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ABSTRACT 

Ocean Thermal Energy Conversion (OTEC) is a basis to a promising 

renewable energy technology in terms of its large and inexhaustible available 

energy reserves, renewability, stability, and cleaner production. The concept 

of an OTEC power plant is to harness the energy stored in between the upper 

layer of warm surface seawater as a heat source, and the cold layer of deep 

seawater as a heat sink, and the plant operates based on a Rankine cycle to 

generate electricity at a minimum temperature difference of about 20K, 

between the source and the sink. This energy is sustainable as long as the sun 

keeps heating the ocean surface to maintain the temperature difference which 

may drop slightly at night. However, one limitation is that the plant may 

perform at a maximum ideal Carnot efficiency of about 6.67% only due to 

relatively low heat source temperature of about 30
o
C as well as temperature 

difference lower than 20K. The other limitation is that ammonia, which is a 

hazardous working fluid due to its high toxicity, is known to perform well in 

many existing power plants. Since OTEC is free, a bigger energy input will 

give bigger energy output, a condition at the expense of capital cost. Hence 

the influence of the types of working fluid and the corresponding operating 

conditions can be vital and therefore becomes the focus of this study. In 

addition to investigate the OTEC power plant’s thermodynamic efficiencies, 

this research also explores the economic efficiencies in term of capital cost 

per net power output ($/kW) using various working fluids to substitute 

ammonia. The analyzed working fluids, including that of ammonia, are 

ammonia water mixture (0.9), propane, and refrigerants (R22, R32, R134a, 

R143a, and R410a). Accordingly, the results showed that ammonia water 

mixture gave the best performance in terms of heat transfer characteristics 

with the best thermodynamic efficiency of 4.04% compared to pure ammonia 

with 3.21%, propane with 3.09%, followed by refrigerants from 3.03% to 

3.13%.  In terms of capital cost, propane was economically efficient with 

15730 $/kW compared to cost of ammonia water mixture at 16201$/kW, 

refrigerants from  16990 $/kW to 21400 $/kW, and pure ammonia being the 

costliest at 21700 $/kW. Despite being lower in its thermodynamic 

efficiency, propane gave the lowest capital cost and had the lowest toxicity 

compared to all other working fluids. Therefore, propane has the potential to 

be used as a clean and safe working fluid that would further enhance the 

OTEC technology in terms of being economically efficient and 

environmentally friendly. 

 

 



ix 

 

 

 

ABSTRAK 

Penukaran Tenaga Terma Lautan (OTEC) adalah asas kepada 

teknologi tenaga boleh diperbaharui yang menjanjikan kelebihan tenaga yang 

besar serta berterusan, stabil, dan pengeluaran yang lebih bersih. Konsep loji 

kuasa OTEC memanfaatkan tenaga yang tersimpan di antara lapisan atas 

permukaan air laut panas sebagai sumber haba dan lapisan air laut dalam 

yang sejuk sebagai takat haba rendah, dan beroperasi berdasarkan kitaran 

Rankine untuk menjana tenaga elektrik pada perbezaan suhu minimum kira-

kira 20K. Tenaga ini berkekalan selagi matahari mampu memanaskan 

permukaan laut untuk mengekalkan perbezaan suhu air laut walaupun 

terdapat penurunan suhu pada waktu malam. Walau bagaimanapun, had 

sistem ini adalah pencapaian kecekapan maksima melalui kitaran Carnot 

yang unggul hanya 6.67% disebabkan oleh sumber haba yang rendah kira-

kira 30
o
C dan perbezaan suhu yang kurang daripada 20K. Seterusnya 

penggunaan ammonia sebagai bendalir kerja berprestasi tinggi, namun 

merbahaya kerana mempunyai ketoksikan yang tinggi. Oleh kerana tenaga 

input OTEC adalah percuma, perolehan tenaga yang lebih besar akan 

memberikan pengeluaran tenaga yang besar dan bergantung kepada kos 

modal. Oleh itu, pengaruh jenis bendalir kerja dalam operasi loji ini amat 

penting dan menjadi tumpuan kajian ini. Selain menyiasat kecekapan 

termodinamik untuk loji kuasa OTEC, penyelidikan ini juga meneroka 

kecekapan ekonomi dari segi kos modal setiap pengeluaran kuasa bersih 

($/kW) menggunakan pelbagai cecair bekerja untuk menggantikan ammonia. 

Bendalir bekerja yang dikaji termasuk ammonia, campuran ammonia dan air 

(0.9), propana, dan bahan pendingin (R22, R32, R134a, R143a, dan R410a). 

Keputusan yang diperolehi menunjukkan bahawa campuran ammonia air 

memberikan pemindahan haba dengan kecekapan termodinamik yang terbaik 

sebanyak 4.04% berbanding dengan kecekapan ammonia tulen dengan 

3.21%, propana dengan 3.09%, disusuli dengan bahan pendingin yang lain 

dari 3.03% hingga 3.13%. Dari segi kos modal pula, propana memberi 

kecekapan ekonomi yang terbaik dengan 15730$/kW berbanding kos 

campuran ammonia dan air pada 16201 $/kW, bahan pendingin yang lain 

dari 16990 $/kW hingga 21400 $/kW, dan pengunaan ammonia tulen adalah 

termahal iaitu 21700 $/kW. Walaupun propana lebih rendah kecekapan 

termodinamiknya, ia mampu memberikan kos modal yang paling rendah 

serta ketoksikan yang rendah berbanding semua bendalir kerja yang dikaji. 

Secara kesimpulannya, propana mempunyai potensi untuk digunakan sebagai 

bendalir kerja yang bersih dan selamat dan dapat meningkatkan lagi 

teknologi OTEC dari segi kecekapan ekonomi dan mesra alam. 
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CHAPTER 1 

INTRODUCTION 

 

Ocean Thermal Energy Conversion (OTEC) has great potential in an 

area of deep ocean water where the difference in temperature between the 

surface water and a certain depth is large enough for an OTEC power plant to 

operate effectively.  The initial concept by Arsonval (1881) stated that the 

ideal temperature difference required to install an OTEC plant is greater than 

20 K.  The plant can operate between a heat source (surface seawater at 30 °C) 

and heat sink (at a seawater depth of 1000 m at 4 °C) (e.g. Uehara, 1979; 

Vega, 2002; Nihous et al. 2005). The development of the OTEC power plant 

appears to be based on the open (OC-OTEC) and closed Rankine cycles (CC-

OTEC). For optimum performance of the power plant, the operation must be 

based on the Uehara cycle (Uehara, 1994), with a mixture of ammonia and 

water being used as the working fluid at 5-6% thermal efficiency and a 

temperature difference of less than 20 K. However, the use of ammonia-water 

mixture as the working fluid poses a high health risk (Fuller, 1978).   

1.1 Motivation of Study 

For a while, Malaysia was not on any global map showing areas with 

the potential of generating OTEC power.  However, thanks to the efforts of the 

Sapura-Crest Group’s Subsidiary, Teknik Lengkap GeoSciences Sdn Bhd in 

2008, a marine survey was performed in the South China Sea. This confirmed 
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that the temperature at the bottom of the North-Borneo Trough, known as the 

Sabah Trough (as shown in Figure 1.1), is about 4 °C when compared to the 

surface temperature which is at about 29 °C.  The above mentioned discovery 

gave Malaysia the opportunity to successfully operate an OTEC plant. The 

Sabah Trough is estimated to have a width of 60 km and a length of 100 km, 

with an average depth of 1000 m. It is essential to perform a fundamental 

research in order to obtain the best possible performance of OTEC while 

reducing capital cost. 

 

 

There is still a lack of reliable research data on OTEC technology. This 

study highlights several new ideas, such as the use of an external heat source 

to preheat the working fluids and replacing the working fluid with a cheaper 

and more environment-friendly kind. 

 

 

 

 

Figure 1.1 The location and area of the Sabah Trough by  Sapura-Crest 

Group’s Subsidiary Teknik Lengkap GeoSciences Sdn.  Bhd. (2008) 
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1.2 Problem Statement  

The first OTEC system was proposed by D’Arsonval (1881) and was 

based on the closed Rankine cycle, utilizing a low-pressure turbine because of 

its low operating temperature produced 3% of thermal efficiency (D’ 

Arsonval, 1881). The closed Rankine cycle has been introduced by using an 

evaporator, a turbine, a condenser and three designated pump for working 

fluid, SSW and DSW as shown in the Figure 1.2. In 1985, Dr. Kalina has 

come out with Kalina Cycle which was modified from closed Rankine Cycle 

with some additional of a separator, an evaporator, an absorber, and a reducing 

valve. The cycle has improved the OTEC system performance by 4% (Kalina, 

1985). Then, Uehara cycle was developed at Saga University in Japan with a 

3% higher efficiency than that of a basic closed-cycle OTEC system (Uehara, 

1994). Uehara cycle was invented from Kalina Cycle by additional a turbine, a 

heater, a tank, a pump for working fluid and a diffuser. However, for OTEC 

carnot efficiency or the ideal cycle for OTEC within temperature 28°C and 

5°C is 8.25%. Therefore, the trending has shown that there is a slight increase 

of the plant efficiency with some expense of plant complexity and plant cost. 

This thesis will emphasize on the efficiency and also the initial cost by using 

different working fluids.   

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2 Schematic diagram of OTEC Closed Rankine cycle by 

Arsonval (1881) 
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Since the energy supplied from the SSW is abundant, this study 

recommends that preheating be performed by using an outside heat source, as 

shown in Figure 1.3. A multi-stage turbine, which utilizes an external heat 

source to perform interstage superheating is proposed to counter the drop in 

efficiency. However, the multi-stage expansion will increase the cooling 

requirement of the condenser, thereby increasing the flow rate or power 

required to pump DSW. Therefore, the proposed closed Rankine cycle OTEC 

system (as shown in Figure 1.3) uses a closed condenser loop to minimize the 

possible negative impact on the underwater environment due to the upwelling 

of DSW. The commercial plant was used titanium for the material of the pipe 

to overcome biofouling. This modification will also minimize the impact of 

biofouling on the inside of the tube of the heat exchanger, allowing cheaper 

materials to be used for manufacturing the condenser. Therefore, this study 

will encounter the problem on evaporator and condenser as the most expensive 

components to come out with a closed loop of evaporator and condenser.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Schematic diagram of OTEC Closed Rankine Cycle with 

modified evaporator heating and condenser cooling systems 
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Additionally, further research can be carried out to simulate the 

performance of an OTEC cycle operating on different working fluids. The 

selection of appropriate working fluids can have a major effect on the overall 

feasibility and performance of the system. A frequently used working fluid in 

an OTEC power plant is ammonia (or ammonia-water mixture) because its 

physical properties are ideal for the OTEC cycle. However, ammonia presents 

some possibly fatal health risks and hazardous fluid. A vapour leak of up to 

1700 ppm dosage could cause  respiratory damage in human lungs, and a 

liquid leak making contact with the eyes or skin could lead to the cold burns 

(Hoz et al., 1996).  More than 50 working fluids have been considered in this 

study, but some of them were removed because of environmental concerns and 

their lack of use. Finding other suitable substitutes has been a major obstacle 

to this research. 

1.3 Research Objectives 

The main objectives of this research are: 

i. To design simulation model the performance of OTEC power 

cycle;  

ii. To improve the performance of a closed rankine cycle by 

adopting an interstage reheating using warm surface water 

directly; 

iii. To evaluate both thermal and techno-economic efficiencies of 

OTEC closed rankine cycle using different working fluids 

1.4 Research Scope 

From the explanation above, the scope of this research lies within the 

thermodynamic and techno-economic analysis of OTEC cycles because the 

main focus is on simulating the OTEC cycles with the use of different working 

fluids. Understanding the characteristics of the new potential working fluids 
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and the effects to the performance of building and operating the Closed 

Rankine cycle with the proposed new evaporator closed cycle, warm surface 

sea water heating and condenser closed cycle deep sea water cooling systems 

developed in the simulation, will assist in getting: 

i. An estimate of  techno-economic efficiency, which is a more 

meaningful indicator of the overall performance of the plant; 

ii. A significant reduction in the health risk and on the negative 

environmental effect; 

iii. Less expensive and bio-fouling free evaporator and condenser 

operations.     

1.5  Significance of the Study 

The importance of this study is hoped to improve the performance as 

well as the economic efficiency and at the same time the OTEC plant is 

operated using an environmentally safe working fluid. Furthermore, this study 

can contribute to the existing literature on OTEC cycles and its working fluid. 

1.6 Limitations of the Study   

The assumption on simulation of the OTEC cycles is based on steady 

state conditions by Uehara and Ikegami (1990) and Nihous (2005) in order to 

derive the appropriate initial values for various working fluids. Furthermore, 

the selection of working fluids to be tested has been identified by previous 

studies for OTEC cycle (Ventosa, 2011). 
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1.7 Research Flow Chart  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Research flow chart 
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1.8  Structure of Thesis 

The rest of the thesis is structured as follows. Literature review on 

OTEC cycles, working fluids and techno-economic of OTEC plant is 

summarized and discussed in Chapter 2. In Chapter 3, methodological 

approaches used in this study are explained. The sub-chapters include 

validation, analytical techniques of thermodynamic, selection methods of 

working fluids, etc. are organized for a detailed and complete elaboration. This 

also includes preliminary results for validation and comparison purposes. In 

Chapter 4, the results of the second-stage and third-stage simulation are 

presented. This chapter is presented with comprehensive analysis and 

discussion which are crucial to the objectives outlined in this study. Lastly, in 

Chapter 5, the conclusions of the study and recommendation for further works 

are presented. 

 

 

 

 

 



 

 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

OTEC is a system that converting thermal energy stored in ocean into 

electricity. The problems with this remarkable renewable energy are low 

efficiency, higher electricity costs, increased concerns for global warming, and 

a political commitment to energy security that have made OTEC is attractive 

to the researchers.  

 

Table 2.1: Overview of OTEC studies since 1979 until 2016 

Authors 

(year) 
Target Cycle 

Working 

Fluids 
Achievement 

Ganic 

and Wu 

(1979) 

Working fluids 

for OTEC 

Closed 

Rankine cycle 

Ammonia, 

Freon-114 

and 

Propane 

Ammonia the best 

fluid 

Uehara 

et al. 

(1998) 

Performance 

analysis of 

Uehara cycle 

Uehara cycle 

Ammonia-

water 

mixtures 

5.0% of thermal 

efficiency 

Halimic 

et al. 

(2003) 

Alternative 

refrigerant for 

Refrigeration 

cycle 

Refrigeration 

cycle 

R12, 

R401a, 

R290 and 

R134a 

R134a similar to 

R12 

Yeh et 

al. 

(2005) 

Maximum 

output of OTEC 

power plant 

Closed 

Rankine 

cycle 

Ammonia 

Optimization of 

pipe length, pipe 

diameter and 

flowrate of seawater 
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Table 2.1: Overview of OTEC studies since 1979 until 2016 (continued) 

Authors 

(year) 
Target Cycle 

Working 

Fluids 
Achievement 

Ikegami 

et al. 

(2006) 

Experimental 

performance 

using Uehara 

cycle 

Uehara cycle 

Ammonia-

water 

mixtures 

1.5% to 2% thermal 

efficiency for 

5hours of operation 

Tong et 

al. 

(2008) 

Performance for 

OTEC Closed 

cycle 

Closed 

Rankine 

cycle 

Ammonia, 

R11, R12, 

R22, R502 

R22 is suitable 

working fluid 

Zhang et 

al. 

(2012) 

Research on the 

Kalina cycle 

Kalina cycle 

and Closed 

Rankine 

cycle 

Ammonia-

water 

mixtures 

4% of thermal 

efficiency 

Semmari 

et al. 

(2012) 

Novel Carnot-

based cycle for 

OTEC 

CAPILI 

cycle 

R21, 

R114, 

R123, 

R152, 

R152a, 

R600, 

R600a, 

R134a, 

R134, 

RC318, 

R138 

1.9% thermal 

efficiency and 

R134a is the best 

fluid 

Liu et al. 

(2012) 

Performance of 

GuoHai cycle 

GuoHai 

cycle 

Ammonia-

water 

mixtures 

5.1% of thermal 

efficiency 

Aydin et 

al. 

(2015) 

Performance 

analysis of 

Closed Rankine 

cycle with solar 

preheating 

Closed 

Rankine 

cycle 

Ammonia, 

R22, R32, 

R134a 

The superheating 

case increases the 

thermal efficiency 

1.9% to 3% 

Kulkarni 

and 

Joshi 

(2016) 

Performance of 

working fluids 

in OTEC 

technology and 

different 

applications 

Closed 

Rankine 

cycle 

Ammonia, 

R22, 

R600a, 

R227ea, 

R290, 

R404a, 

R410a, 

R744, 

R1270, 

R236fa, 

R245fa, 

R134a 

Ammonia qield the 

highest efficiency 

but R744 offered 

few turbine 

problem and lowest 

vapor expension 
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Table 2.1 shows the overview of OTEC studies from 1979 until the 

most recent in 2016. It shows that the achievement of the researcher to 

improve the gap in OTEC technology. Recently, OTEC technology has come 

out with combination with solar technology (Aydin, 2015). It was proven that 

the combination is successful on thermal efficiency was increased. However, 

this study will be focused on improving the OTEC technology itself. 

The trend of the research has shown in Figure 2.1 that refers to the 

percentage of previous research focus on the OTEC topic from 1979 to 2016. 

From the pie chart, the highest research focus is 19% on environmental 

concern of the OTEC power plant is mainly regarding the ammonia usage as 

the working medium.  To address the environmental issue, about 16% of the 

researchers is concern about the selection of working fluids. The second 

highest of the research focus on the equipment size was 17% and heat 

exchanger technology was 15%, respectively. If the optimization has been 

achieved for equipment size and the suitable heat exchanger technology, it can 

reduce the capital cost to build the OTEC power plant. Apart from that, small 

amount of research focus on OTEC topics from the pie chart was power 

generation by OTEC plant, pumping power consumption, manufacturing cost, 

and the plant improvement. Consequently, this study will emphasize on the 

OTEC cycle improvement and selection of suitable economic, efficient 

working fluids towards the OTEC cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 The percentage of previous research focus on OTEC topics from 1979  

to 2016 
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 In terms of OTEC cycle with different working fluids which is the 

primary focus of this research, Ganic and Wu (1979) conducted a simple 

computer model on the effect of three different working fluids (ammonia, 

propane, and freon-114) on the size of OTEC heat exchangers and system 

performance. The model using seven different combinations of shell-and-tube 

heat exchangers are considered to compare with the three fluids. The study 

had shown that ammonia as the best fluid, although in some cases only by a 

small margin. Kalina (1982) identified that ammonia-water mixture plays a 

key role in the Kalina Cycle and a great competitor against the conventional 

Closed Rankine Cycle. With regard to the new ammonia-water mixture with 

Kalina Cycle, Uehara (1994) argued with an invented Uehara Cycle by 

additional absorption and extraction process that allows this system to give 1-

2% higher than Kalina Cycle. This new ammonia water mixture greatly 

improved the efficiency of the power cycle. Based on the idea, Iqbal and 

Starling (2000) pointed out that mixtures of working fluid gives advantages in 

OTEC cycles compared to pure-fluid. The efficiency of the Closed Rankine 

Cycle had been increased from 2.6% to 3.0% and improved performance 

characteristic under conditions of progressive fouling of heat exchanger. 

However, ammonia and chlorine can damage the eyes, skin, and can inhibit 

respiration. The risks are higher if accidents occur in the system involving 

these chemicals. So, the main question to be answered here is whether there 

are other suitable working fluids that are safe and economically efficient to 

replace ammonia using the  Closed Rankine cycle, like in this present study. 

2.2 Type of OTEC Cycle 

OTEC is able to generate power on a continuous of baseload basis as 

long as the sun keeps heating the SSW. There are three basic modalities of 

OTEC systems which is Closed Cycle, Open Cycle and Hybrid Cycle. In the 

closed-cycle, the temperature difference is used to vaporize and condense a 

working fluid to drive a turbine-generator to produce electricity.  In the open-

cycle, warm surface water is introduced into a vacuum chamber where it is 
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flash-vaporized.  This water vapor drives a turbine-generator to generate 

electricity. Remaining water vapor (essentially distilled water) is condensed 

using cold sea water. This condensed water can either return back to the ocean 

or be collected for the production of potable water. The hybrid-cycle combines 

characteristics of the closed  and the open cycles, and has great potential for 

applications requiring higher efficiencies for the co-production of energy and 

potable water. Figure 2.2 shows that the reviews from 1979 to 2016 that 

investigate specifically about the varieties of OTEC cycle, such as Carnot 

cycle, CAPILI cycle, Closed-Rankine cycle, Open cycle, Regenerative cycle, 

Kalina cycle, Uehara cycle, and Guohai cycle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.1 Carnot Cycle 

OTEC is a system of converting heat energy stored in parts of ocean 

into electricity by using the temperature difference between  surface water and 

cold water of about 20K over a depth of 500m to 1000m in the tropical zone.  

With these operating conditions, the limiting theoretical Carnot energy 

conversion efficiency of an OTEC plant is 8.6%.  The low maximal energy 

conversion efficiency means that about 92% of the thermal energy extracted 

from the ocean is wasted and only transits from the warm to the cold heat 

Figure 2.2 The percentage of previous research focus on OTEC cycle from 1979  

to 2016 
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exchanger of the OTEC plant.  Therefore, it is necessary to have a large heat 

exchanger area and seawater flow rates to produce a relatively small amount 

of power.   

 

For these reasons, this study will be focused on the improvement of the 

net efficiency if using other suitable working fluids and reduction of electricity 

generation costs. 

 

2.2.2 Closed Rankine Cycle 

A heat engine of an OTEC plant can take the form of a Closed Rankine 

cycle, which employs a working fluid that is commonly used in refrigeration 

application. The working fluid is evaporated at high pressure by warm surface 

seawater and expanded through a gas turbine that drives a generator. The 

expanded vapour is then condensed in a condenser by the cold deep seawater 

as coolant.  Finally, a liquid pump brings the condensed ammonia from the 

low pressure condenser to the high pressure evaporator and the process is 

repeated.  Closed Rankine cycle by Semmari et al. (2012) came out with a 

thermal efficiency of 3.8%.  

 

2.2.3   Open Cycle 

An Open Cycle operates similarly to the Closed Rankine cycle except 

that the warm seawater acts as the working fluid as in Figure 2.3.  Warm 

seawater is flash-evaporated at the evaporator and the resulting vapor drives a 

low-pressure steam turbine and is condensed by the cold seawater in the 

condenser.  In this variant, the condensate, which is a desalinated water, is a 

byproduct that can be used as a freshwater source. While direct heat 

exchangers can be employed in Open Cycle OTEC, which represents the 

major cost savings compared to Closed Rankine cycle OTEC, this Open Cycle 

needs to operate under partial vacuum conditions and without non-
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condensable gas. This specific operation increases parasitic power 

consumption and results in a lower efficiency. Furthermore, the low density of 

steam requires very large turbines to produce a significant power level.  For 

these reasons, most OTEC plants operate on the Closed Rankine cycle or its 

variants. 

 

 

 

 

 

 

 

 

 

 

 

2.2.4  CAPILI Cycle 

 The CAPILI cycle by Semmari et al., (2012) is especially 

designed so that the compression and expansion  can take place without sub-

cooling the liquid or superheating the vapor. This is made possible by using an 

inert liquid so-called "liquid of transfer (LT)", which acts as a liquid piston 

moving alternately between two insulated cylinders. The two cylinders are 

connected alternately to the evaporator and the condenser that operate at 

different pressure levels.  The liquid of transfer is characterized by a very low 

saturation pressure and substantial immiscibility with the working fluid. 

 

Figure 2.3 Schematic diagram Open Cycle. Adapted from Vega (2002)  



16 

 

 

 

2.2.5  Regenerative Cycle 

The operation of this cycle by Mago et al. (2008) is similar to that of 

the Closed-Rankine cycle. However, the only difference is the additional part 

of an open feed water heater.  In this cycle, a part of the steam is extracted 

from the turbine and goes through an open feed water heater to preheat the 

liquid refrigerant entering into the evaporator as shown in Figure 2.4. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6  Kalina Cycle 

The Kalina cycle system is shown in Figure 2.5.  The thermal 

efficiency by using Kalina cycle is 4%, investigated by Zhang et al. (2012).  

Kalina cycle has absorption and distillation equipment added to the cycle.  

Kalina cycle uses ammonia-water mixture as a working fluid. Compared with 

Rankine cycle, this cycle system has one more extraction subsystem. This 

system utilizes the working fluid, which is a mixture of ammonia and water. 

The mixture passes through an evaporator and some of it is turned into vapor. 

Next, in the separator, ammonia and water vapor separate from the ammonia 

solution. The ammonia and water vapor operate a turbine and then flow out 

from the turbine. Meanwhile, regenerator removes some of the heat from the 

separated ammonia solution coming out of the separator. The ammonia 

Figure 2.4 Schematic diagram of regenerative cycle by Mago et al., (2008) 
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solution  is then mixed again in a mixer with ammonia and water vapor 

coming out of the turbine and then returns to the condenser. After being 

condensed by cold seawater, it is pumped through the regenerator and sent to 

the evaporator again.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.7  Uehara Cycle 

The highest of OTEC plant efficiency is produced by Uehara cycle 

which was developed and invented by Uehara (1994).  The improved  cycle 

obtained a thermal efficiency of 6% by using ammonia-water mixtures and 

15K temperature difference. The Uehara cycle uses ammonia-water mixture as 

the working fluid.  The cycle extracts heat from the turbine to preheat the 

condensate that was contributing to plant complexity as in Figure 2.6.  This 

cycle consists of evaporator, pumps, two turbine-generator units or two stage 

turbine generators, condensers, separators, a regenerator, two heaters, a 

reducing valve, and an absorber. Operation of this cycle includes producing 

power and absorption or extraction processes and its thermal efficiency is 1-

2% higher than that of the Kalina cycle.  In the process of evaporation, the 

working fluid saturated vapour reduces the working fluid irreversibility in the 

process of absorption.  In the process of condensation, the low content of 

Figure 2.5 Schematic diagram of Kalina cycle. Adapted from Kalina (1984). 
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ammonia and the small temperature difference  reduce the irreversibility of 

condensation, and condense the working fluid completely  at low pressure at 

the same time. The Uehara cycle uses the poor ammonia solution recuperative 

cycle and the middle recuperative cycle, and reduces the heat loss during the 

cycle, compared to Rankine cycle of which the theoretical thermal efficiency 

increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.8  Guohai Cycle 

The latest cycle was developed in 2012 by Wei et al. (2012) called 

GuoHai cycle. The GuoHai cycle system is based on Closed-Rankine cycle 

and Uehara cycle. This new cycle system uses ammonia-water mixture as the 

working fluid. The GuoHai cycle has a slightly higher thermal efficiency than 

that of Uehara Cycle but has still not been commercialized yet.  GuoHai cycle, 

as shown in Figure 2.7, is proposed by the First Institute of Oceanography in 

China.  The difference between Guohai cycle and all other OTEC cycles is 

that when the working fluid through the regenerator heats the basic solution to 

Figure 2.6 Schematic diagram of Uehara cycle by Uehara (1994) 
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saturate, the weak ammonia solution from the separator heats the basic 

solution from the condenser in the regenerator.  

 

This cycle comes out with the improvement on the two regenerators 

(Regenerator 1 and Regenerator 2), so the basic solution can absorb more heat 

from the ammonia solution, therefore more ammonia can be saved to do work 

to improve the thermal efficiency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Working Fluids 

The second section of this project is on the selection of working fluids.  

Ammonia has been considered the best working fluid because it has a suitable 

boiling temperature (28°C – 32°C) for the OTEC purpose by Ganic and Wu 

(1979).  However, it is toxic and therefore can be hazardous to the 

environment. Recent development of working fluids shows that Ammonia can 

be replaced of other working fluids with zero Ozone Depletion Potential 

(ODP) and zero Global Warming Potential (GWP).  Finding other suitable 

substitutes is a big challenge to the project. A research done by Victoria 

Figure 2.7 Schematic diagram of Guohai cycle by Wei Min Liu et al. (2012) 
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(2011) and by Rozi and Henry (2012) have shown better results with the use 

of other working fluids such as Hydrocarbon (HC) and hydroflourocarbons 

(HFCs). The other findings are R123 as the best performance but the fluid 

contributes to the ODP and GWP. Therefore, it is suggested for isopentane as 

the second best performance and environmental friendly working fluid for the 

system. However, the applications of their research are for waste heat systems, 

but can still be operated at low temperature.  

The paper that reviews about 35 working fluids and analyzes the 

influence of fluid properties on the cycle performance is written by Chen et 

al.(2010). They have categorized the working fluids under three characteristics 

which are dry, isotropic, or wet fluid depending on the T-s diagram. The 

selection of working fluid becomes easier when we look into the characteristic 

of the working fluids. Purvis et al. (1997) has interpreted the data of working 

fluids into a table with Ozone Depleting Potential (ODP) and Global Warming 

Potential (GWP) of selected refrigerant. The results obtained for HFC-134a 

are zero ODP and 1300 GWP with low toxicity and zero flammability. 

Therefore, the importance of this study is to study other working fluids that 

have been suggested in the previous research work to be implemented for the 

OTEC cycle purpose.  It is essential to conduct a fundamental research in 

order to get the best performance of OTEC in a way to reduce capital cost. 

 

 

 

 

 

 

 

Figure 2.8 The numbers of OTEC previous research focusing on different 

working fluids from 1979 to 2016 
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2.4 Techno-economic Efficiency of OTEC 

Plant operation for OTEC technology do not use any fuel. Therefore, 

the major cost component could be construction cost of the infrastructure. 

According to the findings by Lennard (1987) a 10 MW capacity of floating 

OTEC power plant would cost 10,000USD/kW. The closed rankine cycle and 

ammonia as the working fluid was used. A 10MW floating plant had been 

designed using plate-fin heat exchanger which estimated to consume the 

highest percentage of cost component of the plant. This research had been 

stopped because of the exorbitant estimated cost until further development of 

the design of the demonstration plant until it would be suitable for production. 

Similarly, Rogers et. al (1990) stated that a land based of 1MW OTEC plant 

would cost 18,000USD/kW. The study conducted to enhance the economic 

prospect for both open cycle and closed rankine cycle. They highlighted the 

key importance was the demonstration of technical feasibility of using the 

OTEC flash evaporation to produce seawater. Thus, from the findings of such 

‘by-product’ of fresh water, notably improves the cost effectiveness in 

producing electrical energy. Subsequently, from the research of ‘Economics of 

Ocean Thermal Energy Conversion’ by Vega (1992) it was found that for the 

10 MW open cycle plant with second stage water production estimated by 

14,700USD/kW for the capital cost of the plant. The research continues by 

Vega (2010) for 100MW floating plant for 7900USD/kW. The capital cost of 

53.5 MW is just about 8430 USD/kW for this study. The differential value of 

the plant cost was calculated by converting to the present day cost using the 

USA 20-year average for equipment price-index inflation. The estimated cost 

value also based on the implementation of similar technologies, that later 

generation design will reach cost reductions of as much as 30% because in the 

past, the OTEC work did not yield a single order because there were no real 

customers for the technology. According to the previous literature, the capital 

cost was calculated based on ammonia as working fluid. Evidently, this study 

will come out with the comparison for economic efficiency by using different 

working fluids.  



 

CHAPTER 3 

RESEARCH METHODOLOGY 

In this chapter, methodological approaches was organized in the 

following sections which is basics of Laboratory Virtual Instrument 

Engineering Workbench (LabVIEW), RefProp 9 and PROPATH are 

introduced in Section 3.1. Then, calibration and validation of fluids’ data are 

explained in Section 3.2 and the details of analytical techniques of 

thermodynamic are discussed in Section 3.3. The steps on selection of 

working fluids are provided in Section 3.4. In Section 3.5, preliminary 

simulation that was conducted to determine the power potential of closed 

rankine cycle using ammonia as working fluid is explained with comparison 

with the previous literature study. Last but not least, a summary of this chapter 

is included in Section 3.6. 

3.1 Introduction 

LabVIEW is a system designing platform developed by National 

Instruments which is used for visual programming languages. Its use in 

various engineering fields (such as electrical, mechanical, aeronautical etc.) 

has contributed to the development of the biggest and complex applications in 

the world in order to meet future requirements. LabVIEW provides flexibility 

to users via intuitive graphical programming that helps in reducing the test 

development time. A LabVIEW simulation is performed in five steps: 

requirements gathering, application architecture, development, testing and 

validation, and utilization, as shown in Figure 3.1 below. 
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The thermodynamic model has been created in LabVIEW and linked to 

the working fluid data base in NIST RefProp 9 and PROPATH. The 

thermodynamic model of OTEC cycle is created in LabVIEW to run 

numerical calculation, simulations and compare the working fluids from a 

thermophysical perspective.  

The source of the fluids data is as follows: 

i. For properties of Ammonia, the table of Ammonia by Rogers and 

Mayhew (1992); 

ii. For refrigerants and organic fluids, the National Institute of Standards 

and Technologies (NIST) RefProp 9 (2013); 

iii. For ammonia-water mixtures, the equations of state for Ammonia-

Water Mixtures by Ibrahim and Klein (1993) from Program Package 

for Thermophysical properties of fluids (PROPATH). 

 

Figure 3.1 The advanced application development with LabVIEW by National 

Instrument (2014) 
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3.2 Calibration and Validation of The Working Fluids’ Data 

An important cornerstone of any methodology is validation and 

benchmarking. For basis in calculation, the knowledge of thermodynamic 

properties of the fluids which are enthalpy, enthropy, viscosity, and thermal 

conductivity is required. In this simulation model, three alternatives for the 

calculation of the properties of all the fluids has been integrated. Figure 3.2 

presents in a ν, T-diagram the comparison of saturations point calculated 

between the three alternative sets of data. According to the Figure 3.2, the 

difference between the data amounts to 0.34%, which is less than 3%. The 

trending line between all the data gives almost the same value. Therefore, the 

calibration by using either one of the source of data is acceptable. Since the 

calculation using the table produced by Rogers and Mayhew (1992) is time 

consuming, hence, the calculation is done using RefProp 9 and PROPATH.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Comparison data ν, T-diagram from table by Rogers and Mayhew 

(1993), PROPATH (1992), and RefProp (2013) 
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The trending line between all the data is same, the calibration between 

the source of data is accepted as for the Figure 3.3. Since the calculation using 

the table produce by Rogers and Mayhew (1992) formulation is time 

consuming, the following calculation is done using RefProp 9 and PROPATH. 

 

 

 

 

 

 

 

 

 

 

 

 

In this study, PROPATH and RefProp will be both used to find the 

thermophysical properties of working fluids. Similarity with Morisaki & 

Ikegami (2012) also used both PROPATH and RefProp for their research on 

evaluating ammonia, ammonia-water mixture and HFC245fa. Kim et al. 

(2009) conducted a simulation study about the system of OTEC by using 

condenser effluent from a nuclear power plant using PROPATH for ammonia-

water mixture thermophysical properties data.  Similarity, Goto et al. (2011) 

conducted their investigation by using PROPATH for binary mixture and 

came out with the accuracy of a simulation model that was evaluated from the 

experimental results.  According to Karla et al. (2012), the RefProp has a 
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Figure 3.3 Comparison data hf, T-diagram from table by Rogers and Mayhew 

(1993), PROPATH (1992), and RefProp (2013) 
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database of thermodynamic and thermophysical properties of fluids from 

17,000 pure components. Therefore, a benchmark from the previous study will 

be compared with the outcome later.  

3.3 Analytical Techniques of Thermodynamic 

The simulation was modelled over the thermodynamic analysis of the 

performance of OTEC Rankine cycle. The Rankine cycle consists of four main 

components: evaporator, turbine, condenser and coolant pump. Certain 

assumptions were made to simplify the analysis and the evaluation of the 

simulation (Yuan et al., 2014).  They are given as follows: 

i. Each of the components is in steady state. 

ii. Pressure drop and heat losses are neglected. 

iii. The system is fully insulated. 

iv. Isentropic efficiency is given for all pumps and turbines. 

The energy balance equations due to the steady state condition, total energy 

entering a system equal to total energy leaving the system which is in 

Equation 3.1 

 

                 (3.1) 

 

or it can be elaborated as in Equation 3.2 

 

                (3.2) 

 

where 


Q is the rate of heat transfer; inm


 and outm


  is mass flow rate, inlet and 

outlet of the system;  inW  and outW   is work inlet and outlet of the system. By 

assuming the system is fully insulated and no heat loss; inQ = 0, outQ = 0, and 

outin EE 

outoutoutininin mQWmQW



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outW =0; the energy balance in the pump is written as Equation 3.3:  

                                            

                                                                                                                      (3.3) 

 

From Equation (3.3) the work supplied can be expressed as Equation 3.4 

 

                   (3.4) 

 

Heat rate supplied to the cycle (evaporator), 


eQ  is given as Equation 3.5 

         (3.5) 

 

Heat rate rejected from the cycle (condenser), 


cQ  is calculated as Equation 3.6 

                  

                                                                                                                      (3.6) 

 

Where outh  and inh  refers to entalphy at evaporator and condenser. Heat rate 

absorbed from the warm sea water, 


wseQ ,  is shown as in Equation 3.7 

(3.7) 

 

Heat rate rejected into the cold seawater, 


cwcQ ,  is Equation 3.8 

 (3.8) 

 

where, 


wsm and 


csm are the mass flow rate of warm and cold sea water, 

respectively.  pc  is the seawater specific heat capacity at constant pressure. 

The working fluid pump, 
wfPW  and the turbine work, TW   is written as the 

Equation 3.9 and Equation 3.10      

                                                                                                (3.9) 

 

 

(3.10) 

wspwswse TcmQ 


,

hmW wfT 


cspcscwc TcmQ 


,

outinin mmW




inoutin mmW




ewfe hmQ 


cwfc hmQ 


)( 12 PPvmW wfPwf



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where, h  is the enthalpy difference in the turbine system. By Uehara and 

Ikegami (1990), the working fluid pumping power, PwfP  in the Equation 3.11;  

The warm sea water pumping power, wsP  ; and the cold sea water pumping 

power, csP  given as the Equation 3.12 and Equation 3.13 

               

(3.11) 

 

        

                          (3.12) 

 

        

                          (3.13) 

 

where H is the pressure difference. The net power output, nP  is generated as 

Equation 3.14 

                                                                                                       (3.14) 

 

3.4 Selection of Working Fluid 

The working fluid plays a key role in the cycle. An optimum working 

fluid must have the necessary thermophysical properties equivalent to its 

application and remain chemically stable in the preferred temperature range. 

The selection of working fluid affects the efficiency, operating conditions, 

environmental impact and economic viability of the system. The criteria for 

determining a potential working fluid for the OTEC closed Rankine cycle 

system at various conditions is explained in this section. Hung (2010) and  

Sami (2012) have identified the important factors that influence the 

thermodynamic and thermophysical requirements of this system namely; 

wfpcswsGn PPPPP 

pws

wsws

ws

gHm
P

,






pwf

wfwf

Pwf

gHm
P

,






pcs

cscs

cs

gHm
P

,





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boiling point, latent heat, specific heat, thermal conductivity, flash point, 

boiling temperature, chemical stability, and toxicity, as shown in Figure 3.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this case study, the OTEC Closed Rankine cycle used the working 

fluids boiling point close to the evaporator operating temperature, which 

approximately 25
0
C to 40

0
C (Ventosa, 2010). Additionally, Liu et al. (2004) 

has classified the fluids into dry, isentropic or wet according to the saturation 

curve (dT/ds) because a dry or isentropic type of fluids is suitable for OTEC 

Closed Rankine cycle. The comprehension of separating the type of fluids is to 

make sure the fluids is totally superheated after isentropic expansion, meant to 

prevent liquid droplets appearing on the turbine blades.  

 

3.4.1 Types of Working Fluids 

There are two types of working fluid which can be classified as pure 

fluid which is pure compound and pseudo-pure fluid. Pseudo-pure fluid means 

several pure compounds of fluid are mixed. In this test, ammonia, R134a, 

Figure 3.4 Selection of working fluids by  Hung et al. (2010) and  Sami (2012) 
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R143a, Propane, R22 are classified as pure fluid and do not mix with other 

compound. For ammonia-water mixture, R410a, R470c, R404a, R507a is a 

pseudo-pure fluid. Figure 3.5 and Figure 3.6 show that the highest enthalpy 

difference is ammonia-water mixture, followed by pure Ammonia compound, 

Propane and R410a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on this Figure 3.6, the amount of heat added is greater in the 

case of ammonia-water mixture when compared to other working fluids. This 

is due to its higher value of latent heat, which is the quantity of heat absorbed 

by a liquid to remain at a constant temperature or pressure during 

vaporization. 

 

 

 

 

 

 

 

Figure 3.5 Latent heat-pressure diagram of pure fluid and pseudo-pure fluid  
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3.5 Preliminary Simulation 

A preliminary design model for simulation of a 1 MWe OTEC Closed 

Rankine cycle using ammonia as working fluid. This preliminary design is to 

validate the model developed by Yang and Yeh (2014). Apart from that, the 

preliminary design model allows to estimate for 5MWe, 10MWe of the OTEC 

Closed Rankine cycle. 

 

 

 

 

 

 

Figure 3.6 Close up Latent heat -pressure diagram of pure fluid and pseudo-pure fluid 
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Table 3.1: Fixed condition parameters for three OTEC cycles to be 

investigated 

 

The ammonia conditions are in a steady state in the simulation of 

OTEC Closed Rankine cycle based on  Uehara and Ikegami (1990) as shown 

in Table 3.1. Figure 3.7(b) shows the graphs that quantify the simulated 

model. When the reference case was compared to the preliminary study, it was 

discovered that ammonia is the working fluid that produces the highest total 

work output. These findings are supported by the fact that ammonia has the 

highest and most suitable latent heat value for the OTEC cycle system. 

 

 

 

 

 

 

 

Variable Value 

Warm seawater inlet temperature, Twsw (
o
C) 30 

Cold deep seawater inlet temperature, Tcsw (
o
C) 5 

Evaporating temperature, TE (
o
C) 28 

Condensing temperature, TC (
o
C) 8 

Turbine efficiency, ηT (%) 0.82 

Generator efficiency, ηG (%) 0.95 

Warm seawater pump efficiency, ηpump,wsw (%) 0.80 

Cold deep seawater pump efficiency, ηpump,csw (%) 0.80 

Working fluid pump efficiency, ηwf (%) 0.75 
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(a)                                              (b) 

  

 

 

 

Table 3.2: Analysis of OTEC Closed Rankine cycle using ammonia as working fluid 

 

 Unit 1MWe 5MWe 10MWe 

Qin kW 19724.40 81375.50 162751.00 

Qout kW 18685.00 76166.90 152334.00 

Wp(wf) kW 13.22 54.53 109.06 

Wp(wsw) kW 96.74 399.12 798.24 

Wp(cws) kW 118.76 484.11 968.21 

 kg/s 15.82 65.25 130.50 

 kg/s 1793.01 7397.29 14794.60 

 kg/s 1587.67 6471.91 12943.80 

WT kW 905.00 4525.00 9050.00 

Wnet kW 676.28 3587.24 7174.48 

Figure 3.7 The net work output of Closed Rankine cycle  using several working 

fluids, where (a) is developed by (Yang & Yeh, 2014); (b) the design model simulation 

using  LabVIEW and RefProp 


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This preliminary analysis also serves as an introduction to the 

visualization methods used in subsequent analysis section in Chapter 4. As can 

be seen from Table 3.7, the net power output initially increases greatly when 

scaling up the system (Upshaw, 2012) 

3.6 Summary 

The method to investigate the efficiency according to different 

working fluids and improvement of the cycle has been introduced. The 

methodological approaches applied in this study were mostly based on the 

OTEC past studies. This chapter comprised of only a part of the capability of 

LabVIEW and RefProp software. Simulation details and procedures explained 

in Section 3.1 to Section 3.4 provide a thorough process and concepts, which 

includes the preliminary result for a first stage of the simulation. On the other 

hand, the preliminary simulation that was included in Section 3.5 are shown to 

explain the sufficiency of the parameters used in this study. Following this 

finding, similar settings were then applied to the second and third stage of the 

simulation which concerned on the suitable techno-economic working fluid, 

presented in Chapter 4 with further details shown to explain the sufficiency of 

the parameters used in this study.  

 

 

 

 

 

 

 

 

 

 



 

CHAPTER 4 

RESULT AND DISCUSSION 

In this chapter, result and discussion of the achievements of the 

objectives of this research are presented.  In Section 4.1, the thermodynamic 

efficiency of the OTEC Closed Rankine Cycle adopts an interstage 

superheating and a modified condenser cold deep seawater cooling system is 

described. However, for the intention on the techno-economic topic in this 

study, the selected working fluid will be tested by using OTEC basic Closed 

Rankine Cycle. In Section 4.2, the techno-economic efficiency of each of the 

working fluids is plotted for the purposed of comparison. In Section 4.3, the 

discussion of significant reduction in the health risk and on the negative 

environmental effect of the selection of working fluid are presented. Finally, 

in Section 4.4 is a discussion to highlight the overall findings and objectives 

that have been achieved. 
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4.1 The Thermodynamic Efficiency 

The basic OTEC Closed Rankine cycle has been modified to produce 

more output work by introducing two stage steam turbines adopting 

interstage superheating and a modified condenser cold deep seawater cooling 

system regardless the cost impact of the cycle. The assumption had been 

made regarding the working condition is the important factor and these 

considerations take place to concentrate the analysis on the effect of adopting 

interstage superheating and a modified condenser cold deep seawater cooling 

system. The same assumption and method was used for basic and proposed 

Closed Rankine cycle.  

 Based on the research on the OTEC closed Rankine cycle, a newly 

proposed cyclical system with interstage superheating was studied. The 

process 1 to 2 shows the constant pressure heat addition in the evaporator. 

The point 2 to 3 is the complete expansion of steam is interrupted in the high 

pressure turbine and steam is discharged after partial expansion. This 

reheated steam by using warm seawater is supplied additionally at the point 4 

to a low pressure turbine for complete expansion, where the steam pressure 

approaches the value of the condenser pressure at point 5. The process from 5 

to 6 represents the constant pressure heat rejection process in the condenser 

while 6-1 describes the working fluid pump compressing the working fluid to 

the operating pressure of the evaporator. The T-s diagram for the modified 

Rankine cycle in Figure 4.1 shows a slight increase in the area which is 

created by the introduction of reheating of steam. Thus, reheating increases 

the work output because of the low-pressure expansion work of the turbine. 

The main purpose of reheating is to protect the turbine blade by removing the 

moisture carried by the steam. Using two turbines also provides the 

advantage of improving the efficiency of the cycle, among others. 
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This happens mainly because a larger fraction of heat flow throughout 

the cycle occurs at the higher temperature of the working fluid. Moreover, the 

energy of the exhaust steam and the heat gained from the warm seawater 

enables the production of a large amount of work. The work output of two 

turbines is far greater than that of a single turbine. However, the disadvantage 

of using two stage turbines is the increase in manufacturing and maintenance 

costs. Hence, further discussion on the result of using different working fluids 

will focus on the basic OTEC closed Rankine cycle. Moreover, future studies 

will also emphasize the effect of using other working fluids on the economic 

efficiency. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1  T-s diagram of the OTEC closed rankine cycle with interstage 

superheating and modified condenser cooling system 
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Table 4.1: Calculated result of the proposed OTEC Closed Rankine Cycle 

and the basic OTEC Closed Rankine Cycle uses Ammonia as working fluid 

 Unit 

Analysis of 1MW OTEC power plant 

Basic OTEC Closed 

Rankine Cycle 

Proposed OTEC 

Closed Rankine 

Cycle 

PE kPa 1099.30 1099.30 

PC kPa 573.70 573.70 

Qin kW 19724.40 9237.98 

Qout kW 18685.00 8189.88 

Wp(wf) kW 13.22 6.17 

Wp(wsw) kW 96.74 43.80 

Wp(cws) kW 118.76 52.05 

 kg/s 15.82 7.38 

 kg/s 1793.01 811.77 

 kg/s 1587.67 695.89 

WT kW 905.00 756.58 

Wnet kW 676.28 737.22 

 % 3.43 7.98 

 

While the output of the simulated model shows a slight increase in 

the net power output, the efficiency of the cycle is twice of the efficiency of 

a basic OTEC closed Rankine cycle. Table 4.1 clearly shows that 

implementing interstage superheating leads to a 4.5% increase in the basic 

OTEC closed Rankine cycle. Practically speaking, having  two or more 

stages in the Rankine cycle would require significantly smaller turbines 

(Upshaw, 2012), which would decrease the efficiency.  Therefore, the model 

used in this study overestimates the conversion efficiencies for power 

output, with an increase intechno-economic efficiency at a higher number of 

stages. Nevertheless, this analysis proves that the proposed OTEC closed 



wfm



WSWm



CSWm


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Rankine cycle can offer the higher work output and efficiency, but it needs 

additional cost because of using two turbine stages. 

 

Additionally, the system proposed in this study has also created a 

modified condenser cooling system. Previously, an open-loop was used for 

the condenser. However, the proposed system uses a closed-loop for the 

condenser cooling system by using ethylene glycol, which is the common 

working fluid in the air conditioning industry, as the chiller. Hence, it can be 

suggested that air conditioning technology is trying to comply with OTEC 

technology in this case.  

 

The suggested working fluid uses ethylene glycol to act as the 

medium of heat transfer for cold seawater because it is most commonly used 

antifreeze fluid for standard cooling applications. Considering a safety factor 

of 20%, the cooling capacity of the system with ethylene glycol is 9569.88 

kW, whereas the cooling capacity of a system using deep seawater is 

10471.75 kW. 

 

Therefore, using ethylene glycol in the proposed closed-loop 

condenser cooling system will decrease the cooling capacity required for the 

condenser. Nevertheless, the application of the proposed closed-loop 

condenser cooling system will minimize the impact of biofouling in the 

condenser tube. 

4.2 OTEC Closed Rankine Cycle Using Different Working Fluids 

The working fluid is one of the driving factors in this study.  The 

Figure 4.2 shows the simulated result of net power generated by a deep 

seawater work pump for eight different working fluids. It can be observed 

that the net power generation is the highest for ammonia-water mixture (740 

kW), and the power required to pump deep seawater for the cooling system is 

also low. The fact that pure ammonia has the second highest value of net 
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power generation is a characteristic that is very well known in the OTEC 

power cycle. The third highest of the net power is R134a followed by R22 

and Propane. R134a is the possible candidate to replace the Ammonia as it is 

the hisgest net power among the other 5 working fluids but it has the biggest 

work pump for deep seawater. Therefore, it needs a big pipe to pump from 

the deep seawater to condense R134a. R22 has the higher net power but 

lower pumping power for deep seawater compared to Propane. R32 is the 

fourth possible candidate to replace Ammonia. As the graph shown, R32 

gives the lowest pumping power than the other workingfluids including pure 

Ammonia. The graph also shown that R410a and R143a have low pumping 

power compared to pure Ammonia, but it has the lowest net power output.  In 

this study, a working fluid must be proposed as a replacement for ammonia 

because it is harmful to the environment and requires a special material to 

maintain. Meanwhile, this figure is used for the simulation of performance of 

the cycle. However, the techno-economic efficiency will discover in Sections 

4.3. 
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Figure 4.2  The simulated result of net power generated by a deep seawater work 

pump for eight different working fluids 
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Figure 4.3 shows the relationship between the net work output and 

efficiency. Though both ammonia and ammonia-water mixture have higher 

net work output and efficiency than the other working fluids, they require a 

separator to ensure the turbine blade is not affected by water vapour from the 

fluid (especially for ammonia-water mixture). The corresponding efficiency 

is lower when propane and R32 are used as working fluids. Despite this, both 

of them possess a relatively wider range of working pressure and a more 

steady working range when comaped to R410a, R22, R134a, and R143a 

(Gong, Gao, and Li et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3  The relationship between the net work output and efficiency for eight 

different working fluids 
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4.3 The Techno-Economic Efficiency of Different Working Fluid 

The evidence from the results of the simulation  shows that 

ammonia-water mixture has a higher value of net power produced and lower 

cost of main product when compared to ammonia. This still makes 

ammonia-water mixture the best working fluid in terms of net power despite 

its low capital cost.  It is because of these 3 factors which are; ammonia 

water mixture has the highest efficiency among the other fluids, a lowest 

pumping power needed and a lowest capital cost to built an OTEC system. 

However, the ammonia water mixture needs a proper maintenance on the 

turbine because of water droplet will be occurred in the turbine. Therefore,  

recommendation for further study on the maintenance cost of using 

ammonia water mixture is needed for further improvement. Ammonia has 

become the second highest of thermal efficiency but the highest capital cost 

because of its higher pumping power needed and the cost of special material 

to handle with pure ammonia. Propane has the lowest net cost of main 

system components when compared to the other working fluids. However, 

the net power output of propane is still lesser than that of ammonia and 

ammonia-water mixture, making it the best option to replace them. 

 

There are two types of working fluids that can be classified as pure 

fluids: a pure compound and a pseudo-pure fluid. In this simulation, 

ammonia, R134a, R143a, propane, R22, and R32 are classified as pure fluids 

which do not mix with other compounds. For the ammonia-water mixture, 

R410a acts as a pseudo-pure fluid, i.e. a mixture of several pure compounds 

of fluid. 

 

As the result of the simulation at Figure 4.4, clearly displays that 

propane and R32 are potential fluids that can act as a replacement for 

ammonia. This is because they have a lower cost and are non-toxic when 

compared to ammonia. Propane dissolves easily in mineral oils. 

Additionally, as shown in Table 4.3, propane is a highly flammable fluid. 
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However, this is not a significant issue in its application in OTEC closed 

Rankine cycle system since the highest temperature only reaches 40 
o
C .   

 

R32 is the second best substitute for ammonia. It has a high value of 

specific heat at normal boiling point and an instantaneous effect of saturated 

vapour pressure on temperature. R32 is also characterized by its high 

productivity at cold temperature and high energy effectiveness, even if it is 

slightly inferior to R22 and ammonia in this properties. Propane and R32 

have the potential to economically satisfy the safety and environmental 

requirements of the system. They are likely the best options to be used as 

refrigerants for the OTEC working fluid that will replace ammonia or 

ammonia-water mixture in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4  The simulated result of thermal efficiency and capital cost 

(USD/kW) for eight different working fluids 
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Table 4.2: Calculated result of the different working fluid with the capital cost per 

net power ($/kW) 

Working Fluids Capital Cost/Net Power ($/kW) 

Ammonia 21700 

Ammonia-water mixture 16201 

R410a 17900 

Propane 15730 

R22 19540 

R32 16990 

R134a 20025 

R143a 21400 

 

The Table 4.2 is generated from the Figure 4.4 for the exact value of 

the capital cost per net power output. 

4.4 Environmental Criteria 

By focusing on the thermodynamic and environmental feasibility, this 

study has enhanced the important role of working fluid in the OTEC power 

cycle, as shown in Table 4.3. 
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Table 4.3: Environment criteria for each working fluid by (Nouman, 2012) 

4.5 Summary 

In this Chapter, the study has evaluated the proposed OTEC Closed 

Rankine cycle which is to improve system efficiency of an OTEC power 

cycle. It can be seen that for the turbine gross power of proposed OTEC 

Closed Rankine cycle is decreased because of the amount of the working 

fluid flowing into the low stage turbine is reduced. With regards to the 

techno-economic analysis has evaluated using basic OTEC Closed Rankine 

cycle.  As for the working fluid, the Propane and R32 was chosen to replace 

ammonia as its non-corrosive, lower toxic characteristic and being more 

economic efficient. R32 has a characteristic of smaller turbine size than 

ammonia used that can reduce the capital cost(Kim, Ng, & Chun, 2009). 

 Flammability Toxicity ODP GWP 

Ammonia Low High 0 1.00 

Ammonia-water 

mixture (0.9) 

Low High 0 1.00 

R410a Non Low 0 2340 

Propane High Low 0 3 

R32 Low Low 0 675 

R22 Non Low 0.055 1900 

R134a Non Non 0 1300 

R143a Non Non 0 4470 



 

 

CHAPTER 5 

CONCLUSION 

The simulation was conducted to investigate the performance of 

OTEC cycle using different working fluids. At the initial stage of the study, 

preliminary simulation was conducted to confirm the simulation model with 

the reference from past OTEC studies. Second stage simulation was then 

executed for the proposed OTEC Closed Rankine cycle adopting an 

interstage superheating and modified evaporator warm surface sea water 

heating and condenser cold deep sea water cooling systems. The third stage 

of simulation was generated on OTEC Closed Rankine cycle using different 

working fluids. In Section 5.1, concluding remarks which were based on  the 

analysis in Chapter 4 were presented, and the outlined objectives of this study 

(in Chapter 1) were revisited to summarize and conclude what has been 

achieved. Subsequently, recommendations were included in Section 5.2. 

5.1 Concluding Remarks 

The current state of the OTEC Closed Rankine cycle technology was 

described. A model which incorporates Labview and Refprop softwares was 

successfully developed and used for a preliminary evaluation of a 

performance of an OTEC cycle. The preliminary result of a test run on 1MW 

net power output shows a close agreement with that of exiting data. The 
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model was later used as a tool to evaluate the performance of the OTEC basic 

closed rankine cycle using six different working fluids. 

 

The work was also extended to study the performance of a proposed 

modified OTEC Rankine cycle in which interstage reheating was introduced. 

The same developed model was used to evaluate the performance of this 

proposed modified OTEC Rankine cycle. The result shows an increase of 

thermal cycle efficiency from 3.43% to 7.98%. Therefore, this study has 

proved that there are improvement on the performance of closed rankine 

cycle by adopting an interstage reheating using warm surface water. 

 

The result also shows that although none of the other fluids perform 

as good as that of ammonia water mixture, in term of thermal cycle 

efficiency, the propane is found to be the best option to substitute it, in term 

of economic efficiency and safer to the environment. 

5.2 Recommendations 

There are many working fluids that have interesting thermodynamic 

properties and need to examine their use in OTEC Rankine cycle with 

consideration of environmental and safety features. Especially the mixture of 

working fluids to gain the possible close thermodynamic properties that 

suitable for OTEC system. For the recommendation future work should also 

focus on studying the proposed cycle to be evaluated with various working 

fluids and compared due to its economic efficiency. Additionally, future 

works can discover other software which is more intelligent, powerful and 

user friendly such as CyclePad, Cycle-Tempo and HYSYS software. The 

future work should include practical studies for most interesting working 

fluids in order to compare the theoretical and practical results. The practical 

testing is a necessary issue, however there is uncertainty in databases for 

some working fluids. 
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