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Abstract: In order to cater for increased demand for natural gas (NG) by the industry, Malaysia is
required to import liquid natural gas (LNG). This is done through PETRONAS GAS Sdn Bhd. For LNG
regasification, two regasification terminals have been set up, one in Sungai Udang Melaka (RGTSU)
and another at Pengerang Johor (RGTPJ). RGTSU started operation in 2013 while RGTPJ began
operation in 2017. The capacities of RGTSU and RGTPJ are 3.8 (500 mmscfd) and 3.5 (490 mmscfd)
MTPA, respectively. RGTSU is an offshore plant and uses an intermediate-fluid-vaporization (IFV)
process for regasification. RGTPJ is an onshore plant and employs open-rack vaporization (ORV).
It is known that a substantial amount of cold energy is released during the regasification process.
However, neither plant captures the cold energy released during regasification. This techno economic
study serves to evaluate the technical and economic feasibility of the cold energy available during
regasification. It was estimated that approximately 47,214 and 88,383 kWh of cold energy could be
generated daily at RGTPJ and RGTSU, respectively, during regasification processes. Converting this
energy into RTh at 70% thermal efficiency, and taking the commercial rate of 0.549 Sen per RTh, for the
20-year project life, an internal rate of return (IRR) of up to 33% and 17% was estimated for RGTPJ
and for RGTSU, respectively.
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1. Introduction

The share of the liquefied natural gas (LNG) international trade has grown continuously in recent
years and LNG has become an important tool for gas security [1]. The traditional supply chain of
LNG includes gas production, liquefaction, shipping, storage, and regasification. The practical way
to transport natural gas (NG) across oceans is by liquefaction of NG to LNG [2]. This is done by
cooling the NG to −162 ◦C at atmospheric pressure. The LNG is then regasified back to NG at import
terminals [3]. Normally, during regasification, the cold energy during the regasification process is
discarded. This is also true for LNG regasification terminals in Malaysia. The Malaysian economy grew
at 5.51% for the period 2016–2017. Like many developing countries, economic growth has resulted in
increased populations in urban areas as well as increased income per capita to catch up with higher
living standards, all of which are driving the demand for energy. NG is one of the best choices of
primary energy mixes to meet the growing energy demand in modern society due to its clean burning
characteristic, high combustion efficiency, and low contribution to greenhouse gases emissions. It is
estimated that NG contributes about 24% of Malaysia’s energy requirements [4]. To meet the growing
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demand, Malaysia imports LNG from other producing countries. Currently, two LNG regasification
terminals have been built by PETRONAS Gas. The first regasification terminal in Malaysia was set up
in Sungai Udang, Melaka (RGTSU), and the second terminal was set up in Pengerang, Johor (RGTPJ).
RGTSU started its operation in 2013, and RGTPJ began its operations in the fourth quarter of 2017 [5].
Both terminals are connected to Peninsular Gas Utilization grid pipelines, and then distributed to
customers [6].

The RGTSU consists of floating storage and regasification units (FSRUs), and RGTPJ is an onshore
terminal. The FSRU is a terminal LNG carrier that has been altered for regasification. Meanwhile,
onshore terminals are usually located near the sea. These terminals have operating capacities of
3.8 (500 mmscfd) and 3.5 MTPA (490 mmscfd), respectively [7]. For vaporization, RGTSU employs
intermediate fluid vaporization (IFV) technology whereas RGTPJ employs open-rack vaporization
(ORV) technology. Table 1 summarizes the information on the terminals.

Table 1. Summary of terminals’ information.

No Item RGTSU RGTPJ

1 Facilities
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2. Cold Energy Utilization and Regasification System

2.1. Cold Energy Utilization 

He et al. [8] published a review on the current and future utilization of cold energy. A summary 
of the review is provided in Table 2. In the context of this study, the focus is on the application of 
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Energies 2019, 12, x FOR PEER REVIEW 2 of 15 

Pengerang, Johor (RGTPJ). RGTSU started its operation in 2013, and RGTPJ began its operations in 
the fourth quarter of 2017 [5]. Both terminals are connected to Peninsular Gas Utilization grid 
pipelines, and then distributed to customers [6]. 

The RGTSU consists of floating storage and regasification units (FSRUs), and RGTPJ is an 
onshore terminal. The FSRU is a terminal LNG carrier that has been altered for regasification. 
Meanwhile, onshore terminals are usually located near the sea. These terminals have operating 
capacities of 3.8 (500 mmscfd) and 3.5 MTPA (490 mmscfd), respectively [7]. For vaporization, RGTSU 
employs intermediate fluid vaporization (IFV) technology whereas RGTPJ employs open-rack 
vaporization (ORV) technology. Table 1 summarizes the information on the terminals. 

Table 1. Summary of terminals’ information. 

No Item RGTSU RGTPJ 

1 Facilities 

Onshore2 Jetty ffshore
LNGC size:130,000–220,000 m3 

LNGC size:5000–260,000 m3 
Maximum unloading rate = 10,000 m3/h 

Maximum unloading rate = 
14,000 m3/h 

3 Storage 2 units 130,000 m3 (FSRU) 
2 units 200,000 m3 full 

containment and LNG tank 

4 Vaporization 
Scheme 

IFV with propane as an intermediate 
fluid and the heating medium is 

seawater 

ORV with sea water as the 
heating medium 

5 Capacity 3.8 MTPA (500 mmscfd) 3.5 MTPA (490 mmscfd) 

2. Cold Energy Utilization and Regasification System

2.1. Cold Energy Utilization 

He et al. [8] published a review on the current and future utilization of cold energy. A summary 
of the review is provided in Table 2. In the context of this study, the focus is on the application of 
waste cold energy for air-conditioning. Waste cold energy from regasification can be captured and 
stored by using a thermal energy storage (TES) system with chilled water as a cooling medium. The 
chilled water is used for air conditioning. 

Offshore Onshore

2 Jetty LNGC size:130,000–220,000 m3 LNGC size:5000–260,000 m3

Maximum unloading rate =
10,000 m3/h

Maximum unloading rate =
14,000 m3/h

3 Storage 2 units 130,000 m3 (FSRU) 2 units 200,000 m3 full
containment and LNG tank

4 Vaporization Scheme
IFV with propane as an

intermediate fluid and the
heating medium is seawater

ORV with sea water as the
heating medium

5 Capacity 3.8 MTPA (500 mmscfd) 3.5 MTPA (490 mmscfd)

2. Cold Energy Utilization and Regasification System

2.1. Cold Energy Utilization

He et al. [8] published a review on the current and future utilization of cold energy. A summary
of the review is provided in Table 2. In the context of this study, the focus is on the application of waste
cold energy for air-conditioning. Waste cold energy from regasification can be captured and stored
by using a thermal energy storage (TES) system with chilled water as a cooling medium. The chilled
water is used for air conditioning.

Table 2. Current and future utilization of cold energy [8].

System Specific Technology Function of LNG Cold Energy

Current

Cryogenic Power
Generation

Organic Rankine Cycle As heat sink of the cycle
Brayton Cycle Reduce the inlet gas temperature
Kalina Cycle As heat sink of the cycle

Combined with gas
turbine cycle Inlet air cooling and intercooling

Air Separation
Cool the air temperature and

replace the external refrigeration
cycle

Seawater Desalination Cool the seawater
Cryogenic Carbon
Dioxide Capture Cool and liquefy carbon dioxide
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Table 2. Cont.

Potential

System Concepts

Data Center Cooling
Using LNG cold energy as the source to produce the cooling

medium for data center cooling which can reduce energy
consumption and greenhouse emissions.

Clathrate Hydrate-based
Desalination

Using LNG cold energy to cool the seawater, hydrate the former,
and remove the reaction heat of the clathrate hydrate-based

desalination
Cold Chain for Food

Transportation
Using LNG cold energy as the cooling source of the cold

warehouse and trucks for storage and ease of transportation

Cold Energy Storage Transferring LNG cold energy into an appropriate energy form
for longer storage and to ease of transportation

Utilization of FSRU Recover LNG cold energy on FSRU by power generation or
utilize it for FSRU

2.2. Regasification System

Figure 1 shows the overall process of regasification at RGTSU and RGTPJ.
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Figure 1. Regasification processes at Regasification Terminal Sungai Udang and Regasification Terminal
Pengerang Johor.

During the regasification process, the cold energy of LNG, which is approximately 830 kJ/kg, is
released into seawater by LNG vaporizers.

Several vaporization schemes are utilized in regasification technology, including submerged
combustion vaporizers (SCRs), ORV, IFV, and super ORVs. A literature survey found that 70% of the
regasification terminals used ORV and another 25% and 5% used SCR and IFV, respectively [9,10].
The RGTSU uses IFV (Figure 2). This system consists of two heat exchangers operating in series using
propane for intermediate heat transfer (HTF). Propane is used intentionally to prevent the seawater
from freezing. The vaporizer is arranged in series to allow the first evaporator exchanger to use the
latent heat of propane condensate to partially heat the LNG, and a second heat exchanger uses seawater
to further heat the LNG to the required final temperature.
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The RGTPJ uses ORV (Figure 3). This process employs ribbed-shaped tubes as heat exchangers
and seawater as a heat source [11]. The process uses heat transfer between seawater and LNG. Seawater
ranging in temperature from 5 to 15 ◦C is used to heat the LNG from −162 or −163 ◦C to obtain NG at
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atmospheric temperature. Seawater temperatures below approximately 5 ◦C are usually not practical
because of seawater freezing [12]. ORV is a well-proven technology and has been widely used in Korea,
Europe, and Japanese LNG terminals [10]. Figure 3 shows a schematic diagram of the ORV system.
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A literature review found that many previous studies exist on LNG cold energy [13–19].
García et al. [20] reported that the regasification of LNG is the last step in the LNG supply chain
carried out at LNG terminal storage plants [20]. LNG regasification cold energy can be extensively
manipulated into useful energy, which can be applied to cold power generation, seawater desalination,
polygeneration, cold air separation, cryogenic crushing, frozen food storage, and carbonic acid
production [21]. Such applications can prevent vast stores of cold energy from being thrown away
during regasification.

The method for recovering the energy stored in LNG to produce power can be classified into
mechanical energy recovery and thermal energy recovery [22]. Mechanical energy recovery uses
turbines with LNG as a working fluid [23,24]. Thermal energy recovery uses cycles, such as Rankine,
Brayton, and Kalina, and combined forms of these cycles [18,19,25–29]. Despite efforts to utilize
this cold energy, approximately 80% of the cold energy from LNG imported globally is still being
wasted [30]. The current practice in Malaysia is for cold energy to be released from RGTPJ and RGTSU
into the environment via seawater. It is not utilized for any process, whether through mechanical or
thermal energy recovery.

Several review papers focused on utilizing LNG cold energy. These reviews mainly focused
on progress in power generation utilization without addressing potential applications in which an
emerging country, such as Malaysia, can venture. By definition, LNG cold energy utilization systems
refer to those requiring low-temperature operating conditions that can be integrated into the LNG
regasification process without drastically modifying the system. The potential applications for which
cold energy can be utilized without drastically modifying the system include NGL recovery, data
center cooling, clathrate hydrate-based desalination, cold chains for food transportation, cold energy
storage, and a floating storage regasification unit.

RGTPJ is a land-based regasification terminal that allows for better potential utilization of cold
energy for NGL recovery, data center cooling, cold chains for food transportation, and cold energy
storage. Meanwhile, RGTSU is best for FSRUs and clathrate hydrate-based desalination given its
location offshore. Because of the potential discoveries of these applications, data were gathered from
RGTSU and RGTPJ to determine how much cold waste energy can be recovered or potentially utilized
through an energy analysis. This study evaluated the potential of using the available cold energy for
space cooling by using a TES system.

3. Materials and Method

To evaluate the cold energy available from regasification, temperature, pressure, and flow rate data
were acquired for further analysis. These data were acquired at vaporizers and pumps to determine the
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net energy generated during evaporation. Figure 4 shows the process flow for vaporizers and pumps
at RGTSU and Figure 5 shows schematic diagrams of the vaporizers and pumps at RGTPJ. In both
flow schemes, LNG from storage at near-atmospheric pressure is sent out through a high-pressure
liquid pump to vaporizers. The boiled-off gas from storage is compressed and recondensed before
being pumped to the vaporizers.
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3.1. Energy Models for RGTPJ and RGTSU

RGTPJ and RGTSU regasification processes were simplified as a block diagram, as shown in
Figure 6. LNG at −162 ◦C is heated to normal operating NG between 12 and 20 ◦C using seawater.
With reference to the first law of thermodynamics, the energy balances of the evaporators of RGTPJ
and RGTSU were modeled as free-body diagrams, as illustrated in Figure 7. Cold energy generated
during the vaporization process of converting LNG to NG is transformed into heat and work energy
through the vaporizers.
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For this ideal process, the energy available is freely released into the environment. The amount of
energy released is estimated using the first law of thermodynamics as per Equation (1):

Q = ṁsw Cpsw (Tswout − Tswin), (1)

where Q, ṁsw, Cpsw, Tswout, and Tswin are the total heat energy (kW), mass flow rate (kg/s), specific heat
capacity (kJ/kg ◦K), and inlet and outlet temperatures (◦C) of seawater, respectively.
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Figure 7. Energy balanced model of regasification Regasification Terminal Sungai Udang and
Regasification Terminal Pengerang Johor.

3.2. Economic Models for RGTPJ and RGTSU

To evaluate the economic value of the available cold energy from LNG regasification, an economic
analysis was performed. For the analysis, it was assumed that the available waste cold energy is to
be converted to the cooling energy of chilled water (CW) at 70% thermal efficiency. A CW system
was adopted as the thermal energy storage system (TES) and the CW was used for space cooling.
An internal rate of return (IRR) based on the present worth (PW) was adopted for the analysis. IRR
was evaluated for a project life from year 1 to year 20 for both RGTPJ and RGTSU. Since the values of
the parameters used for evaluating the IRR were based on estimates, sensitivity analyses for IRR were
evaluated for years 5, 10, 15, and 20, respectively. Life cycle costing (LCC) for project life of 5, 10, 15,
and 20 years were also evaluated for both projects. The steps adopted for the economic analysis are as
shown in Figure 8.
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Figure 8. Methodology for the economic analysis for Regasification Terminal Sungai Udang and
Regasification Terminal Pengerang Johor.

The steps adopted for the economic analysis were:

i Identified data required for the analysis. The data included the amount of CW that could be
generated from LNG regasification, estimated capital expenses (CAPEXs), operating expenses
(OPEXs), salvage value (Sal) of the equipment at the end of the project’s life, and the CW rate.
The estimated data for both RGTPJ and RGTSU are included in Table 2.

ii Developed the IRR models for both RGTSU and RGTPJ. The principle used to develop the IRR
models was a present worth (PW) analysis of the revenue and the PW of expenses. The PW
revenue was taken as being equal to the net annual revenue (NAR), which was equal to the
revenue generated from CW minus OPEX as per Equation (2):

PW of NAR + PW of salvage value = CAPEX, (2)

PW NAR = NAR (P/A, IRR, N) (3)

where:

NAR (nett revenue) = annual revenue – annual OPEX;
NAR (P/A, IRR, N) = PW component for the net revenue;
Sal = salvage value;
Sal (P/F, IRR, N) = PW component for the salvage value;
CAPEX = investment cost;
(P/A, IRR, N) = uniform series PW at discount rate IRR and year N of project life; and
(P/F, IRR, N) = single payment PW at discount rate IRR and year N of project life.
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iii The IRR for RGTPJ and RGTSU were evaluated for project life year 1 up to year 20.
iv Sensitivity analysis for both RGTPJ and RGTSU was done for the case of project life years 5,

10, 15, and 20 based on the evaluated IRR. Equations (4) and (5) were used for the sensitivity
analysis [33]:

PW(IRR) = 0 = -CAPEX(1 + x) + NAR (P/A, IRR,5) + 0.02 × CAPEX (P/F, IRR, N),

N = 5, 10, 15, and 20,
(4)

PW(IRR) = 0 == -CAPEX + (NAR (1 + y)) (P/A, IRR, N) + 0.02 × CAPEX (P/F, IRR, N),

N = 5, 10, 15, and 20,
(5)

where:

For CAPEX, x = percent change in CAPEX; and

For NAR, y= percent change in NAR.
v Evaluate LCC for the project life of 5, 10, 15, and 20 years.

The LCC models were based on the PW formula for 5, 10, 15, and 20 years. The general LCC
model was based on Equation (6).

The LCC models consist of three main components of CAPEX, NAR, and salvage values. The NAR
and salvage values were discounted to the current year using the PW formula. The main items that
influence the LCC are CAPEX, amount of chilled water, and project life. Hence, if the CAPEX, amount
of chilled water and project life change, the IRR will also change, leading to changes in the NAR and
salvage value components, and hence, the LCC model:

LCCN = -CAPEX + [RT × 24 × 300 × 0.549 × 0.8(P/A, IRRN, N)/1,000,000 − 0.3 × CAPEX] +

0.02 × CAPEX (P/F, IRRN, N),
(6)

where the term + [RT × 24 × 300 × 0.549 × 0.8 (P/A, IRRN, N)]/1,000,000 – 0.3 × CAPEX + 0.02 × CAPEX
(P/F, IRRN, N) represents the PW of NAR in RM million discounted to the current with the IRR for the
specific N, while the terms RT × 24 × 300 × 0.549 × 0.8(P/A, IRRN, N), 0.3 × CAPEX, and 0.02 × CAPEX
(P/F, IRRN, N) represent the revenue in million RM, annual operating expenses, and the PW of salvage
value at the end of year N, respectively.

4. Results and Discussion

4.1. Energy Availability and IRR for the Project Life from Years 1 to 20

The amount of energy availability was calculated using Equation (1) and the following assumptions:

- No losses on the flow rate of seawater from the evaporation process; and
- The amount of Q from seawater is 100% converted into energy availability.

Table 3 shows the estimated daily amount of waste cold energy that was available during
regasification processes at RGTPJ and RGTSU, respectively. The estimated available waste cold energy
daily during regasification are 47,214 and 88,383 kWh at RGTPJ and RGTSU, respectively. In terms
of RTh equivalent, the daily amount was 9398 and 17,592 RTh for RGTPJ and RGTSU, respectively.
This was based on an assumption of 70% thermal efficiency for the conversion of waste cold energy to
chilled water. Using the economic data from Table 4, at 7200 h per year operation, 80% availability, and
0.549RM per RTh, IRR for the project life from year 1 to year 20 were evaluated for RGTPJ and RGTSU.
The evaluated IRR for RGTPJ varies from –65% to 33% while for RGTSU, the IRR varies from –80% to
17%. The negative IRR values are IRR during the early years of project life. A Plot of IRR vs. years for
both RGTPJ and RGTSU is shown in Figure 9. Results from the IRR analysis indicate that the project
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could be a profitable venture. RGTPJ gives higher returns compared to RGTSU; the lower returns for
RGTSU are due to the higher CAPEX requirements for RGTSU.

Table 3. Energy availability at RGTPJ and RGTSU.

Seawater Inlet Seawater Outlet
Energy

Availability
(kW per hour)

RT/hr
(70% Thermal Efficiency

Conversion of Energy to CW)

RGTPJ mfsw = 5800 m3/h
Tswin = 30 ◦C

mfsw = 5800 m3/h
Tswo = 23 ◦C

47,214 9398

RGTSU mfsw = 7600 m3/h
Tswin = 30 ◦C

mfsw = 7600 m3/h
Tswo = 20 ◦C

88,383 17,592

Table 4. Economic analysis assumptions and data for RGTPJ and RGTSU.

TES Tank Capacity and
Auxiliary

Major Equipment
Cost/CAPEX (RM)

Annual Expenses
(OPEX), RM

Estimated Production Rate
and Cost

RGTPJ

• 2 Units: TES Tank @
capacity 10,000 RTh

• 2 Units: Heat
exchanger @
250 RT/unit

• High pressure pump
• Miscellaneous

39.9 M 12.0 M

• CW quantity @
9398 RT/h

• Working hours @
7200 h/year

• CW rates @ RM
0.549/RTh

• Availability factor @ 0.8

RGTSU

• 3 Units: TES Tank @
capacity 10,000 RTh

• 4 UnitsPlate heat
exchanger @
250 RT/unit

• 4 units: High
pressure pumps

• Miscellaneous

89.34 M 26.8 M

• CW quantity @
17,592 RT/h

• Working hours @
7200 h/year

• CW rates @ RM
0.549/RTh

• Availability factor @ 0.8
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4.2. Sensitivity Analysis

Since all costs were based on estimates, it is possible that the estimates might not be accurate.
It is then essential to evaluate the breakeven points for both CAPEX and NAR. These values were
evaluated using Equations (4) and (5), adjusted for RGTSU and RGTPJ as follows:

For RGTSU:
The adjusted sensitivity equation for CAPEX:

PW(IRR) = 0 = −89.34(1 + x) + (Annual Revenue - OPEX)N (P/A, IRR, N) + 0.02(89.34)(P/F,

IRR, N), N = 5, 10, 15 and 20.
(7)

The adjusted sensitivity equation for net annual revenue (NAR):

PW(IRR) = 0 = −89.34 + (Annual revenue - OPEX)N (1 + y)) (P/A, IRR, N) + 0.02 × 89.34(P/F,

IRR, N), N = 5, 10, 15 and 20.
(8)

For RTJPJ:
The adjusted sensitivity equation for CAPEX:

PW(IRR) = 0 = −39.9(1 + x) + (Annual Revenue - OPEX)N (P/A, IRR,N) + 0.02(39.9)(P/F,

IRR, N), N = 5, 10, 15 and 20.
(9)

The adjusted sensitivity equation for net annual revenue (NAR):

PW(IRR) = 0 = −39.9 + (Annual revenue - OPEX)N (1 + y)(P/A, IRR, N) + 0.02 × 39.9(P/F,

IRR, N), N = 5, 10, 15 and 20.
(10)

Using Equations (7)–(10) and taking the forecasted annual revenue, OPEX, and the evaluated IRR
for the respective project life of 5, 10, 15, and 20 years, the values of x and y were calculated for both
RGTPJ and RGTSU, respectively. The evaluated results are included in Table 5.

Table 5. Sensitivity of Internal rate of return for Capital expenditure and Nett annual revenue

RGTPJ IRR x (CAPEX) y (Nett Revenue) Remarks

5 20 0.34 −1.75 If CAPEX increases by more than 0.34% project not viable
If NAR is lower by more than 1.75% project not viable

10 31 0.34 −1.75 If CAPEX increases by more than 0.34% project not viable
If NAR is lower by more than 1.75% project not viable

15 33 0.33 −1.75 If CAPEX increases by more than 0.34% project not viable
If NAR is lower by more than 1.75% project not viable

20 33 0.34 −1.74 If CAPEX increases by more than 0.34% project not viable
If NAR is lower by more than 1.74% project not viable

RGTSU IRR % x y Remarks

5 −3 NA −NA NA due to negative IRR

10 12 0.83 −1.54 If CAPEX increases by more than 0.83% project not viableIf
NAR is lower by more than 1.54% project not viable

15 16 0.8 −1.55 If CAPEX increases by more than 0.8% project not viableIf
NAR is lower by more than 1.55% project not viable

20 17 0.82 −1.55 If CAPEX increases by more than 0.82% project not viableIf
NAR is lower by more than 1.55% project not viable

For RGTPJ, the sensitivities for CAPEX are 0.34%, 0.34%, 0.34%, and 0.34% for years 5, 10, 15, and
20, respectively. For NAR, the sensitivities are −1.7%5, −1.75%, −1.75%, and −1.74% for years 5, 10, 15,
and 20, respectively.
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For RGTSU, the CAPEX sensitivities are NA, 0.83%, 0.8%, and 0.82% for years 5, 10, 15, and 20,
respectively. While for NAR, sensitivities are NA, −1.54%, −1.55%, and −1.55% for years 5, 10, 15, and
20, respectively.

4.3. LCC Models

Using Equation (6), the LCC models for RGTPJ and RGTSU were formulated. The LCC models
are included in Table 6.

Table 6. Life cycle cost models for Regasification Terminal Sungai Udang and Regasification Terminal
Pengerang Johor for year 5, 10, 15, and 20.

Project
Life

RGTPJ
LCCN = −CAPEX + [RT × 24 × 300 × 0.549 × 0.8(P/A, IRRN, N)/1,000,000 − 0.3 × CAPEX] + 0.02 ×

CAPEX(P/F, IRRN,N)

5 LCC5 = −39.9 + [9398 × 24 × 300 × 0.549 × 0.8(P/A, 20,5)/1,000000 − 0.3 × 39.9] + 0.02 × 39.9(P/F, 20,5)

10 LCC10 = −39.9 + [9398 × 24 × 300 × 0.549 × 0.8(P/A,31,10)/1,000,000 − 0.3 × 39.9] + 0.02 × 39.9(P/F, 31,10)

15 LCC15 = −39.39 + [9398 × 24 × 300 × 0.549 × 0.8(P/A, 33,15)/1,000,000 − 0.3 × 39.9] + 0.02 × 39.9(P/F, 33,15)

20 LCC20 = −39.9 + [9398 × 24 × 300 × 0.549 × 0.8(P/A, 33,20)/1,000,000 − 0.3 × 39.9] + 0.02 × 39.9(P/F, 33,20)

RGTSULCCN = −CAPEX + [RT × 24 × 300 × 0.549 × 0.8(P/A, IRRN, N)/1,000,000−0.3 × CAPEX] + 0.02 ×
CAPEX (P/F, IRRN,N)

5 LCC5 = −89.34 + [17592 × 24 × 300 × 0.549 × 0.8(P/A, −3,5)/1,000,000 − 0.3 × 89.34] + 0.02 × 89.34(P/F, −3,5)

10 LCC10 = −89.34 + [17592 × 24 × 300 × 0.549 × 0.8(P/A, 12,10)/1,000,000 − 0.3 × 89.34] + 0.02 × 89.34(P/F,12,10)

15 LCC15 = −89.34 + [17592 × 24 × 300 × 0.549 × 0.8(P/A, 16,15)/1,000,000 − 0.3 × 89.34] + 0.02 × 89.34(P/F, 16,15)

20 LCC20 = −89.34 + [17592 × 24 × 300 × 0.549 × 0.8(P/A, 17,20)/1,000,000 – 0.3 × 89.34] + 0.02 × 89.34(P/F, 17,20)

It is noted that the CAPEX, the present worth components for the revenue from chilled water,
operating cost, and to lesser extent, the salvage value influence the LCC.

Using the equations in Table 6, LCC for RGTSU and RGTPJ were evaluated. Results for both
RGTSU and RGTPJ are tabulated in Table 7.

Table 7. Evaluated Life cycle cost for Regasification Terminal Sungai Udang and Regasification Terminal
Pengerang Johor.

RGTSU

Project Life IRR LCC Value
(million RM)

5 −3 NA due to negative IRR
10 12 198.74
15 16 194.22
20 17 197.01

RGGPJ

Project Life IRR LCC Value
(million RM)

5 20 37.33
10 31 39.61
15 33 36.95
20 33 37.88

The LCC results for RGTSU vary from 197 to RM198.7 which are of higher values compared to
RGTPJ LCC values, which vary from RM37.3 million to RM39.6 million. This is due to higher CAPEX
value for RGTSU compared to RGTPJ.
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5. Conclusions

Currently, the two regasification terminals operated by PETRONAS Gas Sdn Bhd do not capture
waste cold energy during the regasification process. This study noted that substantial waste cold
energy is available during regasification at both RGTPJ and RGTSU. The estimated annual amount of
cold energy that could be captured daily during regasification at RGTPJ and RGTSU is 47,214 and
88,383 kWh, respectively. The study evaluated the commercial potential of using the available cold
energy for chilled water generation. The chilled water is to be used for space cooling. Assuming
70% thermal efficiency conversion of waste cold energy to chilled water, it was estimated that daily,
the amount of cold energy available hourly during regasification at RGTPJ and RGTSU is equivalent
to 9398 and 17,592 RTh amount of chilled water, respectively. From the economic feasibility study,
commercially, the revenue from the chilled water could give IRR greater than 20% for RGTPJ for a
project life of 5 to 20 years. For RGTSU, the IRR values are 12% to 17% for a project life of 10 to 20 years.
Hence, if the waste cold energy during regasification at RGTPJ and RGTSU is exploited, it would give
a profitable venture. In addition, the venture would also increase the efficiency of LNG regasification
at both terminals and the economic benefit of the LNG supply chain. Besides using the cold energy for
generating CW, the waste cold energy could also be used to cool intake air for the gas turbines. Since
RGTPJ is located near the vicinity of a cogeneration plant, the cold energy from regasification should
also be considered for use for cooling intake air for the gas turbines at the cogeneration plant. It is
therefore recommended that the owners of RGTPJ and RGTSU should consider installing systems able
to capture the waste cold energy during regasification of LNG at both terminals.
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Nomenclature

RGTSU Regasification terminal Sungai Udang Melaka
RGTPJ Regasification terminal Pengerang Johor
LNG Liquified natural gas
LNGC LNG Carrier
NG Natural gas
CW Chilled water
Q Total waste cold energy
ṁsw Seawater mass flow rate
Cpsw Seawater specific heat capacity
Tswout Seawater temperature outlet
Tswin Seawater temperature inlet
RTh Refrigeration ton hour
TES Thermal energy storage
CAPEX Capital cost
OPEX Operation expenses
NAR Nett annual revenue
PW Present worth
Sal Salvage value
IRR Internal rate of return
LCC Life cycle costing



Energies 2019, 12, 4475 13 of 14

References

1. Sun, Z.; Xu, F.; Wang, S.; Lai, J.; Lin, K. Comparative study of Rankine cycle configurations utilizing LNG
cold energy under different NG distribution pressures. Energy 2017, 139, 380–393. [CrossRef]

2. Sun, H.; Zhu, H.; Liu, F.; Ding, H. Simulation and optimization of a novel Rankine power cycle for recovering
cold energy from liquefied natural gas using a mixed working fluid. Energy 2014, 70, 317–324. [CrossRef]

3. Gómez, M.R.; Garcia, R.F.; Gómez, J.R.; Carril, J.C. Thermodynamic analysis of a Brayton cycle and Rankine
cycle arranged in series exploiting the cold exergy of LNG (liquefied natural gas). Energy 2014, 66, 927–937.
[CrossRef]

4. Malaysia Energy Commission. Malaysia Energy Information Hub. 2012. Available online: http://meih.st.gov.
my/statistics (accessed on 14 April 2015).

5. Ezhar, Y.J. Challenges and Prospects in Enhancing Malaysia’s Energy Security; PETRONAS: Kuala Lumpur,
Malaysia, 2012.

6. Berhad, P.N. Petronas Annual Report 2011; Petroliam Nasional Berhad: Kuala Lumpur, Malaysia, 2012.
7. Bujang, A.; Bern, C.; Brumm, T. Summary of energy demand and renewable energy policies in Malaysia.

Renew. Sustain. Energy Rev. 2016, 53, 1459–1467. [CrossRef]
8. He, T.; Chong, Z.R.; Zheng, J.; Ju, Y.; Linga, P. LNG cold energy utilisation: Prospects and challenges. Energy

2019, 170, 557–568. [CrossRef]
9. Vatani, A.; Mehrpooya, M.; Palizdar, A. Energy and exergy analyses of five conventional liquefied natural

gas processes. Int. J. Energy Res. 2014, 38, 1843–1863. [CrossRef]
10. Patel, D.; Mak, J.; Rivera, D.; Angtuaco, J. LNG vaporizer selection based on site ambient conditions.

Proc. LNG 2013, 17, 16–19.
11. Hisada, N.; Sekiguchi, M. Design and analysis of open rack LNG vaporizer. In Proceedings of the ASME/JSME

Pressure Vessels and Piping Conference, San Diego, CA, USA, 25–29 July 2004; pp. 97–104.
12. Tarlowski, J.; Sheffield, J.; Durr, C.; Coyle, D.; Patel, H. LNG Import Terminals-Recent Developments; MW Kellogg

Ltd.: London, UK, 2005.
13. Castillo, L.; Dorao, C. On the conceptual design of pre-cooling stage of LNG plants using propane or an

ethane/propane mixture. Energy Convers. Manag. 2013, 65, 140–146. [CrossRef]
14. Alabdulkarem, A.; Mortazavi, A.; Hwang, Y.; Radermacher, R.; Rogers, P. Optimization of propane pre-cooled

mixed refrigerant LNG plant. Appl. Therm. Eng. 2011, 31, 1091–1098. [CrossRef]
15. Hatcher, P.; Khalilpour, R.; Abbas, A. Optimisation of LNG mixed-refrigerant processes considering operation

and design objectives. Comput. Chem. Eng. 2012, 41, 123–133. [CrossRef]
16. Gavelli, F. Computational fluid dynamics simulation of fog clouds due to ambient air vaporizers. J. Loss Prev.

Process Ind. 2010, 23, 773–780. [CrossRef]
17. Liu, Y.; Guo, K. A novel cryogenic power cycle for LNG cold energy recovery. Energy 2011, 36, 2828–2833.

[CrossRef]
18. Lu, T.; Wang, K. Analysis and optimization of a cascading power cycle with liquefied natural gas (LNG) cold

energy recovery. Appl. Therm. Eng. 2009, 29, 1478–1484. [CrossRef]
19. Shi, X.; Che, D. A combined power cycle utilizing low-temperature waste heat and LNG cold energy. Energy

Convers. Manag. 2009, 50, 567–575. [CrossRef]
20. García, R.F.; Carril, J.C.; Gomez, J.R.; Gomez, M.R. Combined cascaded Rankine and direct expander based

power units using LNG (liquefied natural gas) cold as heat sink in LNG regasification. Energy 2016, 105,
16–24. [CrossRef]

21. Atienza-Márquez, A.; Bruno, J.C.; Coronas, A. Cold recovery from LNG-regasification for polygeneration
applications. Appl. Therm. Eng. 2018, 132, 463–478. [CrossRef]

22. Lee, S. Multi-parameter optimization of cold energy recovery in cascade Rankine cycle for LNG regasification
using genetic algorithm. Energy 2017, 118, 776–782. [CrossRef]

23. Qiang, W.; Yanzhong, L.; Jiang, W. Analysis of power cycle based on cold energy of liquefied natural gas and
low-grade heat source. Appl. Therm. Eng. 2004, 24, 539–548. [CrossRef]

24. Franco, A.; Casarosa, C. Thermodynamic analysis of direct expansion configurations for electricity production
by LNG cold energy recovery. Appl. Therm. Eng. 2015, 78, 649–657. [CrossRef]

25. Hisazumi, Y.; Yamasaki, Y.; Sugiyama, S. Proposal for a high efficiency LNG power-generation system
utilizing waste heat from the combined cycle. Appl. Energy 1998, 60, 169–182. [CrossRef]

http://dx.doi.org/10.1016/j.energy.2017.07.170
http://dx.doi.org/10.1016/j.energy.2014.03.128
http://dx.doi.org/10.1016/j.energy.2013.12.036
http://meih.st.gov.my/statistics
http://meih.st.gov.my/statistics
http://dx.doi.org/10.1016/j.rser.2015.09.047
http://dx.doi.org/10.1016/j.energy.2018.12.170
http://dx.doi.org/10.1002/er.3193
http://dx.doi.org/10.1016/j.enconman.2012.07.015
http://dx.doi.org/10.1016/j.applthermaleng.2010.12.003
http://dx.doi.org/10.1016/j.compchemeng.2012.03.005
http://dx.doi.org/10.1016/j.jlp.2010.07.009
http://dx.doi.org/10.1016/j.energy.2011.02.024
http://dx.doi.org/10.1016/j.applthermaleng.2008.06.028
http://dx.doi.org/10.1016/j.enconman.2008.10.015
http://dx.doi.org/10.1016/j.energy.2015.09.051
http://dx.doi.org/10.1016/j.applthermaleng.2017.12.073
http://dx.doi.org/10.1016/j.energy.2016.10.118
http://dx.doi.org/10.1016/j.applthermaleng.2003.09.010
http://dx.doi.org/10.1016/j.applthermaleng.2014.11.062
http://dx.doi.org/10.1016/S0306-2619(98)00034-8


Energies 2019, 12, 4475 14 of 14

26. Zhang, N.; Lior, N. A novel near-zero CO2 emission thermal cycle with LNG cryogenic exergy utilization.
Energy 2006, 31, 1666–1679. [CrossRef]

27. Wang, J.; Yan, Z.; Wang, M.; Dai, Y. Thermodynamic analysis and optimization of an ammonia-water power
system with LNG (liquefied natural gas) as its heat sink. Energy 2013, 50, 513–522. [CrossRef]

28. Deng, S.; Jin, H.; Cai, R.; Lin, R. Novel cogeneration power system with liquefied natural gas (LNG) cryogenic
exergy utilization. Energy 2004, 29, 497–512. [CrossRef]

29. Gómez, M.R.; Garcia, R.F.; Gómez, J.R.; Carril, J.C. Review of thermal cycles exploiting the exergy of liquefied
natural gas in the regasification process. Renew. Sustain. Energy Rev. 2014, 38, 781–795. [CrossRef]

30. Agarwal, R.; Babaie, M. LNG regasification—Technology evaluation and cold energy utilisation. IGT Int. Liq.
Nat. Gas Conf. Proc. 2013, 3, 2134–2142.

31. Regasification Terminal Sungai Udang. Accsee Arrangement for Regasification Terminal Sungai Udang;
PETRONAS: Kuala Lumpur, Malaysia, 2018.

32. Pengerang LNG (Two) Sdn. Bhd. Access Arrangement for Regasification Terminal Pengerang; PETRONAS:
Kuala Lumpur, Malaysia, 2018; p. 121.

33. Sullivan, W.G.; Wicks, E.M.; Koelling, C.P. Engineering Economy, 16th ed.; Prentice Hall International:
New York, NY, USA, 2014.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.energy.2005.05.006
http://dx.doi.org/10.1016/j.energy.2012.11.034
http://dx.doi.org/10.1016/j.energy.2003.11.001
http://dx.doi.org/10.1016/j.rser.2014.07.029
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cold Energy Utilization and Regasification System 
	Cold Energy Utilization 
	Regasification System 

	Materials and Method 
	Energy Models for RGTPJ and RGTSU 
	Economic Models for RGTPJ and RGTSU 

	Results and Discussion 
	Energy Availability and IRR for the Project Life from Years 1 to 20 
	Sensitivity Analysis 
	LCC Models 

	Conclusions 
	References

