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A technology of the cyclic generation of hydrogen and high-pressure oxygen, implemented
in a single-module and multi-module electrolysis installation, is considered. A schematic
operation diagram for implementing the method with four series-connected modules is
given. During the cyclic supply of alternating potentials to the active and passive elec-
trodes to obtain each of the gases separately in time while the other gas is being simulta-
neously and reversibly absorbed by the active electrode, the process can be carried out
with both single-module and multi-module circuits series-connected to an electrical circuit
and either separate modules or electrolyzer blocks removed (by shunting) from the electri-
cal circuit without interrupting the process of producing gases with the optimal regulation
of gas productivity under the conditions of the technological process. This makes it possi-
ble to realize the operation of an electrolysis installation with low current loads, reducing
the risk of electrical breakdowns inside electrolyser modules. A four-module electrolysis
installation control algorithm is described. The optimal parameters for regulating the per-
formance of gases are determined according to the requirements of the technological
process. An analysis of the cyclogram of hydrogen and oxygen generation with the limita-
tion of the reaction voltage from 0.5 to 1.8 V has been carried out. The range of operating
temperatures of the developed electrolysis process is in the range from 280 to 423 K, and
the pressure range is 0.1 to 70 MPa. The dependence of the volt-ampere characteristics of
a high-pressure electrolyzer power supply system on the number of series-connected mod-
ules of a given performance is given. The optimal regulation of gas performance on de-
mand of the technological process or in cases of removing individual modules from the
electrical circuit without interrupting the process of generating gases has been carried out
by controlling the amount of current in the electrical system according to inversely propor-
tional dependence from the number of connected modules. The appearance of an electrode
assembly design using a gas absorption electrode is considered. Recommendations for
implementing an electrolysis installation operation with low current loads and reducing
the risk of electrical breakdowns inside electrolyzer modules are indicated.
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Introduction

Searching for alternative energy sources is one of the most important tasks of our time. Researchers are
continuing to focus on the possibility of producing hydrogen from water. Technologies of hydrogen production,
based on the processes of water decomposition by electrolysis, are widely used in various fields of modern en-
gineering. Compared to other methods of hydrogen production, electrolysis is characterized by the simplicity of
the technological scheme, availability of raw materials, and relative ease of servicing power plants. An essential
disadvantage of the electrochemical method of producing hydrogen is the high energy intensity of the water
decomposition process. Therefore, the problem of developing electrochemical technologies for generating hy-
drogen from water with minimal energy consumption [1] is very urgent, especially in the light of expanding use
of hydrogen as an environmentally friendly energy source and technological raw materials.

Research Task Purpose and Formulation

The A. Podgorny Institute of Mechanical Engineering Problems of the National Academy of Sciences
of Ukraine has developed a technology for the electrochemical production of hydrogen H, and high-pressure
oxygen O, [2-9] using a gas-absorbing electrode in membrane-less electrolizer structures. The developed elec-
trochemical method of water decomposition is cyclic, consisting of alternating in time hydrogen and oxygen
release processes (Fig. 1).

The range of operating temperatures of the developed electrolysis process is in the range from 280 to
423 K, and the pressure interval is 0.1-70 MPa. The main purpose of the research is to develop an algorithm for
controlling the operation of a high pressure electrolyzer in accordance with the number of connected modules.

The task is achieved in that in the method of operation of the electrolysis installation designed for pro-
ducing high pressure hydrogen and oxygen by the electrochemical decomposition of an electrolyte during the
cyclic feeding of alternating potentials to the active and passive electrodes with the production of each of the
gases separately in time while simultaneously reversing the absorption of the other gas by the active electrode
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process can be conducted using either
the single-module or multi-modal
scheme. The series connection of indi-
vidual modules or blocks of electrolys-
ers to an electric circuit and their re-
moval (by shunting) from the circle
makes it possible for the installation to
operate without interrupting the proc-
ess of obtaining gases with the optimal
regulation of the their productivity un-
der the conditions of the technological
process. The magnitude of current (I)
in an electric circuit is maintained in
the intervals of correspondence of the
inversely proportional dependence on
the number of connected modules.

Experimental results
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i 8 15 22 29 36 43 50 06

Fig. 1. Cyclogram of voltage change across the terminals of an

electrochemical cell during hydrogen and oxygen release

0-0.5 V —range of hydrogen emission with high energy efficiency;
0.5-1.5 V — working range of the hydrogen emission pressure;

1.5-2.0 V — limit range of the hydrogen release voltage;
0—(-1.0 V) —range of the oxygen release voltage with high energy efficiency;
(-1.0 V) — (-1.5 V) — working range of the oxygen release voltage;
(-1.5V) —(-2.0 V) — limiting range of the oxygen release voltage

Fig. 2 shows the operating principle diagram of a single-module and multimodal electrolysis unit for
implementing a method with four series-connected modules.

A method for producing high-pressure hydrogen and oxygen is realized either in a single-module
(Fig. 2a) or four-module (Fig. 2, b) electrolysis installation containing four electrolytic sections each of which
consists of four vertically fixed electrolytic modules series-connected in one unit (1) with passive and active
electrodes. The sections of the electrolysis installation with the module blocks are connected via a polarity
switch (2) with a current source (3) and via a comparator (4) and a timer (5) — with a control unit (6). The
timer (5) is also connected to the polarity switch (2) and a gas-liquid flow electromagnetic switch (7) whose

Fig. 2. Principal diagram of an electrolysis installation:
a — single-module; b — four-module
1 — electrolysis module; 3, 2 — hydrogen and oxygen separators; 4 — comparator; 5 — timer; 6 — current source; 7 — polarity
switch; 8, 11 — hydrogen and oxygen valves; 9, 10 — electromagnetic valves for connection to the atmosphere; 12 — control
unit; 13 — gas-liquid flow electromagnetic switch; 14 — feed pump; 15 — non-return valve
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hydrogen and oxygen valves (8), (9) are respectively connected to the output fittings of hydrogen and oxygen
separators (10), (11), equipped with liquid level sensors. The separators (10) and (11) are connected to a block
of series-connected electrolysis modules (1) of the electrolysis installation and a feeding pump (12). The output
fittings of the separators (10) and (11) are connected to the control unit (6) through the electromagnetic valves
(8) and (9) and are respectively connected to the consumer hydrogen and oxygen gas lines. The system includes
valves (13) and (14) that connect the separators (10) and (11) to the atmosphere, and a non-return valve (15) to
cut off the fluid supply line.

The work of an electrolysis installation for producing high-pressure hydrogen and oxygen is con-
trolled by the control unit (6). At the time of the opening the non-return valve (15), at which the valves (13)
and (14) connecting the atmospheric separators (10) and (11) are open, and the valves (8 and 9) on the hy-
drogen and oxygen supply lines are closed, the feed pump (12) pumps the working electrolyte solution into
the electrolysis system, filling the modules to the level at which the level sensors are activated, on whose
signals the control unit (6) disconnects the feed pump (12) and closes the non-return valve (15).

Thus, in each of the sections of electrolysis modules series-connected to an electrical circuit, an elec-
trochemical decomposition occurs during the cyclic feeding of the alternating potential to the active and pas-
sive electrodes in each module. This ensures the possibility of the distributed over time alternating genera-
tion of one of the gases on the passive electrode with simultaneous reverse absorption of another gas by the
active electrode. The gas generation process proceeds with successive hydrogen and oxygen half-cycles.

During the hydrogen cycle, the timer (5) sets the flow switch (2) to the position where the hydrogen sepa-
rator (10) is connected to the sections of the electrolysis modules (1), and the polarity switch (7) — to the position
of the corresponding hydrogen release. The passive electrodes of the modules (1) receive a negative potential,
turning them into cathodes, whereas the active ones receive a positive potential, turning them into anodes. Under
such conditions, the cathodes release hydrogen that flows through the flow switch (2) into the hydrogen separator
(10) and then through the open electromagnetic valve 8 into the hydrogen line to the consumer. At the same time,
the oxygen released at the anodes is absorbed and chemically bound to the active mass of the active electrodes.
The isolation of hydrogen lasts until all the active mass of the electrodes is oxidized. The hydrogen cycle is ac-
companied by an increase in the voltage on the electrodes controlled by the comparator (4) and is maintained
within 0.3-0.5 V. When the voltage reaches the value of the corresponding active electrode electrochemical ca-
pacitance loss (0.5 V), the comparator (4), via the timer (5), sets the polarity switch (2) to the off position for the
period of time necessary to degas the electrolyte for the electrodes to be de-energized and completely degas the
electrolyte from the gas residues generated in the previous gas cycle. The flow switch (2) remains in the state of
the electrolyzer (1) sections being connected to the hydrogen separator 10. After the degassing time has elapsed,
the timer (5) sets the flow switch (7) to the position of the electrolyzer sections being connected to the oxygen
separator (6), sets the polarity switch (2) to the opposite polarity corresponding to the next oxygen cycle. Under
this condition, the passive electrodes of the cell (1) receive a positive potential while the active ones receive a
negative potential. The passive electrodes become anodes, releasing oxygen, which flows via the flow switch (2)
to the oxygen separator (11) and then, via the open electromagnetic valve (9), to the consumer oxygen line. At the
same time, the active electrodes of the modules regenerate (recover) the oxidized active mass. The process of
oxygen release occurs when the voltage on the electrodes is from 1.4 to 1.5 V and lasts until the end of the elec-
trochemical regeneration of the active mass. Under this condition, the comparator 4 connected to the control unit
(6), having reached the value of 1.4 V, through the timer (5) sets the polarity switch (2) to the off position for the
time of degassing, during which the flow switch (7) remains in the controlled position of the oxygen cycle. Fur-
ther, the process of changing the cycles continues in the same order.

At the same time, the magnitude of current (I) in an electric circuit is maintained in the intervals of
correspondence of the inversely proportional dependence on the number of connected modules. [10, 11].

As an active mass of gas-absorbing electrodes, metals with variable valence of a given structure are
used (Fig. 3).

The container of the reaction chamber of each of the electrolyzer modules was filled with the 20% potas-
sium hydroxide solution in water to a density of 1.21 mg/liter. The cyclic process of time-separated gas generation
was automatically regulated by the control system, in compliance with the regime parameters during the continu-
ous operation of the installation. The installation included a 2.5 kV DC source , an electronic polarity switch of the
electrode potential, an electronic comparator for controlling the operating range of the voltages on the electrodes,
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an electronic timer for controlling the time of de-
gassing, a control unit, devices and mechanisms for
observing the installation operating modes.

The operating pressure of the generated gases
is 0.1-15 MPa, which is determined by the strength
characteristics of the module body and electrolyzer
gas-liquid lines (Fig. 4).

The density of stabilized current strength is
200.0 A/m”. The optimal specific power consumption
in the hydrogen semicircle is 0.88 kWh/m’, while in
the oxygen semicircle it is 3.28 kWh/m’. The total
specific electricity consumption for gas production
does not exceed 4.16 kWh/m’. The gases produced
under high pressure were stored in receivers.

In order to increase the efficiency of the elec-
trolyzer under consideration, it is possible to increase
the number of series-connected electrolysis modules
with the proportional growth of the gases produced
and reduction of thermal losses. The optimal control of
gas productivity required by the technological process
or in case of removing individual modules from the
electric circuit without interrupting the process of gen-
erating gases was carried out by controlling the
amount of current in the electrical system in accor-
dance with the inversely proportional dependence on
the number of connected modules.

In Fig. 5 is shown the dependence of the cur-
rent loads in a the high-pressure electrolyzer power
supply system from the number of series-connected
modules of a specified productivity with the working
current density.

To obtain the appropriate volumes: of hydro-
gen (1 m’) and oxygen (0.5 m’) according to the sin-
gle-module scheme, the maximum values of currents
are 2.5 kA. For the four-module scheme they decrease
by 4 times to 0.63 kA. This makes it possible to realize
the work of an electrolysis installation with low cur-
rent loads and reduce the risk of electric breakdowns
inside the modules of electrolyzers.

Conclusions

1. When implementing an electrolysis installa-
tion under the multi-module scheme, the series-
connected modules placed in the module sections are
provided with high productivity in terms of the quan-
tity of the produced gases with low specific energy
consumption in the oxygen (up to 3.28 kWh/m®) and
hydrogen (up to 0.88 kWh/m”) half-cycles.

2. In each of the electrolysis modules an elec-
trochemical decomposition occurs during the cyclic
feeding of the alternating potential to the active and
passive electrodes, which provides the possibility of

Fig. 3. Construction of an electrode assembly using
a gas-absorbing electrode

Fig. 4. Construction of a high-pressure electrolyzer
with the main elements installed (15.0 MPa)
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Fig. 5. Dependence of current loads in the high-pressure

electrolyzer power supply system on the number of series-
connected modules of a specified productivity
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implementing the time-separated alternating generation of one of the gases on a passive electrode with simul-
taneous chemical transformation of another gas by an active electrode.

3. Under the four-module connection scheme, the maximum current value is reduced by 4 times from

2.5 to 0.63 kA for producing 1 m® of hydrogen and 0.5 m® of oxygen, which makes it possible to realize the
work of an electrolysis installation with low current loads and reduce the risk of electric breakdowns inside the
modules of electrolyzers.
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OCHOBHi MPUHIMITK POOOTH i AJTOPUTM KepyBaHHsI 0e3MeMOPAHHUM eJIEKTPOJTi3epOM BUCOKOT0 THCKY
Conogeii B. B., Kotenko A. JI., Bopo6iiosa 1. O., llleBuenko A. A., 3imynnikos M. M.

Iacturyt npobiem mammaoOynyBanHs iM. A.M. [linropaoro HAH Ykpainu,
61046, Ykpaina, m. Xapkis, Byin. [Toxxapcekoro, 2/10

Poszenanymo mexnonoziro yuxniuno2o cenepy8ants 600HI0 mMa KUCHIO BUCOKO20 MUCKY, WO Peani3yembcsl 8 00OHOMO-
OYIbHIL | 6a2amoMoO0yIbHIl elekmponizHitl ycmanosyi. Haeedeno npunyunogy cxemy it pobomu 0ns peanizayii cnocooy iz
YOMUPMA NOCIIO08HO NIOKTIOYeHUMU MOOYAAMU. TTi0 yac yurkaiunoi nooayi 3HAKOIMIHHUX NOMEHYIANI8 HA aKMUGHUL I nacu-
BHULL eIeKMPOOU 3 0O0EPHCAHHAM KOHCHO20 3 2a3i8 PO30LILHO 8 HACI 30 0OHOUACHO20 0DOPOMHO20 NOSIUHAHHSA THUI020 AKMU-
BHUM eeKMPOOOM NPOYEC MONCIUBO NPOBOOUMU 5K 3a OOHOMOOYAbHOI, MAK i 6a2amoMOOVIbHOIO CXEMOI0 3 NOCTIO0GHUM
NIOKIOUEHHAM 8 eleKMPUYHE KOO | 8UBCOCHHAM (ULYHMYBAHHAM) 3 KOJIA OKPeMUX MoOyiie abo 610K enekmponisepie be3
nepepusaHHs NPOYeCy 0OEPHCAHHA 24316 3 ONMUMATILHUM Pe2yI08AHHAM NPOOYKMUBHOCI 243i8 30 YMOBAMU THEXHONIOSTUHO-
20 npoyecy. Lle dozsonse peanizysamu pobomy eireKmponi3HOi YCMAHOBKY 3 HUSLKUMU CIPYMOBUMU HABAHMANCEHHAMU A
SHUBUMU PUSUKU BUHUKHEHHS eleKMPUYHUX NPo00i8 ycepeOuHi Mooynie enekmponisepis. Onucano anreopumm KepyeaHHs 4o-
MUPLOXMOOYILHOIO eeKMPOTIZHOI YCIMAHO8Ko. Busnayeno onmumansHi napamempu pe2ynosarts npoOyKmMUSHoCmi 2a3ie
Ha 8UMO2Y YMO8 MeXHON02iuH020 npoyecy. 1IposedeHo ananiz yukioepami 3 00MedceHHAM Hanpyeu nPOmiKauHa pearkyii 8io
0,5 oo 1,8 B npu eenepayii 600mio i xucio. Jianazon pobouux memnepamyp po3podoieHo2o npoyecy eiekmponizy 3Haxo-
oumwcs 6 medicax 6i0 280 oo 423 K, a inmepean muckie cmanosums 0,1-70 MIla. Hagedeno 3anesicHicmos 601bm-amMnepHux
XApaKkmepucmux CUCmeMu HCUGTIeHHs. eleKmpOlizepa 8UCOKO20 MUCKY 6i0 KiTbKOCMI NOCTIO06HO 3'€OHAHUX MOOYNI6 3a0aHOi
npooykmusrocmi. OnmumansbHe pezyno8ants NPOOYKMUBHOCI 24318 HA BUMOZY YMO8 MeXHON02IYHO20 npoyecy abo y euna-
OKax 8use0eHHsl 3 eIeKMPUYHO20 KO OKpeMUX MOOYi6 Oe3 nepepusanHs npoyecy cenepayii eazig 30iiCHI08AN0CH ULIAXOM
KepyBaHHsl GeIUHUHOIO CIMPYMY 8 eNeKMPUUHIE cucmeMi 32I0H0 3 00epHEeHO NPONOPYIIHOIO 3ANeHCHICIO 6I0 KiTbKOCMI Nio-
KIoUeHUx Mooynie. Pozensanymo 306uiunill 6u2nad KOHCMpPYKYii e1ekmpoOHOi 30ipKu 3 BUKOPUCMAHHAM 2A30N02TUHAIOY020
enekmpooa. Brasano pexomenoayii 3 peanizayii podomu enekmponizHoi YCMaHo8KU 3 HUSbKUMU CIPYMOBUMU HABAHMAICEH-
HAMU A 3HUNCEHHS PUBUKIG GUHUKHEHHS] eIeKIMPUYHUX NP00O0i8 ycepeouni MoOYi8 eleKmpoizepis.

Kntouoei cnosa: enexmponizep, 2a30n02nuHayuLl enekmpoo, 600eHb, KUCEHb.
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