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Abstract

This article proposes a unified exergetic methodology for comparable, reproducible assessment and subsequent
standardization of plasma processes. Based on the Second Law of Thermodynamics, it integrates exergy efficiency
(New), specific energy consumption (Qs,), exergy ignition cost (EIC), and environmental performance index (EPI)
into a formalized KPI-stack. Unlike First Law criteria, the approach accounts for energy quality, irreversibility,
and the non-equilibrium nature of plasma, distinguishing chemical, physical, and ionization components and
quantifying exergy destruction at individual process stages. The methodology covers plasma ignition, gasification,
reforming, and processing of gaseous, liquid, and solid hydrocarbon feedstocks and waste. Measurement, uncertainty
assessment, and quality control are aligned with cited metrological requirements; environmental comparisons may
incorporate life-cycle assessment. An oil-sludge case study compares conventional combustion at 1100 K with
plasma-supported combustion at 1500-2000 K at a fixed process thermal power of 2000 kW. Calculations show
differential exergy efficiency increasing from 0.546 to 0.636-0.675 and specific exergy losses decreasing from 18.27
to 14.48 MJ/kg. Environmental performance improves through a higher EPI and lower NO: emissions. Beyond
thermal disposal, plasma processing produces valuable synthesis gas with total exergy reaching 156.7 MJ. The
unified KPI-stack supports technology comparison, operating-mode optimization, and integration into regulatory
and technical documentation.

Keywords: plasma processes, exergy analysis, key performance indicators, KPI-stack, energy efficiency,
decarbonization, standardization.
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Introduction

The modern energy and industrial policy of most countries, including the Republic of Kazakhstan,
is focused on reducing the carbon footprint, increasing energy efficiency, and introducing the Best
Available Technologies (BAT) as part of strategies to achieve carbon neutrality [1, 2]. In this context,
plasma technologies are considered a promising tool for the deep thermochemical conversion of
hydrocarbon raw materials and man-made waste (coal, fuel oil, sludge, biomass, solid household
waste) into synthesis gas and other energy-valuable products, while reducing pollutant emissions and
the carbon footprint.

498



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Tom 23, Ne 3, 2026

Despite the intensive development of plasma technologies and a significant amount of
experimental and computational research, there is still no single, unified approach to quantifying
their effectiveness in the scientific and engineering literature. Disparate criteria are used for analysis,
such as thermal efficiency, the degree of fuel conversion, synthesis gas yield, the rate and stability
of ignition, and the specific energy consumption of the plasma torch. The use of various indicators,
calculation schemes, and assumptions significantly complicates the comparability of results, limits
correct inter-technological comparison, and hinders the formation of a regulatory framework and
standards.

Traditional methods of evaluating efficiency, based primarily on the First Law of Thermodynamics,
do not adequately describe the physical nature of plasma processes. In particular, they do not take
into account the non-equilibrium nature of high-temperature plasma, the structure and magnitude of
irreversible losses of available energy, or the redistribution of supplied energy between chemical,
physical, and ionization components. As a result, energy indicators do not reflect the quality of
energy and do not allow for an objective assessment of the effectiveness of plasma technologies from
the perspective of the Second Law of Thermodynamics.

International research in the field of plasma-assisted combustion and plasma gasification shows
that the lack of unified exergetic parameters leads to a formal and incomplete comparison of various
technological solutions. This circumstance is of particular importance in the context of the transition
to BAT and the need to justify technological schemes based on energy, environmental, and resource
criteria simultaneously.

In this regard, an urgent scientific and applied task is to develop a universal methodology for
quantifying the effectiveness of plasma processes, applicable to various types of fuels, plasma
installations, and operating modes. Such a methodology should ensure comparability of results,
reproducibility of calculations, and the possibility of integration into regulatory, technical, and
standard documents.

In this paper, we hypothesize that the efficiency of plasma processes can be objectively,
fully, and reproducibly assessed only on the basis of exergy analysis based on the Second Law of
Thermodynamics. The exergetic approach is considered a fundamental basis for the formation of a
unified and standardized set of key performance indicators (KPI-stack).

The methodological basis of the study is exergy analysis, upon which a universal measurement
and calculation methodology has been developed. This methodology establishes a procedure for
quantifying the effectiveness of plasma ignition, gasification, and reforming of hydrocarbon fuels
in gas, liquid, and solid phases. Hereafter, all plasma technologies are considered within a single
thermodynamic logic, where the key object of analysis is not only the amount of energy supplied but
also its quality, determined by exergy.

Equilibrium thermodynamic models are used in this work as a tool for the initial assessment of
the limiting characteristics of plasma processes, while non-equilibrium models and experimental
diagnostic methods are used to refine and verify calculated data. In this case, exergy analysis acts as
a link between model calculations and the actual technological parameters of plasma installations.

The numerical case study presented in this paper is limited to oil sludge. References to coal,
biomass, municipal solid waste, and other feedstocks describe the intended applicability range of the
methodology and the reviewed literature, rather than the feedstock used in the calculations.

The proposed methodology does not replace existing theoretical and experimental approaches but
formalizes and summarizes accumulated global experience, translating it into a unified measurement
and calculation protocol suitable for technology comparison and subsequent standardization.

Abbreviations and definitions

Exergy (Ex) — The maximum useful work a system can perform when brought into equilibrium
with the environment under given conditions.

Exergetic efficiency coefficient (n.x) — The ratio of the useful exergy of the process products to
the total exergy of all input flows.
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Specific energy consumption (Qsy) — The amount of energy or exergy supplied per unit of
processed raw material or resulting product.

Exergetic ignition cost (EIC, Exergy Ignition Cost) — The total exergy consumed to initiate and
stabilize a plasma regime or flame (an integral characteristic of the costs for initiating and stabilizing
a plasma regime).

Environmental Performance Index (EPI) — A dimensionless indicator characterizing the
environmental effectiveness of a process based on the ratio of actual pollutant concentrations to
regulatory values (a generalized environmental metric for comparing different types of feedstocks
and technologies).

KPI (Key Performance Indicators) — Quantifiable metrics used to evaluate and compare the
effectiveness of technological processes.

KPI-stack — A unified set of interrelated key performance indicators used for the comprehensive
performance assessment of plasma processes.

LTE (Local Thermodynamic Equilibrium) — A state in which the temperatures of the different
degrees of freedom of particles are considered equal.

CR model (Collisional-Radiative Model) — A kinetic model describing the excitation and
ionization of plasma particles, accounting for collisional and radiative processes.

PGM (Plasma Gasification Melting) — A high-temperature process in which waste is converted
into energy-rich synthesis gas and inert vitreous slag.

WtV (waste-to-value) — An approach to waste management where waste is treated not as refuse
for disposal, but as a valuable resource for creating new products, energy, or raw materials.

BAT — Best Available Techniques (or Technologies).

PES - Plasma fuel system.

3 — Thermal power.

T — Absolute temperature of the process.

T, — Ambient temperature at PO = 1 atm at 80% relative humidity.

p — Pressure.

P — Installation power in kW.

t — Time to reach the required temperature and measure in h.

m — Mass of fuel in kg.

Nex — Integral exergy efficiency.

;?':if - Differential (stream) exergy efficiency.

Materials and methods

Models and Methods for the Exergy-Based Performance Assessment of Plasma Processes

Standardization, as a tool for scaling and commercializing scientific developments, requires
the accumulation of comparable data, the identification of universally applicable norms, and the
formalization of calculation and measurement procedures. In plasma technologies, thermodynamic
assessment is applied in the design of installations (gasifiers, plasma torches, plasma-fuel systems),
the optimization of operating modes (temperature, oxidizer/fuel ratio, specific energy consumption),
and performance evaluation (energy and exergy indicators, feedstock/waste conversion rates).

The study employs two classes of modeling approaches: equilibrium thermodynamic models
(for high-temperature plasma close to LTE) and non-equilibrium kinetic/CR model/state-to-state
models (for low-temperature and highly non-equilibrium media), as well as experimental diagnostic
methods for model verification and plasma parameter reconstruction.

Data provenance and validation scope. The present study is methodological and computational.
The oil-sludge case study combines equilibrium thermodynamic calculations with input data reported
in Refs. [4, 34-36]. The origin of each parameter is classified as experimental, rated, literature-
derived, assumed, or calculated. The KPI values, including ne, specific exergy loss, EIC, EPI, and
syngas exergy, were calculated using the equations presented below. Verification was performed by
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comparison with previously published experimental data from Refs. [34-36]. No new independent
experimental campaign was conducted within the present study.

The classical approach for describing the plasma gasification of solid waste and biomass is
equilibrium thermodynamic modeling based on Gibbs energy minimization (or equilibrium
thermodynamic models (Gibbs minimization)) under given conditions, such as T, p, and the elemental
composition of the system (n,) [3-9].

Input data (minimum required for reproducibility):

¢ Elemental composition of fuel/waste (C/H/O/N/S/CI1 + ash/moisture content, if applicable);

* Type and flow rate of the plasma-forming gas/oxidizer;

¢ Pressure p and temperature range T;

+ Steam/air/oxygen/fuel ratios (depending on the problem statement).

Output parameters of the equilibrium model:

¢ Synthesis gas composition (CO, H,, CO,, CH,, H,O, N, etc.);

¢ Fraction of condensed phases/slag;

¢ Integral indicators: heating value of the synthesis gas, gas yield, and temperature regime
targets [3-9].

In applied research, equilibrium models are used to calculate synthesis gas composition and
energy/exergy indicators for the plasma gasification of MSW [3, 4], to analyze PGM stages (drying,
pyrolysis, gasification, melting) in terms of energy and exergy [5], and to optimize operating modes
within WtV concepts [7-9].

However, despite the convenience of this approach, there are certain limitations to its application.
The equilibrium formulation does not account for kinetics, hydrodynamics, the actual structure of the
plasma flare, or the inhomogeneity of temperature and composition fields. The model provides an
assessment of the 'ideal’ limit of performance.

The main positive aspect of the equilibrium model is its applicability in conjunction with exergy
analysis. To transition from 'gas composition' to comparable effectiveness, exergy analysis (the
Second Law of Thermodynamics) is used as the primary quantitative tool for assessing energy quality
and irreversible losses. Research [5] shows that the 'equilibrium calculation — exergy balance' link
allows for the localization of exergy losses by PGM stages and the identification of 'bottlenecks,' the
evaluation of the impact of air preheating and the steam/biomass ratio on exergy efficiency [6], and
the formulation of engineering-interpretable metrics such as specific synthesis gas yield (Nm?/kg),
cold gas efficiency (%), exergy efficiency, and specific electricity consumption of the plasma torch
(kWh/kg) [4-6, 10-12].

For the numerical modeling of the plasma processing of carbon-containing materials in steam/
gas/air plasma, the TERRA software package is utilized. It enables equilibrium calculations,
evaluation of the influence of operating parameters and feedstock composition, and determination
of specific energy consumption and energy efficiency indicators; comparison with experimental
data on gas composition confirms the applicability of the thermodynamic approach for the exergetic
interpretation of process performance and normalization.

"Non-equilibrium plasma models, such as state-to-state and CR approaches, were reviewed.
For the class of plasma technologies where equilibrium assumptions are violated (low-temperature
discharges, plasma jets at reduced pressures, hypersonic flows), models that account for the non-
equilibrium between translational, vibrational, and electronic degrees of freedom are utilized.

Within the state-to-state approach, each vibrational-electronic level is treated as a separate
'species' with its own number density [ 16]. CR models describe excitation/ionization kinetics through
a system of kinetic equations and are used in conjunction with gas dynamics and radiative transfer,
including the calculation of electron and excitation temperatures, level distributions for spectroscopy,
and radiation power [17-19]. While physically informative, these methods are computationally
expensive and require large datasets of cross-sections and rate coefficients; therefore, in applied
energy problems, they are typically used selectively (for diagnostics/verification) or in the form of
reduced models [18].
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The third methodological approach involves experimental methods and diagnostics (model
verification). Spectral methods (OES, LIBS, etc.) are used for the experimental verification of
models and the reconstruction of plasma parameters. Based on the spectra of impurity ions/atoms,
and utilizing excitation models and CR approximations, particle densities, flows, and sources in the
plasma are estimated [20]. LIBS methods, with corrections for matrix effects and self-absorption, are
applicable for the analysis of products and particles within the plasma flare [21]. To quantify the gas
composition after plasma processing, gas chromatography, mass spectrometry, and IR analyzers are
employed [23]. Comparing the measured synthesis gas composition (CO, H,, CH,, CO,, etc.) with
the modeled data provides a quantitative assessment of the deviation from equilibrium and serves as
a basis for adjusting assumptions and accounting for losses [4, 10—15, 23].

The proposed methodology relies on the KPI-stack concept for plasma processes as a universal
exergy-based method. The base set of indicators includes exergy efficiency, specific energy
consumption, Exergy Ignition Cost (EIC), and the Environmental Performance Index (EPI), which is
linked to pollutant regulations [24].

The exergy balance is formulated by comparing the total exergy of inflows (electrical exergy,
and the chemical and physical exergy of the fuel and oxidizer) with the exergy of the products
(synthesis gas, melt/slag phase), while accounting for losses (cooling, radiation, etc.).

Thus, the KPI-stack provides a unified performance assessment for various types of fuels (gas,
fuel oil, coal, oil sludge, waste) and different plasma technologies (ignition, gasification, reforming),
provided that a unified computational protocol and a single input data structure are maintained.

Uncertainty Assessment and Data Quality Requirements

To ensure the reproducibility and suitability of results for standardization, the measurement and
calculation procedure must be accompanied by an accuracy assessment and internal quality control.
RMG 61-2010 and RMG 76-2014 are used as the regulatory framework for evaluating accuracy,
trueness, and precision indicators, as well as for the quality control of quantitative analysis results.
For environmental comparability, ISO 14044 approaches may be applied when an LCA (Life Cycle
Assessment) interpretation is required [37-39].

The calculated KPI values were verified by comparison with the experimental results reported in
Refs. [34-36]. The combined relative uncertainty was estimated at +6-10%. The main contributions
were associated with temperature measurement (£1.5%), gas composition (£3%), electrical power
(£1%), and mass measurement (£0.5%).

The KPI Concept for Plasma Technologies

Equilibrium thermodynamic models and exergy analysis form the basis for the primary
quantitative assessment of high-temperature plasma processing and gasification [3—15, 26-33].
Non-equilibrium CR/state-to-state approaches are key for low-temperature and specialized plasma
regimes, providing a physically correct link between diagnostics and spectroscopy [16-22]. The
combined application of models and instrumental methods ensures sufficient data completeness for
the reconstruction of process parameters.

Thus, the KPI-stack provides a unified performance assessment for the application of various
plasma technologies (ignition, gasification, reforming) in the processing of different fuel types (gas,
fuel oil, coal, oil sludge, waste), provided that a unified computational protocol and a single input
data structure are maintained.

To ensure the reproducibility and suitability of results for standardization, the measurement and
calculation procedure must be accompanied by an accuracy assessment and internal quality control.
RMG 61-2010 and RMG 76-2014 serve as the regulatory framework for evaluating accuracy,
trueness, and precision indicators, as well as for the quality control of quantitative analysis results.
For environmental comparability, ISO 14044 approaches may be applied when an LCA interpretation
is required [38].

Equilibrium thermodynamic models and exergy analysis form the basis for the primary quantitative
assessment of high-temperature plasma processing and gasification [3—15, 26—33]. Non-equilibrium
CR/state-to-state approaches are key for low-temperature and specialized plasma regimes, providing
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a physically correct link to diagnostics and spectroscopy [16—22]. The combined application of
models and instrumental methods ensures sufficient data completeness for the reconstruction of n_,
Qsp, and other KPI-stack metrics, forming the foundation for a standardized performance assessment
protocol.

Results and discussion

The KPI-stack method is based on the Second Law of Thermodynamics and defines the
quantitative efficiency of a plasma process as the ratio of the exergy of the reaction products to the
total input exergy:

wEx . +¥Ex

MOTERE
(1)
Exsxn.z:

Nox =

where: ZEx.— input exergy, including electrical and reaction energy;
ZEx__,—exergy of products, including the chemical and thermal exergy of the synthesis gas and

pro

condensed phases;

2Ex, . — irreversible losses (radiation, cooling, leakage, etc.).

Calibrated measuring instruments are used for measurements: K-type thermocouples (up to
2500K, accuracy +0.5%); an optical pyrometer (PIR-1800 or equivalent); gas analyzers (Infracar or
equivalent for H,, CO, CO,, CH,, N,, O,, H,S, NO, SO,); wattmeters (up to 200kW, accuracy 1%);
analytical balances (0.01g); and the TERRA software package (or equivalent) for thermodynamic
exergy calculations. Calculations and comparisons were performed at a process thermal power of
2000kW. Given a lower heating value (LHV) of the oil sludge of 40.2MlJ/kg, the calculated fuel
consumption is approximately 179.1kg/h.

Exergy of each component:

Ex=1 -(h—h)T(ss,) 2)
The exergy calculation is based on the specific heat consumption in a combined Carnot cycle

using their mean thermodynamic temperatures, a method also known as exergy analysis.
Carnot factor (Carnot coefficient):

-2 G)
e T
Exergy efficiency via the Carnot factor:
-2l 4
T T, @
Exergy efficiency via the Carnot factor:
exQ=@ xy (5)

where 1) is the thermal efficiency of the cycle, or the "heat quality" factor.

KPI-stack Indicators:

To ensure a correct comparison between traditional combustion and plasma gasification
technologies, the KPI-stack is divided into two functional branches:

I. Full combustion mode, where the target product is the exergy of useful heat.
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. Ty (6.1)
Ex:;:-; = Quss *¥T = Quss * {l - F}
| T, 62)
E:X?S;‘; =Quss 1T = H*Q *{l_F}

II. Plasma processing mode with synthesis gas production, where the target product is the exergy
of the gas.
h
Ex . = Ex;?gs + Exlo, (7)

Exergy efficiency is calculated as the ratio of the target product's exergy to the total input exergy
of the fuel and electrical energy.

KPI-stack indicators:
Exergy efficiency of the process (for combustion):
Ex (3)

usg

" T Exe + Expum
Fuel exergy:
Exfies = Mpyey X Qe 9.1)
di
Exfui = @ 9.2)
Useful heat:
e = Men * EXpygy (10.1)
. Qi =+ Q (102)
Total electrical power:
. P =P +P_ (n
Electrical input exergy: el " aux  plaz
E.‘X-':;!r = Pn.‘ ®L* 1 (12 1)
o = 122
Exa! - Pa: ( )

In the initial calculations, the exergy of the fuel and electrical input was determined in integral
form (MJ) for a given operating time. For the analysis of the facility's steady-state operation, the
calculation was performed in flow form (kW). A flow-based (power/integral) approach was used in
the exergy analysis. The fuel exergy flow is assumed to be equal to the process thermal power (9.2),
which is equivalent to the chemical exergy of the fuel burned at a given flow rate. The electrical
exergy flow is equal to the consumed electrical power (12.2), since electrical energy is entirely
exergetic (with an exergy factor of 1).

Specific energy consumption:

{Exfual + Exa! - Exuss} (13)

i

o =
Exergetic Ignition Cost (EIC):
E Bopsteneh+db (14)

Efci:'!r' — —

™ ™
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Environmental Performance Index (EPI):

203
— 0K
EPI = o X1, (15)
where Ciyag — is the standardized (regulatory) concentration of the pollutant, and
C,.. — 1s the measured concentration in the emission zone.
For a key pollutant j (e.g., NO2, SOz, PMa.5):
; R
EPI, = 2 x c— (16)
'fact
Composite index for the aggregate of pollutants::
EPI = Z w; X EPI; (17)

i

where o, are weighting factors (proportional to the impact significance or inversely proportional to
the MPC).

The KPI-stack calculation below is presented using the example of oil sludge combustion in
a furnace equipped with a PFS compared to combustion without one (hereinafter referred to as
traditional combustion). The data is based on research findings [4, 34—36]. The raw data is provided
in Table 1, the justification for the selected research temperatures is given in Table 2 [4, 34-36], and
the KPI-stack calculation for oil sludge is presented in Table 3.

I. Full combustion mode, where the target product is the exergy of useful heat.

All calculations were performed at a fixed process thermal power of Q =2000 kW. The electrical
power of the plasma torch was Pplaz = 400 kW. Therefore, the value of 2000 kW should not be
interpreted as the electrical power of the plasma torch or its power supply system.

Table 1 — Comparative exergy calculation for a single PFS during oil sludge processing

Parameter / Type Traditional PFS -Assisted Gasification
Combustion
Fuel combustion temperature, T (K) 1100 1500 2000
Plant efficiency (rated/nominal 0,75 0,95 0,95
data), nth
Plasma torch power, Pplaz (kW) - 400 400
Furnace ignition power, Paux (kW) 10 - -
Process thermal power, Q (kW) = 2000 =2
MJ/s
Mass of processed fuel, mfuel (kg) 10
Oil sludge flow rate, m" (kg/h) 179,1
Combustion time, t (h) 0,05
Ambient temperature, TO (K) 295
Ambient pressure, p0 (kPa) 101,325
Fuel heating value, Qfuel (MJ/kg) 40,2
Input fuel exergy (MJ) 10%40,2=402
Fuel exergy flow (kW) 2000
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Continuation of Table 1

Net calorific value (LHV) of oil 20
sludge (MJ/kg)
Carnot factor, t 295 295 295
—— = 10,7318 1—-———=10,8033 1———=10,8525
1100 1500 2000
Exergetic cycle efficiency 2% 295 2% 295 2% 295
- —=0577| l-————=0,671 1———=10,743
1100 + 295 1500 + 295 2000 + 295

Exergetic power (Exergy flow), exQ 2000*0,577=1154 2000*0,671=1342 2000*0,743=1486
(kW)
Useful heat from combustion (MJ) 0,75*402=301,5 0,95*%402=381,9 0,95*%402=381,9
Useful heat rate from combustion 2000*0,75=1500 2000*0,95=1900 2000*0,95=1900
(kW)
Exergy of useful heat (MJ) 301,5*0,7318=220,64 381,9*0,8033=306,78 | 381,9*0,8525=325,57
Useful heat exergy flow, Exuse 0,75*2000*0,732 0,95%2000*0,8033 0,95%2000*0,8525
(kW) =1097,73 =1526,33 =1619,75
Electrical input exergy (kWh) 10kBT1*0,059*0,75 400xB1*0,054*0,95 400xB1*0,054*0,95

=0,375 =19 =19

(= 1,35 MJTx) (=68,4 M) (=68,4 M)

Electrical input exergy flow (kW) 10 400 400
Exergetic process efficiency 220,64/(1,35+402) 306,78/(68,4+402) 325,57/(68,4+402)

=0,547 =0,652 =0,692
Fuel combustion temperature, T (K) | 1097,73/(2000+10) 1526,33/(2000+400) 1619,75/(2000+400)

=0,5461 =0,6359 =0,6749

Note: According to the requirements of the Stockholm Convention and UNEP (United Nations Environment
Programme) standards, a temperature of at least 1500 K is required for the complete destruction of organochlorine
compounds in oil sludges. The PFS ensures a stable temperature regime above 1700°C (2000 K), which guarantees
the environmental safety of the process and exceeds WHO (World Health Organization) international destruction
standards.

In this work, two forms of the exergy efficiency coefficient are utilized:

N (cycle efficiency) characterizes the efficiency of a specific processing cycle, accounting for
the ignition and stabilization phases; it is applied when calculating the Exergetic Ignition Cost (EIC).

??:!f (steady-state efficiency) is used to evaluate the facility's performance in a steady-state
mode. It is selected as the baseline indicator for the KPI-stack concept, as it ensures comparability,
scalability, and reproducibility of results for cross-technology comparisons.

According to the calculations presented in Table 1, the exergetic efficiency of plasma-assisted oil
sludge gasification is 16.3% and 28.8% higher than that of traditional methods at 1500 K and 2000 K,
respectively. An analysis of the data in Table 1 shows that at the same process thermal power (2000
kW), the transition from traditional combustion to PFS-assisted gasification leads to a significant
increase in the exergy of useful heat due to higher process temperatures and improved quality of the
input energy.

Despite the increase in electrical consumption when using a plasma torch, the overall exergetic
efficiency increases, indicating a reduction in irreversible losses within the system. The results
confirm that energy efficiency, as evaluated by the First Law of Thermodynamics, does not reflect the
actual quality of the process, whereas exergetic analysis allows for a correct comparison of regimes
with different temperature potentials. This justifies the continued use of exergetic indicators within
the KPI-stack framework. Based on these initial data, further calculations of integral and flow-based
performance indicators are conducted.

Figure 1 presents the dependence of the exergy efﬁmency on the process temperature. The 1%
characterizes the efficiency of the complete processing cycle, accounting for start-up modes, wh1le
n;i;f represents the facility's efficiency in steady-state operation. The divergence of the curves reflects
the contribution of transient processes and the exergetic costs for ignition and stabilization.

int
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It follows from Figure 1 that the exergy efficiency increases monotonically with the process
temperature for both types of evaluation—integral form and flow form (differential). The gap
between the curves reflects the contribution of transient processes associated with the ignition and
stabilization of the plasma regime and quantitatively characterizes the additional exergetic load on
the system during non-steady-state phases.

The differential exergy efficiency demonstrates a stable temperature dependence and reflects the
facility’s performance in steady-state mode, making it the preferred baseline indicator for the KPI-
stack concept to ensure cross-technology comparison and standardization. The integral efficiency,
in turn, remains informative for analyzing operational cycles and calculating the Exergetic Ignition
Cost (EIC). This relationship serves as a physically correct link for a primary quantitative assessment
and provides the basis for forming a comprehensive KPI-stack through an exergy-based method.

Dependence of exergy efficiency on process temperature

—e—Integral (cycle form) nex
m-Differential (flow form)nes

0.68 1

0.66 -

Exergy efficiency, ne.
= =] =]
2 2 2

1200 1400 1600 1800 2000
Process temperature, T (K)

Figure 1 — Dependence of exergy efficiency on temperature.

Table 2 — Variation of gas composition as a function of temperature (T) [4, 1015, 34-36]

Temperature Key Process Characteristics

1100 K Incomplete conversion zone. At this temperature, condensed carbon (C_ ) may still be
present in the system. The concentration of target components (H,, CO) has not yet reached
its maximum. Minor amounts of methane (CH,) may be present. Emissions are relatively low,
but the process is characterized by high levels of CO (incomplete combustion).
1400 K Optimal gasification threshold. All carbon is converted into the gas phase. The concentrations
of CO and H, stabilize at peak values; this serves as the "operating point" for many industrial
plasma gasifiers.

1500 K Stable syngas production. Maximum yield of high-calorific gas is achieved; hazardous
impurities (dioxins, furans) are completely destroyed.
2000 K Excessive energy consumption zone. The gas composition remains virtually unchanged

compared to 1500-1600 K; however, specific electrical energy consumption for the process
increases significantly. Thermal ionization begins, and atomic fractions start to grow. At a
plasma temperature of 2000 K and in the absence of free oxygen, nitrogen remains in an inert
state (N,), preventing the formation of NO..
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The data in Table 2 demonstrate that an increase in process temperature leads to an equilibrium
shift toward the formation of the target components of syngas — hydrogen and carbon monoxide.
At a temperature of 1100 K, the process is characterized by incomplete carbon conversion and the
potential presence of a solid residue, whereas the range of 1400-1500 K corresponds to a stable
steady-state mode of full gasification.

With a further increase in temperature to 2000 K, the gas composition changes insignificantly;
however, energy costs increase, indicating the existence of an optimal temperature window in terms
of the balance between performance and costs. These results emphasize the need to assess not only
the gas composition but also the quality of the energy contained in the products, which is further
implemented through the exergy-based method for syngas analysis.

Table 3 — KPI-stack calculation for oil sludge

Indicator Name

Traditional combustion at
1100K

Gasification using PFS at
1500K

Gasification using PFS at
2000K

Measured NO,

emission concentration:
3

C. . (mcg/m?)

250

80

60

Specific energy

402 + 1,35 — 220,64

402 + 68,4 — 306,78

402 + 68,4 — 325,57

consumption, Qsp (MJ/ 0 18,27 10 = 16,36 - = 14,48
kg) (13)

Exergetic Ignition Cost, 13,5 68,4 68,4

EIC (MJ/kg) (14) T 0,135 To - 6,84 o - 6,84
E;‘f;jﬁﬁfffgal Index,| 05461 x % =0,0218 0,6359 x g =0,0795 0,6749 x g =0,1125
EPI (16)

Note: According to WHO data, the Maximum Permissible Concentration (MPC) for NO, (annual average since
2021) is Cyype = 10 meg/m* [38].

The KPI-stack calculation results (Table 3) demonstrate that plasma-assisted processing of oil
sludge is characterized by higher exergy efficiency and lower specific exergetic losses compared to
traditional combustion. Despite the increase in the Exergetic Ignition Cost (EIC) associated with the
use of a plasmatron, the temperature rise and improvement in energy quality compensate for these
costs during the steady-state stage of the process.

The Environmental Performance Index (EPI) also increases when transitioning to plasma modes,
indicating an improvement in environmental performance alongside an increase in thermodynamic
efficiency. The obtained results confirm the feasibility of using the KPI-stack as an integral tool for
the comprehensive energy and environmental assessment of oil sludge processing.

II. Plasma processing mode with synthesis gas production, where the target product is the exergy
of the gas.

The plasma mode not only provides thermal energy but also converts a portion of the exergy
into a chemically valuable form (CO+H:). Table 4 presents the results of the gas exergy calculations.
Calculation of Gas Exergy Exgasz

¢ Determine the gas molar flow rate n__based on flow meter readings and elapsed time.

¢ For each component Hz, CO, CHa, Cf)z, N2, determine h, and s, where: n, - amount of substance
for component i (Hz2, CO, CHa etc.) kmol;

¢ h, s, - enthalpy (total energy content) and entropy (degree of disorder or randomness) at
gas temperature T;

* h,, s, - enthalpy and entropy at the standard state;

. ex-fh— specific chemical exergy of the component.

thermal
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Ex . = Exglfs + Exg':;‘s (18)
h
Ex .. = Z n; [(hi - hf,u} -1 (3:' - Sf,u}"'EXic ] (19)

Table 4 — Syngas exergy calculation

Ne |Gas com-| Volume | Amount of | Specific | Physical | Chemical Exergy Total Component |Fraction
po- |Fraction |Substance n,| Chemical | Exergy | Exf" =n, - exf™, Exergv inEx
nenti | vy, % kmol Exergy |Ex} " MJ MIJ Ex, = Ex;" +Ex{"| o,
ext™, MJ/ MM
kmol
at T=1100K
1 H, 45 0.292 240 2.9 70.0 72.9 50.9
2 CO 40 0.218 275 2.3 60.0 62.3 43.5
3 CH, 3 0.005 800 0.5 4.0 4.5 3.1
4 CO, 8 - ~0 0.9 ~0 0.9 0.6
5 N, 4 - ~0 207 ~0 2.7 1.9
Total: 100 - - 9017 134.1 143.17=143.2 100.0
at T=1500K
1 H, 45 0.292 240 5.0 70.1 75.0 50.0
2 CO 40 0.218 275 4.0 60.0 64.0 42.7
3 CH, 3 0.005 800 0.8 4.0 4.8 3.2
4 CO, 8 - ~0 1.5 ~0 1.5 1.0
5 N, 4 - ~0 4.7 ~0 4.7 3.1
Total: 100 - - 16.0 134.1 150.0 100.0
at T=2000K
1 H, 45 0.292 240 7.1 70.1 77.2 49.2
2 CO 40 0.218 275 5.7 60.0 65.7 41.9
3 CH, 3 0.005 800 1.1 4.0 5.1 33
4 CO, 8 - ~0 2.1 ~0 2.1 1.4
5 N, 4 - ~0 6.7 ~0 6.7 4.3
Total: 100 - 22.6 134.1 156.7 100.0
Notes:

1. Under the condition of constant gas composition, p=p,, T ;=295K.

2. The ratio ensures complete gasification without the formation of solid carbon (soot) and achieves the
maximum concentration of combustible components (H, and CO) in the syngas.

3. Chemical exergy ex”: o 18 determined by the elemental composition of the fuel (C, H, O, S, N) and reference
databases (Szargut, JANAF/NASA).

4. For air, chemical exergy is neglected; the physical component is accounted for during preheating Ex_,. * 0.

5. The total relative uncertainty of the result — + 6-10%. Main components: temperature — = 1.5%, gas
composition — +3%, power — £1%, mass —£0.5%. Verification is performed by comparing calculated ne values with
experimental data from [34-36].

6. The physical exergy of components at 2000K is estimated by scaling the values at 1500K proportionally to
(T-T,), assuming a constant gas composition.

The analysis of Table 4 shows that the primary share of syngas exergy is attributed to the chemical
exergy of hydrogen and carbon monoxide, while the contribution of physical exergy increases as the
process temperature rises. Given a constant gas composition, an increase in temperature leads to a
rise in the total syngas exergy due to the enhancement of physical potential, which is particularly
evident at 2000K.

This confirms that plasma processing not only provides a thermal effect but also converts a

significant portion of the input exergy into a chemically valuable form suitable for subsequent
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energetic or technological use. This effect represents a fundamental advantage of plasma modes
and cannot be identified through analysis based solely on energy indicators of the First Law of
Thermodynamics.

Thus, the sequential analysis of the energetic, exergetic, and environmental characteristics of
the process confirms the feasibility of applying the exergy-oriented KPI-stack for the objective
assessment and optimization of plasma-based oil sludge processing technologies. Furthermore, the
possibility of integrating this concept into related fields of thermodynamics is considered.

Alignment of the Methodology with Global Literature

In the majority of reviewed studies, exergetic analysis is performed on a "plant-specific"
basis, utilizing diverse sets of indicators without a unified KPI-stack. Moving away from case-by-
case analysis, this work proposes a unified methodology featuring a standardized algorithm for
measurements, calculations, and reporting, aligned with established standards (ST RK GOST R ISO
prol14044) [38].

It should be noted that this methodology places a specific focus on plasma ignition as a distinct
phase. While existing research primarily focuses on steady-state gasification and melting, this study
distinguishes the plasma ignition/flame stabilization phase as an object of separate quantitative
assessment via the EIC (Exergetic Ignition Cost).

This development introduces the KPI-stack for plasma technologies—specifically, the
implementation of a parameter set comprising Mex(T), Qs(T), EIC and EPI as a formalized standard.
In contrast, existing research typically utilizes combinations such as "Efficiency + Conversion Rate
+ Qsp." This methodology integrates energy, energy quality, and environmental impact into a single
quantitative framework.

The methodology maintains arigorous link to metrology and measurement uncertainty. To develop
and approve a formal standard, it is necessary to define requirements for measuring instruments,
logging procedures, total uncertainty assessment, and internal quality control according to RMG 61-
2010 and RMG 76-2014 [39—41]—elements that are absent in most scientific publications.

Prospects for Utilizing the KPI-stack Methodology

Based on published international studies, the potential transferability of the KPI-stack to fusion,
high-energy physics, and cryogenic systems is discussed conceptually. No dedicated calculations
or experimental validation for these sectors were performed in the present study. In the realms of
nuclear energy and thermonuclear fusion, exergetic analysis is already actively employed. In [41],
it is demonstrated that improper matching of temperature levels between the blanket and the power
cycle loops leads to significant exergy destruction; thus, exergetic analysis serves as the primary tool
for selecting heat exchange configurations. Through entropy and exergy analysis, the main sources of
losses and "bottlenecks" in the thermal schemes of fusion power plants are identified [42].

In [43], a detailed exergetic analysis of individual loops (reactor cooling, power cycle, and
heat rejection to the heat sink) was introduced, allowing for the quantitative assessment of exergy
destruction along the chain. Furthermore, authors examine the thermodynamic characteristics of
D-T (deuterium-tritium) fusion reactions and alternative fuels, including Gibbs free energy and the
"spontaneity" of reactions; this effectively represents a thermodynamic (quasi-exergetic) analysis of
available energy at the nuclear reaction level [44].

Exergy inflows comprise the thermonuclear power in the blanket, the electrical power supplied
to the magnetic system, pumps, and cryogenics. Exergy products include electricity at the busbars,
useful low- and medium-potential heat (e.g., for district heating), as well as losses (radiation beyond
limits, heat leaks, etc.).Following the example of plasma gasification, exergy efficiency (ne) is the
ratio of useful exergy (electrical energy + useful heat) to the total exergy of inflows and reactions.
Specific energy consumption (QSP) can be interpreted as the specific energy input or auxiliary exergy
required for the ignition and maintenance of the thermonuclear plasma (kWh per unit of generated
tritium or thermal power). Given that the "quality of energy" in the context of thermonuclear reactors
is explicitly discussed in [41], the KPI-stack aligns with these objectives with almost no modifications.
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High Energy Physics and Accelerator Complexes

In the field of High Energy Physics (HEP), exergetic analysis is already applied to cryogenic
systems and high-temperature superconductors. In [45], it is demonstrated that the exergetic analysis
of the LHC (Large Hadron Collider) helium cryosystem allows for a direct link between local
losses and the additional power consumption of the refrigeration plant, enabling the optimization
of the distribution scheme. Exergetics serves as a tool for optimizing helium liquefaction cycles
applicable to superconducting magnets and accelerators [46]. Furthermore, a comprehensive energy
and exergy optimization of the HALF (Hefei Advanced Light Facility) synchrotron cryosystem has
been performed [48]. Papers on the energy and exergy analysis of cryosystems for High-Temperature
Superconducting (HTS) magnets also demonstrate the use of the Second Law of Thermodynamics as
the primary efficiency criterion [49]. The review in [50] emphasizes that exergetic analysis is a key
tool for evaluating the "energy quality" and sustainability of cryogenic systems.

Thus, the presented methodology is applicable to cryogenic systems, where the objects of study
include cryogenic complexes, magnets, RF systems, and detector cooling systems. Exergy inflows
consist of the electrical energy from power supply units and the chemical exergy of liquefied gases
(He, N, Ne, etc.). Exergy products include the maintenance of superconductivity (low temperature
as a "high-quality resource"), magnetic field stability, and accelerator operation.

Exergy efficiency (nex) evaluates what portion of the input exergy is actually used to maintain
the required physical conditions and what portion is dissipated as irreversible losses (throttling, Joule
losses, heat leaks). Specific energy consumption (Qs) is defined as the specific energy input per
unit of useful "physical work" (e.g., KkWh/T-m of magnetic field or kWh/MJ of accumulated beam
energy). Formally, the framework is analogous, substituting syngas and MSW with cryogenics and
accelerators.

Adaptation of the KPI-stack to Nuclear & HEP

It should be noted that the integration of this methodology is based on four primary indicators
applicable to related fields:

Exergy Efficiency (nex):

¢ for nuclear systems, this represents the "reactor + power plant" exergy efficiency (the ratio of
electrical and useful thermal power to the total exergy of the reaction and auxiliary electricity);

+ for high-energy physics accelerators, this represents the exergy efficiency of the cryogenic
and magnetic systems (useful "physical exergy" of the experimental conditions / exergy of the input
energy).

Specific Energy Consumption (Q_(T)):

+ for nuclear systems, this represents the specific energy consumption of the plasma subsystem
(heating, confinement, injection) per unit of generated power;

+ for high-energy physics accelerators, this represents the kWh per unit of integrated luminosity
or accumulated beam energy.

EIC (Exergetic Ignition Cost):

+ for nuclear systems, this is the exergetic cost of bringing the reactor/flame/plasma to the
operating mode (startup, blanket heating, cryogenic cooldown);

¢ in high-energy physics, this is the exergetic cost of beam acceleration and bringing the
magnetic system to the operating field.

EPI (Environmental Performance Index):

¢ for nuclear systems, this is a combination of exergy efficiency with indicators of radiation
impact, material activation, and thermal discharges;

+ for high-energy physics facilities, this represents the link between the ne. of cryogenics and
cooling systems and the carbon footprint and energy consumption of the complex.

The review [42-45] confirms that such an approach is not only feasible but also a logical
extension of current practices, as exergy is explicitly identified as a key tool for design (an instrument
for quantitative analysis).
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Conclusions

This work has developed an exergetic methodology and verified its applicability against
previously published experimental data for the quantitative assessment of plasma process efficiency,
based on the Second Law of Thermodynamics and implemented as a formalized set of indicators:
the KPI-stack (Mex, Qs, EIC, EPI). The proposed approach enables a transition from fragmented
energy criteria to a unified, reproducible evaluation system focused on energy quality and the level
of irreversible losses.

Calculations have shown that at a fixed process thermal power of 2000kW, the use of a plasma-
assisted oil sludge processing mode ensures a steady increase in exergy efficiency compared to
traditional combustion. The differential exergy efficiency increases from 0.546 at 1100K to 0.636 at
1500K and reaches 0.675 at 2000 K, which corresponds to an efficiency increase of 16.3% and 23.6%,
respectively. A similar trend is observed for the integral exergy efficiency, with values increasing
from 0.547 to a range of 0.652-0.692.

Analysis of specific exergy losses showed that increasing the temperature and implementing a
plasma torch are accompanied by a reduction in exergy destruction within the system. The Q_ value
decreases from 18.27MJ/kg for traditional combustion to 16.36MJ/kg at 1500K and to 14. 48MJ/kg
at 2000K, indicating a more rational utilization of the fuel's chemical exergy.

It was established that the increase in the Exergetic Ignition Cost (EIC) in plasma modes (up
to 6.84MJ/kg compared to 0.135MJ/kg) is local in nature and primarily associated with the ignition
and process stabilization phases. In steady-state operation, these costs are offset by the increase in
exergetic efficiency and the reduction of total losses, confirming the necessity of separate accounting
for startup and steady-state regimes.

The extension of the KPI-stack to fusion and cryogenic systems remains prospective and requires
domain-specific definitions, datasets, and independent validation.

Environmental analysis demonstrated that the application of plasma-assisted processing leads
to an improvement in the environmental indicators of the process. The Environmental Performance
Index (EPI) increases from 0.0218 for traditional combustion to 0.0795 at 1500K and up to 0.1125
at 2000K, which is attributed to a decrease in NO, concentration in emissions from 250mcg/m’ to
80-60mcg/m? alongside a simultaneous increase in exergy efficiency.

Furthermore, it was shown that the plasma processing of oil sludge is accompanied by the
formation of energy-valuable syngas. The total exergy of the gas increases from 143.2M1J at 1100K to
150.0MJ at 1500K and reaches 156.7M1J at 2000K, with more than 90% of the exergy accounted for
by the chemical exergy of hydrogen and carbon monoxide. This indicates the possibility of viewing
plasma technologies not only as thermal disposal methods but also as elements of the Waste-to-Value
(WtV) concept. Thus, the proposed KPI-stack forms an objective and scalable basis for comparing
plasma technologies, optimizing operational modes, and subsequently integrating exergetic criteria
into Best Available Techniques (BAT) practices. The results obtained confirm the potential of plasma-
assisted processes for enhancing the energy and environmental efficiency of complex hydrocarbon
waste processing.
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IIJIASMAJIBIK HPOUHECTEPAIH TUIMALJIITIH CTAHOIAPTTAJIFAH
BAFAJIAYFA APHAJIFAH DKCEPI'ETUKAJIBIK 9 AICTEME

Anjiarna

Makanazia 1mia3MaiblK IpoLecTepIiH THIMALIIMH CaHIbIK OaralayFa apHallFaH, OJapiAblH CalbICTBIPMAJIbl-
JIBIFBIH, KalTalaHbIMIBUIBIFBIH JKOHE KeHIHHEH CTAHIAapTTAaIyblH KaMTaMachl3 eTyre OarbITTaiFaH OipbIHFail JK-
CePreTUKANBIK 9IICTEME YCHIHBUIFaH. O3ipJIeHTeH TY)KbIphIMIaMa TePMOINHAMHUKAHBIH €KiHIII 3aHBIH KOJJIaHyFa
JKOHE DKCEPreTHKAJIbIK Talaaibl ocep KOIPPUIMEHTI (M), MEHINIKTI dHeprusi WbFbIHAApbl (Qgp), TYTaHYIBIH
skcepretukanblk KyHbl (EIC) »xone skonmorusinblk uujaekce (EPI) cHSKTBI Herisri THIMIUIIK KOPCETKIIITEPiHiH
(opmanbapl xxubHTEIFBIH (KPI-stack) kanemracteipyra Herizaenred. TepMontuHaMUKaHbIH OipiHIII 3aHbIHA HETi3-
JEJreH JIOCTYPJl YHEPreTHKAIBIK KPUTCPUIIEPIiH dHEPIUsl CAlachlH, KAWTBIMCBHI3 HIBIFBIHAAD JCHICHIH JKoHE
IJTa3MaJbIK IIPOLIECTEPAIH TeTe-TeHAIK eMeC CUIIAaThIH KOPCETIEHTIHI ToNeIeH i, OYI1 OJapabl TEXHOIOTUIAPAIIBIK
CaNBICTHIPY JKOHE HOpMajay YIIiH KOJAaHy MYMKIHJITIH MEKTeH . ¥ ChIHBUIFAH AKCEPTETHKAIBIK TOCUT OepinreH
AHEPTHUSHBIH XUMHUSUIBIK, (DPU3UKAJIBIK jKOHE MOHHM3ALMIIBIK KypaM/acTap apacklHaa OeJiHyiH eckepyre, COHJau-
aK MPOIECTIH oPTYPIi Ke3eHIEePIHeT] SIKCePrUusiHbIH OY3bUTYBIH CaH/ABIK TYPFbIIaH Oarajiayra MYMKIHJIIK Oepeni.
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OzicTeMe TUa3MalbIK TYTaHYIbl, Ta3AaHAbIPY/bl, pePOPMHUHITI KOHE KOMIPCYTEK IIMKI3aThl MEH KaJJIBIKTApbIH
ra3, CyMbIK jKoHE KaTThl (azajapia Kaira eHaey/i Koca ajFaH/a, MiIa3MallblK TeXHOJOTHSIIAp/IbIH KeH ayKbIMbIHA
Oeftimnenren. JKyMpICTa SKOJIOTHSUIBIK MEHE/DKMEHT XKOHE DHEPI s THIMJIUIIT callaChIHIArbl KOJIAHBICTAFbl YIIT-
TBIK JKOHE XallbIKapaJblK CTaHIAPTTAP/bIH TalanTapblHa, COHIal-aK METPOJIOTHSUIBIK KAMTaMAaChI3 €Ty TaJalTapbl-
Ha COWKeC KEJeTiH OJIIey, €CenTey JXoHE HOTIKEIepAiH Oenrici3mirid Oaramay aaropuTMi TYKBIPBIMAAJIFaH.
Tanmay 1100 K temmneparypamarbl JoCTYpPIIi XKaHy pekuMi koHe mpouecTiH oenriienren 2000 kBT buty KyaTh
kesingeri 15002000 K Temmeparypamarbl Ia3MaliblK PEXUMICP VINH Kyprizingi. [lma3MoTpoHIbl KoamaHy
muddepenunanapik sxceprerukansik [IOK-TiH 0,546-gan 0,636-0,675-ke neliH apTyblHA jKOHE MEHILIKTI IKcep-
TeTUKAJIBIK MBIFBIHAAPALIH 18,27-nen 14,48 MJx/kr-ra neiiin TeMeHJeyiHe akeneTiHi kepceTireH. COHbIMEH
KaTap, 9KOJIOTHSIIBIK MHCKCTIH apTyhl ’KaHE MbIFapeiHabuiapaarsl NO2 KOHIEHTPAUSICHIHBIH TOMEHCY1 apKbLUIBI
KOPIHETiH MPOIECTIH SKOJOTHSIIBIK CHITATTaMaJIapBIHBIH jKaKcapysl Oalikanaabl. byman Oeek, mia3MaiblK pesKuM
JKUBIHTBIK dKceprusicel 156,7 MJIk-Fa MeiiH jKeTeTiH YHePreTUKAIBIK KYH/IBI CHHTE3-Ta3AblH TY3UIyiH KaMTama-
CBI3 €TETIHI aHBIKTAJJIbI, OYJI TEXHOJOTHSHBIH (DYHKIIMOHAIIBIK MYMKIHIIKTEPIH KapanaibiM TEPMUSIIBIK KoJlere
yKapary LIeHOEpiHeH ThIC KeHeWTeli. AJIBIHFAaH HOTIDKeNep KypaAeii KeMIpCyTeK KaJJIbIKTapblH KaiTa eHIeymiH
TUTa3MaIbIK TEXHOJOTHSUIAPBIH Tajllay JKOHE OHTAMNIAHIBIPY YIIIH JKcepreTHKanblKk OarbiTtanraH KPI-mapast
KOJIIaHY/IBIH MaKCcaTKa COMKEeCTIriH pacTaipl. ONICTEMEHIH MPaKTHKAIbIK KOJNJAHBLUTYbl MYHall MUIaMAapbiH
IIa3MOXUMILITBIK Kaiita eHaeyre apHanran KPI-stack kepceTkimTepiH ecentey MbICAIBIHIA KOPCETIITEH. DKCcep-
TeTHKAJIBIK KOPCETKIITePIiH OipbIHFail )KUBIHTBIFBIH €HI I3y I1a3MajIbIK TeXHOIOTHSIIAPbI CAIBICTEIPYFa, JKYMBIC
PEeKUMICPIH OHTANHIaHABIPYFa )KOHE KEeHIHHEH o/1iCTEMEHI HOPMATHBTIK-TEXHUKAJIBIK KYKaTTapFa MHTErpalysiayra
OOBEKTHBTI HeTi3 OepeTiHi KOpPCEeTIIreH.

Tyiiin ce3aep: mIa3MalbIK MPOIECTEP, IKCEPTETHUKAIBIK TaNIAy, HeTi3ri THIMALTIK kepceTkimTepi, KPI-stack,
SHEPrus THIMILTIT, TeKapOOHU3AI, CTAHAAPTTAY.

'MeccepJe B.E.,
1.¢.-M.H., mpogeccop, ORCID ID: 0000-0003-4281-1429,
e-mail: ust@physics.kz
"Yerumenko A.B.,
1.¢.-M.H., mpodeccop, ORCID ID: 0000-0003-0033-1371,
e-mail: alexanderustimenko@gmail.com
UUlaBpuies O.A.,
K.¢.-M.H., norient, ORCID ID: 0000-0002-5934-8381,
e-mail: lavr@physics.kz
*Hyrman MLK.,
noktopant, ORCID ID: 0009-0004-3366-5348,
*e-mail: nugmanmarina@gmail.com

'Kazaxckuii HallMOHAJILHBIM YHUBEPCUTET UM. alib-Dapadw, . Anmatsel, Kazaxcran

3KCEPTETUYECKAS METOIOJIOTUS CTAHJIAPTU3UPOBAHHOM
OLHEHKHU DPPEKTUBHOCTH IJIASMEHHBIX IPOOECCOB

AHHOTAIUA

B crarbe npemioxkena yHU(UIMPOBaHHAsT IKCEPreTHUeCKas METOANKA KOJIMYECTBEHHON OLEHKH 3(h(eKTHB-
HOCTH IUIa3MEHHBIX MPOIIECCOB, OPUEHTHPOBAHHAS Ha UX COITOCTAaBUMOCTb, BOCTIPOM3BOUMOCTD H TIOCJIE/TYIOLTYIO
cTa"mapru3anuo. PaspaboranHas KOHIICIIIN OCHOBaHA Ha MMPHUMEHEHUH BTOPOTO 3aKOHA TEPMOJMHAMUKHU U POp-
MHpOBaHUH (OPMaTH30BaHHOTO Habopa KIIFoUeBhIX mokaszareneit 3¢ dexrusHocTH (KPI-stack), Bkimrodaromnero sKc-
epreTUIecKuil KOAQPUITUEHT MOJIE3HOTO MEHUCTBUS (Nex), YACTbHBIE dHEPro3aTparhl (Qsp), IKCEPTETHUECKYIO TIEHY
Bocmiamenenus (EIC) u sxonoruueckuit nnaexc (EPI). [Tokazano, 4To Tpa UIIMOHHBIE YHEPTETHUECKUE KPUTCPHUH,
Oasupyromyecs Ha EPBOM 3aKOHE TEPMOANHAMUKH, HE OTPAKAIOT Ka4eCTBO YHEPTHH, YPOBEHb HEOOPATHMBIX O~
Teph ¥ HEPAaBHOBECHBIN XapaKTep IUIa3MEHHBIX IPOIECCOB, YTO OTPAaHHMYMBACT UX IPUMEHUMOCTD JUIST MEKTEXHO-
JIOTHYECKOTO CPaBHEHUS W HOPMHUpPOBaHUSA. [IpemmaraeMbIil IKCepreTHUeCKUH MOIXO0 MO3BOJSIET YIECTh pacmpe-
JIeIIeHNE TIOABEICHHON YHEPTUU MEXITy XUMUIECKOH, (PH3MUECKON W MOHU3AIIMOHHON COCTABISIOMNMH, a TaKKe
KOJTMYECTBEHHO OIEHUTH Pa3pylICHHE SKCEPTHH Ha Pa3lIWYHbIX CTAAUAX Ipolecca. MeToanka aganTupoBaHa s
HIMPOKOTO KJIacca IUIa3MEHHBIX TEXHOJIOTHH, BKIIIOYas IJIa3MEHHOE BOCIIAMEHEHHE, ra3uduKaiuio, peopMUHT
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U TIepepaboTKy YIIICBOIOPOIHOTO ChIPhs U OTXOJOB B Ia30BO, UIKON U TBepaoi (azax. B padore chopmymupo-
BaH QJITOPUTM M3MEPEHMH, PACUETOB U OLICHKU HEOIPEIEICHHOCTH PEe3yNIbTaToOB, COINIACOBAHHBIN ¢ TpeOOBaHMS-
MH METPOJIOTHYECKOTO 00eCTIeueHHs U JISHCTBYIONIMX HAMOHAIBHBIX M MEXK/IYHApOIHBIX CTAHIApTOB B o0nacTu
9KOJIOTHYECKOTO MEHEDKMEHTA 1 YHEProd(h(heKTHBHOCTH. AHAIN3 BBIOIHEH VIS TPAAUIIMOHHOTO CKUTAHHS TIPU
1100K n rurazmensbIx pesxxumoB mpu 1500-2000K mpu ¢pukcrpoBanHON TetioBoit MomHocTH mporecca 2000kBT.
[loka3aHo, YTO MCIIONB30BaHUE IIA3MOTPOHA HNPUBOIAMUT K YBEIUYCHUIO TH(PHEepEeHIHAaTBHOTO IKCEPreTHIECKOro
KII1[ ¢ 0,546 o 0,636-0,675 1 CHWKXEHUIO yAEIbHBIX SKCEpreTuueckux moreps ¢ 18,27 no 14,48M Ix/kr. OmHOBpE-
MEHHO HaOJII0faeTCsl YIyUIlIeHuE DKOJIOINYECKUX XapaKTEPUCTHK MPOIECcCa, BRIPAKEHHOE B POCTE HKOJIOTHYECKOTO
WHJIEKCa ¥ CHIKEHHH KOoHIeHTparu NO: B BEIOpocax. J[OMOIHNTEIBHO YCTAaHOBICHO, YTO TUIA3MEHHBIH PEeXUM
obecrieurBaeT (POPMHUPOBAHNE YHEPTETHUCCKU [IEHHOTO CHHTE3-Ta3a C CyMMapHO# skcepruedt 1o 156,7M]JIx, daro
pacmmpseT GpyHKIHOHAIBLHOCTh TEXHOJIOTHHU 3a TPEeIbl IPOCTON TepMUUECKOW yTrunm3anmu. [lomydeHHble pe-
3yJbTaThl MOATBEPHKIAIOT 1€€CO00PA3HOCTh IPUMEHEHHSI SKCEpreTHUeCKH oprueHTHpoBaHHbIX KPI it ananusza n
OIITUMH3AIHUH ITJIa3MCHHBIX TEXHOJIOTHUI HepepaGOTKI/I CJIOKHBIX YIIIEBOAOPOJAHBIX OTXOO0B. HpaKTI/I‘IeCKaH nmpume-
HUMOCTh METOJMKH IPOJIEMOHCTpUpOBaHa Ha npuMmepe pacuera KPI-stack st rurazmoxummdeckoit nepepaOoTKu
HedTenamoB. [Toka3aHno, 4To BBeieHHE YHH(DUIIMPOBAHHOTO HA0Opa IKCEPreTHUEeCKHX MoKa3arenei odecreunBa-
eT 00BbEKTHBHYIO OCHOBY JJIsl CPABHEHUS IIIIA3MEHHBIX TEXHOJIOTHH, ONTUMH3AIINH PEKUMOB PAOOTHI U TTOCIIETYIO-
el MHTETPaliy METOIUKH B HOPMATHBHO-TEXHUUECKUE JOKYMEHTHI.

KioueBble ciioBa: miia3MeHHbIC POLIECCHI, SKCEPTETUYECKUI aHaAN3, KITI0UYEBbIe TIoKa3aresu 3()(eKTHBHO-
ctu, KPI-stack, s3reproad¢heKTHBHOCTB, JIeKapOOHHU3AIIHS, CTAHIAPTH3ALIU.
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