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Recently, more and more attention has been paid to environmental
problems associated with excessive extraction of traditional energy
resources. The transition to sustainable and renewable energy sources
is becoming a key solution to overcome the depletion of natural re-
sources and reduce the negative impact on the environment. One of
the promising areas is the use of technology for obtaining hydrogen
and oxygen through electrolysis. However, these days the mentioned
technologies require large energy costs. Yet, in some of group operat-
ing modes, several electrolysis plants that operate simultaneously (in
this paper, we are talking about monopolar electrolyzers with an ac-
tive electrode) were used. At the same time, they might have a very
negative impact on the elements of the electrical network that supplies
this group of electrolysis plants. The optimization of the operation of a
group of monopolar electrolysis plants of the same type in order to
minimize their negative impact on the electrical network is considered
in this paper. The results of the approximation of the function that de-
scribes the change in voltage for electrolysis with an active electrode,
obtained from experimental data, using Fourier series were given. The
optimization objective function was determined and the problem of
finding the optimal sequence of starting a group of electrolysis plants
was solved using stochastic methods. As a result of the calculations, it
was established that the use of stochastic methods is appropriate, and
based on the proposed solution, it is possible to create a prototype of a
real control system for a group of similar electrolysis plants.

Keywords: electrolyzer, hydrogen, optimization, algorithm, func-
tion, current density.

The relevance of hydrogen technologies is determined by modern global challenges in the field of energy,

ecology and economics. In addition, the increase in energy demand, the need to reduce greenhouse gas emissions
and the commitment for sustainable development contribute to their active implementation, which, in turn, will
allow to solve environmental problems, strengthen energy security and open up new economic opportunities.

Hydrogen technologies are also key to creating a sustainable energy system of the future. In view of
this, the urgency of using hydrogen technologies is growing every day, especially with the strengthening of
global environmental standards and the development of "green" energy. The most common method of ob-
taining hydrogen is the electrolysis of water, which requires sufficient amounts of electricity [1]. If there are
not enough electricity sources, this can cause additional load on the energy system, especially during peak
consumption periods [2, 3].

Relevance of the problem

Recent research in the field of green hydrogen indicates a significant interest in optimizing existing
methods of its production and minimizing costs. In current papers, the improvement of hydrogen systems is
considered from the perspective of:

— maximizing the profitability of electrolyzers when using solar panels as a power source by finding
the best operating time and number of photovoltaic cells [4, 5];

—reducing costs in hydrogen logistics by choosing the optimal number of containers for its storage
and transportation [6, 7];

— finding the best configuration of the hydrogen system (using different electrolyzer settings and dif-
ferent power sources) [8].
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It is worth noting that these papers consider hydrogen production systems based on a single electro-
lyzer and do not aim to assess the feasibility of using multiple plants.

The membraneless monopolar high-pressure electrolyz-
ers have been developed in the Anatolii Pidhornyi Institute of
Power Machines and Systems of the National Academy of Sci-
ences of Ukraine [9—11]. Unlike a bipolar electrolyzer, the elec-
trodes in a monopolar electrolyzer are connected to the current
source separately (in parallel), which simplifies their manufac-
ture, installation and maintenance. In addition, in a bipolar elec-
trolyzer the electrodes must simultaneously perform the func-
tions of the anode and cathode, which requires more complex
material processing. A monopolar electrolyzer with an active
electrode operates in cycles consisting of two half-cycles — hy-
drogen and oxygen, with different half-cycles having different
voltage polarity on the passive plates. Fig. 1. Damaged turbine blades

The cyclical nature of electrolysis systems without optimization of the launch sequence can lead to a
high load on the power system during hydrogen (oxygen) generation on an industrial scale. The appearance
of turbine blades that failed due to mechanical shock caused by a sharp change in the load on the generator
shaft is shown in Fig. 1.

Plant description

In industry, traditional electrolyzers with a liquid alkaline electrolyte, providing gas generation with a
pressure of 0.05-1.6 MPa in the temperature range from 333 to 353 K and a current density of 1200-2500 A/m?
are widely used. At the same time, energy consumption (depending on the process temperature, pressure, elec-
trode quality, electrolyzer design and a number of other factors) varies from 4.3 to 5.2 kWh/m? of hydrogen (Ha).

In a monopolar high-pressure electrolyzer, the production of H, and O, during the decomposition of
H>O is spaced in time and forms hydrogen H, and oxygen O» half-cycles. This eliminates the need for a mem-
brane. In this case, in the first half-cycle, hydrogen is released on the passive electrode in gaseous form and fed
into the high-pressure line, and oxygen is chemically bound by the active electrode (forming a chemical com-
pound). In the next half-cycle, electrochemical reduction of the active electrode with hydrogen occurs, which is
accompanied by the release of oxygen on the passive electrode and its withdrawal into the external line.

A simplified functional diagram of the power | s
supply system of the electrolysis plant (considered in
this paper) is shown in Fig. 2. o amoroysc o sy e

This diagram shows that the same amount of
electric current flows through the electrolytic cell o
over time, changing direction as it goes from one half- o
cycle to the next one. The element with the highest
energy consumption in this diagram is the electrolytic oo oo
cell. The potential U, arises at the electrolytic cell
terminals due to the flow of current /.. The electric
energy W consumed by the electrolytic cell is the in-

tegral of the power P(f) over time Fig. 2. Functional c{iagram of an ele.ctrolysis plant:
A EC — electrolysis cell; PS — polarity switch;
W = j P(tydt ; P(t)=1,, -U,(). Ieur — current stabilizer; CS - coqtrol system;
PS — power supply; IPG — industrial power grid

g

153
In accordance, W =1, J. U,(t)dt , where U(t) — is the law of voltage change at the electrolytic cell
4

terminals.
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The voltage change of the full cycle of hydrogen and oxygen release during electrolysis using a gas-
absorbing electrode is shown in Fig. 3 and Fig. 4.

Fig. 4. Voltage change of the full cycle of hydrogen and
oxygen release during electrolysis using a Fe (spongy)
electrode assembly. Current density 1=0.015 A/cm’?

Fig. 3. Voltage change of the full cycle of hydrogen and
oxygen release during electrolysis using a Fe (spongy)
electrode assembly. Current density 1=0.03 A/cm’

Description of expected optimization
Accordingly, the generation of gases with the simultaneous use of several devices creates a large

electrical and mechanical load on the electrical system. Based on the schedule of the electrolyzer operation
cycle, unevenly distributed power consumption can lead to an increase in peak power and the occurrence of
shock mechanical loads on the energy system (which can cause a shock to the turbines of the generating
plant and cause them to fail). The voltage change in the non-optimized operating mode of the 1st, 3rd, 5th
electrolyzers simultaneously is shown in Fig. 5.

To avoid such scenarios, the plants need to have a control module (controller) that will manage the
launch sequence in such a way as to minimize the amount of simultaneously used voltage and eliminate
shock loads during the completion of the plant's operation cycles. In addition, optimization of the launch se-
quence of electrolyzers ensures stable and continuous hydrogen production, in contrast to the unoptimized
activation of plants operating in a half-cycle mode. The change in the voltage of the optimal launch sequence

of 6 identical electrolyzers is shown in Fig. 6.
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Fig. 6. Optimal launch sequence of 6 identical

Fig. 5. Voltage change of non-optimized operating mode
electrolyzers

of the 1st (blue), 3rd (orange) and 5th (green) identical
simultaneously running electrolyzers

Optimization of the electrolysis system
To clearly present the problem, an example in which it is advisable to apply optimization methods is

considered. In particular, the scenario of replacing the traditional heating system of a residential area with a
system based on hydrogen boilers is considered. The algorithms proposed below can be adapted to other are-
as, for example, to energy supply in the agro-industrial complex or in the field of hydrogen aviation.
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In the given model, hydrogen production by electrolysis is carried out in parallel with the heating
process. Depending on the type of power supply source, electrolyzers can create a significant additional load
on the power grid. Thus, in the case of connection to a centralized power grid, the load on transformer sub-
stations increases, which, without appropriate optimization, necessitates the installation of additional trans-
formers and an increase in the cost of their maintenance. If renewable energy sources are used, the problem
of compensating for fluctuations in electricity generation arises, which requires additional batteries, trans-
formers and photovoltaic panels.

The proposed optimization approaches allow to significantly reduce resource losses and ensure sta-
ble functioning of the system under conditions of variable load and unstable energy supply.

The required thermal energy for annual heating of a five-story building built in 19501970 was calculated

b = énax-ti_t" “ny -24-3600 MJ/year;

c
i o

where Q)" — maximum heat consumption
0 =gy V(G —15) 107

a is the conversion factor; go is the specific heating characteristic of buildings at the calculated outdoor air
temperature and is a function of the purpose of the building and other factors; V4 is the external construction
volume of the building; # — is the calculated indoor air temperature in heated rooms; #,* — average outdoor tem-
perature during the heating period; #,° is the calculated outdoor air temperature for heating design is taken ac-
cording to the application data [12] #,°=-30 °C; ny is the duration of the heating period, days; 24 is the operat-
ing time of heating systems of residential and public buildings during the day, hours.

Let's say there are 15 typical Soviet-type houses in the block, each with a volume of 7800 m>. In to-
tal, we need to heat 117.000 m? per season; #,°= -22 °C; t,*= -0.1 °C; ng=17 days.

The following characteristics are used for residential buildings: =18 °C; go=0.42 (W/m’)-K; a=1.134.

Maximum heat consumption

X =1.134-0.42-117000- (18 —(~22))-107°=2.2289904 MW.
The thermal energy for annual heating

) =2.228 -%-176- 24-3600=15337451.1273 MJ/year, or 4260.40 MW/year.

120-142 MJ/kg of thermal energy is released from 1 kg of hydrogen [13], or 33.33-39.44 kWh of
thermal energy.

Hydrogen boiler efficiency

i 9-H-[584+C, (T, -T,)]
i Gev ’
where H is the hydrogen content in fuel; C, is the specific heat of combustion of flue gases, Kcal/(kg °C); T;is
the flue gas temperature, °C; 7 is the ambient temperature, °C; GCV is the total heat of fuel combustion.

The typical efficiency of a hydrogen boiler is 80-90% [14], calculated taking into account the use of
hydrogen from fossil sources, where losses due to the amount of hydrogen in the fuel and the moisture con-
tained in the fuel are greater. Since these losses are lower in fuel produced by an electrolysis system, the effi-
ciency of a hydrogen boiler (95%) is used in the calculations.

The amount of hydrogen (kg) is determined by the formula

n=42604030/33.33-0.95=134673.718 kg,

n=2.
E
where Q is the heat demand per 1 m? per day (kWh); E is the energy density of hydrogen, 33.33 kWh/kg; n is
the boiler efficiency (in fractions, for example, 0.95 for 95%).

Density of hydrogen under standard conditions

Molarmass _ __» 1 414-0.08988 g1,

- Volume of 1 mole
where molar mass of hydrogen is 2 g; volume of 1 mole of gas under standard conditions (0 °C, 1 atm) is
22.414 1.
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Accordingly, volume of 1 kg of hydrogen

V= 1000 =11120 1=11.12 m’.
0.08988

Thus, it is necessary to have 1497571.751 m® of hydrogen per year, 8508.930 m* of hydrogen per
day, and 354.538 m®> of hydrogen per hour. To produce 1 m’ of hydrogen, our electrolyzer consumes
424 kW of electricity [9]. However, to produce 354.538 m* of hydrogen, it is necessary to consume
1503.244 kW of electricity, which is at least 1 additional transformer for 1600 kW, such as TM-1600.

In the following, we will consider the process of optimizing this peak load by balanced launch of
several electrolyzers to obtain this amount of hydrogen.

Planning and optimization of the electrolyzer launch sequence

The most expensive and dangerous option for launch-
ing a system with several plants is to launch all electrolysis
plants simultaneously. The result of the optimization is a de- | = |
layed launch sequence for each electrolysis plant in the system | . |
with a minimization of energy consumption.

A system with several electrolyzers is defined by a vec-
tor of functions that describe the amount of power consumed for | ?
each electrolysis plant of the system with several electrolyzers, | : |

A - An analytical function of the power consumed at a time | . |

A(?) is set for each electrolyzer. During the practical application
of the algorithm, the consumed voltage was given in tabular
form and approximated by the program. Fig. 7. Fourier series of 5 harmonic oscillations
Since the function describing the power consumed at a time is periodic and nonlinear, the approximation is car-
ried out by Fourier series in the form of a sum of 5 harmonic oscillations (Fig. 7).

When minimizing, it is necessary to determine the amount of consumed power, since the restrictions
on the network are set based on it. Due to this the consumed power will be used in the future. Function

S P (t,Z f,ﬁ,n) is the power consumed at time ¢ for the electrolyzers. The configuration of the electrolyzer

system is given by the vector of functions Z r» launch sequence @ , and the number of plants 7.

The best launch sequence is the one in which the maximum power value during the operation of the
electrolysis system is the smallest among all possible launch sequences.

Maximum power value during operation of the electrolysis system

(A, ®,n)=max, (S, (1, 4,,T,n)).
Optimization objective function
C(A,, M, n,k) =min, o, (h(4,,M,,n)),
where M is the matrix of launch sequences for each plant or a function that generates launch sequences; & is
the number of launch sequences.

It is precisely due to the need to generate launch sequences that this problem is not trivial and re-
quires the right choice of a method. Using a direct search for possible shift operations is inefficient, as it gen-
erates a large number of options that need to be checked.

The number of possible combinations of launch time shifts of n plants with £ shifts is the number of

placements with repetitions [15] Af =n" . With a fixed step (the step was chosen to be 3 minutes) on the ex-

ample of 3 electrolyzers, identical in characteristics and operating modes.

Accordingly, for 3 plants and 21 shift options (from 0 to 60 minutes with a step of 3) the number of
combinations will be 21°=9261, for 4 plants — 194481, and for 5 — 4084101, i.e. with changes in the quality
and number of plants the complexity and execution time increase significantly. The complexity in this case is
equal to @(¢) = n* -360, where 360 is the number of steps needed to find the evaluation function.

Therefore, one of the stochastic algorithms must be chosen. A genetic algorithm is taken to solve this
problem.
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The stochastic algorithm is chosen because traditional optimization methods rely on properties such
as continuity, differentiability, smoothness, and convexity of the objective function and constraints (if any).
The absence of any of these properties makes traditional methods incapable of solving such optimization
problems [16]. The minimum objective function is not differentiable, since it can have a break at the mini-
mum point when the evaluated sequence changes.

Genetic algorithm

Genetic algorithm is an evolutionary search algorithm used to solve optimization and modeling prob-
lems by sequentially selecting, combining, and varying the desired parameters using mechanisms that resem-
ble biological evolution. A feature of the genetic algorithm is the emphasis on the use of the "crossover" op-
erator, which performs the operation of recombination of candidate solutions, the role of which is similar to
the role of crossover in living nature [17].

Basic steps of the genetic algorithm:

— creating the initial population — an initial group of solutions (chromosomes) is generated randomly
or based on certain assumptions. Within the model of the electrolyzer system, it is assumed that random val-
ues are generated in the range of 0—60 minutes (equivalent to the interval 0-2x), the size of one solution
group is equal to the number of electrolyzers, the number of solution groups is selected manually and in-
creased if necessary to improve the search result;

— calculation of the fitness function for individuals in a population — for each chromosome, a fitness
function value, which determines how well a given solution solves the problem, is calculated. To optimize
the electrolyzer launch sequence, the fitness function is the maximum power value during the operation of

the electrolysis system h(Z_ £y @,N) .

Repetition until the algorithm's stopping criterion is met (the stopping criterion is the number of gen-
erations, or steps, that the algorithm runs through):

— selection of individuals from the current population. Chromosomes that will participate in the crea-
tion of the next generation are selected. In these calculations, tournament selection is used: several chromo-
somes are selected, and the best one is chosen from among them,;

— crossover and/or mutation. In our implementation, we use both crossover and mutation. Crossover
is the process by which new chromosomes are created from pairs of selected chromosomes. A universal type
of crossover was chosen, in which each pair of corresponding genes (the shift of a particular device @, ) is
crossed in proportion to a random value o €[0;1]

w, =0 o;,+(1-a)®,,.

Mutation is the process of introducing a small random change to individual genes on a chromosome.
For this optimization, Gaussian mutation was used with a random change in the gene value within the allow-
able range;

— formation of a new generation. A new population is formed from the offspring (results of crossover
and mutation).

Numerical results

For daily heating of the block, 354.538 m* of hydrogen is required. To obtain this amount,
1503.244 kW of electricity must be spent.

If hydrogen is produced using a single electrolyzer, then at a voltage of 2 V and 1 A/cm?, the electro-
lyzer has a total plate area of 751622 cm?, which is equivalent to a plate measuring 1 mx7.51 m per plant, as
shown in the corresponding graph (Fig. 9), with a peak power of 1463.652 kW. When using 5 identical elec-
trolyzers, each of which has a plate area on the device of 150324.4 cm?, after optimization we obtain that the
optimal launch sequence is [7.048 min, 15.094 min, 51.793 min, 42.944 min, 29.906 min] with a peak power
of 996.6641 kW (Fig. 10).

When using 3 identical electrolyzers, each of which has a plate area on the device of 125270.3 cm?,
and the Ist electrolyzer, which has a plate area on the device of 375811 ¢cm?, after optimization we obtain
that the optimal launch sequence is [52.425 min, 34.925 min, 27.650 min, 11.123 min] with a peak power of
1054.1243 kW (Fig. 11).
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Having calculated that when using 10 identical electrolyzers, each of which has a plate area of
75162.2 cm?, after optimization we obtain that the optimal launch sequence is [1.756 min, 5.428 min,
43.759 min, 39.116 min, 15.594 min, 29.183 min, 9.565 min, 49.261 min, 26.891 min, 53.966 min], with a
peak power of 953.4203 kW (Fig. 12).

Thus, an algorithm that reduces the maximum peak load by more than 500 kW, which allows balanc-
ing equipment costs and the load on the power grid, has been developed.
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Fig. 9. Power when using one electrolyzer with an electrolysis Fig. 10. Power when using 5 identical electrolyzers, each
cell area of 751622 cm’ and peak power of 1463.652 kW with an electrolysis cell area of 150324.4 cm? and

a peak power of 996.6641 kW after optimization
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green lines), and the 1st electrolyzer, which has with a peak power of 953.4203 kW after optimization

an electrolysis cell area of 375811 cm? (purple line)
with a peak power of 1054.1243 kW after optimization

Conclusions

In this paper, a solution to improve the use of membraneless monopolar high-pressure electrolyzers
by simultaneously using several electrolyzers with an optimized launch sequence was proposed.

The optimization objective function was determined and the use of stochastic methods for optimiz-
ing the launch sequence of electrolyzers was argued. The use of a genetic algorithm allowed obtaining ap-
proximately optimal results for a fixed number of iterations.

The problem of replacing the traditional heating system of a residential block with a system based on
hydrogen boilers was considered. The results proved the feasibility of optimization. As shown in the example
of a problem with the placement of ten electrolyzers, the optimized launch sequence provided a reduction in
peak energy consumption by more than 34%. At the same time, the computational complexity remained con-
stant: 100 iterations were used on a set of 100 combinations, which is specified as a hyperparameter, in con-
trast to a complete search of 10%° possible options with a step of one minute.

The calculation results demonstrate that the problem of scaling a hydrogen system from monopolar
electrolyzers can be successfully solved by stochastic methods, taking into account modern computing capa-
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bilities and the quality of the selected hyperparameters of the genetic algorithm. If necessary, this solution
can be used as part of a control system and integrated into industrial hydrogen production problems.

For further improvement, it is necessary to develop a full-fledged control system. The control system

should provide automatic creation of approximations according to the passport data of the electrolyzers for which
calculations are performed, and provide convenient functionality for quality monitoring and system management.

The development of a control system based on a genetic algorithm contributes to increasing the effi-

ciency of the functioning of the hydrogen energy system, reducing operating costs, optimizing work process-
es, and ensuring practical integration of optimization algorithms into real engineering solutions.
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OnTumizanisi CIOKUBAHHS eJIEKTPOEHEPTii IPyNoI0 0OJHOTHITHUX eJIeKTPOJII3HUX YCTAHOBOK
MOHOIIOJISIPHOTO THITY

. A. Korenko, M. M. 3inynnikoB, O. O. CtpejibHikOBa

[HCTUTYT €HEPTeTUIHUX MAIWH 1 cucTeM im. A. M. ITigropaoro HAH Ykpainu
61046, Ykpaina, M. XapkiB, Bys1. KomyHansHUKIB, 2/10

Ocmannim yacom dedani Oinbute yeacu NPUOLISEMbCS eKOA0IUHUM NPOOIeMaM, NO8 A3AHUM i3 HAOMIPHUM BU-
000y8anHaAM MpaouyitHux enepeemuynux pecypcis. Ilepexio na cmiixi i 6i0HO61108aHT 0dicepena enepeii cmae Kio4o-
BUM piuleHHAM OJis1 NOOOJAHHS BUCHANCEHHS. NPUPOOHUX PeCYpPCi6 | 3MEeHUEHHS HeeamueHo2o 8naugy Ha 008kius. O0-
HUM 13 NepCneKmMueHUX HanpAMie € UKOPUCAHHA TMEeXHOI02ii OMPUMAHHA 800HIO Ui KUCHIO 3d OONOMO2010 eNeKmpoii-
3y. OOHaK Ha cbO2OOHT 32A0aHi MEXHON02I BUMA2alOMb 8elUKUX eumpam enepeii. [lpome 6 0esiKux percumax epynosoi
pobomu BUKOPUCHOBYIOMbCA OEKIiNbKA eNeKMPONIZHUX YCIMAHOBOK, AKI Npayroioms 00HO4ACHO (y OaHill cmammi Mo8d
ti0e Npo MOHONOJAPHI eIeKMpPOoaizepu 3 AKMUSHUM eJleKIMPoOoM), NPU YbOMY MON*CYMb OYHce He2amueHo 6RAUBAMU HA
elemMenmu eleKmpUdHoOi Mepedxici, AKA HCUBUMb Y0 SPYNY eNeKMPONiZHUX YCMAHOBOK. VY cmammi po321a0aemscs on-
mumizayis podomu epynu 0OHOMUNHUX MOHONOJAPHUX eNEeKMPOTIZHUX YCMAHOBOK i3 MemOol0 MIHIMI3ayil ix HecamueHo-
20 6nU8Y Ha enekmpuuny mepedxcy. Haseoeno pesynomamu anpoxcumayii (pyHKyii, AKa onucye 3miny Hanpyeu 014 eie-
KMpOoRi3y 3 AKMUSHUM eIeKMpOoOOM, OMPUMAHO20 3 eKCHePUMEHMANbHUX OAHUX, 3a 00NOMO2010 pAadie Dyp'e. Busnaue-
HO Yinbo8y hyHKyil0 onmumizayii ma po3e’sa3anHo 3a0ayy NOWYKY ONMUMANbHOI uepau 3anycKy pynu eneKmponi3Hux
VCMAHOBOK 30 OONOMO20I0 CIOXACMUYHUX Memodig. ¥ pe3ynrbmami npogedeHux po3paxyHKieé 6CMAHOBIeHO, WO BUKO-
PUCAHHA CIOXACUYHUX MemOo0i8 € OOYINIbHUM, A HA OCHO8I 3aNPONOHOBAHO20 PIilleHHS MOXCHA CTNBOPUMU NPOMO-
Mun peanvHoi cucmemuy ynpagiiHHsa 2pynor 0OHOMUNHUX e1eKMPONIZHUX YCNAHOBOK.

Knrouosi cnosa: enexmponizep, 600eHsb, onmumizayis, areopumm, yHKYis, 2yCmuHa cmpymy.
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