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ABSTRACT 

 

Energy sector has been getting a lot of attention these past years as the gap between 

supply and demand of energy is getting bigger day by day. Energy resources must be 

used efficiently to ensure that there will be a continuous and uninterrupted energy 

source in the future. This also applies to Liquefied Natural Gas (LNG) which 

nowadays is one of the widely used sources of energy. LNG must go through 

regasification process before being used for industrial and domestic purposes.  

Known to be at a very cold temperature (-162°C), this process normally uses the 

thermal energy of sea water as heating medium. Unfortunately, this process releases 

a large amount of energy (about 800 kJ per kg of LNG) as the cold sea water will be 

discarded back to the sea. This study proposed to recover the large amount of cold 

energy from LNG regasification process using the Rankine and Brayton power 

cycles for electricity generation. Aspen Hysys software is used to design and 

simulate an improved system using the Kelloggs process as the base case.  The 

results show that after simulation and parameter manipulation, the proposed combine 

cycle has thermal efficiency of 38.8% and thermal efficiency of 65.52% using water 

and carbon dioxide as the working fluid. 
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CHAPTER 1: INTRODUCTION 

1.1 Background of study 

Natural gas (NG) is a fossil fuel that is formed after being pressurized and heated for 

millions of years underneath thousands meters of soil and rock. It is a form of 

hydrocarbon made up of compounds of hydrogen and carbon. Qiang, Yanzhong and 

Jiang (2004) suggested that NG is becoming the third biggest energy resource and 

known to be the cleanest burning fossil fuel as it produces less emissions and 

pollutants than both coal and petrol. 

Normally, NG will be transported from the gas field far from the land to the power 

plant in the form of Liquefied Natural Gas (LNG). It is condensed into liquid at 

atmospheric pressure by being cooled to about -162 °C. NG is transported in liquid 

phase because in that form, the transportation of LNG is more reliable and appealing. 

NG will be compressed to about 1/600
th

 of the original volume and thus having 600 

times more energy density in liquid form rather than gas (Kim & Kim, 2014).  After 

that, to be used for industrial and domestic purposes, LNG must be turned back to 

gas form at the regasification terminal.  

 

 

 

 

 

 

 

LNG regasification releases a large amount of cold energy, about 800 kJ/kg of LNG 

and usually, sea water will be used as the heating medium and will be discarded back 

into the sea (Gomez et al, 2014). According to figure 1, a conventional regasification 

Figure 1: LNG regasification process flow 
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terminal would start with the unloading ship transferring the LNG to the tank. Due to 

the heat from the pumping and solar radiation, a small part of the liquefied gas turned 

to vapour and will compensate the unloading process from the tank while some will 

be reinjected into the recondenser. If both of the processes exceeded their capacity, 

the balance ‘boil off’ gas will be burned in the torch. High pressure pump will pump 

the LNG to the vaporizer (regasification unit) to be heated into gas form and send to 

the national pipelines grid. Normally, sea water will be used as the heating medium 

and will be discarded at a very cold temperature. 

With the rising energy prices and environmental effects, it is very crucial to recover 

the energy lost and thus improvements must be done to the current regasification 

process. There are several of ways to recover the energy such as CO2 capture 

technology, air separation and also agro-food industry (Gomez et al, 2014). Thus, 

this paper deals in improving one of the regasification processes to be the base case 

which is the Kellogg process to combine the Rankine with Brayton cycle. 

1.2 Problem Statement 

Conventionally, the regasification process of LNG uses the thermal energy of sea 

water as heating medium. However, a large amount of energy is being wasted as the 

cold used sea water is returned to the sea (Gomez et al, 2014). Other than that, this 

action also has the potential to cause degradation to the underwater ecosystem. 

Dispenza et al. (2009) suggested that there is still much potential to improve in the 

recovery of cold energy from the regasification process such as utilizing the power 

cycles. Through this study, a new method of combining Brayton and Rankine cycle 

to recover the cold energy will be designed and simulated. Therefore, besides 

producing more power for industrial usage, energy wastage and environment issues 

can be resolved.   

1.3 Objectives  

The objectives of this study are; 

1. To design and simulate a combined power cycle system that uses the cold 

energy from regasification process to generate more power by using Aspen 

Hysys simulation software. 
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2. To evaluate potential economic impact of the new proposed system based on 

the power generation. 

 

1.4 Scope of Study 

The scope for this project covers the following topics; 

 

 

 

After understanding a typical LNG regasification process, the working principle of 

Ranking and Brayton cycle is studied. It is found that the waste cold energy from the 

process can be used as a cooling medium to cool down the working fluid in the 

power cycles. This concept is then being used as the principle to design a new 

process combining these two cycles. Further research is being carried out to find the 

best working parameters for the operation of the new designed system. 

1.5 Relevancy and Feasibility of the Project 

As the demand for energy increasing from days to days, it is vital to make full use of 

all the energy available. The cold energy from the regasification process is better to 

be converted into useful energy such as electricity rather than just releasing it to the 

environment. This project is relevant to the course of chemical engineering as it 

applies back some of the engineering knowledge inside the project. Mass and energy 

balance are used widely in the form of sofware simulation and not to forget the 

thermodynamic principle of Rankine and Brayton cycle. 

1.6 Feasibility of the Project 

This project is feasible to be carried out for as it is within the scope and also the time 

frame. The period of 8 months is enough for the simulation and the process 

optimization to be carried out. The help from the open literature and previous 

researches provide the suitable planning and sample of how the project going to take 

place. Furthermore, no sophisticated equipment and chemicals required for this 

project as it is totally simulation based. This means that no workstation is required 

and only the software needed is the Aspen Hysys. 

LNG 

Regasification 

Rankine 

Cycle 

Brayton 

Cycle 

Combine 

Cycle 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Regasification Process 

Generally, after being transported in the form of LNG to the terminals, the liquefied 

gas is loaded into the LNG storage tanks. Before being used or delivered to the 

consumers, the liquid needs to be vaporized based on the demand. This process is 

called regasification. This is a process where the LNG is changed from liquid phase 

to gas phase using vaporizer. 

There are three types of vaporizers commonly used in LNG regasification process. 

They are Open Rack Vaporizer (ORV), Intermediate Fluid Type Vaporizer (IFV) and 

Submerged Combustion Vaporizer (SCV). The ORV as shown in Figure 2 uses sea 

water which is usually above 5°C as the heating medium to regasify the LNG (Patel 

et al, 2013).  The main part of an ORV is hundreds heat transfer tubes made of 

aluminum alloy forming panels that have excellent heat conductivity which is about 

300 W/mK (Sigli et al, 2010). The LNG will go up inside the panels counter current 

with the sea water which is going down. The LNG is being heated along the way and 

transformed into gas phase. The ORV uses sea water as the heat source, thus the 

running cost of ORV will only come from the pumping work of sea water.  

The typical length of the heat transfer tube is 10 m and a longer heat transfer tube 

will yield a better performance. However, the pump will require working harder and 

this will result in a higher operating cost. According to research done by Yamazaki et 

al (1998), they found that the optimum length of of the heat transfer tube is 8 m. 

They also developed an ORV that contains a vaporizing section of duplex tube 

construction and has a better performance comparing to the conventional type. The 

rate of LNG that can be vaporized is 3 to 5 times more and it required about 15% 

lesser sea water comparing to the conventional one. The new vaporizer has a 

capacity of 350 kg/h or LNG per heat transfer tube and uses the ratio of 30:1 sea 

water/LNG (Yamazaki et al, 1998). At 4 MPa, the LNG will enter the ORV at about 

-150°C and exiting at about -86°C which is the saturated temperature at that 

condition. Meanwhile, sea water enters at about 10°C and comes out at about 7°C. 

The decrease in temperature is because the heat has been transferred to the LNG (Jin 

et al, 2014).  
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The IFV (Figure 3) uses the sea water as the heat source but does not vaporize the 

LNG directly. The sea water is used to heat a heating medium (intermediate fluid) 

which will normally be propane. Using hydrocarbon can prevent freezing problem 

faced by the seawater thus allowing the use of cold sea water as cold as 1°C (Patel et 

al, 2013). This is because such intermediate fluid meets the requirement of large heat 

flow even up to 50 MMBTU/h and fluids like propane has very low freezing 

temperature which is -180°C (Fengxia et al, 2013). 

 There are three shell and tube heat exchangers involved in this vaporizer (E1, E2 

&E3).Normally, an IFV operates at 0.45 MPa where the saturated temperature of 

LNG is 1.65°C (Fengxia et al, 2013)..  As for the process first, the LNG will be 

introduced into E2 which is also known as the condenser, at -161°C. This is where 

heat is transferred between LNG in liquid form and the intermediate fluid gas. The 

LNG will be almost completely vaporized and transferred to the E3 which is known 

as the thermolator. This is where the balance LNG exchanges heat with sea water and 

completely turned to gas at normal temperature exiting the IFV at about 2-3°C. 

The intermediate fluid on the other hand, after the heat exchange process in E2, it 

will turn into liquid form and flows into E2, which is also known as evaporator. This 

is where it will be heated by seawater, vaporizing it again in to gas form to repeat the 

whole process.  

Figure 2: Open Rack Vaporizer 

 

Vaporized Natural 

Gas (VNG) 
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Another type of LNG vaporizer is the SCV (Figure 4) which is submerged 

underwater burner. It works by burning about 1.5% of the vaporized LNG to 

generate heat to turn the LNG to gas phase. According to CHIV international (2007), 

the SCV has very high thermal efficiencies reaching up to above 95%. The 

combustion gas will be exhausted to the water and thus creating a relatively low 

temperature from about 12°C to 37°C to be a stable heat source for vaporization of 

LNG (CHIV International, 2007). One of the features of SCV is that even though the 

combustion of burner stops, the high heat capacity of water (4.18 kJ/kg.C) can still 

continue providing the heat for a limited time.  

Other than that, the water bath during the operation of SCV has the tendency to 

become acidic when it absorbs the product from the combustion. Therefore, 

chemicals with basic properties such as sodium carbonate and soda must be added to 

the water bath in order to monitor the pH level.  

 

 

 

 

 

Figure 3: Intermediate Fluid Vaporizer 

Inlet 

Inlet 

Outlet 

 

Outlet 

VNG 
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In terms of the performance, even though Eisentrout et al (2006) suggested that the 

SCV is much favorable, there is also a study saying that the ranking of the vaporizers 

depends on the ambient of the locations (Patel et al, 2013).  

In a warm condition, it is best to use the IFV with glycol water as intermediate fluid 

and air as the heat source. On the other hand, in a cold environment, the best 

vaporizer will be ORV with sea water as the heat source combined with SCV 

producing heat from fuel gas (Patel et al, 2013). 

According to Lu & Wang (2009), it is important to have effective utilization of 

cryogenic energy associated with LNG vaporization. Thus, there are many studies 

and researches done on regasification process and how to recover the cold energy 

being discarded to the sea (Sun et al, 2014; Choi et al, 2013; Zhang & Lior, 2007; 

Shi & Che, 2009; Miyazaki et al, 2000). This is usually done by incorporating the 

LNG into the thermodynamics power cycles like Rankine and Brayton cycle. Among 

them is the base case of this study, Kellogg process which uses the Rankine cycle to 

generate more power. Nevertheless, issues and findings from their research works 

will be further discussed in this chapter. 

 

Figure 4: Submerged Combustion Vaporizer 

VNG 
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2.2 Rankine Cycle 

Rankine cycle is commonly found to be used in steam turbines. Most of the current 

power generation plant has been reported to be using rankine cycle as their working 

principle (Kim & Kim, 2014).  

 

 

 

 

 

A Rankine cycle that consisted of multiple stages of organic Rankine cycles was 

simulated by Choi et al (2013). It was a study to analyse and optimize a cascade 

Rankine cycle for liquefied natural gas cold energy recovery. After the optimization 

process, it was found that as the stages increases, the power output, thermal and 

exergy efficiencies also increase. Propane showed the best performance in this study 

as the working fluid within the cycle. 

 

 

 

 

 

 

‘’ 

 

 

Figure 5: Example of close loop Rankine cycle 

Figure 6: Schematic of the organic Rankine cycle (ORC) (Choi et al, 2013)  
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According to Sun et al (2014) Rankine cycle is relatively simple and high efficiency 

can be achieved. Ethane is recommended to be used as a better working fluid 

comparing to methane and propane. They found that the optimum pressure for 

expander is ranging from 1400 to 2200 kPa. In terms of result, the output work 

increased from 1.023 kWh to 1.346 kWh comparing before and after LNG expansion. 

The exergy efficiency also varies from 29.58% to 49.68% based on different 

parameters and reheating temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Brayton Cycle 

Other than Rankine cycle, Brayton cycle is also one of the commonly used cycles for 

power generation. This thermodynamics cycle usually runs as an open system and 

normally found in gas turbine and jet engines. It usually consists of a compressor, a 

burner or heat exchanger and an expander or turbine.  

 

Figure 7: Process flow diagram for the proposed power cycle (Sun et al, 2014) 
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In a similar study, Zhang & Lior (2007) used Brayton cycle with utilization of liquid 

hydrogen cryogenic exergy. Using nitrogen as working fluid, the liquid hydrogren 

keeps the inlet temperature of the compressor very low and the compression work to 

reduce significantly. As a result, the cycle has attractive thermal performance with 73% 

more power production and exergy efficiency of 45%.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Example of Brayton cycle 

Figure 9: Flow sheet of the studied cycle (Zhang & Lior, 2007) 
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Using nitrogen as the working fluid, Angelino & Intermezzi (2011) exploited 

Brayton cycle and achieves efficiency as high as 63% comparing to the perfect gas 

efficiency of just 56%. The best results for both real and ideal cycle were found to be 

at 800°C. However, such temperature is bounded by the materials that can be used 

therefore even at 500-600°C the performance of the cycle is commendable. 

2.4 Combined cycle 

Apart from the existing power plant system, there are also combined cycles which 

consist of two or more thermodynamic cycles. This is due to the increase in demand 

of power and awareness of people regarding environmental pollution. Multiple 

processes can be combined to recover and utilize the residual heat in the hot exhaust 

gas.  Shi et al (2010) suggested that an advanced conventional combined cycle power 

plant has the potential to achieve thermal efficiency as high as 58%.  

 

 

 

 

 

 

 

 

Miyazaki et al (2000) proposed a Rankine cycle with refuse incineration combining 

with LNG cold energy cycle. After comparing with the conventional steam Rankine 

cycle, the result found that the combined cycle is 1.53 and 1.43 times better in terms 

of thermal and exergy efficiencies respectively. As shown in figure 11, the system 

incinerates garbage about 600 tons/day as a heat source to heat up the working fluid 

through the heat exchanger (HX 1). 

 

Figure 10: Example of combined cycle power plant 
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A proposed system that can effectively recover low temperature waste heat and 

efficiently use the cold energy from liquefied natural gas has also been studied. This 

research has found to achieve very high waste heat recovery efficiency reaching up 

to 86.57%. Figure 12 shows the schematic diagram of the proposed system that uses 

ammonia-water as the working fluid. As a result, the system has successfully 

generated about 1.25 MWh per kg of the mixture (Shi & Che, 2009).   

 

 

 

 

 

 

Figure 11: Combined power cycle using refuse incineration and LNG cold energy 

(Miyazaki et al, 2000). 
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Kim and Kim (2014) also performed an analysis of a combine cycle, which is a 

combination of Rankine cycle and LNG cycle using a low grade heat source. 

Ammonia-water mixture is chosen as the working fluid for the Rankine cycle. This 

study also investigates the effects of influential parameters like mass fraction of 

ammonia, turbine inlet pressure and condensation temperature. Mass fraction of 

ammonia is found to be the most influential parameter where the higher the mass 

fraction of ammonia, the higher the work generated. This is because of the change in 

the bubble point of the mixture that will occur at a different temperature as the 

ammonia mass fraction changes. 

 

 

 

 

Figure 12: A schematic diagram of combined power cycle (Shi & Che, 2009). 
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2.5 Kellogg’s Process 

For this project, Kellogg’s process is used as the base case. This process uses the 

Rankine cycle as the working principle with water as the working fluid. The cycle 

starts with water from the tank to be pumped at 55 bar into the fired heater. Then, 

water will turn into steam and go through the steam turbine. The turbine will produce 

shaft work of 11MW reducing the temperature and pressure to 100°C and 1 bar 

respectively. Lastly, the cycle continues to the condenser (EX2) to turn the mixture 

into liquid form and back to the water tank. Balance heat from the fired heater is used 

as the heating medium to heat the LNG from -162°C at gas phase to 4 °C at liquid 

phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Process Flow Sheet of Kellogg’s process 
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CHAPTER 3: METHODOLOGY/PROJECT WORK 

 

For this study, the methodology is divided into three parts. The first part is the 

simulation of the proposed power plant for the cold energy recovery. Second part is 

the performance analysis to evaluate the efficiency of the suggested system and lastly 

is the parameter manipulation to find the best working parameters of the proposed 

system. 

3.1 Process Simulation 

3.1.1 Selection of working fluid 

The simulation is started by determining the best working fluid to be used in the 

proposed system. The working fluid chosen for this study is further explained in 

the following chapter. There are few properties that must be considered before 

deciding the best fluid which are; 

Table 1: Properties for selecting working fluid 

 

Some of the working fluids that have been determined are helium, carbon dioxide, 

ammonia, propane, air, refrigerant R-218, and nitrogen. These working fluids are 

changed in the simulation and the working fluid with the best performance is 

chosen. 

3.1.2 Process scheme and description 

The next step is to design the process flow. This is the improvement options that 

can be made from the existing Kellogg process which only using Rankine cycle 

to generate power. The proposed system consists of 2 cycles, Rankine cycle 

(Pump – Furnace – Steam turbine – Heat exchanger) and Brayton cycle 

(Compressor – Heat exchanger – Gas turbine – Heat exchanger ). The hot flue 

Criteria of selection fluid. 

Critical temperature Flammability 

Heat capacity Toxicity 

Thermal conductivity Global warming potential 

Latent heat of vaporization Ozone depletion potential 
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gas from the furnace is also being used to heat up the cold LNG to increase the 

temperature. These proposed systems are portrayed in figure 14. 

 

 

 

 

 

 

 

 

 

 

3.1.3 Simulation modeling by Aspen Hysys 

After finishing the previous steps, Aspen Hysys is chosen to be the software for 

simulating the overall process. After determining the components that exist in the 

system, the right thermodynamic package which is the Peng Robinson package is 

chosen. This is because of the compability of the package with the components in 

the simulation. Other than that, most of oil and gas based simulation will usually 

use this package in the simulation as well. Then, the equipment involved in the 

proposed system is arranged in their order and the parameters of the streams are 

specified. 

By specifying the involving parameters, choosing the right thermodynamics 

packages, and following the process scheme, a real plant behavior can be 

simulated. 

3.2 Performance Analysis 

Each component must be analyzed to determine the performance and the 

efficiency of the proposed system. This must be done in terms of the energy and 

Figure 14: Process flow of the proposed system 
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exergy balances (Gomez et al, 2014). There are some assumptions being made to 

the system which are; 

 Flue gas have ideal gas behavior,  

 Each equipment are well insulated,  

 The flow is in steady state 

 Kinetic and potential energy lost is neglected. 

3.2.1 Energy equations and thermal efficiency 

Normally, the performance of a power plant is evaluated through calculation of 

thermal efficiency. Basically, thermal efficiency is the ratio between the net 

thermal output power over the heat input. It can be calculated as shown by 

Equation (5). 

The energy balance and heat transfer equations of equipment can be calculated as 

follows; 

Compressor and pump;  

            (           –         )   ( 1 ) 

    Where h = enthalpy of the stream 

          m= mass flowrate of the stream 

                                                     i= Compressor, Pump 

Turbine or Expanders; 

                          –             ( 2 ) 

 

Where h = enthalpy of the stream 

          m= mass flowrate of the stream 

                                                     j= Turbine 1, Turbine 2 
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Fired Heater; 

                  ( 3 ) 

                 
    

     
           

( 4 ) 

Where    LHV = Lower Heating Value (kJ/kg) 

    HHV = Higher Heating Value (kJ/kg) = -    

         Qin = Heat input 

   mfuel = mass flowrate of fuel gas 

Thermal efficiency of the combined cycle; 

         
         

   
      

( 5 ) 

Where ηthermal = Thermal efficiency 

    ΣWj = Summation of work by turbine 

    ΣWi = Summation of work by compressor and pump 

Qin = Amount of heat put in 

3.2.2 Exergy equations and exergy efficiency 

Exergy is defined as the maximum amount of work that can be obtained from a 

system in a steady state environment. On the contrary with energy, exergy does 

not follow the laws of conservation as it will always be destroyed when there is a 

temperature change. This destruction of exergy is increasing along with the 

increase in entropy of the system. Thus, for a better performance evaluation, it is 

better to analyse the system using in terms of exergy. 

When analyzing exergy, the parameters that we need to look at are the enthalpy 

and the entropy of the stream. The exergy source, Esource and exergy sink, Esink 

must be calculated for all equipment. 

For the fluid of unit mass, the exergy is defined as; 

                        ( 6 ) 
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   Where h0 = Enthalpy at reference temperature 

  h = Enthalpy at respective temperature 

S0 = Entropy at reference temperature 

S = Entropy at respective temperature 

     T0 = Reference temperature 

 

Turbine or expander; 

The exergy source, Eturbine for turbine or expander is 

                                     –                 ( 7 ) 

Where Eturbine = Exergy source of turbine 

mturbine = mass flowrate of turbine 

eturbine,outlet = exergy of outlet stream of turbine 

eturbine,inlet = exergy of inlet stream of turbine 

The exergy sink of turbine can be obtained from the HYSYS simulation. 

Pump and compressor; 

The exergy sink, Ej for pump or compressor is 

                   –           ( 8 ) 

Where Ej = Exergy sink of pump or compressor 

mj = mass flowrate of pump or compressor 

ej,outlet = exergy of outlet stream of pump or compressor 

ej,inlet = exergy of inlet stream of pump or compressor 

The exergy source of pump or compressor can be obtained from the HYSYS 

simulation. 

Heat exchanger; 

For heat exchanger, the exergy source is the exergy coming from the hot stream 

while the exergy sink is the exergy coming from the cold stream. 
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The exergy source and exergy sink, Ei for heat exchanger is 

 

                   –           ( 9 ) 

Where Ei = exergy source and exergy sink of heat exchanger 

mi = mass flowrate of heat exchanger 

ei,outlet = exergy of outlet stream of heat exchanger 

ei,inlet = exergy of inlet stream of heat exchanger 

Fired Heater; 

For fired heater, the exergy source comes from the fuel gas, air mixture and also 

the flue gas. 

The exergy source, Ek fired heater is 

                            –              ( 10 ) 

Where Ek = Exergy sink of fired heater 

mk = mass flowrate of fired heater 

ek,fuel gas = exergy of fuel gas stream of fired heater 

ek,air = exergy of air stream of fired heater 

ek,flue gas = exergy of air stream of fired heater 

The exergy sink comes from the water stream coming through the fired heater 

and the steam coming out. 

The exergy sink, Ek fired heater is 

                  –           ( 11 ) 

Where Ek = Exergy sink of fired heater 

mk = mass flowrate of fired heater 

ek,water = exergy of water stream of fired heater 

ek,steam = exergy of steam stream of fired heater 
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Next, the efficiency of a power cycle can be obtained through the equation; 

        
      

        
      

( 12 ) 

 Where ηexergy = Exergy efficiency 

ΣEsource = Summation of exergy source 

ΣEsink = Summation of exergy sink 

The efficiency of the proposed system will be evaluated and compared with the 

current system and further optimized to get the best operating conditions. 

3.3 Parameter Manipulation 

The influential parameters must be operating at their optimum condition in order 

for the proposed system to produce the maximum amount of power. To study the 

influence of those parameters, their values will be varied within a range while 

other parameters will remain the same. The trend of how the changes in 

parameters affect the system performance (thermal and exergy efficiency) will be 

investigated. The involving parameters are; 

 Pressure ratio of the compressor 

 Inlet pressure of the turbine 

 Outlet pressure of the turbine 

 Turbine inlet temperature (TIT) 

 Working fluid of the power cycle. 

3.4 Project milestone 

Beside the project activities, key milestone is also one of the important aspects 

that must be monitored. It is the indicator of project completion and usually it is 

the guideline of what to be completed by a certain date. It is a helpful tool to 

ensure the project runs effectively 
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The milestone for this projects divided into two; FYP1 and FYP 2.  For FYP1, 

key milestones are submission of extended proposal submission, selection the 

working fluid, proposed system simulation and interim report. On the other hand, 

for FYP 2, the performance and thermodynamic analysis and process 

optimization shall be done. Progress report and oral presentation will also be 

conducted in FYP 2. Lastly is the submission of the technical report and 

dissertation. Key milestones for this project are summarized in Table 2. 

Table 2: Key Milestone 

Key Milestone Week 

FYP1 

 Extended proposal submission 

 Selection on working  fluid 

 Interim report submission 

 Proposed system simulation 

 

7 

8 

13 

14 

FYP2 

 Performance and thermodynamic 

analysis 

 Progress report 

 Process optimization 

 Submission of technical report 

 Oral presentation 

 Submission of dissertation 

 

17 

 

21 

22 

27 

26 

28 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Selection of working fluid 

Selecting the right working fluid is important as it can affect the performance 

and the economics of a plant. Water is chosen as the working fluid for the Rankine 

cycle part as this study is an improvement of the Kellogg process. However, water 

has its own advantage and disadvantages. Besides being readily available and easy 

to be handled, water has high specific heat capacity (4.18 kJ/kg.C). Other than that, 

one cubic metre of water will occupy 1600 cubic metre of steam after being 

vaporized. Therefore, a large amount of energy can be put into each kilogram of 

steam. Nevertheless, using water also has its challenges such as high compressor 

outlet temperature and also water requires high compressor work (Kilicarsian & 

Muller, 2005). Water is more suitable for high temperature application and large 

centralized system (Tchanche et al, 2011). For a small or medium power plant, 

selecting a better working fluid can partially lessen the problems when using 

water such as the need of superheating to prevent condensation during expansion 

and also risk of erosion of turbine blades. 

 As for the Brayton cycle part, helium is chosen first as the working fluid as it 

satisfies most of the criteria. According to Gomez et al (2014), helium has high 

specific heat and has the ability to generate power at high and low temperature. 

Other than that, although using helium can contribute to the improvement of 

power density, it also requires complex storage vessels and the cost of helium is 

expensive. 

There are also some power plants that use other fluids like air, nitrogen and 

ammonia as working fluids. However, air is not suitable as it contains oxygen and 

can cause oxidation in the equipment. Nevertheless, some other working fluids 

such as organic compounds for Rankine cycle and nitrogen and carbon dioxide 

(Chen, 2011) for Brayton cycle will be tested in the simulation to get the optimum 

performance of the system. There are also studies that recommended using 

refrigerants (Rovira et al, 2013) and binary mixture of the fluids (El-Genk & 

Tournier, 2009) to find the best working fluid. The working fluid that can provide 

highest efficiency and generate most power will be chosen. Therefore, for the 
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initial simulation, water is chosen as the working fluid for the Rankine cycle, and 

helium is chosen for the Brayton cycle. 

4.2 Simulation result of proposed model 

Simulation on the proposed simulation has been done using the Hysys software as 

shown in figure 15. This is to replicate the real plant environment and how the 

process is going to take place. As per discussed in Chapter 3, the proposed cycle 

consisted of two power cycles; Rankine cycle and also Brayton cycle. The 

Rankine cycle starts where water is pumped at 55 bar to the fired heater to change 

the water into steam.  The steam produced will go through the turbine that will 

produce shaft work. From the turbine outlet, the stream will exchange heat with 

the LNG to increase the LNG temperature while turning the steam back into water. 

Producing as much power as the Kellogg’s process, the Rankine cycle part of the 

system has already found to produce about 11 MW of power through the steam 

turbine. 

As for the Brayton cycle, it starts by compressing about 30 bar of helium to the 

heat exchanger to increase its temperature to 1000°C. The heated helium will then 

go to the gas turbine for power generation and then back to the heat exchanger. 

This is where the balance LNG will be heated with hot helium. The high 

temperature flue gas from the fire heater will also be used to heat up the cold LNG 

turning it to completely change it from liquid to gas. Besides that, cooling down 

helium through heat exchanger (E-101) decreases the specific volume of the gas, 

and simultaneously reduces the compression work. This results in an increase in 

the net power of the cycle. As for the Brayton cycle part of the process, it 

produces about 10 MW of power through the gas turbine. 
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The parameters used in the proposed model are show in table 3. Based on the  

Power generated from both Rankine and Brayton cycle, the system performance is 

evaluated based on their thermal and exergy efficiencies (Gomez et al, 2014) as 

per explained in chapter 3. Based on the analysis, the thermal and exergy 

efficiency of the proposed simulation is 35.4% and 64% respectively. This has an 

increase of 11% for thermal efficiency and 4% for exergy efficiency comparing to 

the Kelloggs process. The main conditions of the simulations are tabulated in 

Table 3.  

Table 3: Main parameters used in the simulation 

System Parameters Value 

LNG Storage temperature (°C) -165 

Storage pressure (kPa) 108.1 

Pump efficiency (%) 90 

Rankine cycle Turbine efficiency (%) 70 

Pump Efficiency (%) 80 

Turbine inlet temperature (°C) 540 

Turbine inlet pressure (kPa) 5516 

Brayton cycle Turbine efficiency (%) 91 

Figure 15: Hysys simulation overall process 
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Compressor efficiency (%) 89 

Compressor inlet pressure (kPa) 500 

Turbine inlet pressure (kPa) 2975 

Turbine inlet temperature (°C) 1000 

 

4.3 Parameters Manipulation 

The effects of some crucial parameters such as pressure ratio, turbine inlet 

temperature, working fluid, inlet and exhaust pressure are examined to analyze the 

performance of the proposed model. The magnitudes of the involved parameters are 

varied while other parameters are maintained the same. Thus, the effects on the 

thermal and exergy efficiencies can be investigated. By doing so, we are able to 

obtain the optimum parameters of the plant that will generate the biggest amount of 

power. 

4.3.1 Effect of Pressure Ratio on Efficiency 

The effect of pressure ratio is investigated on the proposed model. Pressure ratio is the 

ratio of pressure at the inlet and at outlet of the compressor. Generally, with higher a 

pressure ratio, the power generated will be higher. This is because thermodynamically, 

as the pressure ratio goes higher, there is a bigger change in enthalpy and entropy 

between the inlet and outlet of the compressor. This will cause a higher power 

generated by the turbine. There is an optimum pressure ratio that the system can 

produce highest amount of power. 

As per the designed process, the compressed gas will pass through the heat exchanger 

(E-100) before going into the turbine. Based on the literature review (Gomez et al, 

2014), the pressure of the compressor inlet is set to be 500 kPa. On the other hand, the 

outlet pressure of the compressor is varied from 2000 (4:1 pressure ratio) to 4000 kPa 

(8:1 pressure ratio) with the increment of 200 kPa.  

Based on figure 16, it can be seen that the thermal efficiency increases and gradually 

decrease after 5.0 pressure ratio. This can be as explained by as Goktun & Yavuz 

(1999) suggested, for a close loop Brayton cycle, the thermal efficiency depends on 

the pressure ratio where the case is the opposite with open cycle. For a Brayton close 

cycle, the lower the pressure ratio, the higher the thermal efficiency as the 
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regeneration process is most effective at a lower pressure ratio On the other hand, for 

exergy efficiency, it increases as the pressure ratio increases. The trend for exergy 

efficiency increases until 8.0 pressure ratio. Thus, the best pressure ratio is 6.6 with 

31.3% and 61.3% of thermal and exergy efficiency respectively. This is because the 

pressure ratio 6.6 is the point that satisfies both lines, thermal and exergy efficiency 

where they are not too low and not too high. 

 

 

4.3.2 Effect of Turbine Inlet Pressure on Efficiency 

The next parameter to be studied is the inlet pressure of the gas turbine. The inlet 

pressure is varied from 575 to 3275 kPa with step size of 200 kPa while other 

parameters maintained the same. According to figure 17, the efficiencies of the 

system increase as the inlet pressure of the gas turbine increase. As the inlet pressure 

increase, this will cause a bigger change between the enthalpy and entropy of the 

stream going in and out of the turbine. As shown in equation (1) and (6) in chapter 3, 

the bigger the change of enthalpy and entropy will give positive impact on power 

generation. Thus, the optimum turbine inlet pressure for the system is 3275 kPa as this 

is the maximum pressure of the gas stream with 6.6 pressure ratio. In general, there is 
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Figure 16: Effect of Pressure Ratio on Thermal and Exergy Efficiency 
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no specific maximum pressure limit for gas turbines inlet pressure as each turbine is 

custom designed according to their specific power generation capacity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.3 Effect of Turbine Exhaust Pressure on Efficiency 

Investigating the effect of turbine exhaust pressure is quite similar as the parameters 

before. The exhaust pressure varies from 550 to 1550 kPa while other parameters 

remain the same. Due the upstream of heat exchanger E-101 having a pressure of 500 

kPa as per described in the literature review, and by allowing the pressure drop of 50 

kPa in the heat exchanger, the turbine outlet pressure is limited to only 550 kPa. 

It can be seen from figure 18 as the exhaust pressure increases, both thermal and 

exergy efficiencies also decreases. This can be explained as the exhaust pressure 

increase, the efficiencies dropped due to a lower pressure change between the inlet 

and exhaust of the turbine. When the pressure difference between the turbine inlet and 

outlet is small, the change of enthalpy and entropy are also small. This leads to a 

smaller power generation by the gas turbine. Therefore, the optimum exhaust pressure 

is 550 kPa.   

Figure 17: Effect of Turbine Inlet Pressure on Thermal and Exergy 

Efficiency 
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4.3.4 Effect of Turbine Inlet Temperature on Efficiency 

Turbine inlet temperature also plays an important role for an efficient operation of a 

turbine where the higher the temperature, the higher the efficiency of a turbine. This 

happens because as the turbine inlet temperature is higher, the generation of entropy 

in the combustion chamber will be lower. As show in Equation (6), this can cause an 

increase of exergy as exergy is inversely proportional to entropy. However, normally 

the maximum temperature is limited by the thermal properties of the material used for 

the equipment (Wartsila, 2015). Therefore, ceramic heat exchangers are assumed to 

be used in this study where according to Schulte-Fischedick et al (2007), a ceramic 

high temperature heat exchanger can withstand temperature up to 1100 °C which is 

much higher than a conventional alloy type. 

The data from table 3 is used to find the effect of turbine inlet temperature ranging 

from 400 to 1000°C on the efficiencies of the system. It is safe to say that the 

temperature 1000°C is still allowed in a process as according to Ishikawa et al (2008), 

due to technology advancement gas turbine nowadays can even reach up to 1700°C. 

The result can be seen on figure 19, where there is about 10% of change in thermal 

Figure 18: Effect of Turbine Exhaust Pressure on Thermal and Exergy 

Efficiency 
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efficiency about 3% of increase in exergy efficiencies as the temperature increases 

from 400 to 1000°C. Therefore, it can be concluded when the temperature increases, 

the efficiency also increases and therefore the optimum turbine inlet temperature is set 

to be 1000°C. 

 

 

 

 

 

 

 

 

 

 

4.3.5 Effect of Working Fluid on Efficiency 

The final parameter to be investigated is the effect of working fluid on the thermal 

and exergy efficiencies. As per discussed in the earlier part of this chapter, working 

fluid plays a major role in the performance and the economics of a plant. There are 

few working fluids recommended by literature for example helium (Gomez et al, 

2014), carbon dioxide (Chen, 2011), refrigerant R-128 or octafluoropropane (Rovira 

et al, 2013), and binary mixture of helium and nitrogen (El-Genk & Tournier, 2009). 

Other than that, commonly used working fluids like nitrogen, propane, ammonia, and 

air will also be tested. 

The results are shown in figure 20 where the highest thermal and exergy efficiencies 

are achieved when using the refrigerant R-218 with 44.3% and 73.4% respectively. 

Next, the trend is followed by propane, ammonia, carbon dioxide, air, nitrogen, 

ammonia-water mixture and lastly helium. However, although R-218 yields the 

Figure 19: Effect of Turbine Inlet Temperature on Thermal and Exergy 

Efficiency 
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highest efficiency, using this working fluid will result in a mixture formation of gas 

and liquid form of LNG in the heat exchanger E-101. According to Panchal & 

Ljubicic (2007), two phase flow in a heat exchanger has a high tendency that will lead 

to fouling and corrosion due to the uneven distribution of the vapor and liquid. 

Therefore, the working fluid R-218 is not suitable to be used. Some changes in the 

parameters like the turbine inlet temperature stream exiting heat exchanger E-100 

needs to be made in order to avoid the mixture formation. 

 

 

 

 

 

 

 

 

The disadvantage of using propane is that according to the MSDS of propane, it has 

the autoignition temperature of 504°C. This will make propane flammable and an 

unsuitable working fluid as there high temperature reaching up to 1000°C. As for 

ammonia, according to the MSDS, it cannot be exposed to temperature greater than 

426°C and has an autoignition temperature of 651°C. This makes ammonia not a 

suitable working fluid. 

Air on the other hand is not the best working fluid as it contains oxygen that has the 

potential to cause oxidation on equipment in a long run. Working fluids that contain 

Hydorgen bonds in certain molecules like water and ammonia, has the tendency to 

result in wet fluids due to the negative slope of the saturation vapor curve. Based on 

the working fluids left, which are carbon dioxide, nitrogen, helium and ammonia-

water mixture, it is found that carbon dioxide has the highest thermal and exergy 

efficiencies. 

Figure 20: Effect of Working fluids on Thermal and Exergy Efficiency 
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As being suggested by Chen (2011), carbon dioxide has no ozone depleting potential 

(ODP) and low global warming potential (GWP). It is cheap, non-flammable, non-

explosive and also easy to be obtained. Therefore, it is concluded that the best 

working fluid is carbon dioxide with 38.22% and 64.35% of thermal and exergy 

efficiencies respectively. 

As an overall conclusion, based on the parameter manipulations and discussions about 

the influential parameters, maximum thermal and exergy efficiencies can be obtained 

with 6.6 pressure ratio, 3275 kPa turbine inlet pressure, 550 kPa turbine exhaust 

pressure, 1000 °C turbine inlet temperature, and carbon dioxide as the working fluid. 

By applying these data into the process simulation, the optimum thermal and exegy 

efficiencies are found to be 38.22% and 64.52% respectively.  

4.3.6 Economic Impact 

This process also uses about 3% lesser fuel gas comparing to the Kelloggs process 

where only about 1046 kmol/h of fuel gas is being used instead of 1078 kmol/h. This 

is done by changing the split percentage at the splitter in the HYSYS simulation. 

When translated into the monetary point of view, this saves about 262,800 kg of fuel 

gas/year or 224,428 MMBTU/year and saves the operating cost by RM 3.56 

million/year.    
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CHAPTER 5: CONCLUSION AND RECOMMENDATION  

5.1 Conclusion 

In this era of where the demand for power is increasing for day to day, people are 

finding and searching for ways to improve the efficiency of the current power plant. 

The utilization of cold energy from LNG is one of the areas being exploited to 

generate more power due to having high power exergy. This study has found a new 

way of combining the Rankine and Brayton cycle that improved the current 

regasification process in terms of the energy. A new and better system is designed to 

use energy from the cold LNG and has been successfully simulated using HYSYS 

software. The new process which is the combination of Rankine and Brayton cycle 

has managed to improve about 16.9% from 21.9% to 38.8% for thermal efficiency 

and 5% from 59% to 64.5% for exergy efficiency. In terms of economic impact, this 

process uses about 3% lesser fuel gas comparing to the Kelloggs process. This saves 

about 262,800 kg of fuel gas/year or 224,428 MMBTU/year and if translated in terms 

of monetary, this cut down the operating cost by RM 3.56 million/year.    

5.2 Recommendation 

Based on the result obtained from the simulation, there may be some enhancements 

that can be done to further improve the result of this simulation. More influential 

parameters can be analysed to find a better operating conditions of this process. 

 Other than that, the heat exchanger (E-102) is supposed to represent the stream going 

into the convection section of the plant. This is done as in the initial simulation, when 

the stream goes through the convection section, the fired heater fails to heat up the 

stream and there is no increase in temperature. Thus, if this issue is able to be solved, 

then a higher accuracy result may be obtained for this simulation.  
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