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aBSTracT
Geopolitical risks on pipeline gas imports, increasing natural gas demand and the need to ensure contin-
uous power supply with ever increasing fluctuating renewable power generation require diversification 
of gas sources to ensure supply security. With the global liquefied natural gas (LNG) trade increasing 
every year and natural gas prices remaining relatively low, more and more countries are interested in 
investing in regasification infrastructure. Establishing a floating storage and regasification unit (fSrU) 
and importing LNG has several advantages: lower cost compared to an onshore terminal, flexibility in 
relocation and the availability of short-term contracts all of which help serve small markets. fSrUs can 
also be operated in standby mode or used as an LNG storage facility. Operating an fSrU as a storage 
facility while beneficial for small networks introduces the challenges of LNG weathering and manag-
ing of the boil-off gas (BOG). To investigate these challenges on operation, a mathematical model is 
developed to determine the boil-off rate (BOr) over various time frames. The initial BOr is 0.129% 
of the initial storage volume increased to 0.143% after 10 weeks. Subsequent use of aspen hySyS to 
determine the change in LNG composition determined that Wobbe Index (WI) of the LNG varied from 
51.58 to 51.616 mj/Nm3 after 10 weeks of storage. an annual economic estimation of operating fSrU 
as a storage facility was carried out determining that the per unit price of gas obtained from regasified 
LNG is at least 42% lower than the current per unit price of gas in Ireland.
Keywords: Boil-off Rate, FSRU, LNG Storage, LNG Weathering.

1 INTrODUcTION
after steady growth in recent years, global liquefied natural gas (LNG) trade reached a record 
293.1 million tonnes (mT) in 2018 which is a 12% increase from 2016 [1]. This is due to 
increased LNG supply by australian and US projects, which added new liquefaction trains at 
australia Pacific LNG and at Sabine Pass LNG. china, India and Egypt are the major import-
ers of LNG. With a significant amount of new supply available, LNG producers are looking 
outside established markets to develop new demand. according to the international gas union 
(IGU) [1], the increased LNG supply may result in additional deliveries to European markets 
with ample natural gas infrastructure, such as the United kingdom, france and Spain. IGU 
believe that although the markets are notionally small, these emerging demand outlets could 
amount to substantial volumes in aggregate. Increasing customer requests for short-term gas 
purchase contracts led to the development of floating storage and regasification unit (fSrU). 
The global floating regasification capacity in 2018 was 84 mT per annum. It is a 9.1% 
increase from 2016 [2] and 55% increase from 2014 [3]. fSrUs serve as an excellent oppor-
tunity to help in expanding the LNG market internationally.

fSrUs use the same technology as onshore LNG terminals. The difference is that the 
equipment is marinized to be suitable for shipyard construction and marine operation. for a 
newly built fSrU, the equipment is normally integrated into the vessel and constructed with 
the ship. The process components are incorporated into the fSrU resulting in lower caPEX. 
also, low contingency and the low owner charges for the fSrU make the overall investment 
lower. constructing a new fSrU can cost 50–60% of an onshore terminal and can be  delivered 
in half the time [4]. LNG tankers can also be converted into fSrUs. for the conversion of 
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LNG tanker to fSrU, the equipment is normally built as a separate module or modules and 
retrofitted to the tanker in a shipyard to minimize time.

The fSrUs have a capacity of 130,000–170,000 Nm3. They are equipped with storage 
tanks, which are membrane or moss-type tanks and vaporizers. fSrUs are loaded with LNG 
from tankers. LNG is regasified in the vaporizer unit and injected into the gas network or used 
for power generation. Some fSrUs provide boil-off gas (BOG) management using recon-
densers [4]. fSrUs can be operated in several modes. They can be permanently moored 
offshore, and full regasification occurs following an LNG delivery. They can be operated in 
stand-by mode. In this scenario, the regasification units continuously run on a minimum gas 
send-out rate which can be ramped up to required send-out rate on demand (e.g. fSrU 
 Toscana in Italy). fSrUs can also be used as an LNG storage facility owing to their huge 
capacity. Lower cost, commercial flexibility and reusable asset feature of fSrUs are the 
 significant reasons for their rapid growth.

The main challenges associated with LNG storage are the BOG management and LNG 
weathering. Due to heat entering the tank during the storage period, a fraction of the LNG is 
continuously evaporated producing BOG. This results in a continuous loss of LNG. In 
 general, the boil-off rate (BOr) is 0.15% per day [5]. The BOG can be injected into the gas 
network or re-liquefied and returned as LNG to the storage tanks. also, the heat ingress into 
the storage tanks causes the most volatile compounds in LNG, namely nitrogen and methane 
to evaporate more than the heavier compounds. This gradually changes the composition 
of the LNG and alters the Wobbe index (WI) of the LNG. This process is called aging or LNG 
weathering. The altered WI value is usually higher than the original WI of the LNG. It is 
essential to ensure that the altered WI remains within the operational limits of the network 
because all gas-fired equipment are designed to operate within a range of gas specifications 
[6] which are presented in Table 1.

Ireland is considered for a case study. The natural gas network in Ireland comprises 14,172 
km of transmission and distribution pipelines [7]. It is relatively a smaller network compared 
to gas networks in countries like france and Germany. It is half the size of the french net-
work and 1/38th of the size of the German network. There are three entry points to the Irish 
gas network. The corrib and Inch gas production fields contribute to 49% and 4% of the total 
gas supply, respectively. The balance is supplied via imports from the Uk [7]. The intercon-
nector at moffat in the Uk supplying gas is currently physically unidirectional.

Natural gas plays an important role in decarbonizing energy systems and it acts as a tran-
sition fuel helping economies to achieve short-term carbon emission targets [8], especially 

Table 1: Summary of Uk gas safety (management) 
regulation, 1995.a.

Components Permissible limits

WI mj/m3

hydrogen Sulphide mg/m3

Total Sulphur mg/m3

Oxygen (mol%)
hydrogen (mol%)
Sooting Index
Incomplete combustion factor

47.2–51.41 [4.65–52.85]
<5
<50
<0.2
<0.1
<0.60

<0.48 [<1.49]
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when these economies switch from coal-fired to gas-fired power plant. In Ireland, almost 
60% of the power generation comes from natural gas but the largest power station, money-
point (915 mW) which supplies the base load is coal-fired. Switching moneypoint to natural 
gas will result in a decrease of 539 gcO2e/kWh [8]. according to Sustainable Energy author-
ity of Ireland (SEaI), the natural gas consumption in Ireland is 4.73 Bcm in 2018 and it is 
expected to increase up to 6 Bcm in the year 2022 [9]. It is anticipated that the supply of 
corrib gas field would decline after 2020. This will force Ireland to rely heavily on imports 
from the Uk in the future and the uncertainty of Uk to remain as a member of the Integrated 
Single Energy market post Brexit is a risk factor. The Uk may face tariffs for energy trade 
and Ireland will subsequently face higher gas consumption prices.

Incorporating LNG into gas network and storage of LNG could be favorable with respect 
to the diversification of gas sources and to ensure supply security. all load demand conditions 
must be met by grid operations regardless of the availability of renewable power. reserve 
capacity and ramping capacities must be constantly available due to the rapidity at which the 
intermittent sources come online or dropout [8]. hence, high penetration of renewable energy 
requires co-deployment of controllable generators or energy storage to achieve system-level 
dynamics. fSrUs can be operated as LNG storage facilities as they have several advantages. 
recent fSrUs have a total capacity of 170,000 Nm3 and gas sent out rate of 17 mm3 per day 
[4]. a single fSrU is capable of supplying Ireland’s daily gas demand (average demand was 
13.43 mm3 and average winter demand was 15.38 mm3 in 2017/18) [10]. They require a 
lower investment than onshore LNG terminal and can be leased on short-term contracts. The 
built-in vaporizer unit enables fSrUs to be operated in various level of regasification. They 
can be relocated. as the LNG is aimed to reach market overseas, the LNG producers usually 
develop an annual delivery schedule for each of their customers. Operating fSrU as a  storage 
unit can overcome the rigid LNG delivery schedule.

a mathematical model is developed in reference to calogero et al. [11] to determine the 
BOr for storage tank. This metric is a representation of the amount of LNG that is lost during 
the storage period and is expressed in % of total liquid volume per unit time. Simulation 
of the storage tank is performed in aspen hySyS to determine the change in LNG 
 composition. The steps involved in model development are detailed in Section 2.

To determine the economic feasibility, the production cost to establish the fSrU as a stor-
age facility is estimated. The LNG purchase cost used is 6.11 dollars per one million British 
Thermal Units ($/mmBtu) [1]. It is the average spot price at the Uk National Balancing 
Point in 2018. considering that Sabine Pass in the United States was the most active LNG 
export terminal in 2018, the transport cost estimate is obtained for the distance between the 
United States and Ireland and it is 0.0536 mm$/day. fSrU leasing charge follows an overall 
tolling rate, where the payment made is based on the amount of LNG regasified. It is also 
dependent on the terminal utilization factor, and the rate is usually 0.55$/mmBtu [4]. The 
regasification cost is determined for the cargo available at a specific time and the rate is 
0.35$/mmBtu. LNG lost as BOG does not account for the regasification cost. four scenarios 
are created to identify the feasible option and the results of economic estimate are discussed 
in Section 3.

•  LNG storage for up to 5 weeks in 1 fSrU.

 • LNG storage for up to 5 weeks in 2 fSrUs.

 • LNG storage for up to 10 weeks in 1 fSrU.

•  LNG storage for up to 10 weeks in 2 fSrUs.
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2 mEThODOLOGy
The overall heat transfer coefficient, U, is determined based on the wall structure of fSrU 
tank. The capacity of the tank is considered to be 170,000 m3. The walls comprise two layers 
of membranes and insulation (primary and secondary) separated by water ballast tank. The 
other dimensions of the fSrU used in this calculation are presented in Table 2 [5].
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where subscript j refers to wet or dry part of the inside wall, h is the convection heat transfer 
coefficient, A is the area of the storage tank, subscripts i and o refer to internal and external, 
respectively, Am is the mean heat transfer area, e is equivalent insulation thickness and λ is the 
thermal conductivity of layer material.

The heat ingress, Q, into the tank is determined followed by the calculation of latent heat 
of vaporization [12].
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A, B, C, D and m are substance-dependent parameters and Xi is calculated based on the 
critical temperature of the individual components. The rate at which the BOG is produced on 
a daily basis is determined using the following expression [13]:
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Table 2: Tank specifications of fSrU vessel.

Tank Specifications Exterior Interior

Length (m)
Beam (m)
Depth (m)

295
50
27

292.468
47.468
24.468

Other specifications

Primary membrane thickness (mm)
Secondary membrane thickness (mm)
Primary insulation thickness (mm)
Secondary insulation thickness (mm)
Width of water ballast tank (m)

1.2
1.2
300
230
2
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where VBOG and VLNG are the volumes of BOG and LNG, respectively, Q is the heat ingress 
from eqn (2) and ΔH is the latent heat of vaporization from eqn (3) and ρ is the density of 
LNG. after the initial loss in the volume of LNG, the area exposed to heat varies. This alters 
the amount of heat ingress into the tank. The new Q entering the system is calculated. This 
procedure is repeated for the desired period of time to obtain the trend for the BOr.

The aspen hySyS simulation of the storage tank is performed. The initial LNG compo-
sition considered for the simulation is presented in Table 3. Throughout the storage period, 
the mole fraction of the components of the LNG is obtained on a weekly basis. They are used 
in the calculation of heating values and WI of the LNG. This WI value is used to verify 
whether it is compliant with the operational limits of the network. The expression used to 
determine WI is given below.

 

WobbeIndex
Higher HeatingValue

Specific Gravity
=  (6)

following the simulation, production cost and per unit price are calculated. annual Pro-
duction cost = LNG Purchase cost + Transport cost + fSrU Leasing charge + yearly 
Infrastructure Payment + regasification cost.

3 rESULTS aND DIScUSSIONS
The results of this study highlight two important observations in operating fSrU as a storage 
facility, the loss in LNG due to boil-off and change in WI on a weekly basis (represented in 
fig. 1). BOr on day 1 is 0.129% of total LNG volume per day (calculated using eqn 5). It can 
be seen that the BOr increased throughout the storage period. after 10 weeks of storage, 

Table 3: composition of the LNG.

Components Methane Ethane Propane i-Butane n-Butane Nitrogen

mol (%) 0.9307 0.0661 0.0006 0.0000 0.0000 0.0026

figure 1: BOr and WI change during LNG storage in fSrU.
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LNG lost is 15,214 m3. The initial WI is 51.58 mj/Nm3. Due to weathering, WI continuously 
increases during storage. The WI after 10 weeks is 0.07% higher than the initial value and is 
ensured that it is compliant with the network specifications for WI.

The loss of LNG is a continuous phenomenon and the volume of LNG available in the 
storage tank at specific time period is represented in fig. 2.

aspen simulations are also performed for three different LNG compositions (light LNG, 
heavy LNG and LNG with 5% N2) to determine the WI values for specific intervals over the 
storage period (fig. 3). The WI values of all types of LNG after 10 weeks of storage are found 
to be higher than the initial WI. It is ensured that all types of LNG are compliant with the 
network limitations for WI. figure 3 also represents change in WI values for the BOG gener-
ated from the respective LNGs. These values are required if they are to be injected into the 
network. BOG from light and heavy LNG is suitable for network injection from day 1.

figure 2: Liquid volume evolution.

figure 3: representation of LNG Weathering during storage in fSrU.
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however, initial WI of BOG from ‘LNG with N2’ is found to be low (46.79 mj/Nm3) and 
is not suitable for network injection. This is because the BOG is composed of nitrogen and 
methane resulting in a lower heating value yielding a lower WI. In this scenario, a small 
amount of LNG is regasified and blended with BOG. This is called forced boil-off. The com-
position of the forced BOG is the same as the LNG in the tank and is suitable for network 
injection. The forced boil-off is stopped after 4 hours, as the BOG itself becomes compliant 
with the network limits (47.32 mj/Nm3). This is due to the decrease in nitrogen content 
in BOG.

additional observations are made on the scenario where the regasification unit is operated 
continuously on a daily basis to supply the Irish network. The send-out rate of fSrU on full 
capacity is 17 mm3 per day. It will be able to serve as a reliable gas source to meet the daily 
demand of Ireland (average demand is 13.43 mm3 and average winter demand is 15.38 mm3 
in 2017/18). another option is to operate fSrU at a reduced send-out rate where it can serve 
as a substitute for pipeline imports. If the regasification unit is operated in 37% capacity, the 
fSrU can supply 47% of the gas demand (a substitute for imports from the Uk). The excess 
supply from fSrU can also be potentially used for gas exports via moffat, Uk (undergoing 
development to be established as a reverse flow interconnector) [14].

figure 4 is a graphical representation of the cost estimate, the annual production cost and 
per unit price. The step-wise calculation of the per unit price is presented in Table 4.

•  LNG storage in 1 fSrU—The difference in annual production cost between 5 and 10 
weeks of storage is only 4.28% (despite the 50% reduction in purchase cost and transport 
cost). This is because the fSrU leasing charge and the tariff to access the Irish gas infra-
structure constitutes the majority of the annual production cost.

•  LNG Storage in 2 fSrUs—The difference in annual production cost between 5 weeks and 
10 weeks of storage is only 5.99%.

The lowest per unit price, 0.905 cent/kWh, is yielded by the scenario where two fSrU 
units store LNG for five weeks. This is due to increased gas supply and the same annual 
infrastructure payment despite having more than one fSrUs. The highest per unit price, 

figure 4: cost estimate for establishment of fSrU as a storage facility.
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2.2879 cent/kWh, is yielded by the scenario where 1 fSrU unit store LNG for 10 weeks. yet, 
this is 34.63% lower than the current per unit price of gas in Ireland [15]. It can be observed 
that the least economically favorable scenario is ‘Storage for 10 weeks in 2 fSrUs’. It 
requires higher expenditure and yields relatively higher per unit price. The other scenarios 
can be implemented based on demand requirements.

costs associated with the fSrU can be fixed or variable depending on whether the facility 
is secured under long-term or short-term contracts. fSrU costs can be applied on per day or 
per m3 basis. The charges are fixed if the contract is long-term. Otherwise, the regasification 
cost falls in the range 0.2–0.4$/mmBtu [16]. hence, 14% variability is added to the 
 regasification costs. most of the European LNG capacity suggests that the only variable costs 
are the energy costs, which is 1% of the delivered gas [16]. The transportation cost comprises 
the daily charter component, fuel costs, port charges and insurance. The variable costs in 
transport are attributed to 40% [17]. considering these variabilities, another economic 
 estimate is produced (Table 5). The disadvantage in this format of economic estimate is the 
usage of fixed purchase price (purchase price in 2018) for LNG. In general, gas prices are 
affected by fluctuations in oil prices which is an economical substitute for natural gas power 
generators. They are driven also by supply and demand and can result in large price changes 
over a short period. yet, fixed LNG price is used in the calculations, as the forecast by the US 
Energy Information administration shows relatively steady LNG prices till 2050 [18].

Table 4: cost estimation for the four scenarios.

Cost Category Units

Cost Estimate

5 Weeks 10 Weeks

5 weeks

(2 FSRUs)

10 Weeks

(2 FSRUs)

Purchase cost
regasification cost
Transport cost
Infrastructure Payment
fSrU leasing charge
Total production cost
Gas availability
cost per unit
VaT
final cost per unit 

€mm/yr
€mm/yr
€mm/yr
€mm/yr
€mm/yr
€mm/yr
bcm/yr

cent/kWh
cent/kWh
cent/kWh

 0.30
0.02
9.55
50.00
60.60
120.50
0.99
1.056
0.137
1.193

 0.15
0.01
4.78
50.00
60.60
115.50
0.50
2.025
0.263
2.288

 0.63
0.03
20.06
50.00
121.20
191.90
2.09
0.801
0.104
0.905

 0.30
0.02
9.55
50.00
121.20
181.10
0.99
1.587
0.206
1.793

Table 5: fixed and variable cost estimation for the four scenarios.

Scenarios

Annual 
Production 
Cost (Fixed) 

(€mm/yr)

Per Unit Price 
(Fixed) (cent/

kWh)

Annual 
Production 

Cost (Variable) 
(€mm/yr)

Per Unit Price 
(Variable) 

(cent/kWh)

5 Weeks 1 fSrU
5 Weeks 2 fSrUs
10 Weeks 1 fSrU
10 Weeks 2 fSrUs

120.50
191.93
115.55
181.08

1.1928
0.9050
2.2879
1.7929

124.29
199.96
117.45
184.90

1.2430
0.9523
2.3490
1.8490
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4 cONcLUSIONS
Based on the natural gas requirements of the end users, fSrU can be operated in continuous 
regasification mode, stand-by mode (where BOG is injected into the network), or as a storage 
facility. The simulation results demonstrate that it is technically feasible to operate fSrU as 
an LNG storage facility. The quality of LNG is not significantly affected after 10 weeks of 
storage and is compliant with the network specifications. The BOr increase from 0.129% to 
0.14% per day of total volume is due to the increase in heat ingress into the storage tank and 
it is in line with the BOr specifications from fSrU manufacturers. The WI increased by 
0.07% from the initial value and it remains within the specifications.

LNG storage in fSrU plays an important role in diversifying gas sources. It can be a reli-
able source to supply daily gas demand in small countries like Ireland can be operated as a 
substitute to pipeline imports and can serve in the integration of renewable resources by 
providing load-balancing services. Operating fSrU as a storage yields a significantly lower 
per unit price of gas. By operating fSrU as one of the gas sources (continuous regasification 
mode), gas can be supplied to consumers at a relatively lower price per unit. The per unit 
price of gas increased slightly (by 4%) after considering the variability factors. Despite the 
dependency in oil price, establishing fSrU as storage is an economically attractive option in 
terms of diversification of gas sources and to ensure supply security.
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