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Modeling the heat balance of a solar
concentrator heliopyrolysis device reactor
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Abstract. The article presents the principle scheme of the heliopyrolysis
device with a solar concentrator and the mathematical model of the
equations representing the heat balance of the heliopyrolysis reactor. Based
on the mathematical modeling method, the energy balance of the
heliopyrolysis reactor was theoretically studied, and graphs representing
the temperature change of the reactor surface were obtained when the solar
radiation falling on the concentrator was Ir=600+-900 W/m? in the climatic
conditions of the region of Karshi (Uzbekistan). Based on modeling in the
SOLTRACE program, the graphs of the temperature field at different
points of the solar parabolic concentrator are determined to change
depending on the energy of the incident solar radiation. In the experimental
device, it was determined that an average temperature of 200-300 °C can be
generated in the reactor within one hour. Experiments show that in the
conditions of the city of Karshi, it is possible to create a regime of
200+500°C sufficient for biomass pyrolysis through a parabolic solar
concentrator in the daytime mode.

1 Introduction

Currently, rational use of natural fuel resources and ensuring energy efficiency are
important tasks. Effective use of renewable energy sources is important in saving energy
resources. The energy potential of solar and biomass energy from renewable energy sources
is great, and their practical use is highly effective in terms of energy, ecology and economy
[1]. The increase in the population and the development of the utility service system lead to
an increase in energy consumption. With the increase in the population, there are problems
such as saving food and energy resources without harming the environment. To solve these
problems, organic fuels (coal, oil, natural gas) use should be radically reduced [2-3].

In the world, the use of renewable energy sources such as wind, solar, water and
biomass is considered a priority, and special scientific research is required for the effective
use of these energy sources and the creation of technological devices based on them. For
this, it will be necessary to create energy-efficient technologies, reduce harmful gases
released from them, optimize the share of extracted organic fuel, and increase the efficiency
of renewable energy sources. It is planned to increase the share of energy produced by
renewable energy sources in the world from 8.5% in 2005 to 25% in 2025 [4].
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Pyrolysis is a modern effective method of obtaining solid (coal), gaseous (biogas) and
liquid (tar and oil) biofuels from biomass and various organic wastes. Pyrolysis is a method
of turning organic waste and biomass into steam-gas by heating them in an airless
environment, and then cooling them to produce gas, liquid, and solid hydrocarbon products.
liquid, gaseous and solid alternative fuels are obtained from organic waste within hours. In
a pyrolysis device, it is possible to generate three different types of alternative fuels and
heat energy (hot water) at the same time, which dramatically reduces the amount of
"greenhouse" gases released into the environment [5].

The process of biomass pyrolysis is a high-temperature thermochemical process, in
which the average temperature regime is 500700 °C. Biomass is one of the classic
renewable energy sources, which can be processed into solid, gaseous and liquid alternative
fuels. By processing biomass, it is possible to firstly dispose of agricultural and local
organic waste, secondly to obtain cheap fuel, and thirdly to reduce the amount of toxic
gases released into the atmosphere. Possibilities of using biomass for energy purposes
provide energy, environmental and economic benefits at the same time [6].

Currently, it is important to use solar concentrators to use solar energy in technological
processes that require high temperatures. In recent years, in the world and in Uzbekistan,
scientific research on the use of solar energy in various technological processes has been
conducted and practical results have been achieved. The analysis of devices for obtaining
energy from biomass shows that it is necessary to solve problems such as reducing the
energy capacity of the raw material processing process, optimizing the energy balance of
the device, and increasing its energy efficiency [7-19].

The purpose of the study is to model the heat balance of the reactor of the heliopyrolysis
device with a solar concentrator and justify the thermal technical parameters.

2 Materials and methods

Reducing the energy used for self-extraction in pyrolysis devices is one of the main
problems. Because in order to ensure the required (350-500 °C) temperature regime in the
reactor, energy (heat) must be spent initially. It is usually done by using coal, natural gas or
electricity as an energy source for the processes carried out in the pyrolysis device. The
reason is that it takes a lot of heat energy to break down biomass waste. Additional heating
of biomass requires excessive energy consumption. This problem can be solved by fully
covering the required energy with solar energy during daytime operation.

The method of effective use of solar concentrators for biomass heliopyrolysis is
considered in this research work. Taking into account the solar energy potential of the
region, the principle scheme of the pyrolysis device for the thermal processing of biomass
was created (Figure 1).

Production of biofuel from biomass in a heliopyrolysis device includes the following
technological processes. The heliopyrolysis device consists of the main reactor 1, the
moving pipe 2 of the gas mixture separated from the biomass, the heat exchanger 3 and the
parabolic concentrator 12. The heliopyrolysis device is mainly designed for obtaining
biofuels from biomass. Sunlight is concentrated in the parabolic concentrator 12 and heats
the biomass inside the reactor. When the temperature inside the reactor rises above 300-350
°C, biogas is released from the biomass. As biogas moves through pipe 2 and passes
through the center of parabolic cylindrical concentrator 13, the speed of movement
increases and its pressure is measured by manometer 17. Biogas goes to condenser 3.
Incoming 10 and outgoing water pipes 11 are connected to the heliopyrolysis condenser,
where the biofuel separated from the biomass is condensed. The part of biofuel separated
into gas is first passed through the water filter 7, then through the activated carbon filter 8
and collected in the gas holder 9. The liquefied part of the fuel passes through the screw 14-
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15-16 and is collected in the tank. The use of the heliopyrolysis device in Kashkadarya,
Surkhondarya, Bukhara and Samarkand regions of our Republic with hot climate conditions
gives effective results and allows saving fuel and energy resources.

1-helipyrolysis reactor; 2- gas mixture movement pipe; 3- heat exchange device (condenser); 4- 1st condensing
unit; 5- 2nd condensing unit; 6- 3rd condensing unit; 7- water filter; 8-active carbon filter; 9- gas holder; 10- cold
water inlet; 11-hot water outlet; 12-parabolic cylindrical concentrator; 13-parabolic concentrator; 14, 15, 16-screw;
17-manometer.

Fig. 1. The principle scheme of the helipyrolysis device.

In this research work, the theory of heat-mass exchange of thermal engineering and
solar devices and methods of calculating heat balance equations were used.

We can construct a mathematical model of the heat balance equation for a
heliopyrolysis reactor as follows:

qup = Qconsum (1)
qup = Qreac + Qirrad (2)

Qcon = Qbiom + side + Qconvec (3)

Here, qup —the heat supplied to the heliopyrolysis reactor, kW; Q= — heat

thom
<
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Fig. 2. Heat balance scheme of the heliopyrolysis reactor.

The energy supplied to the heliopyrolysis reactor is determined as follows:

Qreac = n{)pt ' Q\‘(}/ .con (4)
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The energy generated due to solar energy entering the aperture of the parabolic solar
concentrator is determined as follows:

Qsol.con = Iirmd : Fj\'ol.cun (5)
Here, I, — solar radiation falling on the surface of the concentrator, W/m”.
The aperture of a parabolic solar concentrator is determined using the following
expression:
2
nd,,.
" eon. = sol.con. (6)
4
Here,d, . — parabolic solar concentrator diameter, 71 .

The optical efficiency coefficient of the concentrator is determined as follows:
Mot :Rg "€, COSQ 7

Here, Rg — reflection coefficient of concentrator glass surface; &, — light absorption

coefficient of concentrator glass surface; COS @ — the angle of incidence of sunlight on the

surface of the concentrator.
The solar energy falling on the side surfaces of the heliopyrolysis reactor is determined
as follows:

Qirrad = F‘reac 1 irrad (8)

Here, I — the surface of the side surfaces of the reactor, m* .

reac
The amount of heat used to increase the biomass loaded into the heliopyrolysis reactor
to the temperature of the pyrolysis process is determined using the following expression:

cb .pb I/b '(tpyr _tb)
Qbiom = dT

(€))

Here, ¢, — biomass heat capacity, 1@+c; P, — biomass density, k_g3; V, — volume of
m

. 3
biomass, m™; t

°C.
The heat lost from the external side surfaces of the heliopyrolysis reactor is determined
as follows:

Ly — temperature of the pyrolysis process, °C; #, — biomass temperature,

2.l -4
e =Tt 1,
Q.&ldc ﬁ (p} 1) (10)
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Here, lr — reactor length, m ; ﬂr — coefficient of thermal conductivity of the reactor

material, W ;d2 — outer diameter of the reactor, m ; dl — inner diameter of the
m-°C
reactor, M .
Chamber of heat lost from the interior of the heliopyrolysis reactor to the environment:

Qconvec = k ’ F;eac : (tpyr - tamh) : dT (1 1)
Here, ¢

The heat transfer coefficient for a heliopyrolysis reactor is calculated using the
following equation:

., — ambient temperature, °C; d7 — heat exchange time.

1,6, 1 (12)

When calculating the heat lost from the glass surface in the radiation method, it is
determined by the following equation:

£,-10° (T} ~T%,)

a,= P (13)
Tp_vr - T;lmb

When calculating the heat lost from the reactor to the air in the convective method, it is
determined by the following equation:

a. -l

Ny = =& reac
! /’i'air (14)
A,
a, = Nu- 2 (15)

It is important to determine the Nu number in the process of heat exchange between
the reactor devoir and the environment, and it is calculated using the following expression
[20]:

Nu=0,4+0,54-Re*” (16)

If we take into account the wind speed in the process of heat exchange, then it is
necessary to determine the Re number:

@, ind dreac
Re = —ind__reac “i (17)

air

The efficiency of the heliopyrolysis device is determined as follows:
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_ Qreac

’7reac - 1 8
Qsol .con ( )

If we combine equations (4), (8), (9), (10), (11) in the heat balance equations, the
following equation is formed:

cb ' ph ' Vb ’ (t o th) ﬂ-dvzo con ﬂ-drzeac
= = 770;71 “Lirraa * . - k ' : (dtpyr - tamb) (1 9)
dr 4 4
From this, the equation of time dependence of the temperature formed during biomass
pyrolysis is derived:
d? Lot @, d o +d2) wd?

r @) =] @ expe ey 1y o Lt Ul Coteon ¥ reac) g o T

pyr (T) ( Xp( 4. Ch -m, T) ) amb drzm( k ( Xp( 4. Cb -m, T)) (20)

Table 1. Paraboloid solar concentrator parameters.

Parameters Designation Value Unit
Concentrator diameter d cons 1.8 m
Focus distance f 0.7 m
Surface reflection coefficient R q 0.9 -
The degree of blackness of the surface & P 0.1 -
Concentrator aperture sol.con 1.13 m?
Solar radiation 1. 600-900 W/ m?
Optical efficiency coefficient of the concentrator n opt 0.7 -
Angle of incidence of light Cos @ 45° -
Stefan-Boltsman constant o 5.67-10°% W/m?* K
Table 2. Parameters of heliopyrolysis reactor.
Parameters Designation Value Unit
Reactor volume reac 0.003 m’
The surface of the side surfaces of the reactor reac 0.25 m’
Reactor length ! e 0.2 m
w
Heat transfer coefficient of the reactor material ﬂ,r 45-50 oC
Reactor wall thickness 5r 2 mm
Inner surface temperature of the reactor wall tin 350+500 °C
The outer surface temperature of the reactor wall tout 400 °C
Inner diameter of the reactor d> 158 mm
The outer diameter of the reactor d, 160 mm
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Table 3. Parameters of biomass loaded into the heliopyrolysis reactor (wood shavings).

Parameters Designation Value Unit
Biomass density y2 200300 kg / m3
Mass of biomass my, 1.0+2.0 kg
Biomass moisture o, 20+30 %

Biomass size d b 2+4 mm

Biomass temperature t b 18+20 °C
H ity of bi 0.08+0.1 —L
eat capacity of biomass C b 0Uo=0. kg-°C
. . w
Heat transfer coefficient of biomass A’b 0.45+0.56 o
m-

Table 4. External environment parameters.

Parameters Designation Value Unit
Ambient temperature t amb 20 °C
Average wind speed a,, 2.0+3.0 m/ sek
Relative air humidity ®, 30+40 %
Dynamic viscosity of air Hoi 18.1-10°° N-.s/m*
Kinematic viscosity of air Vi 15.06-10° m* / sec
. . w
Heat transfer coefficient of air /10”, 0.0257 -
m-°C

3 Results and Discussion

Heliopyrolysis method of biomass processing has a number of advantages over other
methods, it is an energy efficient and environmentally friendly method. In this case, the
intensity of sunlight depends on the climatic conditions of the region and the position of the
sun, so it is possible to ensure uniform heating of the surface of the heliopyrolysis reactor
using stationary solar concentrators. The latitude angle for the city of Karshi is 39°. As a
result of meteorological measurements in the city of Karshi, the amount of solar energy
falling on 1 m” of surface is 600-900 W/m’. Measurement results were made during sunny
hours of the day (08:00 - 17:00). The calculation results are presented in table 5.

The results of the study were taken at the GLOBAL SOLAR ATLAS site in monthly
sections of the average annual solar radiation in a 24-hour time interval. The maximum
average direct solar energy was 5,563 kW in August, and the minimum average value was
2,517 kW in December [21].
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Table 5. Heat-technical parameters of heliopyrolysis process.

Parameters Designation | Value Unit
Energy absorbed in a heliopyrolysis reactor Qreac 0.84 /474
Solar energy entering the aperture of a parabolic solar concentrator Q ol con 1.114 kW
Solar energy falling on the side surfaces of the reactor Qsi e 0225 | kW
Energy used to heat biomass Qbiom 0.8 /474
Heat lost from the side surfaces of the reactor Q  ur 0.071 | kW
Convective heat loss from the reactor Q  ony 0.08 /474
The energy lost to the steam-gas mixture released from the biomass is Q 0.163 W
energy stem—gas .
Useful efficiency of the heliopyrolysis device [/ 0.7 -
Feb Mar Apr May Jun Jul Ay Sep Oct Nov Dec
2 & 1
13 43 B2 4 2 5
5 7 m 168 m 163 146 12 n 12
62 122 18 268 n k2 EEe) 3 338 n 160 65
224 mn 3 416 N5 3
z 3% 448 526 419 339
4G 487 57 603 643 493 407
a9 41 595 633 520 432
e 544 605 611 41 a7 L
mn 42 439 54 i 382 34
pzrs 42 388 425 461 528 262 29
133 224 57 292 34 367 3 n 35 199 1 69
9 58 18 146 m 05 20 1 124 19
& % 43 n 76 44 4
2 9 9 [}
7n 3440 3999 4604 5103 5448 5503 5563 5362 440 n 517

Fig. 3. Values of solar radiation in different months for the city of Karshi.

Qsot.con=1.114|
kW

(75%)
(100 %)

Fig. 4. Energy balance of the heliopyrolysis plant.
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Fig. 5. Graph of dependence of heliopyrolysis process on time and solar radiation.

Fig. 6. A solar concentrator modeled using the SOLTRACE program and its graphs at different
values.

4 Conclusion

The efficiency of biofuel production varies mainly depending on the operating temperature
of the pyrolysis reactor, the type of biomass and the duration of operation. The experiments
carried out in the heliopyrolysis device showed that the optical efficiency coefficient was
0,7 for raising the internal temperature of the reactor to 400 °C for the pyrolysis process of 2
kg of biomass with a moisture content of 20% and an aperture surface of 3 m” used a
parabolic solar concentrator. As a result, 0,9 kW of energy was generated from biomass,
which can be used for alternative fuels. By using solar concentrators in biomass pyrolysis,
the amount of fuel used for the process was fully covered by the sun. The results obtained
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through the experiment can be used in the design and calculation of the heliopyrolysis
device.

References

1.

10.

11.

12.

13.

14.

R.R. Avezov, A.U. Vokhidov, M.A. Kuralov, Principles of development of solar
energy in the Republic of Uzbekistan, Modern problems of renewable energy.
Collection of materials of the republican scientific and practical conference, Karshi,
11-13 (2018)

M.J. Prins, Thermodynamic analysis of biomass gasification and torrefaction. Doctor
Thesis (Technische Universiteit Eindhoven, Eindhoven, 2005)

The handbook of biomass combustion and co-firing, Sjaak van Loo and Jaap
Koppejaneds (London - Sterling, VA, Earthscan, 2008)

Renewables make the difference European Commission (Publications Office of the
EU, Luxembourg, 2010)

G.N. Uzakov, H.A. Davlonov, K.N. Holikov, Study of the Influence of the Source
Biomass Moisture Content on Pyrolysis Parameters, Appl. Sol. Energy, 54, 481-484
(2018)

G.N. Uzakov, A.V. Novik, X.A. Davlonov, X.A. Almardanov, S.E. Chuliev, Heat and
Material Balance of Heliopyrolysis Device. ENERGETIKA, Proceedings of CIS
higher education institutions and power engineering associations, 66, 1, 57-65 (2023)

M.H. Joardder, P.K. Halder, A. Rahim, N. Paul, Solar assisted fast pyrolysis: a novel
approach of renewable energy production, J. Eng., 9 (2014)

K. Zeng, D.P. Minh, D. Gauthier, E. Weiss-Hortala, A. Nzihou, G. Flamant, The effect
of temperature and heating rate on char properties obtained from solar pyrolysis of
beech wood, Bioresour. Technol, 182, 114-119 (2015)

J. Zeaiter, M.N. Ahmad, D. Rooney, B. Samneh, E. Shammas, Design of an automated
solar concentrator for the pyrolysis of scrap rubber, Energy Convers. Manag., 101,
118-125 (2015)

S.I. Khamraev, U.Kh. Ibragimov, B.I. Kamolov, Removal of hydrodynamic lesions of a
heated floor with a solar collector. APEC-V-2022, 10P Conf. Series: Earth and
Environmental Science 1070 012018 (2022)

R.R. Avezov, A.U. Vokhidov, U.H. Ibragimov, A.Y. Usmanov, Increasing the
Convective Heat Transfer Coefficient Inside Heat Removal Channels of Sheet-Piped
Light-Absorbing Panels of Flat-Plate Solar Collectors in the Laminar Flow Regime of
Heat Transfer Fluid, Applied Solar Energy (English translation of Geliotekhnika)this
link is disabled, 56, 2, 114-117 (2020)

A. Abdurakhmanov, A.A. Kuchkarov, Sh.R. Holov, A. Abdumuminov, Calculation of
optical-geometrical characteristics of parabolic-cylindrical mirror concentrating
systems, European science review, 2, 201-204 (2017)

Sh.I. Klychev, R.A. Zakhidov, S.A. Bakhramov, Yu.A. Dudko, A.Ya. Khudoikulov,
Z.Sh. Klychev, [.A. Khudoiberdiev, Parameter optimization for paraboloid-cylinder-
receiver system of thermal power plants, Applied Solar Energy, 45, 4, 281-284 (2009)
X. Davlonov, X. Almardanov, I. Khatamov, S. Urunboev, P. Kalandarov, O. Olimov,

Study on heat and material balance of heliopyrolysis device, AIP Conference
Proceedings, 2686, 020023 (2022)

10



BIO Web of Conferences 71, 01098 (2023) https://doi.org/10.1051/bioconf/20237101098
CIBTA-1I-2023

15. N.N. Sadullayev, A.B. Safarov, Sh.N. Nematov, R.A. Mamedov, A.B. Abdujabarov,
Opportunities and prospects for the using renewable energy sources in Bukhara region.
Applied Solar Energy, 56, 4, 291-301 (2020)

16. N.N. Sadullaev, A.B. Safarov, Sh.N. Nematov, R.A. Mamedov, Research on facilities
of power supply of small power capability consumers of Bukhara region by using wind
and solar energy, International journal of innovative technology and exploring
engineering, 8, 952, 229-235 (2019)

17. B.M. Toshmamatov, S.M. Shomuratova, D.N. Mamedova, S.H.Y. Samatova, S.
Chorieva, Improving the energy efficiency of a solar air heater with a heat exchanger,
Accumulator, 1045, 1, 012081 (2022)

18. LN. Kodirov, B.M. Toshmamatov, L.A. Aliyarova, S.M. Shomuratova, S. Chorieva,
Experimental study of heliothermal processing of municipal solid waste based on solar
energy, IOP Conference Series: Earth and Environmental Science, 1070, 1, 012033
(2022)

19. S. Mamatkulova, Improvement of the GIS map of the potential of biomass for the
development of bioenergy production in the Republic of Uzbekistan, AIP Conference
Proceedings. — AIP Publishing LLC, 2432, 1, 060010 (2022)

20. L.A. Aliyarova, U.H. Ibragimov, S.I. Khamraev, Investigation og hydrodynamic
processes in tubes of a combined solar collector, AIP Conf. Proceedings, 2612, 030018
(2023)

21. M.A. Mikheev, .M. Mikheeva, Basic heat exchanger. 1zd. 2-¢, stereotype ("Energy",
Moscow, 1977)

22. Globalsolaratlas,
https://globalsolaratlas.info/detail?c=38.821053,65.777122,11&s=38.842382,65.77858
&m=site&pv=small,180,32,1

11



