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Abstract. The study aimed to justify a computational approach to improving the energy efficiency of industrial
heat supply systems through the integration of heat pumps into circuits utilising low-grade and waste heat.
As a result, a calculation framework was developed that integrates the waste heat source, heat exchanger, heat
pump, industrial consumer and backup source into an energy balance based on indicators of heat load, electricity
consumption, residual load, substitution rate and reduction in energy consumption. A systematic analysis of waste
heat sources showed that flows with a regular supply and the technical capability for heat exchange have the
highest calculated suitability for heat pump integration, in particular return water, cooling circuits, refrigeration
machines and compressor units. Scenario modelling, assuming a constant useful heat load of 1,000 MWh, showed
an increase in heat pump coverage from 250 MWh in the second scenario to 700 MWh in the fifth scenario,
corresponding to an increase in the substitution rate from 0.25 to 0.7. Total energy consumption decreased from
1,000 MWh in the baseline scenario to 809.5 MWh in the second scenario, 705.3 MWh in the third scenario, 646.4
MWh in the fourth scenario and 500 MWh in the fifth scenario. The relative reduction in energy consumption
increased from 19% in the preheating scenario to 50% in the combined system featuring a heat pump, a backup
source and thermal storage. The study determined that an increase in thermal energy from the heat pump does
not provide a proportional effect without incorporating the temperature head: in the fourth scenario, with a
coefficient of performance of 2.8, electricity consumption amounted to 196.4 MWh, whereas in the fifth scenario,
with a coefficient of performance of 3.5, a residual load of 300 MWh and a substitution ratio of 0.7, the lowest total
energy consumption of the modernised system was obtained. The practical significance of the study is determined
using the calculation framework for the preliminary engineering assessment of industrial heat pump systems

Keywords: temperature head; backup source; coefficient of performance; cooling circuits; compressor units;
refrigeration units

Introduction

Industrial heat supply systems satisfy the technologi-
cal, ventilation, heating and auxiliary thermal require-
ments of industrial facilities; therefore, their energy
efficiency depends not only on the type of heat-gen-
erating equipment, but also on the organisation of
internal heat flows. In production processes, low-
and medium-potential heat sources are generated,

associated with cooling circuits, compressor units, re-
frigeration machines, ventilation exhausts, recirculat-
ing water, condensate, wastewater and heated process
media. In a traditional system, these flows are often ex-
cluded from the useful energy balance, whilst the heat
demand is met by boiler plants, electric heaters or steam
generators. In such a system, the heat pump enhances
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the temperature potential of the waste heat, return-
ing it to the production or auxiliary heating network.

The issue of integrating heat pumps into dis-
trict heating networks was explored by V.O. Derii et
al. (2021), which examines the prospects for this tech-
nology through the lens of utilising low-potential heat
sources in district heating systems. This approach is
also applicable to industrial systems, as in both cas-
es it involves connecting a secondary heat source to
a consumer requiring a higher heat transfer fluid tem-
perature. In the study by M. Shovkaliuk & |. Kononen-
ko (2024), the efficiency of heat pumps is analysed by
comparing energy supply modes, thermal load and op-
erational performance. For industrial systems, this logic
requires not a direct transfer of the building model, but
a recalculation based on a process schedule, in which
the process temperature, equipment operating time
and the stability of the available waste heat source
become the determining factors. The technological
characteristics of industrial heat pumps, as discussed
by S. Bobbo et al. (2024), relate to supply temperature,
the choice of working fluids, the scale of thermal ca-
pacity, and the requirements for continuous operation
within integrated production systems. This makes it
possible to distinguish industrial heat pump systems
from domestic heating equipment, as their efficiency
is determined not only by the heat pump’s Coefficient
of Performance (COP), but also by the match between
the waste heat flow and the specific process load. The
engineering approach to utilising industrial waste heat
in the study by V. Turek et al. (2024) is based on an as-
sessment of its temperature level, availability, stability
and the possibility of reintegrating it into the industri-
al energy system. In this context, the heat pump does
not replace the entire heat supply system but forms an
intermediate energy circuit that matches the low-tem-
perature source with the useful heat load. The review
by J. Jiang et al. (2022) on high-temperature industrial
heat pumps shows that the expansion of their scope of
application is linked to raising the supply temperature
to a level suitable for technological processes. For in-
dustrial heat supply, this means that the temperature
difference between the source and the consumer must
be incorporated, as this difference influences the ener-
gy conversion coefficient and limits the practical appli-
cation of the heat pump system.

The assessment of the European potential for indus-
trial heat pumps in the study by A. Marina et al. (2021)
links the feasibility of their implementation to the struc-
ture of industrial heat demand and the availability of
accessible low-grade heat sources. This logic suggests
that energy efficiency calculations should be based not
on the abstract nominal capacity of the equipment, but
on the balance between the actual heat resource, the
consumption temperature and the production operat-
ing mode. R.Wang et al. (2024) examined high-temper-
ature heat pumps for industrial processes using water
as a refrigerant, shifting the focus to the environmental
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and thermodynamic parameters of the working cycle.
In industrial applications, the choice of working fluid
affects the permissible temperature range, operating
pressure, design complexity and operational safety of
the equipment. The fundamental principles, models
and applied aspects of high-temperature heat pumps,
as examined by H.Jouhara et al. (2024), provide a basis
for interpreting such a system as a combination of a
thermodynamic cycle, heat exchange equipment, oper
ational control and integration with the heat consumer.
For an industrial heat supply system, this means that
the assessment must cover not only the heat generated,
but also the source temperature, supply temperature,
losses in heat exchangers, partial operating modes and
the possibility of thermal storage. D. Ma et al. (2024)
associated the problem of selection of working fluid
for a high-temperature heat pump with the industrial
utilisation of waste heat, where the temperature lev-
els of the source and the load determine the suitability
of a particular refrigerant. This consideration is of di-
rect relevance to the calculation model, as changes in
temperature head affect the COP and, consequently, the
amount of electricity required to generate a given quan-
tity of useful heat. R. Padullés et al. (2025) examine the
operational flexibility of industrial heat pumps through
their integration with stratified thermal storage and
predictive control. This configuration can balance the
uneven nature of the process load with the availability
of waste heat and variable electricity costs, extending
the energy efficiency calculation from a single cycle
to the level of the heating supply system as a whole.

Consequently, modern studies establish a common
engineering framework in which the industrial heat
pump is viewed as a means of enhancing the thermal
potential of secondary heat, rather than as an isolated
source of heat generation. The issue of the design coor-
dination of the waste heat source, the consumer’s tem-
perature level, the conversion coefficient, the propor-
tion of replacement of conventional heat generation,
and the total energy consumption in an industrial heat
supply system remains unresolved. The study aimed to
provide a theoretical justification and a computational
assessment of improving the energy efficiency of in-
dustrial heat supply systems through the integration
of heat pumps to utilise low-grade and waste heat.
The main objectives of the study were: to systematise
sources of waste heat in industrial heating circuits; to
determine the engineering conditions for integrating a
heat pump into an industrial heat supply system; to de-
velop a calculation scheme for comparing the baseline
and upgraded heat supply options; to assess changes in
energy consumption, the conversion coefficient and the
proportion of replaced thermal energy.

Materials and Methods

The study was conducted as a theoretical and com-
putational investigation incorporating elements of
methodological formalisation and aimed to develop a
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reproducible approach to assessing improvements in
the energy efficiency of industrial heat supply systems
through the integration of heat pumps into circuits uti-
lising low-grade and waste heat. The primary method-
ological source for organising the energy analysis was
the ISO 50001:2018 (2018), which was used in the study
not as a source of specific thermal engineering formu-
las, but as a basis for establishing the logic of the en-
ergy comparison. The standard’s approach was applied
to determine the baseline energy consumption, select
energy indicators, compare the initial and improved
states of the system, and assess changes in energy per-
formance following the implementation of energy effi-
ciency measures. Based on this logic, in the model, the
baseline scheme S1 was taken as the energy baseline
for comparison, whilst scenarios S2-S5 were considered
as modernisation options, for which the useful thermal
energy from the heat pump, the electricity consumption
of the heat pump system, the residual load of the back-
up source, the proportion of traditional heat generation
replaced, and the relative reduction in final energy con-
sumption were determined. The direct calculation rela-
tionships for COP, E,, HP, K, Q..., E,.. and AE were for-
mulated as a thermal balance model for the study and
were used to quantitatively compare scenarios under
a constant useful heat load of Q_,,=1,000 MWh over
the calculation period. Since the accuracy of assessing
industrial heat pump integration depends on a unified
interpretation of thermal capacity, electrical power, and
the heating, cooling and process usage modes of the
equipment, the terminological basis of the study was
formed by EN 14511-1:2022 (2022), which ensured a
common interpretation of the performance indicators of
heat pumps, air conditioners, liquid chillers and process
chillers with electrically driven compressors. To ensure
a methodologically consistent definition of the design
conditions under which the thermal performance of
heat pump equipment can be interpreted, EN 14511-
3:2022 (2022) was used as the basis for distinguishing
between nominal, test and design operating modes. As
industrial heating systems do not operate in a single
constant mode but often under variable process loads,
the regulatory framework for consideration of part-load
conditions and seasonal or operating performance was
established by EN 14825:2022 (2022), which assessed
the efficiency of a heat pump based on changes in oper-
ating conditions, temperature head and load duration.
To substantiate the overall role of heat pumps in
the transition from conventional heat generation to
electrified heat supply systems, an analytical report
by the International Energy Agency (2022) was used,
in which heat pumps are considered as a technology
for reducing fossil fuel use and improving the energy
efficiency of the heating sector. Within the scope of this
study, this document was used as a framework for inter-
preting heat pump modernisation at the level of energy
policy and industrial decarbonisation, whilst the direct

calculation was based on an engineering comparison of
the baseline and modernised variants of industrial heat
supply. The subject of the methodological analysis was
a generalised industrial heat supply system in which
the useful heat load is provided by a traditional heat
source or a combined scheme with a heat pump uti-
lising waste heat from process or auxiliary operations.
The analysis covered low-grade heat sources, an inter-
mediate heat exchange circuit, a heat pump unit, a heat
consumer, a backup or peak heat source, and the energy
connections between these elements. In the calcula-
tion model, the heat pump system was considered as a
generalised industrial vapour-compression heat pump
with an electrically driven compressor, integrated into
the waste heat utilisation circuit via an intermediate
heat exchanger. The basic technical assumption was a
system with a compression cycle, in which the compres-
sor raises the thermal potential of low-grade heat to
the level required by an industrial consumer. The spe-
cific make of equipment, the compressor design and the
type of refrigerant were not specified, as the study was
not aimed at the technical and commercial selection of
a heat pump system from a particular manufacturer. At
the same time, their impact on energy efficiency in the
model was taken into account indirectly via the sce-
nario-based COP value, which varied depending on the
temperature head between the waste heat source and
the consumer. For industrial scenarios S2-S5, COP val-
ues were taken in the range of 2.8-4.2, corresponding
to various conditions for increasing the temperature
potential: from preheating the heat transfer fluid under
moderate temperature head to medium-temperature
process consumption with a higher load on the com-
pressor. This approach addressed the influence of the
type of heat pump cycle, compressor operation and the
potential operating environment on the calculated co-
efficient of performance without restricting the model
to a single specific piece of equipment.

Five computational and modelling scenarios, S1-
S5, were developed for a comparative analysis. Scenar-
io S1 represented the baseline industrial heat supply
system without the reuse of waste heat and without a
heat pump. Scenarios S2-S5 described the progressive
expansion of heat pump integration: S2 - preheating of
the heat transfer fluid, S3 - covering the low-tempera-
ture auxiliary load, S4 - meeting medium-temperature
process demand, S5 - a combined system with a heat
pump, a backup source and thermal storage. All sce-
narios were compared under the same assumed use-
ful heat load Q,,,=1,000 MWh over the design period.
The comparison was conducted based on the following
indicators: useful heat energy generated by the heat
pump Q,,, COP, heat pump electricity consumption E,
HP, the replacement rate of conventional heat genera-
tion K, the residual load of the backup or peak source
Q.. the total energy consumption of the modern-
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ised system E__,, and the relative reduction in energy
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consumption AE compared to the baseline scheme S1.
This method of comparison assessed not only the in-
crease in the proportion of heat pump coverage, but
also the influence of temperature head and COP on
the system’s total energy consumption. The scenarios
were developed using a parametric variation approach
aimed at replicating typical conditions for industrial
heat supply without reference to any specific industri-
al facility. The scenarios were not based on empirical
data from a single industrial facility, but were devel-
oped as computational and modelling variants based
on the generalised approaches of the International En-
ergy Agency (2022) regarding the use of heat pumps
for the electrification of heat supply, the utilisation of
low-potential heat sources,and the improvement of the
energy efficiency of heating systems.

Therefore, the values of Q,,, COP, K b and the op-
erating duration of the heat pump circuit in scenarios
S2-S5 should be interpreted as controlled design as-
sumptions selected to test the sensitivity of the energy
balance to the proportion of heat pump coverage and
temperature conditions, rather than as measurement
results from a specific facility. Five groups of factors
determining the energy performance of heat pump
integration were varied: the temperature level of the
waste heat source - approximately 25 to 35°C; the
required heat transfer fluid temperature on the indus-
trial consumer side - 55 to 75°C; the temperature dif-
ference between the source and the consumer - from
25 to 50°C; heat pump COP - from 2.8 to 4.2; the pro-
portion of the heating load that can be replaced by a
heat pump - from 0.25 to 0.7 for the modernised S2-
S5 scenarios, and from O to 0.7 when considering the
baseline S1 scenario; operating time of the heat pump
system within the calculation period - from 2,000 to
5,000 hours/year. These ranges were adopted as design
and modelling assumptions for comparing scenarios,
rather than as measurement results from a specific fa-
cility. This scenario structure separated the influence
of temperature head from the influence of operating
duration and the proportion of replacement of conven-
tional heat generation.

The methodological section was based on a sys-
tematic, structural-functional and parametric analysis
of industrial heating circuits and was implemented as
a formalised calculation circuit: “waste heat — heat
pump - increase in thermal potential — useful heat
load — comparison with a reference heat source” The
calculation period was taken as a notional annual
operating interval of the industrial heat supply sys-
tem, within which the useful heat load amounted to
0,,.¢=1,000 MWh. In the first stage, which corresponded
to the formulation of the model’s initial conditions for
the calculation period, the characteristics of the waste
heat source were determined: temperature, availa-
ble thermal power, duration of supply, stability of the
heat flux, and the possibility of heat transfer via a heat
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exchanger.For scenarios S2-S5,the duration of effective
use of the heat pump circuit was set within the range
of 2,000-5,000 hours/year, depending on the type of in-
tegration and the stability of the waste heat source. In
the second stage, the parameters of the industrial con-
sumer were specified: the required heat transfer fluid
supply temperature, consumption mode, the proportion
of the heat load that can be covered by the heat pump,
and the residual demand to be met by a backup or peak
source. In the third stage, the electricity consumption
of the heat pump system, the amount of thermal ener-
gy from the conventional source that was replaced, the
residual load on the backup source, and the change in
the system’s total final energy consumption compared
with the baseline S1 configuration were determined for
each scenario.

The key energy performance indicator was the heat
pump’s COP, defined as the ratio of useful thermal en-
ergy transferred to the industrial consumer to the elec-
trical energy consumed by the heat pump system. In
the calculation model, COP was not treated as a fixed
nominal value, since for industrial heat supply, the tem-
perature difference between the waste heat source and
the consumer is the determining factor. As the required
supply temperature increases or the source tempera-
ture decreases, the compressor’s workload increases,
which alters the electricity consumption per unit of
useful heat produced. Therefore, for each scenario, the
COP was linked to the operating temperature condi-
tions rather than being set as a universal value for the
entire system. The calculation of energy performance
indicators was conducted using a system of basic ther-
modynamic relationships. The heat pump’s coefficient
of performance was determined using formula (1):

COPp = 2P (1)
Eelup

where Q,,, - useful thermal energy generated by a heat
pumpand suppliedtoanindustrialconsumer,kWh;E, .-
electricity consumed by the heat pump system, kWh.
Power consumption of the heat pump required to
cover a specified portion of the industrial heat load was

determined as (2):

Q
Eel,HP = rﬁ- (2)

The proportion of traditional heat generation re-
placed by a heat pump was calculated using equation (3):

Q
Keub = g0, (3)
load

where K_, - proportion of traditional heat generation
being replaced; Q4 - total useful heat load of the in-
dustrial system, kWh.

The residual heat load, which is to be covered by
a reserve or peak heat source, was determined using
equation (4):

W o
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0
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=0, Qe 4)
where Q, . - residual heat load after the heat pump has
met part of the demand, kWh.

Total energy consumption of the upgraded system
was calculated by accounting for the electricity con-
sumed by the heat pump and the energy required to
cover the residual load (5):

Emod = Eel,HP + Eres’ (5)

where E__, - total energy consumption of the modern-
ised district heating system, kWh; E _ — energy from the
backup or peak source, kWh.

The relative reduction in energy consumption com-
pared with the baseline scenario was calculated using
formula (6):

res

Ng = Ebase~Emod % 100%’ (6)

Epase

where E, .. - energy consumption of the basic heat
supply system, kWh; E_ , - energy consumption of the
upgraded system with a heat pump, kWh; n, - relative
reduction in energy consumption, %.

The comparison between the baseline and upgrad-
ed scenarios was based on the energy balance of the
useful heat load. In the baseline scenario, the entire
heat demand was met by a conventional source, and
the waste heat flow was not reused. In the upgraded
version, part of the useful heat load was covered by a
heat pump, whilst the conventional source remained
in place for peak loads, backup, or temperature ranges
where the heat pump system could not provide the re-
quired output.The calculation involved determining the
useful thermal energy produced by the heat pump, the
electricity consumed to generate it, the residual heat
load on the base source, the proportion of traditional
heat replaced,and the relative reduction in energy costs.

The calculation model involved using the derived
relationships to determine the energy performance in-
dicators for each scenario in turn. The heat pump’s elec-
tricity consumption was determined via useful thermal
energy and COP; the displaced thermal energy was
treated as the portion of the industrial heat load cov-
ered by the heat pump system; the residual load of the
conventional source was determined as the difference
between the total heat demand and the heat supplied
by the heat pump. Relative energy savings were estab-
lished by comparing the total final energy consumption
of the baseline scheme with the final energy consump-
tion of the upgraded scheme over the calculation peri-
od. Within the model, the thermal energy Q,._,, O, and
Q... characterised the useful or residual heat load of the
system,whilst E, and HP represented the electrical ener-
gy consumed by the heat pump to generate useful heat.
In the event that the heat pump did not fully cover the
load, energy from a backup or peak source was addition-
ally introduced into the balance, which prevented the
effect of heat pump integration from being overstated.

A parametric analysis was conducted for five typi-
cal industrial operating modes: a base system without
reuse of waste heat; use of waste heat for preheating
the heat transfer fluid; covering a low-temperature
auxiliary load; meeting medium-temperature process
demand; combined operation of a heat pump with a
backup source and thermal storage. For each mode, the
temperature compatibility of the source and consumer,
the calculated COP, the proportion of thermal energy
substitution, the residual load of the backup source,and
the change in total final energy consumption were as-
sessed. In scenario S5, thermal storage was treated as a
simplified operational element that does not generate
additional heat but merely transfers part of the availa-
ble thermal energy over time to align the heat pump’s
operating schedule with the industrial consumption
schedule. The storage capacity in the calculation model
was defined not by the tank’s geometric volume, but
by the nominal useful stored heat sufficient to ensure
an increase in the effective operating time of the heat
pump circuit to 5,000 hours/year. Heat losses during
storage were taken as a rough estimate of 5% of the
stored heat, and the charge/discharge cycle was inter-
preted as a daily or shift-based balancing of the imbal-
ance between the inflow of waste heat and consump-
tion. In this regard, the S5 scenario should be regarded
as a preliminary calculation of the impact of storage on
the energy balance, rather than as a detailed dynamic
model of the storage tank, heat transfer fluid stratifica-
tion, or hourly charging and discharging patterns. This
approach has made it possible to compare not just indi-
vidual equipment specifications, but the systemic effect
of integrating a heat pump into an industrial heating
network, incorporating reserve capacity and the poten-
tial for load smoothing.

The computational implementation of the calcu-
lation approach was conducted in Python 3.12, which
was used to generate scenarios, process temperature
and energy parameters, calculate the heat balance,
and compare the baseline and upgraded variants. The
NumPy library was used to process arrays of calculated
values, perform parametric calculations and verify the
dependence of results on changes in temperature head
and COP.The panda’s library was used to structure input
and output data, group scenarios, generate summary ta-
bles, calculate integral indicators, and prepare data for
graphical presentation of results. This software imple-
mentation ensured the reproducibility of calculations,
as all scenarios were processed using the same formu-
las and a single energy balance sequence.

Results

Base calculation framework for assessment

of industrial heat pump integration

Following the systematisation of the initial parame-
ters for industrial heat pump integration, a calculation
framework was established to compare the baseline and
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upgraded heat supply systems. The study established
that an energy comparison of such schemes should not
be based on a single performance indicator of the heat
pump, but on the interrelationship between base energy
consumption, useful heat load, temperature conditions

of the waste heat source and the consumer, the heat
output from the heat pump, electricity consumption,
residual load and the total reduction in energy costs.
The generalised system of parameters obtained for
further comparative analysis is presented in Table 1.

Table 1. Regulatory standards for the assessment of basic and modernised industrial district heating system

Standardised element in the

Settings panel calculation scheme

Role in the basic heat supply

Role in the upgraded heat pump

system system

Base energy
consumption

Initial energy consumption of
the district heating system

Determines the energy required
to meet the entire heating load
using a conventional source

Used as a reference point after
the heat pump is switched on

Amount of heat required by
an industrial consumer during
the billing period

Useful heat load

Fully covered by a traditional

Distributed between the heat
pump and the backup or peak-

heat source
load source

Temperature conditions
at the source and the
consumer

Exhaust heat temperature,
supply temperature and
temperature head

No separate heat recovery

Determine the operating
conditions of the heat pump and

system is formed the COP value

Heat pump
performance figures

0,p» and COP as interrelated
energy quantities

These are not included in
the basic diagram due to the
absence of a heat pump circuit electricity required to generate it

These figures indicate the
amount of useful heat and the

The proportion of the load
covered by the heat pump,
and the remainder covered by
a conventional source

Replacement of
conventional heat
generation

The entire burden remains with
the traditional source.

Part of the load is transferred
to the heat pump, with the
remainder covered by a backup
source.

Total energy consumption
following heat pump
integration

Overall energy
performance

Serves as a starting point for

Determined by the heat pump’s
electricity consumption and the

comparison energy from the backup source

Source: compiled by the author based on ISO 50001:2018 (2018), EN 14511-1:2022 (2022), EN 14511-3:2022 (2022),
EN 14825:2022 (2022), International Energy Agency (2022) covering calculated dependencies (1-6)

As shown in Table 1, the initial calculation frame-
work establishes an integrated system for evaluating
industrial heat pump integration, in which each pa-
rameter has a specific role in comparing the baseline
and upgraded heat supply schemes. Base energy con-
sumption serves as a reference level for subsequent-
ly determining the relative reduction in energy costs,
whilst the useful heat load provides a uniform basis
for comparison between the two system options. The
temperature conditions of the waste heat source and
the industrial consumer determine the operational
suitability of the heat pump, as it is the temperature
difference that influences the COP and, consequently,
the electricity consumption of the heat pump system.
The Q, Ep and COP indicators characterise the en-
ergy efficiency of the heat pump circuit, whilst the ra-
tio between Q,;, Q,,., and Q. reflects the distribution
of the heat load between the heat pump and the back-
up or peak source. The overall energy performance is
determined via E,_,, which combines the heat pump’s
electricity consumption and the energy from the back-
up source, and via the n; indicator, which quantifies
the reduction in energy consumption compared to
the baseline scenario. Thus, the resulting calculation
framework provides a logical transition from a qualita-
tive description of industrial heat pump integration to
a quantitative assessment of its energy performance.
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By aligning the parameters E, .., Qo.0r Qups Ecipipr Qress
E..e» COP, K, and n, it is possible to subsequently
analyse the baseline and upgraded systems under
identical design conditions, without mixing the heat
load, electricity consumption and the proportion of
replacement of the conventional source. This provides
the basis for a subsequent energy balance based on
equations (1-6) and for identifying scenarios in which
the use of a heat pump reduces the total energy con-
sumption of the industrial heat supply system.

Integration of waste heat sources

into an industrial heat pump circuit

The structuring of industrial heat pump integration es-
tablished a sequential circuit for the transfer and en-
hancement of the thermal potential of waste heat. In
this circuit, waste heat is transferred to an intermediate
heat exchanger, then to the heat pump, after which use-
ful thermal energy is directed to the industrial consum-
er, whilst a backup or peak source covers the remaining
load. The resulting block diagram allows the physical
elements of the system to be linked to the calculated
energy balance parameters: the heat pump provides
Oy, the conventional source covers Q,., and the total
system load is represented as Q.. The block diagram
of the integration of a heat pump into an industrial
heat supply system is shown in Figure 1.

AiadA
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Sources of » Intermediate
waste heat heat exchanger

» Heat pump

Backup power ‘ Industrial ‘ Rise in
source consumer temperature

Figure 1. Schematic diagram of the integration of a heat pump
into an industrial heating system utilising waste heat
Source: constructed by the author based on the design circuit for industrial heat pump integration, incorporating the terminology
provisions of EN 14511-1:2022 (2022), approaches to determining the characteristics of heat pumps in accordance with EN
14511-3:2022 (2022) and the energy framework of ISO 50001:2018 (2018)

Analysis of Figure 1 showed that industrial heat
pump integration has a series-balance structure, in
which the waste heat source is not utilised directly, but
passes through an intermediate heat exchange circuit
and a heat pump. This means that heat from a produc-
tion or auxiliary process is first extracted as a low-po-
tential flow, after which its temperature is raised in the
heat pump to levels suitable for an industrial consum-
er. In this scheme, the heat pump generates a useful
heat flow Q,,, which covers part of the total load Q_,,
whilst the backup or peak source retains the function
of supplementing the system and meets the residual
demand Q,... The relationship between Q,,, O, and Q,,
is subsequently quantified using formula (4), and the
heat pump’s contribution to covering the industrial load

Q.4 i1s calculated using formula (3). Thus, the diagram
presented captures not only the technical sequence of
heat flow, but also the calculation logic of the subse-
quent energy balance: the greater the proportion of

Q,» covered by Q,_,, the lower the requirement for Q

res

becomes; however, the final energy efficiency depends
on the temperature head, COP and electricity consump-
tion of the heat pump system.An analysis of waste heat
sources has shown that their suitability for use by heat
pumps is determined not only by temperature but also
by the stability of the supply, operating duration, purity
of the medium, and the possibility of heat transfer via
an intermediate heat exchanger. A summary of waste
heat sources in industrial systems and the conditions
for their use by heat pumps is presented in Table 2.

Table 2. Sources of waste heat in industrial systems and the conditions for their use by heat pumps

Source of waste Source of heat flux

Possible applications following a

Eligibility criteria for Q,.s

heat heat pump
A Low- or medium- . . . .
Ventilation ow- or mediu Preheating of supply air, low- Stable air flow rate, option of
S temperature flow, . . . .
emissions and depending on the temperature heating, auxiliary heat recovery, and sufficient inlet
exhaust air P g heating circuits temperature at the heat exchanger

ventilation mode

Flow with a relatively
Recirculating water constant temperature,
and cooling circuits associated with the cooling
of equipment

Heating of process water,
maintaining the temperature for
auxiliary processes, and supplying
the low-temperature heating
network

Continuous circulation, sufficient

thermal capacity and the absence

of contaminants that impair heat
transfer

Average latent heat of
compression and cooling in
compressor equipment

Compressor units

Preheating of water, process heat
supply at medium temperature

Alignment of compressor operating
schedules with heat consumption
schedules

Refrigeration units
and condenser
circuits

Consistent heat removal
from the refrigeration cycle

Hot water supply, process heating,
and heat recovery in auxiliary
processes

Sufficiently high temperature in the
condensing circuit and the technical
capability to extract heat without
disrupting the refrigeration cycle

Low-flow stream with
potential variations in
temperature and flow rate

Wastewater and
industrial liquid
streams

Preheating of water or coolant
before the main heat source

Need for filtration, protection of the
heat exchanger and ensuring stable
thermal contact

Flow with an elevated
temperature, which may be
intermittent

Condensate and
heated process
media

Recovering heat for reuse in the
production process, or preheating
raw materials or the heat transfer

fluid

Temperature compatibility with the
load and the ability to ensure safe
heat transfer

Source: compiled by the author based on ISO 50001:2018 (2018),EN 14511-1:2022 (2022),EN 14511-3:2022 (2022), International

Energy Agency (2022)
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Following Table 2, waste heat sources in industrial
systems differ not only in terms of temperature but also
in terms of heat flux stability, supply regime, heat trans-
fer fluid quality and the technical feasibility of heat ex-
traction. The most suitable flows for forming Q,, are
those that combine sufficient thermal capacity, regular-
ity of supply and the ability to transfer heat via a heat
exchanger without disrupting the main technological
process. Recirculating water, cooling circuits, refriger-
ation units and compressor systems have the highest
calculated suitability for heat pump integration, as their
heat flow is usually associated with continuous opera-
tion of the equipment and can be aligned with the aux-
iliary or process requirements of the enterprise. Ven-
tilation exhaust, wastewater and intermittent process
media can also be used as sources of low-grade heat;
however, their efficiency depends more on flow stabil-
ity, filtration requirements, heat exchanger protection
and operational compatibility with the consumer.

A review of the cited sources shows that the ability
of waste heat to provide Q, is determined by a com-
bination of three factors: the temperature suitability of
the source, the stability of the heat flux, and the techni-
cal feasibility of transferring it to the heat pump circuit.
These characteristics subsequently influence the use-
ful thermal energy of the heat pump Q,,, its electricity

consumption E,,, the proportion of traditional heat
generation replaced K_,, and the residual load Q..
Consequently, the assessment of waste heat sources
cannot be limited to a mere list of them: for industrial
heat pump integration, the decisive factor is the extent
to which a specific heat flow can consistently support
the operation of the heat pump and reduce the load on

the conventional heat supply source.

Development of computational

and modelling scenarios for heat pump integration

As a result of the parametric generalisation of indus-
trial heat pump integration, five calculation and mod-
elling scenarios have been identified, reflecting vary-
ing degrees of heat pump involvement in meeting the
useful heat load. Scenario S1 established a baseline
scheme without the reuse of waste heat, whilst scenar-
ios S2-S5 demonstrated a sequential expansion of heat
pump coverage from preheating the heat transfer fluid
to a combined scheme with a backup source and ther-
mal storage. For the same useful heat load Q,,,,=1,000
MWh, the scenarios differ in the amount of heat pro-
duced by the heat pump, the COP value, the proportion
of load coverage and the duration of operation of the
heat pump circuit. The resulting scenario framework for
further energy comparison is presented in Table 3.

Table 3. Calculated and modelled scenarios for integrating a heat pump into an industrial heating system

c - o o) o8 2 >
§2 e - o8, 2% ey g2 =58 s8¢
2 ) 2 3 55 25E BY L §geogid 203
2 °© 3 =2 = B3P 882 5 © SrEsefx Zow
g £s } &8 883785 25 Y g S32E8E 85¢
5 : 28533ds £8 soafSe 53¢
n 2e o d g3 o B S 8w 55
s £ g Eqg 235 €5 © (-]
z3 2 s 2= £2 £g=2% Zz3°
g1~ Basicdiagramwithout ., qn, 5 - - - 0 Yes,handles the full load
heat recovery
Preheating of the heat
S2  transfer fluid using low- 1,000 250 30 55 25 42 2,000 025 Yes’cc";f]fltoh:db“lk"f
potential waste heat
s3 Coverage of low- 1,000 400 30 65 35 38 3200 04 Yes, boosts performance
temperature auxiliary load
Ensuring average process ves, required for peak
S4 heatgconsur% Son 1,000 550 25 75 50 2.8 4200 055 and high-temperature
P operating conditions
Comci?;?r:neadhsg::enjm Yes, used for backup and
S5 prising PUMD. 1 000 700 35 75 40 35 5000 07 tocompensate for heat

a backup source and
thermal storage

shortages

Source: developed by the author based on a method for the parametric evaluation of industrial heat pump integration, covering
ISO 50001:2018 (2018), EN 14511-1:2022 (2022), EN 14511-3:2022 (2022) and EN 14825:2022 (2022)

According to Table 3, the scenarios developed re-
flected a gradual transition from the industrial system’s
complete dependence on a conventional heat source
to a combined system in which the majority of the use-
ful load was covered by a heat pump. In scenario S1,
there was no heat pump circuit, so Q,, was zero,and the
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entire load Q,,, remained with the traditional source.
In scenarios S2-S5, the heat pump provided between
250 and 700 MWh of useful heat over the design peri-
od, corresponding to a coverage ratio of 0.25 to 0.7. At
the same time, the scenarios differed in temperature

conditions: the temperature difference ranged from
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25°Cin scenario S2 to 5°Cin scenario S4, which direct-
ly affected the COP. This approach made it possible to
track how an increase in Q,, affected the replacement
ratio K, the residual load Q,,, and the total energy
consumption of the upgraded system. A comparison
of the scenarios showed that an increase in the heat
pum p’s load coverage ratio was not always accompa-
nied by a proportional increase in energy efficiency. In
scenario S4, the coverage ratio was 0.55, but the COP
fell to 2.8 due to the maximum temperature head of
50°C, associated with an increase in the supply tem-
perature to 75°C at a waste heat source temperature
of 25°C. In scenario S5, with a temperature difference
of 40°C and a COP of 3.5, the coverage ratio reached
0.7, as the combined system - with simplified thermal
storage - increased the effective operating time of the
heat pump circuit to 5,000 hours per year and reduced
the residual load on the backup source. In this con-
text, storage was not considered as an additional heat
source but was treated as a control element that shifts
part of the available waste heat over time and par-
tially aligns the heat pump’s operation with the con-
sumption schedule. Therefore, the resulting reduction
in total energy consumption in S5 should be interpret-
ed as a preliminary calculation of the potential of the
combined system, rather than as the result of detailed
dynamic modelling of the heat storage system.

Thus, the developed system of scenarios facili-
tates the transition from a structural description of

industrial heat pump integration to a quantitative ener-
gy comparison of the baseline and upgraded schemes.
It shows that the effectiveness of heat pump use is de-
termined not only by the amount of heat Q,, transferred
to the consumer, but also by the relationship between
the temperature level of the waste heat source, the re-
quired supply temperature, the duration of equipment
operation, the COP, and the proportion of reserve load
0.... Therefore, scenarios S1-S5 form the basis for fur-
ther determining E, ,», E, ., and ng, i.e., for assessing the
actual energy efficiency of heat pump modernisation in
an industrial heat supply system.

Calculation of the energy balance

for the baseline and upgraded scenarios

An energy comparison of scenarios S1-S5 revealed a
gradual reduction in the total energy consumption of
the industrial district heating system, accompanied by
an increase in the proportion of heat supplied by heat
pumps. The baseline scenario S1 recorded a reference
energy consumption level of 1,000 MWh, whereas
in the upgraded scenarios S2-S5, total energy con-
sumption decreased depending on the volume of Q,,,
the COP value and the residual load Q... The great-
est reduction was achieved in scenario S5, where a
combination of 700 MWh of heat pump coverage and
COP=3.5 resulted in a reduction of E_ , to 500 MWh.
The results of the energy balance calculation are pre-
sented in Table 4.

Table 4. Results of the energy balance calculation
for the baseline and upgraded industrial district heating systems

Scenarioc  Q_,MWh  0Q,,,MWh COP  E,HP,MWh K Q..MWh E_,MWh N %
s1 1,000 0 - 0 0 1,000 1,000 0
52 1,000 250 42 59.5 0.25 750 809.5 19
53 1,000 400 3.8 105.3 0.4 600 705.3 29.5
sS4 1,000 550 2.8 196.4 0.55 450 646.4 35.4
S5 1,000 700 3.5 200 0.7 300 500 50

Source: compiled by the author using equations (1-6), covering 1ISO 50001:2018 (2018), EN 14511-1:2022 (2022), EN 14511-
3:2022 (2022),EN 14825:2022 (2022), calculated in Python 3.12 using NumPy and pandas

According to Table 4, the transition from the base-
line system to a heat pump retrofit is accompanied by a
reduction in total energy consumption in all scenarios
where waste heat is utilised. In scenario S1, total ener-
gy consumption is 1,000 MWh, as a heat pump is not
used and the entire load is covered by a conventional
source. In scenario S2, the heat pump system provides
250 MWh of useful heat, reducing E_, to 809.5 MWh
and corresponding to a 19% reduction in energy con-
sumption. In scenario S3, increasing Q,, to 400 MWh
raises the substitution ratio to 0.4, whilst total energy
consumption falls to 705.3 MWh.

The most illustrative comparison is between sce-
narios S4 and S5. In scenario S4, the heat pump covers
55% of the useful load; however, due to a lower COP

of 2.8, the heat pump system’s electricity consumption
rises to 196.4 MWh, whilst the relative reduction in en-
ergy consumption stands at 35.4%. In scenario S5, the
heat pump’s share of load coverage rises to 0.7,and due
to a higher COP of 3.5, the total energy consumption
of the upgraded system decreases to 500 MWh. This
corresponds to a 50% reduction in energy consumption
compared with the baseline scenario.

The results obtained show that the energy efficien-
cy of heat pump integration is determined not only by
the value of Q, but also by a combination of the sub-
stitution ratio, the COP and the residual load Q.. An
increase in the heat produced by the heat pump reduc-
es the load on the conventional source; however, at a
lower COP, part of this benefit is offset by an increase
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in electricity consumption, E, .. Therefore, the final in-  difference of 25°Cand a COP of 4.2. In scenario S3, the
dicator E,_ 4 reflects not a mechanical substitution of  source temperature was also assumed to be 30°C, the
thermal energy, but a balance between the useful heat  supply temperature 65°C, the temperature difference
from the heat pump, the electricity costs to obtain it, 35°C, and COP =3.8. In scenario S4, which reflected
and the residual work of the backup or peak source. average-temperature process consumption, the source
Thus, scenario S5 demonstrates the lowest total energy  temperature was 25°C, the supply temperature was
consumption among the options considered, as it com-  75°C, the temperature head was 50°C, and the COP
bines the highest proportion of load coverage by the dropped to 2.8. In scenario S5 for a combined system
heat pump with a moderate COP value and a reduced  with a heat pump, a backup source and simplified ther-

residual load on the conventional source. mal storage, the source temperature was set at 35°C,
the supply temperature at 75°C, the temperature differ-
The effect of temperature head on COP, ence at 40°C, and the COP was 3.5. At a lower temper-

electricity consumption and the degree of substitution  ature difference, the heat pump system operates with
A comparison of scenarios S2-S5 revealed that the heat  higher energy efficiency, as less electrical energy is re-
pump’s COP varies depending on the temperature dif- quired to increase the thermal potential of the heat.
ference between the waste heat source and the indus-  In the preheating and low-temperature auxiliary load
trial consumer. To specify the design conditions in sce-  scenarios,the COP remained at 4.2 and 3.8, respectively,
nario S2,the temperature of the waste heat source was  whilst in the medium-temperature process consump-
taken as 30°C, and the supply temperature to the con-  tion scenario, it fell to 2.8. The dependence of the COP
sumer as 55°C, which corresponded to a temperature  on the temperature difference is shown in Figure 2.

5 4.2 3.8 35
4 2.8
a 3
S2
1
0
25 35 40 50 Temperature head, °C

Figure 2. The dependence of the coefficient of performance (COP)
on the temperature difference between the waste heat source and the industrial consumer
Source: compiled by the author based on EN 14511-1:2022 (2022), EN 14511-3:2022 (2022), EN 14825:2022 (2022), data was
processed in Python 3.12 using NumPy and pandas

Following Figure 2,the heat pump’s COP decreases a low-temperature auxiliary load and a medium-tem-
as the temperature difference between the waste heat  perature process load. This indicates that the energy
source and the industrial consumer increases.At a tem-  efficiency of a heat pump is influenced not only by the
perature difference of 25°C, the COP is 4.2, which cor-  heat output , but also by the thermal compatibility of
responds to the heat transfer fluid preheating mode, the waste heat source with the consumer.A decrease in
when the heat pump operates with a relatively small  COP directly increases electricity consumption,, which
increase in temperature potential. As the temperature is determined by formula (2); therefore, at a higher
head increases to 35°C, the COP drops to 3.8, and at temperature head, part of the effect of replacing con-
50°C, to 2.8, reflecting the rise in electrical costs for  ventional heat generation is offset by higher electricity
the compressor to raise the heat temperature. The sce-  consumption. The proportion of replacement of con-
nario with a temperature head of 40°C has a COP of  ventional heat generation according to the calculation
3.5, i.e., it occupies an intermediate position between  scenarios is shown in Figure 3.

07
08 0.55
0.6
204
¥
0.2
0

S1 S2 S3 S4 S5 Scenario

Figure 3. The proportion of traditional heat generation replaced by heat pumps in the projected scenarios
Source: calculated by the author based on the results of calculating the indicator using formula (3), incorporating the energy
comparison methodology based on ISO 50001:2018 “Energy Management Systems - Requirements with Guidance for
Use” (2018), data was processed in Python 3.12 using NumPy and pandas
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As shown in Figure 3, the increase in the heat
pump’s contribution to meeting the industrial load oc-
curs gradually: from zero in the baseline scenario S1 to
0.7 in the combined scenario S5. However, it is advisa-
ble to interpret the K_, indicator in conjunction with
COP and E,, as a high substitution rate may be ac-
companied by increased electricity consumption under
unfavourable temperature conditions. Therefore, sce-
nario S4, despite a greater volume of heat from the heat
pump compared to S3, does not demonstrate a propor-
tional increase in energy efficiency: a reduction in COP
increases the electricity costs per unit of useful heat
produced. In contrast, scenario S5 combines the high-
est value of K, with a moderate COP, which reduces
the residual load of Q,.. and provides a better balance
between heat pump coverage and electricity consump-
tion. Thus, the influence of the temperature head on
the COP determines not only the operating efficiency of
the heat pump but also the overall effectiveness of re-
placing conventional heat generation. For an industrial
heat supply system, it is not the maximum increase in
the Q,, share that is mathematically justified, but rather
a combination of source temperature, supply tempera-
ture, COP and K, that reduces E__, whilst maintaining
the minimum requirement for the Q, reserve load. This
means that heat pump integration should be assessed
not by a single isolated indicator, but by the balance
between the amount of useful heat that the heat pump
can provide and the electricity required to generate it.
At high temperature gradients, even significant load
coverage may be accompanied by an increase in E_,

1,200
1,000
800
600

1,000 1,000 1,000

400
200

Total energy
consumption, MWh

1,000

809.5
705.3 646.4
500
0
51 52 s3 sS4 S5

which reduces the overall effectiveness of the upgrad-
ed system. In contrast, scenarios with moderate tem-
perature head and a stable source of waste heat create
more favourable conditions for heat pump integration,
as they ensure a simultaneous increase in the substi-
tution rate, a reduction in the heat pump’s electricity
consumption, and a decrease in the load on the backup
source. Therefore, this combination of parameters can
be used for a transition from the formal use of a heat
pump to a real reduction in the total energy costs of an
industrial heat supply system.

A summary of the conditions

for the effective integration of a heat pump

into an industrial heating system

Ananalysis of the results of the comparative calculations
showed that the energy efficiency of integrating a heat
pump is determined not only by the utilisation of waste
heat, but also by the alignment between the source tem-
perature, the consumer’s heat load, the COP, the propor-
tion of traditional heat generation replaced, and the re-
sidual role of the backup source. Under the baseline S1
scheme, the total energy consumption of the industrial
system is 1,000 MWh, as the entire heat demand is met
by a conventional source. In the modernised scenari-
0s 52-55, a gradual reduction in E_, is observed: from
809.5 MWh in the preheating scenario to 500 MWh in
the combined scheme with a heat pump, backup source
and thermal storage. A comparison of the total energy
consumption of the baseline and modernised systems
under the calculated scenarios is shown in Figure 4.

1,000 1,000

u Ebasey MWh

Emod1 MWh

Figure 4. Comparison of the total energy consumption of the baseline
and upgraded industrial district heating systems under the calculated scenarios
Source: compiled by the author based on the results of energy consumption calculations using equations (1-6), incorporating
ISO 50001:2018 (2018), EN 14825:2022 (2022) and analytical data of International Energy Agency (2022), processed in Python

3.12 using NumPy and pandas

Following Figure 4, the highest total energy con-
sumption is characteristic of the baseline scenario S1,
in which waste heat is not returned to the system’s en-
ergy balance. In scenario S2, the partial use of a heat
pump for preheating reduces E, , to 809.5 MWh, in-
dicating a noticeable effect even with a small share
of load coverage. In scenarios S3 and S4, a further
increase in Q,, reduces total energy consumption to
705.3 and 646.4 MWh, respectively; however, in S4, the
effect is limited by a lower COP associated with a higher

temperature level of process consumption. The lowest
value of E_ , is obtained in scenario S5, where the com-
bination of a higher proportion of heat pump coverage,
moderate COP and thermal storage ensures a reduction
in total energy consumption to 500 MWh.

The obtained results identified the conditions un-
der which the integration of heat pumps leads to a re-
duction in the energy consumption of industrial district
heating systems. These conditions relate not only to the
characteristics of the heat pump itself, but also to the
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operational stability of the waste heat source, tempera-
ture compatibility with the consumer, the availability of
a backup source, the possibility of thermal storage, and

the coordination of the heat pump’s operation with the
process schedule. The generalised conditions for ener-
gy-efficient integration are presented in Table 5.

Table 5. Conditions for the energy-efficient integration of a heat pump into an industrial heating system

Condition

R . Technical content of the condition
for integration

Impact on financial Expected outcome

indicators for the heating system

Heat flow must be present for a
sufficient portion of the design period
and have a predictable flow rate

Stability of the
waste heat source

Improves the reliability of Ensures a more consistent
0, formation and reduces contribution from the heat pump
fluctuations in the heat towards meeting the industrial

pump coating load

Sufficiently high
temperature at the

The temperature of the waste heat
must be suitable for effectively

Limits the heat pump system’s

Maintains a higher COP electricity consumption per unit

and reduces E_, HP

source increasing the thermal potential ev of useful heat
Moderate the Consumers should require a .
supply temperature temperature level that does not create Helps preserve COPand  Improves the energy efficiency of

to the consumer excessive thermal stress

reduce E_, the upgraded system

The heat pump should cover a
significant portion of the Q,,,, rather
than operating solely in auxiliary mode

Sufficient load
substitution ratio

Reduces the load on the
conventional heat supply source

Increases K, and
decreases Q

=res

A conventional source is retained to
cover heat deficits, peak loads or high-
temperature sections

Availability of a
backup or peak
power source

Ensures that Q. is

correctly included in the
trial balance

Improves the system’s operational
reliability without overstating the
performance of the heat pump

The thermal storage system stabilises
fluctuations in the supply and
consumption of waste heat

Heat storage
capability

Stabilises the operation of
the heat pump and helps
to reduce peak Q,

Ensures better alignment
between the source schedule and
the consumer schedule

res

The operation of the heat pump must
be aligned with the periods when
waste heat is available and when heat
is required

Alignment with
the production
schedule

Increases actual uptake
of Q,ps and improves
outcomes 1

Enhances the overall impact of
heat pump retrofitting

Source: compiled by the author based on the results of a computational analysis, covering 1ISO 50001:2018 (2018), EN 14511-
1:2022 (2022), EN 14511-3:2022 (2022), EN 14825:2022 (2022), analytical report by International Energy Agency (2022),

calculated in Python 3.12 using NumPy and pandas

Following Table 5, the energy-efficient integration
of a heat pump is achieved when several conditions
are met simultaneously. A stable source of waste heat
ensures the regular generation of Q,,, whilst a suffi-
ciently high source temperature and a moderate supply
temperature maintain an acceptable COP value. Under
such conditions, the heat pump’s electricity consump-
tion E,,» decreases, the substitution share K, increas-
es, and the residual load Q,, shifts predominantly to
a backup or peak function. The presence of thermal
storage further improves the alignment between the
irregular supply of waste heat and the industrial con-
sumption schedule.

A summary of the results shows that the effective-
ness of heat pump retrofitting is not determined solely
by the installed capacity of the equipment or the max-
imum value of Q.. The decisive factor is the balance
between temperature head, COP, heat pump operating
time, the substitution rate, and the residual demand for
conventional energy sources.According to the results of
the comparative analysis, the best conditions are found
in scenario S5, where E_, is reduced to 500 MWh and
the relative reduction in energy consumption reaches
50%. This confirms that, for industrial heat supply, the
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most effective approach is not the isolated replacement
of the heat source, but the systematic integration of a
heat pump with a waste heat source, a backup circuit
and, where necessary, thermal storage.

A systematic comparison of the results showed that
the key indicator of the energy efficiency of an indus-
trial heat pump system is not merely the utilisation of
waste heat, but the balance of heat flows between the
source, the heat pump, the industrial consumer and
the backup circuit. This is precisely why, in the calcu-
lation scenarios, the most effective solution was not
the system with the maximum individual gain Q,, but
a configuration in which the proportion of traditional
heat generation replacement was combined with an ac-
ceptable COP, moderate temperature head and reduced
residual load Q... For industrial heat supply systems,
this means that the basic prerequisite for effective heat
pump modernisation must be prior agreement on the
temperature level of waste heat, consumption pat-
terns, heat storage capacity and the role of the backup
source.According to the results of the scenario compar-
ison, option S5 best matched this logic, in which total
energy consumption fell to 500 MWh, and the relative
reduction reached 50%, confirming the feasibility of a
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combined system with a heat pump, a backup circuit
and heat storage as a working configuration for further
engineering justification.

Discussion

A comparison of the results obtained with the present-
ed research into industrial heat pumps and waste heat
recovery systems has shown that improving the energy
efficiency of industrial heat supply depends not only
on the choice of heat pump system, but primarily on
the coordination of the source temperature, the heat
consumption profile, the coefficient of performance
and the residual role of the traditional heat source.
T.El Samad et al. (2024) examined compressor systems
for high-temperature heat pumps and demonstrated
that the compressor, working fluid and temperature
rise significantly influence the feasibility of using such
systems for industrial waste heat recovery. In this study,
this pattern was clarified through a scenario-based
comparison, which showed that a heat pump system
does not provide the same energy benefit across dif-
ferent industrial circuits. The problem of identifying
and matching waste heat sources with consumers was
addressed by M. Silva et al. (2024), where the recovery
and reuse of heat are examined using tools to support
the search for heat sources, consumers and possible
links between them. A comparison with the data pre-
sented in the study showed that the calculated suita-
bility of a source is determined not only by its temper-
ature level, but also by the regularity of the heat flow,
the technical feasibility of heat exchange, and the abil-
ity to consistently generate useful heat from the heat
pump. The temperature compatibility of the source and
the load is a key condition for effective integration, as
discussed by J. Wu et al. (2025) on high-temperature
heat pumps for carbon-neutral process heating. In the
presented results, this pattern occurs through a change
in the coefficient of performance depending on the
temperature head: in scenario S2, with a temperature
head of 25°C, the coefficient of performance was 4.2,
whereas in scenario S4, with a temperature head of
50°C, it dropped to 2.8. The limitation of evaluating
industrial heat pumps solely based on thermal capac-
ity or the substitution rate is consistent with the con-
clusions of E. Bellos et al. (2025), where the feasibili-
ty analysis of high-temperature heat pumps involves
the simultaneous consideration of energy, tempera-
ture and technical-economic conditions. In the results
presented, this was reflected in scenario S4: despite
a coverage ratio of 0.55 and thermal energy from the
heat pump of 550 MWh, the lower coefficient of perfor-
mance of 2.8 limited the reduction in total energy con-
sumption. Strategies for the deployment of high-tem-
perature heat pumps were addressed by A. Adamo et
al. (2025) through political, market and technological
prerequisites for their implementation. A comparison
with the results obtained clarifies this framework at

the level of engineering calculation: the 50% reduc-
tion in energy consumption in the S5 scenario cannot
be explained solely by the electrification of heat sup-
ply. The sector-specific aspect of waste heat utilisation
was explored by R.Wang et al. (2023), who propose an
approach to the use of thermal resources in the steel
industry. In the calculation scheme presented, this ap-
proach is specified by treating industrial waste heat
as a resource requiring structured integration into the
heat supply system via an intermediate heat exchang-
er, a heat pump and a consumption circuit, rather than
as a secondary by-product flow.

The role of thermal storage in enhancing the sta-
bility of a heat pump system was highlighted by G. Aga-
lave & P.Kulkarni (2026) in an analysis of an integrated
heat pump and thermal storage system as a means of
balancing heat production and consumption. Within
the scope of the scenario assessment carried out, this
approach is reflected in the fact that thermal storage is
considered not as a separate source of energy savings,
but as an element of operational coordination between
the supply of waste heat, the operation of the heat
pump and the industrial consumption schedule. The re-
lationship between industrial waste heat, low-tempera-
ture heating networks and renewable energy sources is
examined by M. Dokl et al. (2022) in the context of the
technical and economic optimisation of low-tempera-
ture heat supply. The parallel with the results obtained
lies in the fact that the efficiency of the system is deter-
mined not by a single heat source, but by the configu-
ration of interactions between the source, the network,
the consumer and auxiliary elements. The role of ther-
mal storage and power-to-heat technologies in bal-
ancing energy systems was explored by M.N. Maruf et
al. (2022). The results obtained complement this log-
ic at the level of industrial heat supply: heat storage
in scenario S5 provides not only operational flexibili-
ty but also reduces dependence on the instantaneous
alignment between the availability of waste heat and
heat demand. The relationship between the economic
integration of a heat pump and load flexibility was an-
alysed by JV.M.Walden & P. Stathopoulos (2024). In the
results presented, this relationship was evident in the
differences between scenarios involving varying oper-
ating times of the heat pump circuit and different load
coverage ratios. An additional aspect of the mismatch
between the availability of waste heat and the need to
utilise it is highlighted by J. Wang et al. (2024) using the
example of data centres, where the energy, economic
and environmental consequences of heat recovery are
assessed under conditions of mismatch between the
source and the consumer. In the results of this study, a
similar problem is evident due to the need for a backup
source and thermal storage: even where waste heat is
available, its effective utilisation is only possible when
the temperature level, supply schedule and consump-
tion schedule are aligned.
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The industrial application of high-temperature
heat pumps was discussed by P-M. Bever et al. (2024)
in terms of temperature levels, technological require-
ments and the practical conditions for integrating such
equipment into industrial thermal processes. In the
presented calculation scheme, this approach is speci-
fied in that the efficiency of an industrial heat pump
is determined not by the mere fact of its installation,
but by the correspondence between the temperature
of the waste heat, the required consumer temperature,
the coefficient of performance and the proportion of
traditional heat generation replaced. At the level of
the global energy transition, the development of heat
pumps is linked to the electrification of heat supply and
a reduction in dependence on fossil fuels, as shown in
the study by J. Rosenow et al. (2022). The data obtained
clarify this general trend for the industrial system: the
50% reduction in energy consumption in the S5 sce-
nario was achieved not only through electrification, but
through the coordination of waste heat, heat pumps,
backup sources and thermal storage. The practical as-
pect of using liquid flows as a source of waste heat
is explored in the study by B. Considine et al. (2025),
where resource monitoring and heat recovery at waste-
water treatment plants are linked to the decarbonisa-
tion of the food and beverage industry. In this study, a
similar approach was adopted in assessing wastewa-
ter and industrial liquid streams not as automatically
suitable heat sources, but as resources whose efficiency
depends on the stability of thermal contact, the quality
control of the medium, and the technical feasibility of
transferring heat to the heat pump circuit.

The potential for the use of secondary heat for in-
dustrial steam generation is explored in the paper by
J.Chen et al. (2025),in which a high-temperature carbon
dioxide heat pump utilised heat from data centres as a
source to increase the temperature potential. The re-
sults presented in the study are consistent with this ap-
proach due to the shared concept of thermal enhance-
ment: a waste heat source should be evaluated not only
based on the available heat flux, but also on its ability
to provide the required supply temperature without an
excessive reduction in the coefficient of performance.
The problem of scaling high-temperature heat pumps
from laboratory or pilot configurations to an industrial
level is highlighted byJ.JeRberger et al. (2024) using the
example of systems with the working fluid R1233zd(E).
A comparison with the results obtained shows that
scenario-based assessment of industrial heat pump in-
tegration must consider not only the calculated heat
output from the heat pump, but also operational stabil-
ity, temperature head and changes in the coefficient of
performance when transitioning to higher loads. A com-
bination of energy, economic and climate assessments
of industrial waste heat recovery using heat pumps
was presented by Y. Jovet et al. (2022). The results of
the study support the following conclusion regarding
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energy consumption: the reduction in total energy
consumption from 1,000 to 500 MWh in scenario S5
demonstrates that the calculation of the effect must in-
corporate not only the heat generated by the heat pump,
but also electricity consumption, residual load and the
overall reduction in energy costs. The operational sta-
bility of a large-scale heat pump, in particular the im-
pact of fouling on heat exchange surfaces, is examined
by JJ.Aguilera et al. (2024) in the context of monitoring,
optimisation and the transition to a digital twin. In the
results of the scenario comparison, this relationship is
clarified by the fact that the energy performance of a
heat pump system is linked to the stability of heat ex-
change; therefore, waste heat sources must be assessed
not only in terms of temperature level but also in terms
of heat exchanger operating conditions and the risk of
impaired heat transfer. The rationale for increasing the
thermal potential of heat for industrial process heating
is evident in the thermodynamic analysis of the solar
heat upgrade system conducted by P. Tzouganakis et
al. (2025). The presented results are consistent with
this approach due to the function of the heat pump in
scenarios S2-S5: it does not simply replace a traditional
source but converts low-potential or waste heat to a
temperature level suitable for an industrial consumer,
with the overall effect being limited by the tempera-
ture head. A thermo-economic comparison of Rankine
organic cycles and high-temperature heat pumps in the
study by E. Obika et al. (2025) shows that the choice
of technology for recovering industrial waste heat de-
pends on the working fluid, the temperature level and
the cost of increasing the thermal potential. Within the
scope of the data obtained, this conclusion is substanti-
ated by calculations: the presence of waste heat alone
does not guarantee an energy benefit if its tempera-
ture level is not aligned with consumer needs and re-
sults in a reduction in the coefficient of performance.

Thus, the results of the study have shown that im-
proving the energy efficiency of industrial heat supply
systems through the use of heat pumps must be based
on the coordinated alignment of the waste heat source,
the consumer’s temperature requirements, the coeffi-
cient of performance, the proportion of traditional heat
generation replaced, the reserve load, and the poten-
tial for thermal storage. It is precisely this coordination
that determines whether waste heat will be converted
into a real resource for the energy balance, rather than
remaining a by-product heat flow without systematic
utilisation. A systematic comparison of the established
patterns with current research in the field of industrial
heat pumps, high-temperature heat supply and waste
heat recovery has confirmed that the key factors are the
temperature compatibility of the source and the con-
sumer, the stability of the heat exchange circuit, load
flexibility and the presence of a reserve or storage ele-
ment as conditions for a reproducible reduction in the
energy consumption of an industrial heat supply system.
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Conclusions

As part of this study, a theoretical and computational
approach has been developed to assess improvements
in the energy efficiency of industrial heat supply sys-
tems through the integration of heat pumps into circuits
utilising low-grade and waste heat. The calculation
framework developed for the baseline and upgraded
heat supply options ensured a consistent comparison of
the useful heat load, heat from the heat pump, electric-
ity consumption of the heat pump system, residual load
from the conventional source, and the total reduction
in energy costs. The study established that a correct as-
sessment of heat pump modernisation should be based
not on the COP value alone, but on the relationship be-
tween the temperature level of the waste heat source,
the supply temperature to the consumer, the proportion
of traditional heat generation replaced, and the need
for a backup or peak source. Structuring the industri-
al heat pump circuit has shown that waste heat only
achieves its calculated value if it is transferred stably
via an intermediate heat exchanger to the heat pump,
where the useful heat flow Q,, is generated, whilst the
residual part of the load Q. remains with the con-
ventional source. A systematic analysis of waste heat
sources has shown that the most suitable for integra-
tion are flows with sufficient thermal capacity, regular-
ity of supply and technical feasibility of heat exchange,
in particular return water, cooling circuits, refrigeration
machines and compressor units.

Scenario modelling for S1-S5 showed a gradual
transition from a baseline system without the reuse of
waste heat to a combined system incorporating a heat
pump, a backup source and thermal storage. With the
same useful heat load of Q ,,=1000 MWh, the pro-
portion of heat pump coverage increased from 0.25 in
scenario S2 to 0.7 in scenario S5, whilst the amount of
heat produced by the heat pump increased from 250
to 700 MWh. The energy balance calculation showed
a consistent reduction in the total energy consump-
tion of the modernised system: from 1,000 MWh in the
baseline scenario S1 to 809.5 MWh in S2, 705.3 MWh
in S3, 646.4 MWh in S4 and 500 MWh in S5. Accord-
ingly, the relative reduction in energy consumption

increased from 19% in the preheating scenario to 50%
in the combined scheme with thermal storage. At the
same time, a comparison of the scenarios confirmed
that an increase in Q" does not automatically result in
a proportional increase in energy efficiency, as a high-
er temperature head reduces the COP and increases
the electricity consumption of E, ;.. This was evident in
scenario S4,where, at a coverage ratio of 0.55, the COP
decreased to 2.8, limiting the overall effect compared
to scenario S5.

A systematic comparison of the results showed that
the key indicator of the energy quality of an industri-
al heat pump system is not merely the utilisation of
waste heat, but the balance of the heat flow between
the source, the heat pump, the industrial consumer and
the backup circuit. The best conditions were achieved
in scenario S5, where a combination of a replace-
ment ratio of 0.7, COP = 3.5, a reduced residual load
of Q,.,=300 MWh and the possibility of thermal stor-
age ensured a minimum total energy consumption of
E..os =500 MWh.The results obtained demonstrate that,
for industrial heat supply, it is not the isolated replace-
ment of a traditional heat source with a heat pump that
is energy-efficient, but rather the systematic integra-
tion of a heat pump system with an available source
of waste heat, an intermediate heat exchange circuit,
a backup source and, where necessary, thermal storage.
Further research should detail the temperature profiles
of specific industrial processes, incorporating variable
electricity tariffs, conducting a technical and economic
assessment of the payback period, and validating the
calculation scenarios against actual data from industri-
al heat supply systems.
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MiaABHILLEHHA eHeproePpeKTUBHOCTI NPOMUCAOBUX CUCTEM TENAONOCTaYaHHA
IUASIXOM BUKOPUCTaHHSA TENAOBHUX HacociB

Makcum TKaueHKo

AcnipaHt

HauioHanbHWiA TexHIYHUIA yHiBepcuTeT YKpaiHu «KUIBCbKMIA NONITEXHIYHMIA IHCTUTYT iMeHi Irops Cikopcbkoro»
03056, npocn. bepecteiicbkuit, 37, M. KniB, YkpaiHa

https://orcid.org/0009-0007-4830-7246

AHoTauia. MeTa [oOCNigKEHHS monsrana B OOFPYHTYBaHHI  pO3paxyHKOBOrO MNiAxoay Q4O MiABULLEHHS
eHeproedeKkTMBHOCTI NPOMMUCIOBUX CUCTEM TEMIOMOCTAYaHHS Yepes3 iHTerpauilo TenJ0BMX HACOCIB Yy KOHTYpM
BMKOPWUCTAHHSA HU3bKOMOTEHLIMHOI Ta CKMAHOI Tennotu. Y pesynbraTti chOpMOBAHO pPO3PaxyHKOBY PaMKy, L0
00€nHYE oKepeno CKMAHOI TennoTH, TeNNOOOMIHHMK, TENNIOBUI HAaCOC, MPOMMUCIOBOrO CMOXMBAYa Ta pe3epBHE
[Xepesio B eHepreTuyHuiA 6anaHc 3a NOKa3HMKaMM TEMNIOBOMO HABAHTAXKEHHS, €N1EeKTPOCMOXMBAHHS, 3a/IULLKOBOIO
HaBaHTAXXEHHS, YaCTKM 3aMilLeHHS Ta CKOPOUYEHHS eHeprocnoXuBaHHs. CucteMaTU3alia oxepen cKMAHOI Tenaotu
nokasana, Wo BMLLY PO3PaxyHKOBY MPMAATHICTb AN TENAOHACOCHOI iHTerpauii MawTb MOTOKU 3 perynsipHuM
HAAXOMXKEHHAM | TEXHIYHOK MOXIJIMBICTIO TEMI000MiHY, 30KkpeMa 000pOTHa BOAA, OXONOAXKYBAsIbHI KOHTYpH,
XONOAWMbHI MAaLIMHM Ta KOMNPECOpHi ycTaHOBKKU. CLieHapHe MOAEN0BAHHS 332 O4HAKOBOIO KOPUMCHOMO TEMI0BOro
HaBaHTaxeHHs 1 000 MBT-rof BCTaHOBWMNO 3pOCTaHHA TemioHacocHoro nokputTa Big 250 MBT-rog y apyromy
cueHapii po 700 MBT-rog y maToMy cueHapii, Wo BiANOBiAano 30inbleHH0 4acTku 3aMmiweHHs Big 0,25 po
0,7. CymapHe eHeprocnoxuaHHs 3meHwunocs 3 1 000 MBT-rog y 6a3oBiii cxemi go 809,5 MBT-rog y apyromy
cueHapii, 705,3 MBt-rog y TpeTboMy cueHapii, 646,4 MBT-rog y yetBeptomy cueHapii Ta 500 MBT1-rog y n'atomy
cueHapii. BifHOCHe CKOpOYeHHS eHeprocnoXmnBaHHs 3pocio Big 19 % y cueHapii nonepegHboro nigirpisy no 50 %
y KOMGIHOBaHi CXeMi 3 TeNAOBMM HAaCOCOM, PE3EPBHUM [KEPENOM i TENNOBUM aKyMy/BaHHAM. BctaHoBneHo,
o 36iNblUEeHHS TENIOBOI eHeprii Big TENA0BOro Hacoca He 3abe3nedyye NponopuiMHoro edekty 6e3 ypaxyBaHHS
TEMMNEepaTypHOro Hamopy: y 4eTBepToMy cueHapii 3a koedilieHTa NPOAYKTUBHOCTI 2,8 eneKTpPOCMOXMBAHHS
ctaHosuno 196,4 MBt-rom, Toai 9K y MATOMYy cueHapii 3a koediuieHTa MpOAYKTUMBHOCTI 3,5, 3anuwwkoBoro
HaBaHTaxeHHsa 300 MBT-rog i uyactku 3amiweHHs 0,7 OTPUMAHO HAMHWXK4YE CyMapHe eHeprocroXMBaHHS
MOAepHi30BaHOI cxeMu. [TpakTUUYHa 3HAYMMICTb NMONSArAE Y BUKOPUCTAHHI pO3PaxyHKOBOI paMKu ANs NonepeaHboro
iHXeHepHOro OLiHBaHHSA MPOMMUCIOBUX TEMIOHACOCHUX CXEM
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