CFD technique for the analysis of heat 

transfer and complex aerodynamics problems particularly solar chimney power plant. 

Mehrpooya et al, (2016) evaluated performance of SCPP; a 3D model generated and solved by 

CFD method. The thermal and dynamic behavior of the fluid flowing through the chimney 

analyzed. 

Ghalamchi et al, (2015) analyzed the temperature distribution and the fluid velocity in solar 

chimney setup based on the experimental data and concluded. That air inversion phenomenon 

directly associated with the geometric parameters and the ambient temperature changes. The 

entrance distance of the collector is the most influential geometric parameter in solar chimney 

performance. 

 Guo et al, (2016) analyzed numerically the optimal turbine drop ratio under constant solar 

radiation. When the turbine pressure drop Increases, the temperature raises increases while the 

updraft velocity gradually decreases. An increase in the turbine pressure drop means the turbine 

resulting in a reduction of the updraft velocity extracts more energy. Hence, the heating time of 

the airflow inside the collector is prolonged and the temperature rise increases. Meanwhile, when 

the turbine pressure drop remains constant, both the temperature rise and updraft velocity 

increase significantly with solar radiation.  

Later on, Guo et al, (2015) investigate 3D model incorporating radiation model, solar load model 

and real turbine load. The increase in rotational speed of turbine decrease turbine and collector 

efficiency, but there is increase in rise in temperature at collector out let and decrease in volume 

flow rate. This enhances driving force and decrease in discharging in kinetic energy, which leads 

to increase of system performance. A reasonable assumption should consider evaluating turbine 

model by fan model. The result also shows zenith angle has effect on collector efficiency and 

increase the zenith angle from 0°to 30° decreases power output by 17.3% in this study.   
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Koonsrisuk and  Chitsomboon, (2013) proposed a simple method to evaluate the turbine power 

output for solar chimney systems using dimensional analysis and showed that the optimum ratio 

between the turbine extraction pressure and the available driving pressure for the proposed plant 

is approximately 0.84. 

Nia and Ghazikhani, (2015) investigated numerically the heat transfer and flow field 

characteristics using three different passive control shapes that possess three main characteristics, 

boundary layer agitation, creation of secondary flows and vortices, and enhancing the original 

flow pattern. Among these, a triangular shape obstacle does not affect the original pattern of the 

flow from the collector entrance toward the chimney and guides the flow in a more prolific 

manner. While it is capable of expeditiously creating fluid mixing patterns and thermal boundary 

layer agitation, hence the greatest velocity and mass flow rate observed. More over 41.2% 

increment in power production reported in this study. 

 Ghorbani et al, (2015) investigated numerical simulation for the hybrid system including solar 

collectors, hot gas flow injection, cooling tower radiators and wind turbine. The power 

generation enhancement observed in different angles of hybrid tower walls and slopes of 

collector roof and base ground to illustrate their influence on output power. The investigation 

shows 0.538% increase in thermal efficiency of the fossil fuel power plant. Patel et al, (2014) 

and Husain et al, (2014)
 
study the effect of geometric parameters on the performance of SCPP 

using a computational fluid dynamics (CFD) software ANSYS-CFX. the computation carried on 

the overall chimney height of 10 m, collector diameter 8m,collector inlet opening ranges from 

0.05 m to 0.02 m, collector outlet diameter 0.6 m to 1 m, chimney diverging angle 0° to 3° and 

the diameter of the chimney 0.25 m to 0.3 m. The result shows that the inlet opening of the 

collector decreases the power output would increase and in this case, 0.05 m has greater power 

output. The collector outlet diameter and chimney inlet directly related to power available and 

has significant influence on the mass flow rate. the researcher also reports divergent chimney 

have better performance than convergent and cylindrical chimney and in this case 2° diverging 

angle  found to be an optimum. 

Chen et al, (2014)
 
perform the thermodynamic analysis of a low temperature waste heat recovery 

system to investigate the solar chimney tower performance analysis. The system consists of heat 
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exchanger a chimney tower, a turbine and pump. The author reported the system is feasible and 

can several hundreds of kilowatt power obtained within temperature range of 70 
o
C -100 

o
C and 

mass flow rate of          . The updraft velocity is stable, when the mass flow rate of air and 

pressure potential is a function of temperature of inflow water, ambient air condition and heat 

transfer area.  

 Ali, (2017) proposed a methodology for optimization of solar chimney power plants taking into 

account the techno-economic parameters. An optimized model was executing for different 

twelve designs in the range 5–200 MW to cover reinforced concrete chimney, sloped collector, 

and floating chimney. The resulted payback periods for the floating chimney power plants were 

the shortest compared to the other studied designs The sensitivity analysis showed that at the 

same solar radiation and electricity price, the simple payback period for 200 MW with sloped 

collector design would almost have the double simple payback period for 5 MW with floating 

chimney design. 

Ali, (2013)
 
studied the solar tower power out and its configuration effects on performance. The 

report shows that collector out let temperature is increasing as both collector diameter and solar 

radiation increases. The author also obtains the dimensional parameters effect on solar 

performance as collector diameter, chimney height and chimney diameter in descending order. 

Hamdan, (2013) analyzed the discrete model chimney and found that the assumption of constant 

density across the chimney over estimates the harvesting power by the amount of 20%. The 

report also presents the effect of turbine head on the power output of solar chimney power plant 

and the maximum power that can  produced from the SCPP depends on the selection of the 

optimum turbine head (or optimum flow rate). 

 Zhou and Xu, (2016)
 
investigated Variations of pressure potential and inlet air velocity with 

atmospheric cross flow velocity by changing SUT height and temperature rise. The enlargement 

effects of pressure potential and SUT inlet air velocity due to the influence of atmospheric cross 

flow to SUT outlet is found to increase as the SUT height increases, and with lower temperature 

rise, which is proportional to solar collector area. 
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Conclusions from the literature 

 The efficiency of the power plant is small less than 2% and increasing the dimension of 

the plant increases the efficiency and power output as shown in table 2.2. Industrial waste 

heat increase the operation hour and the efficiency of the plant 

 The inclination of collector between 1° and 10° increase the performance of the plant 

 Chimney height and collector diameter has significance influence on the performance of 

solar chimney power plant 

 Divergent chimney enhances the velocity and airflow rate but has consequence on 

economic aspect of plant. 

 Increasing the collector entrance angle increases the power output of the plant  

The present work studies to improve the performance of solar chimney power plant using waste 

heat from the geothermal power plant. Most of the researchers have done on geometrical 

parameters to perform the mathematical modeling. The study combines some of the above 

improvements done on the performance of plant and combines them with new idea of heat 

source as waste heat in Aluto Langano geothermal power plant. Then, the thesis works using 

dimensions of plant constructed in Manzanares, Spain height of chimney =194.6 m, diameter of 

collector=244 m, diameter of chimney=10.16 m. the dimension of the plant are shown   in  Table 

2.1 [6]. 
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Table 2. 1 Typical Dimension of Solar Chimney and their Efficiency in the Literature 

 

Table 2. 2 Plant Dimension [6]. 

 

Authors Hch 

,m 

Dch 

,m 

Dcoll 

,m 

ηcol

l % 

ηch  

% 

ηplan

t % 

∆T uf CSC

PP 

Improvement 

Shabahang et 

al, (2015) 

12 0.25 5 11 0.04 0.00

4 

20 4 2 W 41.2%increas

e (PFCD) 

Schalachi, 

(1995) 
194.

6 

10.1

6 

244 32 0.62 0.17 20  9.1 48 

kW 

74.4 

kW(SDCPP) 

Gholamalizad, 

(2016) 

247.

8 

14.7

9 

387.

6 

35 0.72

2 

0.24

3 

18 4.8 135 

kW 

175 

kW(SSCPP) 

Larbi et al, 

(2010) 

200 10 500 50 0.66 0.26 27.

5 

14.

3 

140 

kW 

207.6 kW 

Fei chao et al,  

(2017) 

547 54  1100 56 2.6 1.2 13.

5 

15.

3 

2.96 

MW 

4.72 

MW(SDCPP) 

Zhou et al, 

(2013) 

445 54 1110 56.

2 

1.45 0.63 25.

9 

9.1 5 MW 7.13MW(SCS

CPP) 

Schalachi et al, 

(1995) 

750 84 2200 54.

7 

2.33 1 31 12.

6 

30 

MW 

- 

1500 175 4000 52.

6 

3.1 1.31 35.

7 

15.

8 

100 

MW 

- 

Parameter Dimension 

 Effective chimney height (Heff) 194.6 m  

Height of chimney(Hch) 167.56 m 

Chimney diameter (Dch) 10.16 m  

Collector diameter (Dcoll) 244 m  

Collector inlet height  1.85 m 

Collector inclination (β) 10° 

Collector outlet height(Hcoll) 26.5 m 

Number of blade (N) 4 

Chimney shape  cylindrical 
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CHAPTER 3 

3.1. Mathematical Model for Collector and Chimney 

To determine the mathematical model for SSCPP, the governing equations for the movement of 

air within the collector and chimney considered separately using the full schematic diagram of 

the solar chimney power plant in Figure 3.1.  

3.1.1. Collector Model 

The one-dimensional steady compressible flow in a variable-area passage considered here. It 

assumed that the solar heat gain totally absorbed by the air under the roof. In the absence of 

friction and heat loss, the conservation equations in the differential form are as follows: 

The continuity equation 

  

  
 

      

  
                                     

Momentum equation  
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3.1.2. Chimney Model 

The air movement inside a chimney assumed a frictionless adiabatic process. The system of 

equations for a one-dimensional steady compressible flow in a variable-area chimney is as 

follows 

The continuity equation 
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Momentum equation  
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 State equations: 

  

 
 

  

 
 

  

 
                                           

Correspondingly, the following assumptions adopted to simplify the mathematical model:  

 Temperature rises in the solar collector is along radial direction [53]. 

 The collector roof temperature and the ground temperature don’t change along the 

collector radius r, i.e. d/dr for Troof and Tground is zero [43]. 

  The velocity and temperature gradient on radial direction in the chimney are negligible. 

 The analysis is based one-dimensional unsteady flow and the flow in the collector 

considered as a flow between two parallel plates. 

 Boussinesq assumption is valid for the airflow in the chimney [54]. 

 Ignore the temperature difference between the collector upper and back surface. 

  Airflow is under adiabatic condition in the chimney. 

 The temperature at some depth below the ground surface is constant.  

  There is no radial conduction in the ground surface.  
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Figure 3. 1 Schematic Diagram of the Combined Geothermal and Solar Chimney Power Plant 

3.1.  Energy Balance of the Solar Collector Roof 

The energy equations are developed based on the plant layout section in figure 3.2 The 

continuity equation is as follows; 
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 The energy balance equations are; 

For roof: 
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For air 
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Figure 3. 2 Energy Balance Diagram of plant section 
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For geothermal pipe 
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For the ground storage 
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3.2. Estimation of Incident Solar Radiation 

  The solar radiation incident on the earth’s surface depends upon geographical location and a 

climatic condition of the place, a study of solar radiation under local climatic conditions results 

good estimation. The total incident radiation is the sum of the beam and diffuses radiation on the 

horizontal surface and the total radiation on the surfaces that reflect to the tilted surface. The 

monthly average hourly total radiation on an inclined surface calculated from the knowledge of 

the monthly average daily total radiation on horizontal surface,  ̅.  

 The monthly average of daily total radiation on a tilted surface at a given location, for a 

particular day, follows the well-established equations [55].
 
The monthly average extraterrestrial 

radiation on a surface is calculated by using eq (3.25). Monthly average daily radiation on 

horizontal surface calculated using eq (3.26) and shown in the figure 3.4. 
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The sunrise hour angle calculated as;  
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Where,               
     

   
  

            ̅  In Wh/m2day 

          ̅, Monthly average daily radiation on horizontal surface 

            ̅ - Monthly average daily hours of bright sunshine 

 

The length of sunshine hours (  ̅ ) computed from Cooper’s formula and shown in the Figure 3.3 

below. 
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Figure 3. 3 The Length of Sunshine Hour with Representative Day of Month 
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The monthly average daily diffuse radiation on a horizontal surface can be determined from the 

monthly average daily global radiation on a horizontal surface and the number of bright sunshine 

hours. 

 ̅ 

 ̅
            (

 ̅ 

 ̅ 
)                                       

The monthly average hourly global radiation on a horizontal surface calculated from the 

knowledge of the monthly average daily global radiation on a horizontal surface. 

 

 

Figure 3. 4 Monthly Average Daily Global Radiation 
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The monthly average hourly diffuse radiation on a horizontal surface calculated from the 

knowledge of the monthly average daily diffuse radiation on a horizontal surface  

  ̅

 ̅ 

 
 

  
(

          

      
 

         

)                                

      ̅     ̅ (
      

 
)    ̅    ̅  (

      

 
)                                     

                                                         

                                                           

                                                        

   
    

     
                                            

Figure 3.5 shows the plot of the Monthly average hourly solar radiation on collector surface with 

inclined 10° for the whole year. The figure shows the maximum radiation will occur between 10 

A.M and 3 P.M for all months. 

 

Figure 3. 5 Monthly Average Hourly Solar Radiations With 10° Inclination 
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3.3. Estimation of Heat Transfer Coefficients 

The laws of  equations employed for the convective heat transfer coefficients from roof  to 

ambient environment, from roof to the airflow in the collector, and from pipe and absorber  to 

the airflow in the collector can be determined by Reynolds number  and Grashofs number as 

follows; 
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 if  Gr/Re
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<<1, neglect natural convection, 

>>1, neglecting forced convection, 

=1, natural and forced convection, 
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The general equation for external forced cross flow on cylinders is [53]; 

        

 
                                                                                 

 Where F=0.7, n=1/3 and the other C and m determined experimentally as shown in table 3.1 

below. 
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Table 3.  1 Empirical Correlations for the Average Nusselt Number for Forced Convection Over 

Circular in Cross Flow 

 

         

 
     

                 

[                ]   
                             

The fluid properties evaluated at the film temperature     
        

 
, which is the average of the 

mean fluid air and surface temperatures. 

The radiative heat transfer coefficient between the pipe and collector roof, ground and collector 

roof, pipe, ground, and from the collector roof to the sky are, respectively: 
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Cross section Range of Re C M 

cylinder 
 
                                D                       

0.4-4 0.989 0.330 

4-40 0.911 0.385 

40-4000 0.683 0.466 

4000-40,000 0.193 0.618 

40,000-400,000 0.027 0.805 
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3.4. Energy Balance Equations 

The discretized energy balance equations carried based on Figure 3.2 as follows; 

For roof: 
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For flowing air: 
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For geothermal water pipe: 
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For the ground heat storage: 
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The above discretized equations are solved through iterative MATLAB code (APPENDIX: A1) 

using the diagrams shown below in Figure 3.6 which results the annual temperature variation of 

collector roof, ground storage, geothermal water pipe and the flowing fluid air  in the collector. 

The results of the MATLAB code plotted in Figure 4.1,4.2 and 4.3 

3.5. Pressure Potential Caused by Sloped Solar Collector and Chimney 

The chimney converts the thermal energy produced by the solar collector into kinetic energy. 

The rising of temperature creates the density difference in the collector that works as the driving 

force for fluid air. By taking the air as an object, the whole pressure potential converts to the 

dynamic pressure of airflow. In the assumptions of this compressible flow model, air follows the 

ideal gas law, and the loss through the SUT wall is negligible. A thermal model based on energy 

balance developed to predict the performance of the SUT described under different conditions.  

The pressure potential of the SUTPP used to drive the current in the plant from the collector inlet 

to the SUT outlet. It will produce the maximum flow when no any turbine installed and the 

pressure losses are not considered. The pressure potential of the SUTPP can also be equal to the 

dynamic pressure at the collector outlet or the SUT inlet under no load conditions by neglecting 

the pressure losses when air current flows through the plant. 
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Figure 3. 6 The Flow Chart Procedure of MATLAB Code Developed 

The pressure potential of the SUTPP was considered by Koonsrisuk and Chitsomboon, (2013) to 

be equal to the difference of the static pressures at the collector inlet (point 1) and outlet (point 2) 

equivalently at the SUT inlet (point 3) under no load conditions, that is ,         The 

momentum equation without considering the shear stress items for the sloped collector can 

express as; 

Boundary conditions: Solar radiation, 

geothermal water properties, ambient 

temperature 

 

Discretized energy balance equations 

(eq 3.43-3.46) 

Assuming unknown parameters 

Tground, Tcoll,Tf2,Tpipe ,  ̇ 

 

Calculating Convective and Radiative 

Heat transfer coefficient 

(eq 3.35-3.42) 

Plot temperature versus time 

graph 

 

 

If Tnew-Tolder=TOL 

 

Told=Tnew 

No 

Start 

Yes 
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After integration of Eq. (3.48) can written as; 

∫     
 

 

 
 

 
∫     

 

 

        ∫    
 

 

                           

 As the indoor air rises from the sloped collector inlet to outlet, the indoor air current should 

accelerate, and its gravitational potential energy increases, but the static pressure gradually 

decreases. Gravitational force takes a significant effect on the movement of the air current up the 

sloped collector. 

In order to remove the integral signs in Eq. (3.49) to obtain an expression containing no integral 

for the SCSUTPP pressure potential, the mean density of the air inside the sloped collector 

substituted into Eq. (3.47) can rewritten as: 

 

 
 ̅   

    
           ̅                                     

The density of the indoor dry air does not change linearly but decreases exponentially with 

heights from the inlet (point 1) to the outlet (point two, equivalently the SUT inlet, point three, 

under no load conditions) of the sloped solar collector.  However, the mean density of indoor air 

for the actual exponential decrease seems to be just slightly larger than the mean density of 

indoor air for the linear variation. For the sake of simplicity of model, the latter used as  ̅, this 

can give by: 

 ̅  
     

 
                                              

In addition, the expression Eq. (3.50) of the SCSUTPP pressure potential ∆ppoten can further 

write as; 
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At a random position, the vertical height h above the collector inlet (point 1) can expressed as a 

function of r and the inclination slope β: 

                                                     

The effective SUT height Heff for the SCSUTPP defined to be equal to the sum of the vertical 

height of sloped collector, Hcoll, and the SUT height, Hsut. 

                                                          

The heat losses across the wall and frictional losses are negligible compared with the pressure 

potential ppot. Therefore, the dry air assumed to experience an isentropic change in state and can 

describe by:  
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With the specific gas constant of dry air (R) is equal to           . Inside the SUT the 

temperature will changed according to the dry adiabatic lapse rate equal to            . 

     
 

 

   

 
                                          

The static temperature of dry ambient air at a height this expressed as: 

  
   

   
  

     
                                         

Where,     is being the temperature of the ambient air at the ground level. 
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The pressure gradient in a gravity field expressed as 

  

  
                                                 

After substitution of Eq. (3.57) into Eq. (3.60) we get 
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And the standard pressure     of dry static atmosphere expressed as: 

                     (  
  

     
)

 
   

                               

The static pressure     of dry ambient air at the outlet height can express as; 
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  According to Pretorius and Kroger, (2006) the difference of the static pressure at the SUT outlet 

and the ambient pressure at the same height in windy conditions can express as: 

          
 

 
              

                                 

Where Cpo is the pressure coefficient at the outlet of SUT.  Cpo may be represented by: 
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During relatively quiet (no significant ambient winds) periods,      
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The pressure potential converted to dynamic pressure calculated as: 

                                                           

The energy conversion efficiency of the SUT defined as the proportion of the fluid power of the 

air current at the SUT inlet to the heat gains of the heated air current obtained from the solar 

collector. It can also define as the conversion of heat into kinetic energy, which is practically 

independent of the rise of air temperature in the collector; it is essentially determined by the 

outside temperature To at ground level and the height of the chimney Hch [6]. 

    

 
   ̇   

 

  ̇            
 

    

    
                                    

The efficiency of collector roof is the ratio of useful energy transferred to the fluid air to the 

incoming solar radiation intercepted by the roof and the heat generation from the geothermal 

power plant waste heat. 
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The above mathematical equations are solved iteratively using flow charts in figure 3.7. The 

MATLAB code is developed to solve these iterative equations as shown in Appendix: 3. 
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Figure 3. 7 Flowchart of MATLAB Code 

Dimensional parameter of plant 

Hch, Hroof, Dch, Droof, slope p1=p    C   u      1 using 

eq (3.56), Calculate 𝑚̇ at 

state1using eq (3.5) 

 

 

Calculate p3 using eq (3.79), Calculate 

 3 using eq (3.56), Calculate vavg using 

eq (3.81, 3.82), Calculate T3 using eq 

(3.78), Calculate v3using eq(3.85), 

Calculate v1 using v3, p3      3 using 

eq(3.1) 
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Calculate Pload using eq(3.84) 

Calculate𝛈 collector (3.77) 

Calculate𝛈 chimney (3.76) 

Calculate𝛈 plant (3.86) 

 

Iteration 
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eq (3.1-3.4), Calculate p4 using 
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using eq (3.80) 
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using eq (3.56) 

 

 

 Guess v1, T3 

 

Start 

Calculate Pload using eq (27) 

Calculate 𝛈 collector, Calculate 𝛈 

chimney, Calculate𝛈 plant 
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3.6. Thermodynamic Analysis of Solar Chimney power plant 

The energy conversion processes related to SUTPP can be demonstrated with a temperature-

entropy diagram of air standard cycle analysis without considering system losses as shown in 

Figure 3.8 [62].  

 

Figure 3. 8 The Diagram of Brayton Cycle Model of Solar Chimney 

In the figure, the collector inlet area is assumed large enough, resulting in a small velocity of 

airflow at the collector inlet.  Process 1-2 occurring in the collector denotes that the air entering 

through the collector inlet from the surroundings heated by solar radiation, its temperature and 

entropy increase, and the indoor air motion accelerated, while the total pressure kept constant 

inside the collector. Process 2-3 denotes that the air blows through the turbine into the SUT when 

the temperature and static pressure decrease slightly. This is entropic process. Process 3-4 

denotes that the air behind the turbine flows through the SUT when the temperature decreases 

mainly due to the negative work done by the gravitational force. This is also an isentropic 

process. Process 4-5 denotes that the energy including kinetic energy and heat of airflow released 

into the atmosphere.  
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In an ideal gas turbine cycle where there are no irreversible processes all the power could be 

extracted as the gas expands from p3to p4 to obtain the shaft power m*cp(T3-T4). In the case of 

the solar chimney, the power required to lift the air up the chimney must be taken into account. 

The total power available is, 

            ̇                                          

The power required to lift the air up the chimney, 

       ̇                                      

The cycle pressure ratio is defined as: 

  
  
  

 
  
  

                                       

And the compression temperature ratio is given by: 

  
  
  

 
  
  

                                          

   
     

                                           

The efficiency is the turbine output power divided by the solar energy transferred to the air 

moving through the collector.  

  
                 

               
  

The solar energy   and geothermal energy transferred to air is: 

      ̇                                               
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The shaft power output is 

        ̇           ̇                                      
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From the above it can be seen that the efficiency is only dependent on the pressure ratio and not 

on the temperature ratio. In gas turbines the flow variables are often normalized to the inlet 

condition T5. The specific power is a function of the cycle temperature ratio t52 where ΓT12is the 

temperature rise in the combustor and T1is the compressor exit temperature. The cycle 

temperature ratio is defined as: 

    
  
  

 
       

  
                                       

The specific power is normalized with T5, 
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For solar chimney 
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The power from the turbine normalized to T2 is: 

   
 ̇         

 ̇    
   

  
  

                                  

The turbine temperature ratio is  
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Once the temperature ratio across the turbine has been found, the ideal gas relationship is used to 

find the pressure ratio and from this the pressure drop is as follows, 

  
  

  
  
  

 
     

                                         

Then the turbine pressure drop is given by; 
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3.7. Mathematical Modeling of Turbine and Generator 

The heat flow produced by the collector converted into kinetic energy (convection current) and 

potential energy (pressure drop at the turbine) through the chimney. Thus, the temperature rise of 

the air in the collector causes the density difference that work as a driving force. The lighter 

column of air in the chimney is connected with the surrounding atmosphere at the base (inside 

the collector) and at the top of the chimney, and thus acquires lift. Between chimney base and the 

surroundings, a pressure difference ∆ppot produced. When turbines installed between the 

collector outlet (point 2) and the turbine outlet (point 3) of the system, the temperature and static 

pressure at (point 3) given by: 
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The inlet loss, the vertical accelerating axial airflow, the inside wall friction, the internal bracing 

wheel drag forces, and the outlet loss all contribute to a pressure drop over the height of the SUT. 

The pressure loss coefficients recommended as the wall friction factors           , the 

vertical accelerating axial airflow pressure loss coefficients          , and the inlet loss 

coefficient         and the same value was assumed for the loss coefficient     due to the 

internal SUT bracing by cables or rods. 

           
          

     

     
 

  

̇
  [            ] 

Where,        the densimetric Froude number. 

The total efficiency of the power plant is depending on the component efficiency of plant. It is 

defined as by what amount the power output extracted from the input energy. 
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Selecting a 6-pole 3-phase synchronous speed generator, the rotor speed at 50 Hz is 1500 rpm. 

The tip speed ratio for a specified diameter rotor given by; 

  
  

 
                                           

  
 

 
                                              

For ease of manufacture, due to its flat high-pressure side,  selecting NACA0012 blade design 

with lift coefficient (Cl), angle of attack (α)  and the flow induction factor (a) for optimum 

operation at constant speed. The expression given by: 
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Where, ϕ is the local inflow angle, α is the angle of attack, β is the blade twist angle, Ω rotor 

speed in rpm, λ is tip speed ratio and N is the number of blade [58].  

3.8. Mathematical Modeling of Geothermal Water Pipe 

The geothermal wastewater introduced at the outlet of fluid air in the collector roof and 

discharged at the inlet of fluid air. The length of the geothermal water pipe can determine by log 

mean temperature difference of cross flow between air and geothermal water.  
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The pipe is oriented in circular way as shown in Figure 3.9 in which the inlet of geothermal 

water is at the entry of fluid air and exit is at the outlet of collector. The pipe circulates 40 rounds 

with 3 m spacing between each round. 

 

Figure 3. 9 Geothermal Water Pipe Arrangements 
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CHAPTER 4 

4.1. Simulation Results and Discussion 

The initial  condition of the plant on Aluto Langano weather condition are tabulated in Table 4.1 

by using this initial conditions  numerical solutions are solved. The simulation result of the 

Figure 3.7 are tabulated in Table 4.2. 

Table 4.  1 Assumed and Initial Condition 

 

Table 4.  2 The Output Parameter at Each Section of Plant 

 

In Figure 4.1, four Figures plotted together which shows annual temperature variation of roof, 

ground, fluid airflow and pipe. The highest fluid air temperature observed in the month of 

November, December and January; which is approximately 323.3°K. The minimum temperature 

observed in august. The temperature profile of all figures is similar in shape as shown, which 

Initial condition Assumed condition 

Parameter  Value  Parameter  Assumed value 

Ambient temperature, Ta 18 °C Roof temperature, Tr 50 °C 

Inlet fluid temperature,Tf1 18 °C  Outlet fluid temperature,Tf2 45 °C 

Inlet geothermal water 

temperature,Tw1 

90 °C Ground temperature, Tg 60 °C 

Outlet geothermal water 

temperature,Tw2 

Ta+20 °C Geothermal water  pipe 

temperature, Tp 

55°C 

Mass flow rate of 

geothermal water,  ̇  

62.5 kg/s Mass flow rate of fluid air, ̇  1525 kg/s 

Specific capacity of water 4190 J/kg.K   

State  Pressure (Pa) Temperature (°K)  Density (kg/m3 Velocity (m/s) 

state1 90000 293 1.0703 3 

state2 89901 318 0.98505 15.801 

state3 89783 319 0.98067 7.909 

state4 99044 317.1 1.0883 14.936 

 ∆ppoten=182.82 Pa ∆pturb=121.88  Pa ∆ploss=  60.94   Pa ∆Pload=123.59  kW 
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shows the ground temperature is the maximum observed temperature because of the ground is 

acts as absorber in the system. It absorbs the incoming solar radiation and emits back to the 

collector roof and fluid air in the collector.   

 

Figure 4. 1 Annually Temperature Variation of Roof, Ground, Fluid Air and Pipe 

In Figure 4.3, the daily variations of the representative day of January are plotted. The maximum 

temperature observed in the time between 10 A.M and 13 P.M for all graphs as shown, which is 

the maximum solar radiation, occurred. The temperature range of the fluid air is smaller than that 

of others; this indicates   the power output of the plant is nearly constant throughout the day. To   

show the effect of geothermal water waste heat on the fluid air, Figure 4.2 and Figure 4.3 

compared. The increasing recorded temperature is the combined effect of solar radiation and 

geothermal water waste heat from geothermal power plant.   
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Figure 4. 2 Daily Temperature Variation of Roof, Ground, Fluid Air and Pipe 

 

Figure 4. 3 The Output Temperature of Fluid Air without Geothermal Water 

 

Figure  4.4 shows the influence of solar radiation and collector radius on the temperature profile 

of fluid flowing through the collector. When the solar radiation is constant, the temperature of 

fluid increases by decreasing the radius and reach maximum at collector outlet. Figure 4.4 imply 

that, when the solar radiation increases, the air temperature increases for the same collector 

radius. When the solar radiation increases the collector surface temperature increases and hence 
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the fluid air temperature But as the solar radiation  increases above some level, the collector 

surface temperature increases more and then high convection occurs which results in decrease 

the mass flow rate of fluid air in the collector. 

 

Figure 4. 4 Temperature of Fluid Air at any Radius of Collector 

The  effect  of  changing  dimensions  of  the  solar  chimney  power  plant  on  the  power  

generation  ranging from 60 to 120 m and chimney height from 50 to 450 m is  shown in Figure 

4.6 below. These results demonstrate that  the  larger  the  collector  size  and  the  higher  the 

chimney  height  is,  the  greater  the  power  generation  will  be.   it  is  also  evident  that  the  

power  generation  of  solar  chimney increases  nonlinearly  with  the  increase  of  collector  

diameter  and chimney  height.  It  increases  sharply  when  the  sizes  of  collector  and the  

chimney  are  small,  but  slowly  with  an  increase  in  size . in this study about  123 kW  

electric  power  can produced  in  the  solar  chimney  when the  diameter  of  the collector is  

244 m, and the chimney height is 194 m. 

Figure 4.5 shows the static pressure profile, which decreases through the collector and drops 

dramatically near the chimney base. It also demonstrates that increasing solar radiation results in 

a decrease in the static pressure when the collector radius is constant. Figure 4.7 shows the air 
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velocity profile through the collector. The velocity increases through the collector towards the 

collector outlet radius, but it increases more sharply by reaching the chimney base. When the 

collector radius is constant, an increase of solar radiation causes an increase of the air velocity. 

Examining the effect of collector radius on static temperature and velocity, the trend developing 

in Figure 4.5 and 4. 7 respectively, have the same effect with the pressure and velocity graphs 

[60]. 

 

Figure 4. 5 Static Pressure versus Radius of Collector 
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Figure 4. 6 Power Output versus Chimney Height and Collector Radius 

 

Figure 4. 7 Velocity of Fluid Air versus Radius
 

 

In the Table 4.3 the comparison of this, work and previous works done on the reference plant in 

the literatures. The result of comparison shows there is significance improvement in this work. 
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Table 4.  3 Comparisons of this Work and Previous Works on Reference Plant 

Parameter Schalachi, 

(2005)  

Asnaghi et al., 

(2011) 

Koonsrisuk and 

Chitsomboon ,(2003) 

 In this 

work 

V2(m/s) 15 16.2 15 15.58 

T2(°K) 322  314.5 320.2 

∆T 20 21.8 22 27 

∆ptur(Pa) 74 - - 130.70 

∆ppoten (Pa) - 120 135 196.06 

pload(kW) 48 265MW/yea 48.3 123.59 

𝛈coll 32% 35% 37% 43.58% 

𝛈ch 0.65% 0.65% 0.65% 0.653% 

𝛈tur 85% 85% 85% 85% 

𝛈tot 0.176% 0.1934% 0.204% 0.242% 

 

Figure 4. 8 Efficiency of Plant with and Without Geothermal Power Plant 
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CHAPTER 5 

Conclusion and Recommendation 

5.1.  Conclusion 

In this work, the performance analysis of a solar chimney power plant using waste heat from 

geothermal power plant investigated. The obtained results shows with waste heat of geothermal 

power plant with mass flow rate 62 kg/s and 90 °C, the collector temperature increases from 316 

to 323 K with combined effect of geothermal water and solar radiation as shown in Figure 4.2 

and Figure 4.3. 

The change in temperature is 27 °C, which is 7 °C increment with Manzanares proto type as 

shown in Table 4.3. The maximum velocity achieved at the outlet of collector is 15.8 m/s and 

182.8 Pa potential pressures observed at the bottom of the chimney. The total pressure drop at 

the turbine is 120.4 Pa and 62.3 Pa  pressure loss occurred due to inlet pressure loss to collector 

and turbine, the vertical accelerating axial airflow, the inside wall friction, the internal bracing 

wheel drag forces, and the outlet loss . 

The amount of power output increases from 50 kW to 123 kW and efficiency of the collector 

increases from 32% to 43.58%. Hence, the total efficiency of the solar chimney power plant 

increased from 0.176% to 0.242%.  

The result of the study shows, the solar chimney power plant improved by combining waste heat 

from another power plant. The model results of this study validated with the previous works and 

good result has been get with improved efficiency and greater power output.  
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5.2. Recommendation and Future Work 

For future work the following points mentioned; 

 Divergent chimney at some angle will enhance the power plant efficiency. 

 Transient analysis in time and space  for ground, collector roof and geothermal water 

pipe  

 Design of turbine for specific solar chimney can improve the efficiency. 

 Considering radial conduction for the ground will improve the efficiency. 

 Considering the heat loss along the chimney overestimates the heat loss.  

The paper recommend the following point; 

 Ethiopia is on the sub-Saharan country there is adequate solar radiation and un populated 

desert areas .Hence, this work recommend to Ethiopian electric power corporation to 

work on solar chimney power plant widely. 
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APPENDIX: 1 MATLAB Code to Find Temperature Variation 

clear all 

clc 

Parameters for solar chimney dimensions 

hch=124;       % height of chimney in meter 

dch=11.06;     % dimeter of chimney in meter 

hcol11=1.85;   % height of collector at inlet 

hcoll2=66;     % height of collector at outlet 

beta=30;       % inclination of collcetor 

Geothermal water properties at70 0c 

mw=62.5;        % mass flow rate of water in kg/s 

cpw=4190;       % specific heat of water j/kg.k 

rhow=977.5;     % density of geothermal water kg/m^3 

kw=0.663;       % thermal conductivity of water W/m.K 

prw=2.55; 

muew=1.126*10^(-5); 

%%%% fluid air properties at mean temperature( 18+45)/2=31.5 

mf=1525;                  % mass flow rates of fluid air 

cpf=1007;                 % specific heat of fluidj/kg.k 

rhof=1.1564;              % density of fluid air 

muef=1.8812*10^(-5);      % dynamic viscousity 

v=1.6268*10^(-5);         % kinamatic viscousity 

prf=0.7276; 

kf=0.0260; 

Roof properties 

cpr=903;        % specific heat of roof 

trar=0.8;       %transmitivity of roof 

kr=273;         %thermal conductivity of aluminium roof 

rhor=2702;      %density of roof aluminium 
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emr=0.09;       % emisivity of roof 

absor=0.26;     %absorpitivity of roof 

lr=0.025;      % thickness of roof 

r=122;          % dimeter of collcctor at inlet 

dr=122;         % section of collector 

s=132;          %inclined length of roof 

Ar=0.5*3.14*r*s;    %area of collector roof 

% 

Ground properties (treated soil) 

cpg=710;        % specific heat of absorber 

rhog=2160;      %density ofabsorber................. 

absog=0.9;      %absorpitivity of absorber 

emg=0.9;        % emisivity of asorber 

kg=1.83;        % thermal conductivity of absorber 

zg=0.5;         %thickness of ground 

pi=3.14; 

Ag=pi*r*dr; 

%pipe properties stainless steel 

Dp=0.208;       %diameter of pipe 

zp=0.004;       %pipe thickness 

lp=15335;       %length of pipe 

Ap=pi*Dp*lp;    %area of pipe 

trap=0.5;       %transmitivity of pipe 

rhop=8055;      %kg/m3 density of pipe carbon steel 

cpp=456;      % specific heat of pipe j/kg.k 

kp=15.1;        %thermal conductivity of pipe 

absop=0.11;     %absorpitivity of pipe 

emp=0.18;       % emissivity of pipe 

pi=3.14; 

sigma=5.06*10^(-8);% stefan boltzman constant w/m^2.k^4 

%%%boundary conditions 

Ta=291;                % initial ambient temperature 

Tf1=293;               % inlet fluid temperature 

Tsky=Ta-6;             % sky temperature 

Tw1=363;               % inlet geothermal water temperature in degree celicius 
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Tw2=Ta+20;             % exit tempreature of water 

Twm=0.5*(Tw1+Tw2);     %mean water temperature 

%%assumed input conditions 

Tf2=318;            % initial exit temprature of fluid 

Tfm=(Tf1+Tf2)/2;    % meanfliud temperature 

Tr=300;             % initial roof temprature 

 Tp=330;             % initial temperature of pipe 

Tg=333;             %assumed initial temperature of absorber 

%air properties from the table at 300k---------------------- 

cpa=1007;              %heat capacity of air J/kg.k 

Ka=0.0257;             %thermal conductivity of air w/m.k 

muea=1.81e-5;          % dynamic viscosity of air kg/m.s 

va=1.52e-5;            % kinematic viscosity of air m^2/s 

rhoa=1.184;            %density of air [kg/m^3] 

g=9.81;                %gravity 

uf=3;                  %velocity of wind 

%convection coefficient for ground to fluid air at mean temperature 

prgf=0.738;          %prandtel number 

cpgf=1007;           %specific heat capacity 

rhogf=1.1076;        %density 

kgf=0.0271;          %thermal conductivity 

lcgf=122;            %critical length 

Tgf=333;             %temperature of ground 

Tfm=305.5;           %mean fluid temperature 

B=1/Tfm;             %temperature expansion 

g=9.81;              %gravity 

muegf=1.3479*10^(-5);%dynamic viscousity 

vgf=1.759*10^(-5);   %kinamatic viscousity 

f=0.0336;            %friction factor 

uf=9;                %velocity of fluid 

Gr=g*B*(Tgf-Tfm)*(lcgf^3)/vgf^2; 

Regf=rhogf*uf*lcgf/muegf; 

Ra=Gr*prgf; 

hcgf=3.5;%((f/8)*(Regf-1000)*prgf*(kgf/lcgf))/(1+12.7*((f/8)^0.5)*(prgf^(2/3)-1)); 

Convection coefficient for circular pipe to fluid air at mean temperature 
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g=9.81;            %gravity 

Tpf=338;           % mean temperature of pipe 

Tfmf=322;          %mean temperature of fluid 

B=1/Tfm; 

cppf=1007; 

vpf=1.788*10^(-5); 

muepf=.9586*10^(-5);% 

kpf=0.0273; 

lcpf=0.208;% is equal to out side diameter of pipe 

prpf=0.7231; 

rhopf=1.0954; 

Repf=rhopf*uf*lcpf/muepf; 

Nupf=0.027*Repf^0.805*prpf^0.3333; 

hcpf=(kpf/lcpf)*Nupf; 

Convection roof to fluid air 

krf=0.0267; 

rhorf=1.1234; 

prrf=0.7252; 

Tfm=314; 

Tr=323; 

f=0.0336; 

betha=30; 

B=1/Tfm; 

lcrf=122; 

muerf=1.9730*10^(-5); 

vrf=1.7116*10^(-5); 

uf=9; 

Rerf=rhorf*uf*lcrf/muerf; 

Ra=(9.81*0.866*B*(Tr-Tfm)*lcrf^3*prrf)/(vrf^2); 

Nurf=(0.825+(0.387*(prrf^0.5)*Ra^0.16667)/(1+(0.0492/prrf)^0.5625)^0.29629)^2; 

hcrf=3;%((f/8)*(Rerf-1000)*prrf*(krf/lcrf))/(1+12.7*((f/8)^0.5)*(prrf^(2/3)-1)); 

Convection coefficient for collector roof to ambient at mean temperature of 

uw=3;                 % velocity of wind 

rhora=1.1488;         % density of fluid air 
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cpra=1007;            % specific capacity offluid air 

prra=0.7271;          % prandtel number 

hcra=3.87+0.0022*(uw*rhora*cpra)/prra^(2/3); 

%%%%  radiation coefficients 

hrrsky=sigma*emr*(Tr^2+Tsky^2)*(Tr+Tsky);       %between roof and sky 

hrpr=sigma*(Tp^2+Tr^2)*(Tr+Tp)/(1/emp+1/emr-1); %between roof and pipe 

hrrp=hrpr; 

hrgr=sigma*(Tg^2+Tr^2)*(Tg+Tr)/(1/emg+1/emr-1); %between ground and roof 

hrrg=hrgr; 

hrpg=sigma*(Tp^2+Tg^2)*(Tp+Tg)/(1/emp+1/emg-1); %between pipe and ground 

hrgp=hrpg; 

Radiation data 

phi=7.78;            % latitude of aluto langano 

dt=3600; 

for i=1            %time step of the collected radation 

load tot.m           %the monthly average hourly global and diffuse radation 

data1=zeros(24,1); 

for j=1:12 

    data1(:,:,j)=tot(j+(23*(j-1)):j*24,:); 

end 

  i=1:288; 

     IT=data1(i); 

 

 Ir=IT(i)*absor; 

 I=transpose(Ir); 

 Ip=IT(i)*absop*trar; 

 Ig=IT(i)*absog*trap; 

%  temperature of the roof ,fluid and ground 

 

  Tr1i=Tr-(dt/(cpr*rhor*pi*r*s*lr))*Tr*(Ar*hcra+Ar*hcrf+Ap*hrpr+Ar*hrrsky+Ag*hrgr)+... 

 

(dt/(cpr*rhor*pi*r*s*lr))*(Ar*Ir+Ap*hrpr*Tp+Ar*hcrf*Tfm+Ar*hcra*Ta+Ar*hrrsky*Tsky+Ag

*hrgr*Tg); 

 

 Tpi=Tp-
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(dt/(cpp*rhop*pi*Dp*zp*lp))*Tp*(Ar*hrrp+Ag*hrgp+2*3.14*0.104*lp/(log(0.208/0.204))+0.5*

Ap*hcpf)+... 

     

(dt/(cpp*rhop*pi*Dp*zp*lp))*(0.5*Ap*Ip+Ar*hrrp*Tr+Ag*hrgp*Tg+2*3.14*0.104*lp/(log(0.2

08/0.204))*Twm+0.5*Ap*hcpf*Tfm); 

 

 

 Tgi=Tg-(dt/(cpg*rhog*pi*r*dr*zg))*Tg*(Ar*hrrg+Ap*hrpg+Ag*hcgf)+... 

    (dt/(cpg*rhog*pi*r*dr*zg))*(Ar*hrrg*Tr+Ap*hrpg*Tp+Ag*hcgf*Tg+Ag*Ig); 

 

Tf2i=Tf2*(1-1/dr)+((1/(mf*cpf))*(Ar*hcrf*(Tr1i-Tfm)+Ap*hcpf*(Tp-Tfm)+Ag*hcgf*(Tgi-

Tfm)-((mf*cpf*Tf1)/dr))); 

     end 

%this stores  plots on january month 

 y=1:288; 

% to plot on the same plane 

 plot(y,Tr1i,'-r') 

 hold on 

plot(y,Tgi,'-black') 

hold on 

 plot(y,Tf2i,'-blue') 

hold on 

plot(y,Tpi,'-green') 

grid on 

  hold off 

 legend('roof','ground','fluid air','pipe') 

xlabel('time of the day') 

ylabel('temperature (K)') 
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APPENDIX:  2 MATLAB Code to Calculate Power Output and 

Efficiency 

clear all 

clc 

T1=291;heff=194.6;hsut=167.7937;hcoll=26.8063;Dsut=10.16;pi=3.14; 

Ar=5.5450e4;Asut=81.03;A2=Asut;A1=1417.39; 

R=287;cp=1005;rr=122.2;rc=5.08;x=0.66667;f=0.008428; 

a=0.65;U=15;g=9.81; 

pinf1=101325;Tinf1=293; 

rhoinf1=pinf1/(Tinf1*R); 

rho1=rhoinf1;cpw=4190;mw=62.5; 

v1=0.8;T3=319;%guss 

 v1c=3;T3c=320; 

 load useful.m           %useful heat gain 

data1=zeros(24,1); 

for j=1:12 

    data1(:,:,j)=useful(j+(23*(j-1)):j*24,:); 

end 

  i=1:288; 

     qu=1.0e+6*data1(i);%useful heat gain 

 while (v1c-v1)/v1>0.015&(T3c-T3)/T3<0.034 

 v1=v1c; 

       T3=T3c; 

p1=pinf1-0.5*rho1*v1^2; 

T1=293;%inlet  temperature of fluid air 

rho1=p1/(T1*R);%inlet density of fluid air 

m=1400;%mass flow rate of fluid  air 

T2=318;%temperature of fluid air at outlet of collector 

p2=p1+((m*qu)./(2*3.14*hcoll^2*rho1*cp*T1))*(log(rr/rc))-(m^2/(2*rho1))*(1/A2^2-

1/A1^2);%pressure of fluid air at outlet of collector 

rho2=p2./(T2*R);%density of fluid air at outlet of collector and inlet of chimney 

dt=T2-T1;%change in temperature inthe collector 

v2=m./(rho2.*A2);%velocity at outlet of collector and inlet if chimney 

p4=pinf1*(1-(g*heff/(cp*Tinf1)))^3.5;%pressure at outlet of turbine 

ppoten=pinf1*(1-((1-g*heff/(cp*Tinf1))/(1-g*hsut/(cp*T3)))^3.5)-

((g*hcoll*pinf1)/(2*R*Tinf1))*(1+(Tinf1/T3)*((1-g*heff/(cp*Tinf1))/(1-g*hsut/(cp*T3)))^3.5); 

ptur=ppoten.*x;%pressure drop on the turbine 



69 

 

pturi=0.14*0.5*rho2.*v2.^2;%pressure loss at inlet of turbine 

 p3=p2-pturi-ptur;%pressure after turbine 

ploss=ppoten-ptur;%pressure loss through the wole system 

rho3=p3/(T3*R);I=235;%densityof fluid air after turbine 

T4=T3-(g*heff/cp);%temperature at outlet of chimney 

 rho4=p4/(T4*R);%density of fluid air at outlet of chimney 

v3=(ploss./((((0.14*rho3/rho2)+0.25+(0.008428*hsut/Dsut))*0.5*rho3)+0.5*1.26*rho4)).^0.5;%

calculated velocity at outlet of turbine 

rhoavg=(p2+p3)/(R*(T3+T2));%average density of fluid air in the collector 

vavg=m./(Asut*rhoavg); %average vlocity of fluid air in the collector 

T3c=T2-(Asut.*ptur.*vavg)./(cp.*m);%calculated temperature at outlet of turbine 

v1c=(rho3.*v3*Asut)./(rho1*A1);%calculated  collector inlet velocity of fluid air 

 power=0.8*ptur*Asut.*vavg;%electrical power output 

 

 end 

effcoll=qu./((I.*Ar)+mw*cpw*(90-38));%efficiency of the collector 

  chimeff=g*heff/(cp*T1);%chimney efficiency 

  toteff=effcoll*0.85*chimeff;% total efficiency of the system 

Published with MATLAB® R2017a 

  

http://www.mathworks.com/products/matlab


70 

 

APPENDIX: 3 MATLAB Code to Plot Variation of Velocity, 

Temperature and Pressure with Collector Radius 

clear all 

clc 

mf=1525;cpf=1007;Tc1=298;Tc2=303;Tc3=308;Ta=291;Tg1=329;Tg2=333; 

Tg3=338;Tp1=310;Tp2=320;Tp3=330;ri=1:10:122;cp=1007; 

h=2.8;%heat transfer coefficient 

m=2*3.14*h*(ri.^2-122^2)/(cpf*mf); 

Tf1=0.5*(Tc1+Tg1+Tp1+(2*Ta-Tc1-Tg1-Tp1).*exp(m));%temperature of fluid air with respect 

to radius 

Tf2=0.5*(Tc2+Tg2+Tp2+(2*Ta-Tc2-Tg2-Tp2).*exp(m)); 

Tf3=0.5*(Tc3+Tg3+Tp3+(2*Ta-Tc3-Tg3-Tp3).*exp(m)); 

da=1.1564;%density of air 

r=122; 

 ri=1:10:122; 

df=2.829-0.0084.*Tf1+0.00001.*Tf1.^2-5*10^(-9).*Tf1.^3; 

uf=mf./(2*3.14*ri*11.55.*df);%velocity of fluid air 

p1=mf^2.*da.*(1/r^2-1./ri.^2)./(8*1.85^2*3.14^2.*df.^2);%pressure at any radius 

p=p1(1:13) 

plot(ri,p,'black') 

grid on 

xlabel('radius of collector') 

ylabel('presure of fliud air') 

 

plot(ri,Tf1,'-blue') 

hold on 

plot(ri,Tf2,'-red') 

hold on 

plot(ri,Tf3,'black') 

grid on 

hold off 

legend('Tf1','Tf2','Tf3') 

xlabel('radius of collector') 

ylabel('temperature of fliud air') 
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u=uf(1:13) 

plot(ri,uf,'-black') 

grid on 

xlabel('radius of collector') 

ylabel('velocity of fluid') 
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APPENDIX: 4 Material Properties Used In the Calculation 

 

 

Material types Properties of material value 

 

 

Cover material  

properties 

Cover material  Aluminum  

Cover emissivity  0.095 

 Absorber Absorptivity  0.09 

Transmissivity  0.8 

Thickness (m) 0.0025 

Density (kg/m
3
) 2702 

Thermal conductivity (W/m.K) 273 

Specific heat capacity (J/kg.K) 903 

  

Ground [bernards et al 

2010] 

type Sandstone 

Absorptivity (treated surface) 0.9 

Emissivity (treated surface) 0.9 

Thickness (m) 0.5  

Thermal conductivity (W/m.K) 1.83 

Specific heat capacity 710 

Density (kg/m
3
) 2160 

 

 

Geothermal water pipe 

Material stainless steel  AISI 302 

Absorptivity  0.41 

Emissivity 0.17 

Transmissivity  0.5 

 Internal Diameter (m) 0.204 

Thickness (m) 0.004 

Length (m) 15472 

Thermal conductivity(W/m.K) 15.1 

Specific heat capacity (J/kg.K) 456 

Density (kg/m
3
) 8055 

Geothermal water Specific heat capacity (J/kg.K) 4190 

Density(kg/m
3
) 977.5 

Thermal conductivity(W/m.K) 0.663 

Location Aluto langano Latitude  7.78 

Aluto langano Longitude  38.79 

Ambient  maximum and minimum temperature 18 °C, 25 °C 


