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Abstract. The development of hydrogen energy in the Russian Federation has been interfered
by a number of serious problems and issues connected with the innovative nature of this sector
of economics. The problems include lack of experience in production, storage and transportation
of “green” hydrogen. The development results within the Concept for the development
of hydrogen energy present the Russian Federation as the largest exporter of hydrogen by 2050.
The Concept estimates the future hydrogen production volumes to be as high as 200,000 tons by
2024, from 2 to 12 million ton by 2035 and from 15 to 50 million ton by 2050. Currently, there are
projects on producing “green” hydrogen through electrolysis of water at hydroelectric stations.
Moreover, there are different methods of hydrogen storage used in the Russian Federation.
However, there is no transportation infrastructure for “green” hydrogen. Therefore, in order to
build up transportation infrastructure the authors use economic calculations to consider and
actualize the routes for transportation of the “green” hydrogen. To evaluate the profitability the
infrastructure and the routes were created for transporting the “green” hydrogen as the export
raw material produced in the Niznekamskya HES (Naberezhnye Chelny, Republic of Tatarstan,
Russia) to the EU countries. The authors consider waterways, land routes and pipelines for
delivering the “green hydrogen” as the transportation facilities and the cargo routes. They
evaluate the indicators which characterize the “green” hydrogen transportation by means of
waterway, railway and automobile transport and pipelines. The authors estimate the comparative
payback periods for the hydrogen transportation by means of waterway, railway and automobile
transport and pipelines along their main routes according to the hydrogen market price.
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poma Kk 2024 1. - 200 TbIc. T, 2035 . — oT 2 MO 12 MutH T 1 2050 1. — ot 15 mo 50 mutH T. Ha maH-
HbI/i MOMEHT CYIIECTBYIOT ITPOEKTHI CO3[IaHMS «3€JIEHOTO» BOAOPOIA JIEKTPOIM30M BOABI HA
TUAPO3JIEKTPOCTAaHLIMSIX, Takke B Poccuiickoii @eepaliym yke CYIeCTBYIOT M UCIIOIb3YIOT-
CS1 OTHEebHbBIE CIIOCOObI XPaHEHMST BOJOPO/ia, HO MOJHOCTbIO OTCYTCTBYET TPAHCIIOPTHAsST VIH-
dpactpykrypa. B cBSI3u ¢ 9TUM [J151 CO3AaHUST TPAHCIIOPTHON MHPPACTPYKTYPhI PACCMOTPEHBI
1 aKTyaJaM3UPOBaHbI YT TPAHCIIOPTUPOBKU «3€JI€HOT0» BOOPO/IA C UCIIO/Ib30BaHMEM 3KOHO-
MUWYECKUX pacueToB. [IJIs1 OLIeHKM PeHTAa0eIbHOCTY Co3aHa MH(PACTPYKTypa ¥ MapIIPYThI JIJIsT
TPaHCIIOPTVPOBKM «3€JIEHOT0» BOIOPO/IA KaK SKCIIOPTHOTO ChIPBSI, POM3BOANMOTO Ha HiskHe-
Kamckoii I'9C (r. Habepeskubie Yennsl, pecryonuka TaTapcrad, Poccust) B crpanbl EBpocorosa.
B xauecTBe TPaHCIIOPTHOI MHAPACTPYKTYPHI pACCMOTPEHbBI BOIHbBIE, HA3eMHbIE U TPYGOITPOBO-
IIHbIe ITyTH, & TAKKe TPACChl CieloBaHus rpy3a. [IponsBeneHa olieHKa Iokasareseit, xapakTepu-
3YIOIIMX S3KOHOMUYECKYI0 3 (PEKTUBHOCTb TPAHCIIOPTUPOBKM «3€JIEHOT0» BOAOPOa BOTHBIM,
SKeJIE3HOAOPOSKHBIM ¥ aBTOMOOVIIBHBIM TPAHCIIOPTOM, TPYOOIIPOBOAHBIMM ITYTSIMU. PaccunTa-
HbI CPaBHUTEJIbHbIE CPOKM OKYIIAeMOCTY TPaHCIIOPTMPOBKM BOIOPOMAA PasIMUHBIMMU BUIAMMU
TPaHCIIOPTa 10 X OCHOBHBIM TpaccaM B 3aBMCUMOCTY OT PIHOYHO CTOMMOCTY BOAOPOIA.

KiroueBsbie cjIoBa: «3e/eHblii» BOZOPOZ, IIPOM3BOACTBO, TPAHCIIOPTUPOBKA, CTOMMOCTD, CPOK
OKYTIaeMOCTH, TEXHOJIOTHUSI, TUAPOIIEKTPOCTAHIAS
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Introduction
In 2021, “The Concept for the Development
of Hydrogen Energy in Russia” was adopted by
the Order of the Russian Government!. Its im-
plementation raises a number of serious issues

! Website of the Russian Government Concept for
the Development of Hydrogen Energy in Russia URL:
http://static.government.ru/media/files/ 5JFns1CDAKqYK
zZ0mnRADAw2NqcVsexl.pdf

and problems. The development directions estab-
lished and the results expected from its imple-
mentation are expected to make the Russian Fed-
eration the largest exporter of hydrogen by 2050.
Future volumes of hydrogen production in Rus-
sia are estimated at 200 thousand tons by 2024,
from 2 to 12 million tons by 2035, and from 15 to
50 million tons by 2050 [1]. A number of serious
problems and challenging issues arise on the way

168


mailto:6elvira6@list.ru

Russian Journal of Industrial Economics. 2022;15(2):167-176

2Zvereva E.R. et al. Development of “green” hydrogen energy in the European part of the Russian Federation

to the development of hydrogen energy in Rus-
sia. These problems include: a lack of experience
in the production of hydrogen, more specifically,
green hydrogen, which will have the greatest de-
mand in the future; issues related to green hydro-
gen storage in the simplest possible way, such as
bounding it, as well as the lack of experience in
transporting pure hydrogen and, as a result of the
above, the lack of understanding of the feasibili-
ty of producing, transporting, storing, and using
green hydrogen.

At present, there are several categories of hy-
drogen [2, 3]:

- grey, which results in the emission of
CO, into the atmosphere, the main production
method of which in this case is the conversion
of methane;

- brown hydrogen, separated from grey hydro-
gen, produced from coal;

- black hydrogen, obtained from petroleum
products;

—yellow hydrogen, produced using atomic
energy;

- blue hydrogen, produced from natural gas,
in this case, carbon dioxide is stored in special fa-
cilities;

- green hydrogen, produced by water elec-
trolysis, using renewable energy sources.

The most promising areas for the use of hy-
drogen technologies are [4]:

— the development and organization of serial
production of autonomous power and heat supply
sources, emergency (backup) power supply sys-
tems, and power plant energy utilization systems
during slack hours based on renewable energy
sources with hydrogen storage;

—the development and organization of se-
rial production of a new generation of equipment
for gasification (processing) of biomass, organic
household and industrial waste to obtain synthesis
gas (hydrogen), thermal and electric energy;

— the organization of production of new envi-
ronmentally friendly universal fuel based on hy-
drogen-methane blends (for transport and fixed
power plants, including the systems for distributed
energy generation);

- the establishment of a testing and demon-
stration facility and a certification centre for hy-
drogen technology and equipment;

—the development and organization of pro-
duction of power plants based on solid polymer
and solid oxide fuel cells for special purposes, etc.

Intended Use of Hydrogen in Russia

According to the adopted “Concept for the
Development of Hydrogen Energy”, transporting
of green hydrogen to the countries of the Europe-
an Union (EU) is a relevant, promising, and eco-
nomically feasible issue.

Among the major potential consumers of
green hydrogen are the EU countries [5], which
have adopted the zero CO, emissions target, as
well as China, which is the main consumer of
hydrogen in the world both currently and in the
predictable future. This is related to the growth
of production capacities requiring huge amounts
of energy from various sources, including green
hydrogen [6]. Given the problems associated with
the transportation of green hydrogen, the most
reasonable place for the production of hydrogen
to be exported to the EU countries is the European
Russia, whereas for export to China and the Asian
region, it is Eastern Siberia.

Profitability Assessment of Green Hydrogen Produced
in European Russia

Due to the unique property of hydrogen - its
high permeability, associated with the smallest
molecular sizes, and complexity of transportation
methods, the key factors affecting its cost are [7]:

1. Its production cost. At present, companies
that own green hydrogen production projects es-
timate that its production cost is around 3 USD/kg.

2. The proposed way to reduce losses during
hydrogen storage is a constant and uninterrupted
transportation of hydrogen to the consumer.

3.The purchase costs of special vehicles or
transport containers.

4. The transportation costs of hydrogen, such
as losses in hydrogen volumes, fuel costs for trans-
porting hydrogen.

At the moment, Russia does not have the in-
frastructure for transporting hydrogen neither
within the country nor to other countries [8],
therefore for the sake of example, it is proposed
to consider the development of transporting in-
frastructure and routes for green hydrogen as an
export raw material produced at the Nizhnekamsk
HPS (city of Naberezhnye Chelny, the Republic
of Tatarstan, Russia), to EU countries, namely to
Germany. The transport infrastructure considered
are water, land and pipeline hydrogen transpor-
ting routes:

1. Transportation of hydrogen by river from
the city of Naberezhnye Chelny to the ports of

169



Russian Journal of Industrial Economics. 2022;15(2):167-176

2Zvereva E.R. et al. Development of “green” hydrogen energy in the European part of the Russian Federation

Germany or by sea from St. Petersburg to the port
cities of Germany.

2. Transportation of hydrogen by rail and road
from Naberezhnye Chelny to Germany (the city of
Dresden).

3. Transportation by hydrogen pipeline from
the city of Naberezhnye Chelny to Germany or St.
Petersburg.

However, it should be noted that the sea route
from St. Petersburg is only possible in combination
with other methods of hydrogen transportation de-
scribed above (river, road, and rail transport).

The payback calculation for these transporta-
tion routes assumes a production cost of 3 USD/kg
of hydrogen and a variable market price of 5 to
10 USD/kg. This range of hydrogen prices was cho-
sen with a reference to a study conducted by the
International Council on Clean Transportation
under a direct connection scenario: the electro-
lyzer receives electricity directly from renewable
energy sources (RES). In this case, the estimated
price of hydrogen by 2050 will be 6 USD/kg for the
USA and 10 USD/kg for the EU countries [9].

The payback period for the above types of
transportation is calculated using the equation

P -n
= eq
H, H, ’
Q-L-(P*-P"-C) (€))

where P, is transportation equipment costs, USD;
n — number of the equipment for continuous sup-
ply, pcs.; Q — annual hydrogen production, kg; L -
hydrogen transportation losses, %; P/* — market
price for 1 kg of hydrogen, USD; PpH2 — production
costs for 1 kg of hydrogen, USD; C, — transporta-
tion costs, USD.

Among the main costs of transporting hydrogen
are the taxes, maintenance and fuel consumption for
the different routes that will create a more complete
economic picture of hydrogen transportation. For
this purpose, equation (2) was defined for calculating
the annual costs associated with fuel consumption
for water and road routes, and equation (3) for esti-
mating the cost of transporting 1 kg of hydrogen:

C,=0Q P, )

where C, is the overall cost of fuel used for trans-
portation, USD; Q; - fuel consumption on a route,
t; P, - fuel market price, USD;

C =—%, 3)
M is the hydrogen carrying capacity of transport, kg.

The equation for calculating the payback peri-
od includes an assumption of the continuity of hy-
drogen transportation. For this purpose, equation
(4) was developed, which allows estimating the
number of vehicles required for continuous trans-
portation to the consumer:

Q,
n_(365/t)-M’

where QH2 are annual volumes of hydrogen con-
sumption, t; t is route time, days.

Hydrogen Transportation by Rail and Road

The Nizhnekamsk HPS produces only a small
volume of hydrogen, therefore, it is advisable to
transport hydrogen by rail or road. Both routes
cover approximately the same length and travel
time, about 2-3 days.

One of the negative factors are the losses dur-
ing the transportation of liquefied hydrogen. For
instance, the losses of hydrogen during transpor-
tation by rail in tanks are constant and associated
with the continuous evaporation of hydrogen due
to the necessary technological operations. During
a chilldown of a tanker, which needs to be carried
out at least twice a year, up to 30 % of hydrogen
from the volume of the tank is lost. Losses from
the flaws of the vacuum thermal insulation of
the tank are 0.5 %/day of volume. At each refue-
ling of tanks, there are losses associated with the
evaporation of the first portion of hydrogen; ac-
cording to experts, these losses amount to about
4 %. Losses to create a pressure drop between the
liquefaction unit and the tank are approximately
1.5 % [10].

At present, truck tankers and rail tank cars for
liquefied hydrogen, presented by Cryogenmash
OJSC, are already available on the Russian market.
Also ISO containers with built-in hydrogen stor-
age tanks are offered for the transportation of hy-
drogen by rail. The volume of tank cars from Cry-
ogenmash OJSC is 100 m3 that allows transporting
about 4 tons of hydrogen in each. The price of
these tank cars is 200,000 USD, the duration of
the route is 6 days. To calculate the costs, the tax
charge for the delivery of goods by rail should be
also taken into account. For instance, let us choose
suitable similar tax charges for the delivery of lig-
uefied gas for a 2,400 km long route, e.g. the Sur-
gut-Saransk route (2,300 km). The tax charge for
this route is 7,755 RUB/t (103.4 USD/t) [11]. Thus,
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the cost of transportation will be 0.103 USD/1 kg
of hydrogen. The number of tank cars for contin-
uous transportation can be calculated using the
equation (4):
n= _2500 =10.27 units.
(365/6)-4

Hence, 10 tank cars are required.

The payback period for this type of transpor-
tation at a hydrogen price of 10 USD/kg is calcu-
lated using the equation (1):

B 200,000-10 3
2,500-0.9-(10-3-0.103)
=0.128 years =47 days.

Thus, the payback period will be 47 days
(see Table 1).

Table 1

Payback period of the railway
and road transport route

Hydrogen market price, USD/kg
5 6 7 8 9 | 10

Value, day

Payback period

of the railroad route 171 | 112/| 83 | 66 | 55 | 47

Payback period
of the road trans- 516 | 284 | 213 | 170 | 142 | 122
port route

The PPC-45 (III1I-45) tank trucks presented
by Cryogenmash OJSC have a volume of 45 m® and
are able to carry 2.7 tons of hydrogen [12]. Their
market price, together with a prime-mover truck,
will be approximately 350,000 USD. Let’s assume
the duration of the road equal to 6 days. Trans-
portation costs in this case, excluding various tax
charges, will comprise the fuel consumption. Thus,
a Mercedes brand prime-mover truck consumes
about 22 liters of diesel fuel per 100 km, hence, the
entire route will require approximately 1,050 liters
of diesel fuel. Using the equations (2) and (3) and
assuming the diesel fuel price 0.9 USD/liter, the
cost of delivering 1 kg of hydrogen will be 0.35 USD:

C,=1,050-0.9 =945 USD;
945
C = =0.35 USD/kgH,;
t = 2,700 /kgH,
The number of tank trucks is calculated using
the equation (4):

L__ 2,500
(365/6)-2.7

=15.22 units.

Therefore, the number of tank trucks is 15.

The payback period for this type of transpor-
tation at a hydrogen price of 10 USD/kg is calcu-
lated using the equation (1):

3 350,000-15 3
2,500-0.9-(10-3-0.35)
=0.333 years =122 days.

Thus, the payback period will be 122 days (see
Table 1).

The calculation of the breakdown of prices for
1 kg of hydrogen from 5 to 10 USD clearly shows
that the rail and road transportation methods
turned out to be the cheapest. However, it should
be noted that with an increase in the time of de-
livery to the destination, the losses will increase,
and, consequently, the payback period of these
methods will also increase. It should also be noted
that 30 % losses from the volume of the tank truck
per year due to its chilldown were not taken into
account.

Transportation
of Hydrogen by Pipeline

The gas velocity in low-pressure pipelines
(0.1 MPa and below) is 10 m/s, and in main pipe-
lines (68 MPa) this value is twice as high. With the
same pipe diameters and pressure drop, the hydro-
gen flow rate is almost 3 times higher than that of
methane. The unit cost of transporting hydrogen
decreases with distance, although the increase in
flow resistance is partly offset by the difference
in viscosity. To transfer an equal amount of gas
through a pipeline, hydrogen requires approxi-
mately 4.6 times more energy than natural gas, and
during transportation over a distance of 2.54 thou-
sand km, only 80.70 % of the initial hydrogen will
be transferred (Fig. 1) [13].

The establishment of a new hydrocarbon pipe-
line duplicating the gas main from Naberezhnye
Chelny to St. Petersburg, which is about 1,250 km
long, will have a loss of approx. 10 %. A rough es-
timate of the establishment of this pipeline can
be made using the Nord Stream gas pipeline sys-
tem, where the cost of 1 km of the gas pipeline was
3.9 million USD. Therefore, the estimated cost of
the hydrogen pipeline will be almost 5 billion USD.
A similar estimate of the cost of a 2,500 km long
hydrogen pipeline to Germany with an expected
loss during transportation of about 20 % is 10 bil-
lion USD.
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Fig. 1. Dependence of initial gas losses during pumping on the distance of the pipeline

These calculations show that the payback peri-
od for these hydrogen pipelines at a hydrogen price
10 USD/kg is much longer compared to other hy-
drogen transportation routes (see Table 2).

Table 2
Payback period for pipelines

Hydrogen market price, USD/kg
5 6 7 8 9 | 10

Value, year

Payback period

for pipeline from
Naberezhnye
Chelny to Germany

2535/1682|1258|1005| 837 | 717

Payback period
for pipeline from
Naberezhnye
Chelny to Saint
Petersburg

1118| 744 | 557 | 445 | 371 | 318

The formation of a unified hydrogen energy
system of HPSs located in the European Russia
(Zagorsk, Nizhny Novgorod, Cheboksary, Kamsk,
Zhigulevskaya, Saratov, Volzhskaya, Chirkeyskaya,
Votkinsk, and Nizhnekamsk HPSs) (Fig. 2), creating
green hydrogen production facilities at each HPS
would increase the annual production to 25 thou-
sand tons, which in turn will increase the payback
period (Table 3).

Table 3

Payback period of a hydrogen pipeline connecting
HPSs in the European part of Russia

Hydrogen market price, USD/kg

Value, year
5/ 6 |7 |8|9 1020
Payback period
of a hydrogen
pipeline connecting | 436|289 |216|173| 144|123 | 51

HPSs in European
Russia

The total length of the Russian part of the
pipeline will be about 2,800 km. The project cost is
approx. 15 billion USD.

The creation of a state program to subsidize
the production and transportation of hydrogen
would significantly reduce the payback period of
the project [14].

Transportation of Hydrogen by Water Route

At present, there is already a marine vessel in
the world that is designed to transport liquefied
hydrogen. It is a Japanese vessel Suiso Frontier by
Kawasaki Heavy Industries, which was launched
in 2020 [15]. The particulars of this vessel are as
follows: displacement — 9,000 tons, maximum ca-
pacity of liquefied hydrogen - 75 tons. The cost
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il LA

Fig. 2. Proposed shared hydrogen energy system European

of this project was 350 million USD. According to
the Kawasaki Group, losses during the transporta-
tion of hydrogen by this vessel are reduced down
to zero [16].

A vessel of this type, intended for river naviga-
tion for hydrogen transportation, should have no
more than 5000 tons of displacement. An estimate
shipbuilding cost of such vessel is 200 million USD,
and its transport capacity is 30 tons of liquid hy-
drogen.

At the moment, the average duration of mari-
time navigation from the port of St. Petersburg to
the port cities of Germany is 7 days, hence, the
time of one route is 14 days. During this time, the
ship will need 400 tons of marine fuel - admiral-
ty fuel oil. River navigation from Naberezhnye
Chelny to St. Petersburg is 10 days, together with
sea navigation, the duration would be 17 days,
therefore, the time of one route is approximate-
ly 34 days. During such time, similar vessels con-
sume about 600 tons of admiralty fuel 0il [17]. One
ton of F-5 (®-5) admiralty fuel oil currently costs

S

part of Russia

Py i g

about 20 thousand rubles, which, at a dollar rate
of 104 rubles (USD exchange rate as of March 23,
2022) is 192 USD/t.

Thus, the cost of delivery of 1 kg of hydrogen
will be (equations (2) and (3)) 1.41 USD for the sea
route from St. Petersburg to Germany and 5.32
USD for the combined route (river and sea from
Naberezhnye Chelny to Germany):

C,=400-266 =106,400 USD;
C,=600-266 =159,600 USD;

106,400

_ 106209y 41 uspagH,;

= 775,000 ke H,
159,600

- 159,609 _ g 29 ysp/kgH,.

* ~730,000 ke H,

Let’s calculate the required number of vessels
for a continuous cycle of transportation from St.
Petersburg to Germany by sea and river, respec-
tively:
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n= Z’Si =1.27 units;
(365/14)-75
2,500 =7.76 units.

=365 /34)-30

Thus, 1 vessel of the Suiso Frontier class will
be required, as well as 8 river vessels similar to the
Suiso Frontier, for the route from Naberezhnye
Chelny to Germany.

Using the obtained data, the payback of
these types of transportation can be calculated.
In the case of transportation by sea and river,
excluding the transportation to St. Petersburg,
based on equation (1), the payback period at
a market price of hydrogen 10 USD/1 kg would be
respectively:

~ 350-10°-1
2,500-1-(10-3—1.41)

~ 200-10°-8
2,500-1-(10—3—5.32)

Based on the calculations, at a market price
of 10 USD per kilogram of hydrogen, the sea
route, with some exceptions, will pay off in about
25 years, and the river route only after 381 years.
However, after calculating the breakdown of pri-
ces for 1 kg of hydrogen from 5 to 10 USD, it can be
demonstrated that the river transportation type
has negative payback values at the market price
of hydrogen per kilogram from 5 to 8 USD, which
actually makes this type of hydrogen transporta-
tion unprofitable and unfeasible (see Table 4).

=25.044 vyears;

=380.9 years.

Table 4
Payback period of water routes

Hydrogen market price, USD/kg
5 6 7 8 9 |10

Value, year

Payback period

of the river route —-193|-276|-485| —2000 | 941 | 381

Payback period

of the sea route 237 88 | 54 | 39 |31 25

Given the lack of investment attractiveness
of the river route using the Suiso Frontier river
analogues, it is proposed to investigate and con-
sider the transportation of green hydrogen by
river container transportation, loading it into
ISO containers. This method allows accumu-

lating green hydrogen from the facilities of the
Volga-Kama cascade and updating the general
hydrogen energy system of HPPs (see Fig. 2) by
changing transportation from pipeline to river.
As a result, it will reduce the losses associated
with transporting hydrogen over long distances
and make it possible to use vessels with a more
straightforward design.

Conclusion

At present, the production of green hydrogen
is at the initial stage of development. Technologi-
cal progress in this field would allow reducing the
cost of hydrogen production by reducing the cost
of its transportation and storage.

Based on the assessments of the proposed
transportation routes, the cheapest and most
accessible, in terms of technology, are railway
routes. However, this transportation method is
only partially available for transporting hydrogen,
since the required rail infrastructure does not al-
ways exist.

Road transport is also a cheap and accessible
option for hydrogen transportation and is just
slightly inferior in terms of economic efficiency to
rail transport.

Based on the estimates made, hydrogen trans-
portation by hydrogen pipelines is of little use for
small hydrogen production volumes. However,
the economic efficiency of the hydrogen pipeline
increases if it is used on a larger scale. The crea-
tion of a unified hydrogen energy system for the
European Russia will increase the production of
green hydrogen in the country, allowing consider-
ing this type of transportation as the main option
in the future.

Water transportation routes are considerably
inferior to other methods of transportation: the
river routes seem not at all feasible, whereas the
sea route appears excessively expensive. However,
these methods of transportation also have certain
prospects. For instance, the creation of river con-
tainer transportation of green hydrogen loaded
into more advanced ISO containers at the facilities
of the Volga-Kama cascade would allow switching
the unified hydrogen energy system of HPSs from
the use of pipelines to river transportation. Such
an approach reduces losses from the length of the
pipeline and also allows using vessels with a more
straightforward design, i.e. container ships, there-
by reducing the cost of the vessel, and its respec-
tive payback.
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