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HAILIMOHAJIbHOM AKAJJEMUN HAYK
PECITYBJIMKH KA3BAXCTAH
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akagemuk HAH PK, nupexrop Menunmuckoro nientpa YmpasneHus aeinamu [Ipesunenta PecnyOnmkn Kaszaxcran
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AJIEKEHOB Cepra3ssl MbIHKacapoBu, JIOKTOp XUMHYECKHUX HayK, npodeccop, akanemuk HAH PK, nupexrop
Mex1yHapOHOTO Hay4HO-TIPOU3BOACTBEHHOTO XoiuHra «Puroxumus» (Kaparanna, Kazaxcran) H =11
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DAPYK Acana [lap, npodeccop Kommemxa BocTouHONW MemumuHBI Xamaapaa anb-Mamknuga, (akyiasTeT
BOCTOYHOW MeIMIMHBI YHUBepcuTeTa Xamaapaa (Kapauu, [Takucran) H =21
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(CIIA) H=27
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Z.1. Jamalova', B.M. Kaldybayeva', S.A. Boldyryev?, D.M. Kenzhebekov'

M. Auezov South Kazakhstan University, Shymkent, Kazakhstan;
*National ResearchTomsk Polytechnic University, Research School of Chemical and Biomedical
Technologies, Tomsk, Russia.
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METHODOLOGY FOR BUILDING MODELS AND OPTIMIZING TECHNOLOGICAL
PROCESSES USING P-GRAPH SOFTWARE

Abstract. The work is aimed at developing a methodology for assessing and optimizing the flows of basic
resources at the regional level, in terms of minimizing the load on both the resource base and the environment.
The objects of production / consumption of resources in the region that should be taken into account include
end users (local residents), municipal users, as well as enterprises of industries with significant resource
saving potential: metallurgy, chemical industry, production of building materials, mechanical engineering,
petrochemicals, paper production, textile industry and so on.The purpose of the work is to find a fundamental
compromise between expanding opportunities and increasing losses with closer joint use of basic resources,
taking into account the desire to minimize anthropogenic impact on the environment. The proposed approach,
based on a joint numerical analysis of resource flows, can be generalized to the case of complex management
of other resources (raw materials, etc.). Environmental impacts are quantified by assessing the environmental
footprint of issuers. The method provides for the possibility of adding additional necessary aspects of
environmental impact in order to ensure its application for a wider range of practical problems. Assessment of
resource efficiency and the level of environmental impact is carried out based on the analysis of the life cycle
after determining the spatial boundaries and stages of the evolution of the system.An algorithm has been
developed for controlling the heat and water supply of the region for the optimal combination of production
/ consumption of energy and water, both within clusters (districts) and at the level of inter-cluster interaction,
minimizing residual resource imbalances and long-term impact on the environment.

Key words: optimization of resource use, process integration, energy efficiency, resource conservation,
systems analysis, circular economy, digital transformation, sustainable development.

3.U. qxamanosa!, B.M. Kaaabi6aeBa'", C.A. Bonabiper?, J[.M. Ken:xedexon'

M. Aye3sos ateiagarsl OHTyCTiK Kasakcran yausepcureTi, [Isimkent, KazakcTan;
>TOMCK TIOTUTEX HUKAJIBIK ¥ JITTHIK 3€PTTCY YHUBEPCUTETI, XUMUSITBIK KOHE OMOMETUITMHATIBIK
TEXHOJIOTUsIap FeUIbIMH MekTe01, Tomck, Peceil.

E-mail: kaldybaeva.b@mail.ru

P-GRAPHIIPOTPAMMACBIHKOJIJAHY YIHIIHMOJEJJIEPKYPYKOHE TEXHOJIOT USLTIbIK
MPOLIECCTEPII OHTAMJIAH/ILIPY DICTEMECI

Annortauus. JKymbpIc pecypcThlK 0Oaszara Ja, KOpIIaFaH oOpTara Ja JKYKTEMEHi OapblHIIA a3auTy
TYPFBICBIHAH alMaKThIK JCHIeHer] HEeTi3r1 pecypcTap aFbIHAapblH Oaranay MEH OHTAIaHIBIPY 9AiCTEMECiH
o3ipieyre OarpITTalFaH. AWMaKTarbl pecypcTap/bl OHAIpY / TYTHIHY OOBEKTINICpiHE COHFbI TaliAaanyblIap
(>KepruTikTi TYpFBIHAAP), MyHULUIAIABI NalijanaHybuiap, COHal -aKk pecypcTapabsl YHEMICHTIH aJeyeTi
Oap canajapIblH KOCIMOPBIHAAPHI JKaTaabl: METAJUTYprHs, XUMHS OHEPKICiOi, KYpBUIBIC MaTepHaliapbl
OHJIpici, MalMHa >Kacay, MyHaill XHMMHSCHI, Kara3 OHMIpiCi, TOKbIMa ©HEpKaciOi koHe T.0.KyMbICTBIH
MaKcarsl - KOpIlaraH opTara aHTPOIOTEH/IIK dcepAi OapblHILA a3alTyFa JereH YMTBUIBICTBI €CKEPEe OTHIPHIIL,
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MYMKIHIIKTep/i KEHEWTy MEH Heri3ri pecypcrapisl Oipirin maimanaHy apKbUTbl MIBIFBIHAAPABI YIIFAUTYy
apachlHAAFbl TyOereini biMbIpara kemy.Pecypcrap arbIHBIHBIH OipJIEeCKEH CaHIBIK TalgayblHa HEri3aeNnreH
YCBIHBUIFaH TOCUIII Oacka pecypcTapabl (IIHMKi3ar koHe T.0.) KemeHai Oackapy >KarJaiiblHa KalllbliayFa
Oomael. Kopiiraran oprara acep €Ty SMUTEHTTEPAIH AKOJIOTUSJIBIK 131H Oaraiay apKbUIbl aHbIKTaJIa bl Byt
ofIiC KopIaraH opTara ocep eTyAiH KOChIMINA KQKETTI acTIeKTIIepiH OHBIH MPAKTHKAIBIK MACETICIEePIiH KeH
ayKbIMBIH/1a KOJTAHBLTYBIH KAMTaMachI3 €Ty YIITiH KOCYy MYMKIH/IITiH KapacThIpabl. PecypcTapabH THIMITLTIT
MEH KOpILIaFraH opTara ocep eTy JeHreiin Oaranay >KYHeHiH KeHICTIKTIK LieKapagapbl MEH J1aMy Ke3eHAEpiH
aHBIKTaFaHHAH KeHiH eMipJiK LMKl Taljay Herisinue xysere acelpbuiansl.Kmactepnepae (aymanmapaa)
Jla, KjacTepapablK e3apa opeKeTTeCy JCHIeHiHIe 1€ SHEPTUs MECH CY/Ibl OHIIPY/IiH / TYThIHYJBIH OHTAMIIbI
yiecyi yIiH pecypcTapablH KalIbIK TEHrepiMCi3irid OaphIHIa a3aiTy YIIiH OOJIBICTBIH XKBITY )KOHE CYMEH
YKaOIBIKTAYIBI OacKapy aJTOpPUTMI 93ipIIeH/Ii. -KOpIIaFaH OpTara ocep €Ty Mep3iMmi.

Tyiiin ce3mep: pecypcrapsl naiaanaHynbl OHTAMIAHIBIPY, TPOLECTEePli OIpIKTIpY, SHEPTHS THIMILIIT,
pecypcTapabl YHEMJEY, KyHenepai Tanaay, ailHaaMaibl SKOHOMHKA, HUQPIBIK TpaHC(POpMaus, TYPaKThl
Jamy.

3.. d:xamanosa!, 5.M. Kaaabi6aesa!”, C.A. Boaabiper?, JI.M. Ken:xeoexon'

"TOsxH0-Kazaxcranckuii yausepeutet uM. M. Ayesosa, [lIsiMkenT, Kazaxcraw;
’HannoHaIbHbIH HecienoBaTenbekuii TOMCKUiT MONMMTEXHUUECKH YHIBEpCUTeT, HayuHas mikosa
XMUMUYECKHUX U OMOMeInIMHCKUX TexHonoruu, Tomck, Poccust.

E-mail: kaldybaeva.b@mail.ru

METOIO0JOT U IOCTPOEHUS MOJIEJIEM U OIITUMHU3AIIMN TEXHOJOTHYECKHUE
IMPOHECCBHI C UCIIOJIb3OBAHUEM IMTPOI'PAMMHOI'O OBECIIEYHEHUSA P-GRAPH

AnHoranusi. Pabora HampaBieHa Ha pa3pabOTKy METOOJOTMH OIIGHKH W ONTHMH3AIUU ITTOTOKOB
OCHOBHBIX PECYPCOB Ha pETHOHAIILHOM YPOBHE, C TOYKH 3pEHUS MUHUMHU3ALUN Harpy3KHU, KaK Ha pECYPCHYIO
0a3y, Tak U OKpykaromniyro cpeay. K o0bexkTaM mpon3BOACTBA/IOTPEOSICHUST PECYPCOB B PETHOHE, KOTOPHIE
CJIe/TyeT YUUTBIBATh, OTHOCSTCS KOHEUHBIC TOTPEOUTEIH (MECTHBIC JKUTEJTH ), MyHUIUITATIbHbIC IOTb30BaTEIH,
a TaKkkKe MPEANPHUITHS OTpaciicil cO 3HAUYUTEIbHBIM IMOTEHIMATIOM PEeCypCOCOCpPEKEHHS: METALTyprus,
XHUMHYECKas IPOMBINUICHHOCTb, POU3BOJICTBO CTPOUTEIIBHBIX MAaTEPUAIOB, MAIITHHOCTPOCHUE, HE(PTEXUMUS,
ITPOU3BOJICTBO OyMaru, TEKCTHIIbHAS IIPOMBIIUICHHOCTh U Tak jajiee. Llenb paboThl — 3aKITI0YaETCs B IIOMCKE
(DYHIAMEHTAJILHOIO KOMIIPOMHCCA MEXKIY PAaCHIMPEHHEM BO3MOXKHOCTEH M YBEIUYECHHEM IMOTEPh MpHU
0oJiee TECHOM COBMECTHOM HCIIOJIb30BAHUU OCHOBHBIX PECYPCOB, C YUETOM CTPEMJICHHUS K MUHHUMH3AIUU
AQHTPOTIOTCHHOTO BIMSIHUS HAa OKPYXKAIOIIyt0 cpeny. [IpemmaraeMplii moIxo/, OCHOBaHHBIN HA COBMECTHOM
YHCJICHHOM aHAJIM3¢ PECYPCHBIX TMOTOKOB, MOXKET OBITh 00O0OIIEH Ha CIydyai KOMITJICKCHOTO YIpaBICHHUS
JPYyTUMU pecypcamMu (ChIPhEBBIMU U T.11.). Bo3ielicTBHE Ha OKPYIKAIOIIYIO CPETy KOIMYECTBEHHO OTPEICISACTCS
MyTeM OIICHKHM 3KOJIOTHYECKHX CJICJIOB SMHUTEHTOB. MeETO/ MpelycMaTpUBaeT BO3MOXKHOCTh JI0OABICHHUS
JIOTIOTHUTENFHBIX HEOOXOIMMBIX aCHEeKTOB BO3JICHCTBHSA HA OKPYXKAIOIIYIO CPEy, YTOOBI 00ECHEYUTh €To
MIpUMEHEHUE I 0oJiee MIUPOKOTO CIIEKTpa MpakThdeckmx 3amad. OmeHka 3PQGEeKTUBHOCTH PECYypCOB U
YPOBEHB BO3JICHCTBUS HA OKPYIKAIOIIYIO CPETy BBIMOIHICTCS HA OCHOBE aHAIN3a )KU3HEHHOTO ITUKJIA TIOCIe
OIpeIeIICHNs IPOCTPAHCTBEHHBIX TPAHMULL H 3TAIIOB YBOJIOIIMH CUCTEMBI. Pa3paboTaH anropuT™ yrpaBieHus
TEIIO-BOJAOCHAOKEHHEM PETHOHA I ONTUMAJIBHOTO COYETaHHS OOBEKTOB IMPOU3BOJCTBA/TOTPEOIICHUS
SHEPrUM U BOJIbl KAK BHYTPHU KJIACTEPOB (PallOHOB), TaK U HA YPOBHE MEX KJIACTEPHOTO B3aUMOJICHCTBUSI,
MUHHMH3AIIH OCTAaTOYHBIX TUCOATaHCOB PECYPCOB U JIOITOCPOYHOTO BO3JICHCTBUS HA OKPYKAFOIIYIO CPEIy.

KiwueBble  cioBa:  ONTHMH3AIUs  HMCIONB30BAaHHMSI  PECYpPCOB,  HMHTETpalUsl  IPOIIECCOB,
9Hepro3(HETUBHOCTD, peCypcocOepekeHUe, CUCTEMHBIH aHATN3, YKOHOMHUKA 3aMKHYTOTO IMKJIA, U(PpOBast
TpaHCcpOopMaIrs, YCTOWIHBOE Pa3BUTHE.

Introduction. One of the most important problems of modern society is the irrational use of energy
resources. The constant increase in the use of fossil energy sources has led to one of the most important
problems of the 21st century. - global warming [1]. Despite the constant increase in the share of renewable
energy sources (RES) in the energy sector [2], this problem continues to be relevant [3]. This is partly due to
the inefficient use of energy and water resources in the manufacturing sector [4]. The study [5] proposes the
integration of calcium recycling into the lime production cycle at a pulp and paper mill. This reduces CO2
emissions from waste heat boilers and biomass power boilers [6].
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The approach to designing an optimal and environmentally friendly energy system with decentralized
energy generation for the municipal level is considered in the study [7]. The approach is to apply the clustering
method together with the energy system modeling and cost optimization method. The main problem in the
existing systems of distribution of energy resources between generating capacities and consumers is an
ineffective system of distribution of flows between sources and their consumers [8,9]. To solve this issue, a
visual diagram was designed for the distribution of heat energy and hot water to the consumer network, which
was implemented in the P-graph environment program. To optimize the creation or operation of cogeneration
and trigeneration systems, both exergy analysis [10] and mathematical programming methods [11] are used.
For example, for the synthesis of optimal cogeneration and trigeneration systems, scientists [12] use fuzzy
P-Graph. This allows to increase the economic efficiency of the developed systems in comparison with the
use of MILP or P-Graph models.

To maximize the potential for the use of resources (raw materials, energy, water), inter-production
integration is necessary. Utilization of low-grade heat by reducing primary energy consumption is a promising
way to reduce the ecological footprint of enterprises [13-15]. For example, in the study [16], it is proposed
to use a power plant, which makes it possible to comprehensively utilize waste from oil and gas enterprises.
However, a common methodology is needed to maximize the potential for energy efficiency improvements
in territorial production complexes. This methodology is Total Site Integration [17]. This methodology has
been used in the oil refining [18], petrochemical [19], cement [20] industries.

Materials and research methods. Drag and Drop Material. As an example of sources of heat energy and
hot water for the scheme, 4 boiler houses and 1 CHP and 4 consumers of these resources were given.

To describe the sources of «resources / materialsy», the operator «Drag and Drop Material» is set graphically,
the graphic image and the main characteristics of which are shown in Figure 1. It should be noted that various
physical parameters are used as «resources / materials» in this scheme, such as energy, consumption, volume,
power, etc., which will be discussed below. The main parameters to be set are the name of the element (Name),
the price per unit (Price), the required material consumption (Req.Flow) per unit of time, the maximum flow
through this element per year (Max.Flow) is set by analogy with Req. Flow.

The type of resource / material (Quantity Type) is set in the window Object Properties — Parameters. In
the pop-up window opposite the Quantity Type, select the required resource. P-graph allows you to operate
with volumetric, quantitative energy costs.

oo

Figure 1 - Operator for source material

This object describes the quantity and cost of the product obtained at the source. In our case, the initial
type of raw material is heat energy, the parameters of which are determined by choosing «Energy». Thermal
energy is generated by 5 sources: comb NG _w - boiler house burning natural gas, comb_Coal w - boiler
house burning coal, CHP_Coal w - CHP plant burning coal, comb_Diesel w - standby boiler house working
on diesel, Comb_Wood_ w - boiler house burning coal, Comb_Wood_ w - boiler house burning coal.

For a boiler plant that burns fuel, the general form of the equation for determining the fuel consumption
is as follows:

B, = Quy/Qy My (1)
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where: 1, - efficiency for modern boilers burning natural gas, fuel oil, unit efficiency can reach 0.85-0.9.
For current calculations, the efficiency of a boiler plant operating on coal and wood is assumed to be 80%,
on gas, fuel oil and diesel fuel - 88%. Q",, - the lowest heat of combustion of fuel, for solid and liquid fuels -
kg, for gaseous - m3, composition and lower heat of combustion of various fuels, Q, - set heat output of the
boiler plant GJ/day.

The composition and thermotechnical characteristics of the combustible mass of the types of fuel, the
composition and heat of combustion of combustible gases are determined from the reference data [21].

After determining the fuel consumption at the boiler plant according to the formula (1) for a given thermal
power, it is possible to estimate the cost of the sold product:

CT = BT HT/ QKY’ (2)

where: I1;- the price of feedstock, tg/kg, 1L, - for coal, tg/kg, L]
firewood, tg/kg, Il , . - for technical diesel fuel, tg/kg.

A thermal power plant operating on coal and supplying thermal energy to the network in the form of hot
water in the retro- and future have averaged indicators of specific consumption of equivalent fuel for energy
generation in the country. From the analysis, it can be concluded that the dynamics of the decrease in the
specific consumption of equivalent fuel (QPH(YCH) = 29.33 MJ/kg ct) for the generation of electric and heat
energy from year to year. For the current 2020, the specific consumption of equivalent fuel for the generation
of heat energy was adopted - 158 kg/Gcal.

The conversion of the specific consumption of standard fuel to the specific consumption of hard coal per
GJ is given in expression 3:

, - for natural gas, tg/m3, I1 or

T(IIp. ¥ T(p.) f

by =byyy Qven/ (Qyyeyy4:1868), )

where: 4.1868 is the energy conversion factor from Geal to GJ.

After determining the fuel consumption according to (1) and (3) and calculating the cost of the supplied
heat energy, the information in the cards of the initial operators is filled in.

Results and discussion. Operation unit. The next element in the diagram is the operating block, with the
help of which the equipment that produces the work, the product, etc., is described.

-

©
L
o
B

Figure 2 - Operating unit

For the circuit element shown in Figure 2, the parameters of the described equipment are set, such as: name
(Name), lower and upper boundaries for resource consumption through this element (Capacity multiplier -
lower and upper bound), investment costs (Investment cost fix), investment costs per consumer ( Investment
cost proportional), the number of hours of work per year of equipment (Working hour peryear), Link. This
element of the diagram is used to link the operational unit (Operation unit with products (Raw Material,
Intermediate Material, Product). At the entrance and exit from the operational unit, a certain conversion factor
can be set (Figure 3).
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L=\M§!‘U@

Figure 3 - Connecting line

Thus, using operational blocks and intermediate products, you can transform one resource into another (or
several), linking them to each other with conversion factors.

Intermediate Material. The intermediate product is used to describe the loss of resources, delivery to an
intermediate consumer, connection of flows from operating units, description of the name of the product and
its characteristics, etc. The parameters to be set are similar to those of the initial resource (Figure 4).

@ P-GaphSuco £ 2 S Veidor 3235 ol S \*@
" P )

e
|t 35 | sotenin -
N oee=aa = T
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Figure 4 - Intermediate product

Product. The final product that goes to the target consumer, all parameters for this element are described
in the same way as in the Drag and Drop Material and Intermediate Materialsections.

Scheme of conversion and return of network water to the collection collector. The part of the diagram
presented in Figure 5 is necessary to describe the flows of energy and water for supply to consumers.

The “coll” collector receives flows of heat energy (Energy) from boiler houses and heat power centers.
Further, from the common collector, the flows diverge through pumping distribution stations to the districts
to consumers. The pumping station “pump st3” receives 105 GJ/day of heat energy, in which there is a
redistribution into two flows in a ratio of 2/3 to 1/3. The final consumer of heat energy “heat dist water”
from “pump _st3” receives 70 GJ/day, which he consumes without returning the network water back to the
sources. Heat energy 35 GJ/day in the form of heating water (with the possibility of returning to the network
for further heating) is sent from “pump st3” to the collector of water collection “cons HE HW”. After the
collector, the entire flow enters the secondary operator “HE HW 2, which serves to distribute and collect
direct and return network water from the consumer.
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Figure 5 - A bunch of converting heat energy into network water and return of chilled water in the form of
energy to the network.

At the same time, this operator serves to convert hot water from thermal energy, therefore, a multiplying
coefficient 3 is installed on the line after it, which is calculated from the expression (4):

kmiHW =Q/G e Pty — t,)=1-10%(1-4,1868-(90 — 10)) = 3, 4)

where: HE HW index - shows the conversion from thermal energy to hot water (HeatEnergy —
HeatWater); Q_, - thermal energy reduced to 1 GJ/day; G, - flow rate of network water, reduced to 1 m3/day,
t.. - temperature of the direct network, 90°C; t,, is the temperature of cold water taken from the well, 10°C;
c,” is the specific isobaric heat capacity of water averaged for temperatures of 10 - 90°C.

The end consumer receives heated water with a flow rate of 105 m3 / day with a direct network temperature
of 90°C. As noted earlier, the consumer’s “cons HW” heating system has a closed cycle, so the consumer
returns water to the network with a return temperature of 60°C. The water goes back to the operator unit
“HE HW_2” from which it goes to the element “cold w2” with the same conversion factor 3, which is
calculated by expression (4).

The element “cold w2” is used to describe the transfer of heat energy from the heated water to the
consumer’s target, so, of course, its temperature dropped. For this, after this element “cold w2” in front of
the operating unit “CW_HE 27, a conversion factor of 5 is set, which shows the ratio of the heat to the flow
rate of water contained in the return network water (5):

kCWJIE =Q/G e Bty — t,)=1-10%(1-4,1868-(60 — 10)) = 5, (5)

where: index CW_HE - shows the conversion from thermal energy to hot water (ColdWater — HeatEnergy);
t,. - temperature of the return water supply, 60°C.

Description of conditions for the total power of the system. Using the element “logical min” and
connecting lines coming out of the operating blocks, which characterize the operation of pumping stations,
it is possible to set the lower and upper limits for the total capacity. In this case, the system can receive from
500 to 900 GJ / day (Figure 6).

With the help of the operating unit “CW_HE 27, the return network water with a temperature of 60°C is
converted into thermal energy: 105 m3/day comes to the operator’s input, and 21 GJ/day at the output.

In the “heatlost” element, the flows of return network water are connected, and it also serves to describe
possible heat losses during transportation to a boiler house or heat station. After the “heatlost” element, an
operating unit “pump_st4” is installed to describe the costs of transporting the return network water to the
stations.
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Figure 6 - Bundle to limit the required total load in the network

Conclusions. It should be noted that the “coll” element is used to collect and distribute heat energy
flows. For this reason, after the operating unit “pump_st4”, the flow of heat energy of the return heating
water is directed to the collector “coll”, and the remaining energy for heating the heating water comes from
heat sources. Thus, the assessment of the efficiency of resources and the level of environmental impact is
carried out on the basis of the analysis of the life cycle after determining the spatial boundaries and stages
of the evolution of the system. An algorithm for controlling the heat and water supply of the region has been
developed for the optimal combination of energy and water production / consumption facilities.
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