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Abstract: Boil-off gas (BOG) from a liquefied natural gas (LNG) storage tank depends on the amount
of heat leakage however, its assessment often relies on the static value of the boil-off rate (BOR)
suggested by the LNG tank vendors that over/under predicts BOG generation. Thus, the impact of
static BOR on BOG predictions is investigated and the results suggest that BOR is a strong function
of liquid level in a tank. Total heat leakage in a tank practically remains constant, nonetheless the
unequal distribution of heat in vapor and liquid gives variation in BOR. Assigning the total tank heat
leak to the liquid is inappropriate since a part of heat increases vapor temperature. At the lower
liquid level, BOG is under-predicted and at a higher level, it is over-predicted using static BOR.
Simulation results show that BOR varies from 0.012 wt% per day for an 80% tank fill to 0.12 wt% per
day at 10% tank fill.
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1. Introduction

The necessity of liquefied natural gas (LNG) is continuously rising to produce power sources
and fulfill transportation needs around the globe. The global gas demand in 2000 was 136 bcm and
since then it has increased many folds and is projected to increase by 768 bcm in 2040 [1]. The supply
chain of LNG includes its static storage tanks and transportation in specially designed ships called
LNG carriers. The growth of the NG (natural gas) industry is predicated on the construction of
larger storage tanks to enhance energy security policy. That growth results in more cost-effective
design, construction, and operating strategies for LNG tanks, with a simultaneous reduction of its
carbon footprint [2]. In particular, the design of an LNG tank plays a crucial role in determining the
overall economics of the LNG supply chain. According to the British Standard BS 7777 [3], one of
the crucial factors in the LNG supply chain is the evaporation losses, which determines LNG safety,
technical, and economic assessment [4]. LNG is stored and transported in tanks as odorless, clear,
and non-toxic cryogenic liquid (i.e., boiling point ≈ −162 ◦C). LNG occupies 1/600th of the volume of
NG allowing it to be economically transported to the consumer market that is normally distant from
NG reserves [5]. LNG storage tanks provide much-needed security for the safekeeping of natural gas
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in both liquefaction [6] and regasification terminals [7,8]. In the regasification terminal, storage tanks
facilitate the continuous release of LNG to the end-users between shipments [9,10]. During storage,
the heat ingress is commonly encountered because of the large temperature differences between the
tank medium and the environment, which causes LNG evaporation and the generation of boil-off gas
(BOG) [11]. Regardless of the mode of operation, BOG management in the regasification terminal is
a continuous process that affects the plant’s economy [12]. Querol et al. [13] proposed two ways to
manage BOG produced in LNG import terminals, firstly by mixing LNG and BOG in a recodensor for
BOG recondensation and secondly, by using a BOG-fueled gas turbine cycle combined with a Rankine
cycle. However, both ways require significant capital investment and may not be feasible for small
scale tanks or terminals with humble BOG production rates. Noh et al. [14] also proposed similar
options of BOG management, BOG recondensation using LNG cold, and BOG fueled gas turbine cycle
concluded that power generation is better than recondensation. Li and Li [15] proposed a dynamic
simulation model to minimize BOG fluctuations during ship unloading, so as to avoid NG flaring and
to save energy. Saleem et al. [16] gives insight using a full scale Computational Fluid Dynamics (CFD)
simulation model about boiling phenomena within the tank and concluded that surface evaporation
causes BOG generation and nucleate boiling is unlikely in the tank. Yuan et al. [17] employed organic
rankine cycle for integrating BOG recondensation with LNG regasification and reported significant
power savings.

BOG generation is mainly caused by the inevitable heat leak to the LNG storage tank, which must
be removed from the tanks to maintain their integrity [16]. Despite their thick composite insulation
layers (~1 m thick) [18], LNG storage tanks are not completely immune to heat leakage. The heat
ingress to an LNG storage tank may occur via conduction, convection, or radiation through the floor,
wall, and roof of the tank. Thus, a methodology to effectively quantify and manage BOG is required for
LNG storage tanks. Depending on their applications, LNG storage tanks are designed to be of different
sizes [19]. These tanks employ several means of containment (single, double, full, and membrane) [20].
Tanks are also classified depending upon the elevation from the ground level viz. in-ground type,
above-ground type, and under-ground type [21]. The single containment storage tank consists of an
inner cylindrical container (made of 9% nickel-steel) that is surrounded by outer insulation (i.e., perlite),
while both double and full containment storage tanks consist of inner and outer tanks that can house
cryogenic LNG [22]. A full containment storage tank is also capable of controlling the venting of vapor
that arises from product leakage after a credible event (any event that is recognized as sufficiently
likely for the system to be designed and operated to withstand) [23]. Among these different types
of designs, full containment type (also called, full integrity type) tanks are regarded as the most
advanced type and have been exploited in several recently completed and ongoing projects [24],
in the case of above-ground tanks. To withstand extremely low cryogenic temperatures, LNG storage
tanks have an inner lining made of 9% nickel-steel alloy known for its ductility at low cryogenic
temperatures [18]. During storage, the inner lining of tank is subjected to extremely low/cryogenic
temperatures (−162 ◦C) from the LNG, and in the event of leakage, LNG absorbs the insulation
layer of the tank and affects its performance. Thus, the outer concrete layer of the tank becomes
structurally compromised because of the quick drop in temperature [25]. To minimize heat leakage,
the inner nickel-steel lining is padded with different layers of insulating materials such as glass wool,
load-bearing rigid glass wool, sand, plywood, and expanded perlite [3]. The arrangements of the
insulating layers (i.e., the difference between tank bottom, shell, and topsides) are chosen to reduce the
vaporization of LNG to less than 0.05% of the total tank volume per day [26]. However, depending on
the tank aspect ratio and insulation, the vaporization of LNG can vary from 0.02 wt% to 0.1 wt% of
the total LNG tank content per day [27]. Furthermore, in the case of excessive evaporation (due to
continual heat leak), its removal from the LNG tank is essential to maintain the storage pressure in the
range of 110–250 mbarg [28] and to avoid the excessive pressure buildup within the tank. The methods
minimizing the pressure of BOG and avoiding the scaping of BOG from the tanks would be highly
adaptable. The approach determining LNG tank’s BOG usually considers methane as a representative
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gas [29], which provides ease during the design calculations of the tank. This is because the LNG is
comprised of methane, ethane, propane, nitrogen, and high molecular weight hydrocarbons, hence it
becomes difficult to model the multicomponent diffusion of such gases instead of assuming a single
governing gas (as methane) makes the design and safety calculations much easier [30].

In this work, the thermal design parameters (insulation type and their thicknesses) required for
the rigorous estimation of heat leakage into the LNG storage tank are compiled. The parameters are
then used in the thermal design of an LNG storage tank that can accommodate full cargo from the
world’s largest known LNG carrier (Qmax, operated by Qatar Petroleum) [31]. Based on the insulation
parameters and size of the storage tank, a steady rate of heat leakage is calculated for different LNG
levels in the storage tank. Heat leakage in the storage tank is assigned for BOG calculations, and the
issue related to the tank boil-off rate (BOR) and liquid level is discussed. However, the static value
of BOR used for BOG calculation over/under predicts the BOG, and the estimation is particularly
erroneous when the tank is almost empty, and this issue will be discussed in Section 3.2. The tank
design considerations and parameters used for thermal design are discussed in Section 2.1. Based on
the acquired information, a thermal design for a 260,000 m3 tank including materials of construction
and the thickness of different insulating layers considering their thermal properties, is proposed.
The impact of the static BOR on BOG is highlighted. The current work is regarded as part 1 for
designing full containment type LNG storage tanks.

2. Methodology

2.1. LNG Tank Heat Leakage

The size of an LNG storage tank depends on the end application. In the case of city gas storage,
LNG tanks are designed onshore with very large sizes [32]. So far the biggest onshore tank can store
about 260,000 m3 [24]. Japan, the largest consumer of LNG, utilizes 76 LNG storage tanks of three
different sizes, viz. small tanks (650 m3 to 10,000 m3), medium-sized tanks (10,000 m3 to 90,000 m3),
and large tanks (100,000 m3 to 200,000 m3) [33]. South Korea, the second-largest consumer of LNG,
utilizes 36 LNG tanks with storage capacities ranging from 150,000 m3 to 200,000 m3 [32]. Depending on
the location, seismic activity, operational, and environmental conditions, the LNG storage tank can
also be built as environmentally-friendly in-ground and underground types, to reduce the footprints
and psychological impact associated with large tanks. There are also mobile LNG transport trailers
equipped with tanks ranging from 2–30 m3 [34] and up to 78 m3 [35]. In this report, our discussions
are limited to the thermal design aspects for a 260,000 m3 full containment or full integrity type LNG
storage tank. This is by far the largest proposed tank size [24] that can accommodate full cargo from
the largest LNG carrier Q-Max, operated by Qatar LNG [36]. A schematic diagram of the LNG storage
tank is illustrated in Figure 1.

2.1.1. Insulation Properties Needed for Heat Leak Calculations

The selection of effective insulation materials for cryogenic applications is essential for safe storage
operations. Insulation protects the refrigerated product from thermal vibrations and reduces heat
leakage and/or ingress due to seasonal and daily ambient temperate cycles. Any damage to the
insulation system can compromise product quality and safety of the regasification operation. The safe
and economical operation, minimal heat leakage, and the prevention of condensation to minimize
corrosion are key requirements of cryogenic insulation materials. A composite layer of insulation is
applied around the inner nickel-steel core of the LNG storage tank. The density and specific heat
values supplied by common insulation materials utilized in LNG tanks are compiled in Table 1.
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Figure 1. The thermal design of the liquefied natural gas (LNG) storage tank that is considered in the
present work.

Table 1. Density and specific heat capacity of the insulation materials used in heat leakage calculations.

Insulating Material Density (kg/m3) Specific Heat (kJ/kgK)

Perlite (expanded) 30–150 [37] 0.837 [38]
Concrete 2400 0.960

Glass wool 24 0.670
Total Insulation 1331.7 0.783

Ni-Steel 7801 0.456

Thermal insulation properties at a mean temperature of 24 ◦C.

2.1.2. Tank Shell Heat Leakage

The shell of a full containment type LNG storage tank consists of a meter-thick concrete outer
layer that protects the inner steel tank. A thick insulation layer made of expanded perlite and glass
wool is sandwiched between the concrete and nickel-steel tank. The concrete outer tank is made
up of a bottom slab, a pre-stressed wall, and a reinforced concrete roof. The inner tank is made
of 9% nickel-steel alloy, which increases the ultimate strength, elastic limit, toughness, and retards
grain growth, thereby enhancing the strength and ductility for application at cryogenic temperatures.
The glass wool is typically composed of sand and 80% recycled glass and is placed adjacent to
the nickel-steel tank, followed by expanded perlite. Apart from providing thermal insulation for
convective heat transfer, the thin glass wool layer also provides an extra shield against radiative heat
transfer. Perlite occurs naturally and is mostly silicon dioxide with approximately 6% water content.
Its natural density is 1100–2000 kg/m3. When crushed and heated over 871 ◦C, water evaporates, and it
expands by a factor of 4 to 20 times into the cells of glassy particles (called evacuated or expanded
perlite) in the density range of 40–140 kg/m3 [37]. This expanded perlite has low thermal conductivity
and does not shrink, swell, warp, or rot. It does not retain moisture and satisfies the requirements
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of fire regulations [39]. Hence, it is utilized as a major insulating material for LNG storage tanks.
The pore space between the insulation is filled with BOG vapor to further decrease thermal conductivity.
Further reduction in thermal conductivity is achieved by filling the pore space with argon instead of
methane [39]. The typical values for the thickness and thermal properties of the materials used in the
shell design of a full containment type LNG storage tank are compiled in Table 2. Both concrete and
perlite have comparable thicknesses, but the thermal resistance (calculated by the usual resistance in
the series model) of perlite is approximately 3 times higher than that of concrete. Therefore, the former
facilitates the control of the thermal resistance on the shell side. As such, the effective total resistance of
the vapor and liquid parts of the tank are only marginally different, although the resistance associated
with the vapor film is nearly 100 times higher than that of the liquid film. The thermal resistance
due to the air film outside the tank also depends on the wind speed and flow distribution, and a
representative value is reported in Table 2. Given that the perlite layer offers the controlling resistance,
the precise value of the resistance due to external air films, such as the internal vapor and liquid films,
has little effect on the overall wall heat transfer resistance, and is consequently ignored in this study.

Table 2. Elements of LNG tank shell design.

Elements of Shell Thickness (m) Thermal Conductivity
(W/mK)

Thermal Resistance
(m2k/W)

Nickel steel tank 0.020 18.300 0.001
Glass fiber 0.150 0.050 3

Perlite (@ −126 ◦C) [40] 0.900 0.027 33.333
Concrete overlay 1 0.100 10

Internal vapor
resistance – – 0.333

Outside air resistance – – 0.476
Shell vapor side total

resistance – – 47.144

HTC of tank vapor side
(W/m2K) – – 0.021

Internal to Liquid
resistance – – 0.003

Shell liquid side total
resistance – – 46.814

HTC of tank liquid side
(W/m2 K) – – 0.021

HTC—Heat Transfer Coefficient.

2.1.3. Tank Roof Heat Leakage

The full containment type tank has a steel-lined concrete hemispherical dome with a suspended
ceiling deck. The steel roof liner is a 5 mm-thick steel membrane that is stiffened with rafters in radial
and tangential directions, to act as a framework for the concrete overlay [32]. In certain designs,
the suspended aluminum ceiling is used to hang the upper glass wool insulation material [41]. In other
designs, the space between the nickel steel tank and suspended ceiling is filled with perlite and glass
wool insulation. Regardless of the insulation placement, an air cavity is provided in the dome that
provides further resistance to heat transfer from the tank roof side. The thermal conductivity values of
the material used for a typical tank roof and the contribution of their total resistance to heat transfer
from the roof side are detailed in Table 3.
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Table 3. Elements of the LNG tank roof design.

Elements of Roof Thickness (m) Thermal Conductivity
(W/m K)

Thermal Resistance
(m2k/W)

Tank vapor side – – 0.333
Nickel steel tank 0.020 18.3 0.001

Suspended aluminium 0.003 205 1.461 × 10−5

Glass fiber 0.150 0.050 3
Perlite 0.900 0.027 33.333

Air cavity – – 3
Steel liner 0.005 54 9.250 × 10−5

Concrete overlay (8 inches) 0.203 0.1 2.032
Internal to vapor resistance – – 0.333

Outside to air resistance – – 0.476
Roof side total resistance – – 42.175

HTC of the tank roof (W/m2 K) – – 0.023

2.1.4. Tank Bottom Heat Leakage

The thermal and mechanical design of the bottom of an LNG storage tank takes the full product
load and frost heave into consideration. Insulating material at the bottom of the tank should have
a load-bearing capacity and appropriate thermal characteristics, which can be satisfied using rigid
cellular-type insulation and have been applied in several designs. In some designs, a thin layer of
plywood and sand is placed between the nickel-steel tank and the main insulation to enhance the
thermal resistance [42]. Contraction of concrete at the storage tank base causes frost heave (i.e., upward
swelling of the ground beneath the tank) that may compromise tank security. Thus, a parallel electric
coil or brine-based heating system is used at the bottom concrete slab to prevent freezing of the ground.
To provide mechanical strength against full tank load and liquid tightness at cryogenic temperatures,
the concrete at the tank’s bottom is pre-stressed by applying a permanent compressive force to the steel
tendons placed in the concrete base. It is a safe practice to design a secondary bottom container and a
steel liner for bottom protection in the LNG storage tank, so as to keep the LNG from seeping into the
concrete and the insulation layers in the event of the failure of the first tank. The second sub-floor
plate is followed by the insulation and carbon steel liner, with a thermal corner protection layer that
extends 5 m above the bottom slab and protects the wall-to-base joint [42]. The typical thicknesses and
contributions of the tank bottom insulation and construction materials to the total thermal resistance
are given in Table 4.

Table 4. Elements of LNG tank bottom design.

Elements of Roof Thickness (m) Thermal Conductivity
(W/m2K)

Thermal Resistance
(m2K/W)

Internal to Liquid resistance – – 0.003
Nickel Steel 0.020 18.300 0.001

plywood 0.012 0.130 0.092
Sand layer 0.005 0.150 0.033

Load bearing rigid cellular
glass fiber 0.500 0.040 12.500

Nickel Steel subfloor plate 0.020 18.300 0.001
Load bearing rigid cellular

glass fiber 0.500 0.040 12.50

Carbon steel liner 0.001 54 1.852 × 10−5

Concrete slab heater 2 0.100 20
Total resistance – – 45.131

HTC of the tank roof (W/m2 K) – – 0.022
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2.2. LNG Regasification Terminal Model

The information collected through Tables 1–5 is utilized for modeling heat leakage in the tank
that in turn is used for BOG and BOR predictions. An LNG storage tank operating in a regasification
terminal is selected for heat modeling. The terminal is operating in holding mode where no transfer
of LNG takes place to and from the carrier ship, however a small recirculation of LNG to keep the
transfer line cool and a fixed continuous send out of LNG is maintained from the tank. A schematic of
the LNG regasification terminal is given in Figure 2.

Table 5. Total thermal resistance and heat transfer coefficient value needed for heat leak calculations
obtained using the values given in Tables 1–4.

Elements Thermal Resistance (m2K/W)

Roof Shell Vap Shell Liq

Total resistance 42.173 47.141 46.811
Heat transfer

coefficient (W/m2 K) 0.02371 0.02121 0.02136
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2.2.1. Simulation Basis & Modeling Assumptions

The tank dimensions and other parameters required for heat leakage calculation are summarized
in Table 6. The key assumptions used for heat leakage calculations are as follows:

• The temperature across the tank wall and insulation is assumed to be constant;
• The temperature does not vary with the height of the tank;
• Heat ingress due to the convection/conduction effect of solar radiation is ignored;
• Liquid (LNG) and vapor (BOG) phases are assumed to be well mixed (no stratification);
• Mass and heat transfer occur between holdup (LNG/BOG) phases.

Based on these assumptions and the selected parameters (Table 6) the steady rate of heat leakage
is calculated from the model (Figure 2). It is worthwhile to mention now that BOG from the LNG tank
is contributed by heat ingress into the tank and the recirculation lines, as well as the in-tank pump
duty incurred due to recirculation. For a fixed recirculation rate a small and continuous amount of
heat is added to the tank which can be ignored in comparison with tank heat leakage, and the heat
generated by the in-tank pump is taken away from the tank by sending out LNG [43]. Thus, the main
factor contributing to the BOG generation from the tank is ambient heat leak. The Aspen Hysys tank
module along with some theoretical adjustments reported by Khan et al. [7] is utilized for heat leak
modeling. The correctness of the model is validated by Effendy et al. [11].
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Table 6. LNG storage tank model parameters and simulation basis.

Tank Dimensions and Heat Transfer Parameters Values Units

Volume 260,000 m3

Diameter 90 m
Height 41 m

Top side HTC 0.02371 W/m2-K
Shell vapour side HTC 0.02121 W/m2-K
Shell liquid side HTC 0.02136 W/m2-K

Vapor-liquid Interface HTC 4.00000 W/m2-K
Tank bottom temperature maintained @ 5 ◦C

Ambient Temperature 25 ◦C
Tank pressure 1.17 bar
LNG density 455.5 kg/m3

Latent heat of vaporization of LNG (λ) 510 kJ/kg
LNG Composition

Methane 0.9984 mole fraction
Nitrogen 0.0015 mole fraction

2.2.2. Tank Boil-Off-Rate (BOR)

Boil-off rate (BOR) is defined as the amount of LNG vaporization of the total LNG mass per day
and given by Equation (1):

BOR =
BOGQliq × 24

Total_LNG_mass
. (1)

BOG obtained from the (Aspen Hysys tank module using all the parameters given in Tables 1–5)
the heat leak to the liquid (BOGQliq) is plugged in Equation (1) to obtain BOR. A problem in the
definition of BOR is that it considers the worst case of heat leakage for BOG calculations [20]. The worst
case is a situation involving heat leakage in a tank with a very low liquid level. However, the tank
operates from high to low liquid level and is not always at a low level. This makes BOR a function of
liquid level in the tank. This issue is discussed in Section 3.1 by considering the three cases of 80%,
50%, and 10% liquid level in the tank.

3. Results and Discussion

3.1. BOR Variation with Tank Liquid Level

To calculate the heat leakage in an LNG storage tank, the liquid-vapor contact area (depending on
the LNG level), ambient temperature, and heat transfer coefficient (HTC) values are required.
Considering a constant ambient temperature (which is approximately true for tropical climates),
only the level of LNG in the storage tank is a variable. Thus, the effect of different LNG levels on heat
ingress is considered. The scenarios of 80%, 50%, and 10% of the LNG volume in the storage tank are
considered during heat leakage calculation. The details of this process are summarized in Table 6.

3.1.1. LNG Tank 80% Occupied by Liquid

For the 80% tank fill, the vapor and liquid are assumed to be in equilibrium. This assumption is
reasonable because when the storage tank is filled with fresh LNG, the hot vapor (if already present
in the tank) is displaced by the cold LNG, leaving a small vapor space that is eventually filled by
BOG, in equilibrium with LNG. The total steady heat leakage for a tank filled at 80% is approximately
100 kW, for which the liquid receives 62 kW and the remainder is due to the vapor space (roof 28%
and the side vapor 10%). If all the heat leakage is assigned to the BOG generation, it is over-predicted
by 37%. Hence, it is not appropriate to assign all the heat leakage into the tank to BOG generation,
although this is a common practice in several studies [44]. For an 80% LNG fill in the tank, the boil-off
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rate BOR (% of liquid vaporization of the total liquid volume per day) is 0.01%, which is within the
safe limit (i.e., 0.05%) stated in the literature [26].

3.1.2. LNG Tank 50% Occupied by Liquid

A tank volume 50% filled with LNG provides more vapor area for heat transfer compared to
80% filling. This increase in the vapor area increases its temperature to −145 ◦C [11] by more heat
transfer. The rise of the vapor temperature is attributed to the higher heat capacity of LNG, and the
significant temperature difference between BOG/LNG (≈13.5 ◦C) [44] causes 89% of the heat leakage in
the vapor phase to be transferred to the LNG via the vapor-liquid interface. The heat loss through
interface increases only by 1% for the 10% LNG filled scenario (cf. Table 7). This is because the vapor
temperature is no longer increasing when the tank is emptied from 80% to 50%. After saturation in the
increase of the vapor temperature, any heat leakage to the vapor is simply transferred to the LNG.
In the case of 50% tank filling, if all the heat leakage from the roof and shell vapor side is assigned
to the liquid, the BOG generation is over-predicted by 5.5%. Thus, in this case, the overprediction is
significantly smaller compared to the 80% tank fill scenario, due to the vapor-liquid interface heat
transfer phenomenon, which is absent when the vapor and liquid temperatures are equal. At this rate
of heat transfer, the BOR from the tank is approximately 0.03%, which is within the limit outlined in
the International Gas Union 2011 annual report [27].

Table 7. The steady rate of heat leakage in the LNG tank for different liquid levels.

Elements of Heat Leak Calculations Tank 80% Fill Tank 50% Fill Tank 10% Fill

Heat leak from tank roof (kW) 27.74 25.64 24.88
Heat leak from tank bottom (kW) 25.91 25.79 25.86

Heat leak from tank vapor area (kW) 9.04 20.89 36.51
Heat leak from tank liquid area (kW) 36.65 22.72 4.53
Heat leak from vapor to liquid (kW) 0.0 41.27 55.03

Liquid level in the tank (h) (m) 32.8 20.50 4.10
Shell side liquid contact area (m2) 9326.2 5796.2 1159.2
Shell side vapor contact area (m2) 2317.3 5796.2 10,433.2

Liquid temperature (◦C) −159 −158.5 −158
Vapor Temperature (◦C) [11] −159 −145 −140

Total ambient heat leak to the tank (kW) 99.34 95.11 91.78
Total ambient heat leak to liquid (kW) 62.56 89.85 85.42
BOG rate (with roof & vapor heat to

liquid) (kg/h) 701 671.4 647.9

BOG rate (with actual heat leak) (kg/h) 441.6 634.2 602.9
Boil-off rate (BOR) (wt%) 0.012 0.026 0.12

3.1.3. LNG Tank 10% Occupied by Liquid

For 10% tank filling, the vapor temperature further increases to −140 ◦C (−145◦C for 50% tank
filling) [11]. In this case, the steady heat leak calculation predicts a BOR of 0.12%, which is much higher
when compared to the previous two cases (of 80% and 50% tank fillings). This is because of a small
amount of liquid LNG in the tank. At the 10% LNG level, all heat leakage to the vapor is transferred to
the LNG. The heat capacity of the LNG is much smaller for the 10% liquid level therefore, any heat
leakage simply boils the LNG to a much higher BOG rate.

It is worthwhile to note that the total amount of heat leakage into the tank decreases by only
8% for a fill level from 80% to 10% (see Figure 3). This reduction in heat leakage is not significant
and can be assumed to be negligible for practical applications. Interestingly, the BOG generation
is found to increase significantly by 27% (cf. Figure 4). A similar trend in BOR (increment of 90%,
i.e., from 0.012 wt% to 0.12 wt% per day) is observed (cf. Figure 5). The sharp rise in BOR is attributed
to the receding liquid level in the tank, which leads to the depletion of the liquid’s heat capacity.
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3.2. Impact of Static BOR on BOG Predictions

BOR (wt%) corresponds to the LNG vaporized per day of the total LNG mass present in the tank.
Most often, the designer uses a fixed value of 0.05 wt% (on the gross volume of the LNG inner tank
and pure methane) for the maximum tank volume as the BOG generation rate. This number is only
reliable when the total amount of heat leakage into the tank is constant, irrespective of the actual LNG
volume inside the tank, as evident from Figure 3 (i.e., 8% increase of the total heat ingress in the tank,
and confirms that the heat leakage in the tank is practically constant). However, this definition assigns
all the heat leakage of the tank to the liquid phase and ignores the distribution of the heat into the
vapor and liquid, and the effect of change of the liquid level on the BOR and BOG, which is addressed
in this section.

If all the heat leakage of the tank is assigned to the liquid, the BOG over prediction is significant
at a higher liquid level, as shown in Figure 4. This is because of the high heat ingress in the vapor,
as discussed in Section 3.1.1 for an 80% filled tank. BOG production in an LNG storage tank is often
determined using the vendor-supplied static BOR value. In the present work, it has been established
that BOR is not static (although the total heat ingress in the tank is practically constant) and strongly
depends on the liquid level in the tank (see Figure 6). Using static BOR for the design of LNG tank
upstream units such as compressors and recondensors may cause serious issues in BOG handling.
Thus, for a practical design, appropriate provisions must be made to address BOG based on worst case
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BOR. BOG is often calculated by assigning all heat ingress to the liquid, ignoring the effect of heat
distribution in vapor and liquid. This approach may lead to the wrong estimation of both BOG and
BOR (see Figure 7).
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3.3. Limitations and Unique Findings

The thermal design of LNG storage tanks and the impact of static BOR on BOG is presented.
The expanded perlite and concrete facilitate the control of resistance of approximately 70% and 21% for
the LNG tank shell, respectively. For the roof design, 70% resistance is provided by perlite, while the
remainder is compensated for by the glass wool, air cavity, and concrete overlay. Based on the
considered thermal design parameters, the rate of heat leakage from the tank’s roof, shell, and the
bottom is calculated for different LNG filling levels of the storage tank. The heat leakage is then used
to estimate the tank’s BOR. It was determined that the heat leakage in the tank remains practically
constant however, the distribution of heat in the vapor and liquid varies. This variation changes the
BOR in the tank.

3.3.1. Study Limitations

The thermal design presented in the current work can serve as a good starting point for rigorous heat
leakage design in LNG storage tanks. LNG tank operation is inherently dynamic thus, the assumptions
made in this work for the steady-rate of heat leakage can hold for a tank with LNG stored for a
sufficiently long time at different liquid levels. If appropriate estimates of the tank vapor and liquid
temperature are available, the steady rate heat leakage model can be used for any tank otherwise,
a fully dynamic model of LNG tank operation must be made to calculate the boil-off gas. The following
observations were made based on the study that can assist in assessing BOG generation from the LNG
storage tank.

3.3.2. Unique Findings

The following unique finding was made through the study that can help in assessing correct BOG
at a different liquid level:
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• Total heat leakage in the LNG tank is essentially constant;
• Assigning that all the tank heat leakage to the liquid is inappropriate;
• Some part of the vapor heat leak increases its temperature;
• BOR strongly depends on the tank liquid level;
• The distribution of heat in the vapor and liquid changes the BOR;
• At a low liquid level, the BOG is under-predicted using static BOR;
• At a high liquid level, the BOG is over-predicted using static BOR;
• BOG predictions must be based on heat leakage rather than static BOR;
• Vapor to liquid heat transfer plays a significant role in BOR predictions.
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