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AHAaJII3 MOKJINBOCTE CTBOPEHHSI ABTOHOMHOI CHCTEMH eHepro3abdes-
NEeYEeHHSI METAJYPridiHOr0 BUPOOHUITBA 3 BUKOPUCTAHHAM BOJHEBHX

TEXHOJIOTIH Ta (PI3HYHOr0 Tenjia MeTAJIYyPriiHOro 00JIaITHAHHS

YKpaiHCbKUI AepXXaBHUN YHIBEPCUTET HaYKW i TexHonorin, M. [JHinpo, YkpaiHa

AHomauis. [eHepauis pecypcie eHepeii a8moHOMHOI cucmemu eHepao3abe3rnedyeHHs, iX pauioHanbHe 3a sumpamamu
ma eghekmugHe 3a pesyribmamamu 8UKOPUCMaHHS, Cripusie 3abes3neyeHHI0 cmasiozo po3gumky nidnpuemcmea. B ymo-
gax if adanmoeaHocmi 0o ocobriugocmeti MemarypeiliHoeo 8upobHUYMEa 8UKOPUCMaHHS ii mTomeHuiarny, He3anexHo i
308HIWHIX eHepaornocmayarbHukig, 00380UMb 3HU3UMU cobigeapmicmp MPOOyKUii, MiHiMiZyeamu empamu eHepeii ma
wkidnusi sukudu. 3azanom - NidsuUUMU eHep20eheKMUBHICIMb MEXHOI02IYHUX MPOUECI8 i KOHKYPEHMOCIPOMOXHICMb
memanypeiliHoi eanysi. Mema docnidxeHHs1. BcmaHoeneHHs Moxnusocmi peanizauii 8 3aMKHymil, asmoHOMHIlU ma
camodocmamuili cucmemi eHepa2o3abesnedeHHs, wo adarnmosaHa 00 yMo8 MemariypailiHo2o supobHuuymea, iHmezpauii
KOPUCHUX eHepeemuy4yHuUx erracmugocmel 8UxiOHO20 nomeHujary efleKmporii3Ho20 800HK0 Ma 8MOPUHHO20 romeHuiany
@i3u4HOI menmomu, wo € Yacmkor eHepeii mennogozo banaHcy memarypeailiHux rnpouecie, sika empadaembscsi. Ceped
repcrekmueHUX wisixie i egpekmusHux criocobig 3abeanedeHHs MemarnypeailiHux nidrnpuemMcme eHepaopecypcamu, 8
yMo8ax iX cy4acHO20 pOo38UMKY, Cmarmhb: 8UKOPUCMaHHS 8iOHO8/TH08aHUX OXXepen enekmpoeHepeii, iHmezpauis 00He-
8UX MexHOs102il, 3ay4eHHs1 8 OCHOBHI MPOUECcU 8MOPUHHUX eHEP2emUYHUX PEeCcypcis, 3aCmoCy8aHHs JI0KallbHUX eHep-
20KOMIIeKCi8 Ha OCHOS8I birbL M08HO20 8UKOPUCMAaHHS MomMeHuyiasy ix KopucHux enacmusocmed. 3a pe3ynbmamamu
docnidkeHHs1, pearnizauis 3aMKHymoi cucmemu eHepao3abesrnedyeHHs], SIK mernnoeoi iHmezpauii ckinadosux nomeHuiany
800HI0, BU3HAYEHO, W0 80OHa MOXe bymu KOPUCHO 8 pa3si BUKOPUCMAaHHS 3a/1ulKo8oi ¢hiau4dHOI mennomu memarnypei-
HO20 8UPObHUUMEa, W0 8mpadyacmbcs, 8 skocmi 000amKo8oz20o OxXeperna efnekKmpoeHepeaii supobHUUMea enekmponis-
HO20 800H!0, arne He 5K e/1eKmpuYyHO camodocmamHiti 3aMKHymul Yuksi. 3acmocysaHHs 8 KOMIEKC 3 MemarnypailHumu
npouecamu/azpezamamu, 0e € 3HayHUl rnomexuian Ornsi eeHepauii 3anuwKoeoi isuyHOI mennomu easie ma wrakis, €
obmexxeHUM, ane gaxnugum Orisi 3HUXEHHS MUMOMUX 8UmMpam eHepaopecypcie Ha 8UPOBHULMBO ef1eKmporli3HO20 80-
OHto. MokasaHo, Wo 8 3aMKHymiIl a8moOHOMHIU cucmemi 3abe3reyeHHs1 eHepaopecypcamu fpu peseHepauii KOPUCHUX
ernacmueocmeli momeHujiarny efeKmposlisHo20 800HIO MOXYmb 8UHUKamMU SIK O3UMUuHi mak i He2amuseHi, 3a erniueom
Ha cucmemy, echekmu cuHepeii. CuHepeisi 8 3aMKHeHIU asmoHOMHIl cucmemi eHepeo3abe3rneyeHHs1 Moxe bymu Kpumu-
YHO 8aXnusum ¢hakmopom - Oxepesiom 000amKo8oi eghekmugHOCMI, ane nuuwe 3a yMmosu eheKmugHO20 8UKOPUCMAaHHS
CKrmadosux cucmemu ma epaMmomHO20 MEXHOI02{YHO20 KOHMPOIIH0 3@ HUM.

Knroyoei cnoea: pecypcu eHepeii,3aMKHyma cucmema, efiekmporiis, 600eHb.

Abstract. Generation of energy resources of an autonomous energy supply system, their rational in terms of costs and
effective in terms of results of use, contributes to ensuring sustainable development of the enterprise. In the conditions of
its adaptation to the peculiarities of metallurgical production, the use of its potential, regardless of external energy
suppliers, will allow to reduce the cost of production, minimize energy losses and harmful emissions. In general, to
increase the energy efficiency of technological processes and the competitiveness of the metallurgical industry. Purpose
of the study. Establishing the possibility of implementing in a closed, autonomous and self-sufficient energy supply system,
adapted to the conditions of metallurgical production, the integration of useful energy properties of the initial potential of
electrolysis hydrogen and the secondary potential of physical heat, which is a part of the energy of the heat balance of
metallurgical processes that is lost. Among the promising ways and effective methods of providing metallurgical
enterprises with energy resources, in the conditions of their modern development, are: the use of renewable sources of
electricity, the integration of hydrogen technologies, the involvement of secondary energy resources in the main
processes, the use of local energy complexes based on a more complete use of the potential of their useful properties.
According to the results of the study, the implementation of a closed energy supply system, as a thermal integration of
the components of the hydrogen potential, it was determined that it can be useful in the case of using the residual physical
heat of metallurgical production, which is lost, as an additional source of electricity for the production of electrolysis
hydrogen, but not as an electrically self-sufficient closed cycle. Application in combination with metallurgical
processes/units, where there is a significant potential for generating residual physical heat of gases and slags, is limited,
but important for reducing the specific energy costs for the production of electrolysis hydrogen.lIt is shown that in a closed
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autonomous energy supply system, during the regeneration of the useful properties of the electrolysis hydrogen potential,
both positive and negative synergy effects may occur, in terms of their impact on the system. Synergy in a closed
autonomous energy supply system can be a critically important factor - a source of additional efficiency, but only under
the condition of effective use of the system components and competent technological control over it.

Keywords: energy resources, closed system, electrolysis, hydrogen.

Introduction. In the current conditions of
development of metallurgical production, one of the
key tasks is to increase its energy efficiency and
reduce the negative impact on the environment.
Traditional energy supply systems based on the use of
fossil fuels are exhausting their potential, increasingly
giving way to autonomous and innovative
technologies. Among the main areas of autonomous
energy supply of ferrous metallurgy processes, it is
worth noting:

1. Use of renewable sources of electricity (solar and
wind power plants, geothermal and bioenergy
methods), integrated directly into the production
infrastructure.

2. Introduction of hydrogen technologies both to
replace traditional carbon technologies with direct iron
reduction processes, and to accumulate and store
energy in the form of "green hydrogen".

3. Application of secondary energy resource
utilization systems (heat of by-gases and slags of blast
furnace, ferroalloy and converter production) with
subsequent use of physical and chemical energy in the
main metallurgical processes and processing into
electricity.

4. Local systems of energy complexes and
microgrids, which provide flexible management of
energy flow distribution and minimize their losses
during transportation.

5. Integration of digital control systems (smart grid,
monitoring and forecasting systems of consumption),
which allow optimizing production loads and reducing
specific energy consumption.

The implementation of these areas creates the
prerequisites for the formation of innovative and
environmentally  balanced  metallurgy, where
autonomous energy sources are combined with the
latest metal processing technologies. This opens up
prospects for reducing the carbon footprint of
production, increasing its competitiveness and
transition to a "green" economy of the future.

Analysis of autonomous closed systems for the
production of energy resources and the likely
results of their implementation at metallurgical
enterprises. In the current conditions of global
challenges associated with the energy crisis and the
need to reduce greenhouse gas emissions,
metallurgical production requires fundamentally new
approaches to energy supply. One of the priority areas
may be the implementation of autonomous energy
production and storage systems that can increase the
efficiency of technological processes, reduce
dependence on fossil resources and promote the
transition to environmentally friendly metallurgy.

Among the most promising ways to provide
enterprises with energy resources, we can single out:
the use of renewable energy sources, the integration

of hydrogen technologies, the utilization of secondary
energy resources, the use of micro-macro networks
and local energy complexes in combination with digital
management systems. The integrated application of
these solutions creates the prerequisites for the
formation of a new model of ferrous metallurgy -
energy-efficient, innovative and environmentally
friendly.

The importance of the results of solving the
identified problem is emphasized by the author [1].
Based on the analysis of the results of modern
domestic and world research, taking into account the
urgent need to apply innovative methods of energy
accumulation, the author concluded that "the demand
of our time is the development of scientifically sound
tools for the practical implementation of decentralized
heat supply based on alternative heat generators and
hybrid means of accumulating energy resources for a
wide range of sectors of the economy." At the current
stage of development of scientific knowledge and
technologies of "green metallurgy”, the following
negative challenges and its current unresolved
problems should be recognized:

- high energy intensity of obtaining electrolytic
hydrogen - from 50 to 55 kWh per 1 kg of hydrogen;

- discrepancy between the price of "green
hydrogen”, which is 2-3 times higher than "gray"
hydrogen or coke, and the needs for a stable and
cheap source of "green" electricity;

- lack of reliable and effective technological
schemes and devices to ensure the safe supply of pure
hydrogen to the furnace or other thermal unit.

Therefore, it is advisable to remember that the use
of electrolysis in industrial conditions without the use of
cheap sources of electricity will not become systemic,
and hydrogen can be obtained less expensively from
fossil fuels, natural gas, for example.

Regarding the sources of chemical energy, which
is necessary for the implementation of modern
metallurgical processes, the technologies of which are
based on the reduction of iron from enriched iron ore
concentrates, which have a physicochemical
orientation. Hydrogen is one of the most promising
energy resources, the useful properties of the initial
potential of which can provide, subject to a significant
reduction in the price of its production, metallurgical
production with chemical (reducing agent), thermal
(fuel) energy. Thus, the recycling of the components of
the initial potential of hydrogen is able to provide
energy for the successful implementation of the main
stages of the end-to-end technology of steel
production by creating thermodynamic conditions for
the implementation of externally controlled
physicochemical transformations in a given direction
with the expected speed and final result.

One of the directions of rational use of the useful
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properties of the initial potential of hydrogen and the
secondary potential of physical heat, which is a part of
the energy of the heat balance of melting metals and
alloys, which is lost for objective reasons, in our
opinion, is their combination (integration) in a
centralized, closed, autonomous, self-sufficient and
adapted to the requirements and features of
production system. It is obviously capable of ensuring
its stability when implementing the following scheme of
energy generation: “residual physical heat lost during
the implementation of relevant metallurgical processes
— electrical energy for powering electrolyzers or other
devices — hydrogen”. In more detail, the mechanism
and features of the implementation of the proposed
scheme are expedient to determine as follows. The
residual physical heat that is lost is accumulated in the
products of the relevant processes: gases, slag, lining
and metal housings of thermal units. Existing methods
of its use allow generating the physical heat of gases
and slag into steam, and subsequently obtaining
electricity. The unused portion that is lost remains that
which accumulates in the metal housings of thermal
units.

Justification of a system of autonomous, self-
sufficient provision of metallurgical production
with environmentally friendly energy resources.

The system can be implemented through a system
of mutual connections and influence of energy
resources that are of artificial origin or are naturally
renewable and capable of regeneration due to
controlled external influence [2].

A structured scheme of autonomous energy supply
of metallurgical production in the form of blocks and a
logical chain “generation — recycling — effects —
result” is expedient to present in the following way:

1. Generation of energy resources:

- use of hydrogen as an energy carrier (electrolysis,
renewable processes);

- involvement of renewable energy sources (solar,
wind, bioenergy);

- production of electricity by local installations (gas
turbines, fuel cells);

2. Recycling of energy resources:

- utilization of physical heat of blast furnace, coke
oven and converter gases;

- use of physical heat and chemical energy of
molten slags;

- reuse of by-products of thermal processes
(recycling of waste of technogenic origin).

3. Effects of implementation:

- reduction of dependence on external energy
suppliers;

- rationalization of energy and fuel costs;

- reduction of CO, emissions and other pollutants;

- optimization of the cost of metal products.

4. Result of implementation:

- stable, safe and uninterrupted operation of
metallurgical units;

- increase in energy efficiency of production in
general;

- environmental sustainability and innovativeness
of the metallurgical industry;

- increase in the competitiveness of the enterprise
in the world market.

The externally controlled interaction of blocks, a
logically defined chain, determines the capabilities of
the autonomous supply system and the level of its self-
sufficiency. In autonomous closed energy supply
systems of metallurgical production, synergy effects of
both positive and potentially negative impact on the
system may arise

Table 1 Synergy effects in closed autonomous systems for energy generation and recirculation

No. | Type of synergy Impact on the system Consequence for the functioning of metallur-
effect gical production

1 Positive — energy Balance of energy generation and re- Reduced dependence on external suppliers,
isolation cycling stable operation of units

2 Positive — increased Integrated use of hydrogen, secondary | Increase in the efficiency of energy compo-
efficiency gases, heat of waste streams nents, reduction of production costs

3 Positive — Reduction of CO, and harmful sub- Increasing environmental sustainability and
environmental effect stances emissions into the environ- compliance with international standards

ment
4 Positive — reliability Energy backup thanks to the use of Continuity and stability of technological pro-
combined sources cesses even at peak loads

5 Negative — difficulty in | The need for multi-thread integration High requirements for automation and digital
driving monitoring

6 Negative — uneven Cyclical nature of the emergence of Possible imbalances in supply and energy
formation of re- secondary energy resources losses in the absence of storage systems
sources

7 Negative — Explosiveness and specificity of the in- | Increased requirements for safety, workers
technological risks fluence of hydrogen properties and equipment

8 Negative — capital Significant investment costs for imple- | Slow scaling of the system without state
intensity mentation support, grants, investments

52




The impact of effects on the functioning of the sys-
tem is realized:

- with a reasonable balance, the positive effects of
synergy dominate, the system becomes more stable,
more cost-effective, and the level of environmental
cleanliness increases;

- if negative factors are not taken into account, en-
ergy imbalance, overloading of the system may occur,
which will become a source of accident risks and a rea-
son for a decrease in its energy efficiency.

The introduction of intelligent control systems (digi-
tal modeling, IloT, big data analytics [3]) will obviously
allow to coordinate all flows of energy source regener-
ation and minimize the occurrence of negative syner-
gistic effects. That is, synergy in a closed autonomous
energy supply system can be a critically important fac-
tor - a source of additional efficiency, but only if com-
petent technological control is carried out.

It should be noted that the level of efficiency of the
autonomous power supply system is significantly influ-
enced by the state of the fuel and resource base of tra-
ditionally used materials, the potential of which is ex-
haustive [4].

The idea of "closing” the life cycle of the beneficial
properties of hydrogen by installing thermoelectricity
on hot cases, at first glance, is quite logical as a first
assumption. But if we take into account industrial tem-
peratures and the real capabilities of serial TEGs (ther-
moelectric generators), it turns out that the electricity
(hereinafter referred to as electricity) that a certain
number of TEGs can generate will not be enough, to
make the cycle self-sufficient, ultra-large heat flows
and active areas are needed. Therefore, the closed cir-
cuit "electrolysis — H, — back into electricity" is likely
to require the use of an additional source of electricity
to power the electrolyzers.

Thus, the efficiency of industrial TEGs based on
Bi, Tes/PbTe today is mostly ~ 5-8%. (in the conditions
of laboratory experiments, in the serial industry, this fig-
ure is lower). Typical specific power/efficiency of TEGs
at AT ~150—-200 °C, according to data [5], are units to
tens of watts per module with dimensions of 40x40
mm, which means the need to have extra-large areas
and massive heat exchangers/radiators.

To determine the system position based on indis-
putable facts, it is necessary to establish the reality of
the implementation of the scheme with the use of re-
sidual heat, which "seems" free. Calculations of the
higher calorific value of hydrogen, which is determined
from the enthalpy of liquid water formation under
standard conditions, i.e. includes both the heat of reac-
tion and the heat of condensation of water vapor, show
that its value is 39.4 kWh/kg.

The reverse conversion of H,—electricity by com-
bustion of hydrogen in a fuel cell gives according to
calculations 50-60% of LHV, i.e. ~16-20 kWh/kg; gas
turbinef/internal combustion engine — even lower
(~35-45% — ~12-15 kWh/kg).

Itturns out that, even in the ideal case of SOEC with
“free” heat, to implement the direct stage of the
hydrogen life cycle “electricity — electrolysis” it is
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necessary to use -~28-30 kWh/kg, and when
implementing the reverse stage, the electricity that can
create hydrogen combustion (“hydrogen
combustion — electricity”) is only ~16—20 kWh/kg for
(PEM-FC) or ~12-15 kWh/kg when using a turbine.
And to obtain 1 kWh of electricity, it is necessary to use
~7-10 kWh of heat. Against the background of the
needs of ~28-30 kWh/kg of H,, these are huge heat
flows. That is, the electrical balance of the closed
circuit under study will always be in the negative. “Free”
heat helps to reduce the electrolyzer's electricity
consumption, but does not make the cycle self-
sufficient in electricity.

However, the scheme of regeneration of the initial
useful properties of the potential of hydrogen as an
important energy resource for metallurgical production
can be useful for: reducing the specific electricity
consumption of hydrogen in high-temperature
electrolyzers (SOEC + waste physical heat, which has
a secondary origin); improving the overall heat balance
of the relevant workshops due to: heating water, steam
production, recovery of secondary energy of exhaust
gases - products of metallurgical processes,
preliminary drying of the components of the initial
charge); using H, as a reducing agent in DRI/DRH - all
these are factors that contribute to obtaining the
greatest process gain, for example, in the kinetics of
metallurgical reactions, in ecology by reducing CO,
emissions.

If measured by the consumption of electrical energy
(it is she who feeds the electrolyzer), then, even with
“free” heat, the electrolyzer consumes more kWh_ per
1 kg of H, than can be returned from this kilogram of
hydrogen in the form of kwh when it is burned.

Therefore, the idea of a closed energy supply
system should be defined as useful as thermal
integration, which will reduce electricity consumption
for hydrogen production, but not as an electrically self-
sufficient closed cycle. And its application in
combination with metallurgical processes/units, where
there is a significant potential for generating residual
physical heat of gases and slags, is limited.

For a well-founded determination of the advantages
and disadvantages of a closed energy consumption
system, it is advisable to determine the technical
characteristics of its components, namely high-
temperature electrolyzers, thermoelectric generators,
regarding the compatibility of their capabilities, as
elements of the system for regenerating their
properties.

Thermoelectric generators (TEG) are installed on
heat-generating areas of metallurgical equipment, in
particular on the external surfaces of furnaces,
converters or heat-conducting channels through which
hot exhaust gases are discharged. The hot side of
thermoelectric modules is placed on the surface of
their housings, in contact with it, and the cold side is
cooled using water or air cooling.

To determine the effectiveness of the use of
existing types of TEGs, let's turn to actual data and
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analyze their real capabilities:

- The efficiency of industrial TEGs based on
Bi, Tes/PbTe today is mostly ~5—-8% (in the best cases
of laboratory materials - higher, but this is not a serial
industry) [5];

- A high-temperature SOEC electrolyzer with heat
supply gives = 36—40 kWh__electricity/kg H;

- The typical specific power/efficiency of TEGs at
AT ~150-200°C is units to tens of watts per 40x40 mm
module according to their technical data.

In a system implementation, this means large areas
and massive heat exchangers/radiators.

It is advisable to determine the parameters of
technical support for the use of physical heat
accumulated in the metal housings of thermal units, in
conditions of practically no traffic, unlike exhaust gases
and slags - waste from metal smelting.

First, let's determine the number and area required
to accommodate the appropriate number of TEGS,
which will provide electricity to the high-temperature
electrolyzer, which in turn - hydrogen in an amount
sufficient to produce 10 tons of iron per day by its direct
reduction.

Secondly, when calculating the number of
thermoelectric generators required to produce 10 tons
of iron per day, the following initial data were

determined and the following assumptions were made:

- raw material - hematite Fe,O3; main reaction:
Fe,O; + 3H, —» 2 Fe + 3 H;0;

- 625 TEG modules can be placed on 1 m? of the
surface of the heated unit housing;

- linear approximation of module performance 1 «
AT;

- cold side Tcold = 30 °C;

- consider options with Thot = 200, 300, 400, 500
°C.

- electrolyzer — high-temperature SOEC, which
consumes 36 kWh/kg H, [6].

[Insa po3paxyHKy NnokasHuKiB, WO NpuBeaeHi B Tadn.
2, BUKOpUCTaHi aaHi 3 [6], it also gives the initial factors
that affect the calculation results: the cold side of the
module is 30 °C, the surface temperatures of the
industrial unit housing (hot side of the modules) in °C
are 200, 300, 400 and 500. Also, for these conditions,
the corresponding values of the electric power of the
TEG modules (SOEC) are determined. Data on the
influence of the characteristic temperatures and
technical capabilities of thermal electric generators
(TEG) on the electric power are summarized in the
following table. 2.

Table 2 — Influence of the characteristic temperatures and technical capabilities of thermal electric generators

(TEG) on the electric power

Ne Thot (°C) AT (°C) EI :ccordlng to option A, W/mod- Eleaccordlng to option B, W/mod-
1 200.0 170.0 3.107 5.667

2 300.0 270.0 4,935 9.0

3 400.0 370.0 6.763 12.333

4 500.0 470.0 8.591 15.667

The analysis of the data given in [7] allows us to
determine the following. A target electrolyzer of 100 kg
H./day (= 4.17 kg/h) when using a TEG (SOEC) deliv-
ering 40 kWh/kg requires =167 kW of electricity contin-
uously. If the efficiency of TAGS is 5-8% [8], to achieve
this indicator, it is necessary to create a heat flux of
about 167 kW/0.08 = 2.1 MW (for 8%) or 167/0.05 =
3.3 MW (for 5%). That is, in order to remove 2+3 MW
from the heated surfaces of metallurgical units and, at
the same time, it is necessary to stably keep the other
side of the TEG cool and fulfill the condition AT = const.
This is already a different level — for example, the level
of a much higher volume of heat recovery of exhaust
heated gases.

If we take an optimistic commercial figure of ~10 W
from a 40%x40 mm (16 cm?) module and a high AT
value, then the need to obtain 167000 W requires
=16700 modules, i.e. ~267 m? of active area for the
placement of TAGs. Even if the electrolysis is partially
or completely "powered" by the TEG, the reverse con-
version of H,—electricity from the use of a fuel cell to
burn a fraction of hydrogen (the efficiency of PEM is
~55%) will yield less kWh_of electricity than will be
spent on electrolysis. Below are the main results of cal-
culating the amount of hydrogen for the production of
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10 tons of Fe, explanations and practical conclusions
are made regarding the probability of implementing the
process in a closed system.

1. Calculation by stoichiometry of the reaction
Fe,O; — Fe allows you to determine the mass of H,
required for the production of 10 tons of iron by the
method of its direct reduction: = 541.499 kg H, (54.15
kg H; per 1 ton of Fe) or 0.05415 kg H, per 1 kg Fe).

2. Electricity required to produce a given amount of
hydrogen when using a high-temperature SOEC elec-
trolyzer:

- energy for electrolysis is: 541.499 kg x 36
kWh/kg= 19494 kWh (= 19.5 MWh per 10 t Fe);

- if you produce 10 tons of Fe evenly in 24 hours,
you need to provide a continuous power of = 812.25
kW,

- for the production of 1 ton of Fe, it is necessary to
spend = 81.23 kW of electricity.

3. The amount of electricity that 1m2 of the heated
surface of the metal body of the melting unit can pro-
vide, on which 625 TEG modules of 40x40 mm can be
placed (cold side temperature 30 °C) and calculation
of the total area for their placement:

The calculations were carried out for the perfor-
mance of one TEG module, respectively, in W/module



3.29 — according to the conservative option (A) and
10.0 — according to the standard option (B).

For Thot = 200/300/400/500 °C, AT is, respectively,
170/270/370/470 °C):

According to option A (3.29 W/module), Thot =
200°C and AT=170°C:

- electric power - P (kW/m?) is approximately 1.947;
3,245; 4,543; 5.841. Change interval (1.95 + 5.84
kW/m2).

- the required area of TEG (m?), which will provide
812.25 kW: = 416.9 m? for 200°C; 250.4 m? for 300°C;
178.9 m? for 400°C and 139.2 m? for 500°C;

According to option B (10 W/module), Thot = 300°C
and AT=270°C:

- electrical power P (kW/m?) is approximately 3.125;
5,208; 7.292 and 9.375 - (3.13 + 9.38 kW/m?);

- required TEG area (m?) for 812.25 kW: = 259.9 m?
for 200°C; 156.1 m? for 300°C; 111.5 m? for 400°C and
86.6 m? for 500°C.

The results of the study show that the installation of
TEGs in the fuel generating areas of metallurgical units
(metal casings of blast furnaces, oxygen converters,
mixers and other thermal units and equipment) is a ra-
ther important technical solution from the point of view
of the use of energy from secondary sources. Its intro-
duction will ensure an increase in the level of energy
efficiency of a metallurgical enterprise with integrated
hydrogen production, which is used at one of the im-
portant stages of the end-to-end technology of steel
production - direct reduction of iron.

Such a solution will allow you to use thermal en-
ergy, which only heats the air around, is practically free
of charge and allows you to "reduce energy consump-
tion from external sources and does not require signif-
icant costs.

4. Interpretation of calculated indicators and practi-
cal conclusions

The amount of H, to produce 10 tons of Fe is =
541.5 kg, which gives an idea of its scale (hundreds of
kilograms of H, per day).

The need to have a constant, continuously stable
electrical power of TEGs at the level of = 0.81 MW. To
power the SOEC type electrolyzer, exclusively by heat-
ing the TEG from the housings of thermal units, it is
necessary to have hundreds of square meters of their
surface to accommodate the TEG modules.

Areas of hundreds of m? are realistic, but not trivial,
because it is necessary to solve the issues of installa-
tion costs, accessibility of the surface of the enclo-
sures, the availability of area for the placement of
TAGS at the appropriate AT values, the conditions of
heat transfer and cooling of the "cold side" of the mod-
ules, mechanical resistance, the cost of the modules,
their moral and physical wear and maintenance of the
modules, which is also important.

Burning a certain fraction of hydrogen, if it is excess
for the needs of iron recovery, and creating a reserve
seems to be a technically correct solution. But using
the capacities of TEGs of modern modifications, from
the point of view of economic sense, for burning
hydrogen without a significant reduction in the price of
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its production of hydrogen using high-temperature
electrolyzers, is not an effective solution.

An important fact that must be taken into account
when solving similar problems is that a completely
"closed" regeneration scheme, where the heat of the
heated bodies of the melting units — electricity —
electrolysis H, — Fe,O; recovery — combustion of a
fraction of H, — heat — electricity to power the
electrolyzers — H,, even theoretically, cannot exist
due to energy losses, according to the 2nd law of
thermodynamics (heat of combustion of H, < electricity
consumption for electrolysis). But it is advisable to
implement the regeneration system links by utilizing
the energy of secondary sources of steelmaking
production for electric feeding and heating of
electrolyzers (especially of the SOEC type).

According to the data given in [5,9], even when
using SOEC, the electricity consumption per 1 kg of H2
remains higher than its electrical value during the
reverse transformation through the combustion of H2
(heat — electricity — electrolysis hydrogen), and the
switching losses at each step of the physicochemical
transformations make complete “regeneration”
impossible.

Summing up the interim conclusion of the study, it
is necessary to determine that parts of the closed chain
of transformations of the closed circuit as the subject
of the study have already been patrtially implemented
according to the scheme
WHP—steam/electricity >SOEC; H,-DRI,; utilization of
waste/heat of liquid steel for hydrogen production). But
a closed life cycle of H, regeneration in industrial
production cannot exist due to fundamental losses,
which are objective.

It is advisable to comment on the regenerative
scheme of using the properties of the components of
the WHP—steam/electricity -~ SOEC scheme, having
determined the functional aspects of their
transformation.

1. WHP (Waste Heat Potential). The source is
secondary energy resources, in particular the heat of
gases - products of metallurgical processes, the heat
of cooling of metallurgical units and other thermal units.
Their properties are realized as low and medium
potential energy, which is traditionally difficult to utilize.

2. The intermediate stage of transformation of
secondary industrial heat into steam or electricity. It is
realized through waste heat recovery boilers or ORC
systems, where the waste heat is converted into
technical steam or electricity. Physicochemical
processes at this stage are indirect - heat converts the
working fluid (H,O, organic liquids) into another energy
state.

An important point of transformation is that the
concentration and improvement of energy quality
occurs according to the scheme low-potential heat —
electricity or steam under pressure.

3. SOEC (Solid Oxide Electrolysis Cell). The
obtained electricity and steam are used to implement
the electrolysis of water at high temperatures (700-850
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°C). The following processes are implemented in this
process:

- electricity provides electrochemical splitting of the
H,O molecule;

- steam reduces the need for electrical energy (part
of the energy is supplied in the form of heat).

At the output after the regeneration-transformation
cycle of the initial properties of the system elements by
separation, individual streams of high-purity hydrogen
(H;) + oxygen (O,) are obtained.

The features that determine the functional aspects
of regeneration are:

4. Functional-regenerative aspect of regeneration.
The system of physicochemical transformations works
as a closed loop of transformation of its initial elements
according to the scheme: secondary physical heat —
higher quality energy carriers — chemical energy
carrier (Hy);

The complex of physicochemical transformations is
carried out by:

- transition of heat
(evaporation/condensation);

- electrochemical decomposition of water into
hydrogen and oxygen;

- regeneration of the thermal part by using high-
temperature waste in SOEC for electricity.

5. The main features as characteristic features of
the processes in the system include:

- regenerativity, as an important feature of the
system, is characterized by the involvement of waste
streams and their "refueling" in a new energy
exchange cycle;

- the exergy effect is realized through an increase
in the share of useful energy, the source of which is
secondary waste energy;

- system flexibility - hydrogen, as a result of the
implementation of processes in the system, can be
reused in production (metallurgy, as a fuel element of
the system and energy storage).

Thus, the WHP—steam/electricity—>SOEC scheme
is an example of cascade energy transformation,
where low-quality secondary physical heat is brought
into the form of a high-quality energy resource — use-
ful components of hydrogen through a series of suc-
cessive physical and chemical transformations that
create a micro-macrosystem. The main functional pur-
pose of which is to be used as a "green" reducing agent
in the processes of direct reduction of iron (H,-DRI),
with the ability to accumulate hydrogen if necessary.

In real conditions, the efficiency of electrolysis is ap-
proximately 50-60%. This means that only part of the
consumed electricity is converted into a useful chemi-
cal component of its potential, the other part is lost in
the form of physical heat. Therefore, it is advisable to
use the "free" physical, residual heat as a source of
secondary energy, which will reduce electricity con-
sumption for the production of 1 kg of H,, bringing
closer to the implementation of the idea of making this
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cycle closed and energetically self-sufficient. And a
more realistic direction of improving the energy effi-
ciency of metallurgical production can be the deepest
possible thermal integration of high-temperature elec-
trolysis with electricity from TEGs, which will use the
thermal energy lost during the implementation of met-
allurgical processes, with further optimization of the
share of H, between recovery, which is the highest pri-
ority, and incineration as an additional source of the
thermal process of the corresponding process/produc-
tion.

Regarding the prospects for the use of high-tem-
perature electrolysis. There are many combinations of
performance, efficiency, service life and cost indica-
tors, which, according to [6], allow you to achieve the
main goal of hydrogen production at a low cost of $ 2
per 1 kg of H2 by 2026 and $ 1 per 1 kg of H2 by 2031.
The combinations of objectives given by the authors
were developed with the participation of industry ex-
perts and national laboratories; They can be consid-
ered a reference point for technology developers.

Thus, the idea of a closed power supply system
must be determined to be useful in terms of integrating
the initial properties of the elements. The result of their
transformation is the emergence of optimal schemes
for the distribution of the components of the energy of
the system. This will reduce electricity consumption for
hydrogen production, but not as an electrically self-suf-
ficient closed loop. Therefore, the application in combi-
nation with metallurgical processes/aggregates, where
there is a significant potential for generating residual
physical heat of gases and slags, is limited.

Conclusions. The idea of "closing" the regenera-
tion cycle due to the production of thermoelectricity on
hot cases of metallurgical equipment, considered and
analyzed for the reality of introduction, is quite logical
as the first assumption. But if we take into account the
potential of their physical heat as a source of electricity
and the technical capabilities of TEGs (thermoelectric
generators), it turns out that the electrical energy they
are able to generate will not be enough to make the
cycle closed and self-sufficient in terms of the potential
of the energy used and restored again in the reverse
way. This requires extremely large heat flows and ar-
eas, but the cycle of "electrolysis — H, — back to elec-
tricity" will always be in the red, due to the significant
electricity costs for electrolysis, which requires addi-
tional use of electricity from external sources. Each re-
peated cycle will add losses due to incomplete conver-
sion, losses on heat transfer and power supply of aux-
iliary equipment and compression, hydrogen purifica-
tion.

It is advisable to use the results of the study in solv-
ing similar problems in the creation of regeneration
schemes based on the combination of secondary
sources of physical heat with the possibilities of obtain-
ing electrical energy from it - the integration of solid ox-
ygen hydrogen electrolyzers into the infrastructure of
steelmaking.
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