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Abstract. Introduction. The high cost of agricultural products grown in modern greenhouse
complexes is primarily associated with the significant share of energy consumption. Therefore, the
development of energy-efficient greenhouse systems based on the effective use of alternative energy
sources is an important scientific and technical task.

Methods and Materials. In this study, experimental and thermodynamic analysis methods
were employed to develop a combined pyrolysis-based greenhouse heating system.

Results. As a result of the research, a combined pyrolysis-based greenhouse heating system
was developed, and its parameters were substantiated. The proposed system enables biomass
drying, production of pyrogas, liquid fuel, and biochar through the pyrolysis process, as well as the
utilization of secondary heat from flue gases.

Conclusion. The proposed combined pyrolysis-based greenhouse heating system improves
energy efficiency, reduces heat losses, and enables the production of alternative fuels. This system
is of great importance for ensuring stable heat supply to greenhouses, utilizing local resources, and
implementing environmentally friendly technologies.
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Annotatsiya. Kirish. Zamonaviy issigxona komplekslarida yetishtiriladigan mahsulotlar
tannarxining yuqoriligi asosan energiya sarfining katta ulushi bilan bog ‘liq. Shu sababli, mugobil
energiya manbalaridan samarali foydalanishga asoslangan energiya tejamkor issigxona tizimlarini
ishlab chigish muhim ilmiy-texnik vazifa hisoblanadi.

Usul va materiallar. Tadqiqot ishida kombinatsiyalashgan piroliz qurilmali issigxona isitish
tizimini ishlab chiqish uchun eksperimental va termodinamik tahlil usullaridan foydalanildi.

Natijalar. Tadgiqot natijasida issigxonalarning kombinatsiyalashgan piroliz qurilmali
isitish tizimi ishlab chiqildi va parametrlari asoslandi. Ushbu tizim yordamida biomassa quritish,
piroliz jarayoni orqali pirogaz, suyuq yoqilg ‘i va biochar olish hamda tutun gazlaridagi ikkilamchi
issiglikni utilizatsiya qilish imkoniyati yaratildi.
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Xulosa. Taklif etilgan issigxonaning kombinatsiyalashgan piroliz qurilmali isitish tizimi
energiya samaradorligini oshirish, issiqlik yo ‘qotishlarini kamaytirish va muqobil yoqilg ‘i olish
imkonini beradi. Ushbu tizim issigxonalarni bargaror issiqlik bilan ta’minlash, mahalliy
resurslardan foydalanish va ekologik toza texnologiyalarni joriy etishda muhim ahamiyatga ega.

Kalit so‘zlar. kombinatsiyalashgan piroliz tizimi, issigxona isitish, biomassa, quyosh
energiyasi, pirogaz, biochar, issiqlik utilizatsiyasi, muqobil yoqilg ‘i, energiya samaradorligi.
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Annomauusn. Beedenue. Bvicokas cebecmoumocms cebCKOXO3AUCMBEHHOU NPOOYKYULU,
BLIPAWUBAEMOU 8 COBPEMEHHBIX MENTUUHBIX KOMNLEKCAX, 8 3HAUUMENbHOU cmeneHu 00yCcl061eHa
8bICOKOU O0Jlell dHepeozampam. B cesazu ¢ smum pazpabomka 3HepeodI¢hheKkmusHbvix meniuyHbix
cucmem, OCHOBAHMBIX HA IPPEKMUBHOM UCNONB308AHUU ATLINEPHATNUBHBIX UCTNIOYHUKO8 IHEPIUl,
ABNAEMCSL BANCHOU HAYUHO-MEXHUYECKOU 3a0ayel.

Memoovt u mamepuanvl. B pabome 0ns pazpabomku KOMOUHUPOBAHHOU CUCTIEMbl
OMONAEHUSL MENTUY C NUPOTUSHOU YCMAHOBKOU UCNONb308AHbL IKCNEPUMEHMATbHbBIE MemOoObl U
MepMOOUHAMUYECKUTE AHATU3.

Pezynomameot. B pesynomame ucciedosanus paspabomana KOMOUHUPOBAHHAS CUCMeEMA
OMONIeHUsL MeNuY ¢ NUPOIUSHOU YCMAHOBKOU U 000CHO8aHbl €€ napamempsl. Ilpedracaemas
cucmema obecneuusaem CyuwKy OUOMACCyHL, NOTYYeHUe NUPO2A3d, HCUOKO20 MONIUBA U OUOYels 8
npoyecce NUPOIU3A, A MAKHCe YMUTUZAYUIO BMOPULHOU MENT0Mbl ObIMOBLIX 2A308.

3aknwuenue. Ilpeonodcennas KOMOUHUPOBAHHAA CUCMEMA OMONJEHUs Meniuy ¢
NUPONUZHOU YCMAHOBKOU MNO360JIeMm NOBbICUMb IHEPLeMUUecKylo I heKmusHoCmy, CHUUMb
meniosvie nomepu u 0oecneuums noiyueHue aibmepHAMUSHbIX 8U008 MONIUBA. JJanHas cucmema
uUMeem 8adcHoe 3HAueHue OnA OOecneyeHus. CMmadOUNbLHO2O MENIOCHAONCeHUs Mmenauy,
UCNONBL30BAHUSL MECIHBIX PECYPCOB8 U BHEOPEHUS IKONOSUUECKU YUCTNBIX MEXHOIO2U.

Knwuesvie cnosa: KoMOUHUPOBAHHASL NUPOAUZHASL CUCmeMd, OMONIEHUe Meniuy,
buomacca, coIHeuHas dHepaus, NUpo2as, OUOY2ONb, YMUIUAYUS MENIombl, AlbMEPHAMUBHOEe
MONUBO, IHEP2OIPDEKMUBHOCTD.

Introduction.

The price of fruits and vegetables cultivated in contemporary greenhouse facilities within
our country remains quite elevated. This high cost is largely due to the substantial energy
consumption, which constitutes roughly 60—70% of the overall production expenses. This is mainly
because a considerable amount of thermal energy is needed to sustain ideal microclimatic
conditions, particularly during winter when outdoor temperatures plummet significantly. In these
circumstances, guaranteeing a consistent and reliable flow of fuel and energy for greenhouse heating
systems presents a significant hurdle [1-4].

Furthermore, depending on traditional fossil fuels raises operational expenses and creates
environmental issues, such as greenhouse gas emissions and the depletion of resources. The
fluctuating nature of fuel prices and constraints on energy supply also worsen the economic viability
of greenhouse production [5].

The creation and use of energy-saving greenhouse complexes and protected soil structures,
powered by sustainable technologies, is crucial. It is essential to prioritize the use of locally sourced
renewable and alternative energy options, including solar power, biomass, and waste heat recovery
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methods. These methods not only decrease energy usage and operating expenses but also promote
environmental responsibility and energy self-sufficiency [6].

Moreover, incorporating cutting-edge technologies, such as combined solar-thermal
systems, heat storage mechanisms, and hybrid energy solutions, can dramatically boost the
efficiency of greenhouse operations. These systems guarantee a consistent heat supply, optimize
resource usage, and establish a stable environment for agricultural activities year-round.

Developing and implementing energy-efficient, environmentally friendly greenhouse
complexes tailored to our republic's climate, utilizing local alternative energy sources, is a pressing
scientific and technical endeavor. This initiative holds substantial economic and ecological
advantages [5].

Materials and methods

The research work used an experimental and theoretical approach to develop and evaluate
an autonomous greenhouse heating system with a combined pyrolysis device. The design of the
system and the development of a heat-technological scheme were carried out on the basis of heat
transfer laws, thermodynamic analysis, and energy balance equations.

As a result of the research, an autonomous heating system for a greenhouse with a combined
pyrolysis device was developed. in the developed autonomous heating system with a combined
pyrolysis device, firstly, the pyrolysis device allows for the production of alternative fuel from local
biomass, and secondly, the device also performs the function of providing additional heat to the
greenhouse by using the heat of the flue gases, and allows the heating system to be supplied with
hot water at the expense of heat lost to the environment.

The main goal of the research work is to develop a combined pyrolysis heating system for
greenhouses that allows for drying biomass, providing alternative fuels (pyrogas, liquid and solid),
and utilizing the secondary heat of flue gases.

Results and discussions.

To fulfill its goal, the proposed system comprises a unified collection of functional elements
aimed at guaranteeing a constant heat supply, effective biomass drying, and energy recuperation.

This system features a solar air collector equipped with a specialized coating and insulation,
all housed within a metal framework. A control valve regulates the flow of heated air from the
collector to a distribution duct, ensuring a consistent supply of warm air for the drying process.
Within the drying chamber, the biomass is positioned on a metal grid, facilitating even air circulation
throughout the material. The chamber features an air intake grille that draws in fresh atmospheric
air, along with a direct current (DC) exhaust fan designed to expel the moist air created during the
drying procedure.

To maintain a consistent heat source for the drying chamber, a thermal energy storage system
utilizing phase change material (paraffin) is positioned in the lower interior. This system
incorporates a spiral heat exchange tube that is linked through a water circulation pump to a
condenser-cooler assembly. Within the condenser-cooler, a recuperative heat exchanger facilitates
the effective capture and recycling of thermal energy.

This system includes a steam-gas pipeline, a gas storage unit, and two liquid fuel tanks, all
linked by valves. Liquid fuel is delivered through a nozzle system into a furnace connected to a
“pipe-in-pipe” pyrolysis reactor. This reactor is housed within a pipe encased in water, facilitating
effective heat transfer and the conversion of fuel.

To guarantee the cleanliness of exhaust gases before they are emitted, the flue gas pipeline
utilizes a three-tiered filtration process. This system also incorporates various heat management
components for greenhouse heating, including flue gas heat exchangers, water-based heating loops,
and underground thermal storage solutions.

Furthermore, the system incorporates an airflow control fan, injectors, and circulation pumps,
driven by solar energy harvested through a photovoltaic (PV) array situated on a metal framework.
This electrical setup comprises a controller (K), a battery bank (AKB), and inverters (IN),
collectively guaranteeing a consistent power supply and independent functionality for the whole
system.
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This proposed setup combines solar energy and pyrolysis to create a hybrid system. It
integrates renewable energy, waste heat capture, and self-sufficient power generation to improve
the efficiency and sustainability of greenhouse heating and biomass processing. This integrated
approach aims to maximize both energy production and resource management.

The schematic diagram of the combined pyrolysis-based greenhouse heating system
developed in this stl}gy is presented in Fig_}}re 1.
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Figure 1. Schematic diagram of a greenhouse heating system with a combined pyrolysis device.

The combined pyrolysis-based greenhouse heating system consists of an integrated set of
components designed to ensure continuous heat supply and efficient biomass processing.

The system includes a solar air collector (2) with a selective coating and thermal insulation,
mounted on a metal frame (1), which is connected via a valve (3) to a hot air pipeline (4) and a hot
air distribution duct (5). Heated air is supplied into a drying chamber (11), where the biomass (7),
placed on a metal grid (6), undergoes drying. The chamber is equipped with an atmospheric air inlet
grille (9) and a direct current (DC) exhaust fan (8) for removing the humid air mixture generated
during the drying process.

In the lower part of the drying chamber (11), a phase change material (PCM)-based thermal
storage unit (paraffin) (10) is installed, combined with a spiral heat exchange tube (11). This system
is connected via a circulation pump (12) to a condenser-cooler unit (13), inside which a recuperative
heat exchanger (14) is installed, ensuring continuous heat supply to the drying process.

The system further includes a biomass loading hatch (15), a charcoal discharge hatch (16),
a steam—gas pipeline (17), a gas holder (18), a liquid fuel tank (19), and a reserve fuel tank (20).
These components are connected via valves (21) and a liquid fuel pipeline (22) to a blower (23) and
a furnace (24), which is integrated with a “pipe-in-pipe” type pyrolysis reactor (25) located within
a water-filled pipe system.

The flue gas pipeline (26) is equipped with four types of flue gas—water heat exchangers (27)
and is connected to a smoke exhaust fan (28) and a three-stage flue gas filter (29). The greenhouse
(33) includes a water heating system (30), a subsurface thermal energy storage unit (31), and an
airflow control fan (32).

The system also includes a photovoltaic (PV) power supply unit (40), mounted on a metal
support structure (39), which provides electricity to fans (8, 28, 32), circulation pumps (12, 38, 44),
and the blower (23). The electrical system is composed of a controller (K) (47), a battery unit (AKB)
(48), and inverters (IN) (49), ensuring stable autonomous operation.
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Operating Principle. The system operates as follows. During daytime operation, solar-
heated air with a temperature of 83—88°C is generated in the solar air collector (2) and transported
through the hot air pipeline (4) into the drying chamber (11). The heated air is distributed via duct
(5) and supplied to biomass (7) with an initial moisture content of 32—37%, placed on the metal grid
(6). Due to convective heat transfer between hot air and biomass, moisture evaporates and is
removed by the exhaust fan (8). As a result, the biomass is dried to a moisture content of 17-22%.
The dried biomass is then fed through the loading hatch (15) into the pyrolysis reactor (25), where
it is heated at temperatures of 300—700°C. The resulting steam—gas mixture is transported via
pipeline (17) to the condenser-cooler (13). Through the recuperative heat exchanger (14), heat from
circulating water is reused to maintain a stable drying temperature of 82—86°C in the drying
chamber. As the steam—gas mixture cools, liquid fuel, pyrolysis gas, and charcoal are produced. The
charcoal is removed through hatch (16), while the liquid fuel is stored in tank (19). Up to 30% of
the liquid fuel is recirculated to the furnace (24), where it is mixed with air and combusted via a
nozzle system. The heat generated from the pyrolysis reactor is transferred to water, producing hot
water at 70-80°C, which is supplied to the greenhouse heating system via pipeline (35).
Additionally, heat from flue gases at 86—92°C is recovered using flue gas—water heat exchangers
(27), where thermal energy is accumulated in water. The cooled flue gases (75—78°C) are passed
through a three-stage filtration system (29) and cleaned from harmful components such as CO»,
COy, NOy, and SOy before release. Simultaneously, the subsurface thermal storage system (31) is
supplied with heat via a circulation system connected to the photovoltaic-powered infrastructure.

Figure 2 and Table 1 illustrate a smart greenhouse with a useful area of 50 m? and present
its thermal and technical parameters.

Table 2.
The thermal and technical parameters of a smart greenhouse with a usable area of 50 m2
are presented.

No Parameter name and wunit of | Value
measurement

1 Useful area, m? 50

2 Construction volume, m> 150

3 Cover type and heat transfer | Glass/5.8
coefficient, W/m?-°C

4 Heat load, kW 8-10

5 Solar radiation intensity, W/m? 700—1000

6 Optimal temperature range, °C 1624

7 Yield (cucumber), kg/m? 25-30

cucumber cultivation process (b).

The greenhouse heating system with a combined pyrolysis device developed by the authors
is designed to obtain pyrolysis products (pyrolysis liquid, pyrogas and biochar) by thermal
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processing of any hydrocarbon waste, biomass, rubber, plastic waste, wood and rubber waste, oil-
contaminated soil, oil compounds, household waste, industrial waste, medical waste in a pyrolysis
reactor, and biomass raw materials in a bioreactor, and to provide the greenhouse with heat load by
utilizing the heat of flue gases in the pyrolysis process using various recuperators. The technical
characteristics of the greenhouse heat supply system with a combined pyrolysis device are presented
in Table 2.

Table 2.
Technical characteristics of the greenhouse heat supply system with a combined pyrolysis
device.
No Construction name Unit Value

1. Working volume of the pyrolysis reactor m’ 0,5

2. Processing capacity of the pyrolysis reactor kg/day 550+650

3. Number of pyrolysis reactors pcs 1

4. Rated voltage \Y 220

5. Rated frequency Hz 50

6. Total height of the pyrolysis reactor m 2

7. Inner diameter of the pyrolysis reactor mm 500

8. Outer diameter of the pyrolysis reactor mm 505

9. Number of condensers pcs 1

10. | Liquid fuel tank pcs 1

1. Gas storage tank pcs 1

12. | Number of filters pcs 1

Conclusion

The greenhouse heat supply system, incorporating a combined pyrolysis device,
demonstrates significant potential for improved efficiency. By minimizing heat losses through the
effective use of secondary heat energy produced within the device (ranging from 60% to 85%), this
system can achieve an 85-90% increase in overall useful work coefficient and a 65-75%
enhancement in exergy efficiency. This improvement stems directly from the thermal and technical
characteristics of the design.

By using the combined pyrolysis heating system of a greenhouse in an autonomous heating
system of a greenhouse with a useful area of half a square meter, it was possible, firstly, to obtain
alternative fuels based on thermochemical processing of biomass and various hydrocarbon waste,
as well as to additionally provide the greenhouse with full thermal energy. As a result of the
integration of pyrolysis processes, it was determined that 18 thousand m3 of pyrogas, 15 tons of
biochar, and 24 tons of pyrolysis liquid can be obtained per year.
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