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The paper gives an assessment of technical and economic capabilities of natural gas transportation by sea,
allowing for modern gas carrier design, conditions of their loading and unloading and itinerary. Prospects
for application of container version of gas transportation into Ukraine are shown. Preparation period before
start of gas supply is shortened to 6 months, as manufacture of light-weight car cylinders and gas pipes
has already been mastered in Ukraine. Furtheron, it is recommended to envisage construction and application
of specialized gas carriers fitted with long metal-plastic cylinders, which are comparable with short pipelines,
that allows reducing the strength margin to 1.75. As a result, cylinder metal content is reduced, and volume
of transported gas is increased. Application of high-strength steels of 30KhGSA type to develop such
cylinders is promising. 22 Ref., 5 Tables, 7 Figures.

Keywo r d s :  sea transportation of natural gas, me-
tal-plastic cylinders, long cylinders, high-strength steels,
welding with higher heating rate, activating fluxes, eco-
nomic indices

Welding is an energy-dependent process. Its de-
velopment is inseparably linked to solving the
problems of energy carrier supply, particularly
natural gas, which by its energy and ecological
characteristics, as well as strategic reserves, sur-
passes all the currently available energy carriers
[1, 2].

Ukraine, having the most developed gas-trans-
portation system in Europe, experiences a high
shortage of gas. Ukraine’s traditional local
sources can now cover only one third of its needs
[2]. Searching for new traditional deposits on
the land and on the shelf involves deep-hole drill-
ing and requires development of engineering fa-
cilities. Nontraditional sources – gas-bearing
shale, coal beds and other dense collectors –
have not been well enough studied, either in
terms of gas content or risks and, therefore, also
require considerable financial and time expenses
[2]. Technology of using renewable gas sources
has local application so far, the evidence of which
is rapid expansion of disposal dumps.

Gas-hydrates have a special place among non-
traditional methane sources. They contain up to
70 % of its total world deposits, and in Black
Sea economic zone of Ukraine – up to 1014—
1015 m3 [3]. However, commercial production of
gas-hydrates has not been mastered yet, and its
development is conducted with extreme care be-

cause of the risk of violation of ecological equi-
librium at the sea floor and methane outburst in
hear-earth atmosphere.

Investment proposed by PRC in the amount of
3.4 bln USD for construction of synthetic gas
plants of the total capacity of about 10 bln m3/year
in Donetsk, Lugansk and Odessa regions, as well
as 3 bln USD for construction of a superport
with oil and gas terminals, will not speed up
solution of gas problems, either. The latter co-
incides with the intentions of Ukrainian gas com-
panies to diversify gas supply through external
purchases of liquefied natural gas (LNG). How-
ever, construction of receiving terminal for LNG
requires not only high financial and time ex-
penses, but also long-term contracts to ensure
uninterrupted gas supply. Ukraine does not have
any of that, just as it does not have the norma-
tive-legal basis for construction of a terminal for
LNG receiving and processing.

Technology of supply of compressed natural
gas (CNG) is more mobile and less costly.

Current researchers of gas supply problems
demonstrate [4—7] that at average distances (up
to 3000 nautical miles) and sufficient capacity
(≥12 mln m3) of high-pressure cargo system of
gas carriers, CNG technology can be more readily
mastered and cost-effective. Compressed gas does
not require such deep purification, or expenses
for its liquefying, storage and re-gasification (Ta-
ble 1, Figure 1) [7]. And its receipt does not
require high-tech and expensive coastal facilities.
Gas loading can be performed directly from GTS
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or wells on the shelf, and unloading – through
GTS into gas storages. As a result, a tradeoff
variant is possible, when application of a floating
tanker-regasifier and underwater buoy of sub-
merged turret loading type taken out into the
sea beyond the port water area, will allow re-
ceiving both liquefied and compressed gas. This
solution allows application of both LNG and
CNG technologies, with the only difference that
LNG first passes through re-gasifier to GTS and
CNG is supplied directly. Such a solution of gas
supply problem will allow using price fluctuation

in the spot market and accelerate diversification
of supply.

More over, development of CNG technology
will allow faster mastering of Black and Azov
Sea shelf in production of traditional natural gas
from small and medium-sized deposits, from
which it is not cost-effective to lay pipelines of
about 9 mln UAH/km cost to the coast. Appli-
cation of CNG-carriers (vessels or barges) pro-
vides a cardinal solution of the problem of gas
supply to the shore. Trying this technology out
in the USA in 1960s at large distances, however,
turned out to be less effective, compared to LNG.
However, the situation is changing cardinally,
in connection with shelf mastering and closer
located users entering the market.

The objective of this work was evaluation of
technical and economic capabilities of natural
gas transportation by sea, allowing for design
features of cargo system of modern gas carriers,
conditions of their loading—unloading and itin-
eraries.

Investigations of technical capabilities and
cost-effectiveness of application of CNG technol-
ogy in Ukraine point to two variants of its reali-
zation. The first is based on application of cur-
rently available container carriers, which can be
converted into gas carriers, fitting their contain-
ers with welded cylindrical metal-plastic cylin-
ders (Figure 2) [8, 9]. Technical characteristics
of 20 and 40 feet sea containers and weight and
dimensional characteristics of the cylinder com-
ponents are given in Table 2.

Container variant of gas transportation in
Ukraine allows reducing to 6 months the pre-
paratory period for the start of gas supply, as
manufacture of light-weight car cylinders and
gas pipes has already been mastered in Ukraine.
For the future, however, construction and use of

Figure 1. Price components for CNG (a) and LNG (b)
projects

Table 1. Comparison of gas prices depending on distance (data of
University of Houston) [7]

Distance, miles
Kind of gas, USD/1000 m3

Liquefied Compressed I Compressed II

500 355 272 272

1000 365 274—284 282—290

1500 375 306—310 315—326

2000 385 330—337 311—362

2500 395 344—390 350—398

3500 425 408—443 398—434

5000 465 484—549 470—543

Note. I – gas volume of 0.91⋅106 m3; II – 0.15⋅106; 1000 m3 gas
cost, USD: 75, liquefaction – 40, gasification – 40.

Figure 2. Schematic of container fitting with high pressure
cylinders (horizontal location): a – 390 mm diameter; b –
1020 mm
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modern specialized gas carriers should be envis-
aged, which have the capability for further im-
provement of cargo system. A combination of the
two projects should be used as an analog here
[5], complementing it by our own developments
on metal-plastic cylinders [8]. Coselle project
envisages winding 156—162 mm diameter up to
10 miles long pipe into a bundle, that, by the
decision of US coast service, can be regarded as
a section of floating pipeline with strength mar-
gin of 1.75 instead of 2.5. This allows lowering
the module weight (one tank), increase by 30 %
the number of modules on a vessel, and the total
volume of cargo system, respectively.

The project disadvantage is the complexity of
bundle manufacturing, which only three to four
plants in the world can cope with. Therefore, it
is believed to be more rational to use the idea,
underlying the «Vortrans» project. The latter
envisages laying long cylinders into a sealed cooled
hold along the entire ship hull. The project authors
propose increasing the capacity of gas carrier cargo
system due to cooling the cylinders with gas to
—30 °C. Here, either the cylinder metal content
can be lowered, or their capacity can be increased
as a result of gas pressure lowering.

However, lowering working temperatures, in
addition to energy losses, is known to involve
increase of brittleness of high-strength steels,
which can provide maximum improvement of
weight and dimensional characteristics of cylin-

ders. Therefore, it is more rational to apply re-
inforcement of cylinder bodies by glass-rein-
forced plastic. This will allow eliminating ex-
penses for cooling at loading and for heating at
unloading, reducing their metal content and
eliminating the possibility of embrittlement and
fragmentation in case of formation of a fatigue
or brittle crack. In addition, long cylinders (200—
300 m) can be regarded as looping (pipeline
branches), which, similar to the main pipelines,
are allowed to operate with a lower strength mar-
gin. Experience of their operation in densely
populated regions of many countries has been
confirmed many times. Now, having applied suc-
cessive binding of cylinders, they can be con-
nected into one floating pipeline [9, 10].

Thus, the cargo system of CNG carriers can
be improved due to either reducing the wall
thickness and, therefore, metal content without
changing the working pressure, or increasing the
working pressure at unchanged wall thickness
and metal content [9].

It is common knowledge that at loading by
inner pressure of a cylindrical cylinder with semi-
spherical covers, axial stresses

σa = 
rin

2δ
 
Pwork
ϕw

 Km
(1)

are 2 times lower than radial stresses

σr 
rin

δ
 
Pwork
ϕw

 Km, (2)

Table 2. Technical characteristics of 20 and 40 feet sea containers and weight-and-dimensional characteristics of cylinder components
(liner material is unidirectional glass-reinforced plastic)

Shell material
Cylinder
diameter,

mm
Characteristics

Working pressure, MPa

20 25 30

Container size, feet

20 40 20 40 20 40

Heat-treated
steel 30KhGSA
(σt = 960 MPa)

390 Cylinder m/V, kg/l 0.65 0.64 0.73 0.71 0.82 0.80

Weight of container with cylinders, kg 15772 32232 17464 35328 19336 39324

Gas volume in container at 20 °C, n.m3 4176 8814 5220 11018 6264 13222

1020 Cylinder m/V, kg/l 0.64 0.64 0.71 0.70 0.81 0.80

Cylinder weight, kg 8856 19788 9824 21644 11208 24736

Weight of container with cylinders, kg 11056 23688 12024 25544 13408 28636

Gas volume in container at 20 °C, n.m3 2770 6184 3460 7730 4152 9276

X80 steel pipe
GOST 1078

(σt = 640 MPa)

1020 Cylinder volume, l 3460 7730 3460 7730 3460 7730

Cylinder m/V, kg/l 0.81 0.80 0.92 0.90 1 0.99

Cylinder weight, kg 11160 24600 12732 27828 13840 30612

Weight of container with cylinders, kg 13360 28500 14932 31728 16040 34512

Gas volume in container at 20 °C, n.m3 2770 6184 3460 7730 4152 9276

Note. n.m3 – m3 under normal conditions.
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where σa and σr are the axial and radial stresses in
cylinder walls, respectively, MPa; rin is the cylinder
inner radius, mm; δ is the wall thickness of cylinder
metal body, mm; Pwork is the working gas pressure
in the cylinder, MPa; ϕw is the weld strength factor;
Km is the coefficient of strength margin.

Therefore, additional strengthening is re-
quired only for the cylindrical part of the body.

Using for this purpose lighter (1.8—2.2 g/cm3)
glass-reinforced plastic, the strength of which is
equal to that of steel, it is possible to reduce
cylinder weight by 30—40 %, doubling its static
strength and increasing its cyclic fatigue life 3
to 5 times [8]. The latter is due to lowering of
the influence of surface concentrators as a result
of their filling by binder.

Modern high-strength steels allow, depending
on heat treatment modes, changing strength char-
acteristics from 600 to 2000 MPa [11]. Here,
welded joints with welds of identical composition
under static loading can have equal strength to
that of base metal [12]. The situation changes,
however, at low-cycle loading. Fatigue life (num-
ber of loading—unloading cycles) of welded joints
depends essentially on local stress concentrations
and microplastic deformations, as a result of
higher, compared to base metal, physical and
chemical inhomogeneity, particularly at fusion
boundary [13]. Figure 3 gives typical fatigue
cracks in overheated region of boundary zone. It
is seen that they are related to crystalline struc-
ture of metal exposed to thermal cycle of welding.
Elimination of unfavourable consequences of this
impact required a package of structure improve-
ment techniques, including thermal cycles of
welding and subsequent treatment of cylinders,
particularly longitudinal welds oriented normal
to radial stresses.

It is experimentally established that to ensure
the required fatigue life of metal-plastic cylinders
with steel bodies [14], it is necessary to achieve
metal ductility and toughness values not lower
than δ5 ≥ 12—15 %, αn ≥ 80 J/cm2. Comprehen-
sive thermomechanical treatment of longitudinal
welds, as welded body sections the most vulner-
able and sensitive to local stress concentrations,
improves their structure (Figure 4), and provides
the required combinations of ductility and tough-
ness of welded joint metal, extending the fatigue
life of combined cylinders (Figure 5).

At glass roving strength of 940—1180 MPa
steel (30KhGSA) and composite shells have qua-
siequal strength, and at equal thickness after
15,000 loading—unloading cycles they preserve
their strength margin ≥2.6σt. In case of applica-
tion of 09G2S steel, the strength of which is
equal to about 490 MPa [15], to achieve the
required strength margin of the cylinder, it is
required to increase steel body thickness by al-
most 2 times, if the reinforcing shell is formed
only on the cylindrical part. Reduction of cylin-
der body wall thickness, as shown by joint in-
vestigations of PWI and Institute of Mechanics

Figure 3. Fatigue cracks in welded joints of 30KhGSA steel:
a – welded joint macrosection; b – secondary microstruc-
ture of welded joint (×300)

Figure 4. Microstructure (×260) of welded joint: a – before
quenching; b – after quenching; c – after thermomechani-
cal treatment
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of NASU, is achieved by forming a «cocoon» type
shell.

It is difficult to realize winding of long cyl-
inders into a «cocoon». Therefore, an optimum
solution here can be increase of either pipe wall
thickness, or steel strength point in proportion
to cylinder diameter (expressions (1) and (2),
Figure 6).

High-strength steels of 30KhGSA type, hav-
ing high σt and σy values, are prone to quenching
in air with formation of low-ductile structures
that, under certain conditions, can lead to crack
initiation in welded joints. It also is important
to note that 30KhGSA steel, alloyed by silicon,
has almost 2.4 times lower heat conductivity than
that of iron [15, 16]. This lowers the intensity
of heat removal from the welding zone, and ex-
tends the duration of metal staying in high tem-
perature range, that intensifies development of
chemical microinhomogeneity of weld metal,
lowering metal mechanical properties and its re-
sistance to crack initiation and propagation [12,
17]. Therefore, the rationality of preheating and
concurrent heating of 30KhGSA steel in welding
is questionable. More useful, as shown by inves-
tigations, is increase of cooling rate above point
A(r), and certain slowing of joint cooling at tem-
peratures of completion of austenite decomposi-
tion with the purpose of decomposition products
self-tempering and increase of their ductility.

Experience of welding and heat treatment of
steels of the above group [18—20] confirms that
elimination of heating allows forming in the
joints fine-grained structures of tempered
martensite or bainite-martensite mixture just due
to parameters of thermal cycle of welding. One
of the methods to solve this problem is applica-
tion of welding modes with increased
(≥500 °C/s) rates of metal heating, that is
achieved either by increase of energy concentra-
tion in the arc, or reduction of heating duration
at application of an arc with lower concentration.

Activating fluxes are an effective means of
increasing heating concentration [21, 22]. Heat
power of the arc in consumable-electrode welding
usually is 2—3 times higher than with nonconsu-
mable electrode at the same welding currents.
Therefore, in order to obtain an equivalent effect,
nonconsumable-electrode welding with activat-
ing flux is performed at rates approximately 2—3
times lower than in gas-shielded consumable-
electrode welding with activating flux. Maxi-
mum influence on kinetics of structure formation
in the first case is achieved at up to 6 mm metal
thickness, when metal heating rates are equal to
≥600—700 °C/s. With increase of metal thickness
the rates of heating in nonconsumable-electrode
welding with activating flux decrease abruptly,
therefore, it is rational to apply gas-shielded con-
sumable-electrode welding with activating flux.
It allows welding 10—20 mm thick metal in one
pass with heating rates of ≥3000 °C/s, that es-
sentially reduces the time of metal staying in the
region of high temperatures during heating, and
also reduces the volumes of overheated metal.

It is known that increase of rates of high-
strength metal heating is accompanied by its ac-
celerated cooling and, therefore, quenching with
formation of higher hardness zones (Figure 7,
curve 1). Metal hardness in the zone here is 1.5—
2 times higher than that of thermally improved
base metal. Therefore, for high pressure vessels,

Figure 5. Curves of cylinder performance under cyclic loads:
1 – after thermomechanical treatment; 2 – after heat
treatment

Figure 6. Influence of steel strength on the ratio of pipe
diameter to wall thickness (a) and cylinder weight to its
volume (b)
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local tempering of welded joints is envisaged, in
keeping with the requirements of [14]. Its aim
is to achieve maximum leveling of the difference
between hardness of metal strengthened to 900—
1000 MPa and hardness of weld metal and HAZ
(Figure 7, curve 2). Here, as follows from the
above Figure, the softening zone practically does
not change its characteristics, yet does not go

beyond the limits of admissible hardness and
strength, i.e. its performance is commensurate
with that of base metal. By absolute value metal
strength in the softening zone is below base metal
strength by just ≤10 %, and impact toughness
here is almost 2 times higher. Studies of stamped
covers showed that local lowering of strength
margin within the above limits does not influence
item performance. Moreover, 15 % increase of
work loads at cylinder testing does not reduce
their strength margin. This can be the prereq-
uisite for increase of working pressure in the cyl-
inders, at which the design strength margin can
be allowed to be lowered to 1.75. This will permit
better use of reserves incorporated in cylinder
design due to the fact that minimum values of
mechanical properties, obtained at uniaxial ten-
sion, are usually assumed in calculations. These
values are higher under the conditions of biaxial
loading. Characteristics of cylinders with
strength margins of 2.5 and 1.75 are shown in
Table 3.

Figure 7. Influence of local tempering on microhardness in
weld metal and HAZ: 1 – after welding; 2 – after local
tempering

Table 3. Cylinder variants for cargo system of specialized CNG-carriers (planned mass of pipelines on the ship is 85.5 thou t)

Parameter

Km

2.5 1.75

σt, MPa

640 960 640 960

Pipe typesize MP1220 × 27.06 MP1220 × 18.04 MP1220 × 18.3 MP1220 × 12.2

Length of pipelines on the ship, km 77.2203 07.9273 106.4463 145.0136

Table 4. Technico-economic indices of sea transportation of 10 bln m3 of gas per year to 1 thou km distance

Aggregate state of gas
Investments, mln USD

(place)

Operating costs, mln USD Sum of expenses in
20 years [2] + [6],
mln USD (place)In 1 year (place) In 20 years (place)

1 2 3 4 5 6 7 8 9

NGH (crystalline hydrates) 2644 (V) 606 (V) 12120 (V) 14764 (V)

LNG 2030 (IV) 243 (II) 4860 (II) 6890 (III)

CNG (Km = 1.75) 1348 (II) 210 (I) 4200 (I) 5548 (I)

CNG (Km = 2.5) 1771 (III) 282 (IV) 5720 (IV) 7491 (IV)

CNG (container carrier renting) 1251 (I) 270 (III) 5400 (III) 6651 (II)

Table 5. Rating of methods of sea transportation of 10 bln m3 of natural gas per year depending on shipment distance

Aggregate state of gas
Shipment distance, km

620 1000 2000 3000 5000

NGH (crystalline hydrates) V V V V V

LNG IV III II—I I I

CNG (Km = 1.75) I I I—II II II

CNG (Km = 2.5) III IV IV IV IV

CNG (container carrier renting) II II III III III

52 8/2014



PWI developed an algorithm and required
software, allowing performance of multifactorial
technico-economic evaluation of the proposed
variants of gas transportation, determination of
required capital and operating costs, depending
on volume and distance of gas transportation, its
aggregate state, vessel size and type of cargo sys-
tem of gas carriers, navigation water areas, terms
of passing straits and channels, port and other
charges.

Capital investments included construction of
receiving terminal (its coastal and offshore part),
and construction of the required number of tank-
ers. Alongside new ship construction, also rent-
ing variants were considered, including those
with ship refitting and mounting gas transporta-
tion system.

The following variants of gas delivery itiner-
aries of different length were considered, includ-
ing those from off-shore wells in the Azov—Black
Sea shelf (220 km)), within the Black Sea area
(Supsa—Feodosia, 620 km), variant with going
beyond the Black Sea limits: Egypt—Ilyichevsk
(1971 km); Skikda—Ilyichevsk (2843 km),
Shardzhi—Ilyichevsk (7384 km).

Variants of transportation of crystalline hy-
drates (NGH), LNG, CNG with coefficients of
strength margin of ship gas transportation system
Km = 2.5 and 1.75, and of renting ships for con-
tainer shipments of compressed gas were consi-
dered. Results of calculations given in Tables 4
and 5, led to the following conclusions.

CNG transportation can unambiguously be
recommended for servicing the Azov—Black Sea
shelf. Capital investments and annual current
costs are 1.5—2 times lower than with LNG.

At increase of shipment leg to 620 km (that
includes all possible itineraries within Black Sea
water area), the advantage of compressed gas
over liquefied gas in terms of capital costs is 1.2
times, and current expenses become practically
equal.

For cases related to going beyond the Black
Sea limits through Bosporus, Dardanelles, and
the more so beyond Mediterranean Sea limits
through the Suez Channel, the variant of gas
transportation in the liquefied state can be un-
ambiguously recommended. With 200 km leg the
capital investments still remain to be equal, but
current costs drop by 10 %. With 3000 km leg
the capital investments and current costs decrease
by 15 %, with more than 7000 km leg capital

investments decrease by 40 %, and current
costs – by 30 %.
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