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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.

З.И. Джамалова1, Б.М. Калдыбаева1*, С.А. Болдырев2, Д.М. Кенжебеков1
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P-GRAPHПРОГРАММАСЫНҚОЛДАНУҮШІНМОДЕЛДЕРҚҰРУЖӘНЕ ТЕХНОЛОГИЯЛЫҚ 
ПРОЦЕССТЕРДІ ОҢТАЙЛАНДЫРУ ӘДІСТЕМЕСІ

Аннотация. Жұмыс ресурстық базаға да, қоршаған ортаға да жүктемені барынша азайту 
тұрғысынан аймақтық деңгейдегі негізгі ресурстар ағындарын бағалау мен оңтайландыру әдістемесін 
әзірлеуге бағытталған. Аймақтағы ресурстарды өндіру / тұтыну объектілеріне соңғы пайдаланушылар 
(жергілікті тұрғындар), муниципалды пайдаланушылар, сондай -ақ ресурстарды үнемдейтін әлеуеті 
бар салалардың кәсіпорындары жатады: металлургия, химия өнеркәсібі, құрылыс материалдары 
өндірісі, машина жасау, мұнай химиясы, қағаз өндірісі, тоқыма өнеркәсібі және т.б.Жұмыстың 
мақсаты - қоршаған ортаға антропогендік әсерді барынша азайтуға деген ұмтылысты ескере отырып, 
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мүмкіндіктерді кеңейту мен негізгі ресурстарды бірігіп пайдалану арқылы шығындарды ұлғайту 
арасындағы түбегейлі ымыраға келу.Ресурстар ағынының бірлескен сандық талдауына негізделген 
ұсынылған тәсілді басқа ресурстарды (шикізат және т.б.) кешенді басқару жағдайына жалпылауға 
болады. Қоршаған ортаға әсер ету эмитенттердің экологиялық ізін бағалау арқылы анықталады.Бұл 
әдіс қоршаған ортаға әсер етудің қосымша қажетті аспектілерін оның практикалық мәселелердің кең 
ауқымында қолданылуын қамтамасыз ету үшін қосу мүмкіндігін қарастырады. Ресурстардың тиімділігі 
мен қоршаған ортаға әсер ету деңгейін бағалау жүйенің кеңістіктік шекаралары мен даму кезеңдерін 
анықтағаннан кейін өмірлік циклді талдау негізінде жүзеге асырылады.Кластерлерде (аудандарда) 
да, кластераралық өзара әрекеттесу деңгейінде де энергия мен суды өндірудің / тұтынудың оңтайлы 
үйлесуі үшін ресурстардың қалдық теңгерімсіздігін барынша азайту үшін облыстың жылу және сумен 
жабдықтауды басқару алгоритмі әзірленді. -қоршаған ортаға әсер ету мерзімі.

Түйін сөздер: ресурстарды пайдалануды оңтайландыру, процестерді біріктіру, энергия тиімділігі, 
ресурстарды үнемдеу, жүйелерді талдау, айналмалы экономика, цифрлық трансформация, тұрақты 
даму.

З.И. Джамалова1, Б.М. Калдыбаева1*, С.А. Болдырев2, Д.М. Кенжебеков1

1Южно-Казахстанский университет им. М. Ауезова, Шымкент, Казахстан;
2Национальный исследовательский Томский политехнический университет, Научная школа 

химических и биомедицинских технологии, Томск, Россия.
Е-mail: kaldybaeva.b@mail.ru

МЕТОДОЛОГИЯ ПОСТРОЕНИЯ МОДЕЛЕЙ И ОПТИМИЗАЦИИ ТЕХНОЛОГИЧЕСКИЕ 
ПРОЦЕССЫ С ИСПОЛЬЗОВАНИЕМ ПРОГРАММНОГО ОБЕСПЕЧЕНИЯ P-GRAPH

Аннотация. Работа направлена на разработку методологии оценки и оптимизации потоков 
основных ресурсов на региональном уровне, с точки зрения минимизации нагрузки, как на ресурсную 
базу, так и окружающую среду. К объектам производства/потребления ресурсов в регионе, которые 
следует учитывать, относятся конечные потребители (местные жители), муниципальные пользователи, 
а также предприятия отраслей со значительным потенциалом ресурсосбережения: металлургия, 
химическая промышленность, производство строительных материалов, машиностроение, нефтехимия, 
производство бумаги, текстильная промышленность и так далее. Цель работы – заключается в поиске 
фундаментального компромисса между расширением возможностей и увеличением потерь при 
более тесном совместном использовании основных ресурсов, с учетом стремления к минимизации 
антропогенного влияния на окружающую среду. Предлагаемый подход, основанный на совместном 
численном анализе ресурсных потоков, может быть обобщен на случай комплексного управления 
другими ресурсами (сырьевыми и т.п.). Воздействие на окружающую среду количественно определяется 
путем оценки экологических следов эмитентов. Метод предусматривает возможность добавления 
дополнительных необходимых аспектов воздействия на окружающую среду, чтобы обеспечить его 
применение для более широкого спектра практических задач. Оценка эффективности ресурсов и 
уровень воздействия на окружающую среду выполняется на основе анализа жизненного цикла после 
определения пространственных границ и этапов эволюции системы. Разработан алгоритм управления 
тепло-водоснабжением региона для оптимального сочетания объектов производства/потребления 
энергии и воды как внутри кластеров (районов), так и на уровне меж кластерного взаимодействия, 
минимизации остаточных дисбалансов ресурсов и долгосрочного воздействия на окружающую среду.

Ключевые слова: оптимизация использования ресурсов, интеграция процессов, 
энергоэффетивность, ресурсосбережение, системный анализ, экономика замкнутого цикла, цифровая 
трансформация, устойчивое развитие.

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 / materials», 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.

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:

BT = QКУ/QР
Н·ηКУ,          (1)
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where: ηКУ - 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%. QР

Н - 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, QКУ - 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 ·ЦТ/ QКУ,         (2)

where: ЦТ- the price of feedstock, tg/kg, ЦТ(УГ) - for coal, tg/kg, ЦТ(Пр. г) - for natural gas, tg/m3, ЦТ(Др.) - for 
firewood, tg/kg, ЦТ(Д.т.)  - 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 (QР

Н(УСЛ) = 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:

bК.У
ТЭЦ = bУСЛ· QР

Н(УСЛ)/ (Q
Р

Н(К.У.)·4,1868),     (3)

where: 4.1868 is the energy conversion factor from Gcal 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.

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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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).

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):

kHE_HW = QТЭ/GСВ·сП
В(tПС – tХВ)=1·103/(1·4,1868·(90 – 10)) = 3,   (4)

where: HE_HW index - shows the conversion from thermal energy to hot water (HeatEnergy → 
HeatWater); QТЭ - thermal energy reduced to 1 GJ/day; GСВ - flow rate of network water, reduced to 1 m3/day, 
tПС - temperature of the direct network, 900С; tХВ is the temperature of cold water taken from the well, 100С; 
сП

В is the specific isobaric heat capacity of water averaged for temperatures of 10 - 900С.
The end consumer receives heated water with a flow rate of 105 m3 / day with a direct network temperature 

of 900С. 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 600С. 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_2”, 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):

kCW_HE = QТЭ/GСВ·сП
В(tОС – tХВ)=1·103/(1·4,1868·(60 – 10)) = 5,   (5)

where: index CW_HE - shows the conversion from thermal energy to hot water (ColdWater → HeatEnergy); 
tОС - temperature of the return water supply, 600С.

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_2”, the return network water with a temperature of 600С 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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