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Abstract. Gas industry plays an important role in the global energy sector, and in the coming decades amounts
of natural gas production will only increase. One of the fastest growing trends in gas industry is the production of liquefied
natural gas (LNG), which is associated with the necessity to organize flexible systems of gas supply to the regions,
remote from gas extraction sites. Industrial structure of LNG production includes projects, belonging to several dif-
ferent groups depending to their scale, in particular, small-scale production (SSLNG), cumulative production capacity
of which is approximately 10 % from the industry-wide one. Economic aspects of implementing such projects remain
underexplored, which does not allow to draw objective conclusions regarding the prospects of their implementation
in particular regions.

This paper contains a review of publications, devoted to SSLNG project studies, aimed at identifying specifics of
their organization compared to projects of greater scale. The results demonstrate that the majority of international
companies classify projects as SSLNG, if their annual production capacity is below 0.5 million tonnes per annum.
Specific capital costs, as well as implementation timelines of such projects, are several times lower than those of pro-
jects with greater production capacity, which reduces their risks and minimizes barriers to market entry. Furthermore,
SSLNG is the most decentralized subsector in gas industry, aiming to cover the market due to a growing number
of projects, not their specific production capacity. These specific features define significant prospects of SSLNG
development in Russia, both in the context of energy supply to remote regions and diversification of export deliveries.

Key words: LNG; small-scale production; gas distribution; natural gas transportation; natural gas markets; gasifica-
tion of regions
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Introduction. Presently there are numerous alternative scenarios of energy development, both
in particular countries and worldwide [ 19, 25]. Practically in all of these scenarios the share of natu-
ral gas in the global energy mix is expected to increase [26], which is explained by its environ-
mental and economic characteristics [34, 44], as well as by significant abundance of its reserves in
different regions of the world (Table 1); in the last decade their increment reached 0.2 billion m’
(from 1.7 to 1.9 billion m?).

Table 1
Geographical distribution of proven reserves of fuel and energy resources by the end of 2018 [13]
South and .
Resource North America Central Europe CIS countries Middle East Asia Pacific Total
A and Africa

America
Oil, billion t 354 51.1 1.9 19.6 129.8 6.3 244.1
Natural gas, billion m*® 13.9 8.2 3.9 62.8 89.9 18.1 196.9
Coal, billion t 258 14 134.6 188.6 14.4 4449 1,054.8

One of the fastest growing trends in gas industry is the production of liquefied natural gas
(LNG) (Fig.1). This 1s explained by the flexibility of logistic schemes [21], which can be developed
on its basis and, in particular, by the possibility of its delivery to the points of consumption, remote
from gas production regions [38, 50].
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Fig.1. Dynamics of natural gas production and LNG deliveries [11-13]

Over the course of 28 years, amounts of natural gas production doubled
(from 2,026.8 billion m® in 1991 to 3,867.9 billion m® in 2018). The highest growth rates are
accounted for by the countries in the Middle East (658.3 %), Africa (329.1 %) and Asia Pacific
(385.4 %). At the same time, the average annual growth rate of LNG sector (23.68 %) is much
higher than the growth rate of natural gas production as a whole (6.8 %), which is associated with
active expansion of LNG supply geography in the years 2001-2018 [37].

In the course of extensive production development, industrial structure of LNG was divided
into segments according to production capacities of such projects: small-scale (SS), mid-scale (MS)
and large-scale (LS) ones. Regardless of common performance principles, technologies [41, 42], the
methods and goals of organizing such production facilities differ from each other [5, 48]. Moreover,
the state of knowledge on economic aspects of performance varies significantly for the projects of
different scale.

Problem statement. In the global literature, there is a large number of publications devoted to
LNG studies [33]. However, as shown by the analysis of sciencedirect.com database, only a minor
fraction of those aim at studying SSLNG. The search for relevant papers was carried out using two
fields: “Title, abstract or author-specified keywords” for the term “LNG” and “Find articles with
these terms” for “small scale LNG”. The use of different fields is explained by the presence of the
term “LNG” in a large number of publications (over 30 thousand), devoted, among other things, to
general energy issues (when using the field “Find articles with these terms” in the search).

Analysis demonstrated that more than 2,800 papers were devoted to LNG sector, and SSLNG
accounted for only 133 of them (Fig.2). One of the reasons behind the lack of attention to such pro-
jects from the scientific community, politicians and public is their small production capacities, be-
cause of which they are simply left unnoticed in the presence of large-scale projects [27]. However,
their increasing significance is obvious, as evidenced by the rapid growth of publications in this
field in 2014-2019 (85 % from the total number of publications).

Increased attention to SSLNG is largely associated with the growing necessity to organize
flexible decentralized systems of energy supply [43], required, in particular, for the development of
remote territories (e.g., Arctic regions) |14, 31], which have no access to the main gas pipeline. En-
vironmental issues also played an important role, for instance, the general trend of reducing carbon
intensity of transport fuel [22], including tightening of requirements for sulphur content in the ma-
rine fuel [28, 51].

Despite the growing number of publications in the last five years, it can be stated that for a sig-
nificant number of development problems in the SSLNG sector no solution has been found so far
[15]. This is also true for economic problems, as the majority of existing research papers are written
in the field of engineering sciences [24] and do not address organization specifics of such projects.
The main goal of this study is to analyze organization specifics of SSLNG production and supply
chains (PSCs), which, according to Linde Group estimates [39], account for around 10 % of the
global LNG production.
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Fig.2. Classification of SSLNG research papers according to their year of publication (a), type (b) and source (c)
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Methodology. This study presents results of analysis on organization specifics of SSLNG pro-
jects. The analysis was carried out in several stages:

1. One of the paramount questions in the analysis of SSLNG PSCs is the estimation of their
threshold production capacity; it is this factor that defines organization specifics of such projects
and the state of their coverage in the global literature. There is no unified approach to estimating
production capacity boundaries of LNG projects in order to classify them according to their scale;
in the global literature there are such terms as “small-to-mid scale” and “mid-to-large scale”, which
create even more ambiguity. The paper presents a comparative analysis of standpoints of the re-
searchers and international companies on this issue to enable clear definition of production capaci-
ties for SSLNG projects.

2. Basing on the study of analytics, international company reviews and research papers, the
boundaries and contents of intermediate PSC stages were identified for each scale group of LNG
projects. Authors held the position that the starting point of these chains was delivery of natural gas
to the liquefaction plant, and the endpoint was either regasification process or consumption of non-
regasified LNG by the end user. A theoretically allowable situation, when LNG is regasified and
after some time repeatedly gasified, is considered as a combination of several supply chains.

3. In the global literature there is practically no statistical information on the economic charac-
teristics of SSLNG projects. Within the scope of this study, authors generalized and compared open
access data on the costs of the end product, obtained in SSLNG projects, which was either electric
energy or energy, expressed in British thermal units.

Moreover, a brief characteristic of the most developed SSLNG markets was provided, along
with the main directions of SSLNG use and growth prospects of product markets, which allowed to
make a conclusion about the relevance and development prospects of such projects in Russia.

Results and discussion. Production capacity estimation for SSLNG projects. Up to the present
day, there is no generally accepted grading of production capacities; however, some standpoints of
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large international companies can be distinguished (Table 2). The list of intervals, presented in the
Table, can be non-exhaustive, but it includes the standpoints of the largest international companies,
the operations of which are directly associated with LNG sector.

Table 2
Approaches to estimating the interval of SSLNG production capacity
Company Interval of SSLNG production capacity, Mtpa
International Gas Union [29]
Asia-Pacific Economic Cooperation [49]
Chiyoda corporation [16] Uptol
DataFusion Associates [46]
Merlin Advisors [15]
TGE Gas Engineering [53]
Linde [39] Upto0.5
Gazprom Export [40]
Petrochina Natural Gas Marketing [56] 0.1-0.5
World Bank Group [41] Below 0.2 — micro LNG; 0.2-1.0 — SSLNG
Energy Resources Gri)up [7] 0.02-0.7
GOST R 55892-2013 0.08-0.085 (below 10 t/h)
GEA engineering [20] 0.01-0.3

" GOST R 55892-2013. Objects of low-tonnage liquefied natural gas production and consump-
tion. General technical requirements. Moscow: Standartinform, 2019.

Superficial consideration implies that the most accepted standpoint is LNG production capacity
up to 1 million tonnes per annum (Mtpa). However, it should be noted that a certain share of the
companies rely on the standpoint of International Gas Union, when justifying this interval of
SSLNG capacities.

The second most frequently cited interval — LNG capacity up to 0.5 Mtpa — is based on the ex-
pertise of large international companies in the implementation (examination) of SSLNG projects.
Other approaches are encountered only once each and no justification for them is found in the given
sources. Hence, taking into account significant variation of production capacities in different
sources, in this study authors understand SSLNG in terms of a standpoint based on the expertise of
companies, implementing such projects — i.e., the LNG production capacity of less than 0.5 Mtpa.

Specifics of SSLNG production and supply chains. Despite the fact that SS-, MS- and LSLNG
are parts of the same sector, they have different organizational principles. Taken as a whole,
SSLNG PSCs are regarded as a way to decentralize pipeline gas systems. However, their detailed
consideration allows to draw a conclusion that LS- and MSLNG are centralized systems of gas de-
livery, as they imply a concentration of production capacities for liquefaction and regasification in
one place (Fig.3) [20]. Such projects are aimed at expanding production capacity in order to obtain
incremental financial effect due to production scale.

The key feature of SSLNG projects is their decentralized character, expressed in increasing the
number of production facilities, not specific production capacity. The flexibility of SSLNG projects
is expressed in the possibility to use different modes of transportation and focus on specific con-
sumer demands in the region of project implementation [28]. Notably, SSLNG projects may also
include portable regasification units, which allows to use them for implementation of short-term
remote-access projects.

When implementing SSLNG projects taking into account regional specifics, there is an impor-
tant and practically unexplored in the global literature problem of finding ways to organize effective
interaction with stakeholders, which would allow to reduce the risks and implementation costs [55].
Approaches, designed for MS- and LSLNG projects, cannot be applied because of differences in the
lineup of stakeholders.

681



DOI: 10.31897/PMI.2020.6.10

Centralized LNG production Centralized LNG intake and distribution
e — )
* r l Reexport PP J
h 4
‘. 4
N LSLNG Loading Transportation | Unloading | Large-scale LNG S
M L4
Gas delivery . plant (by sea) terminal K Storage
from primary/ [y and regasification
secondary ‘
sources . Reexport / 4
‘\ intraregional deliveries ,' !
* ./ +  Gas pipeline
. v » Storage and [
regasification
Gas source/ N MSLNG Loading | Transportation | Unloading | Mid-scale LNG

pipeline plant (by sea) terminal ‘ End user

Reexport to the nearby regions /
intraregional deliveries

) Reexport to the nearby regions /
SSLNG Loading Transportation intraregional deliveries
lant (by land, sea or river
plan transport)
P - Unloading End user .
, > +— Gas pipeline
L’ A
’ ‘ ‘\
Decentralized LNG LNG receiving . Regasification unit

production (typically) and storage unit

L)
Unloading *

LY
‘

Decentralized LNG distribution

Fig.3. PSC of LNG projects with different production capacities

Implementation costs of SSLNG projects. One of the main driving forces for the development
of any project in the energy sector is its ability to produce cost competitive outputs [36]. In the
global literature such estimates for SSLNG projects are scarce [54]. Table 3 contains a review of
scientific and practical studies that estimate the costs of SSLNG project implementation.

From Table 3 it can be seen that the cost of 1 kWh of electric energy, produced from SSLNG,
can range from 0.02 to 0.26 USD. Considering that in Russia electricity prices vary from
0.015 USD/kWh (Irkutsk region) to 0.124 USD/kWh (Chukotka AO and Kamchatka Krai) with the
maximum number of values in the interval from 0.04 to 0.07 USD/kWh, implementation of SSLNG
projects in order to organize decentralized energy supply can be economically efficient for certain
regions. Implementation timeline for such projects is typically less than three years; the use of fa-
cilities for cold energy utilization may increase the payback period to 4.24-5.85 years [6]. On the
other hand, MS- and LSLNG projects take no less than five years to reach payback period.

A report by World Bank [41] emphasizes that average cost estimations of such projects, based
on production capacities of the plant or other technological parameters, are approximate due to sig-
nificant differences in the utilized liquefaction technologies, the costs of which can take up around
40 % of total specific expenses [35]. Such estimates become more complicated due to the absence
of statistical information on the projects with LNG capacity below 0.5 Mtpa. The costs of SSLNG
projects, which are a part of the global gas market, are highly dependent on a wide range of macro-
economic and political factors [4, 47]; in particular, they are directly influenced by current prices of
oil [47] and other energy resources.

Main directions of SSLNG use. Currently the most developed SSLNG networks are located
in the US and China. As of 2015, 68 small-scale LNG plants with capacity 20-470 tonnes/day (in
total — 7.75 million tonnes/day) were in operation in the US, with the goal of covering peak energy
loads [41]. More than 50 of them were launched even before 2000, the first plant was established in
1940s with the capacity of 0.002 Mtpa [5]. New small-scale plants, launched in the last decades,

682




e Journal of Mining Institute. 2020. Vol. 246. P. 678-686
L Pavel S. Tsvetkov, Sergey V. Fedoseev

DOI: 10.31897/PMI.2020.6.10

apart from covering peak loads, are intended to supply LNG to gas stations to sell it as motor fuel.
LNG capacity of such plants is no less than 440 thousand tonnes per annum (tpa).

Table 3

Review of scientific and practical studies on the estimation of SSLNG implementation costs

Source

Summary of energy production costs

Conceptual model of PSC optimization by using SSLNG
for deliveries to the end user [46]

Cost estimation of energy production from SSLNG
of different capacities: 77/154/428 tpa [45]

Estimation of economic effect from the use of SSLNG
instead of oil products in electricity generation, 4 tpa [49]

Modeling of LNG costs for the implementation of Blue Corridor
in Brazil (0.71-0.91 Mtpa) [17]

Modeling of the costs of electricity generation from SSLNG with
multimodal transportation (ships and trailers) in Finland [32]

Example of cost calculations for generating | MMBTU of en-
ergy from SSLNG for the conditions of the Caribbean islands (in

10-12 USD/MMBTU*

49/60-66/78 USD/ MMBTU (166/203-225/264 USD/MWh)

53 USD/ MMBTU (180 USD/MWh)

6.69-12.24 USD/ MMBTU

8.8-24 EUR/ MMBTU (30-82 EUR/MWh),

depending on transportation distance and natural gas price

Natural gas price — 3.45/3.45/3.45 USD/ MMBTU,
Liquefaction — 3.5/3.5/3.5 USD/ MMBTU,

2015 prices): 50/100/500 tpa [15] Transportation (by sea and by land) — 4.8/4.2/2.5 USD/ MMBTU,
Regasification — 1.2/0.85/0.5 USD/ MMBTU,
Power plant costs — 0.3/0.25/0.2 USD/ MMBTU

Total: 13.25/12.25/10.15 USD/ MMBTU

In 2015 prices [41]:
Transportation by land

50 tpa Distance 0-250 miles — 6.16 USD/ MMBTU
Distance 750-1,000 miles — 9.66 USD/ MMBTU
15 tpa Distance 0-250 miles — 8.12 USD/ MMBTU

Distance 750-1,000 miles — 11.62 USD/ MMBTU

Transportation by sea

50 tpa Distance 55-150 nautical miles (nm) — 6.84 USD/ MMBTU
Distance 550-850 nm — 7.84 USD/ MMBTU
15 tpa Distance 55-150 nm — 9.05 USD/ MMBTU

Distance 550-850 nm — 10.05 USD/ MMBTU

" British thermal unit (BTU) =27.05 m® of natural gas = 293 kWh of electricity.

In China there are around 120 operating SSLNG plants with total annual capacity 16 Mtpa, be-
sides that there are plants at different stages of planning and construction with total capacity
19.2 Mtpa [41]. Taking into account vast territory of the country, the distance of trailer transporta-
tion can reach 3.5 thousand km. The main applications for LNG in China are energy production in
remote regions, as well as LNG use as bunker and motor fuel. According to [56], specific capital
costs per 1 tonne of SSLNG plant capacity in China reaches 240-500 USD, which is a relatively low
indicator (in Russia it is around 1,000 USD/tonne [1]). Average operating costs amount to less than
1.5 USD/MMBTU, which is also a relatively low value.

Hence, presently three key directions of SSLNG use can be highlighted: electricity generation,
in particular, covering the demands for supplemental energy resources during the peaks of energy
consumption; motor fuel; bunkering fuel. By 2030, total LNG consumption in the energy sector,
including its use as bunker and motor fuel, will reach around 112.7 billion tonnes of oil equivalent
(citing “IHIS Market Energy outlook 2040”) [2]. Demand for SSLNG for similar purposes by 2030
can reach more than 90 Mtpa [9]. Taken as a whole, the growth of SSLNG consumption in the
coming decade can reach around 6 % per year [30].
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Conclusions. SSLNG is a relatively new sector and a partially isolated segment in gas industry,
which has its own specifics of production organization, key players on the market and a growing role
in satisfying energy demands of the population. The role of SSLNG in the global energy sector is
extremely underestimated and underexplored. Only in 2018, SSLNG terminals dispatched over
17.68 million tonnes by trailers and no less than 1.5 million tonnes by small marine vessels [8]; by
2030 total SSLNG capacity can exceed 100 Mtpa [49].

Advantages of SSLNG over larger-scale projects are in shorter implementation timelines and
lower specific capital costs, which reduces the risks of their implementation, as well as minimizes
the barriers to entry into the market and serves as a positive factor for promoting competition.
Besides, SSLNG is to a great extent a more decentralized subsector of LNG production than MS-
and LSLNG, therefore, implementation of such projects can become one of the factors that increase
energy security of the regions [3, 8].

For Russia SSLNG development is associated with the opportunity to organize a system of de-
centralized gas supply to remote regions that have no access to clean energy resources. Moreover,
there are significant prospects in the field of LNG use as bunker and motor fuel, the markets for
which grew rapidly in the last decade. Already today, the largest Russian gas companies have ambi-
tious plans for developing gas distribution networks based on SSLNG [18].

Besides that, geographical location of Russia is its strategic advantage in the implementation of
SSLNG projects for diversification of raw materials export, which allow to create a flexible supply
system without engaging into long-lasting and capital-intensive processes of gas pipeline construc-
tion [23]. For example, there are certain prospects of export deliveries into European countries, con-
sidering ambitious plans of constructing “blue corridors” on their territory. Construction of small-
scale LNG capacities can also be of interest in the context of “Power of Siberia” project implemen-
tation, as in China a certain share of natural gas will be distributed as LNG, including SSLNG.
However, justification of such options requires a complex and multidimensional estimation of po-
tential effects from the implementation of such projects [37].
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