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Abstract. This work evaluates the technical and economic efficiency of combining NPPs with a
system based on reversible fuel cells (RFC) in comparison with the well-known approach of
hydrogen-thermal accumulation (HTA) using an additional low-power steam turbine unit. One
of the main advantages of RFC is its ability to alternately operate both in the electrolysis mode
in order to accumulate off-peak electricity, and in the fuel cell mode to generate peak electricity
without converting hydrogen fuel energy into thermal or mechanical energy. The authors
developed a schematic diagram and methodology for assessing efficiency of using RFC at NPPs.
The calculations have shown that at the present stage of technology development, the use of RFC
is less effective in comparison with the system based on HTA. At the same time, until 2035the
advantage of the HTA will grow from 9.68%, excluding the economic effect from preventing
unloading of the NPP, up to 25.31% in the current scenario, taking into account the economic
effect from preventing unloading of the NPP. The target level of base specific capital investments
in the proposed RFC system (units with a unit capacity of 250 kW) has been determined,
providing equal technical and economic efficiency in comparison with HTA, which amounted
to 1079-1134 $/kW

1. Introduction
In the countries with developed nuclear power industry, there are problems associated with unevenness
of the daily load, due to economically justified need to load NPPs with the maximum capacity utilization
factor (CUF). This is due to the cheapness of nuclear fuel in comparison with organic and, at the same
time, high capital investments in comparison with thermal power plants, as well as the presence of
technological limitations for maneuvering characteristics [1-2]. The majority of thermal power plants
operating on organic fuel have been switched to half-peak mode, which negatively affects their
efficiency and reliability [3]. In accordance with the strategy for the development of NPPs in Russia,
their share is expected to increase up to 22% by 2050. The shortage of peak and semi-peak capacities
will soon become one of the problems of the Russian Unified Energy System (UES) [4]. In the context
of an active increase in the power of NPPs in power systems, this will lead to the challenges associated
with the passage of the minimal and maximal daily loads.

One of the ways to solve this problem can be production of hydrogen and oxygen on the basis of off-
peak energy from NPPs by electrolysis of water with temporary storage and use to generate peak
electricity due to overheating of the working fluid in the steam turbine cycle of the plant [5-8]. As
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follows from [9-11], in the process of hydrogen superheating of steam, the parameters of the steam in
front of the steam turbine unit (STU) increase, resulting in an increase in the power of the NPP power
unit. Disadvantage of this approach is emergence of variable temperature regimes of operation of the
STU [12-15] when operating in the variable part of the electric load graph, which additionally causes
occurrence of alternating mechanical stresses.

To solve the problem of variable operating modes of the main STU, the authors developed a power
complex based on hydrogen-thermal accumulation (HTA) with additional low-power STU [16]. This
power complex allows, when combined with the NPP, to accumulate unclaimed/cheap energy in the
hours of decrease in the load of the power system due to electrolysis of water required to obtain hydrogen
and oxygen and in the form of hot water in storage tanks. The proposed schemes are more efficient,
though avoiding variable operating modes and the need to operate in a hot standby mode requires
additional operating costs. Therefore, in this paper, an alternative and a promising version of the
production and “cold” combustion of hydrogen in reversible fuel cells (RFC) is considered to provide
the NPP with a base load due to accumulation of off-peak electricity and generation of peak electricity
due to hydrogen fuel energy.

2. Schematic diagram of the use of RFC at NPP

As mentioned above, the known approaches to hydrogen-thermal storage and generation of peak
electricity at NPPs imply the use of hydrogen fuel energy in the cycle of the main or additional STU
[17]. An example of such approach in the form of a structural diagram of such energy complex is shown
in figure 1. During the night hours of the electrical load in the electrolysis plant 16, H2 and O2 are
generated, which are stored in special storage tanks 15. In this case, part of the steam from the steam
generators of the NPP power unit is sent to the system of steam-water surface heat exchangers 9, where
it gives off heat to the cold water pumped from cold tank 7 into the hot water tank 11. During the hours
of increased electrical load, hydrogen and oxygen from storage tanks 15 and hot water from tank 11
enter the hydrogen-oxygen steam generator 2. The obtained steam is fed to the low-power STU 3 to
generate additional electricity. During the idle hours of the storage system, the low-power STU 3 is in
the idle mode to ensure constant hot reserves.

Figure 1. Scheme of combining an NPP
with an autonomous HTA system: 1 —
steam distribution device; 2 — hydrogen-
oxygen steam generator; 3 — low-power
multifunctional STU; 4 - electric
generator; 5 — condenser; 6 — condensate
pump; 7 — cold water tank; 8 — cold water
pump; 9 — system of surface heat
exchangers; 10 — drainage pump; 11 — hot
water tank; 12 — feed pump; 13 — storage
tank for the needs of the electrolysis plant;
14 — system for compressing hydrogen and
oxygen; 15 —hydrogen and oxygen storage
system; 16 — electrolysis plant; 17 —
backup steam line; I — steam from the
steam generators of the power unit; II —
drainage drain into the feed water path.

One of the main advantages of RFC is its ability to alternately operate both in the electrolysis mode
to accumulate off-peak electricity, and in the fuel cell mode to generate peak electricity without the need
for any other generating equipment. In this case, in the electrolysis mode, during dissociation of water
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under the electric current, hydrogen and oxygen are formed. And in the fuel cell mode, generation of
peak electricity due to direct conversion of the chemical energy of hydrogen fuel. RFCs are
fundamentally different from all generators of electricity in the way they convert chemical energy into
electrical energy, bypassing the stage of conversion into thermal energy [18-19].

Taking into account peculiarities of RFC operation, figure 2 shows a schematic diagram of
combination of the NPP and the electrochemical hydrogen cycle based on RFC. Operation of the NPP
in combination with a hydrogen power complex based on the RFC consists of the following stages: at
night, due to the use of off-peak electricity, an electrochemical plant with an RFC in the electrolyzer
mode produces hydrogen and oxygen, which flows to the storage system, and during the daytime when
electrical loads peaks RFC in the fuel cell mode generates electricity due to stored hydrogen and oxygen.
The product of reaction in the RFC is water, which is stored in the storage tank to be used in electrolysis.
In the power generation mode, the fuel cell also generates additional thermal energy, which can be used
to further improve efficiency of the whole plant.

Figure 2. Schematic diagram of combination of the
NPP and electrochemical hydrogen cycle with RFC: 1
— reversible fuel cell system; 2 — system for
compressing hydrogen and oxygen; 3 — hydrogen and
oxygen storage system based on metal tanks; 4 — end
cooling heat exchangers; I — steam from the steam
generators of the power unit; CTW — chemically treated
water; E — electricity generation in the fuel cell mode;
Q - heat generation in the fuel cell mode; SS -
superheater-separator.

3. Results of comparative assessment of the RFC efficiency at NPPs

For the comparative analysis, calculation of the main technical and economic indicators of the RFC
efficiency at NPPs was carried out by comparing the aforementioned HTA system using an additional
STU. In this case, the described methodology and methodology for evaluating effectiveness of the
existing approaches of HTA were used, which is described in detail in [16, 20-22]. The calculation was
made with account for economic effect from preventing unloading of NPPs. The following basic initial
data were taken for calculations:

e Duration of off-peak power usage: 9 hours;

e Consumed night off-peak power from the NPP with VVER-1000: 100, 250, 400 and 500 MW;

e Duration of peak electricity supply: 5 hours;

e Relative consumption of electricity for auxiliary needs under compressing hydrogen and oxygen
when they are supplied to the storage tank: 0.05;

e Relative electricity consumption for auxiliary needs in the electrolysis mode when generating
hydrogen and oxygen: 0.05;

e Efficiency of RFC in the electrolyzer mode: 83% [22];

e RFC efficiency in the fuel cell mode: 60% [22];

e Efficiency of the inverter: 0.98;
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e Share of energy for the auxiliary needs in generation of peak electricity: 0.05;
e Number of working days per year: 335 days;
e (Calculation period: 25 years.

In addition, the calculations take into account the changes in the cost of nuclear fuel for the current
period and for the future until 2035, in accordance with the forecasts of the International Energy Agency
(IEA) and the Institute for Energy Research of the Russian Academy of Sciences (ERI RAS) [23],
including the price forecast made by the Institute of Economic Forecasting of the Russian Academy of
Sciences (EFI RAS). In accordance with the accepted forecast data on the price of nuclear fuel, the price
of electricity consumed by the hydrogen complex from the NPP at the cost of the current period is
determined at the level of 0.93 rubles/kWh, and 1.11 rubles/kWh within the period up to 2035 at the
projected prices of nuclear fuel according to the forecasts of IEA and ERI RAS.

Figure 3 shows the results of the comparative study of the production cost of peak electricity at the
NPP power unit with VVER-1000 for two variants combined: with RFC and with the HTA system.
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Figure 3. Results of calculating the cost of peak electricity production using a system based on RFC (a)
and HTA (b): 1, 2 and 3, 4 — excluding and taking into account economic effect of preventing NPP
unloading, respectively; 1, 3 — for the future until 2035 according to the IEA (ERI RAS), respectively;
2,4 — for the current period.

As can be seen from figure 3, despite the absence of an expensive additional STU and a hydrogen-
oxygen steam generator, the combination of an NPP with an RFC is less effective in comparison with
the system based on HTA. At the same time, until 2035 advantages of the latter will make from 9.68%,
excluding the economic effect from preventing unloading of the NPP, and up to 25.31% in the current
scenario with account for the economic effect from preventing unloading of the NPP. This is due to the
fact that at the moment RFC-based installations are still at the stage of pre-industrial implementation,
which significantly increases their cost. Also, when scaling such systems, at this stage of their
development, an insufficient decrease in specific capital investments is achieved to compete with HTA.
However, taking into account a great interest in hydrogen energy and in the systems based on RFC in
particular, a significant decrease in capital investments in such systems is predicted due to improvement
of production technologies and materials. Taking into account reliability and safety of their operation,
advantage of the systems based on HTA may not be obvious.

Additionally, the upper limit level of specific capital investments in the RFC system was determined,
at which equal technical and economic efficiency is achieved in comparison with HTA (see figure 4).
Calculations have shown that at the current overall efficiency of the RFC system, it is necessary to
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reduce the base specific capital investments (units with the capacity of 250 kW per unit) to 1079-1134
$/kW.
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Figure 4. The upper limit level of
specific capital investments in the
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4. Conclusion

e The authors proposed and considered an approach to providing NPPs with the base load and
increasing their maneuverability based on the use of reversible fuel cell systems. This approach is
distinguished by high reliability and safety of hydrogen fuel due to its "cold" combustion without
conversion into thermal and mechanical energy.

e A comparative assessment of the system based on reversible fuel cells, and the system based on
hydrogen-thermal storage in combination with the NPP was carried out according to the criterion of
peak electricity costs. Calculations have shown that at the present stage of technology development, the
use of reversible fuel cells is less efficient in comparison with the system based on hydrogen-thermal
storage with an additional STU. At the same time, the advantage of the system based on hydrogen-
thermal storage will make from 9.68% until 2035, excluding the economic effect from preventing
unloading of the NPP, and up to 25.31% in the current scenario, taking into account the economic effect
from preventing unloading of the NPP.

e The target level of base specific capital investments (units with a unit capacity of 250 kW) in the
proposed system of reversible fuel cells, providing equal technical and economic efficiency in
comparison with hydrogen-thermal storage, is determined, which amounts 1079-1134 $/kW.
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