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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. The literature review indicates that the design of environmentally
friendly biogas plants is associated with solving scaling-up problems that account for
biogas production, purification, and upgrading processes. Many existing models of
membrane gas separation lack a unified character and require adaptation to specific
membrane types and gas mixture compositions. In this regard, the development of
a generalized model structure suitable for describing separation processes while
considering purification features remains a relevant task. From the standpoint of
environmental and energy efficiency, there is a need to develop effective solutions
aimed at improving productivity and system sustainability. The paper is devoted to
a systems analysis of biogas plant design, with particular emphasis on scaling-up
issues and their influence on the energy and environmental performance of the plant.
The main levels of problems arising in the design of biogas plants are formulated,
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taking into account the combined impact of biogas production and purification
units on the overall efficiency and environmental performance of the technological
process. Key factors determining the efficiency of biogas production and purification
are identified, and the features of their manifestation during the transition to large-
scale systems are analyzed. Systems analysis is used to determine approaches for
increasing separation efficiency, improving final product quality, and developing
biogas plants with higher specific productivity under a moderate increase in energy
consumption, contributing to the reduction of methane emissions. The feasibility
of applying two-stage purification schemes in membrane systems and column
apparatuses is demonstrated in terms of energy efficiency and environmental safety.
It is concluded that the scaling-up problem requires a comprehensive approach,
including mathematical modeling and process control optimization, particularly
under significant variability in feedstock composition and properties, to ensure the
economic, energy, and environmental efficiency of biogas plants.
Key words: system analysis, biogas plant, design, scaling
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AHHOTanusl. OneOuerTepre TalAay SKOJOTHSUIBIK TYPFBIIAH Ta3za Owuora3s
KOHIBIPFBIIAPBIH jk00aay OMora3 eHIIpy, OHBI Ta3apTy KOHE KOHIUIMUSUIAHFaH
KYHTe JKeTKi3y MpPOLECTEPiH €CKEPeTiH ayKbIMIAHABIPY MICEJeepiH IIenryMeH
OaiimaHpICTBl eKeHIH KepceTenmi. la3mapabl MeMOpaHanbIK Oenyre apHaiFaH
KOIITETeH KOJJIAHBICTAaFbl MoOAENbIEp oMmOeban cumarka Me eMec >KOHE HaKThl
MeMOpaHa TypJiepiHe opi ra3 KoCHalapblHbIH KypaMbIHa OeHiMIey/Ii Tamam eTei.
Ocpbifan 0alNaHBICTBl Ta3ajlay MNPOLECIHIH EpEeKIICTIKTEpiH €CKepe OTBIPHIIM,
Oeny TpOLECTEpiH CHIaTTayFa >XapaMabl >KaJbUIAHFAaH MOJENb KYPBUIBIMBIH
o3ipaey ©3eKTi Oombim  TaObUIAZBl. OKOJOTHSUIBIK JKOHE 3HEPreTHKANbIK
THIMJIUTIK TYPFBICBIHAH JKYHEHIH OHIMIIIIrT MEH OpPHBIKTBUIBIFBIH apTTHIPyFa
OaFpITTANFAaH THIMAI IIENIMAEpIi d3ipiey KaXeTTimiri TybslHAaiael. Makana
Ouoras KOHIBIPFBUIAPBIH jKoOajldy MOCeJeciH JKYHeNiK Tanjgayra apHaliFaH
’KOHE ayKbIMIAHABIPYBIH KOHABIPFBIHBIH DYHEPTeTHKAIBIK JKOHE AKOJOTHSIIBIK
CHIIaTTaMaslapblHa dCEpiHe epeKIle Ha3ap aylapbiiajbl. bruoras KOHIBIPFBUIAPBIH
ko0Oanay Ke3iHJe TYBIHIAWTBIH HETI3ri Mocelenep ACHreiiepi Ouoras eHIipy
MEH Ta3aJiay MpOIECTEPiHIH TEXHOIOTHSUIBIK MPOIECTIH MKaJIbl THIMAUIITT MEH
AKOJIOTHSUTBIK KayiTICi3/1iriHe OipIie CKeH oCepiH eCKepe OTHIPHITT alKbIH A AbI. broras
OH/IIpYy MEH TazalayIblH THIMIUTITiH alfKbIHAHTHIH HET13T1 (JaKkTopIap aHBIKTAIBIIL,
ipl ayKbIMJIBI JKYieepre Kelly Ke3iHeri olapiblH KepiHic Oepy epeKIIemiKTepi
Tanmasael. JKylenik Tannay O0ery JopekeciH apTThIpy, COHFBI OHIMHIH calachlH
’KaKcapTy KOHE SHEPIusl MIBIFBIHIAPBIHBIH KAJIBIITHL ©CY1 )KaFJaiblH1a MEHITIKTI
OHIMIUTITI JKOFapbl OMOTa3 KOHABIPFBUIAPBIH 93IpIiey JKOJNAAPBIH aHBIKTAYy YIIiH
KOJIIAaHBUI/IBI, OyJ1 arMocgepara MeTaH MIBIFAPBIHIBUIAPEIH a3alTyFa BIKIAI
ereni. MeMmOpaHalbIK JKyHenep MeH KOJOHHAJBIK armaparrapia €Ki CaThLIbl
Tazaynay CyI0aJapblH KOJJAHYIBIH YHEPTreTUKAIBIK THIMIUTIK MEH SKOJIOTHSITBIK
Kayilci3ik TYPFBICBIHAH OPBIHIBUIBIFBI KOPCETLNMI. AYKBIMIAHABIPY Maceleci
OacTanKpl MIMKI3aTThIH KYpaMbl MEH KaCHETTEpi alTapiIbIKTail ©3repreH jkaraainia
HKOHOMUKAJIBIK, SHEPTETUKAIIBIK JKOHE IKOJIOTHSIIBIK THIMAUTIKTI KAMTaMachl3 €Ty
YIIIH MaTeMaTUKaJIBIK MOJIEIbICY MEH MPOLecTepi Oackapy/ibl OHTAHIaHIBIPY/IbI
KaMTHUTBIH KEIICH]i TOCIIJII Taall €TeTiHi YKOHIHAEe KOPBITHIHIBI )KacaIbl.
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AHHOTANUs. AHaNIWU3 JIUTEPaTypbl IMOKAa3bIBAET, YTO IPOCKTHPOBAHUC
AKOJIOTHYECKHA YHUCTBHIX OHMOra30BhIX YCTAaHOBOK CBSI3aHO C pEIICHUEM 3ajiadu
MacCIITa0UPOBAHHUS, YYUTHIBAIOIIIX MPOIIECCHI POU3BOCTBA OMOTa3a, ero OUUCTKU
U JIOBEACHUS 0 KOHJUIIMOHUPOBAHHOTO COCTOSHUS. MHOTHE CYIIECTBYOIIUC
MOJISI MEMOpPAHHOTO pa3JeJICHUs] Ta30B HE OO0JIQJal0T yHHBEPCAIBHOCTHIO
U TpeOyIOT ajanTalud K KOHKPETHBIM THIIAM MEMOpaH U COCTaBaM T'a30BbIX
cMmeceii. B cBsi3u ¢ aTiM pa3paboTka 0000MIEHHON CTPYKTYPBI MOJICIH, TPUTOIHOMN
JUISL ONKCAHUsSl TMPOLECCOB pa3jieJicHUs C Y4YETOM OCOOCHHOCTEW OYHCTKH,
SIBIIICTCSL aKTyallbHOU 3amaveil. C MO3UIMIA DKOJIOTUYECKOH M IHEPreTHYCCKOM
3¢ (EeKTUBHOCTH BO3HUKAST HEOOXOIUMOCTh pa3pabOTKH PEIICHHI, HATIPABICHHBIX
Ha TOBBINICHUE MPOU3BOIUTEIILHOCTH W YCTOWYMBOCTH cuCTeMbl. Crarhs
MOCBSIICHA CHCTEMHOMY aHaJIM3y MPOOJeMbl TPOCKTHPOBAHUS OHMOTa30BbIX
YCTAaHOBOK C aKIIGHTOM Ha BOIPOCHI MacIITaOMPOBAaHUS W WX BIHMSHHUE Ha
SHEPreTUYECCKUE U IKOJIOTHUECKHE XapakTepucTuku. ChopMyIMpOBaHbI OCHOBHBIC
YpOBHH TpoOJIeM, BO3HUKAIOIIUX TPU MPOSKTUPOBAHHH OMOTa30BBIX YCTAHOBOK,
C y4€TOM COBOKYITHOTO BIIMSIHUSI TPOIIECCOB MPOM3BOJCTBA U OYKMCTKH OHOrasza
Ha oOmym S(P(EKTUBHOCTh U SKOJOTHYHOCTH TEXHOJOTHUECKOTO TpoIlecca.
BrIsiBIICHBI KITHOUEBBIE (PAKTOPBI, ONpeaestomue 3pGEeKTUBHOCTD MPOU3BOACTBA
YW OYHUCTKHA OMOTa3a, W MPOAHAIM3HPOBAHBI OCOOCHHOCTH WX MPOSBICHUS TPU
nepexoyie K KPYyIMHOMACIITaOHBIM cUCTeMaM. MeToJ CHUCTEeMHOTO aHalin3a
WCIIOJb30BaH JIJISL OMpEJACICHHUS TyTeH TMOBBIINICHUS CTCIICHH pPa3JeICHUs,
YAYYIIEHUS] Ka4eCTBa KOHEYHOTO TPOJYKTa U CO3JaHUs OMOTa30BbIX YCTaHOBOK
C TOBBIIICHHON YIEIbHOW MPOU3BOJAUTEIBHOCTBIO IPH YMEPEHHOM pPOCTE
JHEPro3arTpar, YTo CIOCOOCTBYET CHIDKCHHIO BBIOPOCOB MeTaHa B arMocdepy.
[Mokazana 1enecooOpa3HOCTh NMPUMEHEHHS JBYXCTYIICHYATBIX CXEM OYHCTKUA B
MEMOpaHHBIX CUCTEMaX W KOJIOHHBIX almaparax ¢ TOYKU 3PEHUsS SHEPreTHYCCKON
3¢ (EKTUBHOCTH U HKOJOTMYECKON Oe3omacHocTh. CjenaH BBIBOA O TOM, YTO
mpodiieMa MacIITaOUpOBaHHs TPEOYeT KOMILICKCHOTO ITOJIXO0J1a, BKITFOYAFOIIETO
MaTeMaTHYeCKOEe MOJICIMPOBAHUE W ONTUMH3AIMIO YIIPABICHUS TIPOIECCAMH,
OCOOCHHO MpPU 3HAYUTEIHLHOW W3MEHYMBOCTH COCTaBa M CBOMCTB HCXOTHOIO
CBIPBS, JUIsi O0ECIeUeHUs] PKOHOMUYECKON, IHEPTeTUYECKOM ¥ 3KOJIOTHYECKOM
3¢ (EeKTUBHOCTH OMOTa30BbIX YCTAHOBOK.
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KiroueBble  cioBa:  cuUCTEMHBI — aHanu3, OuoraszoBas  yCTaHOBKA,
MIPOEKTHPOBAHNE, MACIITAONPOBAHNE

Introduction. Since the role of alternative energy is currently rapidly increasing,
the problem of developing high-performance efficient installations for producing
energy by alternative methods is very relevant. The above fully applies to biogas
production installations (Yoshida and Shimizu, 2020). Biogas is one of the key
sources of renewable energy, as it can serve as fuel for generators, as well as for
the production of electricity and heat, thereby ensuring the sustainability of energy
systems.

Biogas has a complex composition, which can vary depending on the raw
materials used and process conditions (Poschl et al., 2010) Technological
parameters such as the composition of raw materials, temperature, fermentation
time and purification modes have a significant impact on the energy efficiency of
biogas production, which makes the design and optimization of such installations
a difficult task.

Many biogas installations currently in use are designed and installed by artisanal
methods without solving the problems of increasing efficiency and cleaning gases
(Henrik et al., 2022). This results in a low-quality product and environmental
pollution. Problems related to the efficiency of biogas purification and its quality
are especially important from the point of view of energy aspects, since low-quality
biogas with a high admixture of carbon dioxide or hydrogen sulfide reduces energy
efficiency and can lead to additional costs for purification. These issues require an
integrated approach and solution taking into account the problems of large-scale
transition when designing more powerful installations (Spyridon et al., 2017).

The problem of the influence of a large-scale factor on the efficiency of
biogas production plants cannot be reduced only to hydrodynamic aspects, since
technological and operational aspects in this case also play an important role in
optimizing the energy efficiency and environmental friendliness of the plant (Jozef
et al., 2023). In the general case, the efficiency of a biogas production plant should
be calculated taking into account the efficiency of the main reactor unit and the
purification unit (Obaideen et al., 2022).

The rationale for the need to conduct research work was the need to study the
influence of the scale factor on the energy efficiency of biogas plants (Tabatabaei et
al., 2020), due to the lack of a set of studies of this problem, taking into account the
reactor unit and the cleaning unit (Borjesson and Berglund, 2006).

The initial data for the work were many modern works on technological
aspects and design of biogas production plants, as well as problems of large-
scale transition when designing medium and high-power plants (Borjesson and
Berglund, 2007). The methodology of the work is based on theoretical research
methods (a systematic approach, mathematical modeling (Zhurinov et al., 2022)
and computer experiment), as well as modern experimental research methods
aimed at optimizing energy processes occurring in biogas plants. In particular,
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the influence of various technological parameters on the energy efficiency of the
process is analyzed, including the fermentation rate, temperature, raw material
composition and purification modes (Dobre et al., 2014).

The diversity of technological factors casts doubts on the possibility of
developing today a general mathematical model that describes the influence of
modes and technological factors on the energy efficiency of the reactor unit in
biogas plants and allows calculating the efficiency coefficient of the reactor block.

Another issue is related to the units of biogas plants that are designed to purify
gas. Emissions from biogas production and the operation of engines running on
insufficiently purified biogas can have a significant impact on the environment and
the climate (Henrik et al., 2022).

The main purpose of the article is to conduct a systematic analysis of
technological schemes of separation plants of biogas plants, their hardware, as
well as models of separation processes with an emphasis on scaling and optimizing
energy efficiency during the transition from laboratory stands to more productive
industrial installations.

At the same time, the main factors determining the efficiency of the biogas
production and purification process should be identified, and how these factors
manifest themselves during a large-scale transition should be analyzed. Such an
analysis is necessary for the correct formulation of modeling tasks, taking into
account economies of scale and increasing the overall energy efficiency of biogas
plants (Trois et al., 2019).

So, the object of research is the processes of obtaining and purifying biogas for
use as an energy source. The subject of research is the influence of technological
and regime aspects on the energy efficiency of the reactor unit and the biogas
cleaning unit, as well as the analysis of the efficiency of the biogas plant taking into
account the scale effect.

In accordance with the stated goal, the following task was solved:

- to conduct a system analysis and studies of the aspects of the influence of scale
factors on the efficiency and quality of the product in biogas plants.

Materials and methods. The basic block diagram of a biogas plant is shown
in Figure 1.

The overall efficiency7,,, of a biogas plant can be represented as a product of
two efficiency factors

Ngen =1, 'r (1)

Herel; is the efficiency factor of the reactor block and 77, is the efficiency factor
of the separation unit of the biogas plant.
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Feeding of raw materials
Purified biogas

‘ Raw biogas

N

1 /] T

Waste unloading

1-raw material preparation unit; 2- reactor block; 3- biogas cleaning (separation) unit; 4- biofuel
preparation unit (compressor or gas holder)

Figure 1 — Basic block diagram of a biogas plant

Biogas has a complex composition, which can vary depending on the raw
materials used and process conditions (Lubanska and Kazak, 2023). Therefore, the
problem of scaling up in the calculation and design of biogas production plants
cannot be reduced to hydrodynamic aspects only, as is often done (Czekala et
al., 2023). Technological and regime aspects also play a major role in scaling up,
especially in relation to the reactor block of the plant (Lubanska and Kazak, 2023).
This problem is of particular importance from the point of view of geoecology,
since during the production and subsequent use of biogas as an alternative energy
source, two ways of environmental pollution can be distinguished. The first source
of pollution is realized in the form of waste in biogas production units and requires
disposal or burial. The second source is of a secondary nature and is realized in the
form of air pollution during combustion of biofuel used in engines. The intensity
of the second source of pollution depends, in addition to the operating mode of the
engine unit, on the degree of purity of the biogas and its calorific value.

The first layer of problems is directly related to scaling up the reactor block of
the biogas plant.

1 Heterogeneity of chemical composition, variability of humidity and
consistency (Lubanska and Kazak, 2023), different dispersion of processed raw
materials (Ismail et al., 2012).

2 Different climatic conditions, which complicates the choice of optimal
technology and fermentation modes (Czekala et al., 2023). In this case, the choice
can be made in favor of both mesophilic and thermophilic modes with different
sources of inoculum.

3 The degree and time mode of mixing, the optimal choice of which significantly
depends on the composition of the raw materials and the scale of the reactor (Ismail
etal., 2012).

4 The impossibility of unambiguous fixation of optimal parameters of the
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technological mode in conditions of changing and uncertain parameters of raw
materials. This is due to the fact that the parameters of animal waste in most cases
cannot be specified with the necessary certainty.

5 The capacity of a biogas plant is also determined by the quality and quantity
of the injected mixture of enzymes, probiotics and microelements (Henrik et al.,
2022).

Another layer of scaling problems is associated with the devices of biogas
plants, which are designed for gas purification. Solid particles and gas impurities in
biogases significantly reduce the quality of the product and pollute the environment.

Another level of problems is related to scale formation and reduced energy
efficiency of biogas plants. Solid particles and gas impurities in biogas clog filters
and other system elements, so additional energy is required to maintain the required
pressure and gas flow, which reduces the overall energy efficiency of the installation.

However, at present, many local devices for biogas production operate without
gas purification equipment. This leads, at the very least, to environmental pollution.
The need for deep cleaning of biogas increases especially when biogas is used
as motor fuel, since it must provide high calorific value and meet environmental
requirements. In any case, the production of large volumes of biogas entails
additional problems with scaling when designing the plant. At the same time, the
main factor in reducing the efficiency of gas cleaning plants is of a hydrodynamic
nature.

Therefore, in contrast to the scaling of the reactor block, in this case there are
effective mathematical models for describing the influence of the hydrodynamics
of phase flows on the efficiency of separation.

The biogas separation unit can be organized in the form of two blocks: a
preliminary purification block and a deeper purification block. One of these blocks,
as arule, is a membrane unit in which it is possible to separate some gas components
(for example, hydrogen sulfide) with a sufficiently high degree of selectivity. In this
case, the components separated at this stage may not find further use and are useless
waste.

The second block is necessary in cases where components can be extracted from
raw biogas in sufficient volumes that can be utilized for energy purposes. First of
all, this concerns components containing ammonia and ammonia compounds.

Results. This section devotes to the main results of systems analysis of biogas
membrane separation models from the standpoint of scale transition. Continuous
models used to analyze gas separation processes in adsorbent layers are a system of
differential equations that take into account the complex irregular structure of the
gas mixture flow filtered through a layer of porous adsorbent grains, and the mass
and heat exchange processes between the gas and the adsorbent (Borjesson and
Berglund, 2006).

From the point of view of mass and heat exchange between the sorbent and the
gas flow, two types of mathematical models are distinguished: equilibrium models,
which assume that the equilibrium in the sorbed components and the thermal
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equilibrium between the gas phase and the sorbent are established instantly; non-
equilibrium models, which take into account the heat and mass exchange between
the phases and the transfer of components inside the sorbent grains.

The simplest models of adsorption separation of a gas mixture are based on the
following approximations:

- the process is one-dimensional, when gradients of the process parameters
across the flow are neglected;

- the process is isothermal, when temperature changes along the layer and over
time can be neglected;

- the process is isobaric, when pressure changes along the layer can be neglected.

We will consider only equilibrium models, neglecting the final transfer rate of
the adsorbed component in the volume of the adsorbent grain.

Based on the above assumptions, we can obtain material balance equations for
the process of adsorption separation of a three-component gas system in a one-
dimensional sorbent layer.

Material balance equation for the inert component of the gas flow reads
(Sakhmetova et al., 2016).

oc, %)}
£ =_0__Y0
ot oz &Y

where1=1,2...

Material balance equations of the sorbed components of the gas flow:

9 _ 9 g 3)
ot oz
Material balance equation of the sorbed components in the sorbent phase:
oa,
g 4
P = (4)

In macroscopic kinetics, local flows of individual components are represented
as the product of the average velocity of molecules of a given type at the point
under consideration i u by their concentration:

Ji = UC; %)
Accordingly, the total flow of the mixture, equal to the sum of the flows of
individual components, is determined as the product of the convective velocity u,

m/s, by the total concentration of the gas mixture:

Ji= ;J} =uC, (6)
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In fact, this is the definition of the convective velocity of a gas flow consisting of
several components (Ismailet al., 2012).The local flow of an individual component
can now be represented by the sum of the convective component and the residual,
called the dispersion (diffusion, conduction) component. For the dispersion
component, Fick's law is usually used in the form:

. . ox;
Ji=)e+j,=u ,—EC,— (7
Oz

where1=0,1,2...

Discussion. The system analysis shows that the known models describing the
processes of membrane separation of gases do not have a uniform character and
require adaptation to specific types of membranes for different gas mixtures.

Equations (2) — (7) should be supplemented with conditions reflecting the
specifics of the problem under consideration at the layer boundaries during the
entire process and inside the layer at the initial moment of time. Depending on the
structure of the boundary and initial conditions, one or another solution method is
selected.

Thus, in this case, the problem of large-scale transition in biogas plants engaged
in waste processing into a useful energy resource leads to the need to solve the
related problem of a system of equations of hydrodynamics and equations of heat
and mass transfer. It is not possible to offer a general scheme for solving such
models aimed at obtaining an optimal strategy for selecting control parameters.
The problem is especially aggravated by the above-mentioned uncertainty and
variability of the characteristics of raw biogas.

Therefore, we see the only realistic solution to the problem of large-scale
transition in this case by introducing a raw material preparation unit, which will
ensure stabilization of the composition of raw biogas and allow for the correct
calculation of the separation unit according to the scheme described above.

By this, two continuous models of adsorption separation of gases can be used:
an equilibrium model with longitudinal dispersion and an equilibrium model of
ideal displacement.

Conclusions.

1. As a rule, the complex, multicomponent composition of gases is not taken
into account, which is typical, for example, for biogases. However, these problems
are extremely important for obtaining environmentally friendly biogas with a
sufficiently high calorific value for the production of thermal and electrical energy.
Therefore, it is necessary to develop models that take into account the complex
mechanism of gas phase separation in membranes, namely: the combination of
filtration, adsorption and evolution of active centers in the membrane depth.

2. The analysis showed that today there is no clearly defined block of control
parameters, which complicates the development of automated control systems for
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membrane separation of complex multicomponent gas mixtures, and the appropriate
problem becomes open.

3. The need to use a two-stage cleaning scheme in membrane systems and
irrigation column devices is substantiated, which will increase the degree of
separation, improve the quality of the final product and ensure the creation of biogas
plants with increased specific productivity with a moderate increase in energy costs.

4. It can be established that in the general case, the scaling problem cannot be
effectively solved not only by design methods, but also by methods of mathematical
modeling and optimization of the process control process. This applies to cases of
significant variability in the composition and characteristics of the feedstock. In this
case, the most effective way to solve the problem seems to be the optimization of
an additional unit for preliminary preparation of raw materials in order to stabilize
its characteristics.

5. It is shown that if it is impossible to bring the initial raw materials to standard
compositions, the problem of obtaining the required volume of biogas with the
achieved minimum required content of the main component (hydrocarbon), at
which economically feasible production is possible, should be experimentally
debugged, and the biogas purification unit is subject to scaling in the literal sense
of the word in this case.
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