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ABSTRACT 

Unused potential exergy accompanying heat transfer in regasification process 
onboard FSRU can still be extracted and converted into another useful form of energy. 
The extracted energy can then be utilized to increase the overall efficiency of the FSRU 
while sparing fuel needed to generate electricity. The exergy from the regasification 
system can be extracted by modifying the old system and incorporating an organic 
Rankine cycle coupled with an intermediate fluid evaporator into it. The old system is 
modified by installing a 5,2MW-expander generator, PCHE heat exchanger with total 
duty of 45,9 MW, and plate heat exchanger with total duty of 49,6 MW. To analyze the 
performance of the modified system and how it influences the overall efficiency, a 
simulation is done to the modified system without changing the system input and output. 
The result of simulation is that the system could produce daily an additional electrical 
energy of 73,9 MWh which reflects the 7,5% of exergic efficiency. The energy 
contributes to an 8,16% overall efficiency increase and will bring annual economic 
benefit of Rp.14.369.544.840. Based on these findings, the modified system is confirmed 
to be able to extract some exergy from the system, increase the overall efficiency, and 
bringing economical benefit to the FSRU operation. 

Keywords – Exergy, LNG, Organic Rankine Cycle.  
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ABSTRAK 

Exergi pendamping perpindahan panas pada proses regasifikasi pada FSRU 
memiliki potensi untuk diekstraksi dan diubah menjadi bentuk energi lain yang lebih 
berguna. Energi yang berhasil diekstrak dapat digunakan untuk meningkatkan efisiensi 
dari FSRU dengan cara menghemat kebutuhan bahan bakar yang digunakan untuk 
membangkitkan tenaga listrik. Exergi dapat diekstraksi dari sistem dengan memodifikasi 
sistem lama dan menambahkan siklus Rankine organik kedalamnya. Sistem lama 
dimodifikasi dengan menambahkan sebuah expander-generator dengan kapasitas 5,2 
MW, penukar panas PCHE dengan kapasitas 45,9 MW, dan penukar panas tipe plat 
dengan kapasitas 49,6 MW. Untuk menganalisa kinerja dari sistem yang telah 
dimodifikasi dan bagaimana pengaruh sistem tersebut terhadap efisiensi, maka sebuah 
simulasi dilakukan tanpa merubah input dan output dari sistem. Hasil dari simulasi 
tersebut adalah sistem dapat menghasilkan energi listrik sebesar 73,9 MWh setiap hari 
yang mencerminkan 7,5% dari efisiensi exergis. Energi ini berkontribusi terhadap 
peningkatan efisiensi umm sebesar 8,16% dan mengakibatkan keuntungan ekonomis 
sebesar Rp.14.369.544.840 per tahun. Berdasarkan temuan ini, dapat disimpulkan bahwa 
modifikasi sistem dapat mengekstraksi sebagian eksergi, meningkatkan efisiensi umum, 
dan mengakibatkan keuntungan ekonomis pada operasi FSRU. 

Kata Kunci – Exergi, LNG, Siklus Rankine Organik.  
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INTRODUCTION 

 

1.1. Background 

LNG demand in Indonesia is increasing and get a bigger portion on national 
energy mix each year. According to the RUPTL (Rencana Usaha Pengembangan 
Tenaga Listrik) issued by PT. PLN under the authority of Energy and Mineral 
Source ministry, it is stated that the portion of LNG in the national energy mix will 
reach 19,4% in 2026.  

 

Figure 1.1. Energy Mix Projection 2019-2028 [1] 

This electricity development plan is a solid commitment from the government 
to reduce the portion of coal and fuel oil in national energy mix for power generation. 
It leads to many projects of power plant fuel shift or new gas-powered power plants. 
Newbuilt projects of gas powerplant are located on the middle of Indonesia and 
mostly have small to moderate power capacity.  These government-backed projects 
will ensure LNG demand growth across Indonesia. 

The increasing LNG demand across Indonesia increases also the need of 
supporting infrastructures of gas processing. For instance, the LNG regasification 
terminal which purpose is to store and revert LNG to its gas form. Indonesia tend to 
utilize FSRU as their LNG regasification terminal than onshore terminal. Currently, 
there are 2 operating FSRUs in Indonesia, one is used to support the gas need of 
power plants in Jakarta area, while the other is stationed in South Sumatera. There 
are more upcoming FSRUs to support Indonesia’s ambition to provide electricity for 
all Indonesian people. 

The FSRUs is a floating facility which needs to produce its own electrical 
energy to operate. FSRU Jawa Barat, for example, consumes daily an enormous 18 
MW of electricity produced by two steam turbine generators to supply maximum 
500 MMSCFD gas flow to the power plants [2]. This huge energy consumption has 
reduced the amount of gas distributed to the power plant and in turn reduced the 
company’s profit or making the electricity cost higher. The power plant onboard the 
terminal consumes on average 1% of the total gas production of the terminal. 
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For a long time, the regasification process onboard FSRUs around Indonesia 
uses conventional method which neglect the possibility of exergy recovery in the 
system. Generally, the regasification process of LNG can be concluded as follows,  

 

 

Figure 1.2. General Regasification Process [3] 

The process begins with pumping the LNG out of the storage tanks in the 
FSRU. It goes through a booster pump to obtain desired output pressure of the NG. 
It flows firstly to the BOG recondenser where some of its cold is used to recondense 
natural gas resulted by natural heat exchange in the tanks. The LNG is the vaporized 
in the LNG vaporizer fully into gas phase using the heat supplied mainly from the 
seawater. The high temperature gradient of LNG (-160oC) and seawater (25-30oC) 
expose the possibility of exergy extraction from low temperature LNG. The required 
action is only to introduce reversible heat cycle so the exergy can be converted into 
work. 

Exergy is defined as the possible work to be extracted from the system for it 
to be in the same condition with its ambient environment. Since the LNG has a 
temperature far below 0oC, there is a huge amount of exergy available to be 
recovered into work from it. The exergy recovery scheme or widely known as cold 
energy recovery has been implemented in some developed country such as Japan. 
The work extracted from exergy recovery scheme of LNG regasification processes 
can be utilized in wide applications such as power generation, CO2 capture, air 
separation, emission control, NGL recovery, etc [4]. Lee and Choi [5] have designed 
a combined regasification system that utilizes LNG cold as cooling medium to 
increase efficiency. In the research, an amount of 9,72 MW exergy is recovered in 
form of electricity.  

The object of this thesis (FSRU Jawa Barat) need an enormous 45,6 MW of 
heat to be supplied into the LNG in the regasification process. And according to the 
initial exergy analysis, there is an enormous 53,26 MW of exergy available to be 
extracted from the regasification system. The application of exergy recovery will 
have a positive impact on energy efficiency and in turn economic aspects. 
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The most applicable way to extract this exergy is by introducing reversible 
heat cycle to the system. And the most common and mature heat cycle in the world 
is the organic Rankine cycle. The organic Rankine cycle is used in this research to 
change exergy into work by designing it to adapt to the existing system. The work 
obtained will be converted into electricity and hopefully will increase the overall 
performance efficiency of the FSRU. The increase in performance and efficiency on 
the FSRU will profit the operator economically. 

In accordance with Indonesia’s long-term energy plan, there will be a huge 
possibility of savings, additional income, and even cheaper LNG regasification fee 
if the technology of exergy or cold energy recovery can be applied in Indonesian’s 
FSRU. Therefore, an explicit and specific study of exergy recovery application in 
FSRU should be conducted. 

1.2. Problem Statements 

1. How is the design of ORC cycle and its layout to recover exergy in the system? 

2. How much electrical power generated, and efficiency increase are obtained 
from the modified system? 

3. How the modified system impacts economically? 

1.3. Problem Limitation 

The problems in this thesis are limited as follows, 

1. The maximum send-out rate (SOR) of the designed system is 250 MMSCFD 
for one train replacement. 

2. The layout of the new system is limited only in PID layout. 

3. Economic impact studies are limited only on saving from operational cost 
reduction. 

4. The system input and output are taken as the same as existing system. 

1.4. Objectives 

The objectives of this thesis are as follows, 

1. To design an ORC cycle and its layout to recover exergy in the system. 

2. To estimate generated electrical power and efficiency increase from the 
modified system. 

3. To analyze the economic impact of modified system application. 
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LITERATURE STUDY 

2.1. General Overview 

LNG is becoming the fastest growing business related to fossil fuels and clean 
energy soon. It is supported by the fact that natural gas is the cheapest and cleanest 
fossil fuel there is and the distance between NG producer and consumer is usually 
far apart. Therefore, a need of reliable mode of transportation such as conversion 
into LNG is inevitable. In practices, the liquefaction of LNG in LNG plant needs a 
huge amount of energy and by the time it is regasified in the terminal, this huge 
amount of thermal gradient is simply wasted into the environment. This present an 
opportunity to develop a technology that could take advantage of this huge thermal 
gradient instead of just being thrown away. The cold potential energy is also called 
cold energy or exergy of cold is an amount of energy that is stored within the matter 
that could be converted into work. The conversion of this exergy into work cannot 
be done using the conventional method, but by introducing reversible thermal cycles 
such as Rankine and Brayton cycles. 

Some companies around the world have already implement the recovery of 
cold exergy. For instance, the Japanese has already built a cryogenic power plant 
that could generate about 6 MW electrical power from this recovery process. another 
example is brazil which already applied exergy recovery to separate air and capture 
loose CO2 in the air for emission control and industrial stock. 

All the systems that are built in the world are integrated into the LNG terminal 
and got their power form the potential cold energy in the regasified LNG. These 
applications have proved that cold exergy recovery system could increase overall 
system efficiency, reducing wasted energy, and increasing economy of the system 
through energy savings and/or valuable byproducts. Thus, this make the study and 
application of this technology very interesting. 

2.2. LNG Regasification System 

2.2.1. Vaporizers 

In the LNG terminal, LNG will be reverted to its original gas form. The 
original form is achieved by adding heat from outside into the LNG to increase its 
temperature. There are various ways to add heat into the LNG, but the most common 
way is to use vaporizer. The vaporizer acts as a heat exchanger in the system and 
has various types, which are, 

1. Open Rack Vaporizer 

ORV is a heat exchanger type utilizing water as heat source. The water used 
by this vaporizer is usually seawater, because LNG terminals are located mostly on 
sea or near the shoreline. The performance of heat exchanger varies dependent on 
the water condition which is taken into the system. This vaporizer is very common 
on LNG terminals, due to its simple design, low cost heat source, simple 
maintenance, no moving parts, and excellent reliability.  
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Figure 2.1. ORV Schematic [6] 

2. Submerged Combustion Vaporizer 

 

 

Figure 2.2. SCV Schematic 

SCV uses heat emitted from a burner as its heat source. It consumes about 
1,5% of total natural gas as fuel. This vaporizer type is used only when there is no 
other heat source available. The LNG flow is submerged into a water bath heated 
by a burner which burn some of the gas. 

3. Ambient Air Vaporizer 

AAV uses direct contact, long, vertical heat exchanger that facilitates 
downward air draft. This vaporizer is considered the eco-friendliest because it 
generates less pollution to the environment, hence are much easier to permit. This 
vaporizer is standalone which mean it does not require seawater and other fluids 
except ambient air. However, this vaporizer needs to be defrosted every 4 to 8 hours 
due to ice buildup on the surface of the heat exchanger. This ice buildup can prevent 
heat exchange and reduce the performance of the overall system. 
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Figure 2.3. AAV Schematic [6] 

4. Intermediate Fluid Vaporizer 

 

Figure 2.4. IFV Schematic 

IFV uses intermediate fluid in a closed loop to transfer heat from heat source 
to LNG. There are many fluids that can be used for the purpose such as Propane, 
Ethylene Glycol, other low-freezing fluids that are suitable for cryogenic operation, 
but until now only water-glycol and propane which is feasible for IFV usage [7]. 
The IFV is very flexible and can accommodate multiple heat sources in one cycle. 
The performance of this vaporizer is highly affected by the fluid type used in the 
system. Many researches are based on this vaporizer type due to its flexibility. 
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5. Shell and Tube Vaporizer 

STV is like another shell and tube heat exchanger. The difference is only this 
heat exchanger is adapted to cryogenic temperature and high temperature gradient. 
This vaporizer can be operated either in open loop or closed loop configuration. 
SCV in open loop configuration is like ORV, but the heat exchanger configuration 
is shell and tube type. The material cost of this heat exchanger is expensive, but it 
has compact size which may useful in limited space application such as in FSRU. 

 

 

Figure 2.5. STV Vaporizers 

Most of these vaporizers are direct heat transfer type, which operates without 
a heat cycle and supply heat directly to the LNG. The downside of direct vaporizer 
is that no potential work (thermal exergy) can be extracted from the system. Special 
for IFV type, there is a possibility of exergy extraction since it utilizes intermediate 
fluid to transfer the heat from LNG to seawater. 

2.2.2. Onboard regasification system 

FSRU Jawa Barat has an onboard regasification unit which uses intermediate 
fluid vaporizer (IFV) to do its job. The LNG will pass through the regasification 
system to obtain heat supplied by the seawater with help from propane as an 
intermediary fluid. It uses three loops that are working together to achieve the goal 
to regasify the LNG. These working loops work individually and influencing one 
another. The fluid used as a heating medium in the Intermediate fluid vaporizer is 
pure propane (C3H8). The regasification system onboard the ship is represented by 
the following PID drawing, 
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The regasification system consists of several working loops which are 
categorized based on the fluid working or flowing in the loop. Practically, there are 
three loops which are the LNG, propane, and seawater loop. 

1. LNG Loop 

 

Figure 2.7. LNG Loop [8] 

The LNG flow starts at the LNG storage tank in the FSRU. The LNG is 
pumped through cryogenic cargo pump submerged in the tank. This LNG is then 
transferred to the suction drum for vapor-liquid separation. The vapor is separated 
and vented out the suction drum into the BOG Compressor. The liquid LNG is then 
pumped out from the suction drum using booster pumps. These pumps pressurize 
the LNG to meet specified requirement. The pressurized LNG is going through the 
first heat exchanger which is the Re-condenser. The purpose of this re-condenser is 
to condense the BOG so that these BOG can be liquid again and flows through the 
system as a liquid. In this state, the flow consists of two phase, gas and liquid. This 
flow goes into the second heat exchanger which is Evaporator. The LNG is heated 
up and converted fully into gas form. The heat is obtained from propane gas 
(intermediary heating medium). After converted fully into gas form, the NG flows 
through the third heat exchanger. In this heater the NG is heated to meet pre-
specified requirement. 

2. Propane Loop 

 

Figure 2.8. Propane Loop [8] 

Propane is the intermediary heating medium used in the FSRU Jawa Barat. 
The purpose of the propane use as intermediary heating medium is to prevent icing, 
O2 system leak, and clogging. The propane flow starts from the propane tank. The 
propane stored in the tank in the form of liquid. This liquid is pumped to the pre-
heater. In this heat exchanger, the propane is heated to gas form using seawater. The 
propane gas flows to the LNG Trim Heater, this heater heats up the NG produced 
from the LNG Vaporizer and turns propane gas into liquid propane. The liquid 
propane goes through propane evaporator to be evaporated back into gas form. The 
propane gas then goes into LNG vaporizer to heat LNG and turn it into gas form. 
The liquid propane resulted from previous process is transferred back to the propane 
tank. 

3. Seawater Loop 

Seawater is used as the main heat source in the regasification process onboard 
the FSRU. The seawater is used because the LNG has a very low temperature and 
does not require high temperature heat source. The seawater pass through the heat 
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exchanger and directly dumped back into the ocean. The detailed loop can be seen 
below, 

 

Figure 2.9. Seawater Loop [8] 

The seawater is supplied to the regasification plant at a pressure of about 2,2 
bar. The seawater system has no control loop but utilize the seawater at whatever 
temperature it has. The seawater flows in parallel to the propane evaporators and 
the propane pre-heater. 

Heat from the seawater is used to vaporize propane in the evaporators and to 
pre-heat the propane in the pre-heater prior entering the natural gas trim heater. 
external filters shall prevent any debris to enter the propane evaporators and the 
propane pre-heater. Filtration grade shall be of maximum aperture 2 mm according 
to equipment supplier’s recommendation. The loop of seawater is as follows, 

2.3. Exergy 

Generally, exergy is defined as the maximum potential work that can be 
converted into work from a matter by bringing it into equilibrium with its 
environment or respective environment [8]. Exergy, as defined by Rant [10], is a 
part of energy together with anergy (� = �� + �). The difference of anergy and 
exergy is that the anergy is referred to the part of energy which cannot be converted 
into work. During heat transfer processes, some part of exergy is converted into 
anergy, while the amount of energy is constant following the 1st law of 
thermodynamic. So, in the transfer of energy between two bodies as a result in 
temperature difference (heat), there is a transfer of exergy as well as anergy 
happening.  

 

Figure 2.10. Energy Composition [11] 

The ratio between available exergy (Ex) and transferred heat energy (Q) is 
defined as exergy factor (fex). This factor is often called as quality factor or 
exergetic quality factor [12]. It is giving a clear picture of the work potential per 
unit heat, which indicates its quality. There are two types of exergy that is commonly 
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used. These two types come from different extreme of an ambient reference 
temperature. The first type of exergy is the heat exergy or exergy of heat which 
indicates the maximum work that can be obtained by bringing the heat in thermal 
equilibrium with the environment using a reversible process or reversible cycle. The 
second type is the exergy of cold or commonly known as cold energy which 
indicates the maximum work obtainable by bringing the cold into thermal 
equilibrium with ambient reference temperature using reversible cycle. 

 

Figure 2.11.Exergy accompanying heat transfer dependent on system and respective 
environment temperature [9] 

The direction of exergy flows can differ from energy flow direction, while 
anergy always have the same direction as energy flow. The heat transfer 
spontaneously occurs from hotter to colder bodies, whereas the cold bodies are 
referred to those with temperature lower than the ambient or environment 
temperature while hot bodies referred as those with higher temperature than 
environmental reference. The direction of exergy flow depends from the 
temperature standpoint of system in respective to its respective environment as 
shown in Figure 2.11.  

The general equation for determining exergy accompanying heat transfer can 
be expressed using following formula, 

��� = �. �1 −
��

�
�        (1) 

 

Where,  

��� = Exergy accompanying heat transfer (J)  

�  = Heat being transferred   (J)  

��  = Reference temperature   (OC) 

� = System Temperature (Hot/Cold)  (OC) 
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According the Equation 1, the exergy factor is given by the factor �1 −
��

�
� 

and the result of the calculation using this factor and an ambient reference 
temperature 25oC is shown in the following figure, 

 

Figure 2.12. Exergy factor at given T0 of 25oC [9] 

According to Figure 2.12, when the temperature approaches infinity or exergy 
of heat (T>T0), the exergy factor becomes unity. This means that in a very high 
temperature, all available exergy could be theoretically be converted into work. In 
the other hand, the exergy of cold or cold energy (T< T0), the negative value of 

factor 
��

�
 makes the quality factor possible to be more than unity. It means that the 

exergy will have a greater value than the available cold. Theoretically, it is possible 
to extract more work than available exergy because the heat supplied to the cold 
system via reversible cycle is unlimited while the cold source is limited. So, the heat 

supply by the environment adjust in a way that 
��

���
=

��

��
 thus resulting in a larger 

amount of exergy than available cold. 

The exergy inside a matter cannot be extracted if the heat transfer happens 
naturally. In this case is if there is a direct heat transfer between the LNG and its 
heating medium, which is seawater. The heat transfer between the system (LNG) 
and its reference environment (seawater) should be done using a reversible heat 
cycle in order to extract work from the system. There are three known reversible 
cycle that are commonly used in thermal exergy extraction especially in LNG 
regasification process. These cycles are, 

1. Organic Rankine Cycle (ORC) 

Organic Rankine Cycle uses working fluid with low boiling temperature to 
recover LNG cold energy. Working fluid will be condensed in the main LNG 
evaporator and then later vaporized by heat source in vaporizer. The heat source 
used is usually seawater or ambient air. Just like in the normal steam Rankine cycle, 
the working fluid goes through compression, evaporation, expansion and back to 
condensation. The difference is only the heat source that could use ambient 
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temperature medium such as seawater or ambient air due to the cryogenic heat sink 
and low boiling temperature working fluid. The working fluid used is usually 
refrigerant or hydrocarbon derivatives such as propane and butane. 

2. Brayton Cycle 

Brayton cycle uses cold energy to reduce the gas inlet temperature of the 
compressor. Temperature reduction of gas inlet will increase the net power output 
of the turbine. Between the compressor and turbine, the gas is usually heated to 
increase its enthalpy, so more power can be extracted. 

3. Kalina Cycle 

Kalina cycle is a development of Rankine cycle. Instead of using refrigerant 
or other hydrocarbon gas, it uses ammonia-water solution. It has greater exergy 
efficiency than Rankine cycle due to temperature-varying evaporation of the 
working fluid. Shi and Che [13] used a combination of DEC and Kalina cycle to 
obtain a net power output of 1,25 MW per kg of ammonia-water. However, the 
Kalina cycle is controversial due to the nature of ammonia which is toxic and 
environmentally unfriendly [7]. 

From this literature study about exergy that accompanying heat transfer, it is 
concluded that there is a possibility of greater work being extracted from a reversible 
cycle where the cold source is limited. However, not all exergy can be extracted 
from the system. In the other words there is also a measure of efficiency in exergy 
extraction. This efficiency is called exergic efficiency and is formulated as, 

������� ���������� =
������  ���������

������  ���������
      (2) 

 

2.4. Organic Rankine Cycle (ORC) 

Organic rankine cycle (ORC) is one of reversible power systems available to 
extract potential thermal exergy in the system. It is categorized as a steam system, 
but tin case of ORC the working fluid is replaced by hydrocarbons or hydrocarbon 
derivations. The usage of hydrocarbon as working fluid enables steam cycle to be 
applied in low or mid temperature heat configuration since the boiling temperature 
of these fluids are usually located at a lower temperature than water. The ORC 
technology is commonly used as an alternative solution for clean, waste heat, or 
cryogenic power generation. The large application (>400 kW) of this technology 
are already available, while its smaller counterparts are still in development. The 
application of this technology using hydrocarbons and its derivatives as working 
fluid allows the down scaling of conventional power plants. The ORC technology 
has some inseparable advantages such as, 

 

1. Modular and adaptive to various heat resources 

2. Mature and proven technology 
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3. Simple and less maintenance required 

4. Scalable and distributed generation system 

5. Commercially available 

The different of ORC cycle and conventional Rankine cycle is only on the 
working fluid. This difference affects all downstream parameters and system 
behavior while maintaining the system configuration. 

 

Figure 2.13. ORC Schematic [14] 

ORC is made of mainly four components as shown in Figure 2.13: expander, 
pump, evaporator, and a condenser. The working principle of the system is as 
follows, 

1. (4-1) The working fluid is heated by a heat source in the evaporator. This 
heating process change the phase of the working fluid into gas. Different from 
normal Rankine cycle, the working process of heating in ORC which consists 
of heating, boiling, and superheating can be done in a single evaporator due to 
lower boiling and superheating temperature of hydrocarbon derivation that is 
being used as the working fluid. 

Further development in expander material technology enables the usage of 
supercritical working fluid to be used. It enables a higher cycle efficiency than 
normal subcritical fluid cycle. 

2. (1-2) The high pressure, gas formed working fluid expands the turbine which can 
be coupled with various application. The working fluid will lose some of its 
energy and being reduced in temperature and pressure. Depending on the 
expander equipment used, the phase of the output working fluid can be saturated 
gas or wet gas. 

3. (2-3) The low-pressure working fluid rejects heat using temperature gradient in 
the condenser and change its phase into liquid form. 
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4. (3-4) The working fluid is pumped to increase its pressure back to the evaporator. 
For supercritical system, the fluid is pumped to exceed critical point of the fluid, 
while subcritical system stays below the critical point. 

The ORC cycle can operate in two different design scheme, super- and 
subcritical. This make the critical point of the working fluid become an important 
design parameter. The advantage of supercritical design scheme is that it has higher 
efficiency, while having a possibility of turbine blade damage and fast wear due to 
supercritical fluid behavior.  

The mechanical power produced by the cycle can be calculated using 
following formula, 

���� � = � ��� − � ��  

���� � = � �̇�� [(ℎ� − ℎ�)− (ℎ� − ℎ�)]      (3) 

 

While the heat flow to the cycle is, 

����̇ = � .̇ (ℎ�� − ℎ���)= � .̇ �� . (��� − ����)     (4) 

 

Using the Equation (3) and (4), the efficiency of the ORC cycle can be defined 
as,  

���� = ���� �/����         (5) 

 

Where, 

ℎ� (�= 1,2,3,4,)  = Specific enthalpy for each condition 

� �̇��   = Mass flow of the working fluid 

� �̇�   = Mass flow of the heat carrier 

���   = Inlet temperature of heat carrier 

����  = Outlet temperature of heat carrier 

��    = Specific heat of heat source medium 

The ORC can be designed following the steps proposed by Budisulistyo [15] 
which are, 

1. Selection of heat source 

2. Selection of working fluid 

3. Selection of component types 

4. Selection of cycle design 

5. Determination of design parameters 
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2.5. Economic Analysis 

Economic analysis is a broad method to determine the feasibility of a project 
to be carried out by the company. This step is important and has a significant impact 
on projects. 

The economic analysis can use several approaches, one of them is the 
economical saving approach. This approach gives an insight about the saving that 
could be a result from implementing or doing a certain project. According to the 
modified regasification system, the saving resulted from the system implementation 
can be quantified by multiplying the power produced by the modified system and 
the energy price used to power the whole FSRU.  

The formula to determine the energy price is taken from the formula that is 
being used by the company to determine the average gas buying price for fuel. The 
information is obtained in an interview with company supervisor during internship 
in PT. Nusantara Regas. The formula was stated as follows, 

 

��� ����� �
$

�����
� = ��� × 11%       (6) 

 

Where, 

���   = Indonesian Crude Oil Price 

�����   = Million British Thermal Unit 

This value is multiplied with the amount of energy produced by the system. 
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METHODOLOGY 

3.1. Study Location 

This bachelor thesis will be using data of an existing FSRU vessel owned by 
PT. Nusantara Regas. The data are taken directly from the company and for further 
analysis and calculation, will be done in the Laboratory of Marine Machinery and 
System (MMS) of Marine Engineering Department FTK-ITS. 

3.2. Research Scheme 

The research consists of one main and two sb flowcharts. The main flowchart 
will guide the researcher to do the general research while sub flowcharts will guide 
the researcher to do the two more specific parts in the research which is ORC design 
and system modelling and simulation. 

3.2.1. Main research flowchart 

 

Figure 3.1. Main Research Flowchart 
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3.2.2. Sub research flowcharts 

Figure 3.2. ORC design flowchart 

 

Figure 3.3. Modelling and 
Simulation Flowchart 

 

3.3. Literature Study 

Literature study is done to obtain the recent state-of-art of the technology and 
gives both fundamental and advance knowledge regarding the study material of this 
thesis, including theories, key variables, phenomena, and methodology of several 
studies regarding the study material. The literature study was done using scientific 
approach by reading and summarizing the journals, handbooks, textbooks, company 
database, and other thesis. There are also discussions between the author and the 
supervisors which provides different point of views regarding the studies, including 
their experienced perspectives in their focus field. The literature study is mainly 
focused in three main concern of this thesis, which are, 

1. Organic Rankine Cycle (ORC 

2. Exergy Analysis 

3. Cold-energy Recovery 

3.4. Data Collection 

Data collection is one of the most important of this study, because it gives the 
author the steppingstones to complete the whole study. It will be conducted by using 
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conventional method of discussion, literature search, internet surfing, and company 
data lease. This study needs various data sourced from many entities. The data 
required for the completion in this thesis are summarized below, 

 PID and PFD of the regasification system of the FSRU 

 Company daily operational report 

 Send-out rate profile 

 Equipment data 

 Economic data 

The gathered data will be further processed in order to be suitable for the 
research process. 

3.5. Data Processing 

The obtained data will be processed to gives a more comprehensive view of 
the problem in this thesis. The raw data and its aim will be shown in the table below, 

Table 3.1. Raw data and its objectives 

No. Raw Data Objectives 

1.  PID & PFD of regasification 
system 

Initial PFD system model and layout of 
existing system. 

Information about input and output to the 
system. 

2.  Company daily operational 
report 

Send-out rate profile and average LNG 
composition. 

3.  Equipment data Assist in system layout modelling and 

4.  Economic data Assist in economic impact analysis. 

3.6. ORC Cycle Design 

The ORC cycle design for the system consists of two parts, parametric and 
layout design. Since the thesis talk about application in the object of the research, 
then the thesis will also discuss about the layout design and equipment selection.  

3.6.1. Parametric design 

Parametric design has a purpose to design system parameters on the ORC 
cycle. The designed parameter will be in a close contact and work parallelly with 
the layout design. The parametric design process, consist of a set of sub-process, 
which are, 

1. Heat and cold source affirmation and selection 

2. Working fluid selection 

3. Selection of component types 
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4. Selection cycle design 

5. Determination of design parameters 

3.6.2. System layout design 

System layout design is the physical design of the system. It is only limited 
to the PID drawing, which consists of system technical drawing including all its 
equipment, fittings, and material. 

3.7. System Modelling 

The system simulation is the next step of this process in which the result from 
parametric and system layout design are put together in form of a model. The system 
will be modeled using the information from parametric and system layout design 
with help from a software. The software will verify the parametric and system layout 
design and if there is a mistake in designing process the software will gives a hint 
and recommendation.  

If there is a mistake in the parameter determination, then the design process 
will revert to the determination of design parameters step. If the parameters are ok, 
then the research process can continue to the next step. 

3.8. System Simulation 

The simulation process is an inseparable process of system modelling, 
because this step is done automatically after the system modelling. The simulation 
will give us a hint about many parameters such as, power generated, unknown 
parameters, effect of various changes in the system, etc. 

3.9. Result Analysis 

The results generated from the simulation will be studied and compared with 
initial values of the existing system to obtain several answers for problem statements 
such as generated power, system efficiency, and economic aspect. 

3.9.1. Power generation 

The power generated by the simulated system will be the main result of this 
thesis. The amount of power generated will be observed for various regasification 
rate. Moreover, its working fluid flow will be considered and compared to the send-
out rate profile to determine the amount of energy produced from this system. 

3.9.2. Efficiency 

The efficiency is a byproduct from power generation. The expected efficiency 
to be presented in this result will be exergy efficiency and overall system efficiency. 

3.9.3. Economic aspect  

The economic aspect will be derived from the system and mainly discussed 
about how much savings that could be done from implementing this technology 
onboard an LNG terminal. The economic aspect will be presented in annual saving. 
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DISCUSSION AND RESULT 

4.1. Processed Data 

The data are collected from various sources with secondary data source from 
the operator of FSRU Jawa Barat in form of daily operational data taken between 
February to June 2019. The data are further processed to obtain usable data ready to 
be used in the research. 

4.1.1. Fluid Component 

The fluid component poses a significant role in the research due to the 
variation of LNG processed in the plant. The data are obtained from the plant daily 
operational report and processed to get the average value of processed LNG. The 
result of fluid properties as follows, 

Table 4.1. LNG Composition 

LNG Composition (%) 

Methane 94,14422799 

Ethane 3,146522136 

Propane 1,710933528 

i-Butane 0,410617692 

n-Butane 0,51025924 

i-Pentane 0,021255709 

n-Pentane 0,00716623 

n-Hexane 0 

Nitrogen 0,025576407 

CO2 0,009226252 

Water 0,000316667 

Total 99,98615828 

The fluid used as the intermediate fluid in the existing system is pure (100%) 
propane. This information of fluids will be used as reference in the system design 
process. 
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4.1.2. Existing Parameter Data 

The parameter derived from existing system’s data are as follows, 

Table 4.2. Existing System Parameter Data-1 

General Data 

Ambient Air Temperature Range 7 – 65oC 

Seawater Temperature Range 15 – 35oC 

Humidity Average 95% 

Barometric Pressure 0,95 – 1,04 bar 

Gas Send-out Rates 

Nominal 200 – 400 MMSCFD 

Peak 500 MMSCFD 

Gas Send-out Pressures 

Maximum 59 bar @ 15oC 

Nominal 55 bar 

Gas Temperature Above 0oC at Gas Control Station 

LNG 

LNG Feed 

Temperature -160oC 

Pressure 5 bar 

Max Mass Flow Rate 464 ton/h 

LNG Before Evaporator 

Temperature -150oC 

Pressure 74 barg 

NG 

NG After LNG Evaporator (Before Trim Heater) 

Temperature -20 oC 

Pressure 63 barg 

NG After Trim Heater 

Temperature 17,5 oC 

Pressure 55 barg 
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Table 4.3. Existing System Parameter Data-2 

Propane 

Propane Before LNG Evaporator 

Pressure 3 bar 

Temperature -1,7oC 

Max Liquid Fraction 30% 

Propane After LNG Evaporator 

Temperature -20oC 

Pressure 1,5 bar 

Propane After Pump 

Pressure 10 bar 

Temperature -20oC 

Propane After Pre-Heater 

Temperature 26 oC 

Pressure 10 bar 

Propane After NG Trim Heater 

Temperature 4 oC 

Pressure 7,5 bar 

Propane After Throttling Valve 

Temperature 1,7 oC 

Pressure 3,5 bar 

The input and output parameters of heat and cold source will be taken as the 
existing system. This means the data of LNG before and after LNG evaporator and 
seawater before and after propane heater will be taken as the same value with 
existing system. 
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4.1.3. Send-out Rate Profile 

 

Figure 4.1. SOR Profile of FSRU 

The send-out rate profile is the profile of regasification rate throughout the 
day. The data is taken from the company’s file dated back in April 2014. This data 
will be used to determine the optimum operation time of the designed system. The 
send-out rate profile has the maximum regasification rate of 342,8 MMSCFD while 
the minimum rate is at 110 MMSCFD and has a highest ramp of 45,6 MMSCFD/hr 
in 4 hours. 

4.1.4. Economic Data 

The economic data used to determine the economic impact of the system’s 
modification is based on the oil and gas price and consumed gas to generate the 
power needed for FSRU operation. The result of data gathering regarding this 
information is as follows, 

1. Indonesian Crude Price 

Indonesian crude price or ICP is taken as the reference to determine gas price 
per MMBTU. The gas price per MMBTU is equal as 11% of the ICP. According to 
the ICP on September 2019, the price of gas per MMBTU is calculated using the 
Equation 6 as follows, 

��� ����� �
$

�����
� = ��� × 11%   

��� ����� �
$

�����
� = $63,26 × 11%   
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��� ����� �
$

�����
� = $6,96  

Therefore, the reference price for gas is taken as $6,69 per MMBTU. 

2. Gas Consumption 

The existing steam boiler consumes 3.718,4 MMBTU/day gas. This gas is 
consumed to generate power of 18 MW to power the operation onboard the FSRU. 

 

4.2. ORC Cycle Design 

4.2.1. Heat and cold source affirmation and selection 

Heat and cold source should be selected and calculated to ensure the cycle 
can be properly applied.  

The cold source of this system is the LNG cold after the BOG re-condenser 
which has a mass flow rate of 60,41 kg/s, pressure of 74 barg and temperature of -
150oC. the cold source will be heated to a temperature of 17,5 oC and pressure of 55 
barg. According to the information, using the general form of Equation 4 the 
available cold can be calculated as follows, 

����� = � �̇��� . (ℎ��� − ℎ��)  

����� = 60.09 ��/�. �(−4477
��

��
)− (−5234

��

��
�)  

����� = 45,9 ��   

The heat source of the system is the heat from seawater taken from the open 
sea. The seawater is taken into the system with a temperature of 27oC and pressure 
of 2,2 bar. The available heat is theoretically unlimited due to abundant heat 
resource. 

According to the exergy analysis, there is an extractable work in the system 
in form of exergy. Using the Equation 1, the available exergy on the system can be 
calculated as follows, 

��� = �. �1 −
��

�
� (1) 

��� = 45,9 �� . �1 −
����

(������)
�  

��� = 45.9 �� . �1 −
����

(������)
�  

��� = 54,16 ��   

The obtained result of 54,16 MW is the theoretical exergy available in the 
system when LNG is selected as cold source. The exergy could be bigger than the 
actual cold requirement due to unlimited heat provided by seawater acting as the 
heat source in the system. 
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Therefore, the LNG is selected as the only cold source in the system and 
seawater as the main heat source. 

4.2.2. Working fluid selection 

The working fluid selected in the process should come from organic 
materials. There are various possible working fluids to be used in the system, but 
the working fluid of propane (C3H8) is selected due to several reasons, such as: 

1. Similarity with recent intermediate fluid. 

A similar working fluid in the system will ease the crew and system 
adaptation process to the modification. It will also ensure the system to be easily 
integrated with the existing regasification system. The crew will not require 
additional training to accommodate the new system. 

2. Abundant supply and relative cheaper price. 

Propane is resulted from ordinary crude oil fractional distillation process. 
Therefore, it has a relatively cheaper price in comparison with other possible 
working fluid such as organic refrigerants due to further chemical modifications 
needed by these organic refrigerants to obtain specified material properties.  

3. The natural component of LNG 

Propane is a natural component of LNG with a fraction of 1%-2% of the 
whole LNG component. It also has a low boiling temperature of -40oC, which is 
suitable for cryogenic application. The concern of propane usage as a working fluid 
is that in the event of propane leak into the LNG system, there will be no worry of 
natural gas output contamination of foreign gases. 

Therefore, propane (C3H8) is selected as the working fluid in this system with 
100% purity. 

4.2.3. Component type selection 

In the designed ORC cycle, there are 4 major components that should be 
selected. These components are pump, expander, evaporator and condenser.  

1. Pump 

The type of pump selected for the application in the ORC cycle is the pot-
mounted single stage centrifugal cryogenic pump. The pot-mounted criterion is 
chosen to further decrease the possibility of the impeller working on two different 
fluid phases. The pot has a gas escape nozzle to prevent cavitation in cryogenic 
liquid such as propane that is prone to temperature increase.  

2. Expander 

The expander type chosen for this design process is the turbomachine type 
which has an advantage in large ORC units in comparison with positive 
displacement type. The turbomachine has greater efficiency but is limited by the 
fluid or gas flow rate that flow through it. The expander will be coupled with a 
generator in order to directly convert the obtained mechanical work into electrical 
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power. The expander and electric generator will be connected by a power shaft 
incorporated into a gearbox to reduce the speed of the power shaft. The gearbox 
output will be connected to the generator’s shaft to produce electrical power. 

3. Evaporator 

The working fluid evaporator is chosen to be plate type due to relatively lower 
operating pressure, lower temperature different, and indirect influence on the main 
flow of LNG. Furthermore, the plate heat exchanger is deemed relatively cheaper 
than the heat exchanger used in the condenser (LNG evaporator). 

4. Condenser 

The condenser (LNG evaporator) used in the system comes from PCHE 
(Printed Circuit Heat Exchanger) type which allow high duty heat exchange in high 
pressure to take place and has a significant smaller unit size in comparation to the 
conventional shell and tube heat exchangers. This condenser type is chosen due to 
high cooling duty to be performed in order to regasify the LNG with limited space. 
The compact heat exchanger is made from tough material using high welding 
technique to ensure structural toughness so that it can be operated under high load 
and pressure while maintaining compact size. It has become a choice since the 
conventional plate and frame heat exchanger with the same heat duty are far bigger 
and heavier in size. 

4.2.4. Cycle design selection 

There are four available cycle design type to be chosen. These design types 
are sub-critical without recuperator, sub-critical with recuperator, super-critical 
without recuperator, and super-critical with recuperator. For this ORC design 
process, the sub-critical without recuperator is chosen as the cycle design type due 
to the limitation of selected equipment, specifically the expander that can only be 
operated under the critical point of the fluid. 

4.2.5. Design parameter determination 

To design the parameter used in the system the conventional approach using 
pressure-enthalpy diagram is used. The limitation of the design process is as 
follows, 

1. The system should be designed as subcritical, non-recuperated system. 

2. The input and output parameter of cold reservoir (LNG) should be the same 
value as existing system. 

3. The condition of hot reservoir (seawater) should be the same value as the 
existing system. 

According to above mentioned limitations, the cycle is designed as following 
block diagram. 
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Figure 4.2. System Block Diagram 

The C3_X parameters are parameter of the fluid in respective conditions in 
each cycle phase. The detail of these parameter naming are as follows, 

1. C3_1 = Liquid propane after LNG evaporator. 

2. C3_2 = Liquid propane before propane pump. 

3. C3_3 = Liquid propane before propane evaporator. 

4. C3_4 = Propane gas before expander. 

5. C3_5 = Propane gas after expander. 

6. C3_6 = Propane gas after propane reheater. 

The naming of these parameters is for naming purpose only thus do not 
correlate with the parameter conditions. 

The parameters are designed and presented in the following pressure-
enthalpy diagram, 
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Detailed parameters for each position in the block diagram are shown in the 
table below, 

Table 4.4. Designed ORC Parameters 

Designed Parameters 

C3_1 

Temperature -15,2oC 

Pressure 2,89 bar 

Mass Flow Rate 100,4 kg/s 

C3_2 

Temperature -15,2oC 

Pressure 2,89 bar 

Mass Flow Rate 100,4 kg/s 

C3_3 

Temperature -14,6oC 

Pressure 10 bar 

Mass Flow Rate 100,4 kg/s 

C3_4 

Temperature 27oC 

Pressure 10 bar 

Mass Flow Rate 100,4 kg/s 

C3_5 

Temperature -11,3oC 

Pressure 2,9 bar 

Mass Flow Rate 100,4 kg/s 

C3_6 

Temperature 19,6oC 

Pressure 2,89 bar 

Mass Flow Rate 100,4 kg/s 
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4.2.6. Technical layout design 

The regasification system onboards the FSRU is modified. The modification 
adds an expander-generator in order to extract and convert potential exergy into 
electrical power. The generator and the expander are connected via a metal shaft. 
The shaft is connected to a variable gearbox to reduce the turning speed. The shaft 
and the gearbox are assumed to have 98% of efficiency while the generator is 
assumed to have 85% efficiency in converting mechanical to electrical power. Some 
other changes are also made such as the elimination of natural gas trim heater and 
the addition of another plate heat exchanger.  

The plate heat exchanger will be called as the propane reheater. Its duty is to 
reheat the propane after it gone through the expander and losing a significant amount 
of temperature. The reheating process is necessary to achieve the 17,5oC output 
temperature of the natural gas. The number of units needed to be installed is not 
specified, only the total duty that is specified. This ensures the user’s freedom to 
determine due to different situation, build condition, and economical aspect of 
consideration.  

The trim heater in the other side is eliminated and its duty is integrated into 
the LNG evaporator to simplify the system while maintaining its functionality.  

The flow, tank level control system, and pump power control are now 
integrated using automatic controller. The control system is connected to a 
controller. This controller will have three input which are the tank level, flow speed, 
and pump power. The controller also has additional input from the ship officer on 
the bridge. The integration of these controller is essential because they are 
influencing one another and should be controlled simultaneously.  

The modified system will need the same input as the old system while 
maintaining the same output of the old system. Therefore, there is no need to change 
any input or output in case of the modified system’s application. 
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The equipment planned to be used in the system are stated in the table below, 

1. Propane Pump 

Table 4.5. Propane pump specification 

PROPANE CIRCULATING PUMP 

Brand Nikkiso  

Type 60446L1P326F  

Capacity 1000 m3/h 

Head 162 M 

Power 326 kW 

Speed 1800 RPM 

ELECTRIC MOTOR 

Voltage 6600 V 

Frequency 60 Hz 

DIMENSION 

Diameter 540 mm 

Height 1909 mm 

2. Propane Evaporator and Reheater 

Table 4.6. Propane evaporator specification 

PROPANE EVAPORATOR 

Brand APV  

Type PFHE: LR9GN 

Designed Temp. -40 to 200oC 

Duty 44,5 MW 

DIMENSION 

Height 2150 mm 

Width 804 mm 
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3. LNG Evaporator 

Table 4.7. LNG evaporator specification 

LNG EVAPORATOR 

Brand Heatric  

Type Printed Circuit Heat Exchanger 

Designed Temp. -45 to 70oC 

Duty 45,9 MW 

DIMENSION 

Height 600 mm 

Width 600 mm 

Length 1500 mm 

4. Expander 

Table 4.8. Expander specification 

EXPANDER GENERATOR 

Brand Atlas Copco  

Type ECOTS Expander  

Expansion Ratio 5  

Max Inlet Pressure 82 bar 

Inlet Temp. -129 to 93 oC 

Gas Handled Natural Gas  

Max Speed 50000 RPM 

Max Shaft Power 5,2 MW 

The equipment will be installed on fore of the ship. the system will 
complement other two regasification skids that are already installed onboard the 
ship. the equipment will be installed in vertical manner since the bow area of the 
ship is limited. The vertical installation will be using additional platform that are 
vertically stacked. The height of the platforms will be legally allowed by the 
classification society since the ship is immobile and only used as a terminal. The 
equipment will be installed considering its weight and space available onboard the 
ship. Heavy equipment will be installed first on lower platform to maintain ship 
stability. The ship stability is also considered undisturbed since the ship is 
permanently moored to a dolphin mooring platform, thus providing more freedom 
in equipment installation. 
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4.3. System Modelling and Simulation 

4.3.1. Fluid specification 

The fluid used as the heat sink in the system modelling is LNG with mole 
fraction quality as stated in Table 4.1 in this research. The fluid used as the heat 
source is the seawater which is represent by H2O with mole fraction quality of 1 
(pure water) due to the limitation of the software. The fluid used as the working 
fluid is propane with mole fraction quality of 1 (pure propane). These three fluids 
are incorporated into one fluid components consisting of all the mole fraction 
elements of each fluid. 

4.3.2. State of equation selection 

The state of equation is important to predict and calculate the properties of 
fluids in thermodynamic. It is relating the state variables of matter under given 
condition such as temperature, pressure, volume, and internal energy. For this study, 
the state of equation stated by Peng-Robinson is used. 

4.3.3. PFD drawing input 

The PFD of the system should be inputted in order to simulate the system. 
The PFD were made based on the block diagram and designed parameters in Section 
4.2.5. and technical layout in Section 4.2.6. the drawing input is as follows, 

 

Figure 4.5. PFD drawing of the system 

 

4.3.4. Simulation result 

The simulation is done by varying the send-out rate of FSRU per 50 
MMSCFD from 0 to 250 MMSCFD. The result of this simulation is shown in the 
table on following pages.
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Table 4.9. Simulation Result on Working Fluid at 250 MMSCFD 

  Unit LNG_IN NG_OUT SW_IN SW_OUT C3_1 C3_2 C3_3 

Vapour Fraction   0,00 1,00 0,00 0,00 0,00 0,00 0,00 

Temperature C -150,00 17,50 27,00 18,18 -15,20 -15,20 -14,64 

Pressure bar 75,01 56,01 2,20 2,20 2,89 2,89 10,00 

Molar Flow MMSCFD 250,00 250,00 5230,25 5230,25 164,50 164,50 164,50 

Mass Flow kg/s 60,09 60,09 1303,61 1303,61 100,36 100,36 100,36 

Liquid Volume 
Flow m3/h 692,13 692,13 4702,47 4702,47 713,08 713,08 713,08 

Heat Flow MW -314,54 -269,02 
-

20700,15 -20749,75 -283,66 -283,66 -283,49 

  
 

      

  Unit C3_4 C3_5 C3_6 SW_IN_C3_EVAP SW_IN_C3_REHT SW_OUT_C3_EVAP SW_OUT_C3_REHT 

Vapour Fraction   1,00 1,00 1,00 0,00 0,00 0,00 0,00 

Temperature C 27,00 -11,34 19,60 27,00 27,00 18,44 15,00 

Pressure bar 10,00 2,90 2,89 2,20 2,20 2,20 2,20 

Molar Flow MMSCFD 164,50 164,50 164,50 4831,78 398,48 4831,78 398,48 

Mass Flow kg/s 100,36 100,36 100,36 1204,29 99,32 1204,29 99,32 

Liquid Volume 
Flow m3/h 713,08 713,08 713,08 4344,20 358,27 4344,20 358,27 

Heat Flow MW -239,04 -243,28 -238,14 -19123,06 -1577,08 -19167,52 -1582,22 
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Table 4.10. Simulation Result on Working Fluid at 200 MMSCFD 

  Unit LNG_IN NG_OUT SW_IN SW_OUT C3_1 C3_2 C3_3 

Vapour Fraction   0,00 1,00 0,00 0,00 0,00 0,00 0,00 

Temperature C -150,00 17,50 27,00 19,94 -15,20 -15,20 -14,64 

Pressure bar 75,01 56,01 2,20 2,20 2,89 2,89 10,00 

Molar Flow MMSCFD 200,00 200,00 5230,25 5230,25 131,60 131,60 131,60 

Mass Flow kg/s 48,07 48,07 1303,61 1303,61 80,29 80,29 80,29 

Liquid Volume 
Flow m3/h 553,70 553,70 4702,47 4702,47 570,47 570,47 570,47 

Heat Flow MW -251,63 -215,21 
-

20700,15 -20739,83 -226,93 -226,93 -226,79 

         

  Unit C3_4 C3_5 C3_6 SW_IN_C3_EVAP SW_IN_C3_REHT SW_OUT_C3_EVAP SW_OUT_C3_REHT 

Vapour Fraction   1,00 1,00 1,00 0,00 0,00 0,00 0,00 

Temperature C 27,00 -11,34 19,60 27,00 27,00 20,26 15,00 

Pressure bar 10,00 2,90 2,89 2,20 2,20 2,20 2,20 

Molar Flow MMSCFD 131,60 131,60 131,60 4911,47 318,78 4911,47 318,78 

Mass Flow kg/s 80,29 80,29 80,29 1224,16 79,45 1224,16 79,45 

Liquid Volume 
Flow m3/h 570,47 570,47 570,47 4415,86 286,61 4415,86 286,61 

Heat Flow MW -191,23 -194,62 -190,51 -19438,48 -1261,67 -19474,05 -1265,78 
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Table 4.11. Simulation Result on Working Fluid at 150 MMSCFD 

  Unit LNG_IN NG_OUT SW_IN SW_OUT C3_1 C3_2 C3_3 

Vapour Fraction   0,00 1,00 0,00 0,00 0,00 0,00 0,00 

Temperature C -150,00 17,50 27,00 21,71 -15,20 -15,20 -14,64 

Pressure bar 75,01 56,01 2,20 2,20 2,89 2,89 10,00 

Molar Flow MMSCFD 150,00 150,00 5230,25 5230,25 98,70 98,70 98,70 

Mass Flow kg/s 36,05 36,05 1303,61 1303,61 60,22 60,22 60,22 

Liquid Volume 
Flow m3/h 415,28 415,28 4702,47 4702,47 427,85 427,85 427,85 

Heat Flow MW -188,73 -161,41 
-

20700,15 -20729,91 -170,20 -170,20 -170,09 

         

  Unit C3_4 C3_5 C3_6 SW_IN_C3_EVAP SW_IN_C3_REHT SW_OUT_C3_EVAP SW_OUT_C3_REHT 

Vapour Fraction   1,00 1,00 1,00 0,00 0,00 0,00 0,00 

Temperature C 27,00 -11,34 19,60 27,00 27,00 22,03 15,00 

Pressure bar 10,00 2,90 2,89 2,20 2,20 2,20 2,20 

Molar Flow MMSCFD 98,70 98,70 98,70 4991,17 239,09 4991,17 239,09 

Mass Flow kg/s 60,22 60,22 60,22 1244,02 59,59 1244,02 59,59 

Liquid Volume 
Flow m3/h 427,85 427,85 427,85 4487,51 214,96 4487,51 214,96 

Heat Flow MW -143,42 -145,97 -142,88 -19753,90 -946,25 -19780,57 -949,33 
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Table 4.12. Simulation Result on Working Fluid at 100 MMSCFD 

 

 

 

 

  Unit LNG_IN NG_OUT SW_IN SW_OUT C3_1 C3_2 C3_3 

Vapour Fraction   0,00 1,00 0,00 0,00 0,00 0,00 0,00 

Temperature C -150,00 17,50 27,00 23,47 -15,20 -15,20 -14,64 

Pressure bar 75,01 56,01 2,20 2,20 2,89 2,89 10,00 

Molar Flow MMSCFD 100,00 100,00 5230,25 5230,25 65,80 65,80 65,80 

Mass Flow kg/s 24,04 24,04 1303,61 1303,61 40,14 40,14 40,14 

Liquid Volume 
Flow m3/h 276,85 276,85 4702,47 4702,47 285,23 285,23 285,23 

Heat Flow MW -125,82 -107,61 
-

20700,15 -20719,99 -113,47 -113,47 -113,40 

         

  Unit C3_4 C3_5 C3_6 SW_IN_C3_EVAP SW_IN_C3_REHT SW_OUT_C3_EVAP SW_OUT_C3_REHT 

Vapour Fraction   1,00 1,00 1,00 0,00 0,00 0,00 0,00 

Temperature C 27,00 -11,34 19,60 27,00 27,00 23,74 15,00 

Pressure bar 10,00 2,90 2,89 2,20 2,20 2,20 2,20 

Molar Flow MMSCFD 65,80 65,80 65,80 5070,86 159,39 5070,86 159,39 

Mass Flow kg/s 40,14 40,14 40,14 1263,88 39,73 1263,88 39,73 

Liquid Volume 
Flow m3/h 285,23 285,23 285,23 4559,16 143,31 4559,16 143,31 

Heat Flow MW -95,61 -97,31 -95,26 -20069,31 -630,83 -20087,10 -632,89 
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Table 4.13. Simulation Result on Working Fluid at 50 MMSCFD 

 

  Unit LNG_IN NG_OUT SW_IN SW_OUT C3_1 C3_2 C3_3 

Vapour Fraction   0,00 1,00 0,00 0,00 0,00 0,00 0,00 

Temperature C -150,00 17,50 27,00 25,24 -15,20 -15,20 -14,64 

Pressure bar 75,01 56,01 2,20 2,20 2,89 2,89 10,00 

Molar Flow MMSCFD 50,00 50,00 5230,25 5230,25 32,90 32,90 32,90 

Mass Flow kg/s 12,02 12,02 1303,61 1303,61 20,07 20,07 20,07 

Liquid Volume 
Flow m3/h 138,43 138,43 4702,47 4702,47 142,62 142,62 142,62 

Heat Flow MW -62,91 -53,80 
-

20700,15 -20710,07 -56,73 -56,73 -56,70 

         

  Unit C3_4 C3_5 C3_6 SW_IN_C3_EVAP SW_IN_C3_REHT SW_OUT_C3_EVAP SW_OUT_C3_REHT 

Vapour Fraction   1,00 1,00 1,00 0,00 0,00 0,00 0,00 

Temperature C 27,00 -11,34 19,60 27,00 27,00 25,39 15,00 

Pressure bar 10,00 2,90 2,89 2,20 2,20 2,20 2,20 

Molar Flow MMSCFD 32,90 32,90 32,90 5150,56 79,70 5150,56 79,70 

Mass Flow kg/s 20,07 20,07 20,07 1283,75 19,86 1283,75 19,86 

Liquid Volume 
Flow m3/h 142,62 142,62 142,62 4630,82 71,65 4630,82 71,65 

Heat Flow MW -47,81 -48,66 -47,63 -20384,73 -315,42 -20393,62 -316,44 
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Table 4.14. Simulation Result on Electrical Power 

 

The simulation gave out result that the system could produce maximum 4,24 
MW mechanical power with maximum system pressure of 10 bar and lower system 
pressure of 2,9 bar. Furthermore, at its maximum generation capacity it could supply 
a natural gas send-out rate of 250 MMSCFD and has a maximum working fluid 
molar flow of 183.600 Nm3/h or 98.7 MMSCFD. 

 

4.3.5. Simulation result analysis 

Complement to this simulation result, the simulation software also analyzes 
the effect of the independent to the dependent parameters. The analyzed 
independent parameters are, 

1. Molar flow of NG_OUT (Gas send-out rate) 

2. Pressure of C3_3 (Fluid phase before propane evaporator) 

3. Pressure of C3_5 (Fluid phase after expander) 

4. Temperature of C3_6 (Fluid phase after propane reheater) 

While the analyzed dependent parameters are, 

1. Expander power output (Wturbine) 

2. Molar flow of the propane (C3_4) 

The result of simulation is analyzed using the simulation and analysis 
software. The result of this analysis is as follows, 

 

 

 

 

 

 

SOR Unit

Power 

Output 

(kW)

Electrical 

Power 

(kWe)

0 MMSCFD 0 0

50 MMSCFD 848,9 707,1337

100 MMSCFD 1698 1414,434

150 MMSCFD 2547 2121,651

200 MMSCFD 3395 2828,035

250 MMSCFD 4244 3535,252
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1. Effect of send-out rate of natural gas to the turbine power output 

 

Figure 4.6. Turbine Power vs FSRU Send-out Rate 

According to the simulation result obtained from the system’s PFD model, 
the turbine power has a proportional relationship with the SOR (Send-out Rate) of 
the natural gas produced by the FSRU. The power of the turbine goes up in a linear 
manner together with the increase of send-out rate of the FSRU. The linear 
relationship between the two can be obtained by holding the parameters in a still 
condition for which the molar flow of the intermediate fluid should be adjusted 
properly for each SORs of the FSRU. This relation between the SOR of the natural 
gas and the intermediate fluid can be shown in the diagram below, 

 

Figure 4.7. Intermediate Fluid Molar Flow vs FSRU Send-out Rate 
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2. The significant parameters in the system 

There are many parameters that are embedded into the system especially in 
the ORC system. These parameters are determined using the pressure-enthalpy 
diagram as shown in the section 4.2.5 of this study. The simulation results in a 
detailed analysis of which parameter has significant effect to the output power from 
the expander. The parameters which are analyzed are the parameter which are given 
or specified by the system designer with assumption that the other calculated 
parameters depend on these parameters. The first parameter to be observed is the 
effect of the C3_3 (Fluid before expander)’s pressure to the power output from the 
system.  

 

Figure 4.8. Pressure before expander vs power output 

From figure 4.8, it can be clearly seen that the pressure before the expander 
has a significant effect on the power output. The power output increases as the 
pressure on phase C3_3 increases. But it stopped in 10 bar pressure and experience 
a dramatic decrease of power output. The decrease of power beyond 10 bar is likely 
due to the phase of the fluid becoming partly liquid in the given temperature and 
pressure. The highest pressure that can be achieved in this system is limited to 10 
bar due to the heat source (in this case sea water) capability which is set to has 
temperature of 27oC. the pressure should be lower or equal to the seawater 
temperature otherwise temperature cross will happen in the heat exchanger or 
another heat source with higher temperature is needed. 
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Figure 4.9. Pressure after expander vs power output 

From Figure 4.9, the power output decreases as the pressure after the 
expander increases. From these two figures, a tendency is to be observed in which 
the turbine power is greatly dependent on the pressure difference of before and after 
expander, while in this system, the upper limit of the intermediate fluid pressure (10 
bar) is limited by the condition of heat source and the lower limit of pressure is 
limited by the molar flow of the fluid itself. 

 

Figure 4.10. Temperature after reheater vs power output 

Another parameter that has a significant effect on the power output is the 
temperature of the working fluid after the reheater (C3_6). It can be seen from the 
Figure 4.10, that the power output decreases as the temperature after the reheater 
increases. The higher power output couldn’t be reached because the temperature of 
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C3_6 should be higher than 17,5oC, otherwise a temperature cross will happen in 
the LNG evaporator.  

According to these simulation results, there are three parameters that are 
taken as significant values in the system. These parameters are, 

1. Pressure difference in the expander. 

2. Temperature after reheater. 

 

4.4. Analysis 

4.4.1. Total Power Production Analysis 

The total power produced from system modification can be calculated by 
summing the total electrical power production throughout the day. The power 
production will fluctuate in parallel to the send-out-ratio of the FSRU. Therefore, a 
power graph should be derived using SOR profile shown previously in Figure 4.1 
of this report. The power produced profile is shown below, 

 

Figure 4.11. Daily generated power profile 

Using the integration principle, the area under the graph or the total power 
generated from the modified system is 73,9 MWh or equal as 252,1573 MMBTU. 
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4.4.2. Efficiency Analysis 

1. Exergic Efficiency 

The exergic efficiency can be calculated using Eq. 2, in which the extracted 
exergy is the power output from the system and the available exergy is already 
calculated in section 4.2.1. The net power output of the system can be calculated 
using Equation (3) as, 

���� � = � ��� − � ��  

���� � = 4,24 �� − 0,173 ��   

���� � = 4,06 ��   

Using the net power output as extracted exergy, the exergy efficiency can be 
calculated using the Equation 5 as follows, 

������� ���������� =
������  ���������

������  ���������
  

������� ���������� =
�,�� ��

��,�� ��
  

������� ���������� = 7,5%   

The exergic efficiency is calculated as 7,5% of total exergy that can be 
extracted if the value of � �� uses the needed work as resulted from the simulation. 
However, if the work of designed equipment is used, then the exergic efficiency is 
reduced to be 7% of overall exergy. 

The efficiency obtained can be categorized as normal due to the lower heat 
source used in the ORC cycle. The value is categorized as normal since it is in the 
range of 5%-10%. 

2. Overall efficiency 

The boiler generator in the FSRU currently generating as big as 18 MW of 
electricity by consuming about 3.718,4 MMBTU/day. Using a conversion factor of 
0,012 MMBTU/(day.MW), the overall efficiency of the system is 40,34% following 
the calculation below, 

� =
������  ������

������  �����
  

� =
�� �� ×

����

��

�����

�� .�

����,�
�����

���

  

� = 40,34%   

The additional electrical energy from the ORC system will increase the 
overall efficiency of the system. The additional energy that comes from the modified 
system is convertible to the amount of energy used to generate the power. the 252 
MMBTU additional energy is divided by current system’s efficiency to obtain 625 
MMBTU. The 625 MMBTU energy will reduce the amount of energy needed for 
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power generation thus increasing the overall efficiency. Taking the maximum 
electrical output of the system, the overall efficiency of the system will increase to 
48,5% following below calculation, 

� =
������  ������

������  �����
=

�� �� ×
����

��

�����

�� .�

�����,�
�����

�
����

�����

���
�
   

� = 48,5%   

The overall system efficiency will increase by 8,16% after the 
implementation of one modified regasification system. 

4.4.3. Economic Analysis 

The economic analysis will explain about how much the system affect the 
operational cost of the system economically. It will show the saving that comes from 
implementation of this modification into the system by calculating the electric 
power price of the generated electricity based on the power price of existing system. 
The power price of the existing system will be derived from the daily consumption 
of boiler to produce the onboard electricity.  

1. Power price derivation 

The power price is derived from the power consumption information on the 
existing FSRU and the power price which depends on the ICP price. The company 
has set a formula of determining gas price to be consumed in the FSRU. The formula 
used is stated in the Equation 6. According to this formula, the gas price can be 
calculated as follows, 

��� ����� �
$

�����
� = ��� × 11% = $63,26 × 11% = $6,96    

The gas price is calculated using ICP price which is $63,26 on November 
2019 and results in gas price of $ 6,96/MMBTU.  

2. Economical saving calculation 

The economical saving can be calculated by multiplying the amount of 
energy and the energy price/rate. The amount of energy should be firstly converted 
into MMBTU unit. The converted energy unit is then multiplied by the energy price 
rate which at $6,69/MMBTU to obtain the daily saving rate if the modified is 
applied onboard the regasification system in FSRU. The calculation proceeds as 
follows, 

�������

���
= ��� ����� �

$

�����
� × ������ = 6,69 × 252,1573 = $1686,9 

������ ������ = $1686,9 × 365 = $ 615.718,5 ≈ ��. �. ���. ���. ���  
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3. Additional revenue from idle gas calculation 

Gas that are initially used to power the FSRU is now available for selling. 
The amount of energy which is available for sell can be calculated by dividing the 
power generated (73,9 MWh) by the initial or the old system’s efficiency which is 
at 40,34%. The amount of energy is then multiplied by the gas selling price, whose 
component consists of regasification fee ($1,8/MMBTU). The calculation proceeds 
as follows, 

����� ������� = ���� ����� �
$

�����
� ×

������

����������
=

$�,�

�����
×

���,���� �����

��,��%
   

����� ������� =
$�,�

�����
× 625,08 ����� = $1125,1  

������ ������� = $1125,1 × 365 = $410.677,6 = ��. �. ���. ���. ���  

According to the economical saving and additional revenue calculation, the 
total benefit resulted from the application of the modified system is 
Rp.14.369.544.840 anually. 
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CONCLUSION AND SUGGESTION 

 

5.1. Conclusion 

From the research conducted to complete this study, several conclusions can 
be made from the analysis of modified regasification system onboard FSRU Jawa 
Barat. These conclusions are presented in the following: 

1. The regasification system is modified by adding an Atlas Copco expander with 
a power generation capacity of 5,2 MW and a Plate and Frame reheater with a 
duty of 5,12 MW in the working fluid flow to extract potential exergy. The 
reheater is needed since the expander exhaust working fluid is in lower 
temperature than the grid temperature of the natural gas. The system also applies 
integrated automatic pump power and working fluid flow control using control 
valve and controller. 

2. The modified regasification system manages to extract an amount of 4,06 MW 
of mechanical power from an enormous 54,16 MW of exergy accompanying 
heat transfer in the regasification process. This amount equals to approximately 
7,5% exergic efficiency. From this mechanical power the system is expected to 
deliver a maximum 3,5 MW electrical power at its peak SOR. Coupled with its 
SOR profile, the system can generate daily a total energy of 73,9 MWh. The 
produced energy contributes to the overall energy efficiency increase of 3,75%. 
The pressure difference in expander and temperature after reheater affects the 
performance of the system greatly. 

3. The total benefit resulted from the modified system’s application is 
Rp.14.369.544.840 anually. This benefit consists of the economical saving 
Rp.8.620.059.000 and additional revenue from the idle gas sell 
��. 5.749.485.840. 

5.2. Suggestion 

1. The lack of data about the cryogenic equipment specifically about its detailed 
specification and price has unfortunately affected this study’s result. The 
more exact economic impact analysis such cost-benefit analysis cannot be 
done. Future research regarding this matter is possible. 

2. A more comprehensive supporting software for system modelling should be 
used. The recent software has flaws especially in the availability of chosen 
equipment and limitations. 
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APPENDIX 1. CHOSEN EQUIPMENT SPECIFICATION 

 

PROPANE CIRCULATION PUMP 

 

 

 



 

 

EXPANDER 

 

 

 

 

 

 



 

 

PCHE HEAT EXCHANGER 

 

PLATE AND FRAME HEAT EXCHANGER 

 



 

 

APPENDIX 2. OPERATIONAL DATA 

 

OPERATIONAL DATA 

SW Temperature Range 15-35 C 

Humidity Average 95%   

Barometric Pressure 0,95 - 1,04 bar 

Feed LNG from In-Tank Pumps 464 ton/h 

  -160 C 

  5 bar 

NG to Shore (2 regas train) 464 ton/h 

  17,5 C 

  45-64 bar 

SW Inlet 9386 ton/h 

  27 C 

  2,2 bar 

Gas SOR 200-400 MMSCFD 

Gas SOP 59 bar @15 C (max) 

  55 bar (nominal) 

BOG Compressor 10 m3/h LNG 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

APPENDIX 2. GAS COMPOSITION DATA 
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APPENDIX 3. SOR PROFILE &PRODUCED POWER 
 

SEND-OUT RATE PROFILE 

MINIMUM 110 MMSCFD 

MAXIMUM 342.8 MMSCFD 

HIGHEST RAMP 45,6 MMSCFD/H 

 

SOR PROFILE Mech. Power 
(kW) 

El. Power 
(kW) 

0 200 MMSCFD 3378,426798 2814,229522 

1 160 MMSCFD 2716,323053 2262,697103 

2 150 MMSCFD 2546,552863 2121,278534 

3 125 MMSCFD 2122,127385 1767,732112 

4 105 MMSCFD 1782,587004 1484,894974 

5 110 MMSCFD 1867,472099 1555,604259 

6 119 MMSCFD 2020,265271 1682,880971 

7 123,7 MMSCFD 2088,173347 1739,448398 

8 169,3 MMSCFD 2869,116225 2389,973816 

9 214,9 MMSCFD 3633,082084 3026,357376 

10 260,5 MMSCFD 4244,254771 3535,464224 

11 306,4 MMSCFD 4244,254771 3535,464224 

12 320 MMSCFD 4244,254771 3535,464224 

13 320 MMSCFD 4244,254771 3535,464224 

14 320 MMSCFD 4244,254771 3535,464224 

15 320 MMSCFD 4244,254771 3535,464224 

16 330 MMSCFD 4244,254771 3535,464224 

17 342,8 MMSCFD 4244,254771 3535,464224 

18 342,8 MMSCFD 4244,254771 3535,464224 

19 342,8 MMSCFD 4244,254771 3535,464224 

20 342,8 MMSCFD 4244,254771 3535,464224 

21 290 MMSCFD 4244,254771 3535,464224 

22 255 MMSCFD 4244,254771 3535,464224 

23 249 MMSCFD 4210,300733 3507,18051 

24 200 MMSCFD 3378,426798 2814,229522 
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