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Abstract 
Significant cost benefits can be realised by LNG transporters by switching from traditional steam turbine propulsion plants to reliable and fuel-efficient electronically controlled low speed diesel engines when used in conjunction with re-liquefaction of the cargo’s boil-off gas.

Every steam turbine-powered LNG carrier loses more than US$ 3.6 million annually because of the relatively low efficiency (around 30%) of the propulsion plant. In addition, the environment also suffers from unnecessarily excessive green house gases like methane and carbon dioxide.

The paper gives a detailed analysis, design and discussions on the BOG re-liquefaction plant installed on LNG carriers. Heavy fuel-burning low speed two-stroke diesel engines with efficiencies of around 50% (in combination with re-liquefaction of the boil-off gas) offer significant economic benefits for those trades where loss (consumption of cargo) is not accepted and delivery of the full amount of LNG is valued. 

Another factor favouring a switch to diesel propulsion is that manning steam-powered tonnage will become more difficult as steam-qualified engineering staff decline. Moreover, shipyards have much more experience of installing diesel engines than steam plant, and only a limited number of companies are now able to supply large marine steam turbines and boilers. Other factors like smaller Engine Room and increased cargo carrying capacity cannot be neglected. 

However, with rising fuel costs and increasingly stringent emission norms, emerging propulsion systems like Dual Fuel Diesel Electric seem imminent in the LNG transport business.
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Introduction

Natural gas is transported over long distances in liquid form, at ambient atmospheric pressure, near its boiling point (-163°C) in insulated tanks onboard LNG carriers. Due to unavoidable heat ingress during the voyage, a portion of the cargo vaporizes, equivalent to about 0.1 to 0.15% of the full contents per day, which over a 20 day voyage, becomes a significant amount. In order to maintain the tank pressure close to atmospheric pressure the vapour generated by this vaporization must be removed from the tank. 

Historically, so as not to waste it, the BOG was burned in boilers to produce steam for the ship’s propulsion. Until now LNG carriers have been equipped with steam turbines powered by heavy fuel oil (HFO) and/or LNG BOG. However, in recent times, the lack of crew with steam propulsion experience and increase in the level of interest in environmentally friendly and economically viable solutions has promoted innovation in the conservative LNG carrier world. Designers of new larger ships are seeking more economic propulsion solutions which offer further economic advantages over the existing system. One such solution is use of conventional diesel engines combined with BOG re-liquefaction facility on-board LNG carriers. The LNG re-liquefaction system has merit in the large savings in total fuel consumption and improved propulsion redundancy.

The concept, subject of this paper, completely splits cargo handling from the propulsion of the vessel. Alternative propulsion systems such as the diesel engine are equipped on LNG carriers for better fuel economy. It maintains the cargo pressure and inventory by re-liquefying the BOG generated in the tanks and relies on cheaper heavy fuel oil (HFO) for the ship’s propulsion using slow speed diesel engines. Liquefaction of boil-off gases on LNG carriers results in increased cargo deliveries and allows owners and operators to choose the most optimal propulsion system. Instead of the common application of using the boil-off gas as fuel, the LNG BOG re-liquefaction system provides a solution to liquefy the boil-off gas back to the cargo tanks. 
Boil off gas re-liquefaction plant (Claude Cycle): Working Principle
The reverse Brayton refrigeration cycle is widely used in the LNG re-liquefaction plant. In case of the reverse Brayton cycle, the turbo-expander is used as the main component to remove energy from the nitrogen gas stream. To increase efficiency of the re-liquefaction system, a lower expander outlet temperature is required. In this configuration, the liquid droplet may be formed at the expander outlet. The liquid has a much lower compressibility than the gas. When the liquid is formed in the turbo-expander, high momentary stresses would result. However, the Claude system has two expansion units; a turbo-expander and an expansion valve. Higher system efficiency is achieved by using the expander and lower temperature is obtained by using the expansion valve.

In this study, Claude and Kapitsa refrigeration cycles are analyzed for the LNG BOG re-liquefaction system by using a numerical method. The effect of outlet temperature of BOG condenser for the nitrogen cycle, the ratio of expanded mass flow rate through turbo-expander to the total mass flow rate on the system efficiency of selected LNG boil-off re-liquefaction cycle is also delineated here.
Design Specification

The design of the LNG boil-off gas re-liquefaction plant has been performed base on the nominal LNG boil-off gas Rate (BOR) of 0.15% of cargo capacity per day for a 220,000m3 (Full tank filling) LNG carriers. The characteristics of the BOG to be liquefied are as follows.
	BOG-composition (mole %):

	Methane
	92.56%

	Nitrogen
	7.41%

	Ethane
	0.03%

	Density (mixture)
	427.5 kg/m3

	Design BOR
	0.15% of cargo volume per day

	BOR
	5640 kg/h

	BOG pressure
	1.03 bar


This system is basically made of two parts:

Nitrogen cycle

LNG BOG cycle

Analysis Model
In this study, the basic Claude cycle is shown in Fig. 1. The nitrogen gas is first compressed to high pressure PH by a 3-stage compressor and then passed through a heat exchanger (HX1). Between 50 and 70 percent of nitrogen gas is then diverted from the mainstream, expanded through a turbo-expander, and reunited with the return stream below the second heat exchanger (HX2). The stream to be supplied to the BOG condenser continues through the second (HX2) and third (HX3) heat exchangers and is finally expanded through an expansion valve to the BOG condenser. In the BOG condenser, the cold nitrogen stream undergoes the heat exchange with BOG and liquefies the BOG to liquid LNG. The cold nitrogen vapour from the BOG condenser is returned through the heat exchangers to cool the incoming gas. 
To clarify the system design, the inlet and outlet temperature of the 3-stage compressor are set to Tcin =40oC and Tcout =43 o C, respectively. The high pressure of the nitrogen cycle is PH =58 bar and the low pressure of the nitrogen cycle is PL =14 bar. The pressure drop through each the heat exchanger is fixed to 0.1 bar. The adiabatic efficiency of the turbo-expander and the compressor of the nitrogen cycle are evenly set to 0.8. 

Governing Equations 

Steady energy balance equations for the each heat exchanger can be written in terms of specific enthalpy at the each point of the cycle as
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Figure 1: Schematic diagram of Claude cycle refrigeration with turbo-expander
– h2 + h9 – h10 + h1 =0 




(1)
h8 – h9 + (1- x exp )(h2 – h3) =0



(2)
h3- h4+ h6- h7 =0





(3)
Where xexp is the ratio of expanded mass flow rate through the turbo-expander to the total mass flow rate. This can be expressed as
xexp= mexp / mcomp= m11 / m1




(4)

Eq. 5 represents the energy balance for the mixer which mixes the fluids from the expander and the heat exchanger.

(1-xexp) h7 + xh11 - h8 = 0 




(5)
In the JT valve, there is no heat and work transfer. Here the energy balance equation can be written as

h4=h5







(6)
The effectiveness of the first heat exchanger (HX1) can be written as

(Effectiveness)  E1 =      h10 – h9               
If  h1 – h(T9,PH) ≥ h(T1,PL) – h9                       h(T1,PH)-h9

h1 – h2               
Otherwise

(7)
h1-h(T9,PH)
The effectiveness of the second heat exchanger (HX2) can be written as
E2=      h9 – h8               
If (1-xexp){h2-h(T8,PH)} ≥ h(T2,PL) – h8                       h(T2,PL)-h8

h2 – h3               
Otherwise

(8)
h2-h(T1,PL)
The effectiveness of the third heat exchanger (HX3) can be written as

E3 =      h7 – h6               
If  h3 – h(T6,PH) ≥ h(T3,PL) – h6                       h(T3,PL)-h6

h3 – h4               
Otherwise

(9)
h3-h(T6,PH)
Adiabatic efficiency can be written as

(Efficiency)  η exp  =        h2 – h11              Where h11 = h(PH,S11) and h11s = h(PL,S2)        h2 - h11s




(10)
Coefficient of Performance (COP) can be written as

COP   =             qL               



(11)
Wcomp – W exp

Basic design
At first, the basic design of LNG BOG re-liquefaction plant is performed using the Claude system. To clarify the system design, the inlet and outlet temperature of the 3-stage compressor are set to Tc,in=40oC and Tc,out=43oC, respectively. 
The high pressure of the nitrogen cycle is PH =58 bar and the low pressure of the nitrogen cycle is PL =14 bar. The effectiveness of each heat exchanger is set to 0.95. The pressure drop through each the heat exchanger is fixed to 0.1 bar. The adiabatic efficiency of the turbo expander and the compressor of the nitrogen cycle are set to 0.7. The outlet temperature of the BOG condenser is assumed to be -140o C. The basic design result using the Claude cycle is shown in Table 1. The results show that the temperature difference between the inlet and the outlet of third heat exchanger (HX3) is less than 1o C. Therefore, the basic Claude system is modified by eliminating the third heat exchanger with the intent of reducing the initial cost. This modified Claude system is the Kapitsa system. 
For realistic system designs, the pressure drop through the heat exchanger is changed from 0.1 bar to 0.25 bar. The inlet temperature and pressure of the BOG condenser at the BOG side are set to -49.63o C and 3.25 bar, respectively. The outlet temperature and pressure of BOG condenser at the BOG side are -161o C and 3.0 bar, respectively. For the optimal design of re-liquefaction plant, the affect of the various input parameters, such as the effectiveness of the heat exchangers, outlet temperature of BOG condenser for the nitrogen cycle, and the ratio of the expanded mass flow rate through the turbo-expander to the total mass flow rate, on the system efficiency of selected LNG boil-off re-liquefaction cycle are presented here.

Results and discussions
The effect of heat exchanger effectiveness on the coefficient of performance (COP) is exemplified in Fig. 2. The heat exchanger effectiveness is varied from 0.85 to 0.95 when the outlet temperature of the BOG condenser held at T5 = -150o C. As the heat exchanger effectiveness increases, the COP increases while the optimum values for the ratio of expanded mass flow rate through the turbo expander to the total mass flow rate decreases is shown in Fig. 2. The results also show that the effectiveness of the first heat exchanger (HX1) has a more dominant effect on the COP than the second heat exchanger (HX2). In the second heat exchanger, the mass flow rate of the high pressure side is about two times than that of the low pressure side. The effectiveness of each heat exchanger is set to 0.95 for HX1 and 0.9 for HX2, respectively. 
[image: image2.emf]
The effect of the outlet temperature of the BOG condenser for the nitrogen cycle, T5 is shown in Fig. 3. The outlet temperature of the BOG condenser is varied from -150o C to -120o C. As the outlet temperature of the BOG condenser for the nitrogen cycle, T5, increases, the COP is little affected by the increase of T5. While the optimum values for the ratio of expanded mass flow rate through the turbo-expander to the total mass flow increases as shown in Fig. 3. As T5 decreases, the range of x exp also narrowed. This means that the system cannot deal with a wide range of load variation when the outlet temperature of the BOG condenser is too high. For the stability of the LNG BOG re-liquefaction system, the outlet temperature of the BOG condenser at the nitrogen stream is set to T5 = -150o C.
[image: image3.emf]
Figure 2: The effect of heat exchanger
effectiveness on COP.
 [image: image4.emf]
Figure 3: COP as a function of expanded mass ratio & outlet
 temperature of BOG condenser E1=0.95, E2=0.9 & η exp=0.7
[image: image5.emf]
Figure 4: LNG boil-off re-liquefaction system on
T-s diagram of nitrogen at the optimal operation.

General considerations

The installation of a re-liquefaction system onboard a vessel is subject to spatial and operational constraints that do not exist in on-shore plants. On shore re-liquefaction systems operate most of the time at constant load and almost continuously. On the vessel the volume of BOG varies quite a lot (laden voyage versus ballast voyage, sea conditions, tank spraying, etc.) and operation is not continuous since no re-liquefaction takes place during the loading or unloading of the tanks. The re-liquefaction process is thus stopped and restarted every 2 to 3 weeks depending on the route of the vessel. 

In fact LNG is a mixture of gases, methane being the main component. It also contains, in addition to butane, propane and ethane, up to 1% of nitrogen, depending on the loading terminal. The boiling point of nitrogen, under ambient conditions is -196°C, which is well below the -163°C temperature in the tank. This explains the high concentration of nitrogen in the boil off gas: up to 30% compared to around 1% nitrogen in the LNG. (Almost no heavy hydrocarbons are present in the BOG since their boiling point temperatures are much higher than the LNG temperature).
Economical merits

· Increased cargo quantity delivered. The total quantity of LNG loaded can now be delivered to the customer.

· Large saving in total fuel consumption.

· Improved propulsion redundancy.

Technical merits

· The system is prefabricated in skid modules for installation and hook-up on board.

· Limited rearrangement of cargo machinery spaces required.

· The system has automatic capacity control from 100% to 0%.

· The system can be stopped when the cargo pumps are in operation. This will reduce the need for extra generator capacity.

· No extra personnel are required for operation and maintenance.
A comparative study between conventional steam plants and slow speed diesel engines with BOG re-liquefaction
Overall efficiency:
Steam turbine installations are however not very efficient. Losses in the boilers, steam turbine, high-speed reduction gear and shafting bring the efficiency of the propulsion machinery to a level below 29% at full load. The efficiency of the electric power generation machinery is below 25% at full load. Such low machinery efficiencies lead to a substantial amount of HFO being required for complementing the available boil-off gas. Recent initiatives by steam turbine manufacturers to increase the efficiency of steam turbine installations go at the expense of machinery simplicity and costs, and result in a relatively small efficiency increase only. Moreover, fuel efficiency of the diesel system is about 60% higher than the steam plants. 
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Figure 5: Thermal efficiencies
Economy:
For LNG carriers, like for any other kind of ship, fuel costs are one of the most important components of the ship’s operating costs. Diesel engine plants have lower fuel consumption - Thermal Efficiency 45-50% v/s 31-33% for steam propulsion. Fuel cost savings for diesel plants increase with higher fuel oil price. The expenses of re-liquefaction method include the initial cost of the plant and extra fuel oil to generate the electric power for its operation. However, the consumption of this extra fuel can be reduced by efficient utilization of the exhaust gas from the diesel engines. Hence, despite the lower cost of LNG, the overall operating cost of a slow speed diesel engine with re-liquefaction is significantly lower as it saves 100% BOG in comparison to the steam turbine which burns only a fraction of it.
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Figure 6: Consumption analysis – Steam plant v/s diesel engine
[image: image8.emf]
Figure 7: Operating cost and savings from a diesel engine
Environmental factors:
The exhaust emission of two-stroke engine installations is reasonable, but certainly not excellent. The relative expected annual exhaust emissions for the two concepts is shown in the figures below. The CO2 emission is obviously greater for the steam plant due to its low efficiency. The SOx from the fuel sulphur is about the same, as the same amount of fuel is used. Additional Scrubber units as well as use of fuel with low sulphur content can reduce the SOx emissions. 
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Figure 8: Emissions- Steam plant v/s diesel engine (courtesy - DNV)
The proposed diesel solution complies with the IMO limits for NOx emissions and is therefore without any NOx abatement. However, the NOx, if needed, can be reduced to any level by Selective Catalytic Reduction (SCR). The boil off gas, if allowed to escape unburnt, acts as a greenhouse gas and increases the problem of global warming.
[image: image10.emf]
Figure 9: Exhaust emissions (courtesy MAN B&W)
Manning:

As all other segments of the shipping industry have made the switch to diesel engine power during the last three decades, the pool of experienced and skilled steam engineers is rapidly shrinking. This poses a crewing challenge which can even reflect in manning costs.
Redundancy:
In LNG shipping, it is common practice to tie up small fleets of ships on long-term charters on fixed routes with fixed sailing schedules. As the buffer capacity of such a supply chain is limited and punctual cargo operations are important, these kinds of trades require ships with amply redundant machinery. Although steam turbine installations have proven reliable, they do not have too much redundancy incorporated. 

As the LNG trade sets high standards with respect to maintainability and redundancy, the most simple and straightforward diesel engine installation onboard an LNG carrier will likely feature twin two-stroke engines, each in direct drive to a fixed-pitch propeller. In order to keep the complexity low and the operational flexibility high, electric power will likely be generated by a group of four-stroke diesel generating sets. In the case of a main engine failure, an e-motor on the shaft line would be driven by the diesel gensets which would allow the ship to sail at a safe manoeuvring speed. This is a proven design which has been installed on several chemical tankers.
Others:
Ships with steam turbine installations have rather poor manoeuvring characteristics. When considering transits in light ice conditions and cargo operations offshore, good manoeuvring characteristics become increasingly important. 

Next generation propulsion options:
No doubt, today a marine slow speed engine with onboard re-liquefaction may serve as the most economically viable option for the now ageing steam turbine technology. But the fact is that with fuel prices soaring in the future and emission laws becoming more stringent every year, a time may come when this system stops making profit. However, the future looks promising with concepts like Dual Fuel Diesel Electric propulsion systems coming into picture.
The dual-fuel (medium-speed) diesel electric propulsion (DFDE) is a modified version of the diesel engine in order to burn the BOG as well as diesel oil. The dual-fuel engine generates electric power and propels the ship with electric motors. The engine, however, cannot burn the two fuels at once and should shift the fuel mode for different fuels. Additionally, it requires relatively low pressure (about 6 bar) for the BOG to be used as fuel. This propulsion system contains a GCU as a back-up BOG disposal unit for the case where the BOG is greater than the fuel gas demand of the engines 
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Figure 10: Dual Fuel Diesel Electric Propulsion
The Dual Fuel engines drive a generator each that generates nearly 11MW of electric power. This is then fed to the main busbar. The transformers draw power from this busbar where they change the voltage according to the requirement of the main propulsion motors (minimum 2 in number). These high speed motors are coupled to the propeller through a reduction gearing for the propeller to run at maximum efficiency. The electrical power developed is also used for auxiliary machinery and other purposes.
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Figure 11: Exhaust emissions – steam v/s Dual fuel diesel electric engines
The advantages of the dual fuel electric propulsion system over the conventional steam turbine drive system are:

· Improved thermal efficiency of the propulsion plant, both at sea and in port.
· Lower installed power, as the power plant serves both the propulsion load as well as the harbour load.
· Increased redundancy with 4 prime movers and two (almost) independent drive lines.
· Increased cargo capacity within the same overall dimensions of the vessel.
· Crews with diesel electric experience are more readily available the crews with steam

certification.
· Electric propulsion system is easier to operate and faster to start up and to shut down.
Conclusion
Steam turbine installations have dominated LNG carrier propulsion and electric power generation for decades because no suitable alternatives were available. However, inception of concepts like Diesel Engine propulsion with re-liquefaction has clearly outperformed the use of steam as a propulsion medium. This can be inferred from the following factors:
· It completely separates the propulsion and the cargo units.
· A significant amount of BOG is lost in steam propelled carriers which can otherwise be recovered using re-liquefaction systems. Thus an additional fleet of ships is not required to compensate for the amount of cargo lost during transportation, i.e. cost of hiring additional ships would not be incurred on the charterer to transport the same quantity of cargo that was lost in boil off and maintain the demand and supply balance (refer fig. 7).
· The diesel engine propulsion systems will have a less severe impact on the environment due to lower CO2 emissions as well as low NOx & SOx output with the economical use of SCR & Scrubber units respectively.

· These new ships can be operated as typical motor ships and the advancements of internal combustion engines can easily be implemented on them.
Apart from this, use of other systems such as DFDE can further reduce emissions and improve the redundancy of the propulsion machinery. Thus, it can be established that the economy and environment friendliness of these systems may help them become the mainstay of LNG propulsion in the years to come.
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