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ABSTRACT

Although maritime shipping is one of the most efficient logistical solutions, this sector of
activity generates around 3 % of global CO. emissions, accentuating the global warming
challenges that the world is facing. Therefore, the International Maritime Organisation
established a road map to reduce CO2 emissions to half by 2050 compared to the 2008 levels.
To reach this goal, alternative fuels are seen as a solution. Utilising carbon-free/carbon-neutral
fuels will cut greenhouse gas emissions. Nonetheless, many alternative fuels are proposed, and
each presents different environmental, economic, and technical characteristics.

Fuels such as liquified natural gas, hydrogen, ammonia, and methanol are brought forward as
potential substitutes for fuel oil and diesel oil. To determine which fuel is the most suitable for
integration onboard a RoRo ship running on conventional fuels, a multiple-criteria evaluation
is done. The selected evaluation criteria are the volume and weight requirements, environmental
safety, technology readiness, and fuel prices. To rank these fuels based on their performances,
the analytical hierarchy process is a commonly used multicriteria decision-making method that
allows the selection of the most suitable fuel solutions.

Methanol and ammonia were elected as suitable solutions based on the ranking results.
Therefore, the next step was establishing an integration strategy on board the vessel. The
integration process is initiated by defining proper locations for the fuel tanks. Tank dimensions
are defined in order to reach the required storage capacity while respecting the structural
limitation of the ship. Finally, different systems and components related to each fuel technology
are defined, including the fuel supply system, the bunkering concept, and the main engine
upgrade. Safety equipment and protocols related to fuel storage and handling are defined as per
international regulations and class guidelines in order to prevent fires and other hazards.

The viability of ammonia or methanol as fuel solutions for the future has been studied by
determining first the impact of the retrofitting process on the ship operation range and carrying
capacity. Second, an evaluation of the projected CO» emissions for each fuel solution over one
year of navigation is estimated based on different fuel pathways and compared to the recorded
emissions over previous years to provide a better view of the reduction potential of each fuel
solution. Finally, the economical viability of the fuel solutions is determined by calculating the
total cost of ownership constituted of the capital cost of the engine and storage and the operating
costs that are, in this work, fuel costs only. It becomes clear that the major driver of any energy
transition project is the fuel price, where non-fossil-based fuels are relatively expensive.
However, it is hoped that costs will be significantly reduced due to economies of scale in the

future.
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Appendix Al
FR: frame number.
VNET: volume net.
XAG: Coordinates of the centre of gravity in the X-axis.
YCG: Coordinates of the centre of gravity in the Y-axis.
ZKG: Coordinates of the centre of gravity in the Z-axis.

I'Y: moment of inertia.

Table 1. List of tanks and capacities

SPECIFICATION FR FR | VNET | MASS | XAG YCG | ZKG Y
Unit [-] [] [m?] [t] [m] [m] | [m] [m]
Fuel Oil (RHO = 0.98 tm?)
TK 2F FO 126 138 222.4 218 105.24 | 0.18 4.06 483
TK 3F FO 102 128 283.1 277.4 | 90.35 0 13 382
TK 4F FO 76 102 367.1 359.7 71.2 0 13 641
TK 5F FO 48 76 385.7 378 49.86 0.04 1.29 668
TK 29 FO Sett. low sulph. 7 13 55.7 54.5 8.07 -6.4 9.66 34
TK 30 FO Settling 7 13 53 51.9 8.07 1.5 9.66 29
TK 31 FO Service 7 13 22.7 22.2 8.07 -1.5 9.66 2
TK 32 FO Service 7 13 23 22.6 8.07 -3.3 9.66 2
TOTAL Fuel Oil 1412.7 | 1,384.3 | 67.7 -0.23 | 2.65
Diesel Oil (RHO =0.89 t-m™®)
TK 15 25 43 66.6 59.3 28.33 3.23 1.14 67
TK 23 30 40 93.9 83.6 28.41 7.97 5.15 190
TK 33 7 13 26.5 23.6 8.01 -11.15 | 9.9 7
TOTAL Diesel Oil 187 166.5 25.49 3.57 4.4
Lubricating Oil (RHO = 0.90 tm?)
TK 14 26 37 17.6 15.9 24.69 0 1.04 7
TK 36 9 13 13.3 11.9 8.45 6.66 9.88 3
TK 37 7 13 19.9 17.9 8 8.95 9.88 3
TK 38 11 13 2.9 2.6 9.6 5.71 9.88 0
TK 42 7 9 9.5 8.6 6.4 6.66 9.88 3
TOTAL Lubricating Oil 63.1 56.9 12.56 5.49 7.42
Fresh Water (RHO = 1.00 t-m)
TK 40 31 36 81.1 81.1 26.72 -74 8.37 146
TK 41 36 46 107.3 107.3 | 32.35 -74 7.94 292
TOTAL Fresh Water 188.5 188.5 | 29.93 -1.4 8.12
Sludge (RHO =1.00 t-m™)
TK 11 43 48 70 70 36.43 1.25 1.05 459
TK 12 39 42 14.9 14.9 32.43 -3.59 1.13 19
TK 13 31 38 26.4 26.4 27.77 -3.17 1.14 20




TK 16 26 31 7.2 7.2 22.9 294 | 154 5
TK 17 17 25 54.1 54.1 16.91 0 0.99 106
TK 18 15 17 2.1 21 12.8 0 1.48 0
TK 20 8 13 39.9 39.9 8.84 0 2.62 11
TK 21 43 45 8.7 8.7 35.23 7.1 2.9 17
TK 22 27 30 334 334 2284 | -7.17 | 5.65 91
TK 34 16 23 10.9 10.9 15.6 -4.86 7.4 7
TK 35 28 30 19 19 23.2 11.17 | 9.45 2
TK 39 11 13 2.8 2.8 9.6 7.6 9.88 0

TK 42 P 52 60 174 17.4 44.8 -4.86 2 9

TK 43 62 74 31.3 31.3 54.4 9.92 | 13.15 13
TOTAL Sludge 338.8 | 338.8 | 27.87 0.47 3.68
Water Ballast (RHO = 1.025 t-m®)

Forepeak 158 174 266.5 273.2 | 130.93 0 6.69 221
WB TK 1 PS 138 158 330.4 338.7 | 116.84 | -2.35 | 6.51 134
WB TK 1 SB 138 158 370.5 379.7 | 116.36 | 2.66 6.61 317
WB TK 2 PS 126 138 208.2 213.4 | 105.47 -4.9 4.58 87
WB TK 2 SB 126 138 185.8 190.5 | 104.99 | 4.87 4.42 87
WB TK 3PS 102 126 288.7 295.9 90.8 -6.58 | 2.66 436
WB TK 3 SB 102 126 271.7 284.6 | 90.43 6.57 2.6 445
WB TK 4 PS 76 102 453 464.3 | 70.88 | -8.27 | 2.29 939
WB TK 4 SB 76 102 453 464.3 | 70.88 8.27 2.29 939
WB TK 5 PS 48 76 423.3 4339 | 51.12 | -8.26 | 2.37 732
WB TK 5 SB 48 76 426.3 437 51.15 8.06 2.29 864

Afterpeak -8 7 120.8 123.9 0.6 -0.13 7.9 328

TOTAL Water Ballast 3,804.2 | 3,899.5| 83.35 | -0.02 | 3.85




APPENDIX A2

Scantling of methanol tanks

Methanol tanks are metallic structures designed in a form of box girders, designed to carry a
liquid fuel, methanol in this case. As part of the integration process of methanol fuel solution
inside the RoRo ship, determining the preliminary thicknesses of the plating and the structural
support members constituting the tanks is essential to obtain a first insight into the potential

weight of the structure as a function of the applied loads.

In this part, we will proceed to determine the thicknesses of plating and section modules of the
stiffeners of a methanol tank. The proposed solution to contain the methanol volumes include
the construction of six new tanks; nonetheless, in the scope of this work, we will consider one
tank to be the subject of the scantling process. The results will then will be used for the other
tanks. For this aim, we selected the longest tank, ’Methanol TK 3 CL’’. The dimensions of the

tank are listed in Table 1.

The scantling process is conducted based on the DNV rules [Pt3 Ch6 Hull local scantling]. The
local scantling is used based on the fact that the new tanks are subjected to local loads only, and
do not contribute to the global strength of the ship. Based on the same assumption, the stiffening
of the tanks is decided to be transversal, where transversal elements are to be placed each 800

mm and 1,000 mm spacing between longitudinal stiffeners.

Table 1. Tank dimensions

Length [m] Width [m] Height [m]
Methanol TK3 CL 28 6.5 1.25

800

Figure 1. Structural strengthening of the tank



a) Material characteristics

The selected material for the construction of the tank is high-strength steel dedicated to
shipbuilding applications. The material grade is NV A27S according to the DNV designation.
The material characteristics are listed in Table 2 below. Due to the corrosive nature of ammonia,
a coating will be required to protect the material, Sigma Silguard 750 is a proven chemical-

resistant coating.

Table 2. Material characteristics

Impact energy, a minimum
Grade Yield strength | Tensile strength | Elongation A5 average [J]
Ren [MPa] Rm [MPa] minimum [%0] o t <50 [mm]
T[°C]
L T
0
-20
DV A27S 265 400 22 40 27 20
-60

b) Minimum thickness requirements

Depending on the location of the plates and the stiffening members, the calculated thickness
shall not be less than the minimum thicknesses defined by the formulas given in DNV rules
[Pt3 Ch6 S3].

Minimum thickness for the plates

The minimum plate thickness in millimetres is given by the Eq.(1).

t =a+bLvk 1)

Where:

a and b coefficients are defined by DNV rules, for the case of boundary for cargo tanks, water

ballast tanks, and hold intended for cargo in bulk.

Table 3. Coefficients definition

Element Location a b
Deck :?]otL)JSI?(ary for cargo tanks, water ballast tanks and hold intended for cargo 45 | 0.015




L,is defined as the rule length, L, that is not to be taken greater than 300 m in meters.
L= 96% LBP = 128.64 m
k is the material factor

Table 4. Material factor K

Specified minimum yield stress Ren [N-mm] K
235 1.00

The minimum thickness to be applied is t = 6.49 mm.

Minimum thickness for stiffeners and tripping brackets

The minimum net thickness specified in Table 5 derived from the DNV rules, must be exceeded

by the web and face plate, if there were any, of stiffeners and tripping brackets.

Table 5. Minimum thicknesses for stiffeners

Element Location Net thickness [mm]
Stiffeners and attached Tank boundar 3.0+0.01L,
end brackets y 4.93

Minimum thickness requirements for the primary supporting members

The minimum thickness in mm of the principal supporting members' web plating and flange
shall meet the necessary minimum thickness standards as specified by the DNV rule [Pt3 Ch 6
S3]

Where:

a and b coefficients are defined by DNV rules, for primary supporting members at tank

locations.

Table 6. Coefficient definition

Element a b
PSM supporting side shell, ballast tank, cargo tank, and hold
intended for cargo in bulk

451 0.015




L, is defined as the rule length, L, that is not to be taken greater than 300 m in meters.
L= 96% LBP = 128.64 m.
k is the material factor as defined above.

The minimum thickness to be applied is t = 6.49 mm.

¢) Calculated thicknesses

Thickness calculations for plates under lateral pressure

The plate thickness in millimetres is defined by the Eq.(3) below and shall not be token less

than the minimum thickness calculated above.

3
t = 0.0158,b | o ®)
CaRen
Where
C, is the permissible bending stress coefficient for plate calculated as per the formula

provided by DNV rules, and equal to 0.8.
ap Coefficient defined in the rules, and equal to 0.88.
b is the breadth of plate panel, in mm, and equal to 800 mm.

P design pressure for the considered design load set in KN-m. In this case, it is equal to
total internal pressure due to liquid see [Pt3 Ch4 S6]. In this work, we will account for the static

pressure only without the dynamic pressure.

P="P, =P 4)

The static pressure is defined by

P = fcdpg(ztop - Z) + va (5)
Where:
P,, isthe design overpressure, in kN-m?, not to be taken less than 25 kN-mand not greater

than 70 kN-m2



fea  factor for joint probability of occurrence of liquid cargo density and maximum sea state

in 25 years design life, to be taken as:

fea =0.88 for strength assessment with FE analysis of cargo tanks filled with for oil or oil

products cargo with p. < 1.025 t-m™
The maximum static pressure corresponding to a tank full of up to 1.25 m is 25.86 kN-m

Based on the all calculated factors, the minimum thickness of the plat is t = 3.88 mm.

Stiffeners subject to lateral pressure
Web plating thickness calculation
The largest value determined for all applicable design load sets as defined shall not be less than

the minimum net web thickness, in mm defined above.

The web plating thickness is calculated with the following Eq.(6)

— fshr|Plslsnr (6)

t
w dshr Ct TeH

Where:

fsnr 1S the shear force distribution factor equal to 0.7 corresponding the most conservative

value proposed in the DNV rules.

C; is the permissible shear stress coefficient for the acceptance criteria being considered

equal to 0.75.

dgn 1S the effective shear depth, in mm, equal to 207 mm.

lsn  1s the effective bending span, in m, equal to 0.75 m.

s is the stiffener span in mm, equal to 1000 mm.

T.y IS the specified shear yield stress, in MPa, and equal to 152.99 MPa

The calculated web thickness is t,, = 0.57 mm

Calculation of minimum section modulus



The minimum section modulus, in cm3, is calculated according to the following Eq.(7), where

the chosen section modulus has to be greater than the minimum calculated in the above section.

_ fulPlsiEa, (7
fbdg Cs Ren

Where:

frag 1S the bending moment factor token equal to 8.

fu Is the factor for unsymmetrical profiles token equal to 1 (T profile).
s is the stiffener span in mm, equal to 1,000 mm.

lbag s the effective bending span, in m, equal to 0.8 m.

Cs permissible bending stress coefficient, equal to 0.85.

The calculated section modulus of the stiffenersis Z = 9.18 cm?.

Primary supporting members

Section modulus calculation
The net section modulus, in cm3, of primary supporting members subjected to lateral pressure
shall not be taken less than the greatest value for all applicable design load sets defined in the

above section. The section modulus is given by the following Eqg.(8).

— |P|Sllz’dg (8)
Znso = 1000 fpdg Cs ReH
Where:
S is the span of the longitudinal girder, in m, equal to 7 m.

Cs permissible bending stress coefficient, equal to 0.7.

lhag s the effective bending span, in m, equal to 6.5 m.

frag is the bending moment factor token equal to 24.



The calculated section modulus of the longitudinal stiffeners is Z,,s, = 1,717.9 cm?®

Net share area calculation

The principal supporting elements' net shear area, measured in cm2, when under lateral pressure.

The net area is calculated with the following Eq.(9).

fshr |P|Slshr (9)
Ashr—nso = 10 ———
shr—n50 Ct Ton
The net area required is Agp,—_pso = 54 cm?
d) Summary of the scantling
Table 7. Scantling summary
Structural element er]lmum Calculated Selected Comment
requirement
Plate thickness [mm] 6.49 3.88 7 -
Stiffener web 4.93 0.57 6
thickness [mm]
- - L 90x90x6
Stiffener section
- 9.18 12.3
modulus [cm?]
Net shear area [cm?] - 54 182.5
Longitudinal stiffener i 1.717.9 1871.2 T 600x20 250%25

section modulus [cm?]




APPENDIX A3

Scantling of the C-type tanks

C-type tanks are cylindrical bodies dedicated to holding liquids and gases. The scantling is
based on the design pressure principle. The scantling is performed based on the DNV rules [Pt5
Ch7 S22] about the design of cylindrical tanks of type C. Noteworthy that the calculation is
applied on the larger tank of 14.5 m length using two different materials, aluminium alloys, and

stainless steel.

Table 1. Material properties

Properties Material
Alloy 5083-O AISI 316 L

Density Kg.m 2700 8000

Elastic Modulus E. GPa 71 200

Thermal Conductivity. W.m*°.C*t 117 15

Mean Coefficient of thermal expansion 106.°C! 175 16
Yield stress. MPa at -40°C 145 283

Ultimate tensile stress. MPa at -40°C 295 717

a) Design vapor pressure calculation

In general, the specification should be followed and the vapor pressure (in MPa) utilized in the
design should not be less than the highest permitted relief valve setting (MARVS). Nonetheless,
the tank must meet the minimum vapor pressure requirements listed below in order to be

classified as a tank-type C. the vapor pressure s provided by the following equations.

Py = 0.2+ AC(p,)™® 1)

Where:

A= 0.00185(%) (2)



With:
o,, is the design primary membrane stress in N.mm-

Ao, is the allowable dynamic membrane stress range, i.e. double amplitude at probability level
Q = 108 taken equal to:

- 55 N.mmfor ferritic-perlitic, martensitic, and austenitic steels.
- 25 N.mm2for aluminium alloy (5083-0).

C is the characteristic tank dimension in m taken equal to max (h; 0.75b; 0.45¢)

Results are listed in Table 2.

Table 2. Design pressure results

A C P, [MPa]
Alu alloy 0.05 6.525 0.39
Stainless steel 0.039 6.525 0.35

b) Shell thicknesses calculation

For cylindrical shells, the minimum thickness is determined by the following Eq.(3).

= e ©)
Where
C is the corrosion margin/allowance.
D, is the outside diameter.
Pe is the calculating pressure.
s is the shell thickness.
v is the joint efficiency.
o is the nominal design stress at design metal temperature.

Results for both materials are listed in Table 3.



Table 3. Allowable stress calculus

Stainless steel AISI 316 L Ot
Ry 1.0 [MPa] 200 117.64
R, [MPa] 165 103.12
R,, [MPa] 717 265.55
Minimum thickness [mm] 4.77
Alu Alloy 5083-O oy
R, [MPa] 145 96.66
R,,:[MPa] 250 62.5
Minimum thickness [mm] 7.22

The results of shell thickness calculation are listed in Table 4.

Table 4. Summary of shell thicknesses sizing

Stainless steel AISI 316L

Aluminium alloy 5083-O

Minimum thickness allowed [mm] 3.00 7.00
Calculated thickness [mm] 4.77 7.22
Chosen thickness [mm] 5.00 8.00




APPENDIX A4

Scantling of B-type tank

Prismatic type B tanks are designed to hold refrigerated liquids at low temperature, enabling a
high tank hull efficiency ratio; when compared to C-type tanks. The B-type tanks are self-
supporting, meaning that they are made of reinforced panels. The tanks are subjected to local
loads induced by the cargo contained inside and the global loads induced by the ship’s global
motion. Based on this, the scantling of the tanks must be done in accordance with applicable
regulations; DNV issued class guidelines about [DNVGL-CG-0133] dedicated to LNG
prismatic tanks of type A and type B. Additionally, the scantling process is conducted based on
the DNV rules [Part 3 Chapter 6 Hull local scantling]. the calculations will be done for the
biggest tank available board. The local scantling is used based on the fact that the new tanks
are subjected to local loads only, and do not contribute to the global strength of the ship. Based
on the same assumption, the stiffening of the tanks is decided to be transversal, where
transversal elements are to be placed each 800 mm and 1000 mm spacing between longitudinal
stiffeners. The tanks will be divided by non-tight bulkheads to minimize both the swash and

free-surface effects.

Table 1. Tank dimensions

Length [m] Width [m] Height [m]
Methanol TK3 CL 27 12 1.25

a) Material characteristics

The proposed material to store ammonia under cryogenic conditions are Stainless steel AlSI
316 L and aluminium alloy 5083-0, their mechanical and thermal characteristics are listed in

Table 2.
Table 2. Material properties

Properties Material
Alloy 5083-O AlSI 316 L

Density Kg.m- 2700 8000

Elastic Modulus E. GPa 71 200

Thermal Conductivity. W.m-*°.C-! 117 15

Mean Coefficient of thermal expansion 10%.°C-! 17.5 16
Yield stress. MPa at -40°C 145 283

Ultimate tensile stress. MPa at -40°C 295 7




b) Minimum thickness requirements

Depending on the location of the plates and the stiffening members, the calculated thickness shall not
be less than the minimum thicknesses defined by the formulas given in section 3 of the DNV rules Pt3
Ché.

Minimum thickness for the plates

The minimum plate thickness in millimeters is given by the formula

Where:

a and b coefficients are defined by DNV rules, for the case of boundary for cargo tanks, water ballast
tanks, and hold intended for cargo in bulk.

Table 3. Coefficient definition

Element Location a b

Deck qug;lcli(ary for cargo tanks, water ballast tanks and hold intended for cargo 45 | 0.015

L2is defined as the rule length, L, that is not to be taken greater than 300 m in meters.
L=96 % LBP=128.64 m.

k is the material factor

Table 4. Material factor

Specified minimum yield stress Req [N.mm?] K
AISI 316 L 283 1.00
Alloy 5083-O 145 1.00

The minimum thickness of the plates is showed in Table 5.

Table 5. Minimum thickness requirements

Material Minimum thickness [mm]
AISI 316 L 6.43
Alloy 5083-O 6.43

Minimum thickness for stiffeners and tripping brackets

The minimum net thickness specified in 6 derived from the DNV rules, must be exceeded by the web
and face plate, if there were any, of stiffeners and tripping brackets.



Table 6. Minimum thickness for stiffeners

Element Location Net thickness [mm]
Stiffeners and attached Tank boundar 3.0+0.01L,
end brackets y 4.93

Minimum thickness requirements for the primary supporting members

The minimum thickness in mm of the principal supporting members' web plating and flange shall meet
the necessary minimum thickness standards as specified by the DNV rule

t =a+bL,Vk ()
Where:

a and b coefficients are defined by DNV rules, for primary supporting members at tank locations.

Table 7. Coefficient definition for stiffeners

Element a b
PSM supporting side shell, ballast tank, cargo tank, and hold intended for
cargo in bulk

451 0.015

L2is defined as the rule length, L, that is not to be taken greater than 300 m in meters.
L=96 % LBP=128.64 m.
k is the material factor as defined above.

The minimum thickness to be applied is shown in Table 8.

Table 8. Minimum allowable thickness for PSM

Material Minimum thickness [mm]
AISI 316 L 6.43
Alloy 5083-O 6.43

¢) Calculated thicknesses

The thickness calculations, in the scope of local strength of the fuel tanks, are determined based on the
rules listed in the [Pt 5 Ch 7 section 20] .

Thickness calculations for the tank shell plating

According to lateral pressure, the tank shell plating's net thickness requirement in millimetres

is calculated by the following formula:



t = 0.0158b |- G)

Oqll

With:

P,  isthe applied pressure in KN.m. In the scope of this work it is token equal to 70.

b is the plate width, in mm, also called stiffener spacing.

o is the allowable stress in N.mm™. It is used When estimated using classical analysis
techniques, the nominal permissible stresses for primary supporting components (web frames,
stringers, girders), secondary members (stiffeners), and tertiary members (plating) for tanks

largely made of plane surfaces shall not be greater than the lower of the following:

Oqu = min(RTm; R%H (4)

For the shell plating, the calculated thicknesses are listed in Table 9.

Table 9. Allowable stresses and shell thickness calculation

Material 0, [N.mm?] Calculated thickness [mm]
AISI 316 L 257.27 6.59
Alloy 5083-O 131.81 9.21

stiffeners subject to lateral pressure

Calculation of the net section modulus, in cm3, is done based on the equation

7 = |Peq|51127dg (5)
fpagoau
Where:
s is the stiffener spacing in mm.

lbag s the bending span of the stiffener in m.
frag s the bending moment factor taken as 10 for transverse stiffeners and vertical stiffeners

which may be considered fixed at both ends.

The net section modulus is given in Table 10.



Table 10. Stiffener net section modulus

Material 0 [N.mm?] Net section modulus [cm?]
AISI 316 L 212.78 16.84
Alloy 5083-0O 109.02 32.87
primary support members
_ |Peq|Sthag (6)
fpdgOall
Where
S is the longitudinal stiffeners spacing in mm. l;,;, is the bending span of the
longitudinal stiffeners in m.
The net section modulus is given in the Table 11.
Table 11. PSM net section modulus
Material 0, [N.mm?] Net section modulus [cm?]
AISI 316 L 212.78 296.08
Alloy 5083-O 109.02 573.66
d) Summary of the scantling
Table 12.Scantling summary
Structural element Material Minimum Calculated | Selected Comment
requirement
. AISI 316 L 6.43 6.59 8.00 -
Plate thickness [mm] 4 "5083-0 6.43 9.21 10.00 i
Stiffener section AISI 316 L - 16.84 21.00 BP 120x7
modulus [cm?] Alu 5083-0O - 32.87 36.2 L 120x120x10
Longitudinal Stiffener | AISI 316 L - 296.08 331 L 200x9 90x14
section modulus [cm?] | Alu 5083-O - 573.66 659 L 300x10 90x16




APPENDIX A5

Insulation and BOG

Ammonia has to be stored at -33.4°C, therefore the tanks have to be insulated to limit the heat

loss and reduce the blow-off gas rates.
The heat loss, in w, is defined by the following formula Eq.(1).

= X X (1)
Where

is the area of the tank shell, in mz.

is the temperature gradient, in °C, between the ammonia temperature and the ambient

temperature of 25°C.
is the heat transfer rate in W-m?.°C?,

For multilayer elements the heat transfer ratio is given by the Eq.((2)

== Z:l_ (2)

is the thickness of each layer of material or insulation in m.
is the thermal conductivity coefficient, in w-m°.C for each layer

the calculation of the amount of ammonia evaporating inside the tank is possible via the
following (Eq(3) of boil-off rates in % vol per day

% = ———— X 24 x 3600 x 100 (3)

3
With

A the latent heat for ammonia evaporation in J-kg™.

, the volume of the ammonia inside the tank corresponding to 85 % of the total tank

volume in m3.

the density of ammonia in kg-m.



