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 งานวิจยัน้ีเป็นการศึกษาการวิเคราะห์เศรษฐศาสตร์อุณหภาพของวฏัจกัรแรงคินสารอินทรีย์
รังสีอาทิตยด์ว้ยสารผสมซีโอโทรปิกส าหรับผลิตไฟฟ้า กลุ่มตวัแปรไร้มิติ “Figure of Merit, FOM” ได้
น ามาใชใ้นการพิจารณาประสิทธิภาพทางความร้อนของวฎัจกัรแรงคินสารอินทรียท่ี์อุณหภูมิต ่า โดย
ใช้สารท างานซีโอโทรปิกดังน้ี  R245fa/R152a, R245fa/R227ea, R245fa/R236ea, R245ca/R152a, 
R245ca/R227ea และR245ca/R236ea เป็นสารท างาน สมการจากความสัมพนัธ์ระหวา่งประสิทธิภาพ
ทางความร้อนและ FOM ส าหรับทุกสารท างานท่ีอุณหภูมิควบแน่น 25-40ºC และอุณหภูมิระเหย 80-
130ºC ได้ถูกพฒันาข้ึน พบว่าผลการท านายจากสมการเม่ือน าไปเปรียบเทียบกบัผลการทดลองและ
ขอ้มูลงานวจิยัอ่ืนพบวา่มีค่าใกลเ้คียงกนั 

ส าหรับการศึกษาศกัยภาพการผลิตไฟฟ้าโดยวฎัจกัรแรงคินสารอินทรียแ์บบทัว่ไปและแบบ
ผลิตความร้อนร่วม (CHP-ORC) ซ่ึงผลิตไฟฟ้าอย่างเดียวและผลิตไฟฟ้าและความร้อนร่วม ท าการ
วิเคราะห์โดยใชก้ารวิเคราะห์เศรษฐศาสตร์อุณหภาพ แหล่งความร้อนของวฎัจกัรแรงคินสารอินทรีย์
ไดจ้ากชีวมวลหลายชนิดและน ้ ามนัไบโอดีเซล ก าลงัของวฏัจกัรเท่ากบั 20 และ 100 kWe และของ
ไหลซีโอโทรปิกท างานภายในวฏัจกัรคือ R245fa/R152a ท่ีสัดส่วน 70/30% ชั่วโมงการท างาน 12 
ชัว่โมง ส าหรับชีวมวล ตน้ทุนการผลิตไฟฟ้าของ 20 และ 100 kWe วฏัจกัรแรงคินารอินทรียท่ี์มีการ
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ผลิตความร้อนร่วม มีราคาถูกกวา่วฏัจกัรแรงคินสารอินทรียแ์บบทัว่ไป ตน้ทุนการผลิตไฟฟ้า
จากทะลายปาล์มของวฏัจกัรแรงคินารอินทรียท่ี์มีการผลิตความร้อนร่วม 20 และ 100 kWe มีราคา
เท่ากบั 2.91 บาท/kWh และ 2.73 บาท/kWh ตามล าดบั ท่ีราคาตน้ทุนน ้ ามนัไบโอดีเซลเท่ากบั 5 บาท/
ลิตร (ก าหนดให้น ้ ามนัพืชใช้แลว้ไดม้าฟรี) ตน้ทุนการผลิตไฟฟ้าของวฏัจกัรแรงคินสารอินทรียท่ี์มี
การผลิตความร้อนร่วม 20 และ 100 kWe มีราคาเท่ากบั 5.92 บาท/kWh and 5.74 บาท/kWh ตามล าดบั  

การวิเคราะห์ค่าความไวของราคาตน้ทุนทะลายปาลม์ ชัว่โมงการท างานและอตัราดอกเบ้ียต่อ
ตน้ทุนการผลิตฟ้าพบวา่ตน้ทุนทะลายปาลม์และอตัราดอกเบ้ียมีค่าความไวสูงสุดและต ่าสุด ส าหรับน า
มนัไบโอดีเซล การวเิคราะห์ค่าความไวของราคาตน้ทุนน ้ ามนัไบโอดีเซล ชัว่โมงการท างานและอตัรา
ดอกเบ้ียต่อตน้ทุนการผลิตฟ้าพบวา่ราคาตน้ทุนไบโอดีเซลมีค่าความไวมากท่ีสุด 

การวเิคราะห์เศรษฐศาสตร์อุณหภาพของวฏัจกัรแรงคินสารอินทรียร่์วมกบัตวัเก็บรังสีอาทิตย์
แบบหลอดแก้วสุญญากาศและพลังงานชีวภาพเป็นแหล่งความร้อนเพื่อการผลิตไฟฟ้าภายใต้
ภูมิอากาศเชียงใหม่ ก าลงัของวฏัจกัรเท่ากบั 20 และ 100 kWe ชัว่โมงการท างานส าหรับผลิตไฟฟ้าเร่ิม
จาก 8.30 ถึง 20.30 น. พื้นท่ีตวัเก็บรังสีอาทิตยร์ะหวา่ง 100 ถึง 900 ตารางเมตร ชีวมวลท่ีใชคื้อทะลาย
ปาล์ม ผลการศึกษาพบวา่ตน้ทุนการผลิตไฟฟ้า จากพลงังานไฮบริด 20 และ 100 kWe มีค่าอยู่ในช่วง 
4.38 ถึง 6.54 บาท/kWh และอยู่ในช่วง 3.86 ถึง 4.39 บาท/kWh ตามล าดับ ในกรณีวฏัจกัรแรงคิน
สารอินทรียท่ี์มีการผลิตความร้อนร่วม พบว่าตน้ทุนการผลิตไฟฟ้า 20 และ 100 kWe มีค่าอยู่ในช่วง 
3.74 ถึง 4.84 บาท/kWh และอยูใ่นช่วง 2.93 ถึง 3.17 บาท/kWh ตามล าดบั 

 ส าหรับพลงังานไฮบริด ตวัเก็บรังสีอาทิตยพ์ื้นท่ีระหว่าง 100 และ 900 ตารางเมตร ร่วมกบั
น ้ ามนัไบโอดีเซล เม่ือตน้ทุนราคาน ้ ามนัไบโอดีเซลเท่ากบั 5 บาท/ลิตร ตน้ทุนการผลิตไฟฟ้า จาก
พลงังานไฮบริด 20 และ 100 kWe มีค่าอยู่ในช่วง 8.39 ถึง 10.19 บาท/kWh และอยู่ในช่วง 7.97 ถึง 
8.34 บาท/kWh ตามล าดบั ในกรณีวฏัจกัรแรงคินสารอินทรียท่ี์มีการผลิตความร้อนร่วม พบวา่ตน้ทุน
การผลิตไฟฟ้า 20 และ 100 kWe มีค่าอยูใ่นช่วง 6.40 ถึง 7.93 บาท/kWh และอยูใ่นช่วง 6.07 ถึง 6.35 
บาท/kWh ตามล าดบั 

 การปล่อย CO2 ส าหรับวฏัจกัรแรงคินสารอินทรียไ์ฮบริดท่ีมีการผลิตความร้อนร่วม ร่วมกบั
ทะลายปาล์ม 20 และ 100 kWe พบวา่ การปล่อย CO2 เม่ือมีการเพิ่มพื้นท่ีของตวัเก็บรังสีอาทิตย ์และ
การปล่อย CO2 มีค่ าอยู่ใน ช่วง 3.96 ถึ ง1.44 kgCO2e/kWh และค่ าอยู่2.72 ถึง  1.90 kgCO2e/kWh 
ตามล าดับ ซ่ึงมีผลเหมือนกับน ้ ามันไบโอดีเซล โดยการปล่อย CO2 มีค่าอยู่ในช่วง 1.36 ถึง0.50 

kgCO2e/kWh และค่าอยูใ่นช่วง 1.36 ถึง 1.11 kgCO2e/kWh ตามล าดบั 
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 เม่ือพิจารณาตน้ทุนการผลิตไฟฟ้าส าหรับวฏัจกัรแรงคินสารอินทรียไ์ฮบริดท่ีมีการผลิตความ
ร้อนร่วมเม่ือรวมค่าตน้ทุนส่วนเพิ่มของการลดก๊าซเรือนกระจก ในกรณีทะลายปาล์มและน ้ามนัไบโอ
ดีเซลตน้ทุน 5 บาท/ลิตร พลงังานไฮบริดจะมีค่าตน้ทุนไฟฟ้าแพงกวา่ การใชชี้วมวล 100% แต่ในกรณี
น ้ ามนัไบโอดีเซล 20 บาท/ลิตร (ราคาตลาด) พลงังานไฮบริดท่ีมีพื้นท่ีตวัเก็บรังสีอาทิตยท่ี์เหมาะสม
สามารถใหร้าคาตน้ทุนท่ีถูกกวา่การใชเ้ช้ือเพลิงชีวภาพเพียงอยา่งเดียว 
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ABSTRACT 

This research studies  thermoeconomic analyses of a modular organic Rankine 

cycle (ORC) with solar collectors and biofuels as heat sources for power generation. A 

dimensionless term “Figure of Merit, FOM” was used to investigate thermal 

performance of low temperature organic Rankine cycle having zeotropic mixtures 

which are R245fa/R152a, R245fa/R227ea, R245fa/R236ea, R245ca/R152a, 

R245ca/R227ea and R245ca/R236ea as working fluids. An empirical correlation to 

estimate the cycle efficiency from the FOM for all working fluids at the condensing 

temperature of 25-40ºC and the evaporating temperatures of 80-130ºC was developed. It 

could be found that the simulation results could validate and fit very well with the 

experimental data and other researcher information.    

Studies on potentials of power generation by a basic ORC and an CHP-ORC to 

generate only electricity and both electricity and thermal were performed by 

thermoeconomic analyses. The heat sources of the ORCs came from various kinds of 

biomass and biodiesel. The power outputs of ORC were 20 and 100 kWe and the ORC 

zeotropic working fluid was R245fa/R152a at 70/30% composition. Hour for power 

generation was 12 hours. For biomass, the unit costs of electricity from the 20 kWe and 

100 kWe CHP-ORCs were cheaper than those of the basic ORCs. It was found that with 

the palm fruit bunch as the energy source, the UCEs for the 20 kWe and 100 kWe CHP-

ORCs were 2.91 Baht/kWh and 2.73 Baht/kWh, respectively. At capital cost of 

biodiesel of 5 Baht/liter (assumed free used cooking oil), the UCEs for the 20 kWe and 

100 kWe CHP-ORCs were 5.92 Baht/kWh and 5.74 Baht/kWh, respectively. 
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The sensitivities on the UCE which were palm fruit bunch unit cost, operating 

hour and real debt interest rate on the UCE were considered. The results showed that the 

palm fruit bunch unit cost and the real debt interest gave the most and least effects on 

the UCE. 

For biodiesel, the sensitivities on the UCE which were biodiesel capital cost, 

operating hour and real debt interest rate on the UCE were considered. It was found that 

the biodiesel capital cost gave the most sensitivity on the UCE. 

Thermoeconomic analysis of a modular organic Rankine cycle with evacuated-

tube solar collectors and bioenergy as heat source for power generation was considered. 

The ambient temperature and solar radiation data of Chiang Mai, Thailand were taken 

as the calculation inputs. The power outputs of the ORC power were 20 and 100 kWe. 

Working period for power generation was between 8.30 AM to 8.30 PM and the area of 

the evacuated-tube solar collector was between 100-900 m2. Palm fruit bunch was the 

biofuel used in the simulation. The results showed that the unit cost of electricity from 

the hybrid energy source for 20 and 100 kWe ORCs, with solar collector area between 

100 and 900 m2 and biofuels, were found to be in a range of 4.38 to 6.54 Baht/kWh and 

in a range of 3.86 to 4.39 Baht/kWh, respectively. In cases of 20 and 100 kWe CHP-

ORCs, the UCEs were found to be in a range of 3.74 to 4.84 Baht/kWh and in a range 

of 2.93 to 3.17 Baht/kWh, respectively. 

 For the hybrid energy for solar collector area between 100 and 900 m2 with 

biodiesel, when the biodiesel cost was at 5 Baht/liter, the UCEs of basic 20 and 100 

kWe ORCs were found to be in a range of 8.39 to 10.19 Baht/kWh and in a range of 

7.97 to 8.34 Baht/kWh respectively. The UCEs of 20 and 100 kWe CHP-ORC were 

also found to be in a range of 6.40 to 7.93 Baht/kWh and in a range of 6.07 to 6.35 

Baht/kWh for solar collector area between 100 and 900 m2, respectively. 

The CO2 emission of the hybrid power plants with palm fruit bunch for 20 and 

100 kWe CHP-ORCs, it was found that the CO2 emission was decreased with the 

increase of solar collector area and the CO2 emissions were found to be in a range of 

3.96 to 1.44 kgCO2e/kWh and in a range of 2.72 to 1.90 kgCO2e/kWh, respectively. 
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Similarly with biodiesel, the CO2 emissions were found to be in a range of  1.36 to 0.50 

kgCO2e/kWh and in a range of 1.36 to 1.11 kgCO2e/kWh, respectively. 

Considering the UCEs of the CHP-ORCS when the external cost on GHG 

emission was included, in cases of palm fruit bunch and biodiesel at 5 Baht/liter (Free 

feed stock), the hybrid energy gave more expensive cost than those of the 100 % 

biomass but in case of biodiesel at 20  Baht/liter (Market price), the hybrid energy with 

some suitable collector areas could get cheaper price than that of the biofuel only. 
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ข้อความแห่งการริเร่ิม 

1) วิทยานิพนธ์ น้ีได้น าเสนอกลุ่มตัวแปรไร้มิ ติ  “Figure of Merit, FOM” ในการพิ จารณา
ประสิทธิภาพของวฎัจกัรแรงคินสารอินทรียท่ี์อุณหภูมิต ่า โดยใช้สารท างานซีโอโทรปิก  เป็น
สารท างาน สมการจากความสัมพนัธ์ระหว่างประสิทธิภาพทางความร้อนและ FOM ได้ถูก
พฒันาข้ึนเพื่อใช้หาประสิทธิภาพวฏัจกัรโดยไม่ตอ้งใช้สมบติัทางเธอร์โมไดนามิกส์ในการ
วเิคราะห์ 

2) ศกัยภาพการผลิตไฟฟ้าโดยวฎัจกัรแรงคินสารอินทรียแ์บบทัว่ไปและแบบผลิตความร้อนร่วม 
(CHP-ORC) ซ่ึงผลิตไฟฟ้าอยา่งเดียวและผลิตไฟฟ้าและความร้อนร่วม ท าการวเิคราะห์โดยใช้
การวเิคราะห์เศรษฐศาสตร์อุณหภาพ แหล่งความร้อนไดจ้ากชีวมวลหลายชนิดและน ้ ามนัไบโอ
ดีเซล ไดมี้การศึกษาในงานวจิยัน้ี 

3) มีการวิเคราะห์เศรษฐศาสตร์อุณหภาพของวฏัจกัรแรงคินสารอินทรียร่์วมกบัตวัเก็บรังสีอาทิตย์
แบบหลอดแกว้สุญญากาศและพลงังานชีวภาพเป็นแหล่งความร้อนเพื่อการผลิตไฟฟ้าภายใต้
ภูมิอากาศเชียงใหม่ 

4) วิทยานิพนธ์น้ีได้พิจารณาตน้ทุนการผลิตไฟฟ้าส าหรับวฏัจกัรแรงคินสารอินทรียไ์ฮบริดท่ีมี
การผลิตความร้อนร่วมเม่ือรวมตน้ทุนส่วนเพิ่มของการลดก๊าซเรือนกระจก 
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STATEMENT OF ORIGINALITY 

1) This study proposed a dimensionless term “Figure of Merit, FOM” which could 

be used to investigate thermal performance of low temperature organic Rankine 

cycle having zeotropic mixtures as working fluids. An empirical correlation to 

estimate the cycle efficiency from the FOM was developed to evaluate cycle 

efficiency without any information of thermodynamic properties.  

2)  Potentials of power generation by a basic ORC and an CHP-ORC to generate only 

electricity and both electricity and thermal were performed by thermoeconomic 

analyses. The heat sources of the ORCs came from various kinds of biomass and 

biodiesel.  

3)  Thermoeconomic analysis of a modular organic Rankine cycle with evacuated-

tube solar collectors and bioenergy as heat sources for power generation was 

considered. The ambient temperature and the solar radiation data of Chiang Mai, 

Thailand were taken as the calculation inputs. 

4)  This research considered the unit cost of electricity, UCE of the CHP-ORC when 

the external cost on GHG emission was included. 
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CHAPTER 1 

INTRODUCTION 

1.1 Rationale 

Thailand energy situation in the last 20 years from 1990, the final energy 

consumption was increased rapidly with a growth rate of 4.4 percent per year. At 2010, 

the final energy consumption was 2.32 times of that at 1990 or around 71.2 Mtoe. The 

energy demand in the next 20 years from 2010 to 2030 will be more than double from 

71.2 Mtoe to 162.7 Mtoe as shown in Figure 1.1. 

 
Figure 1.1 Historic and projected Thailand energy consumption, 1990-2030 

[Ministry of Energy, 2013]. 

At present, electricity generation from steam Rankine cycle is still the major way 

and usually based on fossil fuels such as coal and natural gas to be energy sources. Heat 

supplied from fossil fuel has caused many environmental problems such as air pollution 

and global warming which are Carbon Dioxide ( CO2 ) , Carbon Monoxide ( CO), 

Methane (CH4), Sulfur Dioxide (SO2) and Nitrogen Dioxide (NOx). 

From Table 1.1, for Thailand CO2 emission by sector from 2010-2013, it could be 

found that electricity sector released CO2 emission higher than any sector and CO2 is 

also the main cause of global warming. 
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Table 1.1 Thailand CO2 emission by sector from 2010-2013 [Energy Policy and 

Planning Office, 2013].    

Sector 2010 2011 2012 2013 

Electricity 89,965 87,719 95,996 96,414 

Transportation 57,587 59,246 61,071 62,430 

Industrial Process 54,173 57,547 62,015 62,313 

other* 18,6578 19,873 21,414 19,561 

      Unit: 1,000 tons 

Ministry of Energy is targeting to replace 30 percent of total fossil fuel consumption 

with renewable and alternative energies by the end of 2036. From Table 1.2, it could be 

found that the Government has tried to promote electricity produced mostly from solar 

energy, hydro power and biomass and also promoted the communities to generate 

electricity which could be managed and maintained by themselves. 

Table 1.2 Renewable Energy Development Plan Targets in 2036 [Department of 

Alternative Energy Development and Efficiency, 2015].  

Electricity Capacity Unit 

MSW          500  MW 

Waste from Industry            50  MW 

Biomass        5,570  MW 

Biogas        1,280  MW 

Mini Hydro Power Plant          376  MW 

Wind        3,002  MW 

Solar        6,000  MW 

Mega Hydro Power Plant        2,906  MW 

Thermal Capacity Unit 

Waste          495  ktoe 

Biomass      22,100  ktoe 

Biogas        1,283  ktoe 

Solar        1,200  ktoe 

Others            10  ktoe 

Biofuels Capacity Unit 

Biodiesel 14 ml/day 

Ethanol 11.3 ml/day 

Pyrolysis Oil 0.53 ml/day 

CBG        4,800  ton/day 

Others 10 ktoe 
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Solar radiation in Thailand seems to be high but Thailand is in the monsoon area 

where the diffuse solar radiation is around 40-50 % of the global radiation. The annual 

direct normal solar radiation is in a range of 1,350-1,400 kWh/m2-yr [Department of 

Alternative Energy Development and Efficiency, 2013] which is not high enough for 

concentrating solar power (CSP) to generate electrical power. 

Non-Concentration solar collector such as flat-plate and evacuated tube solar 

collectors could generate heat in a range of 90-120ºC. At this range, these collectors 

could be taken as heat sources for organic Rankine cycle (ORC). 

Organic Rankine cycle (ORC) is a kind of Rankine cycle of which the working fluid 

has a low boiling point thus the unit could operate with a low heat source temperature 

such as low temperature waste heat, geothermal heat, solar heat or biomass combustion 

for generating electricity. 

During heat exchanging at the evaporator and the condenser of the ORC cycle, there 

were temperature differences between the heat exchanging fluids which generate 

irreversibilities at the cycle components then some part of the cycle available work was 

destroyed.  

Use of zeotropic fluid in the ORC is one method to reduce the temperature 

differences during the heat exchanges. The temperature of the zeotropic fluid is 

changing during a phase change then the temperature of the cycle working fluid could 

follow those of the heat source and the heat sink streams at the evaporator and the 

condenser, respectively. With smaller temperature differences compared with the single 

working fluid, consequently, the irreversibilities during the heat exchanges are less and 

higher cycle work output could be obtained. 

In this research work, improvement of solar organic Rankine cycle performance was 

performed with zeotropic mixture as working fluid in organic Rankine cycle. A 

dimensionless “figure of merit” was proposed for screening suitable zeotropic working 

fluid based on thermal efficiency. In addition, integration of bioenergy such as biomass 

and biodiesel to be hybrid energy source is also investigated. Thermo-economic 

analysis of solar organic Rankine cycle with zeotropic mixture for power generation 

was also considered. 
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1.2 Literature Reviews 

 The literature review was divided into 2 sections. The first section gave a review 

on the organic Rankine cycle and its working fluid. The second section gave a review 

on the potential of the organic Rankine cycle with zeotropic working fluid. 

1.2.1 The Organic Rankine Cycle and Working Fluid 

Increase of fossil fuel consumption has caused environmental problems such as 

ozone depletion, global warming and air pollution. A solution for these problems is to 

use technology which is environment friendly such as renewable energy to generate 

electricity. Organic Rankine cycle (ORC) is also an alternative method which can be 

used with geothermal energy [Hettiarachchi, 2006], solar thermal energy [Marion, 

2012] and waste heat in a form of combined heat and power (CHP) [Donghong, 2006]. 

Selection of ORC working fluids based on available heat source, safety and 

technical feasibility have been reported by many researchers. Maizza and Maizza, 2001, 

Saleh et al. 2007 and Drescher and Bruggemann 2007 analyzed performances and 

properties of different working fluids for an ORC application. Some important 

properties of a good working fluid were low specific volumes, low toxicity, low ozone 

depletion potential (ODP), low global warming potential (GWP) and low flammability. 

Tchanche et al. 2009 presented R134a was the most suitable for small scale solar 

application with maximum temperature heat source 90ºC. R152a, R600a, R600 and 

R290 also offered good performances but needed safety precautions. Another property 

that must be considered is saturation vapor line of working fluid. The slope of the 

saturation line in the T-s diagram depends on the fluid types.  Mago et al. 2008 reported 

a dry and isentropic fluid gave better thermal efficiencies because they did not condense 

during the fluid went through the turbine. 

 To screen out the appropriate working fluid for ORC system, many specific 

thermos-physical properties have to be considered. Kuo et al. 2009 proposed a 

dimensionless “figure of merit (FOM)” which was defined as FOM =𝐽𝑎0.1 (
𝑇𝑐𝑜𝑛𝑑

𝑇𝑒𝑣𝑎𝑝
)
0.8

. 

This term was used to screen working fluid at various condensing/evaporation 

temperatures. The thermal efficiency decreased with the increase of FOM. 
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Some researchers proposed many methods to improve the performance of ORC, 

Mago et al. 2008 analyzed and compared regenerative cycle with basic ORC using dry 

fluids, The regenerative ORC gave higher thermal efficiency compared with the basic 

ORC and also decreased heat input to produce the same power. Somayaji et al. 2006 

reported the effect of superheating of dry fluid on the thermal efficiency of basic ORC. 

It was noted that the thermal efficiency was slightly decreased or remains 

approximately constant with the increment of the turbine inlet temperature. 

1.2.2 Organic Rankine Cycle Performance with Zeotropic Working Fluid 

 During heat exchanging at the evaporator and the condenser of the ORC cycle, 

there were temperature differences between the streams of the heat source and the heat 

sink with the ORC working fluid, respectively. The temperature differences generate 

irreversibilities at the cycle components then some part of the cycle work was 

destroyed.  

      Use of a zeotropic fluid in the ORC is one method to reduce the temperature 

differences among those of the heat source and the heat sink with the ORC working 

fluid. Since the temperature of zeotropic fluid is changing during a phase change then 

the temperature of the working fluid could follow those of the heat source and the heat 

sink streams at the evaporator and the condenser, respectively with smaller temperature 

differences compared with the single working fluid. Consequently, the irreversibilities 

during the heat exchanges are less which results in higher cycle work output. Moreover, 

some working fluid blend might be friendlier to the environment. The ODP or GWP 

will be less than those of the single component.  

Li et al. 2011 investigated the influence of evaporating temperature and internal 

heat exchanger. Three pure fluids (R123, R141b and R245ca) and one mixture 

(R141b/RC318) were used as working fluids. They concluded that the ORC efficiency 

of the mixture R141b/RC318 would be better than R141b after adding an internal heat 

exchanger. Wang and Zhao 2009 compared three different compositions by mass 

(0.9/0.1, 0.65/0.35 and 0.45/0.55) of R245fa/R152a to pure R245fa at a low temperature 

solar ORC.  For zeotropic mixtures, a significant increase of thermal efficiencies could 

be obtained when the outlet of evaporator is superheated with IHE. Heberle et al. 2012 
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presented simulations for ORC with isobutene/isopentane and R227ea/R245fa mixtures 

as working fluids. The composition of mixture, heat source temperature and temperature 

difference of cooling water were the concerned parameters. The second law efficiency 

increased in a range of 4.3% to 15% for mixtures compared to pure fluids for a heat 

source temperature under 120ºC. Chys et al. 2012 used zeotropic as the working of 

ORC systems when the heat source temperatures were at 150ºC and 250ºC. They found 

a potential increment of 16% and 6% in the system efficiency, respectively. The power 

generation at optimal condition could be increased by 20% for the low temperature heat 

source comparing with the pure working fluids. 

From the previous studies, it could be seen that ORC can be converting low 

temperature heat source to generate electricity and ORC operating with zeotropic fluids 

can achieve higher efficiencies compared to typical ORC with single fluids. In this 

study, thermoeconomic analysis and performance modeling of an ORC with hybrid 

solar/biofuel were carried out. The ORC in this study was a modular unit of 20 and 100 

kWe output that could be implemented in an office or small community. Hot water to 

generate heat at ORC evaporator came from evacuated tube solar collectors, biofuel was 

burnt to generate an auxiliary heat when the solar radiation level was not high enough. 

Selection of zeotropic working fluid in the cycle was found out from the related 

parameter   and the dimensionless “figure of merit” was developed to screen suitable 

zeotropic working fluid. 

 

1.3 Objective of the Present Study 

 1.3.1 To study parameters which affect the zeotropic organic Rankine cycle 

performance, both the first and the second laws of thermodynamics and find out the 

suitable zeotropic fluid for the ORC. 

 1.3.2 To generate thermoeconomic analysis of an ORC with hybrid solar/biofuel 

as energy source and find out the unit cost of the output. 
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1.4 Scope of This Study 

 1.4.1 ORC capacity was not over 100 kWe. 

 1.4.2 Evaporating temperature was between 80-130 ºC. 

 1.4.3 The weather data of the Chiang Mai, Thailand were taken as the input 

information for the simulation. 

 1.4.4 Evacuated tube solar collector was used in the simulation. 

   

1.5 Benefit of This Study 

 1.5.1 A dimensionless “figure of merit” to screen zeotropic fluid for ORC 

system was presented. 

 1.5.2 Thermoeconomic analysis of an ORC with hybrid solar and biofuel and the 

unit cost of the output could be carried out. 

 

1.6 Keywords 

 Organic Rankine cycle, Zeotropic fluid, Solar collector, Power Generation, 

Thermoeconomic analysis, Figure of Merit. 
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CHAPTER 2 

THEORY 

2.1 Organic Rankine Cycle (ORC) 

Organic Rankine cycle (ORC) is a kind of Rankine cycle of which the working 

fluid has a low boiling point thus the unit could operate with a low heat source 

temperature. ORC is a well-known technology since the early 70’s [Hung et al., 1997]. 

Most of ORC power plants have been built and the heat sources mainly come from low 

temperature waste heat, geothermal heat, solar energy or biomass combustion for 

generating electricity. 

2.1.1 ORC Thermodynamics Cycle 

A diagram of the basic ORC system is shown in Figure 1. The system consists 

of an evaporator, a turbine, a condenser and a pump. The working fluid leaves the 

condenser is designated as saturated liquid (state 1) and the pump supplies the working 

fluid to the evaporator (state 2) where it is heated and vaporized by a heat source. The 

generated high pressure vapor or high pressure superheated vapor (state 3) flows 

through the turbine to produce power. The low pressure vapor then exits the turbine 

(state 4) and enters into the condenser to reject heat to a heat sink. The condensed 

working fluid at the condenser outlet is pumped back to the evaporator.   

 

Figure 2.1 ORC basic components. 



 

9 

 

The slope of the saturation curve in the T-s diagram depends on the type of 

working fluid. An isentropic fluid has infinitely large slope; a wet fluid has a 

negative slope, while a dry fluid has a positive slope. Dry and isentropic fluids show 

better thermal efficiencies because they do not condense after the fluid goes through 

the turbine as opposed to wet fluids that produce condensates after the fluid 

expansion. The comparisons of the temperature-entropy diagram for isentropic, wet 

and dry fluids are shown in Figure 2.2.  

Figure 2.2 shows T-s diagrams of the ideal ORC. The process 1-2 is isentropic 

compression for liquid pumping and the process 3-4 is isentropic expansion in the 

turbine. But in practice, there are effects of heat loss and friction on the cycle 

performance therefore, the actual exit states of the pump and the turbine become 

states 2a and 4a, respectively as shown in Figure 2.3. 

 

(a) Isentropic Fluid. (b) Wet Fluid. (c) Dry Fluid. 

Figure 2.2 T-s diagram of the ideal ORC [Mago et al. 2008]. 
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(a) Wet Fluid. (b)Dry Fluid. 

Figure 2.3 T-s diagram of the actual ORC [Saleh et al. 2007]. 

 

2.1.2 Thermodynamics Analysis 

Detailed analysis of the ORC system is summarized as follows: 

Pump 

�̇�𝑝 =
�̇�𝑅𝑣1(𝑃2−𝑃1)

𝜂𝑃
     (2.1) 

�̇�𝑝 = �̇�𝑅(ℎ2𝑎 − ℎ1).                               (2.2) 

Where                        �̇�𝑝 = Work rate from pump (kW) 

   �̇�𝑅 = Mass flow rate of refrigerant (kg/s) 

   𝑃1 = Pressure at state 1 (kPa) 

   𝑃2 = Pressure at state 2 (kPa) 

𝜂𝑃 = Isentropic efficiency of pump 

ℎ1 = Enthalpy at state 1 (kJ/kg) 

 ℎ2𝑎 = Enthalpy at state 2a (kJ/kg).  
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Evaporator 

�̇�𝐸 = �̇�𝑅(ℎ3 − ℎ2𝑎).           (2.3) 

 

Where            �̇�𝐸 = Heat rate for evaporator (kW) 

ℎ3 = Enthalpy at state 3(kJ/kg). 

Turbine 

�̇�𝑇      = �̇�𝑅(ℎ3 − ℎ4)𝜂𝑇 .          (2.4) 

Where     �̇�𝑇 = Work rate from turbine (kW) 

ℎ4 = Enthalpy at state 4(kJ/kg). 

Condenser 

�̇�𝐶      = �̇�𝑅(ℎ4𝑎 − ℎ1).    (2.5) 

Where    �̇�𝐶 = Heat loss from condenser (kW) 

ℎ4𝑎 = Enthalpy at state 4a (kJ/kg). 

Cycle Efficiency 

1st law efficiency 

                                         𝜂𝐼       =
�̇�𝑇−�̇�𝑃

�̇�𝐸
.             (2.6) 

 

2.2 Improvement of ORC Efficiency by Zeotropic Working Fluid 

During heat exchanging in the evaporator and the condenser of the ORC cycle, 

there were temperature differences between the streams of the heat source and the heat 

sink with the ORC working fluid, respectively. The temperature differences generate 

irreversibilities at the cycle components then some part of the cycle work was 

destroyed.  
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Use of zeotropic fluid in the ORC is one method to reduce the temperature 

differences between the heat source and the heat sink with the ORC working fluid at the 

evaporator and the condenser. Since the temperature of the zeotropic fluid is changing 

during a phase change then the temperature of the working fluid could follow those of 

the heat source and the heat sink streams at these components, respectively with smaller 

temperature differences compared with the single working fluid. Consequently, the 

irreversibilities during the heat exchanges are less which results in higher cycle work 

output. Moreover, some working fluid blend might be friendlier to the environment. The 

ODP or GWP will be less than those of the single component [Wang et al. 2010]. 

 

Figure 2.4 T-s Diagrams compared between single working fluid (dotted line) 

and zeotropic fluid (solid line). 

Chys et al. 2012 analyzed performance of a low temperature ORC using 

Hexane/Pentane compared with Pentane as shown in Figure 2.5 The results showed that 

the zeotropic gave better performance since there were gliding temperatures during heat 

exchanges in the evaporator and the condenser thus the total area in the T-s diagram 

which represented the total work output was higher than that of the single fluid. 
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Figure 2.5 T-s diagrams of an ORC (a) zeotropic mixtures of Hexane/Pentane 0.5/0.5 

(b) Pentane [Chys et al. 2012]. 

 

2.3 The Solar ORC with Bio-oil or Biomass as Auxiliary Heat Source  

Figure 2.6 shows a diagram of an ORC with solar collectors and bio-oil and 

biomass as energy source for generating hot water to the ORC. 

 There is a water closed loop to extract heat from the solar thermal system and 

the heat is transferred to the ORC evaporator. If the heat rate and the hot water 

temperature are not high enough the auxiliary heat will be generated from bio-oil or 

biomass combustion in a furnace. 

 

Figure 2.6 Diagram of solar ORC with bio-oil or biomass as auxiliary heat source. 
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2.3.1 Solar Collector 

 Solar collector is an equipment that absorbs and transforms solar energy into 

thermal energy to working fluid, liquid or air, which is moving in the collector. 

 There are 2 types of solar collector: a non-concentrating solar collector and a 

concentrating solar collector. At present, concentrating solar power (CSP) technology 

can be exploited through three different systems, i.e. the parabolic trough system, the 

tower system and the dish/Stirling engine system. All the CSP technologies will be 

appropriate for countries having high direct normal solar radiation. There were some 

reports showed that the average direct normal solar radiation values for the power 

generation should be above 1500 kWh/m2-year [IEA, 2003]. 

For Thailand, the annual direct normal solar radiation was in a range of 1350-

1400 kWh/m2-year [Potentials of solar power, 2006], which was rather low for the CSP 

technologies.  

Wibulswas, P. 1998 and Vorayos, N. et al. 2009 reported the diffuse component 

of the solar radiation in Thailand was quite high since the country was in the monsoon 

area and it was about 50% of the total radiation. A solution for this problem (low annual 

direct normal solar radiation) was the use of evacuated-tube solar collectors instead of 

solar concentrators as a heat source to generate hot water for running organic Rankine 

cycle (ORC) to generate electrical power.  

 Non–concentrating collector such as flat- plate solar collector and evacuated-

tube solar collector are shown in Figure 2.7. 
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Figure 2.7 Flat-plate solar collector and evacuated-tube solar collector  

[Solar collector, 2014]. 

An evacuated-tube solar collector in Figure 2.8 is composed of a set of vacuum 

glass tubes. The air between the absorber and the glass tube is pumped out, generating a 

vacuum. This mechanism creates excellent insulation, trapping the heat inside and 

makes the solar collector performance be highly efficient.  

Each absorber tube is a heat pipe which contains the substance that could 

vaporize at low temperature. When the tube absorbs solar energy, the vapor will float up 
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to the bulb heat exchanger which is inserted into a water passage tube outside the glass 

tube to heat the hot water that circulating in the system. After heating the hot water, the 

substance will condense and return back to the heat pipe tube to reabsorb the solar heat.

   

 

 

Figure 2.8 Components of evacuated-tube solar collector [Solar collector, 2014]. 

 

  For solar collector, the heat gain rate from the solar collector can be 

calculated from 

                   �̇�𝑐𝑜𝑙𝑙 = 𝐴𝑐[𝐼𝑇(𝜏𝛼) − 𝑈𝐿(𝑇𝑝𝑚 − 𝑇𝑎)].     (2.7) 

  

Where   �̇�𝑐𝑜𝑙𝑙 = the heat gain rate from the solar collector (kW) 

  𝐴𝑐  = the area of solar collector (m2) 

  𝐼𝑇  = the total solar radiation on the tilted surface (W/m2) 

  𝜏𝛼   = the optical efficiency of collector 

  𝑈𝐿  = the overall heat loss coefficient (W/m2. K) 

  𝑇𝑝𝑚 = the average absorbing plate temperature (°C) 

  𝑇𝑎 = the ambient temperature (°C). 
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 In practice, the value of the average absorbing plate temperature is rather 

difficult to get the exact value, therefore, the average fluid temperature (𝑇𝑓𝑚) is used 

instead. The above equation could be modified as 

 

  �̇�𝑐𝑜𝑙𝑙 = 𝐴𝑐𝐹′[𝐼𝑇(𝜏𝛼) − 𝑈𝐿(𝑇𝑓𝑚 − 𝑇𝑎)].    (2.8) 

 

Where 𝐹′ is the collector efficiency factor which is the ratio of actual heat gain to that 

when the average temperature of the absorber plate is the same as 𝑇𝑓𝑚 which is  

    𝑇𝑓𝑚 ≅
(𝑇𝑓𝑖−𝑇𝑓𝑜)

2
.           (2.9) 

Where            𝑇𝑓𝑖 = the temperature of fluid entering solar collector (°C) 

   𝑇𝑓𝑜 = the temperature of fluid leaving solar collector (°C). 

 

 The equation could also be rewritten in the form of 

              �̇�𝑐𝑜𝑙𝑙 = 𝐴𝑐𝐹𝑅[𝐼𝑇(𝜏𝛼) − 𝑈𝐿(𝑇𝑓𝑖 − 𝑇𝑎)].     (2.10) 

Where  𝐹𝑅 is called the heat removal factor which is the ratio of actual heat gain to that 

when the absorber plate has a temperature of 𝑇𝑓𝑖. 

 

 

 2.3.2 Thermal Energy Storage 

 

A set of solar collectors with a thermal energy storage supplies heat for thermal 

applications. An energy balance for the non-stratified thermal energy storage and the 

temperature of water in the thermal energy storage can be evaluated from 

𝑀𝑠𝐶𝑝
𝑑𝑇𝑠

𝑑𝑡
= �̇�𝑐𝑜𝑙𝑙 − �̇�𝑢𝑠𝑒𝑓𝑢𝑙 − �̇�𝑙𝑜𝑠𝑠.   (2.11) 
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Where 

 

�̇�𝑢𝑠𝑒𝑓𝑢𝑙 = �̇�𝑊𝐶𝑝(𝑇𝑇𝐿 − 𝑇𝐹𝐿),    (2.12) 

 

�̇�𝑙𝑜𝑠𝑠 = 𝑈𝐴(𝑇𝑠 − 𝑇𝑎).     (2.13) 

   

 Substitute equations (2.10), (2.12) and (2.13) into equation (2.11), the 

temperature of water in the storage tank can be calculated from 

𝑇𝑠
𝑡+∆𝑡 = 𝑇𝑠

𝑡 +
∆𝑡

𝑀𝑠𝐶𝑝
{𝐴𝑐𝐹𝑅[𝐼𝑇(𝜏𝛼) − 𝑈𝐿(𝑇𝑓𝑖 − 𝑇𝑎)] − �̇�𝑊𝐶𝑝(𝑇𝑇𝐿 − 𝑇𝐹𝐿) −

𝑈𝐴(𝑇𝑠 − 𝑇𝑎)}.      (2.14) 

 

Where   𝑀𝑠 = the mass of water in thermal energy storage (kg) 

  𝐶𝑝  = the specific heat of water (kJ/kg.K) 

  𝑇𝑠
𝑡  = the temperature of water at time t (oC) 

  𝑇𝑠
𝑡+∆𝑡  = the temperature of water at time 𝑡 + ∆𝑡 (oC) 

  t   = time (s). 

 

2.3.3 Solar Fraction 

 The solar fraction (SF) is the amount of heat supplied by solar thermal 

system divided by the total heat demanded by the ORC system.  It could be 

expressed as   

 

𝑆𝐹 =
∑(�̇�𝑠𝑜𝑙𝑎𝑟∆𝑡)

∑(�̇�𝑙𝑜𝑎𝑑∆𝑡)
.    (2.15) 

 

Where 

 ∑ �̇�𝑠𝑜𝑙𝑎𝑟 ∆𝑡 = the total heat supplied by the solar thermal system 

 ∑ �̇�𝑙𝑜𝑎𝑑 ∆𝑡 =the total heat load for supplying to the ORC. 
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2.4 ORC for Combined Heat and Power  

 

Combined Heating and Power (CHP) is a system that simultaneously generates 

electricity and useful heating from a combustion fuel or other kinds of heat sources. In 

this system, modular organic Rankine cycle having low temperature heat from solar 

energy coupled with bio-oil or biomass as auxiliary could be used for power generation, 

the exhausted gas from biomass or bio-oil combustion could be used for water heating, 

therefore, higher overall efficiency could be obtained compared with conventional heat 

engine.  

 

 
Figure.2.9 A CHP ORC system with solar energy and bio-oil or biomass as 

energy input. 
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From Figure 2.9, the combined heat and power ORC unit could generate both 

electricity and heating then the total efficiency could be calculated by  

 

  𝜂𝐶𝐻𝑃 =
𝐸𝑛𝑒𝑡+(�̇�𝐻𝑊𝑜𝑢𝑡×∆𝑡)

𝐻𝑇𝐴𝑐+∑(𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑏𝑖𝑜 𝑜𝑖𝑙 𝐻𝐻𝑉)
.    (2.16) 

Where �̇�𝐻𝑊𝑜𝑢𝑡 is the useful heat for other thermal applications (kW), ∆𝑡 is the 

operating hour. 

It could be noted from equation (2.16) that the overall efficiency of the CHP is 

higher than that of the ORC for power generation only. 

2.5 Thermo-economics 

Thermo-economics is a combination of exergy analysis and economic principle 

to provide the effective cost of the products or useful energy outputs with different 

qualities.  

Thermo-economic balance for any unit based on exergy and cost balances could 

be formulated as [Thermoeconomics, 2005] 

  �̇�𝑝 = �̇�𝑖𝑛 + �̇�𝑜𝑢𝑡 + �̇�𝑂&𝑀.          (2.17) 

Where �̇�𝑝 is the cost rate of power, �̇�𝑖𝑛 and �̇�𝑜𝑢𝑡 are the cost rates according to inlet and 

outlet streams and �̇�𝑂&𝑀 is the capital investment and operating & maintenance cost. 

With exergy costing, each of the cost rates is evaluated in term of the associated 

rate of exergy transfer and unit cost as 

𝑐𝑝�̇�𝑝 = 𝑐𝑖𝑛�̇�𝑖𝑛 + 𝑐𝑜𝑢𝑡�̇�𝑜𝑢𝑡 + �̇�.   (2.18) 

Where   𝑐  = Cost per unit of exergy (Baht/s) 

  �̇� = Rate of exergy (kW) 

�̇� = Cost rate of investment and operating &       

maintenance cost (Baht/s). 
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In the study, electrical energy and useful heat are the required outputs of the 

ORC as shown in Figure 2.10 and 2.11. 

Basic ORC system 

 

 

 

 

 

 

 

Figure 2.10 Basic ORC system. 

For basic ORC as shown in Figure 2.10, we consider a control volume enclosing 

the system. Heat from solar energy or biomass or bio-oil enters the water heater and 

there is exhausted gas leaving the furnace. The total cost to produce the electricity and 

exhausted gas equals the cost of the entering heat sources plus the investment cost and 

the operating maintenance cost of the water heater and the ORC. This could be 

expressed by. 

�̇�𝑒 + �̇�𝐸𝐺 = �̇�𝐻𝑆 + �̇�𝑊𝐻 + �̇�𝑂𝑅𝐶 + �̇�𝑂&𝑀   (2.19) 

Where �̇�  = the cost rate of the respective stream  

 �̇�𝑊𝐻 = the cost rate of investment in water heater 

�̇�𝑂𝑅𝐶  = the cost rate of investment in ORC 

�̇�𝑂&𝑀 = the cost rate of investment in operating & maintenance. 

�̇�𝑒 ,  𝑐𝑒  

�̇�𝐻𝑆  

�̇�𝐸𝐺  

�̇�𝑊𝐻  �̇�𝑂𝑅𝐶  
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For simplicity, we assume the exhausted gas is discharged directly to the 

surrounding with negligible cost. Thus equation (2.19) could be reduced as follow 

�̇�𝑒 = �̇�𝐻𝑆 + �̇�𝑊𝐻 + �̇�𝑂𝑅𝐶 + �̇�𝑂&𝑀.   (2.20) 

Then, with equation (2.20), the above equation could be 

𝑐𝑒�̇�𝑒 = 𝑐𝐻𝑆�̇�𝐻𝑆 + �̇�𝑊𝐻 + �̇�𝑂𝑅𝐶 + �̇�𝑂&𝑀.   (2.21) 

CHP ORC system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.11 CHP ORC system. 

 In our CHP ORC as shown in Figure 2.11, the gas from biomass or bio-oil 

combustion could be used for water heating, therefore, higher overall efficiency could 

be obtained compared with the basic ORC.  

�̇�𝑒 ,  𝑐𝑒  �̇�𝑂𝑅𝐶  �̇�𝑊𝐻  

�̇�𝐻𝑆  

�̇�𝐻𝑊𝑜𝑢𝑡  

�̇�𝐶𝑊𝑖𝑛  

�̇�𝐸𝐺  

�̇�𝐻𝑋  
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The total cost to produce the electricity including the costs of exhausted gas and 

hot water equals the cost of the entering heat sources which are the cost of cold water 

plus the cost of investment and operating & maintenance and the cost of water heater, 

the cost of heat exchanger and the cost of ORC. This could be expressed by  

�̇�𝑒 + �̇�𝐸𝐺 + �̇�𝐻𝑊𝑜𝑢𝑡 = �̇�𝐻𝑆 + �̇�𝐶𝑊𝑖𝑛 + �̇�𝐻𝑋 + �̇�𝑊𝐻 + �̇�𝑂𝑅𝐶 + �̇�𝑂&𝑀 (2.22) 

Where �̇� is the cost rate of the respective stream and �̇�𝐻𝑋, �̇�𝑊𝐻, �̇�𝑂𝑅𝐶, �̇�𝑂&𝑀 are 

the cost rate of investment in heat exchanger, water heater, ORC and operating & 

maintenance, respectively. 

For simplicity, we assumed the cold water entering the heat exchanger with 

negligible exergy and cost, the exhaust gas was discharged directly to the surrounding 

with negligible cost. Thus equation (2.22) could be reduced as 

�̇�𝑒 + �̇�𝐻𝑊𝑜𝑢𝑡 = �̇�𝐻𝑆 + �̇�𝐻𝑋 + �̇�𝑊𝐻 + �̇�𝑂𝑅𝐶 + �̇�𝑂&𝑀. (2.23) 

 It could be noted that the exergy costings of the power and the exergy in the generated 

hot water were assumed to be similar. Therefore, with (2.24) we have 

𝑐𝑒(�̇�𝑒 + �̇�𝐻𝑊𝑜𝑢𝑡) = 𝑐𝐻𝑆�̇�𝐻𝑆 + �̇�𝑊𝐻 + �̇�𝑂𝑅𝐶 + �̇�𝐻𝑋 + �̇�𝑂&𝑀. (2.24)       

The exergy analysis was used to explain the outputs which were useful heat and 

power obtained from CHP ORC in following Chapters.         
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CHAPTER 3 

PARAMETRIC ANALYSIS ON MODULAR ORGANIC RANKINE 

CYCLE PERFORMANCE 

To improve ORC efficiency, a concept of a zeotropic working fluid of which the 

temperatures during boiling and condensation are changing with the temperatures of 

heat source and heat sink, respectively, could be applied. Due to the temperature 

differences during heat exchanging were less than those of the single working fluid then 

the thermodynamic irreversibilities in these components could be reduced which 

resulted in higher work output. Wang et al. 2010 compared performance of low 

temperature ORC using pure fluid (R245fa) and its mixture (R245fa/R152a) based on 

the experimental study. It could be found that thermal efficiency of the zeotropic fluid 

was higher than that of pure R245fa. Similar results was found by Dong et al. 2014 who 

investigated the performance of a high-temperature ORC (heat source at 280oC) with 

zeotropic mixtures of siloxanes as working fluids. Chys et al. 2012 also considered 

thermal performances of ORC systems having zeotropic mixture as working fluid for 

heat source at temperature of 150 - 250 ºC. The cycle efficiency could be increased 

about 6 - 16%. Heberle et al. 2012 presented the second law efficiency of an ORC with 

isobutane/isopentane and R227ea/R245fa as working fluids. The second law efficiency 

increased 4.3% to 15% for the zeotropic mixtures compared with fluids. 

The thermal efficiency of an ORC system was completely related to many 

thermophysical properties. Recently Kuo et al. 2009 studied relationships of 

thermodynamic properties of many working single fluids which affected ORC thermal 

efficiency. The properties could be consolidated in a dimensionless group called Figure 

of Merit, FOM which included Jacob number, evaporation and condensing 

temperatures. Lower the FOM value, higher the ORC thermal efficiency could be 

achieved. The FOM could also be used to screen working fluid to get high ORC 

performance. 
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In this chapter, a technique proposed by Kuo et al. 2009 was modified to find 

out a correlation between the cycle efficiency and FOM of small-scale ORC at 

evaporating temperature of 80-130ºC and condensing temperature of 25-40ºC with 

zeotropic mixtures in case of ideal cycle. The correlation data could also be used to 

estimate the cycle efficiency for real cycles. It could be noted that only dry fluid having 

positive slope of saturated vapor line in T-s diagram or isentropic fluid were considered. 

3.1 ORC Thermodynamics Cycle 

Fig. 3.1 (a) shows the ORC configuration which is consisted of a pump, an 

evaporator, an expander and a condenser. The working fluid leaves the condenser as 

saturated liquid (state 1) and it is pumped to the evaporator (state 2) to be heated and 

vaporized by various heat sources such as waste heat, hot water from solar heat or 

geothermal energy, etc. The generated high pressure vapor (state 3) flows into the 

expander to generate power and thereafter the low pressure vapor exits the expander 

(state 4) to the condenser where the vapor is condensed by rejecting heat to cooling 

water. The condensed working fluid at the condenser outlet is pumped back to the 

evaporator, and a new cycle begins. All the above described processes are shown in 

temperature-entropy diagrams for ideal ORCs with single and zeotropic working fluids 

as shown in Figs. 3.1 (b) and (c), respectively. 

In Fig. 3.1 (c) it could be seen that during heat exchanging at the evaporator and 

the condenser of the ORC, there were temperature differences between the streams of 

the heat source and the heat sink with the ORC working fluid, respectively. The 

temperature differences generate irreversibilities at the cycle components then some part 

of the available cycle work was destroyed. 
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a. ORC basic components. 

 

 

 

 

 

 

b. T-s diagram of ORC for single fluid.  c. T-s diagram of ORC for zeotropic fluid. 

Figure 3.1 Thermodynamic cycles of ideal ORC for single and zeotropic working fluids. 

 

The energy balance at each component could be summarized as follows: 

Pump: 

�̇�𝑝 =
�̇�𝑣1(𝑃2−𝑃1)

𝜂𝑃
       (3.1) 

�̇�𝑝 = �̇�(ℎ2 − ℎ1).                  (3.2) 
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Evaporator: 

�̇�𝐸 = �̇�(ℎ3 − ℎ2).                  (3.3) 

Turbine: 

�̇�𝑇 = �̇�(ℎ3 − ℎ4)𝜂𝑇.          (3.4) 

Condenser: 

�̇�𝐶 = �̇�(ℎ4𝑎 − ℎ1).       (3.5) 

Thermal efficiency: 

𝜂𝑡ℎ =
�̇�𝑇−�̇�𝑃

�̇�𝐸
.       (3.6) 

  

For ideal cycle, the expansion work and the compression work are isentropic. The states 

of the working fluid entering the expander and the pump are saturated. 

 In real practice, the isentropic efficiencies during expansion and the compression 

are less than 100%. For simplicity, the compression work is rather small and it could be 

neglected then the actual cycle efficiency could be calculated by 

   𝜂𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑦𝑐𝑙𝑒 = 𝜂𝑡ℎ 𝑖𝑑𝑒𝑎𝑙 × 𝜂𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 𝑡𝑢𝑟𝑏𝑖𝑛𝑒          (3.7) 

 The cycle efficiency for each working fluid could be calculated from the above 

equations at various evaporating and condensing temperatures.  

 Kuo et al. 2009 consolidated the related parameters which affected the ORC 

thermal efficiency. A term called “Figure of Merit, FOM” was defined as 

𝐹𝑖𝑔𝑢𝑟𝑒 𝑜𝑓 𝑀𝑒𝑟𝑖𝑡 (𝐹𝑂𝑀) = 𝐽𝑎0.1 (
𝑇𝑐𝑜𝑛𝑑

𝑇𝑒𝑣𝑎𝑝
)

0.8

 .    (3.8) 

This dimensionless term includes the Jacob number, evaporating and condensing 

temperatures. Jacob number is defined as 𝐽𝑎 =
𝐶𝑝∆𝑇

ℎ𝑓𝑔
 , 𝐶𝑝 represents the average specific 

heat evaluated from the mathematical mean of the condensing and evaporating 
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temperature, ∆𝑇 is the temperature difference between evaporator and condenser 

temperatures, where  ℎ𝑓𝑔 denotes the latent heat at evaporation temperature.  

𝐹𝑂𝑀 increases when the evaporating temperature decreases or the condensing 

temperature increases. These also result to the decreases in the output work and the 

cycle efficiency. 

The cycle efficiency could be calculated from thermodynamics properties 

following equations (3.1-3.7) at various condensing and evaporating temperatures.  It 

could be noted that the cycle efficiency depended strongly on the FOM from eqn (3.8). 

Lower the value of FOM, higher the thermal efficiency of the ORC could be achieved.  

 In this study, various single and zeotropic working fluids were considered. The 

conditions for the calculation of ideal ORC were given in Table 3.1. 

Table 3.1 The conditions for calculating ideal ORC performance. 

Parameter Data 

Isentropic efficiency of pump (𝜂𝑝) 1 

Isentropic efficiency of turbine (𝜂𝑇) 1 

Evaporating temperature 80-130ºC 

Condensing temperature 25-40ºC 

The ambient temperature  25ºC 

 

3.2 Working fluids  

 For low temperature ORC, the heat source could come from low temperature 

waste heat, geothermal heat, solar heat or biomass combustion to generate hot water 

stream having temperature of about 80-130ºC. The hot water supplies heat at the ORC 

evaporator. The ORC working fluids could be screened out from its environment 

impacts: low ozone depression potential, ODP; low global warming potential, GWP and 

low atmospheric life time, ALT; its chemical stability in the operating temperature 

range and its thermal stability. Five working fluids, R245fa, R152a, R227ea, R245ca 

and R236fa and their blendings in form of zeotropic fluids were selected. The fluids 

physical properties and the environmental data of each single and zeotropic working 
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fluids were shown in Tables 3.2 and 3.3, respectively. The thermodynamic properties of 

the single fluids and their mixtures could be obtained from REFPROP, 2013.      

Table 3.2 Physical and environmental data of the working fluids. [Tchanche, 2009] 

Substance 

Physical Data Environmental Data 

Type M 

(kg/kmol) 

Tcri 

(ºC) 

Pcri 

(Mpa) 
Tb (ºC) 

ALT 

(yr) 
ODP 

GWP 

(100 

yr) 

R245fa 134.05 154.01 3.65 15.14 7.6 0 710 Dry 

R245ca 134.05 174.42 3.93 25.13 6.2 0 693 Dry 

R236ea 152.04 139.29 3.5 6.19 8 0 710 Dry 

R227ea 170.03 101.75 2.925 -16.34 34.2 0 3220 Dry 

R152a 66.05 113.3 4.52 -24 1.4 0 124 Wet 

R123 152.93 183.7 3.67 27.8 1.3 0.02 77 
Isentro

pic 

 

Table 3.3 Physical data of the zeotropic working fluids. [REFPROP, 2013] 

Substance Mass Fraction 

Physical Data 

M 

(kg/kmol) 
Tcrit (ºC) 

Pcrit 

(Mpa) 

R245fa/R152a 90/10 121.54 147.44 3.91 

R245fa/R152a 80/20 111.16 141.36 4.07 

R245fa/R152a 70/30 102.42 136.29 4.20 

R245fa/R227ea 90/10 136.95 149.57 3.65 

R245fa/R227ea 80/20 139.97 144.86 3.63 

R245fa/R227ea 70/30 143.13 139.89 3.59 

R245ca/R236ea 90/10 135.65 170.98 3.93 

R245ca/R236ea 80/20 137.3 167.42 3.90 

R245ca/R236ea 70/30 138.98 163.77 3.85 

R245ca/R227ea 90/10 136.95 169.37 3.98 

R245ca/R227ea 80/20 139.97 163.64 3.97 

R245ca/R227ea 70/30 143.13 157.35 3.94 

R245ca/R152a 90/10 121.54 166.05 4.30 

R245ca/R152a 80/20 111.16 157.57 4.49 
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Substance Mass Fraction 

Physical Data 

M 

(kg/kmol) 
Tcrit (ºC) 

Pcrit 

(Mpa) 

R245ca/R152a 70/30 102.42 149.19 4.57 

R245fa/R236ea 90/10 135.65 151.88 3.63 

R245fa/R236ea 80/20 137.3 149.82 3.61 

R245fa/R236ea 70/30 138.98 147.85 3.58 

 

3.3 Results and Discussion 

Single Fluids 

Ideal Cycles: 

 Fig. 3.2 shows correlation between the ideal cycle efficiency calculated from 

equations (3.1-3.6) and the FOM for various single working fluids, when the 

evaporating and the condensing temperatures are prescribed. With a selected working 

fluid, Ja could be estimated followed by the FOM. It could be seen that lower the FOM 

resulted in higher the thermal efficiency. Thus the term FOM could also be used to 

screen working fluid to get high thermal efficiency at the same evaporating and 

condensing temperatures. 
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Figure 3.2 The correlation between the ideal cycle efficiency and the FOM for various 

single working fluids, condensing and evaporating temperatures. 

From Fig. 3.2, the thermal efficiency (𝜂𝑡ℎ) could be expressed as a function of 

the condensing temperature (𝑇𝑐𝑜𝑛𝑑) and FOM as 

𝜂𝑡ℎ 𝑖𝑑𝑒𝑎𝑙 = [40.44 − 0.17𝑇𝑐𝑜𝑛𝑑 + 0.0035𝑇𝑐𝑜𝑛𝑑
2 ] + [−132.76 + 3.604𝑇𝑐𝑜𝑛𝑑 −

0.0428𝑇𝑐𝑜𝑛𝑑
2 ]𝐹𝑂𝑀.      (3.9)                                                                                                                                               

Experimental Cycle 

Single Fluid: 

From equation (3.7), the actual thermal efficiency for single fluids could be evaluated 

by multiplying  𝜂𝑡ℎ 𝑖𝑑𝑒𝑎𝑙 by the isentropic efficiency of expander. A set of experimental 

data from a commercial modular ORC was taken to verify the calculation from the 

proposed method. The specification of the commercial modular ORC was given in 

Table 3.4 The testing results were shown in Table 3.5 
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Table 3.4 The specification of the commercial modular ORC. 

ORC type 
R245fa hot water source, 3P 380V 50HzInduction generator 

Gross power:20kW Net power:16 kW 

Refrigerant R245fa 

Expander 

Semi-hermetic twin screw type expander with direct drive induction 

generator 

Model:RC2-300 
300CMH displacement 

volume 

Evaporator 

SUS 316 plate type heat exchanger, Z400H x 136 

Hot water inlet 110ºC flow rate:150LPM 

Capacity:260kW 
Hot water 

connection:3" JIS10K 

Condenser 

Shell and tube heat exchanger 

 

Shell: Carbon steel 12" x 3000mmL 

 

Tube:3/4" copper tube with inner and outer low fin tube 

 

Cooling water: inlet 30ºC Outlet 35ºC 

Flow rate: 810 LPM 
Water connection:4" 

Flange 

 

Table 3.5 Testing data of the commercial modular ORC. 

Descriptions Condition 1 Condition 2 Condition 3 Unit 

Evaporator 

Hot water inlet 116 107.8 97 ºC 

Heat source capacity 244 238.3 228.8 kW 

Condenser 

Cool water inlet 28 28 28 ºC 

Heat sink capacity 219 215.6 210.9 kW 

Expander 

Expander inlet pressure 1097.1 1120 1074 kPa-Abs 

Expander outlet pressure 227.4 227.4 227 kPa-Abs 

Expander inlet temperature 93.7 94.6 92.8 ºC 

Expander outlet 

temperature 37.1 37 37 ºC 

Isentropic Efficiency of 71.4 67.9 56.6 % 
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Descriptions Condition 1 Condition 2 Condition 3 Unit 

The Expander 

Cycle Efficiency 9.40 8.81 7.37 % 

 

From equation (9), the ideal ORC cycle efficiencies at the same conditions as 

given in Table 3.3 were found to be 12.92%, 13.08%, 12.80% respectively. With the 

isentropic efficiencies at the expander, the actual cycle efficiencies were found to be 

close to those of the real cycle. The deviations of the results from the real values were 

shown in Table 3.6. 

Table 3.6 Comparison of the results from the proposed method with real cycle 

efficiency. 

Descriptions Condition 1 Condition 2 Condition 3 Unit 

Ideal Cycle Efficiency from eqn.(3.9) 12.92 13.08 12.8 % 

Isentropic Efficiency of The 

Expander 
71.4 67.9 56.6 % 

Cycle Efficiency (from the present 

method) 
9.23 8.88 7.25 % 

% Difference from Real Cycle from 

Table 3.4. 
1.81 0.79 1.63 % 

 

The results by this method were also compared with those given by Saleh et al. 

[13] as shown in Table 3.7 and very good agreements of these results were found. 
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Table 3.7 Comparison of the results calculated from this study with Saleh, 2007. 

Working 

Fluid 

𝜼th % Difference from 

Saleh et al.  Saleh et 

al.  

This 

study 

R245fa 12.52 12.89 2.96 

R245ca 12.79 13.13 2.66 

R152a 8.82 8.59 2.61 

R227ea 9.2 8.90 3.26 

R236ea 12.02 12.46 3.66 

 

Operating conditions: The evaporating temperatures for R245fa, R245ca and R236ea 

was 100ºC, the evaporating temperatures for R152a and R227ea were 72.59ºC and 

83.88ºC, respectively. The condensing temperature was 30 ºC and the isentropic 

efficiency of turbine was 0.85. 

 

Zeotropic Mixture 

Ideal Cycle 

 In this studies, 6 zeotropic mixtures, R245fa/R152a, R245fa/R227ea, 

R245fa/R236ea, R245ca/R152a, R245ca/R227ea and R245ca/R236ea were considered. 

The mass fractions of R245fa and R245ca were recommended not to be less than 70% 

[5, 12]. Fig. 3.3 shows the correlation between the ideal cycle efficiency with 

FOMzeotropic for these zeotropic refrigerants compared with that for R245fa. The 

evaporating temperature and the condensing temperature for the FOMzeotropic calculation 

were taken from saturated liquid at the evaporating pressure and saturated vapor at the 

condensing pressure, respectively. It could be seen that high disorders of the data points 

were found with the zeotropic working fluids. 
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Figure 3.3 The correlation between the ideal cycle efficiency with FOMzeotropic for 

zeotropic refrigerants. 

 The deviation of cycle efficiency from the single fluid was mainly due to gliding 

temperatures of the zeotropic fluids as shown in Table 3.8.   

Table 3.8 Gliding temperatures when the evaporation temperature was at 80-130ºC.  

                  The condensing temperature was at 25-40ºC. 

Working Fluid 
Mass 

Fraction 

Evaporation temperature (ºC) 

80 90 100 110 120 130 

R245fa/R152a 90/10 6.66 6.12 5.56 4.96 4.29 3.48 

R245fa/R152a 80/20 8.76 8.02 7.23 6.35 5.32 3.99 

R245fa/R152a 70/30 8.92 8.12 7.23 6.22 4.99 3.20 

R245fa/R227ea 90/10 3.19 2.92 2.64 2.36 2.05 1.71 

R245fa/R227ea 80/20 5.19 4.75 4.29 3.79 3.25 2.59 

R245fa/R227ea 70/30 6.25 5.69 5.09 4.45 3.70 2.73 

R245ca/R236ea 90/10 1.44 1.36 1.28 1.20 1.11 1.01 

R245ca/R236ea 80/20 2.35 2.22 2.09 1.94 1.79 1.61 

R245ca/R236ea 70/30 2.81 2.66 2.49 2.31 2.11 1.89 

R245ca/R227ea 90/10 5.43 5.06 4.69 4.31 3.93 3.51 
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Working Fluid 
Mass 

Fraction 

Evaporation temperature (ºC) 

80 90 100 110 120 130 

R245ca/R227ea 80/20 8.93 8.34 7.73 7.09 6.41 5.66 

R245ca/R227ea 70/30 10.94 10.21 9.43 8.60 7.67 6.61 

R245ca/R152a 90/10 11.63 10.90 10.14 9.33 8.46 7.50 

R245ca/R152a 80/20 15.08 14.12 13.08 11.93 10.64 9.14 

R245ca/R152a 70/30 15.36 14.29 13.11 11.78 10.24 8.34 

R245fa/R236ea 90/10 0.46 0.43 0.39 0.35 0.31 0.27 

R245fa/R236ea 80/20 0.69 0.63 0.58 0.52 0.46 0.38 

R245fa/R236ea 70/30 0.74 0.68 0.61 0.55 0.48 0.40 

 

 Figure 3.4 shows the deviation of FOMzeotropic for zeotropic working fluids from 

FOM for single fluid. Higher the gliding temperature resulted in higher deviation from 

the single fluid. The deviation D could be empirically related with the gliding 

temperature as 

𝐷 = 0.0004𝑇𝑔
2 + 0.0004𝑇𝑔 +  0.0047.    (3.10) 

 

Figure 3.4 The deviations of FOM for all zeotropic working fluids in this studies from 

that of single fluid. 

The FOMzeotropic for zeotropic mixture then could be modified as  

         𝐹𝑂𝑀𝑧𝑒𝑜𝑡𝑟𝑜𝑝𝑖𝑐 = 𝐹(𝐹𝑂𝑀𝑠𝑖𝑛𝑔𝑙𝑒).        (3.11) 
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Where  F is the correction factor: F = (1 - D)  = [1 − (−0.0004𝑇𝑔
2 − 0.0004𝑇𝑔 +

 0.9953)].                          

From equation 3.11, a correlation between the ideal thermal efficiency and the 

𝐹𝑂𝑀𝑧𝑒𝑜𝑡𝑟𝑜𝑝𝑖𝑐 at various condensing temperatures and evaporating temperatures could 

be presented and the results were shown in Fig. 3.5. Now the data points could be 

presented orderly. Again, it could be seen that lower the FOMzeotropic resulted in higher 

the thermal efficiency.   

 

Figure 3.5 The correlation of the cycle efficiency with the  𝐹𝑂𝑀𝑧𝑒𝑜𝑡𝑟𝑜𝑝𝑖𝑐 for 

R245fa/R152a and R245ca/R152a at various compositions. 

We could express the thermal efficiency (𝜂𝑡ℎ) as a function of the condensing 

temperature (𝑇𝑐𝑜𝑛𝑑) and the 𝐹𝑂𝑀𝑧𝑒𝑜𝑡𝑟𝑜𝑝𝑖𝑐 as 

𝜂𝑡ℎ = [40.44 − 0.17𝑇𝑐𝑜𝑛𝑑 + 0.0035𝑇𝑐𝑜𝑛𝑑
2 ] + [−132.76 + 3.604𝑇𝑐𝑜𝑛𝑑 −

0.0428𝑇𝑐𝑜𝑛𝑑
2 ]𝐹𝑂𝑀𝑧𝑒𝑜𝑡𝑟𝑜𝑝𝑖𝑐.           (3.12) 

 For zeotropic working fluids, the calculated efficiency from equation (3.12) was 

compared with the results of Li et al. [14]. The ORC used a zeotropic mixture which 

was R245fa/R152a (0.8/0.2) at evaporating temperature of 90-110 ºC and condensing 

temperature of 25 ºC. The efficiencies were calculated from thermodynamic properties. 

Very good agreements between our results from equation (3.12) with those of the 

literature were found as shown in Table 3.9.  
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Table 3.9 Comparison of the results calculated from this study with Li 2014. 

Evaporating 

Temperature 

(ºC) 

𝜼th % 

Difference 

from 

Li et al. 

Li et al. 

[14] 

This 

study 

90 11.65 10.97 5.86 

100 12.45 12.00 3.61 

110 13.12 12.83 2.20 

 

3.4 Conclusion 

The thermal efficiency of an ORC system could be indicated by a dimensionless 

term, Figure of Merit (FOM) which covered parameters such as Jacob number, 

evaporating and condensing temperatures of the ORC. The FOM could be used to 

screen the working fluids to get high thermal efficiency at prescribed evaporating and 

condensing temperatures. Lower the FOM resulted in higher thermal efficiency. 

For zeotropic working fluid, FOM must be modified by multiplying a correction 

factor F which relied on the gliding temperature of the zeotropic mixture.  

A model to predict the zeotropic ORC efficiency was developed. The results 

could be fitted very well with those from the literature. 
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CHAPTER 4 

THERMOECONOMIC ANALYSIS OF A MODULAR ORGANIC 

RANKINE CYCLE WITH BIOFUEL AS HEAT SOURCE 

In this chapter, a study on potentials of power generation by a basic ORC and an 

ORC to generate only electricity and both electricity and thermal energy (combined heat 

and power, CHP-ORC) was performed by thermoeconomic analysis. The heat sources 

of the ORCs came from various kinds of biomass and biodiesel. 

4.1 Organic Rankine Cycle with Bioenergy as Heat Source 

 Figure 4.1 shows a schematic diagram of an organic Rankine cycle with biofuel 

which is biomass or biodiesel as heat source. The system was consisted of a water 

heater having a combustion chamber for biofuel burning. The hot water at a suitable 

temperature was fed and transferred heat to the ORC evaporator and after that returned 

back to the heater. For the ORC cycle , the working fluid left the condenser as saturated 

liquid (state 1) and it was pumped to the evaporator (state 2) where it was heated and 

left the evaporator as saturated vapor at high pressure (state 3). The fluid expanded 

through the turbine to generate work and entered the condenser (state 4). After heat 

rejection to a heat sink, the condensed working fluid was at state 1 and the new cycle 

restarted. 
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Figure 4.1 Organic Rankine cycle with biofuel as heat source. 

4.2 Working Fluid 

 From Chapter 3, it could be found that the zeotropic working fluid 

R245fa/R152a at the composition of 70/30% was appropriate for Thailand climate to 

get high thermal efficiency and the fluid at this composition was carried out throughout 

this study. The T-s diagram of the ORC for this working fluid was given in Fig. 4.2. 

 

Figure 4.2 T-s diagram of zeotropic fluid R245fa/R152a at composition of 70:30. 
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4.3 Combined Heat and Power (CHP) 

From basic ORC in Figure 4.3 the exhaust gas from biofuel combustion could be 

recovered to generate hot water for other thermal processes as a combined heat and 

power (CHP) in Fig. 4.4. Now the CHP could simultaneously generate electricity and 

useful heat thus higher overall efficiency could be obtained.     

 

Figure 4.3 A basic ORC system. 

 

Figure 4.4 A CHP-ORC system. 
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4.4 Biomass and Biodiesel 

Biofuel could be converted into energy by various processes such as direct 

combustion and gasification, etc. In this study, thermal heat from direct burning of 

biomass or biodiesel to generate hot water for the ORC was performed. 

Various kinds of biomass for direct combustion were shown in Table 4.1. The 

heating values and the prices of the residues were also given.  

 

Table 4.1 Heating values and prices of biomass residues [Biomass, 2013]. 

 

Type of Biomass 
Ash 

(%) 

Higher 

heating 

value 

(kJ/kg) 

Lower 

heating 

value 

(kJ/kg) 

Price 

(Baht/ton) 

Rice Husk 12.65 14,755 13,517 1,600 

Rice Straw 10.39 13,650 12,330 1,225 

Sugar Cane Leaves 

and Tops 

0116 10,497 11,749 1,125 

Rubber wood 1.59 10,365 8,600 1,300 

Palm Fruit Bunch 2.03 9,196 7,240 514 

Corncob 0.9 11,298 9,615 1,100 

Cassava 1.5 7,451 5,494 950 

Eucalyptus Bark 2.44 6,811 4,917 700 

 

The biodiesel used in this study was produced from used cooking oil and its 

heating value was around 39,310 kJ/kg. [Ngammuang, 2015] 
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The heat rate at the ORC evaporator (�̇�𝐸) was assumed to be the same as the heat 

rate from fuel combustion(�̇�ℎ𝑒𝑎𝑡𝑒𝑟) which could be calculated by 

�̇�ℎ𝑒𝑎𝑡𝑒𝑟 = 𝑛𝑊𝐻(�̇�𝑏𝑖𝑜𝑓𝑢𝑒𝑙𝐻𝐻𝑉).             (4.1) 

Where 𝑛𝑊𝐻 is the combustion efficiency of biofuel burning (decimal), �̇�𝑏𝑖𝑜𝑓𝑢𝑒𝑙 

is the biofuel consumption (kg/s) and  𝐻𝐻𝑉 is the higher heating value of biomass 

(kJ/kg). 

4.5 Exergy Costing 

Exergy costing is generally taken as a tool to analyze energy quality of thermal 

systems including the energy cost in term of exergy cost rate or exergy costing. 

For basic ORC 

𝑐𝑒�̇�𝑒 = 𝑐𝑓𝑢𝑒𝑙�̇�𝑓𝑢𝑒𝑙 + �̇�𝑂𝑅𝐶 + �̇�𝑂&𝑀    (4.2) 

Where 𝑐𝑒, 𝑐𝑓𝑢𝑒𝑙 are the exergy costing of the power and biofuel (Baht/kWh), 

�̇�𝑒is the electrical power output from cycle (kW),�̇�𝑓𝑢𝑒𝑙 is the exergy rate of biofuel 

(kW) and �̇�𝑂𝑅𝐶, �̇�𝑂&𝑀 are the cost rates of net investment in ORC including salvage 

value and the operating & maintenance (Baht/h), respectively. 

For CHP ORC 

𝑐𝑒(�̇�𝑒 + �̇�𝐻𝑊𝑜𝑢𝑡) = 𝑐𝑓𝑢𝑒𝑙�̇�𝑓𝑢𝑒𝑙 + �̇�𝑂𝑅𝐶 + �̇�𝐻𝑋 + �̇�𝑂&𝑀   (4.3) 

Where 𝑐𝑒, 𝑐𝑓𝑢𝑒𝑙 are the exergy costing of the power and biofuel (Baht/kWh), �̇�𝑒 

is the electrical power output from cycle (kW),  �̇�𝑓𝑢𝑒𝑙, �̇�𝐻𝑊𝑜𝑢𝑡 are the exergy rates of 

biofuel and generated hot water from exhaust gas (kW) and �̇�𝑂𝑅𝐶, �̇�𝐻𝑋, �̇�𝑂&𝑀 are the 

cost rates of net investment of ORC, heat exchanger  and operating & maintenance 

(Baht/h), respectively. 

It could be noted that the exergy costings of the power and exergy in the generated 

hot water were assumed to be the same. 
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Table 4.2 Cost data used for the thermoeconomic analyses of basic ORC and CHP-ORC 

for biomass as heat source. 

Investment cost for ORC 20kW  

ORC power plant 20 kW (Baht/unit) [1] 1,500,000  

Biomass Furnace and heat exchanger (Baht/unit) [1] 200,000 

Heat Exchanger for exhaust gas from biomass (Baht/unit) [1] 50,000 

Land for ORC and feedstock storage (m2) [2] 80 

Investment cost for ORC 100kW 

ORC power plant 100 kW (Baht/unit) [1] 4,000,000 

Biomass Furnace and heat exchanger (Baht/unit) [1] 2,700,000 

Heat Exchanger for exhaust gas from biomass (Baht/unit) [1] 100,000 

Land for ORC and feedstock storage (m2) [2] 160 

Operating & Maintenance (O&M) cost 

Operating & maintenance equipment cost (% of investment cost 

per year)[3] 

1 

Financial parameters 

Real debt interest rate, id (%) [4] 6 

Salvage value (% of investment cost) 10 

Depreciation period, 𝑛 (year) 20 

*Investment cost for land was 1250 Baht/m2 
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Table 4.3 Cost data used for the thermoeconomic analyses of basic ORC and CHP-ORC 

for biodiesel as heat source. 

Investment cost for ORC 20kW  

ORC power plant 20 kW (Baht/unit) [1] 1,500,000  

Biodiesel burner and heat exchanger (Baht/unit) [1] 200,000 

Heat Exchanger for exhaust gas from biodiesel (Baht/unit) [1] 50,000 

Land for ORC and feedstock storage (m2) [2] 40 

Investment cost for ORC 100kW 

ORC power plant 100 kW (Baht/unit) [1] 4,000,000 

Biodiesel burner and heat exchanger (Baht/unit) [1] 2,000,000 

Heat Exchanger for exhaust gas from biodiesel (Baht/unit) [1] 100,000 

Land for ORC and feedstock storage (m2) [2] 80 

Operating & Maintenance (O&M) cost 

Operating & maintenance equipment cost (% of investment cost 

per year) [3] 

1 

Financial parameters 

Real debt interest rate, id (%)[4] 6 

Salvage value (% of investment cost) 10 

Depreciation period, 𝑛 (year) 20 

*Investment cost for land was 1250 Baht/m2 [2] 

[1] Market cost 

[2] Treasury Department, 2015 

[3] Thawonngamyingsakul, 2013 

[4] Karellas et al., 2011 

 

The conditions for the basic ORC and the CHP-ORC analyses were 

1. The total power output from the ORC were 20 kWe and 100kWe. 

2. The furnace for water heating efficiency from biomass combustion was 70% 

[European Wood-Heating Technology Survey, 2014]. 

3. The burner for water heating efficiency from biodiesel combustion was 80% 

[European Wood-Heating Technology Survey, 2014]. 
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4. Evaporating temperature were 80ºC to110ºC for 20 kWe and 100 kWe and 

condensing temperature was 40ºC. 

5. Isentropic efficiency of turbine was 0.8. 

6. Generator efficiency and mechanical efficiency were 0.9. 

7. 50% of heat loss in the exhaust gas after combustion could be recovered and it 

was used to generate hot water for other thermal processes. The hot water 

temperature could be heated up to 80ºC from its inlet temperature at 28ºC in a 

heat exchanger having an effectiveness (𝜺) of 0.85. 

8. The ORC working fluid were R245fa and R245fa/R152a at composition 

70/30%, the properties were based upon REFPROP [10]. 

 

4.6 Results and Discussion 

 4.6.1 Heat input 

 From eqn 3.12 in Chapter 3, with the prescribed values of the ORC evaporating 

and condensing temperatures then the cycle efficiency could be evaluated. For the 

electrical power outputs at 20 kWe and 100 kWe with the generator efficiency and the 

mechanical efficiency at the turbine, the heat rates at the evaporator  (�̇�𝐸)  could be 

estimated. The results were shown in Figures 4.5 and 4.6. Increase of the evaporating 

temperature resulted in higher the cycle efficiency then the input heat rate at the 

evaporator decreased.  At the evaporating temperature of 110oC, with R245fa working 

fluid, the heat rate inputs for 20kWe and 100kWe ORC were 213.16kW and 

1,065.82kW, respectively. For R245fa/R152a zeotropic working fluid at 70:30 

composition, the heat rate inputs were 201.80 kW and 1009 kW, respectively.     
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Figure 4.5 Heat rate input at various values of evaporating temperature for 20kWe 

ORC. 

 

Figure 4.6 Heat rate input at various values of evaporating temperature for 100kWe 

ORC. 
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4.6.2 The values of unit cost of generated electricity (UCE) for the basic 

ORC and the CHP-ORC with biomass as heat source. 

Figs. 4.7 and 4.8 show UCEs of 20 kWe and 100 kWe basic ORC, respectively. 

The daily operating hour was 12 hour per day, the real debt interest rate was 6% 

annually and the heat sources of ORC came from various kinds of biomass.  

For 20 kWe and 100 kWe basic ORC with R245fa working fluid, it could be 

found that the UCE for palm fruit bunch was lowest as 4.15 and 3.74 Baht/kWh, 

respectively even the HHV of palm fruit bunch was low but the price per ton was 

cheapest as given in Table 4.1. For R245fa/R152a zeotropic fluid at composition of 

70:30 with the palm fruit bunch, it was found that the UCEs could be decreased 

compared with the single fluid. At 20 kW and100kW ORC, the UCEs were 3.76 

baht/kWh and 3.57 Baht/kWh, respectively. 

In Figures 4.9 and 4.10, when the exhausted gas from biomass combustion was 

used to generate hot water in other process (CHP-ORC), for 20kW and 100 kW, it could 

be found that UCE was decreased.  With palm fruit bunch, for the zeotropic fluid, the 

UCEs were decreased from 3.76 to 2.91 Baht/kWh and 3.57 to 2.73 Baht/kWh for the 

20 and the 100kWe ORC, respectively.   

 

Figure 4.7 UCEs from various kinds of biomass at operating hour of 12hr/day, id=6% 

for the 20 kWe basic ORC. 
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Figure 4.8 UCEs from various kinds of biomass at operating hour of 12hr/day, id=6%, 

the 100 kWe basic ORC. 

 

Figure 4.9 UCEs from various kinds of biomass at operating hour of 12hr/day, id=6% 

for the 20 kWe basic ORC and CHP-ORC. 
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Figure 4.10 UCEs from various kinds of biomass at operating hour of 12hr/day, id=6% 

for the 100 kWe basic ORC and CHP-ORC.  
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4.6.4 Sensitivity Analysis 

In this section, sensitivity analyses of the parameters those affect the electricity 

unit cost of the CHP-ORC system with the R245fa/R152a zeotropic fluid at 

composition of 70:30 were considered. The parameters were: the palm fruit bunch unit 

cost of 300-700 Baht/ton, the operating hour of 8-12 hour/day and the real debt interest 

rate of 4-8%. From Fig.4.11, it was found that the palm fruit bunch unit cost and the real 

debt interest gave the most and least effects on the UCE. 

If the 20kWe and 100kWe CHP-ORCs operated at 12 hours/day, 6% real debt 

interest rate and palm fruit bunch unit cost of 300 Baht/ton, the unit cost of electricity 

was 2.82 Baht/kWh and 2.65 Baht/kWh, respectively. 
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(b) CHP ORC 100 kW 

 

Figure 4.11Sensitivity analyses on UCE with varying unit costs of biomass, 

operating hours and interest rates. The reference conditions are: Palm fruit 

bunch unit cost = 514 Baht/ton, operating hour= 12hr/day and real debt interest 

rate =6%. R245fa/R152a zeotropic fluid at composition of 70:30 was the ORC 

working fluid. 

 

4.6.5 The values of unit cost of generated electricity (UCE) for the basic 

ORC and the CHP-ORC with biodiesel as heat source. 

Fig. 4.12 shows UCEs of basic ORC andCHP-ORC 20 kW and100 kW, 

respectively. The working fluid was zeotropic fluid R245fa/R152a at composition 

70/30%. The daily operating hour was 12hour per day, the real debt interest rate was 6% 

and heat sources of ORC came from biodiesel.  

For basic ORC of 20 kW and 100 kW, it could be found that UCE with capital 

cost of biodiesel as 5 Baht/liter was 7.77 and 7.53 Baht/kWh, respectively.  

When the exhaust gas from biodiesel burner was used to generate hot water in 

other process (CHP-ORC), for 20kW and 100 kW, it could be found that UCEs was 
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decreased from 7.77 to 5.92 Baht/kWh and 7.53 to 5.74 Baht/kWh for 20 and 100 kWe 

ORC, respectively. 

 

Figure 4.12 UCEs from various values of biodiesel price at operating hour of 

12hr/day, id=6% for the basic ORCs and the CHP-ORCs. R245fa/R152a 

zeotropic fluid at composition of 70:30 was the ORC working fluid. 

 

4.6.6 Sensitivity Analysis in Biodiesel as Heat source 

Sensitivity analyses of the parameters those affect the electricity unit cost of the 

CHP-ORC system were considered. The parameters were the biodiesel capital cost of 5-

25 Baht/liter, the operating hour of 8-12 hour/day and the real debt interest rate of 6-

10%. From Fig.4.12, it was found that the biodiesel capital gave the most sensitivity on 

the UCE. 
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Figure 4.13 Sensitivity analyses on UCE with varying unit costs of biodiesel, 

operating hours and interest rates. The reference conditions are: biodiesel capital cost = 

15 Baht/liter, operating hour= 12hr/day and real debt interest rate =6%. 
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4.7 Conclusion 

 For biomass and biodiesel, the unit costs of electricity from the 20 kWe and 100 

kWe CHP-ORCs were cheaper than those of the basic ORCs. It was found that with the 

palm fruit bunch as the energy source, the UCEs for the 20 kWe and 100 kWe CHP-

ORCs were 2.91Baht/kWh and 2.73 Baht/kWh, respectively. At capital cost of biodiesel 

of 5 Baht/liter, the UCEs for the 20 kWe and 100 kWe CHP-ORCs were 5.92 Baht/kWh 

and 5.74 Baht/kWh, respectively. 

The sensitivities on the UCE which were palm fruit bunch unit cost, operating hour 

and real debt interest rate on the UCE were considered. The results showed that the 

palm fruit bunch unit cost and the real debt interest gave the most and least effects on 

the UCE. 

For biodiesel, the sensitivities on the UCE which were biodiesel capital cost, 

operating hour and real debt interest rate on the UCE were considered. It was found that 

the biodiesel capital cost gave the most sensitivity on the UCE. 
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CHAPTER 5 

THERMOECONOMIC ANALYSIS OF A MODULAR ORGANIC 

RANKINE CYCLE WITH HYBRID SOLAR 

COLLECTORS/BIOFUELS AS HEAT SOURCE 

 In this chapter, thermoeconomic analysis of a modular organic Rankine cycle 

with evacuated-tube solar collectors and bioenergy as heat source for power generation 

was presented. The ambient temperature and solar radiation data of Chiang Mai, 

Thailand were taken as the calculation inputs. Furthermore, CO2 emission of an ORC 

with hybrid solar and biofuels was also investigated. 

 

5.1 Organic Rankine Cycle with Hybrid Solar Collectors/Biofuels 

 Figure 5.1 shows a schematic diagram of an ORC which consists of a set of 

solar collectors with water storage and a biofuel combustion chamber.   There was a 

water closed loop to extract heat from solar thermal system and the heat was transferred 

to the ORC evaporator (process 2-3). If the heat rate and the hot water temperature are 

not high enough the auxiliary heat will be generated from biodiesel or biomass 

combustion in the combustion chamber. 
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Figure 5.1 Organic Rankine cycle with solar collectors with biofuels as auxiliary heat. 

 For the ORC cycle, the working fluid left the condenser as saturated liquid (state 

1) and it was pumped suppli es to the evaporator (state 2) where it was heated and left 

the evaporator as saturated vapor at high pressure (state 3). The fluid expanded through 

the turbine to generate electrical power and entered the condenser (state 4). After heat 

rejection to a heat sink, the condensed working fluid was at state 1 and the new cycle 

restarted. All the described processes were shown in a T-s diagram in Figure 5.2. 

 

Figure 5.2 T-s diagram of ORC 
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 For simplicity in the analysis, the pressure drops in the evaporator, the 

condenser, the solar collector, the heat exchanger and the piping system, were ignored. 

The energy equations of the all components were summarized in eqn. (2.1)-(2.6). 

 For evacuated-tube solar collector, the useful heat rate from the solar collector 

could be calculated from  

              �̇�𝑐𝑜𝑙𝑙 = 𝐴𝑐𝐹𝑅[𝐼𝑇(𝜏𝛼) − 𝑈𝐿(𝑇𝑓𝑖 − 𝑇𝑎)].  (5.1) 

In case of collector connected in series, the values of 𝐹𝑅(𝜏𝛼) and 𝐹𝑅𝑈𝐿 could be 

developed. Oonk et al. 1979 have shown in equations following:  

𝐹𝑅(𝜏𝛼) = 𝐹𝑅1(𝜏𝛼)1 [
1−(1−𝐾)𝑁

𝑁𝐾
]   (5.2) 

𝐹𝑅𝑈𝐿 = 𝐹𝑅1𝑈𝐿1 [
1−(1−𝐾)𝑁

𝑁𝐾
].    (5.3) 

where 𝐾 =
𝐴1𝐹𝑅1𝑈𝐿1

�̇�𝐶𝑝
 and N is the number of the solar collector units in series 

connection. 

The suffix 1 refers to the values quoted from the tested data of the solar collector 

The model for evaluating the temperature of water in the thermal energy storage 

was applied from lump model by considering the storage be non-stratified. With finite 

difference method, the temperature of water in the thermal energy storage could be 

evaluated from 

 𝑇𝑠
𝑡+∆𝑡 = 𝑇𝑠

𝑡 +
∆𝑡

𝑀𝑠𝐶𝑝
(�̇�𝑐𝑜𝑙𝑙 − �̇�𝑢𝑠𝑒𝑓𝑢𝑙 − �̇�𝑙𝑜𝑠𝑠).  (5.4) 

�̇�𝑢𝑠𝑒𝑓𝑢𝑙 = �̇�𝑊𝐶𝑝(𝑇𝑇𝐿 − 𝑇𝐹𝐿),    (5.5) 

 

�̇�𝑙𝑜𝑠𝑠 = 𝑈𝐴(𝑇𝑠 − 𝑇𝑎).     (5.6) 
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5.2 Conditions for Analysis  

 In this study, a set of evacuated-tube solar collectors with 𝐹𝑅(𝜏𝛼) of 0.81, 𝐹𝑅𝑈𝐿 

of 2.551 W/m2K (Thawonngamyingsakul C., 2013) was used for generating hot water. 

The power outputs of the system were 20 kWe and 100 kWe. The ORC working fluid 

was zeotropic working fluid R245fa/R152a at composition 70/30%.  The weather data 

of Chiang Mai was taken as input data of the calculation and the time step (∆𝑡) at 5 min 

was used for system simulation. The area of the solar collectors was between 100 and 

900 m2. Each row of the solar collector set had 5 units each of 2 m2 in series connection. 

The solar collector was tilted at the angle from horizontal plane similar to the latitude of 

Chiang Mai and south facing. The working hour for power generation was 12 hours 

between 8.30 AM to 8.30 PM. The overall heat loss coefficient (𝑈𝐴) from the thermal 

energy storage was 5 W/K (Thawonngamyingsakul., 2013) and the pressure of the 

thermal energy storage was 5 bar for preventing water boiling in the storage tank. 

 The conditions for the basic ORC and the CHP-ORC analyses were 

1. The total power outputs from the ORC were 20 kWe and 100kWe. 

2. The furnace for water heating efficiency from biomass combustion was 

70%[European Wood-Heating Technology Survey, 2014]. 

3. The burner for water heating efficiency from biodiesel combustion was 

80%[European Wood-Heating Technology Survey, 2014]. 

4. The ORC will be operated when the supplied hot water was at 120 ºC. 

5. Evaporating temperature of the ORC was 110ºC for 20 kWe and 100 kWe and 

the ORC condensing temperature was 40ºC. 

6. The turbine isentropic efficiency was 0.8. 

7. The generator efficiency and the mechanical efficiency at the turbine/generator 

each was 0.9. 

8. 50% of heat loss in the exhaust gas after combustion could be recovered and it 

was used to generate hot water for other thermal processes. The hot water 

temperature could be heated up to 80ºC from its inlet temperature at 28ºC in a 

heat exchanger having an effectiveness (𝜺) of 0.85. 

9. The ORC working fluid was R245fa/R152a at a composition of 70/30% and the 

properties were based upon REFPROP 2013. 
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5.3 System Performance 

The water in the storage tank was heated up by biomass energy first and the water 

temperature could reach 120ºC from the initial value of 28ºC. The biomass energy was 

prolonged till the solar energy was high enough to generate hot water for the ORC then 

the biomass combustion stopped and the auxiliary heat was carried out again when the 

solar energy intensity was not available. 

Figure 5.3 shows an example of water storage temperature history of the 20 kWe 

ORC with hybrid solar energy/biomass as heat sources. It could be seen that the 

temperature generated by solar energy could be over 120ºC when the solar irradiation 

was rather high around 10:00 AM-01:30 PM. Before and after this period biomass 

energy was taken to maintain the temperature. 

 

Figure 5.3 The temperature histories of the storage water temperature for 20 kWe 

ORC with 500m2 of the solar collectors.  

Figure 5.4 shows the energy supplies from solar energy and biomass (palm fruit 

bunch) energy in each month for the 20 kWe ORC with 200 m2 and 700 m2 solar 

collector areas. Higher the solar collector area resulted in lower the heat input from the 

biomass. It could be noted that high fraction of heat input from solar energy could be 

obtained during the 3rd – 4th months due to high solar energy intensity. Figure 5.5 also 

shows the annual solar fraction for the 20 kWe ORC of which the value was increased 

with the increment of the solar collector area.  
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Figure 5.4 The supplied heat inputs from solar energy and biomass energy in each 

month for the 20 kWe ORC with 200 and 700 m2 of solar collector areas. 
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Figure 5.5 The annual solar fraction of the 20 kWe ORC with various solar collector 

areas. 

The results for the 100 kWe ORC were similarly to those of the 20 kWe ORC as 

shown in Figures 5.6-5.7. Anyhow the solar fraction was less than that of the previous 

case. 
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Figure 5.6 The supplied heat inputs from solar energy and biomass energy in each 

month for the 100 kWe ORC with 200 and 700 m2 of solar collector areas. 

 

 

Figure 5.7 The annual solar fraction of the 100 kWe ORC with various solar 

collector areas. 
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5.4 Thermoeconomic Analysis 

 In this part, the thermoeconomic analyses of 20 and 100 kWe basic ORC and 

CHP-ORC with hybrid solar energy/ biofuel as heat source were carried out. The ORC 

working fluid was R245fa/R152a at a composition of 70/30%. The cost data 

information for the calculations were given in Tables 5.1 and 5.2. 

Table 5.1 Cost data used for the thermoeconomic analysis of CHP-ORC for solar 

collectors and biomass as heat source. 

Investment cost for ORC 

  20 kWe 100 kWe 

ORC power plant (Baht/unit) [1] 1,500,000 4,000,000 

Biomass Furnace and heat exchanger [1] 

(Baht/unit) 
200,000 2,700,000 

Thermal Storage (Baht/Unit) [1] 70,000 70,000 

Heat Exchanger for exhaust gas from 

biomass (Baht/unit) [1] 
50,000 100,000 

Land for ORC and feedstock storage (m2) 

[2] 
80 160 

Evacuated-tube solar collectors (Baht/m2) 

[1] 
5,000 

Operating & Maintenance (O&M) cost 

Operating & maintenance equipment cost 

(% of investment cost per year) [3] 
1 

Palm Fruit bunch (Baht/ton) [4] 514 

Financial parameters 

Real debt interest rate, id (%)[5] 6 

Salvage value (% of investment cost) 10 

Depreciation period,  (year) 20 

*Investment cost for land was 1250 Baht/m2 



 
 

65 
 

Table 5.2 Cost data used for the thermoeconomic analysis of CHP-ORC for solar 

collectors and biodiesel as heat source. 

Investment cost for ORC 

  20 kWe 100 kWe 

ORC power plant (Baht/unit) [1] 1,500,000 4,000,000 

Biodiesel burner and heat exchanger 

(Baht/unit) [1] 
200,000 2,700,000 

Heat Exchanger for exhaust gas from 

biodiesel (Baht/unit) [1] 
50,000 100,000 

Thermal Storage (Baht/Unit) [1] 70,000 70,000 

Land for ORC and feedstock storage (m2) 

[2] 
40 80 

Evacuated-tube solar collectors (Baht/m2) 

[1] 
5,000 

Operating & Maintenance (O&M) cost 

Operating & maintenance equipment cost 

(% of investment cost per year) [3] 
1 

Biodiesel (Baht/liter) [6] 5 

Financial parameters 

Real debt interest rate, id (%)[5] 6 

Salvage value (% of investment cost) 10 

Depreciation period,  (year) 20 

*Investment cost for land was 1250 Baht/m2 

 

 

[1] Market cost 

[2] Treasury Department, 2015 

[3] Thawonngamyingsakul, 2013 

[4] Biomass Price, 2013 

[5] Karellas et al., 2011 

[6] Ngammuang, 2015 
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 The unit cost of electricity from palm fruit bunch and biodiesel versus collector 

area were shown in Figures 5.8 and 5.9. It was found that the UCEs increased with the 

increase of the collector area and the UCE from palm fruit bunch was lower than that of 

the biodiesel. For biomass, the UCEs of basic ORC at 20 and 100 kWe from palm fruit 

bunch were found in a range of 4.38 to 6.54 Baht/kWh and in a range of 3.86 to 4.39 

Baht/kWh for solar collector area between 100 and 900 m2, respectively, the UCEs of 

CHP-ORC 20 and 100 kWe were found in a range of 3.74 to 4.84 Baht/kWh and in a 

range of 2.93 to 3.17 Baht/kWh for solar collector area between 100 and 900 m2, 

respectively. 

 For biodiesel at capital cost of biodiesel as 5 Baht/liter (Assume feedstock), the 

UCEs of basic ORC 20 and 100 kWe were found in a range of 8.39 to 10.19 Baht/kWh 

and in a range of 7.97 to 8.34 Baht/kWh for solar collector area between 100 and 900 

m2, respectively, the UCEs of CHP-ORC 20 and 100 kWe were found in a range of 6.40 

to 7.93 Baht/kWh and in a range of 6.07 to 6.35 Baht/kWh for solar collector area 

between 100 and 900 m2, respectively. 

 It could be noted that the UCE from the CHP-ORC was lower than that of the 

basic ORC. Use of biodiesel was still more expensive than that of biomass fuel. The 

hybrid energy also gave higher UCE than the biofuel energy. 
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Figure 5.8 UCEs from palm fruit bunch at operating hour of 12hr/day, id=6% for the 

basic ORCs and the CHP-ORCs at 20kWe and 100 kWe versus solar collector area. 
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Figure 5.9 UCEs from biodiesel at operating hour of 12hr/day, id=6% for the basic 

ORCs and the CHP-ORCs at 20kWe and 100 kWe versus solar collector area. 

5.5 CO2 Emission of Hybrid Power Plant 

 To consider the CO2 emission of the ORCs with hybrid solar and biofuel energy, 

from Thailand Greenhouse Gas Management Organization 2015, the carbon emission 

factors from biomass and biodiesel for boiler combustion were 0.693 kgCO2e/kg and 

1.0634 kgCO2e/kg, respectively. With palm fruit bunch for ORCs of 20 and 100 kWe, it 

was found that the CO2 emission was decreased with the increasing of solar collector 

area due to very low emission during operation from solar energy system. The CO2 

emission was found to be in ranges of 3.96 to 1.44 kgCO2e/kWh and 2.72 to 1.90 

kgCO2e/kWh, respectively. Example  of calculation was shown in Appendix B. 

 With biodiesel for ORCs of 20 and 100 kWe, the trends of the CO2 emission 

were similar to the previous case. The emissions were in ranges of 1.36 to 0.50 

kgCO2e/kWh and 1.36 to 1.11 kgCO2e/kWh, respectively. All the results were shown in 

Figure 5.10. 
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Figure 5.10 CO2 emissions for 20 kWe and 100 kWe ORCs with hybrid solar and 

biofuel energy at various solar collector areas. 

Figure 5.11 shows the UCE for CHP-ORC when external cost on GHG emission 

was included. The external cost was taken from marginal abatement cost of biofuel 

combustion in boiler for Thailand [Chamsilpa, 2015] which was 0.69 Baht/kWh.   
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Figure 5.11 The UCE for 20 and 100 kWe CHP-ORC with hybrid solar and biofuel 

energy at various solar collector areas include with the external cost of GHG emission. 

 In Figure 5.12, for hybrid solar and biodiesel, when the biodiesel  capital cost 

was at 20 Baht/liter (market price), it could be found that the hybrid energy could be 

more advantage that that of biodiesel only. The UCE of CHP ORC for 20 kWe which 

included the external cost of GHG emission was found to be lowest at 26.58 Baht/kWh 

for 800 m2 solar collector areas, compare to those of biodiesel only, which was 31.53 

Baht/kWh. But when the solar collector area was over 800m2, the UCE tended to 

increase slightly due to the higher cost of the solar system with the nearly constant 

biodiesel consumption. 
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Figure 5.12 The UCE for 20 kWe CHP-ORC with hybrid solar and biodiesel (Capital 

cost 20 Baht/liter) at various solar collector areas include with the external cost of GHG 

emission. 

 In Figure 5.13, The UCE including external cost of GHG emission of 100 kWe 

CHP ORC for hybrid solar and biodiesel compared to those of biodiesel only which was 

31.15 Baht/kWh and when solar collector areas over 300 m2. The value was lower than 

that of the biodiesel only at 31.35 Baht/kWh. After this condition the UCE decreased 

with the solar collector area. 
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Figure 5.13 The UCE for 100 kWe CHP-ORC with hybrid solar and biodiesel (Capital 

cost 20 Baht/liter) at various solar collector areas include with the external cost of GHG 

emission. 

5.6 Conclusion 

 The conclusions in this chapter are as follows: 

1. The unit cost of electricity from hybrid solar collector area between 100 and 900 

m2 with biofuels, for biomass, the UCEs of basic ORC at 20 and 100 kWe from palm 

fruit bunch were found to be in a range of 4.38 to 6.54 Baht/kWh and in a range of 3.86 

to 4.39 Baht/kWh for solar collector area between 100 and 900 m2, respectively. The 

UCEs of 20 and 100 kWe CHP-ORCs were found to be in ranges of 3.74 to 4.84 

Baht/kWh and 2.93 to 3.17 Baht/kWh, respectively. 

 For biodiesel cost at 5 Baht/liter (free feedstock assumption), the UCEs of basic 

ORC at 20 and 100 kWe were found to be in ranges of 8.39 to 10.19 Baht/kWh and 7.97 

to 8.34 Baht/kWh for solar collector area between 100 and 900 m2, respectively. The 
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UCEs of CHP-ORC at 20 and 100 kWe were found to be in ranges of 6.40 to 7.93 

Baht/kWh and 6.07 to 6.35 Baht/kWh for solar collector area between 100 and 900 m2, 

respectively. 

2. The CO2 emission of hybrid power plant with palm fruit bunch for CHP-ORCs 

of 20 and 100 kWe was decreased with the increase of solar collector area and the CO2 

emissions were found to be in ranges of 3.96 to 1.44 kgCO2e/kWh and 2.72 to 1.90 

kgCO2e/kWh, respectively. For biodiesel, the values were found to be in ranges of 1.36 

to 0.50 kgCO2e/kWh and 1.36 to 1.11kgCO2e/kWh, respectively. 

3. For hybrid solar and biodiesel, when the biodiesel cost was at 20 Baht/liter 

(market price), the UCE of CHP ORC for 20 kWe including the external cost of GHG 

emission was found to be less with the increase of the solar collector area. The value 

was lowest at 26.58 Baht/kWh for 800 m2 solar collector areas, compare to that of 

biodiesel only, which was 31.53 Baht/kWh. But when the solar collector area was over 

800m2, the UCE tended to increase slightly due to the higher cost of the solar system 

with the nearly constant biodiesel consumption. 
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CHAPTER 6 

CONCLUSIONS 

 In this research, thermoeconomic analyses of a modular basic and CHP organic 

Rankine cycle with hybrid solar collectors/biofuels energy as heat source for power 

generation were presented. A dimensionless term called “Figure of Merit” for predicting 

cycle efficiency and suitable zeotropic working fluid were proposed. The unit cost of 

electricity and CO2 emission compared between basic ORC and CHP-ORC with hybrid 

solar collectors/biofuels energy was also considered. The conclusions of the results 

were as follows: 

 

6.1 Parametric Analysis on Modular Organic Rankine Cycle Performance 

A dimensionless term, the “Figure of Merit” (FOM) was proposed, to investigate 

the thermal performance of a low temperature, organic Rankine cycle using six 

zeotropic mixtures (R245fa/R152a, R245fa/R227ea, R245fa/R236ea, R245ca/R152a, 

R245ca/R227ea and R245ca/R236ea) as working fluids. An empirical correlation was 

developed to estimate the cycle efficiency from the FOM for all working fluids at 

condensing temperatures of 25-40ºC and evaporating temperatures of 80-130ºC. The 

model results fit very well with both the experimental data and that from other 

researchers. 

 

6.2 Thermoeconomic Analysis of a Modular Organic Rankine Cycle with Biofuels 

as Heat Source 

For biomass and biodiesel, the unit costs of electricity for 20 kWe and 100 kWe 

CHP-ORCs were cheaper than those of the basic ORCs. With the palm fruit bunch as 

the energy source, the UCEs for the 20 kWe and 100 kWe CHP-ORCs were 2.91 

Baht/kWh and 2.73 Baht/kWh, respectively. At biodiesel cost of 5 Baht/liter, the UCEs 
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for the 20 kWe and 100 kWe CHP-ORCs were 5.92 Baht/kWh and 5.74 Baht/kWh, 

respectively. 

The sensitivities on the UCE which cover palm fruit bunch unit cost, operating hour 

and real debt interest rate on the UCE were considered. The results showed that the 

palm fruit bunch unit cost and the real debt interest gave the most and the least effects 

on the UCE. 

For biodiesel, the sensitivities on the UCE were biodiesel cost, operating hour and 

real debt interest rate on the UCE. It was found that the biodiesel cost gave the most 

sensitivity on the UCE. 

  

6.3 Thermoeconomic Analysis of a Modular Organic Rankine Cycle with Hybrid 

Solar Collectors/Biofuels as Heat Source 

Thermoeconomic analysis of a modular organic Rankine cycle with evacuated-tube 

solar collectors and bioenergy as heat source for power generation under the Chiang 

Mai climate was considered. The area of solar collector was between 100 and 900 m2 

and the ORC zeotropic working fluid was R245fa/R152a at composition of 70:30%. 

The palm fruit bunch and biodiesel were biofuels used in the thermoeconomic analyses. 

The conclusions of the results were as follows: 

 

6.3.1 Thermoeconomic Analyses of the System 

The unit cost of electricity from palm fruit bunch and biodiesel versus collector 

area between 100 and 900 m2 was evaluated. For biomass, the UCEs of basic ORC at 20 

and 100 kWe from palm fruit bunch were in ranges of 4.38 to 6.54 Baht/kWh and 3.86 

to 4.39 Baht/kWh for solar collector area between 100 and 900 m2, respectively. For 20 

and 100 kWe CHP-ORC, the values were in ranges of 3.74 to 4.84 Baht/kWh and 2.93 

to 3.17 Baht/kWh, respectively. 

 For biodiesel cost at 5 Baht/liter (free feedstock assumption), the UCEs of basic 

ORC 20 and 100 kWe were found in ranges of 8.39 to 10.19 Baht/kWh and 7.97 to 8.34 

Baht/kWh for solar collector area between 100 and 900 m2, respectively. In case of 20 
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and 100 kWe CHP-ORCs, the values were in ranges of 6.40 to 7.93 Baht/kWh and 6.07 

to 6.35 Baht/kWh for solar collector area between 100 and 900 m2, respectively. 

6.3.2 CO2 Emission of a Modular Organic Rankine Cycle with Hybrid Solar 

Collectors/Biofuels as Heat Source. 

The CO2 emissions of hybrid power plant with palm fruit bunch for 20 and 100 

kWe CHP-ORCs were decreased with the increase of solar collector area and the CO2 

emissions were found to be in ranges of 3.96 to 1.44 kgCO2e/kWh and 2.72 to 1.90 

kgCO2e/kWh, respectively. With biodiesel, the values were in ranges of 1.36 to 0.50 

kgCO2e/kWh and 1.36 to 1.11 kgCO2e/kWh, respectively.  

When biodiesel cost was at 20 Baht/liter (market price), the UCEs including the 

GHG external cost for 20 and 100 kWe CHP-ORCs, were decreased with the increase 

of solar collector area. The lowest UCE values for 20 kWe and 100 kWe were 26.58 

Baht/kWh at 800 m2 and 31.35 Baht/kWh at 300 m2 of solar collectors, respectively. 

 

6.4 Recommendation for Future Works 

The long term experiment of a modular organic Rankine cycle with hybrid solar 

collectors/biofuels as heat source under real practice should be carried out to compare 

the data with the simulation results. The exhaust gas from biofuel combustion could be 

used to generate hot water for other process or preheat water in thermal storage before 

entering evaporator in the ORC to improving the cycle efficiency. 

In addition, the ORC could recover heat from exhaust gas of a gas heat engine such 

as that in biogas or landfill gas power plants to generate secondary power thus the 

overall efficiency of these power plants could be improved.  
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APPENDIX 1 

TOTAL AND AVERAGE SOLAR RADIATION ON TILTED 

SURFACE AND THE AMBIENT TEMPERATURE AT 

CHIANG MAI 
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Figure A.1 Total solar radiation on the 18º titled surface at Chiang Mai. 
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Figure A.2 The ambient temperature at Chiang Mai. 
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APPENDIX 2 

The External Cost of GHG Emission 
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2.1 The External Cost of GHG Emission  

Example: The hybrid solar/biomass ORC 20 kWe @ Solar Collector area 

500 m2 was used Biomass 251,311 kg/year. The external cost of GHG 

emission per kWh was calculated as follow: 

Carbon Emission for biomass = 0.693 kgCO2e/kg  

Carbon Emission = 0.693x251,311 kgCO2/year 

= 174,158.52 kgCO2/year 

ORC 20 kWe, Total electricity generation =87,600 kWh/year 

Carbon Emission =174,158.52/87,600 =1.988 kgCO2/kWh 

From [Chamsilpa et al., 2015]  

The external cost of GHG Emission was 0.69 Baht/kWh  

High heating value of palm fruit bunch was 9,196 kJ/kg 

∴ The external cost of GHG emission per kgCO2 

=0.69x9,196/(3600x0.693) 

=2.54 Baht/kgCO2 
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