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Abstract. The purpose of the study was to identify key patterns of thermal energy consumption and develop an
analytical basis for optimising technological processes based on environmental requirements. The methodology
involved a step-by-step calculation of the heat utilisation coefficient, specific consumption and heat loss structure
based on instrumental data on heat consumption by the public joint-stock company Kamet-Steel for July-
September 2024. The assessment of the efficiency of thermal energy consumption at the enterprise showed a
stable, but insufficient level of energy use: the average coefficient was 81.0%, while heat loss did not decrease
below 18.9%. Structural analysis showed that the largest share of losses was accounted for by pipelines (7.3%),
heat exchangers (5.8%), cooling circuits (4.1%), and other losses (1.7%), which indicates the presence of several
critical areas of inefficiency. Specific heat consumption per unit of production ranged from 0.1815-0.1923 Gcal/t
and increased in September, despite a decrease in production volumes, which indicates the inertia of the supply
system. Based on the results, a technical and analytical basis was formed for the reconstruction of energy-
efficient infrastructure elements with an estimated potential to reduce losses by 6-8%. The presented conclusions
also confirmed the feasibility of digital monitoring as a tool for stabilising costs and increasing adaptability to
changes in the production load. The results obtained can be used for the development of technical and economic
measures for the reconstruction of heat transport infrastructure of industrial enterprises, in particular, through the
optimisation of heat exchange modes, modernisation of pipelines, and the introduction of residual heat recovery
systems. This will reduce specific energy costs, stabilise the heat balance, and reduce the environmental burden
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Introduction

Industrial enterprises of Ukraine, in particular in the
metallurgy sector, are increasingly operating under
stricter environmental regulations and growing en-
ergy efficiency requirements. In heat supply systems
that serve high-temperature technological processes,
a significant part of energy is lost due to worn-out
infrastructure, inconsistency of heat flows with the dy-
namics of production, and the lack of recovery mecha-
nisms. Specific losses are caused by the inertia of heat

engineering systems, instability of heat exchange, and
low accuracy of circuit control. In such conditions,
thermal energy consumption becomes a factor that
affects not only the production cost, but also the over-
all environmental footprint of the enterprise. This jus-
tifies the need to implement technological solutions
aimed at structural modernisation of heat supply sys-
tems and increasing their adaptability to changes in
production load.
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Among the research in the field of industrial en-
ergy efficiency, the study by M. Farghali et al. (2023)
proposed a comparative systematisation of energy
saving strategies based on examples from different
countries in the context of the energy crisis. This was a
generalisation of current approaches to integrating re-
newable sources and load optimisation. However, heat
consumption as a separate technical component was
not considered. The study by C-L. Miao et al. (2020) an-
alysed the relationship between energy consumption,
environmental pollution and innovative efficiency on
the example of Chinese industry, but without consider-
ing heat losses in technological processes. On the oth-
er hand, L. Dai & M. Wang (2020) developed a model
for assessing the impact of carbon constraints on the
economic performance of thermal generation, focusing
on the macro level without detailing the structure of
industrial heat consumption.

An important contribution to the development of
the modern discourse on energy efficiency in Ukraine
was made by V. Derii et al. (2023b), who analysed the
impact of structural changes in the district heating
system on greenhouse gas emissions and substanti-
ated the need for technical reconstruction of the heat
and power infrastructure. This study proved that the
transformation of thermal circuits towards decentrali-
sation, modernisation of equipment, and introduction
of cogeneration technologies can significantly reduce
the carbon footprint of the energy system, although
without direct detailing of heat losses in the industrial
sector. The study by V.P. Babak et al. (2023) for the first
time systematised technical and economic approaches
to improving energy efficiency in industry at the lev-
el of a national monograph, including the analysis of
reserves for reducing heat losses, but these solutions
remain conceptual and require empirical verification in
real production conditions. The paper by U. Andrusiv et
al. (2023) was distinguished by its originality due to the
use of a simulation model to assess the efficiency of us-
ing fuel and energy resources, considering the country’s
energy balance. However, the study focused on the mac-
ro level and did not cover structural analysis of thermal
energy losses in production systems, which limits its
application value for industrial enterprises. Actual as-
pects of forecasting the needs for thermal energy in the
conditions of martial law and post-war reconstruction
were considered by O.Maliarenko et al. (2025), who pre-
sented a scenario approach to estimating heat load in
the future until 2030. The models proposed by the re-
searchers considered socio-economic transformations
and infrastructure losses, which created an analytical
basis for substantiating the needs for modernisation of
industrial heat supply systems.

Comprehensive reports National Academy of
Sciences of Ukraine Institute of General Energy (2024)
and National Academy of Sciences of Ukraine Institute
of general energy (2025) provided a generalised review
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of scientific and organisational activities in the field of
energy efficiency improvement, in particular, they noted
the potential for residual heat utilisation, modernisation
of thermal power plants (TPPs) and the introduction of
innovative energy saving systems in industry. These doc-
uments formed a conceptual basis for substantiating the
need for reconstruction of energy systems, but contained
mainly strategic approaches without empirical detailing
of heat consumption processes. The study by M.M. Ku-
lyk & O.V. Zgurovets (2020) investigated the effect of
derivatives from regulatory capacities on frequency sta-
bility in power systems with wind power plants (WPPs),
proposing a mechanistic model relevant for estimating
load dynamics, but without considering thermal pro-
cesses in production. Instead, the study by M. Andersen
& J. Noailly (2022) modelled the technological devel-
opment of the coal industry, considering environmental
constraints, which allowed predicting adaptation sce-
narios for the sector, although without directly focusing
on the loss of thermal energy. Despite the availability
of strategic and conceptual developments, as of 2025,
studies have not provided a reasonable empirical as-
sessment of the efficiency of thermal energy consump-
tion in the real functioning of industrial enterprises.
The purpose of this study was to quantify the pa-
rameters of thermal energy consumption in the indus-
trial sector of Ukraine, considering technological losses
and environmental restrictions. Within the framework
of the set goal, the study included an analysis of the
structure of heat energy use at enterprises, identifica-
tion of key sources of losses in technological nodes,and
determination of areas for improving energy efficiency
in the context of increased environmental regulation.

Materials and Methods

The study was conducted at the metallurgical enter-
prise Public Joint Stock Company (PJSC) Kamet-steel
(Kamyanske, Dnipropetrovsk Oblast, Ukraine) in the pe-
riod from July 1 to September 30, 2024. This enterprise
was chosen as a representative unit of heavy industry in
Ukraine with a full metallurgical cycle, centralised gen-
eration and utilisation of thermal energy. The selected
period corresponded to a stable summer production
regime, which excluded the influence of seasonal fluc-
tuations and planned equipment shutdowns, ensuring
representativeness of thermal performance indicators.
Indicators were collected automatically through
the industrial monitoring system Supervisory Control
and Data Acquisition (SCADA) with data recording every
15 minutes. For analytical calculations, the average val-
ues for each technological change were used (00:00-
08:00, 08:00-16:00, 16:00-00:00), with subsequent
aggregation to average daily, weekly, and monthly in-
tervals. For each of the parameters, average values were
calculated both in terms of time and volume of output.
In the course of the study, the following thermal perfor-
mance indicators were automatically recorded: the vol-
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ume of heat energy consumed (Gcal/day), specific heat
consumption per unit of production (Gcal/t of steel),
heat losses at different stages of the technological cycle
(%), the temperature and pressure of the heat carrier at
the inlet and outlet of heat exchangers, the duration of
heat transfer (h), the volume of recycled secondary heat
(Gcal/day), the temperature of cooled flows. The amount
of useful heat used was determined on the basis of con-
sumption indicators in the main heat technology units,
in particular, in blast furnace and steelmaking units.
The measurements were carried out by the compa-
ny’s standard accounting system using Proline Proson-
ic Flow 93T ultrasonic flow meters (Endress+Haus-
er, Germany), Pt100 temperature sensors (Siemens,
Germany) and VEGABAR 82 pressure sensors (VEGA
Grieshaber KG, Germany). The instruments were cali-
brated in accordance with the company’s internal reg-
ulations in compliance with the requirements of DSTU
SO 10012:2005 (2005) for measurement control systems.

To calculate the efficiency of thermal energy con-
sumption, the heat useful life coefficient (KKWT) was
used, which was determined by the equation 1:

KKWT = % x 100%, 1)

total

where Q . - amount of heat used directly in the pro-

cess (Geal); Q. , - total amount of heat supplied to the
system (Gcal).

To reflect the inefficient use of thermal energy, the
level of heat losses (W) was additionally calculated us-

ing the equation 2:

W = Qtotal~ Quseful X 100% (2)

Qtotal
This indicator allows quantifying the propor-
tion of heat that is lost during transportation or use.
Losses were determined based on the balance meth-
od with a comparison of the supplied and useful heat,

considering heat losses in pipelines, heat exchangers,
and cooling circuits.

The specific heat consumption for the production of
one tonne of steel was estimated using the equation 3:

g =%, (3)
where g - specific heat consumption (Gcal/t); P - total
output (t).

All these equations were developed based on gen-
erally accepted methods for calculating energy efficien-
cy in industrial heat and power engineering (Barakhta
& Krazhan, 2008).

Production information was collected within the
framework of the current regulations of PJSC Kamet-
Steel in coordination with responsible specialists. The
data used in the analytical calculations did not contain
any commercial secrets and were generalised to a level
that excludes the disclosure of technologically sensi-
tive characteristics. All measurement procedures were
carried out remotely and did not affect production pro-
cesses,without creating risks to the environment, equip-
ment or personnel. There was no interference with the
operation of technological systems during the study.

Results and Discussion

General indicators of thermal energy consumption in the
production cycle. As part of the analysis of thermal ener-
gy consumption at the enterprise of PJSC Kamet-Steel,
special attention was paid to the dynamics of average
weekly values, which allowed tracing the relationship
between fluctuations in technological activity, in par-
ticular, changes in steel output volumes and the daily
thermal load (Table 1). This approach provided a rep-
resentative basis for further interpretation of energy
consumption levels in the context of the technical con-
dition of heat supply systems and the efficiency of the
enterprise’s heat balance.

Table 1. Average weekly heat consumption and steel output per day at PJSC Kamet-Steel in July-September 2024

Week Average heat consumption, Gcal/day Average daily steel output, t Total weekly steel output, t
01-07.07 975.3 5,240 36,680
08-14.07 980.7 5,310 37,170
15-21.07 987.5 5,190 36,330
22-28.07 990.1 5,350 37,450

29.07-04.08 987.2 5,420 37,940
05-11.08 998.4 5,500 38,500
12-18.08 1,002.3 5,480 38,360
19-25.08 1,005.8 5,470 38,290

26.08-01.09 999.4 5,320 37,240
02-08.09 973.1 5,200 36,400
09-15.09 977.6 5,140 35,980
16-22.09 970.8 5,080 35,560
23-30.09 980.9 5,100 40,800 (8 days)

Source: compiled by the author
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Aggregated data show that the average weekly heat
consumption ranged from 970.8 to 1,005.8 Gcal/day,
with the maximum load recorded in August. The in-
crease in heat consumption during July - mid-August
correlated with an increase in production volumes-from
36,330 to 38,500 tonnes of steel per week. The high-
est average weekly intensity of energy consumption
was recorded in the period August 05-11, when the
heat load reached 1,005.8 Gcal/day with the output
of 38,500 tonnes. This dynamic confirmed the link be-
tween the production schedule and heat load. But in
September, starting from the second week, there was
a gradual decrease in heat consumption - from 984.2
to 970.8 Gcal/day, which was accompanied by a corre-
sponding decrease in output volumes - from 36,400 to
35,560 tonnes per week. This decline reflects the im-
pact of technical routine shutdowns of individual units
and a decrease in the load of melting capacities due
to preparations for the autumn repair period. Such a
change in the intensity of heat consumption indicates
the need for adaptive control of heat flows depending
on production activity.

The results obtained confirmed the data of
V. Derii et al. (2023a), who noted that the high inertia of
heat engineering systems and the insignificant reaction
of the heat supply system to fluctuations in production
volumes are characteristic of Ukrainian metallurgical
enterprises. According to their estimates, typical values
of heat consumption under constant load conditions
are 930-1,020 Gcal/day, which is fully consistent with
the results obtained in this study. However, the re-
sults of Polish enterprises, described in the paper by
R.Wolniak et al. (2020), showed significantly lower daily
heat consumption with a similar volume of steel out-
put - 850-880 Gcal/day, which is 10-12% less than the
Ukrainian values. This is conditioned by the high degree
of digitalisation of energy management systems, the in-
tegration of Industry 4.0 technologies, and the active
introduction of recovery systems. This comparison al-
lows to conclude that there is a potential for optimis-
ing heat consumption at PJSC Kamet-Steel through the
modernisation of heat distribution systems. The study
by K. Widera et al. (2024) emphasised that the stability
of energy consumption at variable production inten-
sity is a sign of weak adaptability of systems. A simi-
lar trend was recorded in the current study - the heat
load in September remained stable, despite a decrease
in production volumes by more than 2,000 tonnes per
week, which indicates the existence of a baseline level
of losses. In this paper, the researchers proved that un-
der such conditions, enterprises can lose up to 5-6% of
their potential energy efficiency.

Data on the average monthly heat consumption al-
lowed summarising and demonstrating the dynamics of
changes in energy loads during the observation period.
Indicators for each month provided an opportunity to
assess the impact of production activity on total heat
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consumption, identify periods of increased or reduced
load, and confirmed the dependence of thermal dynam-
ics on changes in the production schedule (Fig. 1).
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Figure 1. Average monthly heat consumption at PJSC
Kamet-steel
Source: compiled by the author

The graphical interpretation of the average month-
ly heat consumption indicators showed a clear de-
pendence of the heat load on production activity. The
increase in values in August corresponds to the peak
load phase of the metallurgical cycle, due to the con-
tinuous operation of the main units without technolog-
ical stops. In September, there was a gradual decrease
in heat consumption, which correlates with a decrease
in output and preparation for routine maintenance. The
inertia of thermal processes causes a stable level of
basic losses, which cannot be adjusted quickly, even in
conditions of reducing production volumes. This indi-
cates the limited flexibility of the existing infrastruc-
ture to changes in the production schedule.

According to the observations of T. Sengyu &
V.Khare (2023), the low dynamic sensitivity of heat con-
sumption systems in response to changes in output vol-
umes is a typical limitation for enterprises that do not
have integrated automated heat exchange management
systems. In this study, this was also reflected in a slight
decrease in daily costs with a reduction in steel output
in September, which indicates the presence of structural
inertia. From the standpoint of environmental efficiency,
such losses without direct reference to the production
result form an unproductive heat load on the environ-
ment, in particular, due to excessive CO, emissions in
cases where the source is organic fuel. H. Na et al. (2021)
noted that in order to achieve environmental neutrality,
enterprises should implement energy-efficient control
models that minimise unjustified heat costs by 10-15%.
The results obtained confirmed the high dependence of
heat consumption on the technological load, while at
the same time identifying a constant level of maladap-
tive losses that form an excessive load on the energy
balance of the enterprise. This situation indicates the
need for targeted optimisation of the structure of heat
consumption, considering the localisation of losses and
increasing the efficiency of residual heat utilisation.
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Evaluation of the efficiency of using thermal energy.
Evaluation of the efficiency of heat consumption at the
selected enterprise was carried out by calculating the
coefficient of useful use of heat, reflecting the share of
heat energy that was directly used in the technological

process. Simultaneously, the level of heat loss was used
for quantitative assessment of losses, which allows
determining the share of unused heat from the total
amount of energy supplied. Both indicators were calcu-
lated according to equations (1) and (2) (Table 2).

Table 2. Results of calculation of KKWT and heat energy losses at weekly intervals

Week Q... (Geal/day) 0Q,.... (Geal/day) KKWT (%) Heat loss W (%)
01-07.07 975.3 782.4 80.2 19.8
08-14.07 980.7 794.3 81.0 19.0
15-21.07 987.5 801.9 81.2 18.8
22-28.07 990.1 808.7 81.7 18.3

29.07-04.08 987.2 800.1 81.1 18.9
05-11.08 998.4 812.9 81.4 18.6
12-18.08 1,002.3 816.8 81.5 18.5
19-25.08 1,005.8 818.2 814 18.6

26.08-01.09 999.4 809.1 81.0 19.0
02-08.09 973.1 788.9 81.0 19.0
09-15.09 977.6 790.1 80.8 19.2
16-22.09 970.8 782.0 80.5 19.5
23-30.09 980.9 788.6 80.4 19.6

Source: compiled by the author

The data show that KKWT ranged from 80.2 to
81.7%, indicating a moderate but stable level of ther-
mal efficiency. The highest figure - 81.7% - was reached
during the week of July 22-28, which indicates an im-
provement in the heat balance in conditions of stable
production load. Simultaneously, the lowest value -
80.2% - was recorded in the first week of July, when the
system probably has not yet entered optimal operation
after the off-season regulations. The rate of heat loss,
respectively, ranged from 18.3% to 19.8%, and in none
of the weeks the loss was reduced to a limit below 18%.
This indicates the presence of constant systemic loss-
es of thermal energy in the enterprise’s infrastructure,
mainly associated with pipeline networks, cooling sys-
tems, and inefficient utilisation of residual heat.

A detailed analysis showed that the change in KKWT
was most influenced by: the condition of heat exchang-
ers, load stability in blast furnace and steelmaking units,
and the secondary heat recovery coefficient. For example,
the increase in KKWT in the second half of July was as-
sociated with minimising shutdowns and improved coor-
dination between heat carriers and production volumes.
Despite the achievement of KKWT at the level of 80.2-
81.7% during the analysed period, the available reserve
for improving efficiency was at least 3-5%, this optimisa-
tion potential was conditioned by excessive heat losses
in pipelines, insufficient level of residual heat recovery,
and limited adaptability of heat supply to load changes.
Promising measures are the introduction of automated
heat flow management systems, reconstruction of heat
exchange equipment, and integration of local recycling
systems at the level of technological units, which will

increase the KKWT to a normatively justified level. Com-
parison with similar results in other studies confirmed
the general trend of maintaining heat engineering
inefficiency in metallurgical production. According to
M. Xu & B. Lin (2022), the average level of heat effi-
ciency at metallurgical enterprises in China is 78-83%,
which is almost identical to the values obtained in the
study (80.2-81.7%). The researchers emphasised that
the main limiting factor of efficiency is the inertia of
heat supply systems - their inability to flexibly respond
to fluctuations in production loads. This was also ob-
served at PJSC Kamet-Steel, where the increase in load
in August was not accompanied by a proportional de-
crease in heat loss. Similar conclusions were presented
in the paper by Z. Su et al. (2021), who noted that the
lack of technologies for multi-level utilisation of resid-
ual heat can lead to losses of more than 20%. In the
current study, losses were 18.9%, which indicated par-
tial compensation, but confirmed a structural shortage
of recycling mechanisms, especially in cooling circuits
and the pipeline network.

S. Zhang et al. (2022) reported that the intro-
duction of industrial-type thermal accumulators can
reduce heat losses by 3-4%, which is comparable to
the identified optimisation potential at the enter-
prise. Since no traces of the use of storage technol-
ogies were recorded in the course of the study, such
modernisation was considered as one of the least re-
source-intensive steps to increase the KKWT. From the
standpoint of environmental efficiency, the results of
the study are consistent with the provisions of S.R. Par-
amati et al. (2022), who stated that each percentage
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reduction in heat loss correlates with a reduction in
CO; emissions, especially in systems with heavy use of
fossil fuels. Given that PJSC Kamet-Steel operates in a
carbon-intensive production environment, the current
loss rate of almost 19% means that the excess carbon
footprint is likely to remain, which requires a separate
assessment. A. Arifjanov et al. (2020) investigated the
effectiveness of technical reconstruction of pipeline
infrastructure, in particular, due to changes in the ge-
ometric parameters of pipes and the introduction of
new insulation materials. According to the researchers,
losses can be reduced to 5-6% at critical points, which
in the conditions of Kamet-Steel potentially reduces
the overall W indicator from 18.9% to 13-14% with-
out radical changes in production logistics. Thus, the
detected thermal imbalance with the share of unused
energy of more than 18% indicated systemic struc-
tural shortcomings in the management of heat flows,
the elimination of which will provide regulatory lim-
its of efficiency along with a comprehensive increase
in energy and environmental efficiency of production,
in particular, through increasing the flexibility of heat
supply systems, integration of heat accumulators, and
reconstruction of backbone networks.

Other losses

Horskyi

Structure of heat losses and their technological local-
isation. The design of industrial thermal engineering
systems is such that a significant portion of the energy
supplied does not reach the target technological nodes,
due to both design features and infrastructure wear
and tear. To identify the sources of system losses at the
PJSC Kamet-Steel, the heat balance was decomposed
into the main components: losses in pipelines, heat
exchange equipment, cooling circuits, and other infra-
structure losses. Calculations were carried out based on
indicative relations between the supplied energy (Q, . )
and the volumes of heat recorded at the end-use points
(Q,e)» followed by the distribution of losses by individ-
ual technological links.

The weighted average level of heat energy loss-
es at the enterprise during July-September 2024 was
18.9%. The distribution of heat losses between the
main infrastructure elements allowed to identify crit-
ical areas of energy efficiency and form priorities for
technical intervention. To visualise the contribution of
each structural component to the overall loss rate, a
graph was constructed showing the specific proportion
of losses in pipelines, heat exchangers, cooling systems,
and non-localised zones (Fig. 2).

Cooling circuits
Heat exchangers
Pipelines

0 1 2 3

4 5 6 7 8

Share of losses, % of Qistar

Figure 2. Distribution of heat losses by infrastructure components

Source: compiled by the author

Structural analysis of heat energy losses confirmed
that the largest share is accounted for by main pipe-
lines - 7.3% of the total volume of heat energy supplied
(Q,.)» Which indicates the determining contribution
of this component to the systemic inefficiency of the
heat transport infrastructure. This result is explained by
physical wear of the insulation, insufficient sealing of
joints, and failure to comply with technical regulations,
which makes it impossible to effectively compensate for
losses without network reconstruction. In second place
in terms of losses is heat exchange equipment (5.8%),
where losses were caused by violation of heat trans-
fer modes, low flow turbulence, and outdated design.
In cooling circuits, losses were 4.1% and were mainly
associated with inefficient utilisation of residual heat,
in particular, due to excessive water cooling without
reverse heat recovery mechanisms. The category “oth-
er losses” covers 1.7% and included losses in shut-off
valves, strapping, drains, and other small system ele-
ments. Their localisation is more complex, but they can
be compensated by point-based technical interventions
at minimal cost.
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The overall picture indicates a disparity in the loss
structure, where a significant share was occupied by
components that can theoretically be effectively up-
graded. This creates prerequisites for the development
of a phased thermal rehabilitation strategy, which
should cover the priority renewal of pipelines and heat
exchangers, and the development of a feasibility study
for the recovery of lost heat from cooling circuits. Com-
parison with the results of the study by D. AL Momani et
al. (2023) showed that the level of losses in pipeline
systems of industrial enterprises in the food sector in
the absence of modernisation was 6-9%. The indicator
of 7.3% obtained at PJSC Kamet-Steel is comparable un-
der conditions of similar thermal load scales, although
at higher temperatures of the technological cycle. The
applied approach of local thermal audit was consist-
ent with the methodological approaches set out in the
mentioned source.

According to the generalised conclusions of
M. Meng & D. Qu (2022), the share of losses in heat
transportation and utilisation systems in some regions
of China is up to 20%, and energy efficiency in general
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ranges from 76-85%. The loss structure recorded at the
enterprise under study reproduced a similar configura-
tion, where the predominant share was accounted for
by pipeline infrastructure and heat exchangers. Fixing
a stable loss rate of almost 19% indicated an addi-
tional thermal load, which, according to the model by
C. Tang et al. (2025), has a direct relationship with the
growth of carbon production intensity. This suggests
that even in the absence of direct monitoring of CO,
emissions, such thermal inefficiency can be an indirect
indicator of increased impact on the climate system. In
this context, the integration of environmental indica-
tors into the energy audit system is not only desira-
ble, but also a methodologically justified condition for
modern energy environmental management. As part of
the study by G. Kaletnik et al. (2020), the importance
of residual heat utilisation as one of the key elements
for achieving energy autonomy of industrial facilities
was emphasised. The recorded level of losses in the
enterprise’s cooling systems (4.1%) confirmed the fea-
sibility of creating heat recovery systems, even in medi-
um-temperature conditions.

A comparative analysis of the obtained heat loss
indicators with the results of previous studies revealed
both elements of consistency and structural discrep-
ancies due to the specifics of the research object. In
particular, according to V.V. Dubrovsky & A.A. Shraib-
er (2020), heat losses in cooling systems based on film
heat exchange can reach 4-5% of the total energy bal-
ance due to inefficient open-circuit heat transfer and
significant influence of meteorological factors. In the
conditions of Kamet-Steel, losses in circulation cool-
ing systems were commensurate - at the level of 4.1%,
which confirmed the stability of the scale of losses un-
der the condition of a similar cooling principle (cooling
towers and open water circuits), but under more con-
trolled production conditions. The results obtained by
O.A. Shraiber & V.B. Redkin (2018) indicate that in the
case of insufficient turbulence in heat exchangers, the

heat transfer efficiency decreases, which lead to losses
of up to 6-7% of the supplied heat. In the course of this
study,the average level of losses in heat exchangers was
5.8%, but in some periods - in particular, in August - lo-
cal peaks were recorded that exceeded 6.1%. This be-
haviour is associated with an increased production load
and deterioration of hydrodynamic conditions in heat
exchange modules, which is consistent with the au-
thors’ hypotheses and indicated the presence of a mala-
daptive mode of operation of equipment at peak loads.

These values indicated that there is a potential to
increase efficiency by at least 6-8% due to the modern-
isation of pipeline insulation and reconstruction of heat
exchange equipment.In particular,the use of a new gen-
eration of plate heat exchangers reduced specific losses
by 2-3%, and the introduction of multi-layer insulation
with microporous fillers — by another 4%. In addition,
correction of cooling modes through the introduction
of reverse temperature control in circulation loops can
reduce losses in cooling towers and heat carriers. The
results of loss localisation confirmed the multicompo-
nent nature of the inefficiency of the heat supply sys-
tem, where each structural element makes a significant
contribution to the total energy losses. Given the rel-
ative constancy of losses, it can be argued that there
is infrastructure inertia, which prevents a proportional
reduction in energy consumption during periods of re-
duced production. This justifies the need for a detailed
energy audit using thermography, hydraulic model-
ling, and feasibility studies of reconstruction solutions.

Specific heat consumption per unit of production and
influencing factors. Energy efficiency assessment at the
level of individual product units is necessary for under-
standing the real level of technological optimisation of
the enterprise. As part of the study, the company calcu-
lated the specific heat consumption (g), which reflects
the average amount of heat used in GCal for each tonne
of steel produced. The calculation was performed using
the equation (3) (Table 3).

Table 3. Specific heat consumption per unit of steel produced at PJSC Kamet-Steel

Week Specific heat consumption (Gcal/t)
01-07.07 0.1861
08-14.07 0.1847
15-21.07 0.1903
22-28.07 0.1851

29.07-04.08 0.1822
05-11.08 0.1815
12-18.08 0.1829
19-25.08 0.1839

26.08-01.09 0.1878
02-08.09 0.1871
09-15.09 0.1901
16-22.09 0.1911
23-30.09 0.1923

Source: compiled by the author
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Fluctuations in specific heat consumption per unit
of production in the analysed period ranged from 0.182
to 0.192 Gcal/t, which reflects the uneven adaptation of
the heat engineering infrastructure to changes in the
production load. There is a clear trend: during periods
of high technological activity (in particular, in August),
the system shows increased consistency between en-
ergy supply and production volumes, which reduces
unit costs. But in the conditions of a gradual decrease
in production volumes in September, the heat load per
unit of production increased, which indicated structural
inertia and the presence of basic losses that cannot be
adjusted in real time.

Such dynamics are inherent in enterprises with a
complex branched heating network, where thermal en-
ergy is supplied not in proportion to real demand, but
along inertial circuits that react with a time lag. This
behaviour of the system may be conditioned by the lack
of automated means of monitoring heat flows, low ac-
curacy of temperature control, and technical losses in
the network. This indicated the need to integrate el-
ements of flexible energy management, especially in
the phases of declining production. According to the
findings of T. Jiang et al. (2022), in sectors with a high
specific heat load, there is a direct relationship between
the maladaptivity of thermal power systems and car-
bon intensity. It was found that a steady increase in unit
costs at the end of the study period not only indicates a
deterioration in energy efficiency, but also has environ-
mental consequences that require further study in the
context of the industrial decarbonisation strategy.

The problem of irrational heat distribution in
low-load phases was also mentioned in the study by
Z.Chen et al. (2023), where it was proved that low con-
trollability of heat exchange processes under condi-
tions of variable circulation modes leads to local en-
ergy imbalances. The company’s observed increase in
g in September with a decrease in steel output is fully
consistent with this observation. The researchers also
emphasised that even minor improvements in the field
of thermal insulation or circuit automation can signifi-
cantly reduce unit costs. These results are supported by
S. Gennitsaris et al. (2023), who showed that the inte-
gration of digital unit cost monitoring systems in real
time allows quickly identifying inefficient production
modes and reducing g by 3-5% without the need to
attract significant investment. In this context, the lack
of dynamic control over heat flows at the Kamet-Steel
enterprise can be a determining factor for consistently
high losses during periods of reduced load.

At the strategic level, the results of the study by
M. Zos-Kior et al. (2021) indicated that the specific en-
ergy consumption indicator should be an integrated el-
ement of a multi-level resource efficiency assessment
system, since it reflects the quality of energy man-
agement throughout the entire product life cycle. The
dynamics of the g-indicator established in the course
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of this study confirms the feasibility of localised loss
control and the introduction of technological modifica-
tions focused not only on the economic, but also on the
environmental performance of energy consumption.
The results obtained are consistent with international
trends and empirical estimates from other industries,
indicating the need to implement technical and eco-
nomic solutions to improve efficiency. The dynamics of
specific heat consumption demonstrated their sensi-
tivity to changes in the production load and the fea-
sibility of using this indicator as a diagnostic tool for
optimising heat supply. The implementation of system
improvements would allow for a gradual increase in
energy efficiency, considering complex technical and
environmental parameters.

Environmental consequences of heat losses and
prospects for decarbonisation of industrial energy con-
sumption. Heat losses in industrial power systems are
not only of technical, but also of environmental sig-
nificance. The loss of almost a fifth of the heat indi-
cated the existence of a constant thermal load on the
system, which not only reduces energy efficiency, but
also indirectly generates an increase in greenhouse
gas emissions. In technologically complex industries,
such as metallurgy, where the bulk of energy is sup-
plied in the form of heat, the degree of efficiency of
its use directly determines the intensity of the carbon
footprint of the finished product. The loss structure
is dominated by pipelines, heat exchangers, and cool-
ing circuits. The decline in efficiency at these stages
indicated not only the technical obsolescence of in-
frastructure elements, but also the lack of effective
heat recovery mechanisms, which are already standard
practice in a number of countries. For example, the
absence of heat accumulators or the secondary use of
residual heat in cooling systems does not reduce peak
losses, which is especially pronounced during peri-
ods of reduced production load. Heat losses are not a
constant technological value, but act as an indicator
of the system’s adaptability to production dynamics.
Their growth against the background of a decrease in
output volumes in September indicates infrastructure
inertia and a low degree of integration of intelligent
control systems.

Comparison with the results of the study by
T. Jiang et al. (2022) confirmed that in sectors with a
high specific heat load, such as energy and metallurgy,
the level of heat loss is directly related to an increase
in carbon intensity. The paper noted that the inability to
adapt the system to changes in consumption leads to
the accumulation of CO, emissions even with a gener-
al decrease in production. This is fully consistent with
this work’s results, where an increase in unit costs in
September, despite a decline in steel output, indicates
a potential environmental vulnerability. Similar con-
clusions were noted by S.R. Paramati et al. (2022), who
proved that reducing heat losses by 1-2% in industry
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contributes to reducing CO, emissions depending on
the fuel structure. In this context, the data obtained
on losses in pipelines and heat exchangers provide
a reserve for reducing emissions while maintaining
technological productivity. C. Tang et al. (2025) also
indicated that consistently high specific losses - more
than 0.19 Gcal/t - correlate with an increase in spe-
cific greenhouse gas emissions, especially in non-fer-
rous metallurgy. At the end of September, the specific
consumption at the enterprise under study reached
0.1923 Gcal/t, which potentially indicates an increase
in the carbon footprint in conditions of low production
activity. Z. Chen et al. (2023) showed that structural im-
provements in the distribution of coolant flows, even
without changing the main equipment, can reduce the
level of losses by 3-5%, which reduces both direct and
indirect emissions. This approach is also relevant for
the enterprise under study, where loss stability indi-
cates an insufficient level of system flexibility. Summa-
rising, it was found that heat losses in industry have
not only energy, but also environmental consequences,
which can be reduced by upgrading insulation, intro-
ducing storage systems, recycling of residual heat and
adaptive flow control. Integration of thermal efficiency
indicators into carbon calculations will allow combin-
ing technical and environmental performance, which is
key in the context of implementing the strategy of de-
carbonisation of the Ukrainian industry.

Conclusions

As a result of the study, it was found that the thermal
efficiency of the technological cycle of PJSC Kamet-
Steel in July-September 2024 remained stable, but did
not meet the guidelines for energy-saving production.
The average KKWT was 81.0%, which is lower than the
recommended 85% for industrial metallurgical facili-
ties. Accordingly, the share of heat loss reached 18.9%,
which indicated the stable existence of systemic energy
efficiency. This thermal imbalance indicates the inabil-
ity of the infrastructure to quickly adapt to fluctuations
in the production load, which is critical in high-temper-
ature continuous technologies.

The indicator of specific heat consumption per
unit of production (g), which during the analysed peri-
od varied from 0.1815 to 0.1923 Gcal/t, turned out to
be an effective indicator of the functional state of the
heat and power system. The increase in g in Septem-
ber, amid a decrease in output volumes, revealed high
inertia of energy losses associated with low system
flexibility to technological load reduction. Thus, specif-
ic heat consumption can be used as an operational cri-
terion for correcting the technological regime, and for

assessing environmental consequences - considering
the proven relationship between g growth and carbon
production intensity.

The distribution of heat losses across infrastruc-
ture components showed an asymmetric structure
dominated by losses in main pipelines (7.3% of Q_ )
and heat exchangers (5.8%), while cooling circuits and
non-localised losses were 4.1% and 1.7%, respectively.
This distribution reveals clearly defined critical zones,
the modernisation of which can have the greatest im-
pact on overall thermal efficiency. Reducing losses at
key sites will contribute not only to improving energy
efficiency, but also to reducing greenhouse emissions,
which is important in the context of environmental
transformation of industry. The practical significance of
this conclusion lied in the possibility of developing a
technical and economic model of stage reconstruction,
where priority will be given to updating insulation, re-
constructing heat exchangers, and optimising the oper-
ating modes of circulation circuits. Comparison of the
obtained indicators with the results of international
studies showed high consistency of the main parame-
ters of energy consumption. In particular, the levels of
KKWT and losses fully correspond to the data record-
ed at metallurgical enterprises in China with a similar
production profile. This confirmed that even within the
existing infrastructure, there is a reserve for improving
energy efficiency by 5-7%, which can be implemented
through local organisational and technical solutions
without attracting large-scale investments.

Limitations of the study were the focus exclusively
on thermal performance without considering the elec-
tricity component and associated CO, emissions in real
terms. This limits the completeness of the assessment
of the integrated energy efficiency of the enterprise. It
is recommended to expand further research by includ-
ing the carbon footprint, analysis of exergetic losses,
and modelling the potential for multi-level residual
heat utilisation in the dynamics of the production cycle.
Special attention should be paid to the assessment of
specific CO, emissions in relation to heat load, which
would allow integrating energy efficiency indicators
with environmental performance.
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EdeKTUBHICTL TENAOBOr0 €HEeprocnoXuBaHHA
Ha NPOMMCAOBHX NiANPHEMCTBAX YKPAiHH B YMOBaX €KOAOTTYHHX 00MeXeHb

Bitanii Nlopcbkui

LokTop dinocodii, HayKoBMi CniBpoBIiTHUK

[HCTUTYT 3aranbHOi eHepreTMkM HauioHanbHOI akageMii Hayk YkpaiHu
03150, Byn. AHTOHOBMYA, 172, M. KKiB, YkpaiHa
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AHoTtauis. MeTtol pocnigkeHHs O6yno BUSBUTM KHOYOBI 33aKOHOMIPHOCTI TEMMIOBOrO EHEProCnoXWBaHHS Ta
chopMyBaTH aHaNITUYHY OCHOBY A1 ONTMUMIi3aLii TEXHONOMYHMX MPOLECIB 3 YPaXyBaHHAM €KOMOMiYHUX BUMOT.
MeToponorig nepenbayana noeTanHMii po3paxyHok koedili€HTa KOPUCHOIO BUKOPUCTAHHS TeNAa, TMTOMUX BUTPaT
i CTPYKTYpM TEMNMOBMUX BTPAT Ha OCHOBI iHCTPYMEHTANbHUX AAHWX TENNOCMOXMBAHHA Ny6NiYHOro akLioHepHOro
ToBapuctea «KameT-Cranb» 3a nnneHb-BepeceHb 2024 poky. OuiHka edheKTMBHOCTI TENNOBOrO EHEProCNOXMBaHHS
Ha NiANPUEMCTBI 3acBigumMna ctabinbHUI, OAHAK HELOCTATHIN pPiBEHb BUKOPUCTAHHSA EHEPTii: cepeaHii KoedilieHT
ctaHoBmB 81,0 %, Toai SIK BTPATM Tenna He 3HMXKYBanUCb Hukve 18,9 %. CTpyKTypHWMIM aHani3 nokasas, WO
HanbinbLwy YacTKy BTpaT CTaHOBWUAM Tpybonposoau (7,3 %), TennoobMmiHHukM (5,8 %), 0Xx0nomxKyBanbHi KOHTYpU
(4,1 %) ta iHwi BTpatn (1,7 %), WO CBIAYUTL NPO HASABHICTb KiSIbKOX KPUTUUYHWUX 30H HeedeKTUBHOCTI. [TuTomi
BMTPATM TeNNa Ha OAMHMLIO NPOAYKLii BapitoBanucs B Mexax 0,1815-0,1923 kan/T i 3pocTanu y BepecHi nonpu
3MeHLLEHHS 06cAriB BUpPOOHULTBA, WO BKA3YE HA iHEPLiMHICTb CMCTEMM MoCTavyaHHsa. Ha ocHOBi pe3ynbTaTiB
chOpPMOBaAHO TeXHIKO-aHaNiTUYHE NiArPYHTA AN PEKOHCTPYKLiT eHeproHee@eKTUBHUX eieMeHTIB iHbpacTpyKTypu
3 OPIEHTOBHMM MOTEHLIANIOM 3HUXEHHS BTPaT Ha 6-8 %. [peacTaBneHi BUCHOBKM TaKOX MiATBEPAUAU AOLINbHICTb
LMDPOBOro MOHITOPUHIY AK IHCTPYMEHTY cTabinizauii BUTpaT i NiABULLEHHS afanTUBHOCTI A0 3MiH BUPOOGHUYOTO
HaBaHTaxeHHs. OTpUMaHi pe3ynsTaTM MOXYTb 6YTU BUKOPUCTaHI A1 PO3p0o6ieHHs TEXHIKO-eKOHOMIYHMX 3aX0/4iB
3 PEKOHCTPYKLIT TENNOTPAHCMOPTHOT IHPPACTPYKTYpH MPOMUCNOBUX MiANPUEMCTB, 30KpEMA Yepes3 ONTMMI3aLito
pexuMiB TennoobMiHy, MoaepHi3auito TpybonpoBOAiB | BMNPOBALXEHHS CUCTEM pekynepauii 3anuWKoBOro
Tenna. Lle 403BOAUTb 3HU3UTU NUTOMI BUTPATK eHeprii, cTabinisyBaTv TennoBuii 6anaHc i 3MEHWMUTU eKONOriYHe
HaBaHTaXXEHHA Ha HAaBKO/ULUHE cepeaoBuLLe
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Mepexi; 0X0N04XXYyBabHi KOHTYpU; pekynepaLis
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