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ABSTRACT 

 

 

This project studies the feasibility of an Organic Rankine Cycle (ORC) driven 

by solar thermal energy for sustainable power generation for small and medium sized 

commercial usage. An experimental study on a solar parabolic trough collector 

(PTC) for the use in the Organic Rankine Cycle, (ORC) is also focused here. ORC is 

principally a conventional Rankine Cycle that uses organic compound as the working 

fluid instead of water and it is particularly suitable for low temperature applications. 

Appropriate organic compound includes refrigerants and azeotropes. The ORC and 

the solar collector are sized according to the solar flux distribution in Malaysia. The 

location of study is Kota Kinabalu, highest yearly average of solar radiation, and 

Chuping, longest yearly average solar duration in the country for year 2003. The 

power generation system consists of two cycles, the solar thermal cycle that harness 

solar energy and the power cycle, which is the ORC that generates electricity. The 

solar thermal cycle circulates heat transfer fluid (HTF) in the cycle and harness 

thermal energy from the sun and transfers it to the organic compound in the ORC via 

a heat exchanger. The parabolic trough collector in this study is 1 meter in length and 

it consists of a curved mirror that concentrates sunlight on a tube with a heat transfer 

fluid (HTF) inside that runs parallel in the focal line of the mirror. The HTF selected 

in this analysis is water which is done during the experimental study also Therminol 

55 and Therminol VP3 for the parametric study which is currently used for 

commercial thermal applications. For this research, 2 organic compounds were 

analyzed, R123 and Isobutene. These two compounds are optimized for selection. 

The results produced from the experimental study on the parabolic trough collector, 

(PTC), showing the variation of absorber temperatures and the value of power 

generated in terms of the solar collector designed is presented.       
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ABSTRAK 

 
 

Projek ini menyelidik kebolehkerjaan bagi satu Kitar Organik Rankine (ORC) 

dipandu oleh tenaga haba suria untuk penjanaan tenaga yang mampan untuk 

penggunaan komersial kecil dan sederhana.Projek ini juga menumpu kepada kajian 

ujikaji ke atas satu pemungut solar parabolik bagi kegunaan pada Kitar Organik 

Rankine (ORC) untuk tujuan penjanaan tenaga. ORC secara prinsipnya adalah Kitar 

Rankine konvensional yang menggunakan kompound organik menggantikan air 

sebagai cecair kerja dan ia sangat sesuai untuk aplikasi pada suhu rendah. Kompound 

organik yang sesuai merangkumi agen penyejuk dan azeotrope. ORC dan penyerap 

suria adalah disaizkan mengikut pembahagian fluk suria di Malaysia. Lokasi kajian 

adalah di Kota Kinabalu, purata sinaran suria yang tertinggi, dan Chuping, jangka 

masa sinaran matahari terpanjang untuk Negara ini pada tahun 2003. Sistem 

penjanaan tenaga mengandungi 2 kitar, kitar haba suria yang menyerap tenaga suria 

dan kitar tenaga yang berfungsi untuk menjana elektik. Kitar haba suria mengalirkan 

cecair pindah haba (HTF) di dalam kitar dan menyerap tenaga haba dari matahari dan 

memindahkannya ke kompound organik melalui penukar haba. Ukuran panjang 

pemungut solar parabolik dalam ujikaji ini adalah 1 meter dan ia mengandungi suatu 

cermin lengkuk yang akan menumpu sinaran matahari ke atas tiub pemungut haba 

yang mengandungi aliran cecair pemindah haba (HTF) berkedudukan selari denan 

titik tumpu cermin lengkuk tersebut.HTF yang dipilih untuk analisis ini yang 

dijalankan secar ujikaji adalah air dan secara parametrik ialah Therminol 55 dan 

Therminol VP3, yang sedang digunakan secara komersial untuk aplikasi haba. Untuk 

kajian ini, 2 kompound organik dianalisis, R123 dan Isobutana. Kedua-duanya akan 

dioptimasikan untuk pilihan. Keputusan nilai-nilai suhu pada tiub pemungut haba 

dan jumlah tenaga yang terjana hasil dari ujikaji yang dijalankan ke atas pemungut 

solar parabolik ini akan dipersembahkan.  
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CHAPTER I 
 
 
 
 

INTRODUCTION 
 
 
 

 
Importance of Energy 

 
 
Energy is defined as the ability to perform work by means of physical or 

chemical resources. Energy and work have the same unit, which is Joule according to 

SI Unit, both are scalar unit. A scalar unit is measured in quantitative value only. 

Energy exists in all matters but work is produced by the energy in the matter. The 

study of energy is called thermodynamic. The focus of study in thermodynamic is to 

convert energy sources into work which is a more useful form for human 

consumption. 

 

 Energy comes in various forms; some examples are kinetic energy, potential 

energy, thermal energy and chemical energy. According to conservation of energy 

principle, energy cannot be created or destroyed but energy can only be converted 

from one form to another. Due to this reason, energy seldom comes in one form and 

all the energy forms are related to each other. For example, in a falling object, it has 

both kinetic energy and potential energy. Potential energy exist due to the elevation 

of the object in the gravitational field, while kinetic energy is the resultant of the 

motion of the object in relative to the a reference point. To define energy in an easier 

way, all matters including the smallest atoms have energy in them.  

 

The first and most important energy source is the sun and it is the source of 

light and energy for all the living on this planet. Using radiation from the sun, the 

plants do a chemical process named photosynthesis, to provide food and oxygen for 

animals and human. As time progress, humans found fire and uses wood as fuel for 

the fire. Other types of energy sources that assisted the early human evolution is 

wind and hydraulic – water from river. Fire is use to cook, as a light source and heat 

source for industry like pottery. While wind is mainly used for exploration as it is use 
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for sail boats, though it also utilized in agriculture. Hydraulic is very important with 

the invention of water wheel for agricultural sector as it requires water to irrigate 

farms to grow food. 

 

In the early Industrialization Period in Europe, the depletion of wood cause 

the change of energy source to coal. Coal is widely used to power train, steam boat 

and manufacturing industry especially in the steel industry. At the same time, oil was 

found and made into kerosene for domestic use to provide light for people in the 

night. Gasoline was found at the same time as oil but was not widely used until the 

invention of car. In 1882, Thomas Alva Edison constructed the first power plant to 

generate electricity [1]. At that time electricity was solely used for lighting purpose 

only.  

 

Today in this modern era, the usage of electricity was intensified to a stage 

where electricity is the nerve of progress of the world. Most gadgets, machineries or 

appliances operate on electricity, from the domestic use all the way to big industries. 

The consumption of energy in the world in 2002 is growing at 1.5 % percent at 

404.98×1015 Btu [2]. This increment of the energy consumption was mainly due to 

the increase of human population. 

 

 

1.1 Energy Scenario in Malaysia 

 

In Malaysia, we had several main electric utility companies in charge of 

providing electricity to the country. The major electric utility company is Tenaga 

Nasional Berhad (TNB) which takes on the power production, transmission and 

distribution in Peninsular Malaysia, while in Sabah, it is by Sabah Electricity 

Sendirian Berhad (SESB) and Sarawak by Sarawak Electricity Supply Company 

(Sesco).  

There are also several independent power producers (IPPs) producing power 

for the country. These IPPs are only in charge of generating electricity but the 

transmission and distribution falls into the responsibilities of the three main electric 

utility companies. These three utility companies will buy electricity from the IPPs 

and distribute and sell them to customers. The buying of electricity between the 
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utility companies and IPPs involve an agreement called the Power Purchase 

Agreement (PPA).  

 

Currently, thermal power plants of these companies are operating either on 

Brayton Cycle; Rankine Cycle or combined cycles to produce power. All these plants 

are fossil fuel thermal power plants. According to TNB [3], there are a total of 19 

thermal plants in the whole of Peninsular Malaysia, including power plants by the 

IPPs. While there are 10 hydro power plants which are owned by TNB. Total 

installed capacity of all the power plants in Peninsular Malaysia is 16 987.5 MW as 

at 31st August 2003, of which 6,834.0 MW are by IPPs. As for Sabah, the total 

installed capacity is 758MW for year 2003 [3]. While in Sarawak for year 2000, the 

total installed capacity is 846 MW [4]. 

 

 

1.1.1 Current Electricity Usage in Malaysia 

 

Malaysia is considered as a developing country and consumes quite a large 

amount of electricity to fuel its development. According to the 8th Malaysia Plan 

(RMK8), the electricity coverage in Peninsular Malaysia is at 100 % therefore no 

improvement is needed. While for Sabah, in year 2000 the electricity coverage is at 

79 % and will be increased to 85 % by the year 2005. In year 2000, Sarawak 

electricity coverage is at 80 % and in year 2005 should be at 90 %.  The total 

investment for the electricity supply industry from 1995 to 2000 is at RM 41.11 

billion. The electric tariff for domestic use in Peninsular now is at 23.5 sen per kWh, 

Sabah at 24.4 sen per kWh and Sarawak at 27.1 sen per kWh [4]. 

 

In year 2003, the total amount of electricity consumed is 68,254.3 GWh . 

According to the latest unaudited report by TNB the first half of 2004, the company 

had sold 35,223.9 GWh of electricity which is a 6 % growth when compared to the 

first half of 2003. From the Figure 1.1 given by TNB, it indicates the maximum 

demand for year 2003 is at 11,329 MW [3]. These values given by TNB include the 

electricity consumption in Sabah. As for Sarawak, 2,537 GWh of electric was used in 

year 2000 [4]. 
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Figure 1.1: Load Curve for 9th June 2003 [3] 

 

 

 

1.1.2 Future Prospect of Energy Generation in Malaysia 

 

In the 8th Malaysian Plan (RMK8), Malaysia’s 5 years plan from 2001 to year 

2005, the focus of the Plan is to develop a fifth fuel for Malaysia’s energy needs. 

Currently four fuels that is being used, in descending order according to percentage, 

natural gas (78.7 %), coal (7.9 %), fuel oil and diesel oil (5.3 %). According to 

RMK8, the government of Malaysia hopes to build a sustainable development in this 

sector especially in minimization environmental effect and increase efficiency. In the 

duration of the Plan, it is expected that the consumption of electricity will increase at 

7.3 % per year [4]. 

 

In the effort to diversify the fuel mix, the petroleum based fuel will be 

reduced to 67% by the year 2005. Therefore, the fifth fuel which is renewable energy 

will be encouraged to be used to fill up the gap. In RMK8, renewable energy sources 

are being encouraged are solar, biomass, biogas, wind and mini-hydro. There are 

incentives are being considered for renewable energy related research and 
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commercialization of research findings as well as financial and fiscal incentives will 

be given [4].  

A recent study identified the renewable energy resource potential in the 

country, in ringgit value, as shown in Table 1.1: 

 

Table 1.1: Variety of renewable energy sources and its potential value [4] 

Renewable Energy Resource Energy Value in RM Million(Annual) 
Forest residues 11,984 

Palm oil biomass 6,379 
Solar thermal 3,023 
Mill residues 836 

Hydro 506 
Solar PV 378 

Municipal waste 190 
Rice husk 77 

Landfill gas 4 
 

 

 

1.2 Conventional Methods of Power Generation 

 

Energy harnessing or power generation is about the conversion of energy 

from one source into another. Currently, the most widely used form of secondary 

energy is the electricity. Being a secondary energy source, electricity is different 

from coal, oil or petroleum which is a primary energy. Secondary energy source 

refers to an energy that is converted from primary energy source. Electricity is 

important because it an easier form of energy that can be easily generated and 

distributed. Therefore, currently all the power generation sector in the world, 

converts primary energy source into electricity. There are numerous methods of 

converting primary energy source into electricity. One of the most widely used 

methods is thermal power plant.  
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1.2.1 Thermal Power Plant 

 

Thermal power plant refers to the use of thermal energy converted into 

electricity. Most of the thermal power plant utilizes thermal energy from the burning 

of fossil fuel, for example coal, natural gas and distilled fuel. Fossil fuels are 

preferred because of the high quality heat generated from the burning of these fuels. 

Three typical thermal power plants are steam power plant, gas power plant and 

binary cycle which combines both steam and gas turbine. Most thermal power plant 

existing today utilizes fossil fuel to generate heat energy for the working fluids. 

 

 

1.2.1.1 Steam Power Plant 

 

In a steam power plant, it uses steam as the working fluid to absorb the heat 

from the burning of fossil fuel like coal, distilled fuel and also natural gas. Figure 1.2 

depicts the schematic diagram of the basic components and configurations in a 

typical Rankine Steam Cycle or Rankine Cycle. While, Figure 1.3 illustrates T-s 

diagram of an ideal Rankine Steam Cycle. The numbers found on the T-s diagram 

corresponds to the points found in Figure 1.2. In a Rankine Cycle, there are 4 

components, turbine which is connected to generator, condenser, pump and boiler.  

 

Work is produced by the isentropic expansion of the superheated steam in 

turbine - from state 1 to state 2 in Figure 1.3. After the expansion at state 2, the steam 

will be in saturated liquid-vapour phase with high dryness fraction. From state 2, 

working fluid is condensed by heat sink in the condenser and exit at state 3. In 

condenser, heat is released by the system to the environment. Pressure of working 

fluid is increased by the pump to boiler pressure. 

 

Compressed liquid at state 4 is heated at constant pressure in the boiler. The 

heat transfer from the combustion of fossil fuel to the working fluid will increase its’ 

temperature. The increase will initiate the phase change from compressed liquid to 

saturated liquid-vapour and finally to superheated vapour at state 1. If all the 4 

processes explained are ideal then it is called the ideal Rankine Cycle. Ideal process 
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refers to reversible and adiabatic process or isentropic process. The thermal 

efficiency for a typical commercial Rankine Cycle power plant is at around 34%. 
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Figure 1.2: Steam Thermal Power Plant 

 

 

 

 

 

 

 

 

Figure 1.3:  T-s Diagram of Rankine Steam Cycle 
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1.2.1.2 Gas Power Plant 

 

In gas power plant, instead of using steam it uses combusted air. Referring to 

Figure 1.4, which is an ideal gas power plant; air is drawn from the atmosphere at 

state 1 and compressed isentropically to a higher pressure by a compressor. At state 

2, the compressed air is mixed with fuel and combusted at a constant pressure in the 

combustion chamber. The combusted air exits to state 3 at high temperature around  

1300 °C.  

 

The combusted air with a high temperature and pressure will expand in the 

turbine. Same as in the steam power plant, the expansion of the combusted air will 

turn the turbine shaft to produce work. The expansion of the combusted air will 

reduce its pressure and temperature. Thus, electricity is generated by a generator 

which is coupled to the turbine. At stage 4 or the exit of the turbine, the combusted 

air is released into the atmosphere for an open cycle plant but for a closed cycle, the 

air will be recirculated into the whole processes again after heat rejection to 

atmosphere through a condenser.  

 

Normally an open cycle is used for gas power plant because air in atmosphere 

is free. The basic layout of an open-cycle gas turbine is as Figure 1.4. As for Figure 

1.5, it indicates the ideal processes of gas turbine cycle which is called the ideal 

Brayton Cycle. The T-s diagram shows a closed cycle, for an open cycle, the line 

from point 4 to point 1 is not drawn. For Brayton Cycle, the thermal efficiency is at 

35% for turbine inlet temperature of 1300˚C. 
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Figure 1.4: Gas Turbine Thermal Plant 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: T-s Diagram of a Closed Brayton Cycle. 

 

 

1.2.1.3 Binary Cycle 

 

Binary cycle or combined cycle is a combination of two power cycles and 

usually it is the combination of gas power cycle and steam power cycle. These two 

power cycles are coupled in series because such configuration gives a higher thermal 

efficiency compared to the parallel coupling.  
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In a binary cycle, gas power cycle or Brayton Cycle is used as the topping 

cycle while the bottoming cycle is the Rankine Cycle. Brayton Cycle is placed as the 

topping cycle because the exhaust gas temperature is very high and can be used at the 

heat recovery steam generator (HRSG). This HRSG function as a boiler for 

conventional Rankine Cycle. Through this HRSG the exhaust gas transfers heat to 

superheat the steam in the Rankine Cycle which sits at the bottom of the cycle as 

shown in Figure 1.6. All the other processes involved for both cycles are the same as 

explained in the previous sections. The typical thermal efficiency for this binary 

cycle is at around 55%. 
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Figure 1.6: Schematic Diagram of Binary Cycle 
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1.3 Objective 

 

In this study, it is desired to determine the feasibility of solar energy as a 

potential heat source for an Organic Rankine Cycle within Malaysia context. The 

focus of this study is on the thermodynamic aspect rather than the economics of the 

system.  

 

In this study there are two cycles involved, solar thermal cycle and power 

cycle. Power cycle refers to the Organic Rankine Cycle that converts thermal energy 

to electricity. While, the solar thermal cycle role is to harness solar radiation into 

thermal energy for the power cycle. Two important parameters in this solar thermal 

cycle are the heat transfer fluid outlet temperature and the absorber temperature.   

 

There are a few objectives to be achieved from this study. The first objective 

is to check on the solar thermal cycle that is to find the maximum outlet temperature 

of heat transfer fluid from the thermal cycle. The solar thermal collector that will be 

used for this purpose is the parabolic trough collector.  

 

The second objective of this study is to evaluate the effects of the heat 

transfer from the received radiation. The heat transfer effect is very important on the 

solar thermal cycle since the working fluid will affect the heat input required and 

output temperature of the cycle. Thus the cycle efficiency will be affected. The aim 

is to try to optimize the performance of the system by trying different types of 

methods in order to maximize the outlet temperature of the system.   

 

The final objective of this study is to find the best organic compounds to be 

used as working fluid for Organic Rankine Cycle. The choice of working fluid is 

very important for an Organic Rankine Cycle since the working fluid will affect the 

heat input required and work output of the cycle.   
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1.4 Scope 

 

In order to fulfil the objectives proposed, a few boundary conditions have to 

be set as guidelines for this study. Study of solar thermal energy for power 

generation in Malaysia is still in its introductory stage, therefore to do an 

experimental study on the solar driven ORC or power cycle will take up large 

amount of resources in term of money and time. Hence, a parametric study will be 

done on the ORC instead. This parametric study will serve as a preliminary study and 

reference for experiments in the future. However an experimental study will be done 

on the solar thermal cycle.  

 

The parametric study on the ORC is conducted using computer software. 

Selection of the software for programming will not be limited as there is a wide 

variety of software that can be used in the market. The computer software used might 

be combinations of software. The choice of the software will depend on the 

availability and ease of use. 

 

Although there are many types of solar thermal collectors found in the 

market, only the parabolic trough collector will be studied here. The experimental 

study will be done on the parabolic collector test rig. This experimental study is 

conducted manually. The scopes outlined for this dissertation is to study the solar 

radiation by measurable parameters and also parametric study to optimise heat 

transfer to the solar parabolic trough collector.   

 

The selection of organic fluid for the system will be done from the ready-

made blends in the market. As a result, decision of the type of compound will be 

limited to the blends of organic compound found in the market. No custom made 

blending will be done in the study. This is due to the fact that custom made blend 

requires experimentation and a detail study of the appropriate equations of state. 

 



CHAPTER II 
 
 
 
 
 

LITERATURE REVIEW 
 
 
 
 
 

Renewable Energy 

 

Traditional thermal power plant, as explain in previous chapter, uses fossil 

fuel that is mined from a non-renewable source. A non-renewable source refers to the 

possibility of depletion of the source. By relying on non-renewable source, the world 

is in the danger of running out of primary energy sources. According to report, fossil 

fuel especially the petroleum can only last till 2009 more while natural gas will only 

last longer till year 2055 [5]. Besides that, fossil fuel price fluctuates considerably 

with the economy and politics of the world and at the time of study it had reached 

USD 53.83 a barrel [6]. Therefore a renewable energy concept is formulated to 

overcome the problems of this fossil fuel based power generation system.  

 

In this search for renewable sources, energy sources which are sustainable 

and clean are researched to replace fossil fuel. Over the years, numerous renewable 

energy source to generate power are discovered, for example using wind, waves or 

water to run turbine; solar which is using sunlight to generate electricity; and also 

biomass which is the burning of rubbish or agriculture by-product as heat source. 

Even though these energy sources can be converted to electricity but it is still in its 

infancy stage. These technology developed to harness these energy are still very 

costly. 
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 Currently, solar energy is considered one of a highly potential renewable 

energy sources in Malaysia. Such claim arises from the fact that solar energy can be 

directly converted to electricity using solar cells like photovoltaic cell or 

photoelectric cell. Though these solar cells can turn sunlight into electricity but it is 

very expensive and the amount of electricity it produces is little compared to its cost. 

Besides, the life cycle of the solar cells is short. The solar cells will degrade with the 

amount of sunlight it converts to electricity and it can last for 30 years [7]. 

 

Seeing the great potential of harnessing sunlight but constrained by the 

limitation of the solar cell, another alternative to harness sunlight are looked into. 

The other way to harness sunlight is by using the sunlight as a heat source itself and 

it is also called solar thermal. One of the example of using solar as thermal energy is 

the solar water heater. Solar water heater is widely used in Malaysia for domestic and 

industry application. 

 

 
2.1 Power Cycle 

 

2.1.1 Selection of Power Cycle 

 

As mentioned in Chapter 1, there are two types of power cycle widely used in 

the industry, Brayton Cycle and Rankine Cycle. Though there are two power cycles 

available but in this study only Rankine Cycle will be considered. The reason for 

such a decision is based on the turbine inlet temperature (TIT). TIT for conventional 

Rankine Cycle is just 550 – 600 °C while a gas turbine the TIT is 1300°C. The 

temperature is quite impossible for solar thermal source alone to achieve such a TIT.  

 

According to Fisher et al. [8], TIT that can be achieved is just 800 °C using 

solar tower and it is only achieved when the solar radiation is at its peak. The solar 

tower needs a lot of direct radiation from the sun therefore it will be good in places 

like desert where direct radiation are more readily available. Therefore only Rankine 

Cycle will be considered in this study. 
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2.1.2 Problem in Conventional Rankine Cycle 

 

Though Rankine Cycle is selected as the power cycle but there are a number 

of problems which exist in conventional Rankine Cycle. One of the main problem is 

water needs to be superheated in the Rankine Cycle. The superheating is necessary to 

ensure the quality of saturated water after the expansion in the turbine is dry. The 

quality of saturated water after the turbine should not go below 0.88. When the 

quality is lower, percentage of vapour will be higher and erosion in turbine blade will 

be at a higher rate. The efficiency of a Rankine Cycle can be found using the mean 

temperature of the system.  

 

Hence to solve the problem of high moisture content and low efficiency, 

normally a steam thermal plant has reheat. Reheating increases the efficiency by 

increasing the mean temperature and also will give low moisture content in the 

turbine. But more than two reheats are not recommended as it increases the 

complexity and cost of the plant.  

 

Another problem for steam thermal plant is the need to create a vacuum in the 

condenser. The temperature of a condenser is set by the temperature of the cooling 

fluid. For Malaysia, the temperature of the cooling fluid or water from sea is at 24 

°C. As a result, the temperature of the condenser will be set at either 24 °C where the 

pressure for the water at condenser will be at 0.03 bar. These pressure is much lower 

compared to the atmospheric pressure, 1 bar, so the condenser will need to be at 

vacuum pressure. It is expensive and difficult to maintain the vacuum in condenser 

as it is big.  

 

 

2.1.3 Organic Rankine Cycle 

 

Seeing the problem with conventional Rankine cycle, Organic Rankine Cycle 

(ORC) is considered a better alternative for this study. An Organic Rankine Cycle is 

a cycle where organic compound like refrigerant replace water as the working fluid 

with. This organic compound requires lower heat source as compared to water 
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because the organic compound has lower specific vaporization heat and these organic 

compound do not need to be superheated like water.  

 

Having a low specific vaporization heat will amount to lower heat source 

needed to heat the fluid to vapour form. Due to the negative gradient of the saturated 

vapour line in the T-s diagram, water needs to be superheated to lower the moisture 

content in the turbine. But for organic compound superheating is not needed because 

its’ saturated vapour line has a positive gradient in the T-s diagram, therefore, even 

after expansion it will still be in the vapour region [9]. 

  

 

2.1.4 Characteristics of an Ideal Working Fluid 

 
In choosing a working fluid for the Rankine Cycle, there are a few 

characteristics that determine whether the fluid is a good working fluid for Rankine 

Cycle or otherwise. These characteristics are meant to obtain the best thermal 

efficiency for the Rankine Cycle. Firstly the fluid needs to have a high critical 

temperature so that maximum temperature, which limited by the metallurgical limit, 

of the Rankine Cycle is relatively low. And at this saturation pressure, it should have 

a large enthalpy of vaporization. Secondly, the saturation pressure for the fluid at the 

condenser should be higher than the atmospheric pressure. This is to avoid having a 

vacuum in the condenser [9].  

 

Another factor is the specific heat of the fluid should be small so that little 

heat transfer is required to heat the liquid to boiling point. Next is the saturated 

vapour line of T-s diagram should be steep. This is important to ensure the moisture 

content of fluid when it is in the turbine is always low. The freezing temperature of 

the fluid should be below the room temperature. If the freezing temperature is higher 

than the room temperature, the fluid will solidify while flowing through the pipe [9]. 

 

Next factors include the fluid should be chemically stable and will not 

contaminate the materials of construction at any temperature. The fluid should be 

non-toxic, non-corrosive, not excessively viscous and low in the cost. This feature of 
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the fluid is to make the fluid is economically feasible and environmentally friendly 

and harmless to the materials and the people [9]. 

 

 

2.1.5 Literature of Organic Rankine Cycle 

 
According to Larjola [10], the most common refrigerants for ORC are R11, 

R113, R114, Toluene (C7H8) and Fluorinol. After testing a few refrigerants, it is 

found that for high speed ORC applications, toluene is the most suitable for high 

temperature process while isobutane (C4H10) is the most suitable for low temperature 

system [10]. Hung et al tested a few refrigerants like benzene, ammonia, R11, R12, 

R134a and R113 for ORC and found that benzene gives the highest system efficiency 

at the temperature between 500 °C and 560 °C [11].  

 

Working ORC includes Coolidge Solar Thermal Electric Power Plant in 

America. The plant uses toluene as the working fluid for the ORC [12]. Kalina cycle 

is also an example of ORC that uses mixture of water and ammonia as working fluid 

[13]. A few literatures suggest and use HCFC123 or R123 (1,1–dichloro–2,2,2–

trifluoroethane) as the working fluid for their ORC in their research on improving the 

current power generation system [14, 15, 16, 17, 18, 19]. Gary J. Zyhowski [20] in 

the seminar at the 21st IIR International Congress for Refrigerant in Washington 

recommended the use of R245fa (1,1,1,3,3–pentafluoropropane) as the organic 

compound in the ORC. 

 

 DiPippo [21] did a review on the operating ORCs in geothermal power 

generation. In the same literature, it is found that Otake geothermal pilot plant in 

Japan uses isobutane as the working fluid and the plant efficiency is 12.9 %. Another 

plant in Japan the Nigorikawa pilot plant uses R114 and has an efficiency of 9.81%. 

Brady binary cycle uses n-pentane and operates with 8.1% efficiency. 
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2.2 Solar Availability in Malaysia 

 

There are 2 types of solar radiations received from the sun, they are direct or 

beam radiation and diffuse radiation. Beam radiation is the solar radiation received 

without being scattered by the atmosphere. Diffuse radiation is the radiation that is 

received after its direction has been changed by scattering by clouds in the sky. Total 

solar radiation is the sum of beam and diffuse radiation on a surface or it is also 

called as global radiation [22].  

 

These measurements of solar radiation are done by solarimeter or 

pyranometer and also pyrheliometer or actinometer. These two instrument measures 

the total radiation from the sun. A solarimeter can measure diffuse radiation by 

shading the beam radiation using shade ring. These instruments give the value of 

solar radiation in J/m2 which is the irradiation. Irradiance is the rate of radiant energy 

is incident on a surface, per unit area. Irradiation is the incident energy per unit area 

on a surface, found by integration of irradiance over a specified time which is 

normally an hour or day [22]. 

 

Being in the tropic region, the weather in Malaysia is hot and humid all year 

round. Therefore, in Malaysia the climate is hot and humid which means that there 

are abundant of solar radiation all year long. But it is difficult to find a cloudless sky 

for the whole day even during severe drought in Malaysia. This means that the value 

of direct radiation is small because the existence of cloud will scatter the solar 

radiation into diffuse radiation. On an average day, Malaysia receives about 6 hours 

of sunshine with Alor Setar can get a maximum 8.7 hours of sunshine, monthly 

average. Kuching only receives an average of 3.7 hours of sunlight in extreme case 

[23].  

 

Metrological Malaysia Department uses the solarimeter and only measure the 

total solar radiation. The lowest monthly mean solar radiation in Malaysia is 9.6 

MJ/m2 a day occurs during November to January, during the monsoon season. While 

the highest monthly mean is 23.3 MJ/m2 from February to March [23].  Figure 2.1 

shows the average total daily solar radiation distribution in Malaysia. The legend 
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gives the values in MJ/m2. From the same figure, it is seen that solar radiation in the 

northern part of Peninsular Malaysia and Sabah is very high.   

           

           

           

           

           

           

           

           

           

           

           

           

           

           

    

Figure 2.1: Solar Radiation Distribution in Malaysia [23] 
 

 

2.3 Solar Collector 

 

Currently there are three methods to harness solar energy into electricity. 

Basically the solar collectors can be categorized into 3 types, the first is the 

photovoltaic cell, concentrating solar collector, non-concentrated collector. The first 

photovoltaic or PV converts solar energy into electricity while the other 2 types 

convert solar energy into thermal energy or heat source. 

 

2.3.1 Photovoltaic  

 

This collector is considered a direct converter as it converts the sunlight 

directly into electricity. This photovoltaic is made up of semiconductors like the 

diodes and transistors and the semiconductors used in the PV is called solar cell. The 

solar cells are often made up of multicrystalline silicon. But there are also other ways 
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of manufacturing the silicon to make the solar cell. Others include amorphous 

silicon, monocrystalline silicon and crystalline silicon. The efficiency of the solar 

cell in the lab can reach up to 30 % but in the commercial the best efficiency is at 18 

%. The conversion of sunlight to electricity uses a process called the photovoltaic 

effect [24].  

 

2.3.2 Concentrated Solar Collector 

 

The characteristic of a concentrated collector is that the collector uses mirror 

to reflect the sunlight to a focal point where there is absorber that collects the thermal 

heat. A concentrated solar collector can only reflect beam radiation. There are two 

types of concentrated solar collector used, one of it is point focus collector and 

another is line focus collector. In Malaysia, these types of collector are not available. 

 

An example of a line focus is the parabolic trough and this collector focuses 

the solar radiation to the focal line where a tube is placed. Working fluids or heat 

transfer fluids is flowing in the tube to collect the heat. This is the most 

commercialized concentrated collector and it is used in the Solar Electric Generation 

System (SEGS) in California. Figure 2.2 shows the parabolic trough. 

 

 

 

 

 

 

Figure 2.2: Parabolic Trough Solar Collector [25] 

 

  Basically point focus collector uses mirrors to concentrates solar radiation to 

the point of focus of the collector. Example of point focus collector is heliostat or 

central receiver and parabolic dish. The layout of the central receiver system is an 

array of field of mirrors or heliostats on the ground focus the radiation to a central 

receiver placed in a tower. These heliostats have a control system to track the 

sunlight in order for it to focus the sunlight to the receiver. This type of collector 
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gives a better concentration compared to the parabolic trough. Figure 2.3 depicts the 

layout and the working of the collector. 

 

 

 

 

 

 

Figure 2.3: Central Receiver Solar Collector [25] 

 

Parabolic dish is also another type of concentrated collector and this collector 

looks exactly like a normal satellite dish. Among all the concentrated collectors, this 

collector concentration factor is the highest. Due to small size it has application in 

relatively small capacity engine and it is highly potential in the small stand-alone 

remote application. Figure 2.4 shows the diagram and mechanism of the dish and 

Table 2.1 shows the comparisons of all the concentrated collectors. 

 

 

 

 

 

 

Figure 2.4: Parabolic Dish Solar Collector [25] 

 

Table 2.1: Comparison between the three concentrated solar collectors [25] 

Collector Solar Concentration 
(×  suns) 

Operating Temp. 
 (Hot side) 

Thermodynamic 
Cycle Efficiency 

Parabolic 
Trough 100 300 – 500 °C Low 

Central 
Receiver 1000 500 – 1000 °C Moderate 

Parabolic 
Dish 3000 800 – 1200 °C High 
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2.3.3 Non-concentrated Solar Collector 

 

Flat plate collector and evacuated tube collector are non-concentrated solar 

collector. A non-concentrated one collects total radiation of the sunlight without 

concentrating the radiation. Although non-concentrated can collect both the diffuse 

and beam radiation but the concentrated collector is much better in term of fluid 

temperature. 

 

In Malaysia, flat plate collector is widely used and sold in the country. Flat 

plate collector is normally used domestically as solar water heater. There are two 

ways of collecting the solar radiation, one is the glazed and another is unglazed. The 

glazing refers to the type of cover plate used in the flat plate. Evacuated tube 

collector also used widely in Malaysia. The difference between a flat plate and 

evacuated tube is the type of tube used in the collector. The tube of the later is 

vacuumed.  Figure 2.5 shows an example of a flat plate collector. 

 

θ  

 

 

 

 

 

 

 

Figure 2.5: Glazing Flat Plate Collector [25] 

 

For a higher fluid temperature, evacuated tubes are used. These evacuated 

tubes give a better efficiency and better heat collection because in the between the 2 

tubes, the outer tube and the inner tube, it is vacuum. Therefore the heat loss through 

conduction and convection is prevented. Better efficiency and heat collection will 

result to higher fluid outlet temperature. The diagram of an evacuated tube collector 

is the same as the flat plate collector. 

In order to eliminate the use of pump in flat plate a system called the 

thermosyphon or thermobouyancy is used. This system relies on the natural 

convection where the hot or warmer fluid will rise while the cooler fluid will go flow 



 23

to the bottom due to density difference. This system uses the same concept as a 

boiler in a steam plant. Thermosyphon is a natural convection that allows hot liquid 

rises. For liquid, density decreases as the temperature increases, therefore the hot 

liquid will become lighter and ascends [26].   

 

For thermosyphon system solar collector, there is a tank on top of the solar 

collector. Cooler fluid that enters the tank will flow down to the collector where 

tubes of the collector are connected to the tank. As the water is heated by the 

radiation, the temperature of the water will increase to a stage it will flow upwards to 

the tank. In the tank, the hot fluid will ascend to the top of the tank. The hot water 

will exit the tank through another tube on top of the tank. Figure 2.6 depicts the 

process of thermosyphoning. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 2.6: Thermosyphon System Collector [27] 
 



 24

2.4 Solar Electric Generation System (SEGS) 

 

 After an extensive literature review, it is found in United State America there 

are 9 working solar thermal power plants that are operational which is connected to 

the grid system. In the power plant, solar parabolic trough, either LS-1, LS-2 or  LS-

3 are used to collect the solar radiation [7]. The schematic diagram of the plant is as 

Figure 2.7. The power plant is a steam power plant with modification of the boiler, 

instead of using coal-fired or oil-fired, it uses heat transfer fluid, either Therminol 

VP1 or Therminol VP3, to transfer the thermal heat from the sun through the 

collector to the water in the steam turbine loop. Therminol VP1 consists of Diphenyl 

ether 73.5% and Biphenyl 26.5%, while Therminol VP3 is a blend of 90% of 

Cyclohexylbenzene and 10% of Bicyclohexyl [28]. 

 

 In this SEGS, the plant is considered fossil fuel assisted because it has a 

boiler on a stand-by basis. The boiler functions as a backup when the temperature of 

the heat transfer fluid is insufficient to superheat the water. Due to the restriction of 

the regulation for a renewable energy power plant in USA, the amount heat supplied 

by fossil fuel-fired boiler must not be more than 25% of the total heat supplied to the 

system. The total capacity for all the 9 plants is 354 MWe. These power plants were 

built by the Luz Industries and now are owned by Solel Solar System Ltd.  These 

plants are located in different parts of California [7].  

 

 

 

 

 

 

 

 

 

Figure 2.7: Schematic Diagram of a SEGS Plant in America. [29] 



 CHAPTER III 
 
 
 
 

MATHEMATICAL FORMULATION 
 
 
 
 
Working Model 

 

The first step in this study is to develop an idea of the working model. Figure 

3.1 shows the schematic diagram of the proposed working model. In this model, 

there will be 2 cycles, the first or number 1 is the solar thermal cycle and number 2 is 

the power cycle. The solar thermal cycle has a solar collector, a pump, and a heat 

exchanger. This cycle collects the solar radiation using collector and converts it into 

thermal energy by heat transfer fluid or HTF. The heat transfer fluid will exchange 

heat to the organic fluid in the power cycle via a heat exchanger. The pump 

circulates the fluid in the cycle. 
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Figure 3.1: Model of the Proposed System 
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Figure 3.2: T-s Diagram of Proposed ORC [19]. 
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The power cycle or the Organic Rankine Cycle converts thermal energy into 

the kinetic energy. Cycle 2 in Figure 3.1 shows the schematic of the proposed ORC, 

while Figure 3.2 shows the T-s diagram of the ORC processes. In this cycle, the 

pump will increase the organic fluid pressure which is in compressed liquid phase 

from state A to state B. The compressed liquid at state B leaves the pump and enters 

heat exchanger. Before the fluid enters the turbine, it should be at the saturated 

vapour line, point D, or in the superheated vapour region, beyond point D.  

 

But in the heat exchanger, the amount of heat transferred from HTF to 

organic fluid is subjected to the solar radiation received. Point C in Figure 3.2 

denotes the organic fluid is in after it is heated in the heat exchanger. Although in T-s 

diagram, point C is at the saturated liquid line but in actual point C could be 

anywhere in between point B and D. Point C is equivalent to point D if boiler is not 

used or required. 

 

In order to make sure the fluid is in vapour phase, point D, when it enters the 

turbine, the stand-by boiler is placed after the heat exchanger. The vapour of the 

organic fluid will expand in the turbine and exits at point E. The expansion in the 

turbine will turn the turbine and produce work. After expansion, the fluid will be 

condensate from point E to point A in condenser the release the excessive thermal 

energy. In the initial stage, boiler option will not be considered as it is assumed the 

heat exchanger able to heat working fluid to point D or gaseous phase. The boiler is 
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fossil fuel fired and it will increase the system reliability especially when solar 

radiation is low. 

 

 

3.1 Solar Radiation  

 

Location of the plant is important as sun is the fuel source for this power 

plant and different location receives different amount of solar radiation. It is crucial 

to find the most suitable site that has the highest total daily radiation and the longest 

sunshine hour. Two locations will be chosen for this study, they are Kota Kinabalu 

and Chuping. Kota Kinabalu has the highest average solar radiation in Malaysia, 

while Chuping has the longest sunshine hour in Malaysia.  

 

In the Malaysia Metrological Department, the sunshine duration was only 

recorded till year 1999 but the solar radiation data was given for year 2003. 

Therefore, we will assume that the sunshine duration for year 1999 is the same as the 

year 2003. 

 

The solar radiation data is provided by the Malaysia Metrological Department 

is at the hourly rate using the unit of MJm-2. But for our study, we will require the 

unit in kWhm-2. Conversion factor: 

22 /
6.3

1/ mkWhmMJ =       (3.1) 

 

 In this study, the suitability of 2 different solar collectors, solar trough 

collector and flat plate collector, will be investigated. Since solar radiation data 

provided by Malaysia Metrological Department only in the form of total solar 

radiation, therefore estimated beam and diffuse radiation are calculated. This 

breakdown is important for the study of solar trough collector which is a 

concentrated collector. The solar radiation from the Malaysia Metrological 

Department is an hourly data. Ratio of diffusion radiation over total radiation is, [22]: 
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where Id = Diffuse radiation 

I = Total radiation from solar radiation data 

 kT = hourly clearness index 

Here, kT can be found, 
0I
IkT =       (3.3) 

where I0 = extraterrestrial radiation on a horizontal surface for an hour period 

 

I0 can be calculated by Equation (3.4) below,  

( ) ( )
⎥⎦
⎤
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⎡ −
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⎜
⎝
⎛ +

×
= δφ
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180
sinsincoscos

365
360cos336.01360012 12
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nGI SC  

where GSC = Solar constant 

 n = day of year (from Table 3.1) 

 φ  = Latitude (North positive) 

 δ  = Declination, angular position of the sun at solar noon (North positive) 

ω  = Hour angle, angular displacement of the sun east or west of local 

meridian (East positive) 

 

Declination [22],  

⎟
⎠
⎞

⎜
⎝
⎛ +

=
365

284360sin45.23 nδ        (3.5) 

Hour angle [30],  

ϖ = (1/4)h± min        (3.6) 

where hmin = time in minutes before local solar noon 

 

Solar time [22],  

SH = Standard time + 4(Lst –Lloc) + E     (3.7) 

where  Lst = standard meridian for the local time zone 

 Lloc = longitude of the location in question 

E is defined as Equation (3.8) below: 
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)2sin04089.02cos014615.0sin03207.0cos001868.0000075.0(2.229 BBBBE −−−+=

where  B = (n –1 )
365
360        (3.9) 

n = number of days in a year 

 

Table 3.1: Recommended Average Days for Months and Values of n by Months [31] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total Radiation, I = Id + Ib       (3.10) 

where Ib = Beam Radiation 

 
 
3.2  Solar Thermal Cycle 

 

In this solar thermal cycle, there are few main components that require 

attention, namely, parabolic mirror, heat transfer fluid and also the heat exchanger. In 

this cycle, the working fluid will always be maintained in a single phase, which is in 

liquid phase. This is to ensure a consistent flow rate in the cycle. A phase change, 

from liquid to gas, will also gives problem to the pump, pipe size and also the heat 

exchanger.   
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3.2.1 Parabolic Collector 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Details of Parabolic Trough Collector 

 

 In analyzing the solar parabolic collector, it is important to identify each and 

every part of the collector and the terms used on the solar collector. Figure 3.3 briefly 

describes the solar parabolic collector. In the concept and design of the parabolic 

collector, the first definition is strictly geometric as ratio of aperture area to receiver 

area.  

The ratio of these two areas defines the concentration ratio of the parabolic trough as: 

 

 

         (3.11)  R

A

A
AC =

Where  = aperture area AA

  = receiver area RA

  C  = concentration ratio 

 

Another important aspect in analyzing the solar collector is its efficiency. 

Therefore the following subtopics will derive the equation of efficiency for the 

parabolic collector. The efficiency is important to find the outlet temperature of the 

fluid. Basically the thermal efficiency of any solar thermal collector is: 
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sun

collect
th Q

Q
=η         (3.12) 

where  Qcollect = amount of solar thermal energy collected 

Qsun = amount of solar radiation from the sun. 

 

 

3.2.2 Solar Trough 

 

In this subtopic, the discussion of the governing equation of the solar trough 

collector is based on the workshop presented by Riffelmann during the 6th 

International Summer School Solar Energy 2000 [34].  

 

 

 

 

 

 

 

 

 

Figure 3.4: Collector system [34]. 

 

 

 

 

 

 

 

 

 

Figure 3.5: Receiver System [34] 

 

There are a few assumption made for the calculation of the collector 

efficiency, short length, steady state condition and the solar radiation is perpendicular 
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to the aperture. Figures 3.4 and 3.5 illustrate the collector system which is the solar 

trough thermal collector and the receiver of the system, the vacuum tube receiver. In 

Figure 3.5, Tamb refers to the ambient temperature, Tglass is the temperature of the 

glass envelope, Ttube is the absorber tube temperature and Toil refers to the 

temperature of the HTF or oil. The collector efficiency is given by: 

used
collector

b Ap

Q
I A

η =
×

&
       (3.13) 

where  = useful energy gained by HTF usedQ&

 Ib = beam component of solar radiation 

 AAp = aperture area of the solar trough 

 

  

 

 

 

 

 

 

Figure 3.6: Energy Flow of the Receiver System [34] 

 

From Figure 3.6, the energy balance around the receiver tube leads to: 

        (3.14) lossesusedsolar QQQ &&& +=

where   = solar radiation absorbed by the black tube,  solarQ&

usedQ&  = energy gained by the HTF or oil 

lossesQ&  = thermal losses of the hot absorber to the ambient. 

solarQ&  is dependent on the beam irradiance Ib, aperture area of the mirror Aap and the 

optical efficiency : opticalη

   solar optical b apQ Iη= × ×& A     (3.15) 

The optical efficiency contains complex about reflectivity, absorption, transmission 

and spillage of the mirror, the glass envelope and the absorber tube. For LS-3, the 
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newest solar trough used in SEGS Power Plant, the optical efficiency is 0.73. The 

thermal efficiency, ratio of useful energy to the absorbed energy is: 

 
solar

used
thermal Q

Q
&

&
=η        (3.16) 

Therefore, collector efficiency is: 

 thermalopticalcollector ηηη ×=       (3.17) 

The energy gained by the HTF is in temperature increase and is calculated by: 

       (3.18) ( inHTFoutHTFpused TTcmQ ,, −= && )
with mass flow as  and heat capacity of HTF is cm& p. 

First, the heat is transferred to the absorber tube wall by conducting and then enters 

the HTF by convection. The first heat resistance is neglected because it is smaller 

compared to the second heat loss, therefore: 

 ( )HTFaveragetubetubetube
conv
HTFused TTAQQ −×== α&&     (3.19) 

where  tubeα  = heat transfer coefficient  

 
( )

2
,, inoutoutoil

HTFaverage

TT
T

−
=       (3.20) 

 

 The rest of the incoming solar energy is lost from the absorber tube by 

radiation to the glass envelope. This equation is a function of the Stefan-Boltzmann 

constantσ , the emissivity if the glass envelope  and the tube surfaceglassε tubeε , the 

area of both glass  and tube  and of the temperatures of the tube 

respectively the glass to the power of four. The special geometry – one tube 

surrounded by another one – is defined using the following equation: 

glassA tubeA
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QQ

εε

σ&&   (3.21) 

This energy heats up the glass envelope and – for the assumption of steady state 

conditions – is completely lost to the ambient by radiation and convection: 

        (3.22) conv
glass

rad
glasslossed QQQ &&& +=

In this case the equation for radiation losses gets simpler: 
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( )44
ambglassglassglass

rad
glass TTAQ −××= σε&     (3.23) 

 This convection energy flux  is a function of the glass surface Aconv
glassQ& glass and 

of the temperature difference between the glass and the ambient air. It includes also 

the heat transfer coefficient tubeα  that is influenced by the geometry, the surface 

abilities, the properties of air and mainly wind speed: 

  ( )ambglassglassglass
conv
glass TTAQ −××= α&     (3.24) 

This equation can be solved for different boundary conditions. 

 

 Solar trough collector cannot be found in the Malaysian market. Therefore in 

this study, LS-3 solar trough collector will be chosen as it is being used for the 

existing SEGS IX Power Plant. This plant utilises the solar trough collector by Solel 

Solar Systems Ltd. that has the commercial name of LS-3. The collector efficiency is 

68% [30]. Table 3.2 indicates the commercially available solar trough with their 

specifications. Most of these solar trough found in the tables is the result of the 

research on the SEGS Plants. 

 

Table 3.2: Commercially Available Solar Trough and Their Specifications [7]. 

Collector Acurex
3001 

M.A.N.
M480 

Luz 
LS-1 

Luz 
LS-2 

Luz 
LS-3 

Year Developed 1981 1984 1984 1985 1988 1989 
Area (m2) 
Aperture (m) 
Length (m) 
Receiver Diameter (m)
Concentration Ratio 

34 
1.8 
20 
0.051 
36:1 

80 
2.4 
38 
0.058 
41:1 

128 
2.5 
50 
0.042 
61:1 

235 
5 
48 
0.07 
71:1 

545 
5.7 
99 
0.07 
82:1 

Optical Efficiency 
  Receiver Absorptivity
  Mirror Reflectivity 
Receiver Emittance 
  @ Temperature (oC/oF)

0.77 
0.96 
0.93 
0.27 

0.77 
0.96 
0.93 
0.17 

0.734 
0.94 
0.94 
0.3 
300/572

0.737 
0.94 
0.94 
0.24 
300/572

0.764 
0.99 
0.94 
0.19 
350/662 

0.8 
0.96 
0.94 
0.19 
350/662

Operating Temperature
(oC) 295/563307/585307/585349/660390/734 390/734
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3.2.3 Heat Transfer Fluid  

 

Two heat transfer fluids (HTF) will be considered in this research, one of the 

HTF chosen is due to the previous working model in the SEGS plant [35] and 

another is recommended by the HTF manufacturer [28]. The chosen HTF are 

Therminol VP3 (90% Cyclohexylbenzene and 10% Bicyclohexyl) and Therminol 55 

(C14-30-alkylaromatic derivatives). All these HTF are manufactured by Solutia Inc 

[28]. The calculations involving these compounds are based on the thermodynamic 

properties table provided by the company.  

 

From the thermodynamic tables, the data will be curve fitted using least 

square regression to get an equation. The equation obtained is the representation of 

the thermodynamic table and will be used for the programming of the parametric 

study. Least square regression for polynomial curve involve the assumption that 

dependent variable y can written in the general form, 
2

0 1 2 .... m
my a a x a x a x= + + + +  

where are the model parameter. The least square regression involves the 

minimization of the sum of squares errors. 

ia

 

 

3.2.4 Heat Exchanger 

 

Heat collected from the solar collector is transfer to the power cycle through 

heat exchanger. Heat from HTF to be transferred is given by: 

hotQ mc= Δ& T         (3.25) 

where   =mass flow rate of HTF m&

TΔ  = temperature drop in HTF (Tout – Tin) 

c = specific heat of HTF 

 

The heat exchanger is assumed to be simple cross-flow heat exchanger with 

100% effectiveness – heat from hot fluid is totally absorbed by the cool fluid. A 

cross-flow heat exchanger is depicted in the Figure 3.7. Fluid B is the hot fluid while 
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Fluid A is cool fluid. The temperature of  Fluid A at outlet, T2 is higher than T1, 

temperature at inlet. Outlet temperature of Fluid B, T4 is lower than temperature at 

inlet, T3. But T2 will be lower than T4. 

 

 

 

 

 

 

 

 

Figure 3.7: Cross-Flow Heat Exchanger 

The equation of the heat exchanger, heat loss in the hot fluid is equals to the heat 

gain in cool fluid: 

coolhot QQ =         (3.26) 

 

3.3 Organic Rankine Cycle  

 

In the Organic Rankine Cycle (ORC) there are 4 main components in the 

cycle. These components are turbine, condenser, pump and heat exchanger or boiler. 

In this cycle, all the processes will be assumed to be ideal process, adiabatic and 

reversible. The calculation involved in subtopics below will refer to Figure 3.2. 

 

 

3.3.3 Organic Compound (Refrigerant) 

 

In this study, only two types of ready made blends will be investigated. The 

selection of the organic compound is based from literature review. Selected blends 

from literature are R123 (1,1–dichloro–2,2,2–trifluoroethane) and isobutane. R123 

and isobutane are selected because these organic compounds are tested and found to 

be a good working fluid for an ORC [10, 14, 15, 16, 17, 18, 19]. The thermodynamic 

table for R123 uses table developed from modified Benedict-Webb-Rubin (MBWR) 

equation of state done by B.A. Younglove and M.O. McLinden [36].  Isobutane 
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thermodynamic table is also developed from MBWR equation of state and it is 

computed and tabulated by B.A. Younglove and J.F. Ely [37]. For programming 

purposes, the tabulated data are plotted and least square method is used to fit the 

graph to obtain an equation to represent these data. 

 

 

3.3.4 Turbine (Figure 3.2, state D-E) 

 

The isentropic expansion of the vapour in the turbine will provide mechanical 

work. The expansion of the vapour will lower the pressure and the temperature of the 

vapour at the turbine outlet or point E. Turbine work ouput, Wt is found from First 

Thermodynamic Law: 

( EDtt hhmW −××= )η&       (3.27) 

where tη  = isentropic efficiency of turbine = 1 

h = specific enthalpy 

 

 

3.3.5 Condenser (Figure 3.2, state E-A) 

 

In the condenser the vapour or saturated vapour will goes through a constant 

pressure phase change to saturated liquid, transferring all the latent heat to cooling 

fluid, usually sea water or water from river. The pressure of this condenser is 

restricted by the temperature of the cooling fluid. Pressure and temperature is 

dependent on each other in the saturated liquid-vapour phase. The heat released 

through condenser, Qout is derived from formula below: 

( AEout hhmQ −= & )        (3.28) 
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3.3.6 Pump (Figure 3.2, state A-B) 

 

The pump is required in the system to circulate the fluid in the cycle. The 

saturated liquid leaving the condenser at the lower pressure is return to the high 

pressure here. This pump is assumed to be isentropic compression. The work for this 

pump, Wp, is calculated by the following equation: 

( )B A
p

p

P P v
W m

η
−

= &        (3.29) 

where  is the flow rate of the fluid; v  is the volume of the saturated liquid of the 

inlet; and  is the isentropic efficiency of the pump, equals to 1. The specific 

enthalpy of the pump outlet is given by: 

m&

pη

 p
B A

W
h h

m
= +

&
         (3.30) 

where hA = specific enthalpy at the inlet of the pump. 

 

 

3.3.7 Boiler or Heat Exchanger (Figure 3.2, state B-D) 

 

In the proposed system, though both heat exchanger and boiler are two 

different components but the governing equation for both is the same. The high 

pressure compressed liquid will be heated at constant pressure to saturated vapour or 

superheated vapour state. The outlet condition of the working fluid is given by the 

following equation: 

m
Q

hh in
ED &
+=         (3.31) 

 

3.3.8 Cycle Efficiency 

 

In the study of ORC, the performance of the system is evaluated by the 

thermal efficiency of the system. The thermal efficiency thη  is given by: 

100×
−

=
in

pt
th Q

WW
η        (3.32) 
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In the actual system, there are losses involved. Losses incur in the turbine and 

condenser processes due to pressure drop and also pressure increase in the boiler. 

These losses are neglected and the system is assumed to be in steady state, no heat 

loss and no pressure drop. The system is ideal. 

 



CHAPTER IV 
 
 
 
 

METHODOLOGY 
 
 
 

 
Introduction 

 

There are a number of programs that can be used to do the parametric study, 

for example, Mathcad, Mathlab, Fortran, Visual Basic and Borland C++. 

Considering the mathematical formulations involved, the choice of programs that 

will be used will be MATHLAB and Microsoft Excel. These programs are chosen 

mainly because of the programs are flexible, user-friendly and also easily available in 

the market. 

 

 

4.1 Main Flowchart  

 

This main flowchart, Figure 4.1, will show the chronological order of the 

methodology applied in the parametric study. The relationships of all the sub-

programming are also shown in this flowchart. This subsection will briefly explain 

the steps and the details of the steps will be explained in the following subsections. 

The first step is optimization of the ORC with R123 and isobutane. Through the 

ORC program, the selection of the organic compound will be done. Values from the 

cycle are used in the next programming involving HTF. Solar component program 

will involve the breakdown of diffuse and direct radiation. The result from the 

program is used for calculation involving solar trough. The unit of the solar data will 

be converted through solar conversion program. This is to create a consistent unit 

with the ORC heat rate. With value from ORC and the solar radiation data, collector 

area for each collector will be calculated and finally selection of the collector will be 

done. 
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Start

ORC Programming  
(section 4.2) 

Solar Component 
Programming (section 4.4) 

HTF Programming 
(section 4.3) 

Solar Conversion Program 

Select HTF 

Select 
Organic 

Compound

Collector Area 

Select 
Collector

End

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Main Flow Chart 



 42

4.2 Organic Rankine Cycle Program 

 

The objective of the program is to find the optimized pressure for the organic 

compound to provide the highest work output. The optimization will be done of the 

organic fluids, isobutane and R-123. The optimization of the ORC is done along the 

saturated vapour line only as this will bring the ORC closer to the Carnot Cycle. The 

approach involved in the optimization program is shown in Figure 4.2.  

 

Referring to the Figure 4.2, first step to the program is to obtain the equation 

of state for the organic compound. The programming to obtain the equation will be 

further elucidated in the subsection later on. The temperature for the condenser is 

fixed at 24˚C for isobutane and 27˚C for R123. From the fixed temperature, the 

pressure is determined. Next, the program will increase the turbine inlet pressure and 

from the pressure, turbine inlet temperature (TIT) is obtained as the turbine inlet is 

always fixed along the saturated vapour line.  

 

Turbine inlet enthalpy and entropy will be calculated from the known 

pressure and temperature. Isentropic expansion in turbine, therefore the turbine outlet 

entropy is equals the turbine inlet. With the known entropy and condenser pressure, 

the enthalpy at turbine outlet is obtained. The difference of enthalpy between the 

turbine inlet and turbine outlet is obtained. Assuming the pump work is small and 

negligible, therefore the heat input is equivalent to the enthalpy difference at 

saturated liquid line at condenser and turbine inlet. 

 

Efficiency is calculated by the knowing the heat input and work output of the 

cycle. This programming will continue until the turbine inlet pressure reaches the 

critical temperature of the organic fluid.  
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Start

Equation of State 

Set Condenser 
Temperature, T2 

Turbine Inlet 
Pressure, P1 set 

Turbine Inlet 
Temperature, T1 

Calculated 

Enthalpy, h1 and 
Entropy, s1 Calculated 

Turbine Outlet 
Enthalpy, h2 Calculated 

Work Output, Heat 
Input & Efficiency 

Calculated 

P1 = Pcritical

P1 = P1 + 0.01  

No

Yes

End

Figure 4.2: Flow Chart for ORC Programming 
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4.2.1 Equation of state 

 

For HTF and organic compound (OC), all the available thermodynamic 

properties data are tabulated by the manufacturer. In this study, the parametric study 

is done with the use of computer programming; therefore, the tabulated data will be 

required in equation form. In order to get the equation of state for the OC and HTF, 

we will use least square regression method to curve fit the tabulated data.  

 

The first step to find the equation of state is to insert the tabulated data in the 

Microsoft Excel. Then the data will be plotted and by using the built-in program in 

the software, the equation will be shown. The built-in program uses least square 

regression to find the equation. Figure 4.3 below shows the flow chart for the method 

of obtaining the equation of state. The least square method by using Microsoft Excel 

will be plotted to a polynomial that suite all the points the best. 

 

 

Start

Input value 

Plot the value

Read Input 

End

Obtain the Equation 

Show Equation

 
Figure 4.3: Flow Chart to Obtain Equation of State 
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4.2.2 Organic Rankine Cycle Selection 

 

From all the data obtained in ORC programming, these data will be plotted 

and curve-fitted to obtain equation representing the line. Differentiation of the 

equation and maximum point is obtained. The peak point will be the optimized 

pressure that gives the highest work output. Organic compound selection will be 

based on the efficiency and TIT of the corresponding ORC. Selection will be 

primarily decided by whichever organic fluid that is able to provide a better 

efficiency. However, due to the limitation of heat source temperature from the solar 

thermal cycle, the sole choice will be the organic fluid that gives an achievable TIT. 

 

4.3 Heat Transfer Fluid Programming 

 

In this programming, the optimized pressure from the ORC programming will 

be used to calculate the required heat input for the power cycle. The heat input is 

used to calculate the highest and lowest temperature of the HTF in order to have the 

heat transfer from solar thermal cycle to the power cycle. The selection of the HTF 

will be based on the heat transfer fluid the gives the smallest temperature difference, 

highest temperature minus lowest temperature, for the heat transfer fluid. The highest 

temperature of HTF should not go beyond 230˚C because the highest temperature 

that is able to be achieved by flat plate collector is 250˚C. 

 

4.4 Solar Radiation Simulation  

 

 There will be 2 programs involved in this solar radiation simulation, the first 

is a conversion program, which will converts unit from MJ m-2 to kWh m-2. The 

second program, breakdown the diffuse and beam component in the solar radiation.   

 

For the first program, the flow chart is as shown in Figure 4.4. The function 

of this program is to convert all the solar radiation data which is in the unit of MJ m-2 

into kWh m-2. In the program, variable, I, equals to the solar radiation in MJ m-2 and 

I1 is the solar radiation in kWh m-2. First, I is set to 0 and the value of I will change 

as it reads the data from the solar radiation from Malaysia Metrological Department. 

For each value of I, it will be divided with 3.6 as it is converted into radiation in kWh 
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m-2. For this programming, Microsoft Excel will be used because the data from 

Metrological Department is in Microsoft Excel format. 

 

Start

I = 0 

Print I1

Read I 

End

I1 = f(I) [Eq 3.1] 

Figure 4.4: Solar Radiation Conversion Flow Chart 

 

Figure 4.5 depicts the flow chart for the second program; the objective of this 

program is to get the diffuse and beam radiation form total radiation. The input of the 

program will depends on the location as it requires the latitude, φ  and longitude, Lloc 

of the place in study. Other location dependent input include the standard meridian 

for local time zone, Lst, which in Malaysia is 105° in the east or GMT +8. Besides 

location of the place in question, the program also requires the time and day of the 

collected set of data, where n is day in a year. I is the total solar radiation collected 

from the Malaysia Metrological Department. This program will be done in 

MATLAB. The solar radiation data from Microsoft Excel will be imported into 

MATLAB.   
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Figure 4.5: Flow Chart of the Diffuse and Direct Radiation 
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4.5 Solar Parabolic Trough Test Rig - Testing 

The primary reason for testing the performance of the solar parabolic trough 

is to optimize the heat transfer from the received radiation to the absorber. Usually to 

get the maximum outlet temperature from the absorber independently is quite 

difficult. This is due to the fact that these components attached to the thermal system 

are easily affected by environmental factors such as wind, scattered clouds and 

cloudy weather. 

Since environmental effects are a highly faced problem the testing 

configurations play an important role in the design of the model. In this case the 

effects of environmental factors and the ways to overcome it in on order to optimize 

the performance of the solar parabolic collector are investigated. To compare the data 

of those configurations, the test rig has to be designed in such a way that it is similar 

to those in use currently for the purpose of power generation.  

 

 

 

 

 

 

 

Figure 4.6: Principles of Parabolic Trough Systems [25] 

Figure 4.6 above shows the principles of the parabolic trough system which is 

currently in use. The figure explains the parabolic trough system which consists of 

long parallel rows of identical concentrator modules, typically using trough shaped 

glass mirrors. Tracking the sun from East to West by rotation on one axis, the trough 

collector concentrates the direct solar radiation onto an absorber pipe located along 
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its focal line. A heat transfer medium, typically oil at temperature up to 400°C is 

circulated through the pipes. The hot oil evaporates water and the generated steam 

drives the steam turbine generator of a conventional power block [25]. The designed 

solar parabolic test rig in this study will carry out a sequence of testing based on the 

concept mentioned above. 

 

4.6 Solar Parabolic Collector Test Rig Design and Installation. 

 

Parabolic 
mirror 

Thermocouple 

Pump 

 

Storage tank 

  

 Absorber  

Metal frame 

 

Figure 4.7: Solar Parabolic Collector Test Rig 

Before fabricating the test rig, the technical drawing of the solar parabolic test 

rig was prepared (refer appendix A).The design and installation of the line-focus 

parabolic trough collector is carried out successfully according to strength, dynamic 

pressure and collector’s weight. The solar parabolic trough collector consists of 

several main parts namely the metal frame, parabolic mirror, the solar radiation 

absorption system, pump, storage tank and the thermocouple as shown in Figure 4.7. 
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4.6.1 Metal Frame 

 

The metal frame is the structure that supports the parabolic mirror, the solar 

radiation absorption system, pump, storage tank and temperature sensing system. 

This metal frame as shown in Figure 4.8 is designed in such away that it has the 

ability to track the sun’s daily orbit. This can be achieved by the rotation of the 

collector axis. These movements can be achieved by sliding the collector’s frame up 

and down manually. 

 

 Metal frame 

 

 

Figure 4.8: Test Rig Metal Frame 

 

4.6.2 Parabolic Mirror  

 

 The active collector surface on this test rig consists of one parabolic mirror 

measuring ( 0.7 m2 ).The placement of the mirror on the platform should be 

symmetrical with reference to the axis of rotation. The total incoming solar radiation 

is focused on a line which is parallel to the axis or rotation and at a distance of 

0.14m. This mirror has a high reflection capability. The view of the parabolic mirror 

is shown in Figure 4.9. 
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Figure 4.9: Parabolic Mirror 

 

4.6.3 Solar Radiation Absorption System  

 

 The heat pipe absorber as shown in Figure 4.10 in this solar collector system 

is made of copper and it has a good heat conduction using a minimum amount of 

material, resulting in a quick response to changes in radiation intensity. The 

developed system consists of a copper pipe, placed parallel to the axis of rotation and 

at distance of 0.14 m. The position where the maximum solar concentration is 

achieved coincides with the pipe position. The pipe’s length is 1m. The most 

important part of the absorption system is the evacuated envelope which surrounds 

the heat pipe absorber. The vacuum between the glass and copper pipe reduces the 

rate of heat loss. A flexible pipe, through which the heat transfer fluid is supplied, is 

connected to the copper pipe. The evacuated envelope is not included in this system 

due to the high cost and fabrication complexity constraints. 

 

 
Absorber

 

 

 

 

 

 

 

 

Figure 4.10: Collector Heat Absorption System 
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4.6.4 Pump 

 

 A pump is attached with the solar test rig for the purpose of suction and 

delivery of the heat transfer fluid which is stored in the storage tank. A pump with 

small flow rate is required to obtain maximum heat absorption.  

 

The designed specification of the pump is as stated below: 

 
Power                                  = 50-60 Watts 

Flow rate                             = 0.1 L/min – 0.2 L/min 

RPM            = 6-600 rpm 

Support pressure                 = 1 bar – 5 bar 

Flow Tube Diameter         = 10mm 

Working fluid temperature = 25 – 150 (oC) 

 

4.6.5 Temperature Sensing System 

 

  The solar parabolic trough collector has a set of thermocouple attach 

to the storage tank and to the copper pipe wall as shown in Figure 4.11. The 

thermocouple is used to monitor the most critical parameter in the solar 

thermal cycle that is the temperature profile around the copper absorber pipe 

during system operation. The individual thermocouple will be connected to a 

digital data logger that will display the temperature of the absorber as shown 

in Figure 4.12.   

 

 

 

 

 

 

 

 
Figure 4.11: Thermocouple attached on Absorber 
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Figure 4.12: Digital Data Logger 

 

 

4.7 Description of Solar Test Rig Experiment Methods and Techniques. 

 

The approach that is taken to conduct this research is to carry out various test 

techniques on the solar parabolic test rig. The performance of the designed solar 

parabolic test rig will be analyzed using the appropriate test methods and techniques.  

The experimentally evaluated readings and observations gained will be compared 

with each other to obtain the best performance out of the solar parabolic collector test 

rig. Among the test methods which will be carried out in this experimental study to 

analyze the performance of the solar parabolic trough rig and to optimize the heat 

transfer rate to the absorber are as stated and described below: 

 

4.7.1 Dry Test - (Non-operating thermal cycle & no reflection effects) – Method 

1 

 

 This test will be carried out when the solar parabolic collector is not in 

operating condition or given the term dry test in this study. During this test, the 

parabolic mirror surface will be covered up with a sheet of white paper to obtain the 

absorber temperature reading without the solar concentration effects.   
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4.7.2 Dry Test - (Non-operating thermal cycle & with reflection effects) – 

Method 2 

 

This test will also be carried out when the solar parabolic collector is not in 

operating condition. However during this test, the solar concentration effects by the 

parabolic mirror on the absorber will be taken into consideration. The absorber 

temperature with the effects of solar concentration on it will be taken in this case. 

 

4.7.3 Testing for Suitable Pump Size 

 

Here, two pumps with different capacity or sizes will be analysed. The 

purpose of this test is to check on the severity of friction between the pump rotation 

and the working fluid. A high powered pump with a capacity of 0.5hp (368 Watts) 

and a lab sized pump with a capacity of 0.1hp (75 Watts) will be tested here. The 

storage tank temperature will be monitored here as both this pump operates for a 

certain period of time. An increase of temperature in the storage tank will determine 

or show the severity of friction between the pump rotation and the working fluid. A 

minimum value of increase in the storage tank temperature is the desired value here. 

 

4.7.4 Flow Profile Test 

 

 Once the suitable pump size is being selected, the flow profile of the fluid in 

the absorber will be determined. In this test, the copper absorber tube will be 

replaced with a Perspex tube to see the flow character in the Perspex tube. The pump 

speed will be set until it gives a minimal flow of working fluid and at the same the 

working fluid is to cover the overall circumference area of the Perspex tube. Once 

this condition is observed, the flow rate of the fluid will be taken and from this, the 

flow profile of the working fluid will be determined using the Reynolds’s number 

formulation. 
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4.7.5 Operating Thermal Cycle - (Wrapping solar collector and with tilting 

effects) 

 

 Here in this test, the aperture area of the solar parabolic collector test rig will 

be wrapped or covered up with a thin plastic sheet to minimize as much as possible 

the external wind effect on the solar collector when the experiment is being carried 

out. Besides that, during this test, the collector will also be tilted in order for it to 

track the sun movement. In this test, both the storage tank temperature and the 

absorber temperature will be taken to see the effects given by this set up. 

 

4.7.6 Operating Thermal Cycle - (Wrapping solar collector and no tilting 

effects) 

     

 In this test, the exact same set up as described earlier will be remained. The 

only difference upon carrying out this test is that the solar collector will not be tilted 

in order for it to track the sun movement. The solar collector surface will be fixed 

static facing upwards. Here, both the storage tank temperature and also the absorber 

temperature will be taken and the readings obtained from this test will be compared 

with the readings taken when the collector is tilted as mentioned in the subtopic 

above. 

 

 4.7.7 Dry Test (Non-operating thermal cycle, with effects of wrapping and    

         insulation) – Method 3 

 

 This test will be carried out when the solar thermal system is not in operating 

condition. In this test method, the aperture area of the solar parabolic collector test 

rig will be wrapped with a thin plastic sheet and the bottom surface of the parabolic 

collector will be insulated with an insulation sheet. The purpose of this insulation 

sheet here is to minimize the heat loss to the environment and also to maximize the 

utilization of heat captured by the solar collector. The effects from this set up to the 

absorber temperature will be investigated. 
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4.7.8 Operating Thermal Cycle- (With effects of wrapping, insulation and   

          tracking sun)  

 

 This test will be carried out with the same set up as described in subtopic 

4.7.7, but with the solar thermal cycle in operating condition. During this test, the 

solar parabolic collector will also be tilted to track the sun movement. The effects of 

wrapping, insulating and tilting the solar collector will be studied and investigated 

here by analyzing the absorber temperature readings. 

 

4.7.9 Operating Thermal Cycle- (Outlet temperature with different flow rates) 

  

 This test will be carried out using the same set up on the solar parabolic 

collector as mentioned in subtopic 4.7.8 above. Here, the system will be tested with 

two different flow rates operating on the solar thermal cycle which will be discussed 

in chapter five later on. The temperature difference (dT) between the absorber outlet 

temperature (Tout) and the absorber inlet temperature (Tin) is the area of interest in 

this testing. Both the absorber outlet temperature (Tout) and the absorber inlet 

temperature (Tin) readings will be taken here to determine the temperature 

differences. This temperature differences will then be used to determine the collector 

efficiency and also to carry out the analysis on the Organic Rankine Cycle (ORC) to 

determine the possible power generation by this testing. 

 

All results, discussions and complete details including figures of the test 

which are being carried out based on the test technique described in the subtopics 

above, will be presented in chapter five.  

 

 

 

 

 

 



CHAPTER V 
 
 
 
 

RESULT & DISCUSSION 
 
 
 

 

Introduction 

 

 In this chapter the results from both the parametric study and experimental 

study are presented and discussed in detail. The results shown in each subprogram in 

each subtopic will be used to construct the final model. 

 

 
5.1 Organic Rankine Cycle 

 

The power cycle, ORC, is important because the ORC result is used to 

evaluate the feasibility of the system. The measure of worth for the ORC will be 

based on the thermal efficiency of the whole cycle and also the turbine inlet 

temperature (TIT). The TIT has priority over the efficiency of the cycle. Though 

thermal efficiency is important and often used to measure the practicability of a 

thermodynamic cycle, but in this study the TIT is more important due to the 

temperature limitations of solar thermal collectors. The limited operating temperature 

is especially significant for flat plate collectors due to the constraint of the maximum 

temperature of 250°C. After considering the TIT, the system efficiency will be taken 

into consideration.  

 

R123 and isobutane are studied parametrically to compare the thermal 

efficiency of both cycles. The ORC study will be conducted in the subcritical heating 

region. The effect of turbine inlet pressure along the saturated vapour line and 

turbine inlet temperature in the superheated region on system efficiency will be 

explored. Thermophysical properties of the two working fluids are listed in Table 

5.1. Figure 5.1 depicts the general T-s diagram for both fluids. 
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Table 5.1: Thermophysical Properties of R123 and Isobutane [38] 

Parameters R123 Isobutane 
Chemical Formula CHCl2 – CF3 C4H10 
Molecular weight (g/mol) 152.93 58.125 
Slope of saturated vapour line Isentropic Negative 
Critical temperature (K) 456.831 407.85 
Critical Pressure (MPa) 3.6618 3.64 
Boiling point at 1 atm (K) 300.82 261.44 
Maximum Pressure (MPa) NA 35 
Maximum Temperature (K) NA 600 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1: T-s Diagram of Isobutane and R123. 
 
 
5.1.1 Isobutane 

 

The effect of turbine inlet pressure (TIP) on efficiency and work is 

investigated. The result of the study is plotted and shown as in Figure 5.2. In the 

figure, it is shown that the efficiency and work is a quadratic function of turbine inlet 

pressure with a maximum point, after which both work and efficiency will decrease 

as the pressure increases. The maximum value of work and efficiency occur at 

different pressures however, they are close to each other. 
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Figure 5.2: Work & Efficiency vs. Turbine Inlet Pressure. 

 

Table 5.2: Conversion Characteristics for Isobutane ORC System. 

 
 

Table 5.2 displays the relevant parameters which give the maximum value of 

work and efficiency from the graph in Figure 5.2. The highest work output obtained 

is 77.65 kJ/kg with a cycle thermal efficiency of 18.57 % while the maximum 

 
Working Fluid Isobutane 
Condition Max Work Max Efficiency Corrected Pres. 
Min. cycle pres. [MPa] 0.38 0.38 0.38 
Min cycle temp. [˚C] 28 28 28 
Max. cycle pres. [MPa] 3.16 3.40 2.25 
Max. cycle temp. [˚C] 127 132 107 
Turbine expansion ratio 8.32 8.95 5.9 
Turbine vol. flow ratio 12.5 17.6 7.0 
Isen. exp. work [kJ/kg] 77.65 75.78 69.2 
Wettest vapour quality  0.95 0.86 NA 
Exhaust vapour quality Superheated Superheated Superheated 
Turbine mass flow [kg/s] 1 1 16.6 
Cycle Efficiency [%] 18.57 18.85 20.72 
Carnot Efficiency [%] 24.74 25.62 0.38 
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thermal efficiency is 18.85 % and the work output at this maximum efficiency is 

75.78 kJ/kg.  

 

From the T-s diagram plotted in Figure 5.3, the turbine expansion line 

indicates that the vapour is wetter in the working section of turbine than at the 

turbine outlet. In Table 5.2, the term of wettest vapor quality is used. This term, 

wettest vapor quality, is to indicate the highest moisture content in the working 

section of the ORC turbine. When the pressure is optimized along the saturated vapor 

line, it is found that when the pressure approaches the critical pressure, fluid 

expansion in the turbine will lead to higher moisture content as compared to the 

turbine outlet. This occurs due to the saturated vapor line curvature in the T-s 

diagram of the fluid, at higher pressures the gradient of the saturated vapor line 

changes from isentropic or positive to negative. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 5.3: T-s Diagram of Isobutane at Maximum Work; Superheating at  

                    P = 1.2 MPa and P = 2 MPa; and Corrected Pressure 

Therefore, to make sure that the vapor is dry in the turbine, it is 

recommended that the TIP be set at the turning point of the saturated vapor line in 

the T-s diagram. The turning point is situated between the point of inflexion and the 
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critical point. By changing the maximum cycle pressure, the efficiency and work 

output will drop to a lower value but the working fluid will be dry in the working 

section of the turbine. Last column in Table 5.3 shows the work delivered after 

correcting the pressure and temperature to the turning point of the saturated vapor 

line. The T-s diagram for the maximum work output cycle, corrected pressure cycle 

and superheating the fluid at 2 different pressures, 1.2 MPa and 2 MPa, are revealed 

in Figure 5.3.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: The Effect of TIT to the Efficiency for Isobutane in Superheated Region. 

 

The effect of superheating isobutane is also studied parametrically. Figure 5.4 

indicates the effect of turbine inlet temperature in the superheated vapour region on 

the efficiency of the ORC. Isobaric heating is done. The effect of turbine inlet 

temperature at a pressure between these two pressures can be obtained through 

interpolation. From Figure 5.4, it is identified that both lines are nearly parallel to 

each other. Initially the efficiency increases with an increase in the TIT but after it 

reaches the maximum point, any further increase of temperature will result in a 

drastic drop of efficiency. Therefore, an ORC that uses isobutane as working fluid 

can be operated in the superheated region but within a temperature limit.  
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5.1.2 R123 

 

Similarly for R123, the effect of turbine inlet pressure on the efficiency and 

work output of the ORC is studied. Figure 5.5 indicates that work and efficiency is 

related to the turbine inlet pressure along the saturated vapour line. Both work and 

efficiency are quadratic functions of turbine inlet pressure. Compared to isobutane, 

R123 shows a higher efficiency but gives a lower work output. Similar to isobutane, 

the maximum work and efficiency are located at different pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Work & Efficiency vs. Turbine Inlet Pressure. 

 

 

 Relevant parameters of the maximum work and pressure cycles using R123 

are tabulated in Table 5.3. The maximum work output, 58.99 kJ/kg occurs when the 

pressure is at 3.4 MPa and the efficiency is rated at 25.63 % which is 8 % lower than 

the Carnot efficiency. At 3.54 MPa, the R123 ORC will achieve the maximum 

efficiency of 25.9 % which is 7 % lower than the Carnot efficiency and the work 

output is 58.54 kJ/kg. Comparing to the isobutane ORC, it is found that the same 
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phenomenon high moisture at high pressure also occurs in this R123 cycle. This 

phenomenon can be clearly seen in the T-s diagram of the R123 ORC at maximum 

work output in Figure 5.6. As a result, the pressure is also lowered, similar to 

isobutane, in order to ensure the fluid is always dry in the turbine. Relevant 

parameters are tabulated in Table 5.3 and the cycle is drawn in Figure 5.6. 

 

Table 5.3: Conversion Characteristics for R123 ORC System 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
Working Fluid R123 
Condition Max Work Max Efficiency Corrected Pres. 
Min. cycle pres. [MPa] 0.10 0.10 0.10 
Min. cycle temp. [˚C] 28 28 28 
Max. cycle pres. [MPa] 3.40 3.54 2.08 
Max. cycle temp. [˚C] 180 182 150 
Turbine expansion ratio 34 35.4 20.8 
Turbine volume flow ratio 50.6 60.2 71.2 
Isen. exp. work [kJ/kg] 58.99 58.54 51.6 
Wettest vapour quality  0.84 0.78 Superheated 
Exhaust vapour quality 1 0.98 Superheated 
Turbine mass flow [kg/s] 1 1 1 
Cycle Efficiency [%] 25.63 25.90 22.15 
Carnot Efficiency [%] 33.82 33.55 28.88 
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Figure 5.6: T-s Diagram of ORC R123 at Maximum Work; Superheat at P = 1 MPa 

and P=2 MPa; and Corrected Pressure. 

 

R123, being an isentropic organic fluid as the gradient of the saturated vapour 

line is nearly isentropic, shows a drop of efficiency when the turbine inlet 

temperature is further increased to the superheated region. This is especially true for 

high turbine inlet pressures. At lower turbine inlet pressures, a slight increase of 

efficiency in the range of 0.5% can be seen. The graphical representation of the 

effect of TIT on the efficiency is shown in Figure 5.7. From this figure, superheating 

is found to be not suitable for R123. From the two pressure lines, it can be shown at 

higher pressure, the drop of efficiency is linear with temperature but at lower 

pressure, the efficiency line is quadratic. The change of the efficiency is nominal 

when compared with isobutane. 
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Figure 5.7: The Effect of Turbine Inlet Temperature to Efficiency at Superheated 

Region for R123. 

 
 

5.2 Heat Transfer Fluid 

 

In this subtopic, the results from the heat transfer fluid (HTF) in the heat 

exchanger programming will be presented. The input for this study is the heat input 

of the ORC cycles. The output from the programming will be the maximum and 

minimum temperature of the HTF. Only the corrected pressure cycle from both fluids 

are chosen for analysis. The choice of HTF will depend on the overall temperature 

obtained from the study. A lower overall temperature is preferred, since lower 

temperature implies smaller temperature difference between the ORC and the HTF. 

Small temperature differences mean less heat loss in the heat exchanger. The pinch 

point will be set at 5 ˚C. The effectiveness of the heat exchanger is set to 1. 
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5.2.1 R123 Organic Rankine Cycle 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Maximum and Minimum HTF Temperature for R123 ORC. 

 

Referring to Figure 5.8, the pinch point notes the nearest temperature gap 

between the ORC and the HTF. The pinch value is set at 5˚C. From the pinch, 

maximum and minimum temperatures can be found. An arbitrary mass flow rate of 1 

kg/s is chosen for both fluids. The exact temperatures of both fluids are tabulated in 

Table 5.4. The heat capacity of the fluid is obtained by averaging the heat capacity at 

the maximum and minimum temperature. This averaging method is used as the heat 

capacity of the fluid is linearly proportional to the temperature.  Therminol VP 3 

gives a lower minimum temperature but a higher maximum temperature as compared 

to Therminol 55. The difference between the maximum temperatures of the two 

HTFs is 5˚C but the difference between the minimum temperatures is 6˚C. Therefore 

for R123 ORC, Therminol VP3 is chosen though it has higher maximum temperature 

but overall, this HTF line is nearer to the ORC. 
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Table 5.4: HTF Temperature, Mass Flow and Average Heat Capacity (R123) 

 
    HTF    Temperature, Tmax     Temperature, Tmin  Average HeatCapacity  Mass Flow Rate 
                                 (˚C)                              (˚C)                    Cp

ave (kJ/kg K)                  m&  (kg/s) 
 
Therminol             190                     78                     2.0824               1 
     VP3 
Therminol             185                     84                     2.3111               1 
      55 
 

 
5.2.2 Isobutane Organic Rankine Cycle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Maximum and Minimum HTF Temperature for Isobutane ORC. 

 

The HTF lines in the T-s diagram of the isobutane ORC is drawn in Figure 

5.9. Using the same method, the maximum and minimum temperature is calculated 

and tabulated in Table 5.5. First, the mass flow rate of the HTF is set to 1 kg/s but 

from calculations, temperature cross-over because the HTF minimum temperature is 
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lower than the cycle temperature. As a result, the mass flow rate is increased to 2 

kg/s in order to transfer the required heat input for the economizer of the ORC. In the 

isobutane ORC, the same condition happens where Therminol 55 gives a lower 

maximum temperature but a higher minimum temperature as compared to Therminol 

VP3. For isobutane, Therminol 55 is chosen because it has a lower overall 

temperature. 

 

Table 5.5: HTF Temperature, Mass Flow and Average Heat Capacity (Isobutane) 

 
    HTF    Temperature, Tmax     Temperature, Tmin  Average HeatCapacity  Mass Flow Rate 
                                 (˚C)                              (˚C)                    Cp

ave (kJ/kg K)                  m&  (kg/s) 
 
Therminol             165                     61                    2.0024               2 
     VP3 
Therminol             158                    65                     2.2296               2 
      55 
 

5.3 Solar Radiation 

 
In this subtopic, the result of average value of total solar radiation or global 

radiation and components of the beam radiation for a year in Chuping, Kedah and 

Kota Kinabalu, Sabah is presented. In the calculation, it is assumed that the total 

solar radiation received in a year for that particular place is constant every year. 

 

 

5.3.1 Chuping 

 
Chuping is situated at latitude 6˚ 29’ N, longitude 100˚ 16’ E and is 21.3 m 

above sea level. In the solar programming, the data used for the calculation is for the 

year 1999. This is because the data from 2003 is corrupted with frequent device 

failures. Whenever the device fails a negative value will be recorded. For the year 

2003, there are over 1000 occurrences of device failure, while in year 1999, there are 

only 8 occurrences. Using data from year 1999, it is calculated that the yearly 

average global radiation is 1.50 MJm-2 per hour and the yearly average beam 

radiation is 0.90 MJm-2 per hour.  

 
 
 
 



 69

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

8 9 10 11 12 13 14 15 16 17 18

Time [hour]

So
la

r R
ad

ia
tio

n 
[M

J/
m

2]
Direct Radiation

Global Radiation

0.00

0.50

1.00

1.50

2.00

2.50

0 50 100 150 200 250 300 350

Day [-]

So
la

r R
ad

ia
tio

n 
[M

J/
m

2]

Direct Radiation
Global Radiation

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 5.10: Hourly Average Global Radiation and Direct Radiation on 20th 

February 1999 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.11: Global and Direct Solar Radiation in 1999. 
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Figure 5.10 shows the global radiation and direct component of solar 

radiation for 20th February 1999, which has the highest daily average of beam 

radiation for the year. By calculation, the beam component is 1.89 MJ m-2 per hour 

while the global radiation is 2.27 MJ m-2 per hour in the day. In a typical day, the 

solar radiation will gradually increase from the morning, peak in the afternoon, 

around 12 to 2, and drop to zero in the evening, around 6 p.m.  Depicted in Figure 

5.11 is the daily average of global radiation and direct radiation. From the figure, it is 

concluded that both direct and global radiation are inconsistent and vary greatly on a 

day to day basis. 

 
 
5.3.2 Kota Kinabalu 

 

Kota Kinabalu is located at latitude 5° 56’N, longitude 116° 3’E and is 2.3m 

above sea level. The data studied for Kota Kinabalu was collected in the year 2003 

by the Malaysia Metrological Department and there was no device failure recorded. 

From the correlation, it is estimated that the hourly average beam radiation for the 

year in Kota Kinabalu is 1.01 MJ m-2 per hour out of the hourly average global 

radiation of 1.60 MJ m-2 per hour. Figure 5.12 depicts the global and beam radiation 

over a period of 11 hours on 24th March 2003. This day has the highest estimated 

hourly average beam radiation of 1.75 MJ/m2 per hour, while the hourly average of 

global radiation is 2.38 MJ/m2 per hour. Figure 5.13 indicates the hourly average of 

global radiation and direct radiation for every day in 2003. 
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Figure 5.12: Global Radiation and Direct Radiation on 24th March 2003. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.13: Global and Direct Radiation for 2003. 
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5.4 Solar Collector 

 

 

The solar collector area is presented and discussed in the following 

subsections organized by type of collectors. The collector area is estimated from the 

hourly average solar radiation in a year and heat input of ORC discussed in previous 

subsections. In this subsection, specific work is obtained to justify the ORC system 

for power generation. Higher specific work will allow smaller solar collector arrays. 

Specific work refers to the work, W, produced by every 1 m2 of collector area. Since 

work generated is dependent on the organic compound used, therefore, the area of 

collector calculated will be the determination factor. Work is inversely proportional 

to the collector area. As a result, smaller collector area will mean a higher specific 

work can be obtained. 

 

 

5.4.1 Parabolic Trough 

 

The collector efficiency of 68% as mentioned in literature review, the 

collector area is obtained. The average direct radiation for Kota Kinabalu as 1.01 MJ 

m-2 per hour and for Chuping it is 0.90 MJ m-2.  Table 5.6 shows the parabolic trough 

collector area according to the location, organic compound and heat transfer fluid 

used. From the table, the lowest collector area, 1121 m2, is the R123 ORC using 

Therminol 55 as the working fluid with the specific work of 52.62 W/m2. For 

Isobutane ORC, the highest collector area is 2 214m2 located in Kota Kinabalu and 

with Therminol VP3 as the working fluid.  
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Table 5.6: Parabolic Trough Collector Area and Specific Work 

Location ORC HTF 
(Therminol)

Area, A 
(m2) 

Work, W 
(W) 

Specific 
Work, 

W
A

(W/m2) 

Kota Kinabalu R123 VP3 1,223 51 660 42.26 
Kota Kinabalu R123 55 1,224 51 660 42.22 
Kota Kinabalu Isobutane VP3 2,183 69 200 31.70 
Kota Kinabalu Isobutane 55 2,174 69 200 31.83 

Chuping R123 VP3 1,372 51 660 37.65 
Chuping R123 55 1,373 51 660 37.62 
Chuping Isobutane VP3 2,450 69 200 28.25 
Chuping Isobutane 55 2,439 69 200 28.37 

 

 
5.4.2 Flat Plate Collector 

 
The flat plate collector efficiency for this study is taken as 67%. To calculate 

the flat plate collector area, total or global radiation is used. Average global radiation 

for Kota Kinabalu is 1.60 MJ m2 per hour, while for Chuping it is 1.50 MJ m-2 per 

hour. Relevant data, collector area and specific work, are tabulated in Table 5.7. The 

R123 ORC in Kota Kinabalu using Therminol 55 gives the highest overall specific 

work, 82.16 W m-2, with a collector area of 718 m2. Highest specific work for the 

Isobutane ORC is 58.21 W m-2. 

 

Table 5.7: Flat Plate Collector Area and Specific Work 

Location ORC HTF 
(Therminol) 

Area, A 
(m2) 

Work, W 
(W) 

Specific 
Work, 

W
A

(W/m2) 

Kota Kinabalu R123 VP3 783 51 660 65.96 
Kota Kinabalu R123 55 784 51 660 65.90 
Kota Kinabalu Isobutane VP3 1399 69 200 49.48 
Kota Kinabalu Isobutane 55 1393 69 200 49.69 

Chuping R123 VP3 835 51 660 61.83 
Chuping R123 55 836 51 660 61.78 
Chuping Isobutane VP3 1492 69 200 46.38 
Chuping Isobutane 55 1486 69 200 46.58 
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5.5 Final Model 

 

From the data and the rigorous discussion presented in the previous subtopic, 

the choice of working fluid for the ORC is R123. R123 is chosen due to the higher 

efficiency outcome of the system as compared to the isobutane. Of the three cycles 

shown, corrected pressure cycle for R123 is preferred to ensure the fluid is dry within 

the turbine. The TIT is in the reasonable range of 150˚C which is less than the flat 

plate operating temperature limit of 220˚C. Superheating is not beneficial for R123 

ORC as the study demonstrates a decrease in efficiency with the increase in turbine 

inlet temperature. In order to obtain the highest specific work in the study, the R123 

ORC will be used with HTF Therminol VP3 and the optimal location is Kota 

Kinabalu. This ORC will have an efficiency of 22.15 % and it is close to Carnot 

Cycle, the difference is just 6.73 %. The collector efficiency is 67 %, as a result 

giving an overall system efficiency of 14.84 %. 

 

 

Introduction to Experimental Analysis 

 

 In these following subtopics, the results from the experimental study on the 

solar thermal cycle are presented and discussed in detail. The results shown in this 

chapter are based on the test methods and techniques carried out throughout the 

whole semester.  
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5.6 Solar Thermal Cycle 

 

The thermal cycle is the area of interest in this study because the 

experimental results from this study will be used to evaluate the suitability of the 

system in our climate. The measure of worth for the thermal cycle will be based on a 

few parameters which are the absorber temperature, absorber outlet temperature 

(Tout), collector efficiency ( collectorη ) of the cycle and also the useful energy gained by 

the test fluid ( usedQ& ). The useful energy gained by the test fluid has priority over the 

power that will be generated by the Organic Rankine Cycle (ORC). Though the ORC 

power output is important and often used to measure the practicability of a 

thermodynamic cycle, but in this study the absorber temperature and the absorber 

outlet temperature (Tout), is more important due to the temperature limitations of 

solar thermal collector. Here, the effects and results of the variety of test being 

carried out to enhance the performance of the system will be explored. Water with 

flow rate 0.14 L/min is chosen as the working fluid in all test methods carried out in 

this topic. Any changes in flow rate will be stated. 
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5.7 Various Test Results and Discussions on Solar Parabolic Collector Rig 

 

5.7.1 Dry Test (Non-operating cycle & no reflection effects) – Method 1 

 

 

 

 

 

 

 

 

 

Figure 5.14: Solar Test Rig without Reflection Effects 

 

The direct effect of solar radiation without the parabolic mirror reflection in 

heating the absorber and water in the storage tank are investigated. Figure 5.14 

shows the set up of the solar test rig for this test. 

 

The results of this study is plotted and shown as in Figure 5.15. In the figure, 

it is shown that there is an increase in the storage tank temperature as it is placed 

under the sun for a period of time. The (dT) of storage tank from the start of 

experiment till the end of experiment noticed in this case is 5 oC.The figure also 

shows the absorber temperature fluctuation through out the test. The unstable 

temperature condition is due to sudden weather changes such as windy and scattered 

clouds situations.The maximum temperature that is 51 oC in this particular case 

occurs when the weather is sunny and the temperature drops when there are scattered 

clouds condition.  



 77

29
3431

28C, Initial

38C@SC

43C@S
45C@S

51C@S(Max)

40C@SC

0

10

20

30

40

50

60

1100 1200 1300 1400 1500
Time [Hour]

Te
m

pe
ra

tu
re

 [C
]

Storage / Inlet Temp [C]
Absorber Temp [C]

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: Comparison of Storage Tank Temp and Absorber Temperature [oC] 

 

The sunny weather and scattered clouds condition when the experiment is being 

carried out is showed in Figure 5.16 and 5.17. 

 

 

          Figure 5.16: Sunny Condition                  Figure 5.17: Scattered Clouds  
 

 

 

S – Sunny 
SC – Scattered Clouds &Windy 
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5.7.2 Dry Test (Non-operating cycle & with reflection effects) – Method 2 

 

 

 

 

 

 

 

 

 

 

Figure 5.18: Solar Test Rig with Mirror Reflection Effects 

 

The effect of solar radiation with parabolic mirror reflection in heating the 

absorber is investigated. Figure 5.18 shows the set up of the solar test rig for this test. 

 

The comparison of results between the reflection effects and without the 

reflection effects on the absorber is plotted and shown as in Figure 5.19. In the 

figure, it is clearly shown that there is an increase in the absorber temperature when 

the solar radiation is focused on the absorber by the collector mirror surface. From 

this, we can see that the (dT) given by the effects of the mirror surface is 

approximately 10 oC.The figure also shows both the absorber temperature fluctuation 

through out the test.The maximum value of absorber temperature with the effects of 

mirror reflection is 62 oC in this case. From this we can also clearly see that the 

losses in temperature occur due to the scattered clouds condition and strong wind 

factor. 
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Figure 5.19: Absorber Temp with Reflection vs. Temp without Reflection Effects 

[oC] 

 

 

5.7.3 Testing for suitable pump size 

 

    Figure 5.20: Pump capacity 0.5hp                  Figure 5.21: Pump capacity 0.1hp 
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The proper pump size is an important parameter to be determined as it may 

bring an unwanted rise on the temperature of the test fluid upon carrying out this 

study. Two types of pump with a horsepower (hp) of 0.5 hp (368 Watts) and a lab 

sized pump with the capacity of 0.1 hp (75 Watts) as shown in Figure 5.20 and 

Figure 5.21 respectively are being tested here to see it’s suitably on the solar 

parabolic collector test rig designed. The comparison of results on the storage tank 

temperature during the operation of these two pumps are plotted and shown in Figure 

5.22. In the figure, it is shown that there is a proportional increase of temperature 

compared to time in the storage tank when the higher powered pump is in use. The 

figure also shows that the storage tank temperature is constant when the 0.1 hp (75 

Watts) pump is in use. Looking into these results, the 0.1hp pump is chosen to be use 

through out this study. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22: Tank Temp with 0.5Hp Pump vs. Tank Temp with 0.1Hp Pump 
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5.7.4 Flow Profile Test 

  

Before carrying out further test on the solar collector rig when the thermal 

cycle is being operated, a suitable flow rate is being set or tested first. This test is 

carried out by using a Perspex tube to replace the copper absorber. Figure 5.23 shows 

the set up of the solar test rig for this test.  

 

 

 

 

 

 

 

 

 

Figure 5.23: Copper Absorber Tube replaced with Perspex Tube 

 

 A minimum flow of water is released into the Perspex tube ensuring the 

water flow fills the entire tube surface. The flow rate at this condition is taken and 

used to determine the flow profile to see if it’s a laminar flow or turbulent flow. This 

analysis is being done using the Reynolds number formulation. The value of 

eR obtained is 260.56. Since the value of Reynolds number is less than 2000, the 

flow profile of HTF which will be flowing in the absorber will be a Laminar flow. 

(Refer appendix B for calculation steps) 
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5.7.5 Operating Thermal Cycle- (Wrapping Parabolic Collector and Tilting 

Effects) 

 

A new test approach has been taken to further increase the absorber 

temperature and also the storage / inlet temperature referring to the results which has 

been collected from the test methods stated previously. Here, the test rig is been 

wrapped up in order to prevent it from the external wind factor which leads to heat 

loss. The effects from the tilted collector angle upon carrying out this test and the 

wind velocity factor are also taken into consideration here. Figure 5.24 and 5.25 

shows the set up on the solar test rig and the anemometer which is used to take the 

wind velocity reading during this test. 

 

Figure 5.24: Test Rig Wrapped and Tilted          Figure 5.25: Anemometer 

 

The absorber temperature, storage tank / inlet temperature and external wind 

velocity reading is plotted and shown as in Figure 5.26. The figure also shows the 

absorber temperature fluctuation through out the test. Looking into the graph, the 

temperature fluctuation is related to the scattered clouds conditions. When scattered 

clouds or cloud covers are formed in the sky, the parabolic collector does not reflect 

any radiation to the absorber. Hence, the absorber temperature decreases instantly. 

From this we can see that the losses in temperature occur due to the scattered clouds 

condition creating diffuse radiation. 

 

The maximum value of absorber temperature with the minimum effects of 

external wind is 56 oC in this case. The figure also shows the storage tank / inlet 

temperature which increases relatively with time as it is being exposed to the ambient 
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temperature. However the storage tank / inlet temperature is also being affected by 

the scattered clouds condition. This situation can be seen on the graph when the 

storage tank temperature decreases from 39 oC to 37 oC due to the scattered cloud 

condition labelled (SC).By analysing the wind flow obtained from the graph, it 

shows that the temperature increases as the wind velocity decreases and the absorber 

temperature decreases when the wind velocity rises. The average wind velocity 

obtained is 1 m/s. In whole, it can be seen that the peak radiation is captured from 

time ranging from 1230hour to 1530hour.The radiation level decreases as the time 

passes 1530hour. 

 

 

Figure 5.26: Comparison of Absorber Temp, Storage Tank / Inlet Temp [oC] and 

                      External Wind Velocity [m/s] when Test Rig Tracks Sun and Wrapped 

 

 

 

 

 

 

39

40
C@

S45
C@

S

56
C@

S

50
C@

S

46
C@

S

38
C@

SC

44
C@

S

37
C@

S

36
C@

Star
t 42

C@
SC

40
C@

SC

41

42

39

32
35

39
37

2.3

0.2

1

0.5

1

2

0

0.4

1

1.4

0

10

20

30

40

50

60

1100 1200 1300 1400 1500 1600 1700

Time [Hour]

Te
m

pe
ra

tu
re

 [C
]

0

0.5

1

1.5

2

2.5

W
in

d 
V

el
oc

ity
 [m

/s
]

Absorber Temp [C]
Storage/Inlet Temp [C]
Velocity [m/s]

S – Sunny 
SC – Scattered Clouds 
&Windy 



 84

5.7.6 Operating Thermal Cycle- (Wrapping Solar Collector and No Tilting 

Effects) 

 

A slight improvement is done on the test method as stated in subtopic 

previously. Now, with the same existing set up, the experiment is carried out but with 

the solar collector not tracking the movement of sun. The effect from the untitled 

collector angle upon carrying out this test is taken into consideration in this case. 

Figure 5.27 shows the set up of the test rig during this test. 

 

 

 

 

 

 

 

 

 

 

Figure 5.27: View of Solar Test Rig Wrapped and Not Tilted 

 

  The absorber temperature, storage tank / inlet temperature and external wind 

velocity is plotted and shown as in Figure 5.28. In the figure, it is shown that there is 

a very minimum increase in the absorber maximum temperature when the solar 

collector is not tilted. The (dT) observed here is 2oC compared to the condition when 

the test rig is being tilted to track the sun movement. The maximum absorber 

temperature in this case is 58 oC. This minimal increase of temperature is most likely 

due to the higher value of solar radiation at the time the reading was taken.   

 

The figure also shows the absorber temperature fluctuation through out the 

test. The occurrence of temperature fluctuation in this case is similar to the 

explanation given in the subtopics discussed previously, where it is influenced by the 

scattered clouds condition and diffuse radiation.  
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The figure also shows the storage tank / inlet temperature which increases 

relatively with time as it is being exposed to the ambient temperature. However the 

storage tank / inlet temperature is also being affected by the scattered clouds 

condition. This situation can be seen on the graph when the storage tank temperature 

decreases from 42 oC to 39 oC due to the scattered cloud conditions labelled (SC).The 

average wind velocity observed here is 0.2 m/s.  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.28: Comparison of Absorber Temp, Storage Tank / Inlet Temp [oC] and      

                      Wind Velocity [m/s] when Test Rig is Wrapped and Not Tracking Sun  
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5.7.7 Dry Test (Non-operating thermal cycle, with Effects of Wrapping and    

         Insulation) – Method 3 

 

Looking into the influence of external wind condition and environmental 

effects which causes heat loss to the overall thermal system, the approach to insulate 

the bottom surface of the parabolic collector is taken. In this test method, the test rig 

is also wrapped as explained in the previous subtopics above. The purpose of 

wrapping and insulating the test rig is to minimize the effects of external wind and to 

maximize the utilization of heat captured by the collector. Figure 5.29 shows the 

setup of the test rig for this method. 

 

 

 

 

 

 

 

 

 

           Figure 5.29:  View of Solar Test Rig Wrapped and Insulated 

 

 The effects of wrapping and insulating the thermal system are investigated. 

The comparison of results between the wrapping and insulating effects to without 

any of these effects on the absorber temperature is plotted and shown as in Figure 

5.30. In the figure, it is clearly shown that there is a drastic increase in the maximum 

absorber temperature when the thermal cycle is wrapped and insulated. From this, we 

can see that the (dT) on the maximum absorber temperature is 45 oC upon carrying 

these improvement on the thermal cycle.The figure also shows both the absorber 

temperature fluctuation through out the test.The maximum value of absorber 

temperature with these improvement effects is 107 oC . From this we can justify that 

the losses in temperature occur due to the scattered clouds condition and strong wind 

factor. 
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Figure 5.30: Absorber Temp when Wrapped and Insulated vs.Temp when Not   

                            Wrapped and Insulated [oC] 

   

 

 

5.7.8 Operating Thermal Cycle- (With Effects of Wrapping, Insulation and   

          Tracking Sun)  

                

The effects of temperature on the absorber surface when the solar parabolic 

collector is being wrapped, insulated and tilted to track the sun gives a high range of 

temperature reading when the dry test is carried out as explained..  

Now, with this same set up, the system is being operated and the absorber 

surface temperature readings are being collected. The result of the study is plotted in 

Figure 5.31. The absorber surface temperature observed in this study gives the 

highest reading compared to all other test methods done when the system is being 

operated. The maximum value of absorber temperature surface obtained from this 

test is 61oC when the weather is hot or sunny. The high maximum value of absorber 

surface temperature observed in this test is most likely due to the set up of the solar 
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test rig. This set up on the solar parabolic collector not only helps in protecting the 

test rig against external wind factor but also to capture more heat collected  by the 

solar test rig. 

 

Looking into the sunny weather condition through out the test period, there is 

still absorber temperature fluctuation noticed. This fluctuation of temperature could 

occur due to the inconsistent solar radiation effects by the sun. As this set up gives 

the highest absorber surface temperature, the following test methods which will be 

discussed in the  subtopics below will use this rig set up and further improvements 

will be done on it to enhance it’s performance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 5.31: Absorber Temp when Solar Collector is Wrapped, Insulated and 

Tilted  
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5.7.9 Operating Thermal Cycle- (Outlet Temperature with Different Flow 

Rates) 

 
 The outlet temperature (Tout) and inlet / tank temperature (Tin) of test fluid 

from the thermal cycle is an important parameter in determining the ORC work 

output. Upon carrying out the test with the same set up as in subtopic 5.7.8, the 

absorber outlet temperature (Tout) and inlet / tank temperature (Tin) were analysed to 

determine the temperature differences (dT). The absorber outlet temperature (Tout) 

and inlet / tank temperature (Tin) of two different flow rates which are 0.14 L/min 

and 0.13 L/min respectively are collected here. Figure 5.32 shows the absorber outlet 

flow temperature (Tout) being taken using a thermocouple. The comparison of results 

between the absorber outlet temperatures (Tout) and inlet temperature (Tin) for both 

cases are plotted and shown as in Figure 5.33 and Figure 5.34. 

 

 

 

 

 

 

 

 

 

Figure 5.32: Absorber Outlet Temperature (Tout) Taken Using a Thermocouple 

 

 

5.7.9.1 Results for Flow Rate - 0.14 L/min 

 

 Figure 5.33 , shows both the inlet temperature (Tin) and absorber outlet 

temperature (Tout) for the test fluid with flow rate 0.14 L/min. The absorber surface 

temperature is also plotted here in this figure. It is shown that there is a maximum 

absorber outlet temperature (Tout) of 40 oC when the inlet temperature (Tin) is 28 

oC.The maximum value of (dT) observed here is 12 oC. This maximum outlet 

temperature (Tout) is achieved at the time the absorber temperature stabilises and not 

at the time where the absorber is picking up heat. In the figure, it is shown that there 
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is an increase in the inlet / tank temperature (Tin) as it is exposed to the ambient 

temperature. 

 

 The figure also shows the absorber temperature fluctuation through out the 

test. The occurrence of temperature fluctuation in this case is similar to the 

explanation given in the previous subtopics in this chapter where it is influenced by 

the scattered clouds condition and diffuse radiation. From the figure, we can also see 

that the value of outlet temperature (Tout) correlates with the fluctuation of the 

absorber surface temperature.  

 

    

Figure 5.33: Outlet, Inlet and Absorber Temperatures at 0.14 L/min 
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5.7.9.2 Results for Flow Rate - 0.13 L/min 

 

The data’s collected upon carrying out the similar type of test but with 

changes of flow rate from 0.14 L/min to 0.13 L/min is explained in Figure 5.34. The 

fundamentals of flow rate reduction are discussed here. Both inlet temperature (Tin) 

and absorber outlet temperature (Tout) for the test fluid with flow rate 0.13 L/min is 

plotted here in this figure. The absorber surface temperature is also taken into 

consideration here in this study. 

 

 It is shown that there is a maximum absorber outlet temperature (Tout) of  

44 oC when the inlet temperature (Tin) is 29 oC. The maximum value of (dT) observed 

here is 15 oC. This maximum outlet temperature (Tout) is also achieved at the time the 

absorber temperature stabilises and not at the time where the absorber is picking up 

heat. In practical, the fluctuation of the absorber temperature occurs almost every 

minute due to the often scattered cloud conditions and this gives effects to the value 

of absorber outlet temperature (Tout). In the figure, it is also shown that there is an 

increase in the inlet / tank temperature (Tin) as it is exposed to the ambient 

temperature. 

 
The increase in absorber outlet temperature (Tout) when the flow rate is 

reduced is most likely due to the condition where the slow flowing test fluid absorbs 

or captures more heat as it passes through the heated absorber.  
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Figure 5.34: Outlet, Inlet and Absorber Temperatures at 0.13 L/min 

 

 

5.7.10 Analysis on Collector Efficiency,( collectorη ) 

 

 In this subtopic, the efficiency of the solar parabolic trough collector test rig 

( collectorη ) is being investigated. The collector efficiency at different outlet 

temperatures (Tout) and inlet temperatures (Tin) are plotted in Figure 5.35. All 

absorber outlet temperatures and inlet temperatures are based on the values obtained 

from the test as explained in subtopic 5.7.9.2 above.  

 

The value of beam radiation component, (Ib) in this analysis is taken as 1.01 

MJ m-2 per hour . This is the estimated value of beam radiation calculated referring 

to the hourly average global radiation of 1.60 MJ m-2 per hour in Kota Kinabalu 

produced by the Malaysia Metrological Department for year 2003[23]. The aperture 

area is set at 0.7m2. 
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Referring to Figure 5.35 , it is observed that the value of collector efficiency 

increases as the temperature difference (dT) between the absorber outlet temperature 

(Tout) and absorber inlet temperature increases (Tin).Looking at the collector 

efficiency value which is analysed using the experimental temperature difference 

values, the maximum collector efficiency obtained is 0.2. This value of collector 

efficiency could be increased up to any desired value by making an attempt to 

increase the (dT) of absorber outlet temperature (Tout) and inlet temperature (Tin).  

 

 

 

  

 

 

Figure 5.35: Solar Parabolic Collector Efficiency 
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5.8 Analysis on Power Output by Solar Parabolic Collector Assisted ORC  
 

The power cycle, ORC is important because the result is used to evaluate the 

feasibility of the system which is assisted by the solar parabolic through collector. In 

this topic, the results from the experimental study will be used to calculate the 

amount of power generated by the Organic Rankine Cycle, ORC or power cycle. 

Isobutane and R123 are studied parametrically to compare the capability of the ORC 

to generate power with these different organic compounds. 

 

 

5.8.1 Isobutane Organic Rankine Cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.36: T-s Diagram of Isobutane ORC 

 

Isobutane will be used as the organic compound in this study. The T-s 

diagram in Figure 5.36 displays the relevant thermodynamic parameters which are 

involved in analysing the power output from the ORC. Referring to the highest value 
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of temperature difference (dT) between the absorber inlet temperature (Tin) and 

absorber outlet temperature (Tout) which is 15 oC obtained from the test method as 

stated in subtopic 5.7.9.2, the energy gained by the working fluid ( usedQ& ) is 

calculated. The mass flow rate of the working fluid is set at 2.167 x 10-3 kg/s.The 

value of energy gained by the working fluid ( usedQ& ) in this case is 0.14 kW which is 

calculated using equation (3.18). 

 

 The ORC saturated pressure and saturated temperature is set at 0.37365 Mpa 

and 27 oC respectively. The useful energy gained ( usedQ& ) is assumed to be the energy 

in ( inQ ) to the ORC. The mass flow rate of organic compound in this case is 3.3866 

x 10-4 kg/s. The refrigerant inlet temperature (point 3) is set at -9 oC which is above 

the condenser outlet temperature at-11 oC for Isobutane set at atmospheric pressure. 

Referring to Figure 5.36, the pinch point notes the nearest temperature gap between 

the ORC and the working fluid. The pinch point value is set at 5 oC. The differences 

of enthalpy between point 1 and point 2 multiplied by the mass flow rate of 

Isobutane gives the ORC power output. All enthalpy and entropy values at this point 

are obtained from the Isobutane refrigerant properties table (refer appendix B). 

 

 In this study, the power generated by the ORC which is assisted with a solar 

parabolic trough collector of 1 meter in length is 2kWh for the period of one month. 

Looking into this, the power generated by the ORC could be increased to any desired 

value by just increasing the mass flow rate of the working fluid in the thermal cycle 

or by increasing the overall length of the solar parabolic trough collector in this 

research. (Please refer appendix B for the complete calculation steps) 
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5.8.2 Effects of Superheating Isobutane 

 

 

      Figure 5.37: T-s Diagram of Isobutane ORC Working at Superheated Region 

 

Here, the effect of superheating Isobutane is studied parametrically. The T-s 

diagram in Figure 5.37 displays the relevant thermodynamics parameters which are 

involved in analysing the power output from the ORC considering the effects of 

superheating the organic compound. 

 

In this case, the same value of useful energy gained ( usedQ& ) obtained by the 

working fluid in the solar thermal cycle from the experimental study which is 0.14 

kW is assumed to be the energy in ( inQ ) to the ORC as given in equation (3.26). The 

ORC saturated pressure and saturated temperature is set at 0.37365 Mpa and 27 oC 

respectively. Referring to this saturated pressure value, the turbine inlet temperature 

at point 1 is being further increased to the superheated region. The turbine inlet 

temperature at the superheated region is set at 37 oC. The mass flow rate of the 

organic compound in this case is 3.218 x 10-4 kg/s.  

 The refrigerant inlet temperature at point 3 is set at -9 oC. Referring to Figure 

5.37 the pinch point notes the nearest temperature gap between the ORC and the 

Patm = 0.10325 MPa 
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HTF. The pinch point value is set at 5 oC. Using all the relevant data obtained, the 

ORC power output is calculated. All enthalpy and entropy values at this point are 

obtained from the pressure – enthalpy diagram and properties table of Isobutane 

(refer appendix B). 

 

 In this study on the ORC which considers the superheating effects of 

Isobutane at the turbine inlet, the value of power generated obtained is similar to the 

case when there are no superheating effects. The power generated in this ORC which 

is assisted with a parabolic trough collector of 1 meter in length is also 2kWh for the 

period of one month. (Please refer appendix B for the complete calculation steps) 

 

 

5.8.3 R123 Organic Rankine Cycle 

 

 

Figure 5.38 : T-s Diagram of R123 ORC 
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The effects of R123 on the ORC will be investigated here. The T-s diagram in 

Figure 5.38 displays the relevant thermodynamics parameters which are involved in 

analysing the power output from the ORC. 

 

Referring to Figure 5.38, the pinch point notes the nearest temperature gap between 

the ORC and the HTF. The pinch value is set at 3oC. The ORC saturated pressure 

and saturated temperature is set at 0.10192 Mpa and 28 oC respectively. The 

refrigerant inlet temperature into the ORC (point 3) is set at -10 oC similar to the 

condenser temperature at a pressure of 0.02041 Mpa. The same value of useful 

energy gained ( usedQ& ) obtained by the working fluid in the solar thermal cycle from 

the experimental study which is 0.14 kW is assumed to be the energy in ( inQ ) to the 

ORC as given in equation (3.26). The mass flow rate for R123 obtained is 6.6225 x 

10-4 kg/s. The differences of enthalpy between point 1 and point 2 which is the 

turbine inlet and outlet respectively when multiplied by the mass flow rate of R123, 

gives the ORC power output. All enthalpy and entropy values at this point are 

obtained from the R123 refrigerant properties table (please refer appendix B). 

 

 The power output for a period of one month, obtained upon the analysis on 

this R123 Organic Rankine Cycle which is assisted by the solar parabolic collector 

test rig is 2kWh (please refer appendix B for complete calculation steps). Comparing 

the results which are gave by both the R123 ORC and Isobutane ORC, it can be seen 

that this solar assisted ORC used in this experimental study is definite to produce a 

monthly power of 2kWh. However the power generated by the ORC could be 

increased to any desired value by just increasing the mass flow rate of the working 

fluid in the thermal cycle or by increasing the overall length of the solar parabolic 

trough collector in this case.  
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CHAPTER VI 
 
 
 
 

CONCLUSION & SUGGESTION 
 
 
 

 

Conclusion 

 

As a conclusion, this study found R123 is a more suitable working fluid for 

the ORC due to the higher efficiency as compared to isobutane. The overall 

efficiency of the R123 ORC using solar as heat source is 14.84 %. The thermal 

efficiency of the ORC only is 22.15 %, which is 6.73 % lower than the Carnot 

efficiency evaluated at the same temperatures. The Carnot cycle is an ideal cycle and 

a difference in efficiency of less than 10 % shows that the ORC is close to an ideal 

cycle. The difference in thermal efficiency between a fossil fuel based Rankine Cycle 

and Carnot cycle at the same temperature is normally around 15 % or more. 

Therefore, the ORC is better compared to the fossil fuel Rankine Cycle as the 

efficiency of the ORC is closer to that of the Carnot Cycle. 

 

In the study, the specific work for R123 ORC is 65.96 W/m2. A specific work 

of 89.9 W/m2 was reported for the commercialised SEGS plant in America. Although 

the specific work found in this study is less, but the value are close at about 8.6% of 

difference.  

 

Referring to the results and discussions of the various test methods on the 

solar parabolic collector test rig as presented in chapter V, it can be concluded that 

the environmental factor plays a major role in the performance analysis of the solar 

collector. Environmental or weather conditions such as wind and scattered clouds 

conditions are factors that bring down the efficiency of the solar collector. Besides 

that, the incomplete system on the absorber tube which is without an evacuated glass 

envelope due to its high cost and fabrication complexity constraints is also a 

contributing factor towards the poor performance of the solar collector test rig.  
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In the study, the power output for the Isobutane and R123 ORC which 

generates 2kWh per month could be increased by adding the length of the test rig. 

This is to allow more mass flow rate passing through the solar collector. However 

this method may not be cost effective. In whole, this study found that the cloudy 

conditions in Malaysia do not allow the maximum performance of the solar parabolic 

collector to take place. The SEGS plant uses the Rankine Cycle coupled with 

parabolic collectors and it is placed in a desert.Therefore the main contributors to the 

lower specific work are due to the lower quantity and quality of solar radiation in 

Malaysia. Quantity refers to the value of solar flux whereas, quality refers to the type 

of radiation – beam or diffuse, with the former is considered of a higher quality. 
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6.2 Suggestion 

 

After reviewing this study, several suggestions for further study have been 

formulated. The first suggestion is to design, fabricate and test a compound parabolic 

collector (CPC) in the Malaysian context (please refer appendix C for design of 

proposed CPC). By designing, fabricating and testing the new compound parabolic 

collector (CPC), a comparison of test results between the CPC and the parabolic 

trough collector (PTC) can be obtained. The comparison of both this results can be 

used to improve the overall system efficiency for both the collectors. Besides that, 

the absorber of the new designed compound parabolic collector (CPC) and also the 

existing parabolic collector (PTC) needs to be equipped with an evacuated glass 

envelope. All necessary techniques which could increase the temperature difference 

(dT) between the absorber outlet temperature (Tout) and absorber inlet temperature 

(Tin) are encouraged to be applied in the experimental study on the solar collector, 

for example, insulating the inlet storage tank and other relevant techniques. 

 

In terms of the analysis on the power output by the solar assisted ORC it is 

suggested that this analysis includes more organic compounds as the efficiency of the 

ORC is greatly influenced by the choice of working fluid. Besides that, other 

improvements to the ORC should be considered, for example, superheating and heat 

recuperation in the ORC. 

 

Lastly, an economic feasibility study on the solar parabolic collectors should 

be done. This study should be done, as it seen that the solar parabolic collector has a 

potential use as a home water heating system. This alternative can be taken if in the 

case the parabolic collectors are not feasible to be used as a unit in the ORC power 

generation system looking at the Malaysian weather context in this research. 
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APPENDIX A 

 

SOLAR PARABOLIC COLLECTOR TECHNICAL DRAWINGS 
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APPENDIX B 

 

MATLAB PROGRAMMING & 

RELATED SOLAR PARABOLIC TROUGH COLLECTOR 

CALCULATIONS 
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%R123 Programming  
%The following are the initial value to start the program 
P = 0.11;  
%P = Pressure in MPa 
data = []; 
h3 = 228.03; 
% h3 is the enthalpy at the condenser, which is fixed at 28C 
PP = 0; 
x = 1; 
x2 = 0; 
%x is the dryness fraction at the turbine outlet, x2 is the dryness fraction at the 
%turbine working section 
%Programming start here until the program reach critical point at P=3.6618MPa 
%Equations are obtained from Ms Excel by curve-fitting data, t is temperature in C 
%Value of enthalpy, h and entropy, s is in kJ/kg and kJ/kg K respectively 
%Value of Heat, Q and Work, W are in kJ/kg  
while PP < 3.6618  
    h1 = -1.2239*P^6 + 14.167*P^5 - 65.324*P^4 + 153.17*P^3 - 199.3*P^2 + 
158.96*P + 384.71; 
    s = -0.0004*P^6 + 0.0035*P^5 - 0.0127*P^4 + 0.0252*P^3 - 0.0389*P^2 + 
0.0565*P + 1.6574;    

t1 = -1.4544*P^6 + 18.006*P^5 - 88.161*P^4 + 218.58*P^3 - 297.39*P^2 + 
255.09*P + 6.0898; 
% When the entropy is less than 1.663, the turbine outlet go into the 2 phase region 
% in T-s diagram, therefore this subroutine is needed to check on this 
    if s > 1.663 
        h2 = 254.49*s^2 - 551.96*s + 612.52; 
        t2 =  181.26*s^2 - 172.31*s - 186.91; 
    elseif s <= 1.663 
        x = (s - 1.0975)/(1.663 - 1.0975); 
        h2 = x*(398.22 - 228.03) + 228.03; 
        t2 = 27.82; 

end 
% When the temperature at the turbine inlet is higher than 150C, the working section 
% will be in the 2 phase region of the T-s diagram 
    if t1 > 150 
        x2 = (s - 1.4782)/(1.7003 - 1.4782); 

end 
% The following is the saving of values into the a single name - data 
    W = h1 - h2; 
    Q = h1 - h3; 
    eff = 100*(W/Q); 
    eps = abs(eff - effold); 
    data = [data; P Q h1 s h2 x x2 t1 t2 W eff]; 
    PP = P; 
    P = P + 0.001;end
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%Isobutane Programming 
%The following are the initial value to start the program 
P = 0.381; 
%P = Pressure in MPa 
data = []; 
h3 = -1651.2; 
% h3 is the enthalpy at the condenser, which is fixed at 28C 
x = 1; 
x2 = 0; 
%x is the dryness fraction at the turbine outlet, x2 is the dryness fraction at the 
%turbine working section 
%Programming start here until the program reach critical point at P=3.641MPa 
%Equations are obtained from Ms Excel by curve-fitting data, t is temperature in K 
%Value of enthalpy, h and entropy, s is in J/mol and J/mol K respectively 
%Value of Heat, Q and Work, W are in J/mol  
while P < 3.641  
    h1 = -125.09*P^6 + 1348.5*P^5 - 5857.2*P^4 + 13231*P^3 - 17500*P^2 + 
15960*P + 13156; 
    s = -0.2316*P^6 + 2.3139*P^5 - 9.0401*P^4 + 17.449*P^3 - 18.481*P^2 + 
13.552*P + 279.84; 
    t1 = -1.1856*P^4 + 11.983*P^3 - 47.537*P^2 + 110.39*P + 265.86; 
% When the entropy is less than 283.14, the turbine outlet go into the 2 phase region 
% in T-s diagram, therefore this subroutine is needed to check on this 
    if s > 283.14 
        h2 = 1.6351*s^2 - 632.74*s + 65422; 
        t2 = 0.0029*s^2 + 1.2941*s - 303.3; 
    elseif s <= 283.14 
        x = (s - 220.16)/(283.14 - 220.16); 
        h2 = x*(17318 - (-1651.2)) + (-1651.2); 
        t2 = 301; 
    end 
% When the temperature at the turbine inlet is higher than 380K, the working section 
% will be in the 2 phase region of the T-s diagram 
    if t1 > 380 
        x2 = (s - 257.7)/(287.22 - 257.7); 
    end 
% The following is the saving of values into the a single name – data. Value of W is 
% divided by molecular weight, 58.123 to change from J/mol into kJ/kg 
% The following is the saving of values into the a single name - data 
    W = (h1 - h2)/58.123; 
    Q = (h1 - h3)/58.123; 
    eff = 100*(W/Q); 
    data = [data; P Q h1 s h2 x x2 t1 t2 W eff]; 
    P = P + 0.001; 
    PP = P; 
end 
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% R123 Superheating Programming 
%The following are the initial value to start the program 
P = 1; 
%Pressure, P is chosen as 1MPa for first stage superheating 
data1 = []; 
h3 = 224.12; 
% h3 is the enthalpy at the condenser, which is fixed at 28C 
Tit = 0; 
T = 111.15; 
% This temperature, T is the temperature at the saturated vapour line at this pressure 
x = 1; 
x2 = 0; 
%x is the dryness fraction at the turbine outlet, x2 is the dryness fraction at the 
%turbine working section 
%Programming start here until the program reaches max temperature at 250C 
%Equations are obtained from Ms Excel by curve-fitting data, t is temperature in K 
%Value of enthalpy, h and entropy, s is in kJ/kg and kJ/kg K respectively 
%Value of Heat, Q and Work, W are in kJ/kg  
while Tit < 250   
    h1 = 0.8903*T + 346.62; 
    s =  (-2E-06)*T^2 + 0.0027*T + 1.4148; 
    h2 = 256.43*s^2 - 563.75*s + 624.06; 
% When the entropy is less than 1.663, the turbine outlet go into the 2 phase region 
% in T-s diagram, therefore this subroutine is needed to check on this 
    if s > 1.663 
        h2 = 254.49*s^2 - 551.96*s + 612.52; 
        t2 =  181.26*s^2 - 172.31*s - 186.91; 
    elseif s <= 1.663 
        x = (s - 1.0975)/(1.663 - 1.0975); 
        h2 = x*(398.22 - 228.03) + 228.03; 
        t2 = 27.82; 
    end 
% When the temperature at the turbine inlet is higher than 150C, the working section 
%might be in the 2 phase region of the T-s diagram 
    if T > 150 
        x2 = (s - 1.4782)/(1.7003 - 1.4782); 
    end 
% The following is the saving of values into the a single name - data 
    W = h1 - h2; 
    Q = h1 - h3; 
    eff = 100*(W/Q); 
    data1 = [data1; P Q h1 s h2 x x2 T t2 W eff]; 
    T = T + 0.1; 
    Tit = T; 
end 
 
%The following are the initial value to start the second stage superheating at 2MPa 
P = 2; 
data2 = []; 
h3 = 224.12; 
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% h3 is the enthalpy at the condenser, which is fixed at 28C 
Tit = 0; 
T = 147.25; 
% This temperature, T is the temperature at the saturated vapour line at this pressure 
x = 1; 
x2 = 0; 
%x is the dryness fraction at the turbine outlet, x2 is the dryness fraction at the 
%turbine working section 
%Programming start here until the program reaches max temperature at 250C 
%Equations are obtained from Ms Excel by curve-fitting data, t is temperature in K 
%Value of enthalpy, h and entropy, s is in kJ/kg and kJ/kg K respectively 
%Value of Heat, Q and Work, W are in kJ/kg  
while Tit < 250   
    h1 = 0.9893*T + 316.15; 
    s =  (-4E-06)*T^2 + 0.0037*T + 1.2438; 
    h2 = 256.43*s^2 - 563.75*s + 624.06; 
% When the entropy is less than 1.663, the turbine outlet go into the 2 phase region 
% in T-s diagram, therefore this subroutine is needed to check on this 
    if s > 1.663 
        h2 = 254.49*s^2 - 551.96*s + 612.52; 
        t2 =  181.26*s^2 - 172.31*s - 186.91; 
    elseif s <= 1.663 
        x = (s - 1.0975)/(1.663 - 1.0975); 
        h2 = x*(398.22 - 228.03) + 228.03; 
        t2 = 27.82; 
    end 
% When the temperature at the turbine inlet is higher than 150C, the working section 
%might be in the 2 phase region of the T-s diagram 
    if T > 150 
        x2 = (s - 1.4782)/(1.7003 - 1.4782); 
    end 
% The following is the saving of values into the a single name - data 
    W = h1 - h2; 
    Q = h1 - h3; 
    eff = 100*(W/Q); 
    data2 = [data2; P Q h1 s h2 x x2 T t2 W eff]; 
    T = T + 0.1; 
    Tit = T; 
end    

 



   113

%Isobutane Superheating Programming 
%The following are the initial value to start the program 
P = 1.2; 
%Pressure, P is chosen as 1.2MPa for first stage superheating 
data = []; 
h3 = -1651.2; 
% h3 is the enthalpy at the condenser, which is fixed at 28C 
x = 1; 
x2 = 0; 
T = 347.786; 
% This temperature, T is the temperature at the saturated vapour line at this pressure 
Tit = T; 
%x is the dryness fraction at the turbine outlet, x2 is the dryness fraction at the 
%turbine working section 
%Programming start here until the program reaches max temperature at 600K 
%Equations are obtained from Ms Excel by curve-fitting data, t is temperature in K 
%Value of enthalpy, h and entropy, s is in J/mol and J/mol K respectively 
%Value of Heat, Q and Work, W are in J/mol  
while Tit < 600 
    h1 = 0.0881*T^2 + 64.724*T - 12249; 
    s = 0.3179*T + 177.05; 
% When the entropy is less than 283.14, the turbine outlet go into the 2 phase region 
% in T-s diagram, therefore this subroutine is needed to check on this 
    if s > 283.14 
        h2 = 1.6351*s^2 - 632.74*s + 65422; 
        t2 = 0.0029*s^2 + 1.2941*s - 303.3; 
    elseif s <= 283.14 
        x = (s - 220.16)/(283.14 - 220.16); 
        h2 = x*(17318 - (-1651.2)) + (-1651.2); 
        t2 = 301; 
    end 
% When the temperature at the turbine inlet is higher than 380K, the working section 
%might be in the 2 phase region of the T-s diagram 
    if T > 380 
        x2 = (s - 257.7)/(287.22 - 257.7); 
    end 
% The following is the saving of values into the a single name – data. Value of W is 
% divided by molecular weight, 58.123 to change from J/mol into kJ/kg 
% The following is the saving of values into the a single name - data 
    W = (h1 - h2)/58.123; 
    Q = (h1 - h3)/58.123; 
    eff = 100*(W/Q); 
    data = [data; P Q h1 s h2 x x2 T t2 W eff]; 
    T = T + 0.1; 
    Tit = T; 
end 
 
%The following are the initial value to start the second stage superheating at 2MPa 
P = 2; 
data1 = []; 
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h3 = -1651.2; 
% h3 is the enthalpy at the condenser, which is fixed at 28C 
x = 1; 
x2 = 0; 
T = 373.6; 
% This temperature, T is the temperature at the saturated vapour line at this pressure 
Tit = T; 
%x is the dryness fraction at the turbine outlet, x2 is the dryness fraction at the 
%turbine working section 
%Programming start here until the program reaches max temperature at 600K 
%Equations are obtained from Ms Excel by curve-fitting data, t is temperature in K 
%Value of enthalpy, h and entropy, s is in J/mol and J/mol K respectively 
%Value of Heat, Q and Work, W are in J/mol  
while Tit < 600  
    h1 = 0.0515*T^2 + 105.39*T - 23986; 
    s = 0.3272*T + 167.12; 
% When the entropy is less than 283.14, the turbine outlet go into the 2 phase region 
% in T-s diagram, therefore this subroutine is needed to check on this 
  if s > 283.14 
        h2 = 1.6351*s^2 - 632.74*s + 65422; 
        t2 = 0.0029*s^2 + 1.2941*s - 303.3; 
    elseif s <= 283.14 
        x = (s - 220.16)/(283.14 - 220.16); 
        h2 = x*(17318 - (-1651.2)) + (-1651.2); 
        t2 = 301; 
  end 
 % When the temperature at the turbine inlet is higher than 380K, the working 
%section might be in the 2 phase region of the T-s diagram 
   if T > 380 
        x2 = (s - 257.7)/(287.22 - 257.7); 
    end 
% The following is the saving of values into the a single name – data. Value of W is 
% divided by molecular weight, 58.123 to change from J/mol into kJ/kg 
% The following is the saving of values into the a single name - data 
    W = (h1 - h2)/58.123; 
    Q = (h1 - h3)/58.123; 
    eff = 100*(W/Q); 
    data1 = [data1; P Q h1 s h2 x x2 T t2 W eff]; 
    T = T + 0.1; 
    Tit = T; 
end     
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Calculation Steps in Determining HTF Flow Profile 

 
 
The Reynolds number formulation used in determining the HTF flow profile in this 
study is: 
 
 
 

μ
ρνd

 Re=
 
 
Where, 
         ρ   = density of heat transfer fluid = 1000 kg /m3

          ν   = velocity of heat transfer fluid = 0.0297 m/s with flow rate 0.14 L/min 

               = absorber tube diameter = 0.01 m d
               = coefficient of heat transfer fluid dynamic viscosity = 1.14 x 10-3 Ns m-2 μ

 
Now replacing all values in the Reynolds number formulation: 
 
 

eR  = 1000 kg /m3  x 0.0297 m/s x 0.01 m    
                    1.14 x 10-3 Ns m-2   
 
      = 260.56 
  
Referring to the principals of the Reynolds number formulation, 
when  < 2000, the flow profile is laminar. eR
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Calculations for Isobutane ORC 
 
Analysis on the thermal cycle: 
Q (flow rate of HTF) = 0.13 L/min 
p =  / Q m&
p for water(HTF) = 1000 kg/m3 

 
From here we get = 2.167x10m& -3kg/s 
 
Now to calculate the energy gained by HTF: 

usedQ& = ( )inHTFoutHTFp TTcm ,, −&  
         = 2.167x10-3kg/s x 4.2 x (44 oC- 29 oC) 
         = 0.14kW 
 
Analysis on the ORC 
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Psat = 0.37365 Mpa 
T sat = 27 oC 

44 oC

 1 

 3 

4

Pa

 

 

 

 

 
Pinch Po tin 

 

tm = 0.10325 MPa 

29 oC  

 

 

 

 

 

 

Figure: T-s Diagram of Isobutane ORC 

 
At point 1   Point 3 (ORC inlet)  At point 4 
Psat = 0.37365 Mpa  T3 = -9 oC   hf = 381.09 kJ/kg = h4
Tsat = 27 oC   h3 = 294.97 kJ/kg = hf
hg  = h1 = 708.36kJ/kg 
sg  = 4.8739 kJ/(kg.K) = s1 
 
(all values are obtained from Isobutane properties table) 
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Knowing that,  inused QQ && =
We obtain: 
0.14kW =  ( )31 hhmref −&

refm& = 3.386 x 10-4kg/s 
 
Method for calculating pinch temperature between HTF and Isobutane based at 
saturated press (0.37365 Mpa) & saturated temp(27 oC ) line: 
 
Q&  = ( )41 hhmref −&    

Q&  = 3.386 x 10-4kg/s (708.36kJ/kg - 381.09 kJ/kg)  
     = 0.1108 kW 
 
Using this concept,  inused QQ && =
0.1108kW = 2.167x10-3kg/s x 4.2 x (44 oC- A oC) 
             A oC  = 32 oC    
Hence; 
Pinch point =  32 oC - 27 oC   
                   =  5 oC   
 
 
Amount of power generated: 
 
Due to the isentropic process,  we know that s1 = s2 = 4.8739 kJ/(kg.K) 
Referring to the value of sg at point 2, sg = 4.8625 kJ/(kg.K), it is found that s2 > sg 
From this we know that point 2 falls in the superheated region. 
Looking at the Isobutane superheated properties table, the h2 value is 660 kJ/kg 
 
Hence, 
 
Power generated (Wout) = ( hrefm& 1 - h2) 
      = 0.016kW 
 
0.016kW x 4 hours of estimated sunny weather condition per day gives us 0.065 kWh 
of power a day. 
 
Therfore,the estimated power to be generated for a month is: 
0.065 kWh x 30 days = 2kWh per month. 
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Calculations for Isobutane Superheating Effects 
 
Analysis on the thermal cycle: 
 
Q (flow rate of HTF) = 0.13 L/min 
p =  / Q m&
p for water(HTF) = 1000 kg/m3 

 
From here we get = 2.167x10m& -3kg/s 
 
Now to calculate the energy gained by HTF: 

usedQ& = ( )inHTFoutHTFp TTcm ,, −&  
         = 2.167x10-3kg/s x 4.2 x (44 oC- 29 oC) 
         = 0.14kW 
 
Analysis on the ORC: 

Entropy [kJ/kg K]

Te
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 [C
]

Isobutane

Psat = 0.37365 Mpa 
T sat = 27 oC 

 1 

2 

 4 

Pinch Point 

44 oC

29 oC 

HTF 

Patm = 0.10325 MPa 
3 

 
Figure: T-s Diagram of Isobutane ORC Working at Superheated Region 

 
At point 1   Point 3 (ORC inlet)  At point 4 
P1 = 0.37365 Mpa  T3 = -9 oC   hf = 381.09 kJ/kg = h4
T1 = 37 oC   h3 = 294.97 kJ/kg = hf
hg  = h1 = 730 kJ/kg 
sg  = 4.95 kJ/(kg.K) = s1      
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(all values are obtained from Pressure – Enthalpy Diagram and properties table of 
Isobutane) 
 
Knowing that,  inused QQ && =
We obtain: 
0.14kW =  ( )31 hhmref −&

refm& = 3.218 x 10-4kg/s 
 
Method for calculating pinch temperature between HTF and Isobutane based at 
saturated pressure (0.37365 Mpa) line: 
 
Q&  = ( )41 hhmref −&    

Q&  = 3.218 x 10-4kg/s (730 kJ/kg – 381.09 kJ/kg)  
     = 0.1123 kW 
 
Using this concept,  inused QQ && =
0.1123kW = 2.167x10-3kg/s x 4.2 x (44 oC- A oC) 
             A oC  = 32 oC    
Hence; 
Pinch point =  32 oC - 27 oC   
                   =  5 oC   
 
 
Amount of power generated: 
 
Due to the isentropic process, we know that s1 = s2 = 4.95 kJ/(kg.K) 
Referring to the value of sg at point 2, sg = 4.8625 kJ/(kg.K) , it is found that s2 > sg 
From this we know that point 2 falls in the superheated region. 
Looking at the Isobutane Pressure – Enthalpy Diagram, the h2 value is 680 kJ/kg 
 
Hence, 
 
Power generated (Wout) = ( hrefm& 1 - h2) 
      = 0.016kW 
 
0.016kW x 4 hours of estimated sunny weather condition per day gives us 0.065 kWh 
of power a day. 
 
Therfore,the estimated power to be generated for a month is: 
0.065 kWh x 30 days = 2kWh per month. 
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Calculations for R123 Organic Rankine Cycle 
 
Analysis on the thermal cycle: 
 
Q (flow rate of HTF) = 0.13 L/min 
p =  / Q m&
p for water(HTF) = 1000 kg/m3 

 
From here we get = 2.167x10m& -3kg/s 
 
Now to calculate the energy gained by HTF: 

usedQ& = ( )inHTFoutHTFp TTcm ,, −&  
         = 2.167x10-3kg/s x 4.2 x (44 oC- 29 oC) 
         = 0.14kW 
 
Analysis on the ORC: 
 

R123

 
Figure : T-s Diagram of R123 ORC 
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Solar Working Fluid

 1 

2

3 

4
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HTF 

P = 0.02041 Mpa 

Psat = 0.10192 Mpa 
T sat = 28 oC 

Pinch Point 

 
At point 1   Point 3 (ORC inlet)  At point 4 
P1 = 0.10192 Mpa  T3 = -10 oC   hf = 226.38 kJ/kg = h4
T1 = 28 oC   h3 = 191.48 kJ/kg = hf
hg  = h1 = 396.76 kJ/kg 
sg  = 1.6574 kJ/(kg.K) = s1      
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(all values are obtained from  thermodynamics properties table of R123) 
 
Knowing that,  inused QQ && =
We obtain: 
0.14kW =  ( )31 hhmref −&

refm& = 6.81995 x 10-4kg/s 
 
Method for calculating pinch temperature between HTF and Isobutane based at 
saturated pressure (0.10192 Mpa) line: 
 
Q&  = ( )41 hhmref −&    

Q&  = 6.81955 x 10-4kg/s (396.76 kJ/kg – 226.38 kJ/kg)  
     = 0.1162 kW 
 
Using this concept,  inused QQ && =
0.1162kW = 2.167x10-3kg/s x 4.2 x (44 oC- A oC) 
             A oC  = 13 oC    
Hence; 
Pinch point = 31 oC - 28 oC   
                   =  3oC   
 
Amount of power generated: 
 
Due to the isentropic process, we know that s1 = s2 = 1.6574 kJ/(kg.K) 
Referring to the value of sg and sf  at point 2, sg = 1.6610 kJ/(kg.K)  
and sf  =  0.9683 kJ/(kg.K), it is found that  sf <s2 <sg 
From this we know that point 2 falls in the saturated mixture region. 
 
Using the equation s2 = sf  + x (sg - sf ) 
The value of quality,(x) = 0.99 
 
Now using the equation h2 = hf  + x (hg - hf ) the value of h2 is calculated.  
The value of h2 = 191.48 kJ/kg + 0.99 (373.77 kJ/kg – 191.48 kJ/kg)  

              = 371.95 kJ/kg 
          
Hence, 
Power generated (Wout) = ( hrefm& 1 - h2) 
      = 0.016kW 
 
0.016kW x 4 hours of estimated sunny weather condition per day gives us 0.065 kWh 
of power a day. 
 
Therefore, the estimated power to be generated for a month is: 
0.065 kWh x 30 days = 2kWh per month. 

 



   122

Isobutane Refrigerant Saturated Properties Table 
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Isobutane Superhated Properties Table 
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Pressure – Enthalpy Diagram for Isobutane 
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R123 Refrigerant Properties Table 
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