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Abstract. In the last two decades, the unit cost of so-called "new" renewable energy sources has
shown a significant decline: photovoltaic panels and wind turbine generators, which is the main
reason for the increase in the share of RES in primary energy consumption. However, regions with
suitable natural and climatic conditions for the development of renewable energy aren’t in a
generally densely populated and located at a significant geographical distance from the centers of
energy consumption (the level of solar insolation in the Gobi and Atacama deserts, wind speed on
the coasts of the Arctic Ocean and the Pacific Oceans, etc.). Anticipating a significant development
of the need for the use of renewable energy, it is necessary to perform preliminarily a complex of

evaluation of energy transportation systems from remote renewable resources.

1 Introduction

The main problems with the use of renewable energy
sources (RES) are the stochastic mode of electricity
generation at solar photovoltaic (PV) and wind (WPP)
power plants (the most common sources of renewable
energy) and their low capacity factor (Fig. 1.).
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Fig. 1. Typical capacity factor of solar PV, onshore and
offshore wind stations

These problems, along with the capacity constraints
of the power networks, will lead to low economic
efficiency of the construction of electric power
transmission lines from RES locations to energy
consumption centers due to the underutilization of such
power lines and high levels of capital expenditure. The
solutions to this problem can be the combined use of
RES capacities with other sources of generation (nuclear
power plants, thermal power station, hydroelectric
power plants, etc.), as well as the use of energy storage
systems (ESS). These include pumped-storage
hydroelectricity and Compressed-air energy storage
plants (PSH and CAES), network accumulation
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batteries, superconducting magnetic energy storage
(SMES), etc. [1]. To date, the most common ESS are
PSH and accumulation batteries (AB). According to [2],
more than 98% of the installed storage capacity in the
world is accounted for by pumped-storage
hydroelectricity plants. However, the mass use of the
PSH is limited, firstly, by the need for a suitable terrain
or geological structures, since the construction of the
station requires a height difference, and secondly, the
energy reserve of the PSH depends on the volume of
reservoirs, which can lead to flooding of a large area of
the territory under use.

Today according to the IEA the total capacity of
network AB is about 4 GW and continues to grow along
with reduction in the cost of this technology [3]. The
use of AB systems is suitable for hourly / daily energy
storage, so while the generation of renewable energy can
be stopped for quite long periods, consequently leads to
the need to increase the capacity of the AB. A lithium-
ion battery pack with a storage capacity of 1 kWh
requires 0.3 kg of lithium [4]. Expanding the use of these
batteries can lead to the exhaustion of easily accessible
reserves of lithium, and as a result, to an increase in the
cost of batteries with its use.

2 Energies transportation systems
from remote renewable resources

An alternative solution may be development of
infrastructure based on the concept of "Power to X"
(P2X), which involves using electricity for production
of secondary energy carriers. These systems include a
set of complexes for the producing, transporting,
distributing, and using energy resources derived from
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electricity generated by renewable sources. Consider
existing studies on this topic:

- Assessment of the effectiveness of the involvement
of non-traditional renewable energy sources in the
energy balance of the region [5]. The methodology
covers the social, technological, economic, and energy
aspects of renewable energy production. At the same
time, the system of energy transportation from the
energy source to the consumer is not evaluated;

- Liquid Organic Hydrogen Carriers and alternatives
for international transport of renewable hydrogen [6] —
this study presents a technical and economic assessment
(comparison of transport and chain efficiency, levelised
cost of energy (LCOE)) of liquid organic hydrogen
carriers (dibenzyltoluene, methanol, N-ethylcarbazole,
methylcyclohexane (MCH) — further united by the term
«hyder» (hydrogen carrier). The received results are
compared with the transportation of compressed and
liquid hydrogen, as well as with the production of
hydrogen at the point of consumption and the
transmission of electricity through HVDC lines.
Hydrogen is produced by PEM-electrolyzers based on
renewable energy. In the study, the amount of energy
transported is set, while the optimization of the
structural objects of energy production, depending on
the climatic conditions, is not performed. Environmental
assessment of energy production and transportation is
not executed,

- Large-scale production and transport of hydrogen
from Norway to Europe and Japan: Value chain analysis
and comparison of liquid hydrogen and ammonia as
energy carriers [7] — the article deals with comparative
cost and environmental assessment of the production of
liquefied hydrogen and ammonia with their subsequent
transportation from Norway to the places of
consumption in Rotterdam and Tokyo. Hydrogen is
produced by steam-gas reforming of natural gas (90%)
and electrolysis (10%) based on renewable energy, after
which it is liquefied. The paper focuses on the study of
the processes of liquefaction, storage and transportation
of hydrogen, considering of the electrolysis hydrogen
production is limited by the amount of electricity
consumed and economic costs;

- Long-distance renewable hydrogen transmission
via cables and pipelines [8] — two systems for

transporting renewable energy: an electric hydrogen
system in which electricity is transmitted via HVDC and
converted to hydrogen for long-term storage on the
consumer side, as well as a system for transporting
hydrogen through gas pipelines are presented in the
study. The aim of the work is to compare LCOE of both
systems;

- Bulk power transmission at sea: Life cycle cost
comparison of electricity and hydrogen as energy
vectors [9] — the aim of this study is to determine the
break-even distance at which the transportation of liquid
hydrogen (LH2) by sea tankers and gas pipeline (cH2)
becomes more economic in comparison with electronic
energy transmisson by HVDC. The evaluation of the
presented systems is carried out by the life cycle analysis
method at different energy production costs.

In most of the studies conducted in the field of
integration of renewable energy into energy supply
systems, the main criteria are the minimum LCOE and
the energy efficiency of the entire energy supply chain
to the consumers.

3 Methodology of complex evaluation
of energy transportation systems from
remote renewable resources

In our opinion, these criteria are insufficient to
compare the energy transportation systems from remote
renewable  resources.  Despite  the  existing
methodologies, we suppose that the issue of energy
transportation systems from remote RES is unresolved,
since the above assessment systems don’t cover all the
criteria for a system of long-distance energy
transportation from RES to final energy consumers. In
addition, the use of such innovative technologies as fuel
cells will lead to a radical change in the systems of
transportation of renewable energy, and will expand the
range of its consuming.

Figures 2 and 3 show long-range renewable energy
transportation systems based on the use of such energy
carriers as hydrogen, ammonia, synthetic methane and
LOHC - methylcyclohexane (see fig. 2. and fig. 3.)
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Fig. 3. Energy transportation systems from remote renewable resources: synthetic natural gas, ammonia (1-industrial
consumers, 2 - consumers in the transport sector, 3-consumers in the residential sector)
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Fig. 4. Complex evaluation of energy transportation systems from remote renewable resources
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significantly in various indicators of energy and
economic efficiency, anthropogenic impact on the
environment, conditions and requirements of production
processes, the degree of acceptance by society, etc.

The creation of infrastructure for a specific energy
transportation system from remote RES requires
advance and significant amounts of investments, the

training of highly qualified specialists, the development
of quality standards, changes in the nomenclature of
industrial ~ production, amendments to existing
legislation, the use of investment and tax instruments.
As aresult, the task arises of preparing a methodological
apparatus that allows to choose the most optimal option
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for building energy systems based on the production of
renewable energy.

Figure 4 shows an approach to a complex evaluation
of energy transportation systems from remote renewable
resources, that includes technical, economic,
environmental and policy criteria.

From a methodological point of view, the evaluation
can be divided into two stages. The first stage uses an
optimization mathematical model that describes the
functioning of renewable energy transportation systems
from the moment of energy production to the use by
final energy consumers.

For the considered renewable energy transportation
systems (production of methylcyclohexane, liquefied
hydrogen, synthetic methane and ammonia), the general
main node is the production of hydrogen gas by the
electrolysis method, which is converted then into some
other hyder. The accumulated compressed hydrogen can
be used for the energy supply of the production complex
when there is a shortage of electricity generated by RES
through the use of fuel cells. If the reserves of
compressed hydrogen are insufficient, other hyders
produced by P2X complex are used for energy suppling
of structural objects.

Within the framework of this model, it is assumed
that the only sources of generation in the production of
energy carriers will be PV and wind power station. Since
their efficiency depends on the climatic conditions in the
area under consideration, the composition of the energy
production facilities of the complex depends on the
natural and climatic conditions.

The following parameters are set in the model:

1. annual demand and loading schedule of the
hyders produced by the complex,

2. climate indicators of the area: wind speed, solar
radiation level,

3. parameters of an electric generation of PV and
wind stations,

4. the initial state of the system (the initial volume
of hyders in the storage tanks),

5. indicators of energy and technological losses,

6. unit levelised costs of services provided by the
structural objects of the green energy production
complex: reversible solid oxide installations,
compressors, compressed hydrogen storage tanks,
hyders production plants and their storage tanks,

7. technical (volume of transported energy carriers,
fuel consumption per 1 000 km) and economic
parameters (rental cost, or unit cost of construction) of
sea tankers, their number, also the distance of
transportation of energy carriers to the point of
unloading.

The calculated variables of the model: the annual
electric generation of PV and wind stations, the
composition and dimension of structural objects, the
final cost of energy carriers on the consumer side,
including transportation costs.

3.1 Criterias

Technical, economic, environmental and political
criteria are calculated at the second stage based on the
data obtained:

Technical criteria: The estimation of energy losses is
carried out by comparing the efficiency of the elements
of the transportation system from the production of
electricity based on renewable energy resources to the
final energy consumers. This method allows
determining the total amount of technical losses caused
by physical processes during the production, preparation
for transportation, delivery and distribution, storage and
use of energy carriers throughout the energy supply
chain from RES to the final consumers.

1.1 From a theoretical point of view, energy loss
analysis is the best way to evaluate and compare
different energy supply systems. However, in practice,
to caring out this analysis is quite difficult, since it is
impossible to take into account energy losses due to the
infelicities of the accounting system, commercial losses,
etc. Nevertheless, by predicting the creation of new
energy systems, a step-by-step analysis of energy
efficiency allows to determine the volume of losses in
each node of the energy transportation system and get
numerical values of the total volume of losses of each of
the systems and compare them with each other:

MNtotal1 = T]pr.l *Ntr.a * Ndel1 * Ncons.1

Ntotal2 = MNpr.2 * NMtr.2 * Tldel.2 * Tlcons.2 1)
Ntotali = Npr.i * Neri * Ndeli * Ncons.is
where

Nwotal — the total level of energy losses of the energy
transportation system,

Npr. — €nergy carrier’s production losses,

TN, — ENergy carrier’s transportation losses,

Ngel. — delivery networks losses,

Ncons, — €NErgy carrier’s consume losses.

1.2 EROEI (energy returned on energy invested) —
the EROEI criterion is the ratio of the energy received
to the amount of energy spent on obtaining this energy

resource:
E

EROEl = ————, (2)
E{+E,+E3

where
E  —energy produced;

E, —energy costs associated with infrastructure
construction and the works of related sectors of
the economy;

E, —energy costs associated with the production
work of corresponding energy infrastructure;

E; —energy costs associated with the liquidation of
energy infrastructure facilities.

At the first stage, energy expenses are associated
with the need to create an energy infrastructure, that
includes consideration of the entire value chain. At the
second stage, energy costs are associated with ensuring
the current activity of the object. The third stage is
related to the energy costs associated with the
liquidation activity for the energy facility or system in
consideration.
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Economic criteria: The evaluation of the economic
efficiency of projects to create energy supply systems
from RES includes an assessment of the effectiveness of
investment projects and Life-cycle cost analysis.

2.1 The assessment of the effectiveness of
investment projects allows assessing the following
indicators of the economic efficiency of investments for
the creation of energy transportation systems:

Net present value (NPV):

CFy

NPV = ~IC + S0 o €)

where
IC - invest capital,
CF, - cash flow,
i — discount rate,
t  —current time period,
T  —total number of periods,

Internal rate of return (IRR):

_ NPVyy _
IRR=mnr + NPV, NPV, *(ry — 1),
where
1 — the value of the discount rate, that NPV, > 0

r, — the value of the discount rate, that NPV,, < 0

Discounted payback period (DPP):

CF
DPP = n, that Z[zorgt > IC (4)

After evaluation of the effectiveness of investment
projects for each option of creating a power supply
system, the corresponding indicators are compared with
each other.

2.2 Life-cycle cost analysis (LCCA) allows to
determine the cost-effectiveness for each of several
alternative systems.

The LCCA involves an assessment of the
construction phase of energy supply systems, including
the production of materials and equipment for the
construction of renewable energy transportation
systems; operating costs, including repair works,
recovery and recycling of waste and secondary products,
depreciation of fixed assets; and the cost of disposal of
energy facilities after its useful life:

LCCA = Cpp + X7-1 (I + AK, — L) % |, (5)
where
Cyp — construction cost of energy objects,
I, —annual operating costs of the technical system,

AK; — one-time costs associated with the
commissioning of energy facilities into operation,

L, —liquidation costs of energy objects,

i —discount rate,

t  —current time period,

T - useful life of energy objects.

Environmental criteria:
3.1 The amount of greenhouse gas (GHG) emissions is
calculated from the stage of production of a particular
energy carrier to the stage of final energy consumption:
Vtotal = Vpr. + Vtr. + Vdel. + Vcons.v (6)
where

Viotar — total volume of GHG emissions of the energy
transportation system,
~ — GHG emissions from energy carrier production,
Vi, — GHG emissions from energy carrier
transportation,
V.. — GHG emissions from energy carrier delivery,
Veons. — GHG emissions from energy carrier consume.

GHG emissions during transportation by sea tanker
[10]:

th__:P* tx K+ Vload. (7)
unload.
where
— engine power (MW)
— travel time

— GHG emissions coefficients,
— emissions during loading and unloading.

AT

Political criteria:

Creating energy systems for international energy
trade, energy security is an important aspect, since its
level indicates the reliability of ensuring consumers '
access to external energy resources. The risks to the
country's energy security can be economic (rising
energy prices, transportation, etc.), technogenic (system
accidents at power lines, pipeline system failures, etc.),
and political (the imposition of embargoes and other
sanctions).

The complexity of the process of creating the
international electric power network "Asian Super Grid"
is cited as an example of the importance of political
risks. According to the International Renewable Energy
Agency (IRENA), the technical potential of wind energy
in Mongolia is 2,550 TWh/year, and solar energy is
4,774 TWhlyear [11]. This resource potential of
renewable energy in Mongolia is of interest to the
countries of East Asia: the main transmission lines
should unite the electric power grids of the Russian
Federation, Mongolia, Japan, China, the Republic of
Korea and the Democratic People's Republic of Korea
into an international power system. The integration of
renewable energy capacity in Mongolia and hydropower
capacity in Siberia should ensure the necessary volume
of green electricity exports to the countries of East Asia
[12].

The creation of the united international power grid
(UIPG) will achieve energy and economic benefits: the
possibility of cooperation in the construction of large
power plants, increased energy security, reducing costs
for the construction of reserve capacities, decrease cost
of energy for importers, the creation of new jobs, long-
term profit generation by exporting countries, increasing
the share of renewable energy in final energy
consumption, which will positively affect the
environmental situation in the region.

Despite these benefits, the creation of a united
electric power system has not been realized, including
due to political barriers related to the transboundary
nature of the power system, and the creation of problems
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in maintaining a high level of energy security for
national consumers.

A similar situation occurs with international pipeline
systems: countries through which transit pipelines are
laid have the opportunity to terminate the transportation
of energy carriers, and cause political, social, economic
and environmental damage to their partners.

Shipping is less affected, that allows the transport of
a large amount of energy along various routes, most of
which do not depend on the political regime of any
country, and are guided only by recognized international
rules. As a result, this type of transportation will be one
of the most preferred when creating promising systems
for transporting renewable energy over long distances.

Conclusions

The use of renewable energy in the energy sector
increases the level of energy security of the country:
according to the energy policy of Japan and the Republic
of Korea, the increase in renewable energy capacity is a
measure to reduce dependence on energy imports — oil
and natural gas. At the same time, both countries stay a
course for the development of renewable energy and
related hydrogen energy. Their national governments
have declared the need to import green hydrogen due to
the lack of domestic renewable energy resources.

For exporting countries to enter the international
green energy market, it is necessary not only to build up
renewable energy capacities, but also to create systems
for transporting green energy to consumption centers
both abroad and within the country.

The developed methodology a complex evaluation
will allow use its to the specific conditions of the
selected region in order to determine the optimal way to
build the energy infrastructure for renewable energy
transportation to remote consumers.

The research was carried out under State Assignment
Project (no. FWEU-2021-0004) of the Fundamental
Research Program of Russian Federation 2021-2025
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