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Abstract. This study develops and validates a comprehensive thermoeconomic model to optimize
hybrid heat supply systems for residential and small industrial buildings, specifically tailored to the
continental climate of Kharkiv Oblast, Ukraine. Unlike conventional studies that treat heat generation and
ventilation in isolation, this model explicitly integrates the dynamic thermal load of mechanical ventilation
with heat recovery, which accounts for 10-15 % of the total seasonal demand. Four distinct hybrid source
configurations—integrating gas boilers, ground-source heat pumps (GSHP), and solar thermal
collectors—were modeled and analyzed. The objective function minimizes the specific heat generation cost,
accounting for capital recovery, operational expenditures, and varying energy tariffs. Validation against
TRNSYS benchmarks and national standards confirms the model s reliability, with relative deviations below
5.88 %. The results identify the tri-source configuration (Boiler + GSHP + Solar) as the global optimum,
achieving a specific cost of 7.65 USD/GJ and minimizing carbon emissions. Furthermore, the study
establishes that mechanical ventilation heat recovery with n,,. = 0.70 is economically justified when
outdoor temperatures fall below +2 °C, providing a practical framework for optimizing hybrid energy
systems in regional conditions.

Keywords: hybrid heating systems, thermoeconomic optimization, mechanical ventilation, heat
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Y cmammi npoananizosano vomupu kongpicypayii ciopuonux odxcepen enepeii, o noeOHYIOmb
23081 KOMJU, IPYHMOBE MeNni06i HACOCU MA COHAUHI Kolekmopu. [ KodcHoi Koughieypayii oyineno
eHepeemuYHi, eKOHOMIYHI Ma eKOA02IYHI NOKA3HUKU 3 YPAXYBAHHAM CE30HHOI HEepPIGHOMIDHOCHI
Meni08020 HABAHMAICEHHS, 3MIH 306HIUHIX KIIMAMUYHUX YMO8 I YUHHUX mapughie Ha eHepeoHOCIi.
Linvosa gynkyis mooeni CnpamMosana Ha MIHIMI3ayilo NUMOMUX GUMPAM HA BUPOOHUYIMEO MENIOMU
3 YPaxy8amHAM KanimaibHUux IiHEeCcmuyil, eKCHIyamayitHux eumpam, 6apmocmi eHepeOHOCIi8 i
sUMpam, N0 sa3anux iz pooomow 8eHMUIAYIUHO20 00IAOHAHHL.

Bepudghixayis mooeni 3a oonomoeor npocpamnoeo romniexcy TRNSYS i eumoe wunnux
cmanoapmis J[CTY niomeepouna ii 0ocmogipricmb: 6I0XULEHHS PO3PAXYHKOBUX De3VIbMAamis He
nepesuwye 6 %. Ompumani pezyiemamu Oaiu 3mM02y IOeHMUPIKYBAmu  mpuoAHceperbHy
KoH@hicypayito, wo 8KIOUAE 2a308Ull KOMel, Menlo8ull HAcoC I COHAYHUL KOLeKMOop, AK 2100a1bHO
onmumanvhe piuenHs. 3acmocy8anus maxoi cucmemu 3a06e3neyye 00CACHeHHs NUMOMUX GUMPAM HA
pisni 7,65 USD/I /[ic 3a oonouacrozeo minimymy euxudig COx.

Kpim moeo, ecmanoeneno, wo enpoeadicenns pexynepayii meniomu eHMUNAYIUHO2O0
nogimps 3 egekmusHicmio free > 0,70 € eKOHOMIUHO OOYITbHUM 3a MEMNEPAmyp 308HIUHbLO2O
nosimps nuxcue +2 °C. Ompumani pesyniomamu Gopmyoms NpaKmuyHy OCHO8Y OJisl NiOGUUEHHSL
eHepzoehexmugHocmi Oyoisenv i po3pobieHHs ONMUMATLHUX CUCEM MEeNI0NOCMAYaHHs 01 YMO8
KOHMUHEHMAbHO20 KAIMAmy.

Knwuoei cnoea. 2iopuoni cucmemu OnaieHHs, MEPMOEKOHOMIUHA ONMUMI3AYIsL, MeXAHIYHA

BEHMUNIAYIA, PeKYNepayis menid, [PYHMosull Meniosull Hacoc, eHepeoeqheKmueHiCmb.

Introduction. The share of energy
consumed by building heating infrastructure in
Ukraine's residential and industrial sectors has
remained persistently high over the past two
decades, largely because most existing systems
operate on a single-source principle with
limited capability to adjust to variable thermal
demand or seasonal fuel availability.
Conventional gas boiler plants, which still
constitute the dominant heat supply technology
in urban and peri-urban districts, provide
thermal output at relatively stable cost when
fuel prices remain predictable; however,
prolonged reliance on a single energy carrier
introduces both economic vulnerability and
structural inefficiency, since nominal boiler
capacity is typically sized for peak winter
conditions and operates at partial load for the
majority of the heating period.

The transition toward multi-source or
hybrid heat supply configurations has been
gaining practical relevance in Ukraine since the
early 2010s, primarily through the gradual
introduction of solar thermal collectors and
ground-source heat pump installations in new
construction and deep energy renovations.
These technologies differ fundamentally in

their operating characteristics: solar collectors
deliver  useful heat proportional to
instantaneous irradiance and are most
productive during shoulder seasons, whereas
ground-source heat pumps draw on a relatively
stable low-temperature source and depend on
electrical input, making their economic
performance sensitive to electricity tariffs.
When combined with a conventional boiler as a
backup and peak-load unit, such configurations
create a hybrid system in which the contribution
of each source can, in principle, be adjusted
according to external conditions, internal
demand, and economic objectives.

Despite growing practical interest, the
comparative thermoeconomic performance of
different hybrid configurations under Ukrainian
climatic and tariff conditions has not been
systematically quantified. Available studies
tend to treat each technology in isolation or to
evaluate  hybrid  configurations  under
assumptions that reflect northern European or
Central Asian operating environments, which
differ substantially from the continental climate
of eastern Ukraine in terms of heating season
length, solar irradiance distribution, and ground
temperature profile. As a result, design
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decisions in local practice still rely heavily on
generalised efficiency data from equipment
manufacturers rather than on region-specific
analytical models that account for the actual
interaction between sources across the full
heating period.

A further complication arises from the
ventilation component of the total thermal
demand. In buildings designed or renovated
according to contemporary energy standards,
mechanical ventilation with heat recovery
represents a non-trivial fraction of the seasonal
heat requirement, typically in the range of 10 to
15 percent of total consumption when fresh air
supply rates comply with current sanitary
norms. This contribution is frequently excluded
from hybrid system energy balances in applied
studies, which leads to underestimation of total
heat supply obligations and distorts the
comparative assessment of source
combinations — particularly under partial-load
conditions when boiler modulation is most
sensitive to changes in total demand.

The present study aims to address this gap
by developing and applying a thermoeconomic
model of hybrid heat supply systems for
residential and small industrial buildings under
the climatic conditions of Kharkiv Oblast. Four
distinct source configurations are examined: a
gas boiler combined with a flat-plate solar
collector; a gas boiler combined with a ground-
source heat pump; a three-source system
integrating a boiler, heat pump, and solar
collector; and a fourth configuration utilising
geothermal heat as the base source
supplemented by solar energy and a boiler peak
unit. For each configuration, the total thermal
demand includes an explicitly calculated
ventilation load, which allows the model to
reflect realistic operating obligations rather
than simplified envelope-only heat balances.

The thermoeconomic evaluation uses
specific heat generation cost as the primary
criterion, expressed as the ratio of total annual
expenditure — including fuel, electricity, and
proportional capital cost recovery — to
delivered useful heat. This criterion enables
direct comparison of configurations with

different source combinations and allows
identification of the conditions under which

each configuration achieves competitive
performance relative to the others.
Literature review and problem

statement. The development of hybrid heat
supply systems integrating two or more thermal
sources has been driven by the need to reduce
primary energy consumption while maintaining
reliable heating output under variable external
conditions. A feasibility study of a system
combining photovoltaic-thermal collectors with
a modular ground heat exchanger showed that
the resulting hybrid achieves 93 % of the
coefficient of performance of conventional
vertical borehole configurations while offering
substantially lower installation cost, with an
emission reduction ratio of 23 % compared to
conventional alternatives for an office building
application [1].

The displacement-ventilation modelling
approach adopted for the ventilation subsystem
of the present study builds on a reduced-order
formulation  previously  validated  for
microclimate formation under variable supply-
air conditions [2], and on thermodynamic
modelling of displacement ventilation in tightly
controlled environments, where airflow
stratification was shown to govern the coupling
between sensible heat removal and contaminant
transport [3].

The behaviour of geothermally-coupled
multi-source systems under variable load
conditions has been examined from a multi-
criteria optimisation standpoint.
Thermodynamic performance analysis of a
combined heat and power system coupled with
geothermal energy demonstrated that the
optimal allocation between the geothermal base
load and the auxiliary peak source shifts
substantially once seasonal extraction reduces
the source temperature, confirming that source
contribution cannot be treated as a fixed
seasonal ratio but must respond to the
progressive thermal state of the low-grade
source [4]. This finding is directly relevant to
ground-coupled configurations, where entering
water temperature deteriorates over extended
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extraction periods without adequate thermal
recharge, reducing heat pump COP and shifting
a larger fraction of the total load to the backup
boiler — an effect that is especially pronounced
in climates with long heating seasons and
limited cooling demand, where geothermal
extraction significantly exceeds seasonal
ground recovery. Dynamic optimisation of
HVAC demand incorporating latent heat
storage and heat recovery confirmed that
coordinated control of source switching, rather
than static threshold logic, produces
measurable reductions in total primary energy
consumption when source temperatures vary
continuously through the heating season [5].

A fundamental configuration combining
an air-to-water heat pump with a gas boiler
represents the most practically accessible step
toward hybridisation in existing building stock,
since both components can be retrofitted into
already operational hydronic distribution
systems. Experimental investigation of this
configuration confirmed that heat pump
operation on recovered boiler flue gas reduces
exhaust temperature to approximately 14 °C,
achieves thermal efficiency exceeding 100 %,
and lowers carbon emissions by 2.2 to 6.0 %
relative to standalone boiler operation, with a
payback period of 1.46 years for a heat pump
capturing 12.5 % of available waste heat [6].

Multi-source configurations combining a
boiler, heat pump, solar collector, and thermal
storage create a significantly more complex
optimisation problem because the optimal
contribution of each source depends
simultaneously on ambient temperature, solar
irradiance, electricity tariff, and storage state of
charge. Analysis of hybrid thermal protection
structures under transient thermal loading
confirmed that the interaction between source-
switching logic and storage depletion rate
introduces non-linear cost sensitivity that
cannot be captured through a steady-state
annual energy balance alone [7]. A review of
balanced ventilation technology for dwellings
highlighted the persistent difficulty of
quantifying the combined energy efficiency and
renewable  generation  contribution  of

ventilation  subsystems  using  existing
international test standards, which complicates
their consistent inclusion in whole-building
energy balances [8].

The interaction between heat recovery
ventilation and indoor air quality under variable
supply conditions has been examined in
controlled environments where contaminant
removal and energy performance must be
balanced  simultaneously [9]. Economic
performance assessment across multiple multi-
family buildings with different HVAC
configurations confirmed that system selection
cannot be reduced to equipment efficiency
metrics alone, since installation cost recovery
and occupant thermal comfort simultaneously
constrain the feasible design space [10].

A planning study of a hybrid combined
cooling, heat and power system with energy
storage  resources  demonstrated  that
coordinated multi-source operation can reduce
operational cost by 15 to 30 % compared to
independent source scheduling, but requires
explicit modelling of transient storage
dynamics to avoid premature depletion under
peak demand intervals [11]. Experimental
investigation of an HRV system coupled with
an air-to-air heat pump in Canadian residential
suites confirmed that ventilation heat recovery
performance depends on outdoor temperature
in a pattern that closely parallels the seasonal
COP variation of ground-source heat pumps,
suggesting that both subsystems should be
modelled within the same thermal demand
framework [12]. A review of heat pump energy
recovery technologies integrated with building
ventilation systems showed that combined heat
pump and ventilation heat recovery
configurations can reduce total ventilation-
related energy demand by 30 to 60 % depending
on climatic zone and fresh air supply rate, yet
most reported systems were evaluated
independently from the primary heating plant
[13].

The economic evaluation of hybrid
systems has progressively shifted from simple
payback metrics toward life-cycle techno-
economic frameworks that account for variable
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energy prices, equipment degradation, and
capital amortisation over the operational
horizon. Techno-economic optimisation of a
hybrid system with thermal energy storage
within a local energy community demonstrated
that the ratio of renewable to conventional
source contribution is the dominant variable
determining net present value, and that optimal
storage sizing is strongly sensitive to the
assumed electricity price trajectory [14].
Optimisation of a combined heat and power
system with a hybrid prime mover using a
genetic algorithm confirmed that non-linear,
multi-variable search methods outperform
fixed-rule dispatch strategies once more than
two sources are coupled, particularly when
capital and operational costs are optimised
jointly rather than sequentially [15].

An ANN-based control strategy applied
to a hybrid heat pump and boiler system
combined with photovoltaic panels and battery
storage achieved 99.16 % accuracy in
operational switching decisions, reduced CO:
emissions by up to 12 %, and produced cost
savings that were most significant in colder
climatic zones with higher energy tariffs [16].
An integrated approach to energy certification
and microclimate quality control in
contemporary construction confirmed that
building energy balance assessment should
incorporate ventilation subsystem performance
alongside envelope and primary heat generation
parameters, particularly in settings where fresh
air supply requirements are regulated by
sanitary norms rather than occupancy-based
demand [17].

A mechanically-driven loop heat pipe
heat recovery system demonstrated stable
recovery effectiveness under variable operating
conditions relevant to commercial building
applications, indicating that passive heat-
exchange recovery technologies can sustain
performance outside narrow design-point
conditions [18]. Comprehensive techno-
economic-environmental optimisation of a
hybrid solar heating system for detached
buildings in a severe cold continental climate
demonstrated that source contribution ratios

must be adjusted according to time-of-use tariff
structure, with a validated co-simulation model
confirming that purely economic optimisation
and  multi-criterion  optimisation  vyield
materially different equipment sizing outcomes
[19]. Performance and operation strategy
optimisation of a dual-source building energy
supply system with heat pumps and energy
storage demonstrated that the timing of storage
charge and discharge cycles, rather than the
nominal capacity of either source, was the
primary determinant of seasonal operating cost
[20]. A flexibility evaluation of a hybrid
combined cooling, heating and power system
with an improved operation strategy confirmed
that systems optimised solely for steady-state
efficiency systematically underperform under
the load-following conditions typical of
residential and small commercial demand
profiles, reinforcing the need for dynamic,
time-resolved modelling rather than design-
point calculation [21].

Heat supply systems in Ukrainian
building stock face a specific combination of
conditions that differs from the climatic and
economic contexts in which most hybrid
system models have been developed and
validated. The heating season in Kharkiv Oblast
spans approximately 175 to 185 days, with
design outdoor temperature reaching —23 °C,
which places ground heat pump systems in a
performance regime where low entering water
temperatures limit COP and necessitate
extended boiler backup periods. Solar
irradiance on a south-facing tilted surface
during the heating season is substantially lower
than in the Mediterranean or Central Asian
reference climates used in many optimisation
studies, which reduces the seasonal
contribution of flat-plate collectors and alters
the economic balance between solar investment
and conventional fuel displacement. At the
same time, current Ukrainian electricity and
natural gas tariff structures create specific
threshold relationships between heat pump and
boiler operating costs that diverge from those
reported in the Chinese, Italian, and South
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Korean case studies that dominate the recent
literature on hybrid heating optimisation.

This observation directly motivates the
inclusion of a mechanically ventilated zone
with heat recovery in the present hybrid system
model, since the ventilation thermal load in
compliant residential and small commercial
buildings in Ukraine typically represents 10 to
15 % of total seasonal heat demand and cannot
be excluded from a thermoeconomic
comparison across source configurations
without introducing systematic underestimation
of boiler peak load.

The preceding review identifies three
specific gaps that the present study addresses.
First, no thermoeconomic comparison of
multiple hybrid source configurations under
Kharkiv Oblast climatic and tariff conditions
has been reported in the accessible literature.
Second, the contribution of mechanical
ventilation heat recovery to the seasonal
thermal balance of hybrid systems has not been
quantified in configurations relevant to
Ukrainian construction practice. Third, the
criteria under which each source configuration
achieves minimum specific heat generation cost
— expressed as expenditure per unit of
delivered useful heat — have not been
established for the continental climate of
eastern Ukraine.

The aim and objectives of the study

The aim of this study is to develop and
validate a comprehensive thermoeconomic
model for optimizing the performance of multi-
source hybrid heating systems, with explicit
integration of mechanical ventilation heat
recovery, tailored to the climatic and economic
conditions of eastern Ukraine.

To achieve this aim, the following
objectives are established:

e To develop a coupled mathematical
model that defines the thermal balance of four
distinct hybrid heat supply configurations,
explicitly incorporating the dynamic thermal
load of mechanical ventilation.

e To formulate a thermoeconomic
objective function aimed at minimizing the
specific heat generation cost per unit of

delivered thermal energy, accounting for
capital recovery and operational expenditures.

e To validate the proposed analytical
model and operational parameters against
established engineering standards and validated
reference simulations.

e To determine the optimal operational
ratios between conventional and renewable
thermal sources across the variations of the
heating season.

e To establish the economic boundary
conditions and threshold values under which
the integration of ventilation heat recovery
provides a cost-optimal reduction of the
primary heating plant peak load.

The main part of the study

To comprehensively evaluate the
thermoeconomic performance of the proposed
hybrid heating configurations under the specific
climatic conditions of Kharkiv Oblast, a
coupled mathematical model was developed.
This model formally integrates the primary heat
generation dynamics with the transient thermal
load imposed by the mechanical ventilation
subsystem, treating heat recovery not as a static
reduction factor, but as an active component
interacting with the primary thermal plant. The
investigation explicitly models and compares
four distinct source configurations: a baseline
hybrid combining a gas boiler with a flat-plate
solar collector; a system pairing a gas boiler
with a ground-source heat pump (GSHP); a tri-
source configuration integrating a boiler,
GSHP, and solar collector; and a geothermally-
driven base system supplemented by solar
thermal energy and a peak-load boiler.

The objective of the numerical
investigation is to determine the optimal
proportional contribution of each thermal
source across the heating season, minimizing
the specific heat generation cost while
satisfying the continuous building heat demand
and the required displacement ventilation air
exchange rates. To achieve this, an energy
balance approach was formulated,
incorporating time-dependent variables such as
ambient  temperature  variations,  solar
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irradiance, and
efficiencies.

The processing of experimental data and
the numerical modelling of the displacement
ventilation processes, alongside the broader
system energy balances, were executed using
the Python programming language.
Specifically, the fundamental thermodynamic
calculations, matrix operations, and the
resolution of the non-linear algebraic equations
governing the source-switching logic were
performed utilizing the SciPy and NumPy
libraries. This computational approach enabled
high-resolution, step-by-step modelling of the
heating season without the computational
overhead of commercial simulation software.
The visualization of the operational profiles,
energy contribution ratios, and
thermoeconomic  response  surfaces was
conducted using the Matplotlib library.

To ensure the physical reliability and
mathematical accuracy of the numerical results
without relying on proprietary simulation
environments, a rigorous analytical validation
protocol was implemented. The core
thermodynamic model was verified through
strict energy conservation checks (First Law of
Thermodynamics) at each simulation time step,
confirming that the total energy supplied by the
hybrid sources exactly matched the calculated
building envelope losses, the explicitly
modelled ventilation load, and internal system
losses. Furthermore, the numerical
performance curves for the individual
subsystems—specifically the heat pump COP
degradation under variable source
temperatures, the solar collector efficiency, and
the sensible heat recovery effectiveness—were
directly benchmarked against the standard
analytical calculation procedures defined in
European norms EN 15316 (heating system
energy requirements) and EN 308 (heat
recovery components). The comparative
analysis demonstrated that the maximum
relative deviation between the Python-based
numerical solution and the established
normative steady-state benchmarks did not
exceed 4.8 %. This margin of error falls well

dynamic equipment

within the acceptable limits for engineering
design, thereby confirming the physical
consistency and computational validity of the
proposed model for subsequent
thermoeconomic optimization.

To evaluate the thermodynamic processes
of heat supply, analytical models were
formulated for four distinct hybrid heating
configurations. At any given operational time t,
the total thermal demand of the system is
dictated by the necessity to offset both the
transmission losses through the building
envelope and the dynamic energy required for
heating the supply air:

Qtotar(t) = Qenwy(t) + Quene (1), €Y)

where Q;o:q:(t) is the total required thermal
power at time t, W;

Qeny (t) is the thermal power required to
compensate for envelope transmission losses,
Wi,

Qpent (t) is the thermal power required for
supply air heating, W.

Description of Configurations and Heat
Balance Equations.

The operational logic of the hybrid
configurations relies on distributing the total
thermal load among various generation sources
to minimize primary energy consumption. The
heat balance equations for the four investigated
configurations are defined as follows:

Configuration 1: Gas Boiler + Flat-
Plate Solar Collector A fundamental
combined scheme where the solar thermal
collector provides pre-heating for the heat
carrier or covers domestic hot water loads,
while the gas boiler operates as a peak-load unit
to elevate the supply temperature to normative
parameters.

Qtotal(t) = Qboiler(t) + Qsolar(t)- (2)

Configuration 2: Gas Boiler + Ground-
Source Heat Pump (GSHP) A configuration
utilizing low-potential geothermal energy as the
base source. The heat pump covers the primary
cyclical load, whereas the boiler is activated
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exclusively  during extreme  outdoor
temperature drops when the coefficient of
performance (COP) of the heat pump
deteriorates.

Qtotal(t) = Qpoiter(t) + QGSHP(t)- (3)

Configuration 3: Tri-Source System
(Gas Boiler + GSHP + Solar Collector) An

integrated multi-source scheme combining a
stable ground source with a season-dependent
solar loop. This configuration creates the
potential for surplus solar thermal yield during
transitional periods to contribute toward ground
mass regeneration, which may help stabilize the
heat pump's entering water temperature; this
interaction is not separately resolved within the
present energy balance and is treated as a
qualitative system characteristic.

Qtotal(t) = Qboiler(t) + Qgsup (t) + Qsotar (®). (4)

Configuration 4: District Boiler Plant +
Geothermal Heat + Solar Energy

A macro-level configuration designed for
the integration of renewable sources into
existing district heating networks. The base

thermal load is distributed between the large-
scale geothermal loop and the solar array, while
any capacity deficit is compensated by
extracting thermal energy from the centralized
district grid.

Qtotai(t) = Quaistrice(t) + Qgeo(t) + Qsotar () . (5)

The variables for the generation sources
are defined as:

® Quoiler(t) is the thermal power
supplied by the local gas boiler, W;
® Quur(t) is the thermal power

generated by the solar collector array, W;

e Qgsup(t) is the thermal power
delivered by the ground-source heat pump, W;

* Quiswict(t) 1s the thermal power
extracted from the centralized district heating
network, W;

® Queo(t) is the thermal power supplied
by the district-scale geothermal loop, W.

Ventilation Load Model. In buildings
designed or renovated in compliance with
contemporary thermal insulation standards, the
mechanical ventilation component consistently
constitutes 10 % to 15 % of the total seasonal
heat demand. To explicitly account for this
dynamic load, the heat required to condition the
incoming outdoor air—incorporating the
operation of mechanical ventilation and exhaust
air heat recovery—is calculated using the
following equation.

Qvent(t) =p-Cp- V : (Tint - Text(t)) ) (1 - nrec)' (6)

where p is the density of the supply air, kg -
m~3;

¢, is the specific heat capacity of air at
constant pressure, J - kg~1- K 1;

V is the volumetric flow rate of the supply
air, strictly governed by sanitary air exchange

norms, m3 - s 1:

T, is the normative indoor design
temperature, C;

T.(t) s the transient outdoor air
temperature at calculation hour t, C;

Nee 1S the sensible heat recovery
effectiveness coefficient of the ventilation unit
(dimensionless).
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The dynamic interaction of this
ventilation load with the primary generation
plant serves as a critical boundary condition for
the  thermoeconomic  optimization. The
fluctuating nature of T, (t) and the varying
efficiency of the heat recovery unit direct the
required residual peak load, fundamentally
altering the source-switching logic of the
hybrid system.

To evaluate the feasibility and efficiency
of the proposed hybrid configurations, a COP-
based thermoeconomic model was formulated.
The primary objective of the optimization is the

minimization of the specific heat generation
cost, defined as the total financial expenditure
required to produce one unit of useful thermal
energy (e.g., 1 GJ or 1 kWh), explicitly
accounting for variable energy tariffs,
operational efficiencies, and capital cost
recovery.

The objective function for the specific
heat generation cost, Cg,., is structured to
aggregate both operational and amortized
capital expenditures over the entire heating
season. The function is expressed as:

th [ Qboiler(t)=
£ Npoiler(t)

t=1|€

I""cop(®

Z.
QgsHp(t) 'At+2iﬁ
l

Cspec =

where ¢4, and c,; are the specific local tariffs
for natural gas and electricity, respectively,
USD- kWh™1;

Moiler (t) 1S the dynamic efficiency of the gas
boiler (dimensionless);

COP(t) is the real-time coefficient of
performance of the ground-source heat pump
(dimensionless);

Z; is the total capital investment cost for
subsystem i (e.g., boiler, heat pump, solar
loop);

T; is the operational amortization period or
expected lifespan for subsystem i, years;

ty, is the total duration of the heating season,
h;

At is the simulation time step (typically 1
hour), h;

Qgeason 1S the total useful thermal energy
delivered over the season, which strictly
includes the mechanical ventilation load, kWh.

The minimization of Cspec Subject to
constraints (8) — (10) was solved numerically as
a constrained non-linear programming problem
using the Sequential Least Squares
Programming (SLSQP) solver implemented in
the SciPy optimize module, applied
independently at each simulation time step
within the seasonal time series.

Qseason

- min (7

The primary optimization variables are
the dynamic capacity fractions (load coverage
ratios) assigned to each active thermal source at
any given hour t. The control strategy is
designed to minimize Cg,. While satisfying the
continuous building demand and adhering to
the following technical constraints:

Supply Temperature Constraint:

The hybrid generation plant must
consistently  deliver the required flow

temperature T, (t) dictated by the building's

hydronic heating curve, which adjusts
according to the outdoor conditions:
Tsupply(t) > Ttarget(Text)- (8)

Heat Pump Operational Limits:

The GSHP operates efficiently only when
the entering water temperature (EWT) from the
ground loop remains above a critical minimum
threshold. This constraint prevents the
progressive thermal depletion (freezing) of the
ground mass and extreme COP degradation
during peak extraction periods:

Tewr () = Thin, EWT- €C))
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Source Capacity Limits

The instantaneous thermal output of the
system must exactly equal the total dynamic
load Q1 (t) at all times, and the output of any
individual heat generator i cannot exceed its
nominal installed capacity Q,om ;:

0< Qi(t) < Qnom,i' (10)

By imposing these constraints, the model
identifies the precise outdoor temperature
threshold and tariff ratio at which switching
from the heat pump to the peak gas boiler—or
reducing the ventilation thermal load via heat
recovery—becomes economically optimal.

Model Validation.

Having confirmed component-level
consistency against the EN 15316 and EN 308
normative procedures described above, a
second, system-level validation stage was
carried out against independent literature
benchmarks to verify the model's behaviour
under realistic, non-steady-state operating
conditions. To ensure the reliability and
physical accuracy of the developed Python-
based thermoeconomic model prior to
optimization, a comprehensive validation
procedure was executed. The numerical results
generated by the proposed mathematical model
were  benchmarked against established
normative datasets and validated reference
simulations from recent literature.

For the primary heating plant parameters,
the model was compared against validated
reference cases simulated in the TRNSYS 18
environment under comparable climatic
boundary conditions. The ground-source heat
pump performance baseline was established
using empirical data from hybrid PVT-GSHP
integration studies. For the mechanical
ventilation subsystem, the heat recovery
effectiveness was verified against experimental
performance data of HRV systems coupled
with heat pumps in cold climates.

The mathematical criterion for validation
is the relative deviation (&) between the
calculated values (X..) and the reference
values (X,.). For complex building energy

simulations, the model is considered valid and
applicable for engineering optimization if the
relative deviation does not exceed the strictly
defined threshold of 5 to 8 %:

X calc = X ref

o=
Xref

-100% < 8%. (11)

The validation focused on three critical
operational parameters that dictate the hybrid
system's seasonal energy balance:

Seasonal Coefficient of Performance
(SCOPgsyp): Represents  the  long-term
efficiency of the ground-source heat pump
under dynamic entering water temperatures.

Solar  Thermal  Fraction  (fiojar):
Determines the percentage of the total thermal
load covered by the solar collector array in
Configuration 1 and Configuration 3.

Sensible Heat Recovery Effectiveness
(Mrec): Characterizes the thermodynamic
efficiency of the mechanical ventilation
subsystem during the peak heating period.

The comparative analysis between the
proposed mathematical model and the
established reference benchmarks is presented
in Table.

As demonstrated in Table, the maximum
relative deviation observed is 5.88 % for the
solar thermal fraction, which remains well
within the predefined acceptable tolerance limit
of 8 %. The deviations in the SCO Pggp and 1.
parameters are approximately 2 %, indicating a
high degree of convergence with both the
dynamic  simulation  environments  and
experimental investigations reported in the
literature.

These results confirm that the developed
dynamic thermal balance equations, including
the explicitly integrated transient ventilation
load model, accurately capture the physical
behavior and nonlinear interactions of the
multi-source hybrid heating configurations.
Consequently, the mathematical model is
deemed robust and valid for conducting the
subsequent  thermoeconomic  optimization
under the specified regional conditions.
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The distribution of the total seasonal transmission losses and the dynamic ventilation
thermal load among the active generation thermal load, which is explicitly integrated into
sources is illustrated in Fig. 1. The total load the model.

curve reflects the superposition of envelope

Table
The comparative analysis between the proposed mathematical model
Evaluated Proposed Reference Source of Relative Validation
Parameter Model (Xcac) | Data (Xref) Reference | Deviation (9), % Status
Seasonal COP Bae et al
of GSHP 3.86 3.94 (2022) [1'] 2.03 Valid (<5 %)
(SCOPGSHP)
Solar Thermal Wana et al
Fraction 22.4 238 (2023) (19 5.88 Valid (<8 %)
(fsolar), %
Heat Recovery Li et al
Effectiveness 715 73.0 (2018) [1'2] 2.05 Valid (<5 %)
(Tlrec), %
Monthly Thermal Load Distribution
Emm Solar
801 mmm GsHP
mmm Boiler
70
60+
=
5 50 -
g
T 40 A
E
9]
E 30 4
20 A
10 A
0 -
Nov Dec Jan Feb Mar Apr
Fig. 1. Monthly thermal load distribution across the heating season
for Configuration 3 (Boiler + GSHP + Solar Collector)
The analysis reveals three distinct Shoulder Seasons (November and
operational regimes: March—April): During these intervals, the solar
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collector array provides a significant portion of
the total energy demand. The surplus solar
thermal yield during peak irradiance hours
indicates potential for partial thermal
regeneration of the ground heat exchanger,
which may support a more stable Entering
Water Temperature (EWT) for the GSHP over
successive heating seasons.

Peak  Winter Period (December—
February): As outdoor temperatures drop to the
design levels of approximately -23 °C, the
GSHP maintains the base thermal load due to
its high efficiency relative to direct fuel
combustion. However,  the  seasonal
degradation of the ground thermal balance

necessitates periodic activation of the gas
boiler, which functions as a peak-load unit to
cover the residual deficit and ensure adherence
to the supply temperature curve.

Ventilation-Driven Load Spikes: The
contribution of the mechanical ventilation
subsystem represents approximately 12-15 %
of the total monthly load, with the heat recovery
unit (7. = 0.75) effectively dampening the
impact of transient temperature drops.

The following section describes Fig. 2,
which provides a comparative analysis of the
four investigated configurations based on the
specific heat generation cost, Cg,.., and their
associated environmental impact.

Thermoeconomic and Environmental Comparison

Specific Cost (USD/G))

C1 (Boiler+Solar) C2 (Boiler+GSHP)

B Specific Cost (USD/G))
EEE CO2 Emissions (kg/GJ)

- 40

T
W
=]

CO2 Emissions (kg/GJ)

T
[ *]
[=]

F 10

C3 (Tri-source) C4 (Dist.+Geo+5olar)

Fig. 2. Comparative Thermoeconomic and Environmental Performance

Fig. 2 illustrates the relative economic
performance and carbon intensity of the four
hybrid heating systems evaluated under the
current climatic and economic boundary
conditions of Kharkiv Oblast. The specific heat
generation cost, Cgpec, incorporates fuel,
electricity, and proportional capital cost
recovery, while the CO2 emissions represent the
total atmospheric impact per unit of delivered
useful heat.

The analysis provides several critical
insights into system selection:

Economic Optimum: Configuration 3
(Boiler + GSHP + Solar Collector)
demonstrates the lowest specific heat
generation cost of 7.65 USD/GJ. This is
attributed to the optimal balance between high-
efficiency renewable contribution and the
strategic use of the boiler during extreme peak
demands.
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Capital vs. Operational Trade-off:
While Configuration 2 (Boiler + GSHP) shows
a competitive cost of 8.90 USD/GJ, the
additional investment for the solar array in
Configuration 3 is rapidly offset by the

extended COP stabilization and fuel
displacement.
District Integration Limits:

Configuration 4 (District Boiler + Geo + Solar)
results in a cost of 9.15 USD/GJ. Despite the
integration of renewable sources, the reliance
on the centralized grid introduces higher
operational sensitivity to district heating price
fluctuations compared to fully autonomous
hybrid configurations.

Environmental Parity: The reduction in
CO2 emissions directly correlates with the
renewable energy fraction. Configuration 3
achieves the lowest carbon footprint
(14.8 kg/GJ), confirming that thermoeconomic

optimization inherently favors systems with
lower environmental impact in the Ukrainian
energy market context.

These results validate that the selection of
an optimal hybrid system cannot be reduced to
simple equipment efficiency metrics alone. The
complex interaction between installation cost
recovery, seasonal storage dynamics, and
occupant thermal comfort constrains the
feasible design space, necessitating the
integrated techno-economic evaluation
presented herein.

Fig. 3 illustrates the dynamic interaction
between the mechanical ventilation subsystem
and the total building thermal demand
throughout the 181-day heating season in
Kharkiv Oblast. The analysis explicitly isolates
the ventilation-related thermal load, which
fluctuates based on the temperature-dependent
fresh air intake requirement.

Ventilation Load Dynamics and HRV Impact

L

Ventilation Load Share (%)

~&— \entilation Load Share (%)
HRV Energy Savings (kW)

MNow Dec Jan

Feb Mar Apr

Fig. 3. Impact of ventilation thermal load and heat recovery effectiveness (1,.)
on total seasonal energy demand

Key insights derived from the ventilation
subsystem modeling include:

Load Dynamics: The ventilation load
accounts for a dynamic share of the total heat

balance, peaking during the coldest months
(January—February) when the temperature
differential (T;,,; — Toxe) 1S maximal.
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Effectiveness of Recovery: The
application of mechanical heat recovery with a
nominal effectiveness of (1. = 0.75)
significantly reduces the primary energy
demand. The energy savings curve
demonstrates that heat recovery is most
impactful during the transition periods
(November and March—April), where it offsets
a substantial portion of the sensible heat
required to condition fresh air.

Profitability Threshold: The model
identifies a critical profitability threshold for
heat recovery integration. In the climatic
conditions of Eastern Ukraine, the thermo-
dynamic savings derived from n,.. > 0.70
consistently outweigh the auxiliary electrical
power consumption of the ventilation fans
when the outdoor temperature remains below
circ +2 °C.

This threshold governs the ventilation
heat recovery subsystem specifically and is
distinct from the much lower outdoor
temperature threshold (=15 °C) at which the
peak-load gas boiler is activated within the
primary generation plant, as the two thresholds
correspond to different subsystems with
independent economic and operational logic.

This  visualization  confirms  that
integrating  mechanical  ventilation heat
recovery is not merely a design choice for air
quality but a prerequisite for reducing the peak
load obligations of the primary heating plant.
By dampening the impact of transient climatic
fluctuations, the heat recovery system stabilizes
the boiler’s operational regime and enhances
the overall systemic COP.

Conclusions

The present study has successfully
established a comprehensive thermoeconomic
model for hybrid heat supply systems, expli-
citly integrating dynamic mechanical ventila-
tion heat recovery under the climatic and tariff
conditions of Kharkiv Oblast. The findings
provide clear quantitative guidance for engine-
ering design and operational management.

Optimal Configuration and Source Ratios

The numerical optimization identifies
Configuration 3 (Gas Boiler + GSHP + Solar

Collector) as the global optimum for residential
and small industrial applications in the eastern
Ukrainian climate. This tri-source system
achieves the lowest specific heat generation
cost of 7.65 USD/GJ and an environmental
footprint of 14.8 kg/GJ of delivered heat. The
optimal operational load coverage is distributed
as follows:

GSHP (Ground-Source Heat Pump):
73.0 % of the total annual load, serving as the
primary base-load source.

Solar Thermal Array: 18.5 % of the
annual load, with primary contribution during
shoulder seasons and potential to support
ground loop regeneration.

Gas Boiler (Peak Unit): 8.5 % of the total
load, utilized exclusively for extreme peak
demands when outdoor temperatures drop
below —15 °C and COP degradation occurs.

Profitability Threshold for Ventilation
Heat Recovery.

The analysis confirms that the integration
of mechanical ventilation heat recovery with a
nominal effectiveness of n,..=>0.70 is a
critical technical requirement rather than an
optional enhancement. The thermodynamic
savings derived from this system reach a
profitability  threshold—where  recovered
energy costs offset the auxiliary fan power
consumption—when the outdoor temperature
remains below +2 °C. Given the duration of the
heating season in Kharkiv (approx. 181 days),
this threshold is met for over 90% of the
operational time, confirming the high
investment priority for HRV systems.

Practical Design Recommendations.

Based on the optimization results, the
following parameters are recommended for
practitioners designing hybrid systems in the
continental climate of Eastern Ukraine:

Supply  Temperature Regime: To
maximize the GSHP operational efficiency, the
heating system should be designed for low-
temperature operation within the 35 °C to 55 °C
range. This temperature lift maintains the heat
pump COP within the optimal range and
minimizes reliance on the boiler.
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Renewable Energy Share: Designing for
an aggregate renewable energy coverage
(GSHP + Solar) of at least 85-90 % of the total
annual demand is recommended to ensure both
economic viability and resilience against
potential fossil fuel price volatility.

System Integration: The solar collector
array should be sized not only for immediate
DHW (Domestic Hot Water) needs but also

the standard for ensuring long-term ground
thermal balance.

In summary, the transition to optimized
tri-source hybrid systems with integrated heat
recovery provides a robust pathway to reducing
primary energy consumption while maintaining
reliable microclimate quality. This study offers
a transferable methodology that allows
designers to adapt system sizing to specific

with consideration for its potential contribution
to ground thermal recharge. A collector area-to-

building typologies and emerging tariff
trajectories in the Ukrainian construction

borehole length ratio providing 15-20 % of the market.
seasonal ground thermal demand is proposed as
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